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PREFACE

THE following work provides a brief discussion of certain
of the more important aspects of geomorphology. It is
designed as an introduction and a guide to a difficult and
scattered literature with which students of both geography
and geology are concerned. We have based it on our
experience and practice as teachers of geography, venturing
indeed to place before a wider public the outlines of our
teaching at King’s College, London, and the Regent Street
Polytechnic.

We are clearly conscious of many shortcomings in the
text, but hope that it may nevertheless be of some service
to students reading for an Honours Degree in Geography.
In terms of the University of London syllabuses it covers
a large part of the geological section of a course in the
Physical Basis of Geography, but provides groundwork
also for work in the special optional subject of Geomorph-
ology. Only a very general and elementary knowledge of
geology on the part of the student is assumed, together
with some acquaintance with the general principles of
physical geography as set forth in many admirable English
and American works.

Though the chapters are numbered consecutively, the
work falls in reality into two parts, dealing respectively
with certain aspects of geophysics and structural geology
(Chapters I-X) and with land-forms due to erosion
(Chapters XI-XXIII). In dealing with the difficult
geophysical topics of the early chapters we have sought to
beat a tentative path through a veritable jungle of con-
flicting hypotheses, adopting a point of view favourable to
* continental drift,’”’ sub-crustal thermal cycles, and certain
modern theories of mountain-building. To some extent
we may here have laid ourselves open to the charge of
bias, yet it would seem that teachers must propagate
what they believe to be true, providing that contrary
opinions are not suppressed. The alternative method, of
compiling an eclectic compound from mutually incom-
patible theories, leads to chaos in the student’s ideas. The
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viii PREFACE

prominent place occupied by some of the topics in question
in the minds of the teachers and examiners is perhaps
premature and regrettable, for speculation is still very
active in this field and there is little sign as yet of the
emergence of generally accepted principles. The subject,
indeed, might fitly be grouped with those which, in a
former generation, were considered suitable only for
‘ discussion by dons over their port.” This, however,
may prove too pessimistic a view, and in any case common
practice demands that some instruction be given on these
matters. One must, therefore, have some fairly con-
sistent line of interpretation through the tangle. For the
beginner in such subjects, any one scheme is better than
two, providing he remembers that he is dealing with
hypotheses and not with proven theories.

In the field of erosional geomorphology, with which the
greater part of the book is concerned, we are on less
debatable ground, though even here large differences of
opinion, or at least of emphasis, are evident. Our
central theme and method is the invaluable concept of the
cycle of erosion as initiated by W. M. Davis and used more
particularly by the American school of geomorphologists.
In our view this very powerful and flexible method of study
has never had justice done to it in Britain. A former
generation scouted its terminology as ‘‘ new-fangled ' ;
it was in fact no more, if no less, new-fangled and much
simpler than the terminology of organic chemistry.
Orthodox geology in Britain still treats physiography or
‘ physical geography "’ as an inferior or merely ancillary
craft, to be relegated to brief introductions, while the mass
of facts in stratigraphy, paleontology and petrology is
sedulously studied and reduced to order. Many geo-
graphers, however, believe that pure geomorphology
should be left to the geologist, while an attack is made on
the complex phenomena of human geography. In this we
believe they make a radical error. Geomorphology
together with climatology in its widest sense, and the
immediate applications of both, constitute, in our judg-
ment, more than the mere basis of geography. These
subjects appear in fact to constitute at least half of the
legitimate field of the subject. It is sometimes maintained
that geography is interested in results rather than causes,
in the quasi-static present 1ather than the evolutionary
past. Whether on the physical or the human side of the
subject, however, this view goes far to destroy the claim
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of geography to be an advanced discipline of university
rank. Geography cannot dispense with pure geomorph-
ology, for a real understanding of the characters and
development of the physical landscape is an indispensable
preliminary to the study of the cultural landscape and of
regions. Border-line study it may be, but even if geo-
logists continued to ignore or underrate it, geographers
would be forced to cultivate geomorphology for the sake
of the powerful illumination which it throws on the actual
terrain wherein their investigations must always take root.
In thus defending the status and service of geomorphology
in the realm of geography, we should add that we do not
assign to it the catholic but somewhat formless scope
implied in many geographical syllabuses. In these it is
often taken as synonymous with geology as applied to the
geographer’s needs, and includes the study of such subjects
as soils, water supply and other aspects of economic
geology. That these are of vital importance to the geo-
grapher no one would deny. Together with certain of the
applications of pure geomorphology they are an essential
part of the geographer’s field of study, and we hope to deal
with them in a further volume. They have little to do,
however, with pure geomorphology and find no place in the
following pages. We distrust the method of short cuts in
geographical training. The tendency is to hurry the
student from the basis to the applications before he has
fully comprehended the former. Colleagues have often
deplored, in our hearing, ‘‘ structure for structure’s sake "
in geographical writings. No doubt it is true that geo-
logists and specialists in physical geography, in their
enthusiasm for their subject, may sometimes go too far
and too fast in introducing the elements to geographical
students. Nevertheless our experience convinces us that
it is better to go too far than not far enough. An over-
simplified presentation can carry with it no discipline in
training and no sound foundation for later building. For
the geographer a complete study of the development of
terrain is an indispensable education.

We may note that considerations of space have forbidden
the description of large numbers of concrete examples of
land-forms, etc. The text aims rather at a discussion of
principles illustrated by a few examples, and a number of
these have been chosen from Southern England, within
the confines of which, it should be noted, a great deal of
geographical study is done. Though it would be hardly
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just or fitting to apply to the geographer, of all people,
the dictum ‘ The eyes of the fool are in the ends of the
earth,” it is nevertheless true that for the beginner an
accessible example which may be studied in the field is
worth more than a distant “ classic.” Geomorphology
must begin at home if the student is to cultivate the * eye
for country " which alone can make him a master of his
medium and free from the limitations of book knowledge.

The brief annotated bibliography is in no sense complete.
It suggests a course of reading for a student carrying the
study of geomorphology beyond its preliminary stages.
With few exceptions the list comprises only British and
American sources, for the amount of reading which can
be done by the student in a foreign language is in general
strictly limited. With the help of the works mentioned,
any branch of the subject may be followed up and a more
complete bibliography compiled.

Finally we wish to express our great indebtedness to
Mr. H. C. Berdinner, B.Sc., for drawing the great majority
of the illustrations. We also received indispensable help
with both manuscript and illustrations from Mrs. S. W.
Wooldridge and in proof-reading fromMr. L. W. Wooldridge.
Mr. A. J. Bull, M.Sc., kindly supplied the photographs on
which Figs. 97, 118, 177, 251 and the frontispiece are
based. All the rest of the photographic illustrations are
based on photographs supplied by the Director of the
Geological Survey by permission of the Controller of
H.M. Stationery Office. The source of other illustrations
reprinted by permission is acknowledged in the text.

S.W. W,
R.S. M.

April, 1937,
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CHAPTER I
THE ORIGIN OF THE EARTH

The Solar System.—The solar system is the only
planetary system known to us at present, though others
no doubt exist scattered through space. It consists of the
sun itself, with the nine major planets and about a thousand
minor planets (planetoids or asteroids); all these bodies
revolve round the sun in elliptical orbits, the planetoids,
with a few exceptions, having orbits falling between those
of Mars and Jupiter. Six of the major planets have
satellites, each primary and its one or more secondaries
thus forming a separate sub-system. Mercury and Venus

Sun

Number of Satcllites

[After Jeans.
F16. 1.—THE SUN AND THE PLANETS

Relative sizes shown, but not relative distances.

are without any satellite ; Mars has two small ones; the
giant planet Jupiter possesses no fewer than nine small
satellites, as also does Saturn; Uranus has four small
satellites and Necptune has one, relatively large. Thus,
on either side of the two giant planets coming in the middle
of the sequence, the number of satellites dccreases, while
their size relative to the primary increascs. This is a
fact of prime importance in the consideration of the origin
of the solar system ! (Fig. 1).

In addition to these larger bodies, whose orbits are

1 A further member of the solar system was discovered in 1930 beyond the
orbit of Neptune. It has been named Pluto. The existence of such a body
was deduced by Lowell 1n 1915, and he concluded that 1ts weight was about
s1x times that of the earth. In fact Pluto is much smaller—probably smaller
than the moon—and is evidently akin to the minor planets or planetoids. It
m]:l}l' E: the first representative to be discovered of an outer zone of sinall
planets.
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sensibly concentric, there are within the solar system
periodic comets with highly eccentric orbits, and to these
are closely related the ‘“‘shooting stars’’ or meteors which
may fall upon the earth’s surface as masses of considerable
size, known as meteorites. Large quantities of finely-
divided meteoric dust also fall through the earth’s atmo-
sphere. This infalling meteoric material is of significance
in several connexions. I{ provides samples of wandering
cosmic matter, the ‘‘raw material of the universe,” and
gives us a hint as to the probable composition of the
earth’s interior (p. 8). Further, it is calculated that
20,000 tons of meteoric matter fall annually over the
earth’s surface, and to this extent the earth may be said
to be still growing, by additions from without (cf. p. 5).

Early cosmogony : Theories of Kant and Laplace.—
The earliest cosmogony or theory of the universe in
which the Newtonian laws of gravitation found a place
was that of Kant, the Prussian philosopher (1755). He
assumed that the collision of the hard particles of pri-
mordial matter (conceived as supernaturally created) gene-
rated heat and rotation as they fell in upon one another
under their mutual gravitational attractions. Thus, the
original cold and motionless cloud of matter became in
due course a vast hot nebula, spinning so rapicdly that rings
of matter were successively thrown off from its equator by
centrifugal action, while the residual central mass remained
as the sun. Each ring was supposed to condense as a
planet, which by small-scale repctition of the same
process, threw off satellites ; and, ultimately, in this way,
the complete solar system came into being. Kant’s hypo-
thesis was dynamically unsound ; the conception that
rotation could be set up in the nebula by the collision of
its particles contravenes the well-known principle of the
‘“ conservation of angular momentum.” ! The interest of
the theory lies in the fact that it was the forerunner of
the very similar, and justly famous, Nebular Hypothesis
of Laplacef{1796), which has dominated cosmogony until
recent times.

Laplace postulated nothing as to the ulterior origin of
his ‘ world-stuff ”’ ; and he avoided Kant’s error by the
assumption that the primordial matter of space was alrcady
a hot and rotating gaseous nebula. Its subsequent evolu-

3 This principle asserts that no interaction between the various parts of a

system will change its total amount of rotation ; measured in terms of angular
momentvm, the total rotation remains constant for all time.
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tion was conccived as following from its cooling history.
Cooling would lead to contraction and increased speed of
rotation. This would be accompanied by an increase of
centrifugal force, so that eventually centrifugal force would
strike an exact balance with gravity at the equator of the
rotating mass ; when this stagc was reached the ring of
material there would have no weight ; it would stand
away from the still cooling and shrinking central nucleus
and would, in time, aggregate to form a planet. Planet after
planet would be born in this way as a spheroidal mass of
heated gas, and a rcpetition of the same process would
lead to the formation of satcllites. The central residual
mass would rdémain as the sun. This simple hypothesis
offered an explanation of the facts that (with a few ex-
ceptions afnong the satellites) each celestial body possesses
acquircd motions of rotation and revolution in one and
the same sense, and that the scveral planetary orbits are
nearly in the same plane.

This “ nebular hypothesis "’ led to the conception of
planets initially gaseous, assuming a liquid condition on
cooling, and ultimately developing a solid crust. Such an
idea was in harmony with the steady increase of tempera-
ture with depth below the earth’s surface and with the
phenomena of vulcanicity ; but the later demonstration
of the essential rigidity of the earth as shown, infer alia.
by the absence of any cousiderable tides in its body, led
to other ideas of thc earth’s cooling history, and it was
claimed by some that the earth probably retained an
essentially solid condition throughout its period of growth
(p. 5). It is, howcver, worthy of note that modern
geophysical ideas involve a molten stage in the earth’s
history, and in this they find support from the latest
work on cosmogony. It is, therefore, permissible to
retain many of the corollaries of the necbular hypothesis,
based on the idea of an carth formerly molten.

In its ordinary form the nebular hypothesis is now com-
monly regarded as' untenable. Laplace only gave a
slight and qualitative sketch of his theory and it has
frequently been remarked that he himself attached little
importance to it. Working back from a knowledge of
the masses, distances, and motions of the bodies of the
solar system, it is found that their present total angular
momentum, originally concentrated in the nebula, is
quite insufficient for the break-up of the nebula by excess
of rotation. If the assumed nebula were reconstructed,
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excess of rotation would not set off a ring until the nebula
had shrunk within the orbit of Mercury, the innermost
planet. Neither Laplace nor any of his followers showed
how the planetary rings could have ccalesced into globular
planets ; dynamical theory would indicate, rather, that
the ring must break up into a number of small sub-equal
planets in nearly the same orbit. Iurther, the small
degree of cohesion betwcen the particles of the nebula
would make the formation of the rings a continuous, not
an intermittent process, as the theory requires. These
facts, taken together with the known retrograde motion
of the satellites of Uranus and Neptune, are sufficient
to show that the solar system did not originate in the
manner sketched by Laplace. Granted a nebula of the
type he assumed, it seems probable that cooling and
increased speed of rotation would lead to the formation of a
‘“ binary system,’”’ 1.c. two stars of sub-equal masses,
describing orbits about each other, and in no way
resembling the solar system.

The nebular hypothesis enjoyed a long lease of
popularity, and several variants and modifications of it
were proposed. Of these the best known is the Meteoritic
Hypothesis of Lockyer, who supposed the original nebula
to be a swarm of meteorites clustered in space, and giving
rise by their collisions to a continuous supply of
incandescent gas. The criticisms cited against Laplace’s
theory are, however, equally valid in the case of such a
meteoritic aggregation, and the theory need not detain
us further.

The Planetesimal Hypothesis.—This theory was put
forward by Chamberlin and Moulton in 1904 as an explana-
tion of the genesis of planets rather than as a general stellar
cosmogony. Unlike the earlier theories, it does not regard
the birth of planets as a feature in the general evolution
of a common original mass whose central core became, in
due course, the sun. The planets are held to be bi-parental
in origin, having been brought into being by the inter-
action between the sun and another star of suitable mass.
The severe tidal distortion due to the approach of the
star, together with the eruptive tendencies inherent in
the sun’s lower layers, is supposed to have caused a dis-
ruption of the sun’s mass. The total mass of the planets
is only a small fraction (1/700) of the mass of the whole
solar system, but they, nevertheless, carry nearly 98 per
cent. of its energy of revolution. Hence it is conceived
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that the tidal disruption led to the ejection of small jets
of solar matter to great distances, the passing star drawing
them forward in the line of its own motion. Within the
ejections larger nuclei gathered together, and these, by
degrees, collected in themselves the smaller scattered
bodies or planetesinals and eventually grew into the
mature planets of the system. This theory, only briefly
sketched here, carried with it certain definite corollaries
as to the constitution of the earth. It was not necessary
to assume that the earth as a whole was ever in a molten
condition. It grew from small beginnings by the addition
of planetesimal matter, rapidly at first, but with decreasing
speed. Internal heat arose from condensation in its mass
during the period of growth, and molten pockets of the
more readily fusible constituents were formed and forced
outwards, leading to the
differentiation between a
stony ‘‘ crust’’ and a metallic
interior. The materials of
the atmosphere and the
oceans, no less than those
of the lithosphere itself,

have, on this theory, to be ‘:
regarded as derived from 24
the planetesimals. 3
Other tidal theories.— !
The planctesimal hypothesis, Sun | ter Jeams.

like its famous predecessor, Fic. 2.—TipaL Disruprion oF THE SUN.
has suffered criticism On et or filament of gaseous matter
many grounds, though its delached from the sun.

root principle is now gener-

ally accepted. Other versions of the origin of the solar
system have been put forward in recent years by Jeans and
by Jeffreys. Inthese the possible eruptive tendencies with-
in the sun are left out of account, its disruption being assigned
to tidal effects alone. It is claimed that if a passing star,
several times more massive than the sun, came within a
certain limiting distance, the sun itsclf might be literally
broken up by the intense tidal forces generated and that
jets of solar matter would be thrown out (Fig. 2). These
would be of sufficient substance to hold together without
appreciable scattering and, under gravity, knots or con-
densations would form in these jets, like drops in a jet of
water. These knots would in time become independent
planets, all of the same age, each revolving round the sun
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in a nearly circular orbit. Such a tidally ejected mass
would be thickest in the middle, tapering off to the two
ends, and the larger separate masses would occur in the
middle of the sequence, the smaller planets towards the
extremities. This fits the facts of the solar system well—
the two giant planets, Jupiter and Saturn, occupying
a central position in the sequence (Fig. 1). It is further
supposed that the planets, under the influence of the
attraction of the sun and possibly also of the disturbing
star itself, would give birth to satellites, a limit to the
process being reached when the newly-born smaller bodies
could not hold together under their own gravitation. The
smaller planets and satellites are not regarded as formed
by slow condensation from the gaseous state, for they
could have held together only by partial liquefaction or
solidification soon after their birth, thus restraining the
diffusion of their material into space. In the case of these
bodies a liquid core would almost immediately be formed,
partly by cooling caused by expansion of the gases and
partly by radiation from the surface. In this way the
earth is held to have cooled down until it was completely
liquid and, thereafter, through loss of heat by radiation,
to "have solidified, its materials becoming in the process
zoned in the order of their densities. According to
Jeffreys all these changes were probably accomplished
within quite a brief period. While the earth was fluid the
heat supplied by convection to its surface would almost
keep pace with the loss by radiation, but upon the forma-
tion of a crust, only the slow processes of conduction could
convey heat to the surface, whose temperature would
rapidly fall. Aqueous vapour, if present in the primeval
atmosphere, would condense almost as soon as the solid
crust was fcrmed and thus the normal processes of denuda-
tion and surface differentiation could be initiated.

The tida' hypotheses of cosmogony all require the co-
operative a«tion of two stars. We are here concerned with
cosmogony only in so far as it deals with the origin of the
earth ; the prior question of stellar cosmogony need not be
considered. It is, however, of interest to note that, in
addition to the points of light which are stars,! there

1 It is not intended to convey that a star is a gcometrical point, though
until recently no test could difterentiate any star from such a pomnt. In
1920, however, Michelson was able to show that the star Betelgeuse had a
diameter of not less than 200 million miles The orbat of the eaith could be
placed entirely 1nside it.
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no lead was originally present in the mineral, the ratio
of the amounts of uranium and lead becomes a definite
measure of the age of the mineral and of the igneous rock
in which it crystallized. The fascinating applications of
this important idea pertain to the field of geology and must
not detain us here. It must suffice to note that the age
of the oldest known igneous rocks is approximately
1,500 million ycars, so that

the “age of the earth,” Tertiary

reckoned from actual birth,

must exceed even this high c’j‘“"‘“""’ 1100
figure. The approximate age  ‘Trgsns

‘n years, as deduced from  Perman 1200
ranium-lead ratios, of some of ¢4 poniferous

the recognized periods of the 1300
geological past is indicated in Devonian Laoo
Figi 6. Vifhat is of motl:'e im- Silurian

ortance to our present con-

giderations is thalt? it is now o 1500
possible to reverse Kelvin’s prob- ~ Cambrian 600
lems, and taking the age of the

earth as known, to deduce its 1700
thermal history and present _ Upper

state, instead of deducing the /®-‘amran {800
age from an assumed thermal

history. ) ) 900
*The second aspect of radio- , Midde =

active disintegration in the crust 1000
concerns the actual heat set free

in the process, anabsolutely vital , flower. {100
factor in the evolution of the

earth. As Holmes has remarked, 11200
to ignore it *‘ would be as wrong ears

as to ignore the effccts of gravi-  Fic. 6.—GrorocicaL True.
tation.” In assessing the heat Radio-active dating of the chief
output of radio-activity we must geological periods.

take note of the fact that though

the elements uranium and thorium are much more strongly
radio-active than all others, rubidium and potassium also
show the same properties in feebler form. Though rubidium
is so rare that its heat output can be ignored, potassium
exists in enormous quantities in the rocks of the crust,
notably in certain felspars and micas; and though its
heat output per gram 1s only about 1/3000 of that of a
gram of uranium, this is laseAlv compensated by its
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overwhelming preponderance in amount. In fact, it
contributes appreciable quantities to the total of radio-
active heat with which we have to reckon.

If the distribution of radio-active elements in depth were
the same as that revealed by analysis in surface rocks, the
amount of heat developed within the earth would be many
times the amount lost by conduction to the surface. The
dilemma thus presented has evoked a number of suggested
solutions. Some writers have supposed that the earth
must actually be getting hotter, but this view is out of
harmony with the facts, and quite unacceptable. More
reasonable is the view that the radio-active substances
are appreciably concentrated in the more superficial
layers. For this there,is a certain amount of experimental
warrant, for rocks of the granitic or sial type show a
much higher radio-active content than those which are
believed to form the heavier under-layer, and these, in
turn, greatly exceed the iron-meteorites in respect of their
content of heat-emitting substance. It has, therefore,
been dcemed probable that the processes of primary
separation of the iron core from the silicate shell, and of the
two or more parts of the silicate shell from each other,
have effected a natural upward concentration of the radio-
active elements. By assuming certain definite distribu-
tions of radio-active matter in depth it is possible to
‘“ arrange "’ for the earth to cool, by making the internal
heat output less than the heat loss at the surface. Any
such assumption involves a much slower cooling process
than was imagined by Kelvin. We shall see, however,
that weighty objection has been made to the mathe-
matical ‘‘ arrangement "’ for the cooling of the earth ; it is
questioned whether the facts to hand render it reasonable,
or even possible, to keep the estimated quantity of heat
down to such a low figure.

Jeffreys, assuming a rapid decrease of radio-activity
with depth, has given a quantitative account of the
cooling of the earth. While the ball was still liquid, cool-
ing would have proceeded by convection currents of heated
material rising towards the surface, while return currents
carried down the cooled surface liquid. During this phase
the fall of temperature is likely to have been fairly uniform
throughout. Eventually the temperature would fall to
the solidification point (¢.e. the melting point) in some
layer. This would not be the surface layer, for the
temperature of solidification is raised by pressure. It is,
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therefore, reasonable to suppose that solidification would
begin some way below the surface and extend upwards by
degrees, thus forming a solid crust. Thereafter the mode
of cooling would be quite different, viz. by conduction
through the crust. Jeffreys calculates that 30 km. below
the base of the ‘‘ intermediate layer,’’ cooling since solidi-
fication must have amounted to about 800°C.; but at
600 km. below this level he calculates that the cooling
amounts to a few degrees only. This is an important
conclusion, for it implies that at this depth and, perhaps,
at even smaller depths, the material of the earth, though
rigid in respect of the transmission of earthquake waves,
must be ‘ weak "’ and capable of flow under great pres-
sures, 7.e. it must possess some of the properties of a fluid,
though in other respects it behaves like a solid. In a
somewhat analogous way, a rod of cobbler’s wax can be
made to vibrate and to emit a musical note, while, left
lying under the influence of its own weight, it will flow out
flat. The distinction is one between  rigidity '’ and
‘“ strength,”” both terms being used with a strict technical
meaning and #=of in their colloquial sense. In dealing
with the materials of the earth, it may be regarded as highly
probable that while ‘‘ rigidity '’ becomes considerable as
soon as the solidifying point is past, ‘‘ strength ’’ may
remain exceedingly small, until some hundreds of degrees
of further cooling have taken place. We are thus led to
perceive the reality of a distinction between the lithosphere,
in which the rocks are both rigid and strong, and what
Barrell has termed the * asthenosphere ' (sphere of
weakness), where the materials are rigid, but lack strength.

It is not to be conceived that the junction between these is
necessarily or probably sharp ; a gradation of characters
is obviously more likely. Nor can we assign on the basis
of Jeffreys’ calculations any definite thickness to the
lithosphere which, according to his views, would include
at least the ‘‘ upper” and ‘‘ intermediate ” layers of
seismologists and an unknown fraction of the * lower ”’ layer.

As we have indicated above, the view of the earth’s
cooling history and present internal condition, so
thoroughly worked out by Jeffreys, though it commands
the fullest respect and attention, has been subject to some
question. The difference of opinion concerns the dis-
tribution of radio-active matter in depth. It is agreed
that if the radio-active elements were distributed uni-
formly, the mode of cooling of the earth would have been
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quite different from that indicated by Jeffreys. The
excess of heat would have left the interior fluid to within
a comparatively short distance of the surface. There is
not the slightest warrant for assuming a uniform dis-
tribution, but if the deeper layers are even slightly richer
in radio-clements than Jeffrcys has allowed, there would
be an excess of heat tending to fluidity. Holmes has con-
tended strongly against the assumption of too complete
and unnatural a concentration of radio-activity towards the
surface. He regards the upper and intermediate layers,
i.e. the ““ crust '’ as defined by him, as competent to supply
the heat lost at the surface, and points out that if the sub-
stratum possesses only 1/700 of the radio-active content
of ordinary basalt, there is an available cxcess of heat
which should suffice, in his view, to maintain a fluid con-
dition and one permitting slow convection currents right
up to the base of the crust. On this view the * crust '’ and
the lithosphere become almost identical, while the astheno-
sphere includes all, or most, of the substratum. The
possibility of convection currents at comparatively small
depth has an important bearing on the problem of finding
adequate forces for continental drift, mountain building,
etc., and we shall return to the matter in the scquel. The
whole theory, as sketched in outline by Holmes, awaits
thorough mathematical investigation ; but it certainly
succeeds in indicating acceptable explanations of the
major relief features of the earth.

Note —The surface waves appearing 1 earthquake rccords were first
idcntified with the waves described by Lord Rayleigh 1n 1887, in which the
motion 1s wholly in the plane containing the vertical and the direction of
propagation. A. E. H. Love showed subsequently that, mn a sohid with
‘“‘layered *’ structure, 1t was possible to sct up wavces with a strong horizontal
component at right angles to the direction of propagation, and the later
analyses of earthquake records have shown that both Rayleigh and Lowe
waves are present

The latest woik suggests the existence of P waves in thres distinct
intermediate layers, between the upper and lower layers, and the S waves
corresponding to two of these are known.



CHAPTER III
THE THEORY OF ISOSTASY

Introductory.—A survey of the variations in the direction
and intensity of the force of gravity and their distribution
over the surface of the earth, has thrown much light upon
the relation of its outer shells and the nature of its major
relief forms.! The theory of isostasy embraces a rather
complex body of ideas bearing on these subjects, to whlch
there are several approaches. The word * isostasy " was
first used by the American geologist Dutton in 1889 to
express his conception of a state ot balance which he
thought must exist between large upstanding areas of the
earth’s surface, mountain ranges and plateaux, and
contiguous lowlands, etc., He suggested that they must
be ‘‘ compensated "’ by the existence of relatively light
rock material beneath them, in order that the crust in
such regions should remain in a state of mechanical
stability on a rotating earth. The further development
of the idea has been largely the work of geodesists and,
in fact, the first relevant observations in this ficld were
made before Dutton gave expression to his idea from the
geological standpoint. We may therefore best view the
subject from the geodetic angle'in the first place.

Latitude measurements.—The aim of geodesy is to
determine the shape and size of the sea-level surface of
the earth. On a non-rotating sphere this would simply
involve the determination of the astronomical latitude of
two points on a meridian, and the measurement of the
actual distance between them. We should then have a
difference of latitude of x° equivalent to a distance of y
miles, and the circumference of the earth could be obtained
from the simple equation :

xo

Y ==
Circumference of earth™ 360°

The fact that the earth is not a sphere but a spheroid,
showing polar flattening, imports a slight complication,
but, if this were all, observations of the latitudes and
distances apart of three stations on a meridian would
suftice to determine the shape and size of the earth.

23
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Astronomical determinations of latitude are made with
reference to the ‘‘ vertical,” i.e. the direction of a freely
hanging plumb-bob, which shows the direction of the
force of gravity at the station in question. If the earth
were of spherical shape and were thus entirely covered by
the oceans to a uniform depth, the plumb-line would
everywhere set itself normally to the ocean surface. The
actual conditions are much more complex. The consider-
able protruding masses of land, islands, mountains, and
plateaux, exercise attractive forces which pull the plumb-
line out of the true, or ‘ deflect the vertical.” The
existence of this disturbing factor was realized in 18359
during the course of measurements on the Indo-Gangetic
Plain. The difference of latitude between two stations
as determined, on the one hand by astronomical methods
and on the other by measurement (triangulation), was
found to differ appreciably. Since one of the stations was
less than 100 miles from the Himalayan mass it was clearly
seen that the attraction of this vast block must result in
deflecting the vertical. An attempt was therefore made
by Pratt to estimate the amount of attraction and allow
for it. He assumed that the mountain mass as a whole
had a density approximately that of the average rocks of
the surface crust, say 2:7, and his calculation showed
that, on this basis, the mountains should cause a much
larger deflection of the vertical than they actually did.
So unexpected a result naturally challenged interpretation.
As we shall see in the sequel, Airy proposed a simple
explanation which has since found favour in many quarters.
For the moment,' however, we may be content with
observing that two general alternative suppositions were
available : either that the mountains had not their
supposed density, but were exceptionally light, or that
the excess of matter which they represented was, in some
sense, compensated for by a deficiency of density beneath
the surface, either locally or farther afield. Both possi-
bilities were canvassed in ensuing years. The former
took an extreme shape in the supposition that mountains
were ‘‘ bubbles,” wholly or partially hollow, but this was
so evidently at variance with simple geological fact and
infercnce that the alternative view was inevitably pre-
ferred. Thus the conclusion reached was that local
excess of attraction, due to major relief features, was
compensated for by some deficieucy of density below the
surface."



THE THEORY OF ISOSTASY 23

Gravity measurements.—We may now pass on to review
the parallel conclusions derived from a study of the varia-
tions of the intensity of gravity. On land it is measured
by observing the number of vibrations of a pendulum in a
given time. At sea practical difficulties arise in the use
of the pendulum, since stable support cannot be given it
on board ship ; but a certain amount of information can
be got if the pressure of the atmosphere is determined
simultaneously by the mercury barometer and by the
boiling point thermometer. The first method gives a
result which depends on the intensity of gravity, while the
second is independent of gravity. The comparison of the
two results thus affords a means of determining gravity.
The method is rough, however, and latterly extensive use
has been made, both on land and at sea, of the torsion-
balance, a most delicate instrument in gravitational survey.

If the earth-spheroid were a homogeneous ball, simply
showing polar flattening, the value of gravity would be the
same for all points in the same latitude. Since in respect
of gravitational attraction the earth’s mass is to be
regarded as concentrated at its centre and is so treated
in calculation, the value of gravity would increase slightly
from equator,to pole as distance from the centre of the
earth decreased. The value of gravity thus depends upon
latitude, )Further, on the carth as it exists, observing
stations are at varying heights above sea-level, and thus
at varying distances from the centre of attraction, so that
gravity will depend upon elevation. Various formule
have been devised to permit the calculation of the value
of gravity at a station whose latitude and elevation are
known. Values thus calculated are in fair agreement with
observed values, but certain discrepancies still remain.
Attempts have been made to reduce them by introducing
longitude as a factor, since the earth is unevenly shaped
in its equatorial cross-section, and distance from the
centre thus varies slightly with longitude. No appreciable
correction can be obtained in this way, however, and it is
evident that some much more important factor must be
sought.

On consideration it will be evident that, as with plumb-
line observations, the topographic situation of the station
must be taken into account, for the attraction of upstand-
ing masses on all sides will in part control the motion of
the pendulum. Accordingly, during a gravity-survey of
the United States by the Coast and Geodetic Survey,
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extensive computations were undertaken for each station
to evaluate the attractive effect both of immediately
surrounding masses and, of the larger physiographic
elements over a wider field. In considering such surface
irregularities it must be assumed, as in Pratt’s calculations,
that the attracting bodies are of normal rock density.
The calculated values of gravity ‘‘ corrected for topog-
raphy " in this way still show anomalies and hence, as
with plumb-line experiments, we are forced to envisage
possible variations of density below sea-level as disturbing
causes. In general, the conclusion reached is the same,
viz. that excess of superficial mass is ‘compensated for by
sub-surface deficiencies in density.

The concept of compensation.—The practical problem
of bringing the observed and calculated values of gravity
into agreement necessarily demands for its solution more
than the general conclusion just noted. We need a
precise indication of where and how sub-surface densities
vary.” Since the matter is beyond the range of direct
observation the only course is to make various assumptions
as to the distribution of density, base calculations upon
each, and thus determine which assumption affords the
best correction of calculated gravity values : i.e. causes
the anomalies most clearly to disappcar. The staff of
the U.S. Coast and Geodetic Survey andertook this
enormous task under the direction of Hayford, and latterly
of Bowie. Hayford assumed that there was a level below
the earth’s surface, called by him the ‘‘ level of compensa-
tion,” below which densities were uniform throughout
any given shell of the earth. Above this level the effective
variations of density were presumed to exist, and for
purposes of calculation a very simple assumption was
adopted as to the nature of the variations : viz. that for
contiguous *“ columns " of equal cross-section based upon
the level of compensation the density wa, ely

p%()ggggnwﬁt_hﬂght.‘ A diagram (Fig. 7) will
render this conception clear. Here we have four imaginary
columns reaching down to the level of compensation and
underlying an interior plain, a plateau, a coastal plain

and the adjacent off-shore area, respectively. The assump-
tion is that the varying volume of matter in the several

columns is compensate%_bl_thei.r_dmsjty, in such fashion
that they exert equal downward pressure at the level of
compensation and thus balance one-anether. The‘ equal-
staﬁdﬁ—a”_ggtgncept contained in the word isostasy will
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readily be appreciated in the light of such a picture. The
same principle is illustrated in Fig. 8, where columns
of cqual cross-section cut from various metals and ores
of different density are seen floating in mercury.’

The application of this idea to the corrcction of gravity
calculations clearly depends on the assumed depth of the
level of compensation.

Interior Plain Plateau 'i Coastal Plain

P iy

:0ff-share region

- - - - - —— - - - - -

Level of Compensation
F16. 7.—~AN INTERPRETATION OF ISOSTASY.

It has been pointed out by mathematicians that, in
theory, the number of postulated conditions which will
satisfy the gravity requirements is infinite. We have,
however, definite evidence that density variations do not
extend beyond a limiting depth, for neighbouring stations
are affected differently." If the cause of an irregularity
were situated 1,000 miles below the surface, the effect
would be sensibly uniform
over an area of 300 square
miles. This condition is
not realized in practice ;
the causes we arc seeking
are certainly located in the {After Bowis,
outer crust. ‘It is,in fact, p 8—Ax Examrie o Isostas.
vital to remember that
although the trecatment of the problem has been abstract
and mathematicalinform, it is feeling after physicalrealities,
definite features of the earth-ball ; and we are entitled to
utilize the methods of direct observation and inference, so far
as they will apply, in limiting the scope of the mathematical
inquiry. Hayford concluded that a depth of the com-
pensation level of rather more than 100 km. constituted
the best simplifying assumption. By its means plumb-
line observations can be consistently corrected, and the
gravity anomalies generally reduced to about one-tenth
of their former value.” His figure refers to the United
States’; others have been suggested. In any case it would
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be anticipated that each major region needs separate
consideration in regard to the most convenient placing of
the assumed compensation level.

After correction ‘‘ for isostasy,’”” on the lines indicated
above, gravity values still show certain small ‘‘ residual
anomalies.” These are believed to be due to the evident
differences of density between contiguous rock masses,
ranging from hardly consolidated sediments to dense
crystalline rocks, in the immediate vicinity of the station ;
and in this connexion it is to be noted that recently
there have been significant developments in geophysical
prospecting, involving the use of detailed torsion-balance
surveys for the location of ore-bodies, salt masses and
oil-bearing rocks, whose density differs appreciably from
that of surrounding materials.

We may now pass on to consider those aspccts of isostasy
that most nearly concern the geographer and geologist.
Our main problem is to inquire what physical meaning,
in terms of structurc and relief, is to be read into the
concept of compensation. Though the geodesist may rest
content with an assumption which facilitates calculation,
it must clearly be brought into some relation with the
findings of observation on earth structure. Tig. 7
illustrates a mathematical conception ; it clearly must not
be taken as a picture of structure. Already it is fair te
claim that its use in literature and discussion has led to
crude and erroneous ideas of earth-movement, etc. Let
us consider, in the light of the column conception, the
consequences of 4 disturbance of balance. If erosion
removes material from an inland column and deposits
it on the sea floor, the redistribution of mass should involve
a rise in the denudcd inland column and a corresponding
depression of the loaded sea-area. To complete the idea
it is necessary to envisage some sort of drag or flow of sub-
crustal material towards the rising column at or below the
level of compensation.” That some such mechanism
operates is indeed very likely ; geologists have irrefutable
evidence that sediments can depress the floor of a loaded
area to a limited extent, and some specics of sub-crustal
flow has been invoked on many other grounds.” But clearly
we are not justified in regarding the crust as composed of
columns, moving up and down independently ; such a
conception flouts the facts of observation, and even if it
did not, it would, on the geological side, create many more
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problems than it solved. Moreover, the conception of
rising and falling columns has led in the hands of geo-
desists to an over-emphasis of vertical movements at the
expense of horizontal movements.

Their treatment of the matters at issue too often suggests
that they are unfamiliar with the structure of the surface
for whose foundations they are trying to account. From
the standpoint of geology or geomorphology we can come
to but one conclusion in regard to the column concept,
viz. that in its simple form it is not in harmony with
facts. The student should not dismiss it as simply
‘“ wrong ’; it has served a most uscful purpose and the
faults in treatment which have developed are due rather
to misunderstanding and misuse. We can now replace
it by a more concrete conception, in harmony with the
known facts of the structure of the earth and not less
satisfactory to the geodesist.

We have reviewed in the previous chapter evidence
which goes to show that considerable differences in density
exist as between the major rock constituents of the earth’s
outer shell. The contrasted masses, however, are disposed
not vertically (radially) in columns, but horizontally,
as layers or shells. This fact must be reconciled with the
isostatic concéption. As long ago as 1859 Airy in com-
menting on Pratt’s findings pointed out that the weight of
mountains could not be borne by a rigid crust, but that
support must be afforded by a great downward projection
of their ‘ roots "’ into a denser under-stratum. On this
view the ‘‘ positive attraction " of the upstanding mountain
or plateau would be balanced by the ‘ diminution of
attraction ’’ due to the replacement of dense ‘ lava ”’ by
the mountain roots composed of specifically lighter
material. Physically this is equivalent to saying that the
mountain-mass is floating. Such a state of affairs would
afford explanation of the plumb-line and pendulum
observations, and is also in accord with many other
considerations. It is now widely favoured as providing
the real physical meaning of iso . We should not
now call thé under-stratum ‘‘lava,” nor regard it as
necessarily possessing the properties of a simple liquid, but
the extension of Airy’s idea, which regards the major
relief elements, and, in fact, the continents themselves,
as buoyed up or supported by a dense stratum of sima,
must certainly be nearer the truth than the Hayford-
Bowie conception.
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In 1925 Joly showed that the apparent conflict between
the two 1deas was not so radical as at first sight appears.
He remarks that Haﬁflc_)_lig_gd_ljowie, while rejecting the
simple assumption of flotation by displacement in favour
of a ‘‘ structure more amenable to mathematical treat-
ment,’”’ assume the fundamental law of flotation, viz. equal
mass beneath equal areas. The origin of a continental
crust in which density va:ies with surface-elevation above
a level of compensation is regarded by him as ‘‘ quite

< - P P B T A N T T

[After Joly.
FIG. 9.—INTERPRETATIONS OF ISOSTASY.

(a) Compensation uniformly distributed down to a certain plane. (b)
Compensation restricted to a layer 1o miles thick. (¢) The probable reality.
In (a) and (b) light material in large dots, denser material 1n fine dots

unaccountable,” and he further points out that, granted
its origin, geological processes would quickly destroy so
simple a condition. He calls attention to an alternative
hypothetical distribution of density worked out by
Hayford (Fig. 9) in which the effective density variations
are confined to a layer 10 miles thick lying bclow a shell
of uniform density. This is in close agreement with the
flotation idea ; the areas of low density in the 10-mile
layer correspond with downward projections of the light
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continental crust, while those of high density represent
the intervening areas filled with the material of the heavier
under-stratum (Fig. 9). It is, in fact, merely a simplified
presentation of the irregular base of the continental
shell and invclves, not a single level of compensation,
but rather a zone in which the compensating masses are
distributed.



CHAPTER IV

THE NATURE AND ORIGIN OF THE EARTH'S
MAJOR RELIEF

The permanency of the ocean basins.—The topographic
features of the land areas of the globe are referable either
to earth-movement, erosion or, in the commonest cases,
to a combination of the two. Hills and valleys, plateaux
and plains, normally bear the stamp of their origin upon
them. The major features of the earth’s relief, however,
and particularly the primary division into continents and
ocean basins, are clearly not the results of erosion, but
reflect a deep-seated and, as we now realize, an early
established ground-plan and cannot be regarded as other
than tectonic—in the broad sense.

If we attempt to read any significance into the present
distribution of land and sea it might forthwith be objected
that existing conditions are special and temporary, coast-
lines having shifted so markedly in the geological past
and marine deposits being spread so widely over the lands,
that the first general impression conveyed is of a ceaselessly
changing geographic setting with few, if any, elements of
permanence or plan. The older geologists did, indeed,
conceive the ocean basins as relatively shallow troughs
with ordinary sands, muds, etc., spread uniformly on
their floors ; and they found no difficulty in assuming the
former inundation of continental interiors and the up-
raising into land of the central deeper parts of the oceans.
The progress of knowledge soon rendered this idea un-
tenable ; it came to be realized that ocean basins were far
more permanent and fundamental earth-features than a
superficial survey of the wide extent of marine sedimentary
rocks would suggest. The facts which led to the advocacy
of the *‘ permanency of the ocean basins ”’ were as follows :

1. Their form, as plotted from the soundings carried
out in the latter part of the nineteenth century, was found
to be wholly different from that formerly conceived.
The cross-section of the broad abyssal trough, flanked by
the rim-like continental shelves, might be likened to
that of a soup-plate, rather than of a shallow evaporating
dish. This form in itself suggested permanence; the

32
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raising of a continent from the floor of the abyssal plain
was a very different matter from a mere upwarping of a
relatively shallow sca-bed.

2. The shallow-water sands and muds were found to be
localized on the continental shelf and slope, while the
abyssal plain was covered with distinctive ‘‘ abyssal
oozes.”” The sediments of the stratified systems extending
over the land areas were found to resemble those of the
continental shelves. With few exceptions truly abyssal
deposits are unknown amongst the stratified rocks.!

3. Normal sedimentary rocks are rare on the oceanic
islands, far removed from the influences of continental
land.

In the light of these facts it became customary to
regard oceans and continents as essentially permanent.
Evidently shallow seas had spread over continental
interiors, but the latter had never been dcpressed to
abyssal depths ; neither had the depths of the ocean ever
formed continental land.

Explicit though these indications were, the progress of
knowledge brought them into seeming opposition with
biological facts. DBiologists found it nccessary to infer
former land connexions across ocean basins to explain the
distribution of land animals. It is, for instance, a familiar
fact that the marsupial characterizes Australia ; the only
other living marsupial occurs in Chile, though fossil forms
have been found elsewhere in South America ; they are
completely absent in the northern hemisphere. Similarly,
the blind-snakes and certain butterflies are confined to the
southern continents ; and the same peculiar distribution
characterizes the famous Glossopteris flora which is
associated with the coal-bearing beds of the southern
hemisphere and India. To explain these facts of distribu-
tion ‘‘ land-bridges ”’ were supposed to have existed, the
now missing portions being supposed to have foundered
at a later date. There was, then, a seeming complete
impasse as between the geological and biological evidences,
The salient factor, which may be said to have decided the
issue, was the realization that the foundering of land-
bridges was almost a physical impossibility, or at least

1 Ceriain rock types have been regarded in the past by geologists as of
abyssal origin, notably the * raciolarian cherts ”’ of the Pal®ozoic systems
and the Cretaceous chalk. Modern work has shown, however, that both
these rock types originated in water of only moderate depth, and that neither
is 1n any sense abyssal.

2



34 THE PHYSICAL BASIS OF GEOGRAPHY

that it demanded very special and peculiar conditions.
We have already reviewed the evidence for a density
stratification of the carth’s materials. There can be no
question that the oceans are floored by material specifically
denser than that which forms the continents. This
renders it extremely improbable ““ that there could be such
a shifting of materials in the depths of the earth’s crust
as would cause the sub-ocecanic heaviness to give place
to the sub-continental lightness.”” It also makes clear
the difficulty of conceiving conditions under which the
lighter material might founder. Some element of per-
manence of the continental masses is mechanically implicit
in their physical constitution. This does not, however,
imply literal permanence in geographical position, as
the sequel will show.

The origin of the continents and ocean basins.—It being
granted that the continents and ocean basins are funda-
mental relief features it is natural to inquire into their
possible origin. The view adopted must depend, partly,
on the manner of origin assigned to the earth. Kelvin
hazarded the speculation that the continents might have
been foreshadowed as nuclear clots, even before the gaseous
phase of the carth’s evolution had passed. Sollas suggested
that the primary distribution of the hollows and bulges
of the lithosphere reflected an original distribution of
atmospheric pressure, the surface of the molten globe
having been depressed in anticyclonic areas. The authors
of the planetesimal hypothesis have sought to explain
the earth’s initial relief as due to the unequal infall of the
planetesimal material. All these views imply that there
is little order or underlying plan in the distribution of
land and sea.

An attractive hypothesis which has enjoyed a consider-
able vogue was initiated by Lowthian Green in 1875.
He claimed to see a rough tetrahedral arrangement in
the distribution of land and water, such that the earth
might be likened to a tetrahedron standing on one point
(Fig. 10). In this attitude the four flat faces would
represent the oceans, the Arctic Ocean corresponding with
the upper, horizontal face ; the horizontal edges with the
land girdle round the Arctic Basin; the three vertical
edges with the north-south land masses (Europe being
conceived as scparated from Asia, as indeed it has been
in the recent past); the lower point with the Antarctic
continent. J. W. Gregory has re-presented the hypothesis
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in recent years, stressing the several well-known gcographic
homologies which support the theory, viz. the excess of
land in the northern hemisphere ; the triangular shape of
the major geographical units, the land units tapering
southwards, the ocean units tapering northwards; the
general tri-radiate disposition of the land-masses in relation
to the poles ; and the antipodal position of land and sea.
All these may plausibly be regarded as consequences of a
tendency to tectrahedral form. The theory, moreover,
has arn apparent basis in the fact that the sphere, the body
with the smallest surface in proportion to its volume, tends
to collapse into a tetrahedron, which has the largest
surface in proportion to its volume. Thus the ‘ tetra-
hedral hypothesis ’ was consonant with the familiar

[After Grifith Taylor.
F16 10.—THE TEIRAHEDRAL KEARIH

views formerly current, which represented the carth as a
cooling and shrinking globe, burdened with an cxcess of
cooled crust which had to be accommodated to a
dwindling nucleus. Unfortunately, there is one vital
point on which the tetrahedral theory breaks down ;
a tetrahedral deformation does not correspond with a
figure of equilibrium and were such deformation to start,
it would bring into being forces which, after a short time,
would restore the spherical state.

Many other suggestions as to the origin of the continents
have been made and we may briefly glance at some of them.
Lapworth, emphasizing the dominance of the fold, or arch,
in terrestrial morphology, regarded the continents and the
oceans as manifesting the folding principle on a large
scale. On this view the North American Continent would
be a broad composite arch of the lithosphere, comprising
two marginal ‘ ge-anticlines "’ with a vast median sag
representing the central plains. The Atlantic Ocean
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would be the exact converse—a vast downfold, with
marginally situated synclinal deeps and a central anticlinal
rise (the Dolphin—Challenger Ridge). There is, as a fact,
no evidence that the continents and ocean basins are folds,
even in the widest sense of the term ; were they so
constituted there would be enormous mechanical difficulties
in explaining their formation, and Lapworth’s hypothesis
must be rejected as out of harmony with our present
knowledge. Lapworth’s hypothesis was revived in a
more precise and quantitative guise by Love in 1907.
He sought to show, by mathematical analysis, that the
earth-body, whose centre of gravity is not coincident with
its centre of form, must inecvitably undergo a series of
harmonic deformations resulting in bold upwarpings and
depressions which would form the ground-plan of its major

Africa

o~ Hemigy)
~
/D“d "pﬂef‘ ~

Pacific Ocean
[After Sollas.
FiG. 11 —JEANS-SoLrAs’ HYPOTHESIS OF EARTH DEFORMATION.

geographical features. The deduced configuration cer-
tainly bears a rather striking resemblance to the conti-
nental pattern; but it is very difficult to reconcile the
supposed modus operandi with present geophysical con-
ceptions, as the sequel will show.

Another hypothesis, which made an encouraging start
in the early years of the present century, was based on the
work of Jeans. From his study of the rotational stability
of planetary bodies, it appcared that the earth, after giving
birth to the moon, might have consolidated while in the
‘ pear-shaped "’ form, precedent to the formation of a
second satellite. On such an earth, it is evident that
there would be a land-hemisphere, an annular girdle of
ocean corresponding to the neck of the pear, and possibly,
a small island continent representing its stalk-end, anti-
podal to the land hemisphere (Fig. 11a). Granted an
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earth initially so constructed, Jeans suggested that the
two hemispheres might crush together under their mutual
attraction during cooling, expelling matter in their
equatorial zone (Fig. 114), and thus producing a bulging
ring of land. Sollas endeavoured to show that the
existing distribution of land and water showed some
considerable measure of harmony with this theoretical
scheme. Thus Africa was taken as lying centrally in the
land hemisphere, with the Pacific hemisphere as its
antipodes. No [Pacific island representing the stalked
end of the pear exists; but Sollas referred to certain
evidence pointing to its former existence. The discon-
tinuous ring of land (the Americas, Antarctica, Australia,
East Indies, Asia, etc.), which scparates the basin of the
Pacific from thosc of the Atlantic and Indian Oceans, was
regarded as possibly marking Jean’s bulging ring (Fig. 11),
the Atlantic and Indian Oceans being regarded as inbreaks
in the land hemisphere, a supposition according with the
discordant, transgressive or ‘' Atlantic ”’ character of
their coast-lines (p. 352).

In connexion with the specvlations of Jeans and Sollas
it is appropriate to mention (0smond Fisher’s suggestion
that the Pacific Basin represents the scar in the litho-
sphere, consefuent on the separation of the moon from
its primary. This idea had the merit of explaining the
earth’s major asymmetry, and it provided some basis
for explaining the difference between the Atlantic and
Pacific types of coastline. It gains a new significance in
the light of modern geophysical ideas (p. 40).

Two fundamental physiographic levels.—We have made
somewhat cxtended mention of these several theories of
terrestrial morphology in order to illustrate the fluidity
of opinion formerly existing, and the limitations of the
deductive method as applied to geophysical problems.
As is so frequently the case, inductive reasoning, based on
new facts rather than abstractions, has been invoked in
recent years and has led to the fashioning of a new sect
of ideas, which, to an cxtent, constitute a break with
tradition. While much remains to be learned it is fair
to claim that we now understand something of the status
and constitution of the continents; a new simplifying
gencralization is to hand.

The evidence for the existence of a density stratification
of the earth’s materials has already been summarized.
There is converging evidence on many lines that the
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oceans are underlain by material specifically heavier
than the granitic material which underlies the continents,
and is exposed on their suifaces wherever the thin pellicle
of sedimentary material has bcen removed. With this
fact in mind let us consider the gencralized profile of the
continents and occan basins as revealed in the hypsometric
curve. Sir John Murray’s figurcs, expressing the areas
falling within certain limits of height or depth over the
surface of the carth, are as follows :

Land : Height in feet drea, nllions of Peycentage of
square miles whole globe
Over 12,000 . . . 2 1
6,000-12,000 . . 4 2
3,000-6,000 . . . 10 5
600-3,000 . . . 26 13
0-600 . . . 15 8
57 29
Sea : Depth 1n feet o rea, mullions of Percentage of
square males whole globe
o0-600 . . . 10 5
600-3,000 . . . 7 3
3,000-6,000 . . . 5 2
6,000-12,000 . . . 27 15
12,000-18,000 . . . 81 41
Over 18,000 . . . 10 5
140 71

A curve drawn on a basis of these figures, plotting area
against height, is shown on Fig. 12. It clearly represents
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Fi1G. 12.—THE HypsoME1RIC OR HyPsoGRAPHIC CURVE,

a generalized cross-profile of the continents and ocean
basins and, resembling an ordinary section transverse
to the continental edges, serves to eliminate all local and
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varietal features. The salient facts brought out by ‘the
curve are :

1. The predominance of two levels representing, res-
pectively, the general floor of the oceans and the general
flat surface of the continents. The elevated regions of
the continents and the depressed tracts, or ** decps,” of
the ocean have a quite insignificant aggregate area as
compared with these wide tracts.

2. The steep continental slope—a dominant earth-
feature which joins the two predominant levels. One is
apt to get rather exaggerated ideas about the steepness of
the continental slope owing to the exaggeration of the
vertical scale in normal sections. Drawn to true scale
it is by no means so conspicuous a declivity, but it is none
the less a dominant earth feature.

These facts, and others considered later, make it clear
that the continents are essentially rafts of the lighter
sial shell, projecting abovc the gcneral surface of the
denser sima, which supports them and which underlies
the floor of the oceans. Such a view is now almost
universally current and may be accepted, in its broad
aspect at least. There remain, however, certain related
questions on which difference of opinion persists. We
cannot here survey the whole of the wide field of specula-
tion, but must content ourselves with giving a brief
summary of the matters at issue.

Disposal of the excess of sial crust.—One problem which
immediately arises is the discontinuous nature of the sial
shell. To this fact, on the views here set forth, the
continents owe their separate existence. It can, however
hardly be doubted that the sial, like the sima, was once
continuous, for there is no known process which would lead
to the concentration of the lighter part of the rock-shell
in patches, during the separation from the metallic core.!
We are, therefore, forced to choose between hypotheses
which envisage, on the one hand, the gradual thickening
of the sial at the expense of its superficial extent, or on
the other hand the bodily removal of part of it. The
former result could be achieved by no known process.
As to the latter, it must be remembered that sinking of sial

1 This statement may need qualification in the light of a suggestion due
to G. F. S. Hills (Geol. Mag. 71, 1934). He envisages a condition in which
active convection currents operated in the still unconsolidated * crust.”
Surface motions would thus be set up, away from the rising and towards the

descending currents, and ‘‘ scum ** separating at the surface would be carried
towards the latter.
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blocks in the sima cannot be reconciled with the postulates
of the flotation version of isostasy. Some writers, indeed,
pursuing the line of thought suggested by the Hayford-
Bowie theory of isostasy, have considered the possibility
of large density changes in the rocks below the crust,
leading to corresponding volume changes, and the bodily
expansion or contraction of the crust. To such a view
there are grave objectivns and its application to the
problem of the vanished sial tracts creates more difficulties
than it solves. The simplest, and most gencrally probable,
suggestion is that the excess of sial crust has gone to form
the moon. That the moon was formed by separation from
the earth was a proposition generally conceded by
astronomers and geophysicists during the last century,
and though doubts have bcen expressed latterly, there
remains considerable evidence in support of the idea.
The exact cause of the scparation, involving what is
called “%cjau@gm:e,” need not concern us here. Any
such separation must have taken place, according to
Jeffreys, soon after the formation of the first solid crust.
The loss of a large part of the sial shell may readily be
imagined under those circumstances. Some confirmation
comes from the fact that a globe the size of the moon
would result from the rolling up of a layer 60 km. thick,
spread over the oceanic areas of the earth. Such a layer
would be thicker than the continental shell, but the density
of the moon (3-46) is higher than that of average sial,
and this may be readily explained, in part, by theInference
—a very natural and probable one—that some portions
of the heavier underlying shell were caught up in the
separated mass. We may, therefore, reasonably assume
that the missing portions of the sial shell have gone to
form the moon. The student will be wise to regard this
as hypothesis, certainly not as proven fact ; but, unless
or until insuperable objections are raised from the mathe-
matical side, it will remain a rcadily comprehensible and
very probable explanation of the facts; and one that,
at least, harmonizes with the major geographical and
relief features of the earth-ball.

Continental drift.L<The late Professor A. Wegener
first promulgated the idea of a horizontal motion or drift
of the continents through the sima in 1912. A kindred
suggestion had, however, beecn made by F. B. Taylor in
1910. Little notice was taken of the idea until 1922,
when Wegener elaborated his thesis in a work entitled
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Die Enistehung der Kontinente und Ozeane, a revised
edition of which appeared in English in 1924. Since then
active controversy has taken place on all aspects of the
questions at jssue, and to-day a large literature exists.

In forming an estimate of Wegener’s work it should be
remembered that his hypothesis grew out of the need of
explaining the major variations of climate in the past.
There is clear geological evidence of climates resembling
those of equatorial, tropical and arctic regions in latitudes
far removed from lands where those climates prevail
to-day. L_The solution to the enigma evidently involves
the movement either of the lands or the climates. There
must necessarily be severe limitations in theories of climatic
change which involve suspension or alteration of the
simple solar control of climatic zones, and though many
theories have been proposed, involving changes in the
composition of oceans and atmosphere and variation in
the extent and elevation of land-masses and mountain
ranges, few of them, in the opinion of meteorologists,
are adequate to explain the larger climatic aberrations
of the past. Wegener was primarily a meteorologist ;
and it is still true to say that much of the authoritative
support for some form of continental drift comes from the
meteorological side.

The evidence assembled by Wegener in favour of his
theory covered a very wide field. He revived interes
in the ;ig-saw fit” of the opposed coastlines of the Atlantic,
first noted long before, and he assembled a striking
catalogue of resemblances in geological history and
structure between the lands on its two sides. These
resemblances included points of actual geological
succession, of fossil faunas and floras, and of fold-lines
or directions of geological grain. It is generally character-
istic of the Atlantic coasts throughout, that the structure
and relief lines are transverse to the coast. The most
familia® example is afforded by the Appalachian mountain
system whose frayed ends project into the sea on the
North American side of the ocean and resume their course
on the European side in the ancient folds of south-west
Ireland, Wales, and Central Europe. If we admit that
isostasy precludes the assumption that the linking tracts
have foundered, a former rapprochement between the
two sides inevitably suggests itself as an interpretation
of the facts. Upon such considerations as these Wegener
founded a ygeneral theory of continental drift. The
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principal object of this theory was to reconcile the con-
flicting evidence relative to the distribution of past
climates, and its initial inspiration was the apparent
‘ jig-saw fit ”’ of the opposed Atlantic coasts. Wegener
supposed that the several continental masses were more
closely aggregated in late Paleozoic times. Australia,
Antarctica, Peninsular India, Africa, and South America
formed a major southern block—equivalent to the Gond-
wanaland inferred by geologists on other grounds, while
North America, Europe, and Asia formed a northern
block, separated from the first by a wide belt of sea (the
* Tethys,’’ see p. 76).>

Despite this considerable break of continuity the two
great land masses formed essentially one major unit—
named by Wegener ‘“ Pang=za ”’ (Fig. 13). Portions of the

[After Wegener.

Fi1c 13.—" PANGZEA.”

continental mass were at this and other dates regarded
as submerged beneath shallow epicontinental seas.
Wegener further supposed that the South Pole was then
situated in the vicinity of the South African coast; the
possibility of considerable shifts in the position of the
geographical poles is a definite element in Wegener’s
theory. 7The existing distribution of continental land
was regarded by Wegener as having been achieved by the
breaking up and drifting apart of the several elements of
Pangza. The forces invoked by Wegener to produce
the drift were * diffcrential gravitational forces,”” acting
upon the protruding blocks of sial: One of these forces
was believed to have caused a drift towards the equator
while the other was responsible for a general westward
drift. Thus, it was conceived that the African and
European land blocks moved together under the influence



THE EARTII'S MAJOR RELIEF 43

of the former force ; while the Americas drifted westwards
in response to the latter. /The theory thus offered a
mechanism of mountain-building. The Alpine ranges
were regarded as ‘‘ nipped '’ betwcen the approaching jaws
of Africa and Europe (p. 80), while the great western
cordillera of the Americas was explained as the crumpling
of the frontal edge of a drifting block against the rocks of
the sea-floor. It should be noted that Wegener worked
out a dcfinite geological chronology for the supposed
continental movements and the associated shifting of
poles and equator. The main partition of the southern
parts of Panga:a was achieved, in his view, during Mesozoic
times, while further north the main movements were
Tertiary in age. In collaboration with Koppen he traced
the successive positions of the equator and the poles from
Carboniferous times onward, by reference to the distribu-
tion of glacial, arid, and humid conditions. The great
Carboniferous forests, of which the relics in the form of
beds of coal now span the northern hemisphere in middle
latitudes, were identified with the equatorial belt of that
time.

DiscussioN oF THE THEORY

* Though the first publication of Wegener’s theory passed
almost unnoticed in the stress of the Great \War, the
dawning realization of its implications in the years following
the war evoked a flood of criticism, rising not infrequently
to the pitch of objurgation. The theory departs widely
from thc orthodox geological ideas of the nineteenth
century, and it was perhaps inevitable, though "un-
fortunate, that workers with a personal *“ stake '’ in such
ideas should not only criticize the new doctrine, but
actively resent it. Wegcener abandoned completely the
time-honoured *“ thermal contraction theory '’ of mountain-
building (p. 120), and accepted fully the postulates of
isostasy then still suspect in many quarters. The
reconstructions of past geographies, if accepted, made
nonsense of much that had been written on the subject
from the older standpoints and, incidentally, withdrew
emphasis from vertical movement in modifying world-
geography—a hypothesis to which many writers had been
greatly addicted. The brief foregoing summary of his
views will at lcast make it clear that he presented a wide
front to attack. His mistake, if mistake it was, lay in
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his attempt to digest and summarize vast bodies of
evidence, cognate to the new theory, but leading beyond
the field of his own special competence. In the attempt
thus to present a completely rounded theory he inevitably
made many mistakes. It is now widely agreed that he
handled his case as an advocate rather than as an impartial
scientific observer, appearing to ignore evidence unfavour-
able to his ideas and to distcrt other evidence into harmony
with the theory. As a result, it is fairly certain that no
authority to-day would accept Wegener’s theories in the
original form. This does not end the matter, however ;
the general idea of continental drift does not necessarily
stand or fall by Wegener’s version of it. The central
conception is immune from many of the criticisms valid
in regard to points of detail. A review of the more recent
literature of the subject reveals, broadly speaking, two
classes of contribution. On the one hand, many writers
have confined themselves to criticizing errors in Wegener’s
original synthesis. This is useful and necessary work,
though some have been too eager to score mere dialectical
points and to unearth discrepancies on points of detail.
Other writers have sought to modify, extend, and correct
the original theory, while retaining its cardinal conception.
Some of the chief objections to the thcory, and possible
answers to them, may be briefly considered here. In the
first place it has been rightly contended that no force
adequate to produce continental drift has been indicated.
The tidal force invoked by Wegener to account for the
supposed westerly drift of the continents would need to
be 10,000 million times as powerful as it is at present
to produce the required effects, and, if it had such a value,
it would stop the earth’s rotation completely in a year.,
The equatorward force mentioned by Wegener is -also
quite inadequate to produce appreciable movement, given
the present relatively high viscosity of the ‘ sub-stratum.”
In an earlier day, when this viscosity was less, the force
may have operated, but, if so, it should have concentrated
the continental masses near the equator. Holmes has
very reasonably argued that the fact that they are not so
concentrated shows that some other force has been at
work. We cannot claim to have recognized the force with
certainty, though suggestions made by Holmes point to
a likely line of inquiry. Meanwhile, the essential question
at issue is whether drift has occurred. If its reality could
be demonstrated our present inability to explain it would
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not really constitute a criticism of the theory. A cogent
parallel has been drawn between the present position and
that formerly existing in regard to folded mountain ranges
such as the Alps. The structures portrayed by geologists
in such regions were formerly dismissed as mechanically
impossible. Now that virtual unanimity has been reached
as to their existence we are little nearer to a complete
understanding of the mechanics of their origin—but this
evidently does not prove that they are impossible.

Another difficulty frequently voiced is the seeming
paradox involved in the assumption of sial masses drifting
through the sima which, at the same time, is supposed to
have sufficient strength to buckle their advancing edge.
Here there is danger of confusion between the ‘‘ rigidity "
and the ‘‘ strength ’’ of a substance. ‘' Strength ” is the
ability to resist permanent deformation under long-
continued pressure, while ‘rigidity "’ is the  instan-
taneous resistance to distortion.” Questions of ‘‘ hard-
ness "’ and ‘‘ softness ’’ are not at issue. It is possible
to suppose that the sima is more rigid than the sial, but
that the sial has greater strength. The respective pro-
perties of the two shells may perhaps be likened to those
of pitch (cf. sima) and beeswax (cf. sial). It has been
aptly pointed out that a rod of soft beeswax could be
pressed into a mass of hard pitch, if the push were
sufficiently slowly applied, and it might become buckled
in the process. Further, it is not to be gainsaid, as a fact
of geological observation, that basic rocks kindred in
composition to the sima have frequently been induced to
“flow ”’ 1 by earth-pressures, while adjacent acid. or
sialic rocks have resisted such tendency. This may afford
a clue as to what happens where a continental mass bears
on the simatic floor of the ocean. It is further to be
observed that frontal crumpling, as supposedly illustrated
in the western cordillera of the Americas, involves not the
folding of sial, but of weak sedimentary rocks, lying in
a trough mdrgined on both sides by sial. Wegener did
not bring out this fact clearly, but it goes far to remove
the difficulty here in question. Holmes is of opinion
that along the frontal edge of a drifting mass, sedimentary
rocks, caught between sialic jaws, may be raised into
mountain ridges, while the floor of the ocean, composed of

1 As, for instance, where basalts or dolerites are converted into hornblende
schusts.
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rocks of entirely different physical properties, may be bent
down to form * deeps.”

Passing from geophysical to geological considerations,
it has been quite fairly contended that the first and
immediate attraction of Wegener'’s hypothesis undoubtedly
lies in the * jig-saw fit ”’ of the Atlantic coasts, but that
the fit proves much less perfect upon inspection than at
first sight. The reconstructions of Wegener and his
followers (see e.g. Fig. 13) can only be achieved with the
help of considerable distortion of the continental shapes.!
Here, again, there are several opposing considerations
to be urged. It may be conceded that the * jig-saw "
argument has been over-stressed and that it possesses an
undesirably plausible quality in popular demonstration.
Nevertheless, certain significant lines of fitting survive
the best efforts of the critic. Leaving aside the much-
discussed fit between Africa and South America, which is
much less perfect than at first appcars, let the reader
examine on a globe the outlines of Western Greenland,
Baffin Land, Ellesmere Land (Grinnell Land), and the
intervening marine channels. Here, at least, is a con-
vincing piece of ‘ fitting.” DBut the real reply to this
objection must take different ground. Whether or not
Wegener was justified in introducing unexplained dis-
tortions into his reconstructions, it is patent from what
we know of the crust that rifting and drift could not take
place without such distortion. Granting the truth of
the hypothesis, the continental outlines are much as we
should expect to find them. A perfect * jig-saw fit ”
would, indeed, be an embarrassing feature to explain. A
good debating point, but nothing more, has been made by
those who point out that, granted the ** jig-saw '’ method,
Australia and New Guinea can be conveniently fitted into
the Arabian Sea. Neither Wegener nor any other writer
has, in fact, proposed such a fitting, for which there is not
the slightest geological warrant.

In the same category we may group the objection that
the ‘‘ geological fit "’ of the opposed sides of the Atlantic
is not as perfect as Wegener suggested. Those concerned
to urge this view, notably Schuchert, do not deny a broad
‘ parallelism " in the stratigraphical and structural
features of the two sides of the ocean ; such a parallelism

! Experiments with paper or plasticine outlines on a globe will quickly
counvince the reader of this.



THE EARTH'S MAJOR RELIEF 47

has long been recognized. They claim that the relation-
ship is that of broad similarity, rather than identity, and
that it is explicable without recourse to large-scale drift.
We shall return to the point below, and it is sufficient hete
to note that, whether or not Wegener overstressed the
resemblances, we have no right to expect close identity of
features, since a considerable and variable zone of sial
may well have disappeared by thinning and submergence
in the course of any rifting. The Central Atlantic rise
(Dolphin—Challenger Ridge) remains as a probable witness
to such a lost sialic belt (p. 16).

Finally, we may note two objections commonly raised,
relative to the date and the direction of the supposed
drifting. It has been regarded as ground for comment
and incredulity that Wegener’s presentation pictured no
effective drift before the end of Paleozoic times. Critics
have asked : ‘“ What kept Pangzea togcther till the hour for
rifting struck ? Why did the process not become opera-
tive until that date ? "’ Such questions again constitute
a criticism of Wegencr’s presentation of his case, not of the
general theory. It is fair to rejoin, * What chance exists
of reconstructing the obscure earlier drifting movements
or of securing agreement on their nature, until the later,
more legible, parts of the process have commanded wide
assent ? ”’ No present supporter of continental drift
would seek to restrict 1ts operation to post-Carboniferous
time, though he might find it difficult to build up a con-
vincing dctailed picture of what happened before this time.
There is little doubt that the continental nuclei were
blocked out in pre-Cambrian times and, granted the possi-
bility of continental drift, many features of Pal®ozoic
geography point to its operation. Van der Gracht has
suggested that an early Atlantic rift may be represented by
the Lower Palxozoic sea which linked Europe and America,
and that such rift may have been closed again by the
approach of the two sides, giving rise to the Caledonian
mountain-building (p. 49, 49).

Such considerations lead on directly to the objections
concerned with the direction of drift. Here again the
believers in continental drift must decline to be limited
by Wegener’s original suggestion. There are numberless
difficulties involved in the assumption of a simple west-
ward and equatorial drift. F. B. Taylor, who antici-
pated Wegener in enunciating the drift concept, deduced
an outward radial movement from the two poles. Thus,
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in the northern hemisphere, he traces a ring of mountains
marking, in his view, the outer limit of the drift and
comprising the Alpine-Himalayan chains, the mountains
and island arcs of East Asia, the western cordillera ot
North America, and the ranges of Honduras and the
West Indies. Taylor and others have parted from
Wegener in regarding the Central Atlantic rise as mark-
ing the scar of an original rift from which the conti-
nental cdges have withdrawn in opposite directions.
J. W. Evans found evidence of a general drift eastwards,
southward, and westward from Africa, toward the centre
of the Pacific. These suggestions may contain more truth
than those originally urged by Wegener. If continental
drift is to be retained as a working hypothesis it must
be regarded as capable of operating undcr widely variable
conditions of speed and direction.

It may appear that while Wegener presented a theory
widely open to criticism his followers have so accommo-
dated and diluted the doctrine as to protect themselves,
rather unfairly, against detailed criticism. This is true
in some measure, but the position has arisen for definite
reasons. Wegener overstated the case; but many are
unwilling to see the stimulating central idea lost sight of,
in the course of skirmishing over details. They would
desire the central concept to be retained as a working
hypothesis and are willing to see it shaped and modified
in harmony with developing knowledge. What claim can
it now make for such a measure of recognition? In
answering this question one is confronted with the difficulty
that evidence in support of it must be drawn from the
whole geographical and geological field. To attempt
fully to defend it here would involve anticipating many
later sections of which the bearing must be left for the
reader to appreciate. Nevertheless, recent years have
not failed to bring forth much telling evidence in favour of
continental drift and some of this may be briefly noted.
In the first place, it is significant that few critics of conti-
nental drift, in the accepted sense, are willing to deny the
reality of considerable horizontal movements in the conti-
nental crust. We shall find such movements plainly
implicit in modern ideas of mountain-building (p. 76)
which demand horizontal translation or * crustal
shortening "’ of hundreds of miles. If only the order of
such figures be correct, veritable continental drift is plainly
implied. Certainly the problem of mountain-building is
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one in which the hypothesis of continental drift solves
more difficulties than it creates. The same is unquestionably
true in the field of paleoclimatology, and particularly
in the case of the great Permo-Carboniferous glaciation
at the end of Paleozoic times. No one questions the
plain evidence that massive ice-sheets equal to, or even
exceeding, the Pleistocene ice-sheets in dimensions were
present more or less simultaneously at this time in India,
South Africa, South America (Brazil), Antarctica, and
Australia. A glaciation, extending over such vast areas,
and athwart the present tropics, presents an almost
insoluble enigma if one attempts to explain it on normal
climatological lines. Such attempts have indeed been made,
notably by C. E. P. Brooks, but they involve assumptions
quite as difficult to concede as any made by the conti-
nental drift theory. A reconstruction of world-geography
on the lines of that attempted by Wegener affords the
only ready, though not necessarily the only possible,
interpretation of the facts.

Lastly, it may be noted that geological correlation of the
sides of the supposed ‘‘ Atlantic rift ”’ has made consider-
able progress since Wegener wrote. E. B. Bailey has
pointed out significant analogies, too striking to be lightly
dismissed as coincidental, between the arrangements of
the Paleozoic mountain systems in Europe and America.
We here anticipate somewhat the substance of Chapter VI,
but Fig. 14 may serve to make the main facts clear.

The Caledonian mountain-folds of Northern Britain
converge westwards towards the line of the later Hercynian
folds. In South Wales and South Ireland the two systems
meet and, as it were, begin to cross one another. As
Bailey has shown, the crossing is completed in Penn-
sylvania ; beyond which region the Hercynian is north
of the Caledonian line. Equally striking is the fact that
the Caledonian front (7.e. the north-western margin of the
belt of Caledonian folds), present in Scotland and recogniz-
able also in Western Spitzbergen, is not present in Norway.
On the older hypothesis of continental foundering, it would
have been presumed that the ‘‘ missing link " lay sub-
merged off the Norwegian coast. It proves, in fact, to
be present in Eastern Greenland (Fig. 14).

For the South Atlantic coasts du Toit has made a detailed
comparativestudy which brings to light comparable features.
Thus the early Paleeozoic mountain-folds known as the
Brazilides, which trend roughly from north to south
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from Brazil to the coast of Uruguay, appear to be resumed
on the South African coast near latitude 27°S., and are
traceable thence in a S.S.E. direction until they meet the
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F16. 14.—THE ATLANTIC R(PT AND ITS BORDERING MOUNTAIN FoLDS,

CF, Caledonian front; HF, Hercynian front; A, Alpine folds; B,
Brazlides; G, Gondwanides.

“ Cape folds,” almost at right angles, in the southern part
of Cape Province (Fig. 14). The latter correspond with
the mountain-folds known as the Gondwanides in
South America. It is evident that the Gondwanides
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and the Brazilides are shaping for a crossing just off
the South American coast. Such crossing is actually
achieved in South Africa. These facts must be considered,
together with a host of further parallels adduced by du
Toit between the geology of South America and South
Africa. Similarities extending in some cases to most
significant details are found in the structures, lithological
character and fossil contents of the sedimentary rocks,
and the character of the igneous rocks and the associated
mineral occurrences. Such correlations demonstrate that
opposing regions on the South Atlantic coast formerly
lay within the same geological province; they do not
prove former immediate juxtaposition of the regions in
question ; du Toit concludes that a strip of continental
material from 200 to 500 miles wide has ‘‘ disappeared "
by thinning and submergence in the course of the rifting
process, and such a conclusion is wholly in harmony with
seismological evidence pointing to the existence of con-
siderable surviving masses of sial on the Atlantic floor.

It can hardly be doubted that there is enough evidence
now to hand to warrant our retaining continental drift
as a working hypothesis. Much further work remains
to be done and no useful purpose is served by for-
getting or minimizing the difficulties that the theory is
bound to meet. Such difficulties, however, appear no
more serious than those which confront any theory of
continental foundering or other large vertical movements.
Opinions may differ as to the scientific ethics of Wegener’s
‘“ advocacy,”’ but it is beyond question that he has started
a train of scientific inquiry and discussion of which the end
cannot yet be seen ; and it is possible to maintain that
he could have achieved the object in no better way. A
cautious and limited statement, hedged around with
qualifications and provisos, might have given less scope
for criticism, but less also for valuable and stimulating
discussion. One cannot review the literature of conti-
nental drift without the reflection that critical acumen
is commoner than creative genius, or power of synthesis,
in the world of science ; and it is probable that the memory
of Wegener may yet receive justice from the host of
smaller men who have indefatigably knocked the less
stable props from beneath his original momentous theory.

Thermal cycles and marine transgressions.—A further
geophysical topic of great general interest and importance
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is that of possible large vertical movements of the conti-
nents, owing to changes in the density of the sima.

The sedimentary rocks of the continents, chiefly the
deposits of shallow seas, make it clear that the sial blocks,
now broadly emergent above the ocean, have been subject
to periodical wide inundations by the sea, known to
geologists as marine transgressions. These transgressions
have followed one another in a regular, or cyclical, manner.
The more important episodes of flooding are evidenced
practically all over the world, a fact implying great
uniformity in the relative movement of land and sea.
Each transgression has extended conditions generally
comparable with those of the present continental shelves,
over the low-lying parts of the ancient continents, leaving
in many cases only relatively small tracts unsubmerged.
The plains ot the modern world are the sites of the epi-
continental seas of the more recent past—seas comparable
in their nature and relations with, e.g., Hudson Bay, which
is merely a landward continuation of the shelf-seas at
present surrounding the North American Continent.
Such large changes in the relative position of land and sea
clearly involve either bodily subsidence and uplift of the
continental rafts or world-wide changes in occan level.
The latter have been termed eustatic movements, and
may result from changes in the capacity of the ocean
basins or variation in the amount of ocean water. The
waxing and waning of ice-sheets is an important cause
of such variation (p. 411). However, all the known or
likely causes of eustatic shifts of sea-level would give rise
to relatively limited effects and can hardly be invoked to
explain the larger episodcs of continental submergence.
In these, we are compelled to assume, larger-scale move-
ments of the continent were concerned.

The theory which is most generally acceptable, in its
broad features at least, is that recently put forward by
Joly. His postulates include the acceptance of the
flotation concept of isostasy and also the fact that the
sima below the continents has an appreciable content
of radio-active elements which generate heat during their
disintegration. The continental layer is even richer in
these elements and sufficient heat must be generated
within it to make good much of the loss by radiation at
the surface.! If such is the case there can be little or no

1 Jeffreys estimates the heat supplied by radio-activity as more than four-
fifths of the whole flow of heat from the earth’s interior to the surface



CHAPTER VI
MOUNTAIN BUILDING

) lntroductory.—\—Mountain building by pronounced crustal
contraction has not proceeded continuously during the
past. The major effects were confined to some half dozen
or more short periods of intense crustal stress, separated
by quiescent intervals. Localized thus in time, mountain
building is not less localized in space, since it has affected
only comparatively limited tracts separated by wide areas
of little disturbed horizontal or gently folded strata. It
has, indeed, been surmised that during the early stages
of the earth’s history, buckling or creasing of the crust may
have been more general, but there is no clear proof of
this ; it is certain that during the later stages during which
the sedimentary rocks of the crust were accumulating,
mountain building has been spasmodic.

The plan of mountains as seen on a relatively small-scale
map is worthy of attention. In semi-pictorial atlas maps
the * caterpillar ”’ type of symbol was formerly popular,
but this obscures, rather than reveals, the true relations.
In the first place we can distinguish major units, systems,
or cordilleras, which often have themselves an arcuate
form. Each comprises minor units, ranges, whose course
is definitely arcuate, the convex sides of the arcs generally
being directed in the same sense. A scalloped pattern is
thus imparted to the composite whole ; and an analogy
is immediately perceptible between the mountain ranges
of the land and the * island-arcs ”’ of the continental
borders (Fig. 35). The course of both major and minor
units often shows an obvious relationship to the position
of pre-existing resistant masses, * stable blocks” or
massifs, which are often the denuded relics of former
mountain systems. Thus in Europe the great arc of the
Alps advances between the Massif Central of France on
the west and the Czech massif (Bohemia) on the east,
while along its front are disposed smaller massifs : Vosges,
Black Forest, etc., against, or towards which, it seems to
have been pushed. The arc of the Carpathians and the
continuing ranges in Eastern Europe are similarly inserted
between the Czech massif and the Rumanian ‘ spur " of

60
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the great Russian platform (Fig. 26). It is phenomena of
this type which have seemed to justify the assumption of
a real wave-like mobility of the crust when under stress,
involving great horizontal movements of translation. In
the light of the same facts it has been deemed appropriate
to speak metaphorically of the * Alpine storm "’ and of the
gentler folds of North-west Europe as its ‘‘ outer ripples or
ground-swell.”

In section, considerable variety in structural type
appears in mountain ranges. On the one hand we have
the comparatively simple folding combined with thrust
faulting which characterizes the Appalachians—an ancient
and much denuded range (Fig. 144). In a broad sense this
may be said to appear also in the Jura of Switzerland, the

\ Buried spur of
N Russian Platform

F1G. 26.—RELATION OF ALPINE FoLps TO OLDER MASSIFS.
MC, Massif Central ; V, Vosges; BF, Black Forest; CM, Czech Massif.

Andes and parts of the North American cordillera, as far
as they are known. At the other extreme are the enormous
complexities demonstrated in the case of the European
Alps and believed also to characterize their Asiatic con-
tinuations. The Alps have been claimed as the typical
mountain system in regard to structure, but the statement
is hardly justified in the present state of knowledge.
Nevertheless, they may claim pre-eminence in our con-
sideration from the fact that they have been very
thoroughly studied and show features of unusual interest.

The structure of the Alps.—We may introduce the com-
plexities of Alpine structure by considering first a simplified
section across the French Alps (Fig. 27). Here we find a
number of great overfolds leaning towards the north and
broken at intervals by major thrusts inclined towards the
south, These thrusts divide the system into a number of
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structural zones which are as fundamental for the geo-
grapher as for the geologist. Thus in the west, over-
looking the Rhdne valley we have the * External Zone,” in
which large areas of ancient crystalline rocks (massifs of
Belle Donne, Pelvoux, etc.), parts of the floor of Europe
on which the later sediments rest, project between infolded
areas of Carboniferous and Mesozoic strata. Next in order
is the ‘ Briangonnais Zone,"’ separated from the *“ External
Zone ” by a great dislocation. Here the western part is
based upon Tertiary sandstones (Flysch), while in the
eastern part the underlying Jurassic and Triassic lime-
stones emerge and dominate the mountain scenery, with
areas of Carboniferous shales and sandstones appearing
in the cores of the anticlines. Finally, eastward of another
great dislocation, we enter the ‘‘ Piémont Zone,’' where the
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FI1G. 27.—STRUCTURE OF THE FRENCH ALPS.

rocks, though originally ordinary sediments of Trassic and
Jurassic age, have taken on a crystalline condition under.
the influence of former deep burial and strong earth-
movement, and appear, for the most part, as schists.
It is also clear, although the section is greatly simplified,
that the structures, folds and faults are on a scale incom-
parably vaster than the relief forms themselves, which
appear as an almost insignificant surface etching of the
great folded rock-pile. There is, in fact, no simple
relation between major structure and surface.

We may pass on to consider the more extended section
presented by the Swiss Alps (Fig. 28). Here, again, a
division into structural zones proves possible and, again,
it affords the clearest basis for recognition of geographical
characters. In the north are the Jura mountains showing
relatively simple folding, though broken by large thrusts.
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To the south is the Swiss * lake plateau,” underlain by
Tertiary sandstones, derived in part from the waste of
the Alpine ranges during and immediately after their
uplift. Next come the Pre-Alps, a group of mountains of
inconsiderable clevation and rather subdued topography,
which extend along the southern shore of the Lake of
Geneva and eastwards to the Rhine. These prove to be
built of a pile of flat-lying or recumbent folds or nappes.
The rocks of which they are composed cannot be matched
in the vicinity, nor anywhere in the Northern or Central
Alps. Similar types, however, occur on the Italian side
of the chain. A daring hypothesis has therefore found
favour, which rcpresents the rocks of the Pre-Alps as
having been carried far from the south in great recumbent
folds, since eroded away from the higher central regions.
The recognition of this gigantic displacement was a vital
clue in the elucidation of the structure of the Alps.

NV

I‘\I-‘\‘e\:| D]

Swiss Lake Pra - Aips Helvetian Rhone
Plateaw Alps Valley

Zona of N ftaln Pive
Roots
After Argand.
FIG. 28.—STRUCTURE OF THE Swiss ALps.

1, Dent Blanche nappe; 12, Monte Rosa nappe. 2, Great St Bernard
nappe; 2a, Simplon-Ticino nappes. 3, Buried Foreland. 4, Ielvetian
nappes. 5, Pre-Alpine mass. 6, Normal sedimentary covering of Forcland.

To the south of the Pre-Alps come the Helvetian or
Northern Calcareous Alps, which extend eastwards to the
Rhine through the Bernese Oberland. These, again, are
sculptured from a pile of some half-dozen nappes and, since
the rocks involved are mainly limestones, the mountains
show highly distinctive characters of form, contrasting
clearly with the zones both to the north and the south. A
detail of their structure is shown in Fig. 29. To the south
of the Helvetian Alps, great masses of crystalline rocks, in-
cluding granites, emerge in places, as in the massif of Mont
Blanc and the Aiguilles Rouges and, again, farther east in
the Aar-St. Gothard block ; these are gigantic splinters of
the underlying floor which have been driven up through the
piles of nappes—but they do not form a continuous zone
at the surface, protruding upwards more in some places
than in others. In places, we pass directly from the
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Helvetian Alps to the Central or Pennine Alps in crossing
the Rhdne valley, as in the line of section shown in Fig. 28.

The Pennine Alps are composed mainly of crystalline
rocks of a different type, viz. metamorphosed sediments,
disposed in six gigantic nappes. In Switzerland these
nappes lie in a more or less horizontal posture, and it is
only isolated portions of some of the upper members that
survive. Thus the famous pyramid of the Matterhorn
and the mountains surrounding the Dent Blanche are
formed of rocks belonging to the Dent Blanche nappe,
resting upon entirely different materials. Beyond the
Italian frontier the nappecs continue to rise southward
for a while, but then plunge downward toward the plain
of the Po and are represented as ‘‘ tucked in under ”
from the south, much as bedclothes are tucked beneath a
mattress. This curious disposition is regarded as the
result of collapse or subsidence in the rear region during

S.S.E. J Tour Saillere N.N.W

Fi16. 29.—THE RECUMBENT FoLD OF rHE TOUR SAILLERE.

M]J, Middle Jurassic; UJ, Upper Jurassic; C, Cretaceous T, Tertiary.
Major thrust in thick black line.

a late stage of the mountain building, followed by a
renewed * under-push "’ from the south. )

Our line of section may be regarded as reaching the
Italian Plain east of Turin. Farther to the east another
distinct structural zone, that of the Dinarid Alps, comes in
and broadens eastwards through the region of the Italian
lakes. These mountains, again, are composed largely of
calcareous rocks. The zone is separated from the main
chain of the Alps by a great dislocation.

East of the line of the Rhine headwaters, through Chur,
the Eastern, as distinct from the Western, Alps may be
regarded as beginning. Here and eastwards through
Austria, the upper nappes, largely removed from the
West Alpine pile or preserved only in the Pre-Alps at
their northern foot, have been spared by erosion and form
much of the surface, the underlying Pennine nappes
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appearing from beneath the overlying sheets only in the
Engadine and the Tauern region (Fig. 30).

The complexities apparent and implicit in such cross-
sections may well prove somewhat staggering to the
student, and the mechanics of nappe-formation may seem
to defy clear mental formulation. Opinion on this question
has, indeed, been very fluid, and finality, either in fact or
interpretation, is still far to seek. Nevertheless, the con-
ception of nappes is firmly established, and unlikely to
give ground to adverse criticism save in detail. These
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F16. 30.—SIMPLIFIED STRUCTURAL MAP OF THE ALPS.

Pre-Alpine elements=circles. N. Calcareous Alps=white Crystalline
massifs=black. Pennine (W. Alpine) elements=close vertical lincs East
Alpine elements=horizontal lines Dinarid elements=wide vertical lines.

structures, characterized ‘“ by the beauty of their form
and the grandeur of their dimensions,” are believed by
many to reveal the essential unit and method of mountain
building, and their Alpine representatives can thus claim
much more than a local interest and importance. Before
we can deal further with their nature and origin it is
necessary to review briefly the earlier history of the Alpine
tract and therein to discover principles which apply not
only to the Alps but to most, if not all, of the great
mountain ranges past and present.
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The Geosyncline

One of the most striking features of folded mountain
chains is the enormous thickness of sedimentary rocks
involved in the folding process. In most cases it is
possible to show that the same rock groups are very much
thinner under the surrounding plains. For instance,
25,000 feet of sediments are present in the Appalachian
mountains, but the same rock groups in the Mississippi
region attain a thickness of only 4,000 feet. Similarly,
the rock groups of the Alpine chains attain twice or three
times the thickness of their equivalents in Britain and
Northern Europe. Since it is clearly impossible to
explain these great expansions of strata by imaginary
accumulation in a gigantic bank we must accept the only
alternative, namely, accumulation in a sinking area, which
continues to subside as it fills. Such subsidence can be
attributed partly, but not wholly, to isostatic adjustment
under the weight of the accumulating sediments. Since
the area of thick strata coincides with that of the mountain
range, the subsiding area must clearly have been long and
relatively narrow, 7.e. trough-like in form. To such an
elongated area of subsidence the name geosyncline has been
applied. The formation and filling of a geosyncline are,
apparently, the necessary prelude to the formation of a
folded mountain range on the same site. An ancillary
condition is the existence of bordering land-masses to
supply the sedimentary filling.

Although the geosyncline idea plays a large part in
modern stratigraphical geology, it is by no means easy
to recognize convincing examples of such features in the
modern world. Some would regard the marginally dis-
posed *“ deeps "’ of the Pacific Ocean as actual, or potential,
geosynclines, and on a smaller scale we might rcegard the
great valley of California as a feature of the same type,
submerged at its southern end; or the Indo-Gangetic
Plain as occupying the site of a geosyncline, already
partially filled. All these cases, however, differ con-
siderably from the great geosynclines from which the
present mountain ranges have arisen, and it is, perhaps,
more in harmony with the facts to regard true geosynclines
as temporarily absent from the earth’s relief plan. How-
ever this may be, we can reconstruct the features of past
geosynclines in considerable detail.

In the case of the Alps and the related Asiatic ranges,
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we can obtain evidence that during Tertiary, Secondary
and perhaps earlier times, a wide ocean stretched across
the site of part of the Old World land-mass, separating
the Eurasian from the African Continent. From time to
time shallow epicontinental seas extended beyond its
true margins over the continental surfaces and in these
comparatively small thicknesses of sediment accumulated.
In the main trough, probably not less than 2,000 miles
in width, continuous sedimentation went on in generally
dceper water ; and much larger thicknesses of rock were
laid down.

The Hinterland and Foreland

The folding of the contents of the great trough was
brought about by the approach of its margins, which
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[After Argand.
F16. 31.—THE ORIGIN OF THE TERTIARY MOUNTAINS OF THE OLp WORLD,

acted like the jaws of a vice. The African ‘‘ hinterland ”
is believed to have moved northward towards the European
‘ foreland,’’ and the amount of crustal shortening achieved
in this gigantic ** crush "’ is estimated as 1,000 miles, or
some 15° of latitude. Some geologists have interpreted
the phenomena as pointing definitely to continental drift,
though it is to be noted that the postulated direction of
drift, i.e. northwards, is not that which plays the major
part in Wegener’s hypothesis (Fig. 31). We may, how-
ever, be content to defer discussion of ultimate causes ;
the facts are broadly as stated, however explained, and
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they provide a sufficiently remarkable picture. Argand
and his followers have outlined a definite series of stages
of evolution in the fashioning of the folds (Fig. 32). They
believe that the northward thrust of the hinterland
produced at a very early stage two major overfolds,
which projected above the sea as land masses, or lines of
islands, during the deposition of the Secondary deposits,
and thus sub-divided the main geosyncline into minor
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FiG. 32.—STAGES IN THE ALPINE OROGENESIS.

F, Foreland; H, Hinterland; PA, Pre-Alps; He, Helvetian Alps.
1, Dent Blanche nappe ; 1a, Monte Rosa nappe. 2, Great St. Bernard nappe;
2a, Simplon nappes.

troughs. These two crust waves both moved northwards
during Secondary times, the southern one gaining some-
what on the northern. During late Secondary and early
Tertiary times the edge of the African hinterland rode
rapidly northwards, thus approaching the second of the
migrating crustal waves. Finally, in middle Tertiary
times, the main paroxysm of earth-movement occurred ;
the hinterland rode northwards, above the great sedi-
mentary pile which filled the old trough, and, fulfilling
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the role of a ftraineau écraseur, or *‘ crushing sledge,”

dragged the underlying strata into folds of recumbent
posture beneath it. Of this series of recumbent folds, the
two developed or dragged out crustal waves of earlier
date form important members, constituting two of the
main nappes of the Pennine Alps. It is, however, con-
ceived that other nappes were developed below each of
them by frictional drag and that the drive of the Pennine
nappes as a whole developed smaller recumbent folds in
the rocks laid down originally near the northern shore of
the ocean. These are the nappes of the Helvetian Alps.
Gigantic masses of the trough-floor were driven upward
in places, through the overlying sediments along the
northern front of the Pennine nappes. These form the
crystalline massifs of Mont Blanc, etc. The Dinarid Alps
represent the hinterland, together with its covering of
sediments, originally accumulated near the southern
margin of the geosyncline.

At the end of the main phase of orogenesis, the northern
edge of the hinterland is believed to have extended com-
pletely over the piled up nappes, so as to rest on the fore-
land, but a succeeding movement remains to be noted.
In a late stage there supervened subsidence in the rear
region and elevation of the central tracts. Renewed
underdrive from the south led to the curious tucking in of
the nappes already noted, while later erosion removed the
covering of hinterland from the central parts, the only
surviving portions forming parts of the Pre-Alps.

The Median Mass

The foregoing account of the structure of the \Vestern
Alps, which follows the views of Argand, has, as its central
feature, the conception of the northward drive of an
African hinterland towards a European foreland with
resulting intense compression of the intervening zone.
In some respects, however, the Western Alps are not
typical of the mountains of the world. A survey of even
the immediately surrounding regions, to say nothing of
the Asiatic and American mountains, reveals features
absent or inconspicuous in the Alps, particularly in respect
of arrangement in plan or symmetry in cross-section.
Kober, from studies over a wide field, conceives the typical
‘‘ orogen,’ as shown in Fig. 33. In his view an orogenic
belt shows, normally, not a foreland and a hinterland but
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rather two forelands, one on each side, with overthrusting
towards both. Between the bordering ranges thus thrust
outward, occur Zwischengebirge (betwixt-mountains) of
simpler structure. We may note that even in the Alps
there is evidence of thrusting in opposed directions, for
the great thrusts of the Dinarid ranges indicate a move-
ment towards the south, contrasting with the evident
northward movement along the edge of the European
foreland. There is, however, no feature in the Alps
which we can identify with the ‘‘ betwixt-mountains.”
Nevertheless, Kober’s
conception appears to
be of much more general
application than that
used by Argand in the
Alps. In particular,
intermontane areas of
simpler structure,
analogous to Kober’s
Zwischengebirge, prove
to be of common occurr-
ence and are certainly a
systematic or repeating element in mountain architecture.
Since, however, the intermontane tract is not necessarily
mountainous in reclief, but may show a variety of
topographic forms, it is certainly better to use the more
general term ‘ median mass "’ in place of Zwischengebirge.

According to Kober’s reading of Alpine structure,
“ median masses "’ occur in the Mediterranean region
between the northern, or Alpid, and southern, or Dinarid,
sides of the Alpine belt. One such mass he regards as
largely submerged beneath the Western Mediterranean,
though it includes parts of Corsica and Sardinia. The
Hungarian Plain (Pannonian Basin), between the arc of
the Carpathians and the Dinaric ranges of the Balkans,
forms another median mass, whilec the Rhodope Plateau
of the Balkans and its eastward continuation into Anatolia
forms a third. Still further east in Persia, a typical
median mass has been recognized between the Iranian
ranges and the Elburz ranges. In the Balkans, Asia Minor
and in Persia the median masses form upland country, thus
contrasting with their low-lying or submerged analogues
farther west. Though structural details are at present
lacking for most other parts of the world, we may note
that the Caribbean Sea appears to be a submerged median

Inc. 33 —Tue  TypicAL  “ OROGEN ”
ACCORDING TO KOBER.
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area, lying between the Central American chains and the
West Indian arc, and the Mexican Plateau may be of a
similar nature. So far as plan and general morphology
are concerned, the Basin-Range region of Nevada, lying
between the Sierra Nevada and Wasatch ranges, seems to
form an admirable example of a median mass. The
characteristic ‘‘ basin-range structure,” consisting of
tilted fault blocks (Fig. 193), and the great fissure-eruptions
(p. 114) farther north, may yet prove to be characteristic
features of median areas. The great high-level mountain-
girt basins of Central Asia also suggest themselves as
comparable features, though the structure of the enclosing
ranges is not yet known with sufficient certainty to render
possible a full comparison with the supposed typical
orogen.

Before we leave the conception of the typical orogen
with its median mass we may note that the primary
movements involved in its formation are the vice-like
inwardly directed underthrusts of the two foreland jaws—
i.e. there is an inward motion below, acting as the prime
causce of the outward thrusting above. Such an idea in
its simple form is not incompatible with any of the main
mountain-building theories reviewed below, and is clearly
susceptible of variations in detail, according to the relative
magnitude of the two underthrusts. Inthe Western Alps
it is clear that a strong ‘‘ one-sided "’ element has entered,
if current ideas are sound, and thus the simple symmetry
has been destroyed. We may, however, generally expect
to find a distinctive intermontane area, or median mass,
which, though it may vary in width and locally disappear
altogether, is a distinctive feature of mountain morphology.

Island Arcs.—The arcuate lines of islands which are so
conspicuous a featurc of the Western Pacific area are
generally interpreted, following Suess, as the unsub-
merged tops of young folded mountain chains, effectively
continuous with those of the mainland. That such is
true in the majority of cases can hardly be doubted, though
some of them (notably the Japanese arc) appear to be
more complex than this theory allows. In the case of
mountain arcs, such as that of the Carpathians, the form
approximates closely to a circular arc in many cases. This
important fact may be simply explained if the arcuate
‘ crease ’ has ridden forward along a thrust-plane, for
a true plane intersects a sphere in the arc of a circle. It
is known with certainty that many of the mountain arcs
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arc based upon one or more thrust-planes. The Car-
pathian arc has ridden northward over the Silesian coal-
field, partially covering the coal-bearing beds, and the
Himalayan arc is margined along its southern side by
thrusts along which it has travelled southward. Such a
relation is, indeed, the normal one along the edge of a
folded belt where the frontal folds are driven over on
to the foreland. The simple geometry
of the case is such that, for any circular
arc due to the emergence of a thrust-
plane at the surface of the earth, the
angle of inclination of the thrust is
cqual to the radius of the arc measured
in degrees—i.e. the angle subtended
at the centre of the earth by the radius
(Fig. 34). It has been shown by Lake
that the revised observations of the
inclination of the Himalayan thrust (A fter Lake
agree very closely with the computed gy 4, T Groumrry
value on this hypothesis. OF A MAjor THRuUST
Many island arcs are also nearly  FPrane.

circular in form, notably the Aleutian BT is plane of thrust
arc and the East Indian arc as far effnefg"ﬂg %tTf, Piﬂtgm
east as the Banda Sea. In detail, o Hhoust °,a,,>;;°“A,,‘;§
of course, the arc is not a line, and it is ATB=Angle AOT.
necessary to sclect some one guiding

feature to represent it approximately. Lake has shown
that the poles of several of the island arcs of East Asia
lie close to the same great circle (Fig. 35). If we assume
that each is based upon a thrust-plane, these thrust-planes
will all lie at right angles to the great circle in question
(Fig. 34) and we are led to envisage a creep of Eastern
Asia over the floor of the Pacific along this series of related
thrust-planes. Similarly, if the Iranian, Himalayan, and
East Indian arcs be considered, their respective poles are
found to lie close to another great circle (Fig. 35) and,
on the hypothesis of basal thrust-planes, one may infer
a southward creep of the southern edge of Asia over
the floor of the Indian Ocean. We thus obtain a strong
suggestion of movement of the edges of the Asiatic
Continent towards the east and south-west respectively.
Clearly the mass as a whole cannot move in both directions,
and an under-thrusting from the ocean floor, kindred to
the under-thrusting conceived by Kober to take place
along the margin of his orogen, probably affords a
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better description of the process. Such under-thrusting is
entirely compatible with certain theories of mountain-
building mentioned in Chapter IX. Suess originally
regarded the arcs as indicative of a force operating from
the continental interior towards the ocean border, but quite
apart from the important facts recently advanced by Lake,
Hobbs has adduced a number of other reasons for regarding
the thrust as transmitted inwards from the ocean floor.
Phases in mountain building.—Though the Alps appear
to possess certain unique elements of complexity, the
general history of the formation of the chain shows certain

Fic 35.—ISIAND- AND MOUNTAIN-ARCS IN ASIA,

The poles of thé arcs fall on or ncar the dotted lines shown, which are
great circles on the sphere.

systematic features common with those of other regions.
In the first place, it is clear that we can divide the period
of mountain making in the wide sense into three phases
as follows :

(1) The period of lithogenesis, during which the rocks
later to form the range are accumulated in the
subsiding geosyncline.

(2) The period of orogenesis, during which the accumu-
lated rocks are strongly compressed, with resultant
folding and faulting.

(3) The period of glyptogenesis, during which the
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characteristic surface forms are sculptured by
erosion.

Looking at the matter in more detail we may say that
the pre-requisite condition for the start of the mountain-
building process is the existence of a low-lying tract,
generally, though not nccessarily, submerged beneath the
sea, inco which sediments are brought from bordering
higher lands. There ensues, in the first place, a subsidence
of the loaded tract under the weight of the accumulating
sediments, or ‘‘ sedimentation-subsidence.” To such a
process, however, there is a very definite limit and the
whole of the subsidence cannot be explained in this way.
The principles of isostasy lead us to suppose that the
outer sial layer of the crust is relatively thin bencath the
low-lying geosynclinal area, and hence thc depression
of the area must involve the displacement of the sima
below, which presumablyflows towards themargins, helping
to buoy them up. Since the accumulating sediments are,
however, much lighter than the sima, it is clear that very
definite limits are set to the possibilities of ‘‘ sedimenta-
tion-subsidence,” and it is comparatively simple to cal-
culate the extent of depression so caused. In actual fact,
far greater thicknesses of sediment have accumulated in
geosynclines than can be accounted for by sedimentary
loading alone ; and we are accordingly forced to seek
some other cause of depression. There is little doubt that
we must find it in the fact that compression has already
begun, bending down the floor of the growing trough and
bringing the two margins or jaws nearer together. To this
process we may apply the term ‘ compression-subsidence.”’
This process of narrowing and deepening proceeds, but
the trough fills, on the whole, faster than it deepens, so
that eventually it becomes full of sediment. With further
contraction the true orogenesis starts. The sedimentary
infilling is thrown into folds and, later, great thrust-faults
develop, while the floor itself may be broken and pushed
up into the mass. It will be observed that the effect of
this process is still further to load the depressed area ; the
sedimentary pile is thickened by the piling of sheet upon
sheet, whether by recumbent folding, thrust-faulting, or
both. This probably leads at first to further subsidence,
a ‘ folding- or faulting-subsidence.” But the result of
the continuing subsidence has been to drive rocks of low
density down into the sima, with resultant displacement of
the latter. However far the crests of the rock-folds project
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above the general level at the end of the orogenesis, they
project much farther below. The resulting pile has got
to attain isostatic or floating equilibrium ultimately.
While the compression continues the downward projection
of the pile may be literally held down by pressure at the
sides. Thus if we depress a wooden block below its normal
floating position we can maintain this only by placing a
weight on top of it or by pressing hard from opposite
directions against its sides. When compression is relaxed
there must be a tendency for the whole pile of folds to rise,
or to be floated up. Thus it is that late in the mountain-
building process, long after the folds and faults are formed,
there commonly follows uplift.! Another fact to be
remembered in this connexion is that the lower portions
of the great pile have been depressed into regions of high
temperature, and must thus expand. Some writers
attribute considerable importance to this thermal
expansion of the “ roots '’ of mountains in causing actual
uplift. Whatever be the relative effect of these twou causes
of uplift, it is a fact of major importance, on which general
agreement has been reached, that the horizontal compres-
sion and the vertical uplift of a mountain range are, in large
part, distinct and successive processes. The piling
together of the rock-sheets would undoubtedly lead to some
sort of elevated surface feature, but the height to which
existing ranges project above the plains points definitely
to some later vertical uplift, or  humping,” in the central
tracts. The extra height thus imposed upon the mountain-
tract is, clearly, a factor of great importance in leading to
rapid sculpture of the piled and uplifted mass by water and
by ice. The enormous destruction already wrought upon
the recently uplifted Alpine pile constitutes one of the
most impressive features of that remarkable range ; and
it is here of significance that, in parts of the Western Alps,
erosion has removed rock-sheets some eight or nine miles
thick, whereas in the Eastern Alps, where the underlying
floor of the geosyncline was lower than in the west, the
rock-sheets were piled less high, and were, in consequence,
less exposed to denudation.

Old mountains.—In the foregoing paragraphs we have
considered the structure and mode of formation of what

1 The first effect of such uphft is to restore the folded pile to a condition
of isostatic equilibrium, but after this stage is reached uphift may still continue
concurrently with the destruction of the mountains by denudation and the
resultant lightening of the * mountain column *’ (cf. p. 28).
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are often classed in geographical literature as the ‘ young
folded mountain ranges.”’ These are the true mountains,
par excellence, of the present world, outstanding in eleva-
tion, extent, grandeur and variety of form. It is evident,
however, that the term mountain, in its wide sense, is
considered equally applicable to other types of elevation,
such as are provided by the outpourings of volcanoes or
the edges of tilted earth blocks. These arc so obviously
different in form and origin and, in general, of so much
less importance that no confusion need arise in conceding
them the name of mountain. A distinction of much
greater importance, however, is that which must be
drawn between young folded mountain ranges and what,
for the sake of brevity, we may for the present term ‘‘ old
mountains.”’

A consideration of the past history of the earth makes it
clear that mountain ranges whose extent and elevation
rivalled those of the present Alps have been entirely
obliterated by erosion. The geological characteristics of
mountains are, however, more fundamental and less
temporary than their geographical features, in the narrow
sense. Though the relief forms may disappear, the struc-
tures continue to depths beyond the reach of erosion. In
a group of mountains extensively worn down by erosion,
or even ‘ reduced to a peneplain "’ (p. 183), all semblance
of the original form is lost; but the folded rock-sheets
and the great fractures which separate them may still be
clearly discernible and may still figure as important factors
in the geography of the country, separating terrains of
different rock-constitution, scenery, hydrography, and
mineral wealth. It is, in fact, possible in such areas as
the Canadian Shield, West Africa, etc., to trace the ‘ trend
lines ” of very ancient ranges across low-lying tracts.
Moreover, uplift of such an area may lead to a kind of re-
juvenation of the old mountains, erosion re-etching the
mass and giving us again a mountainous relief. Though
such ‘‘ secondary '’ mountains may bear some resemblance
to their ancestors, their origin, and therefore their
characters, are entirely different in many respects, and
from the geographical standpoint they form a distinct
class.

We may take as an example the mountains of Scotland
(Fig. 36). Even cursory examination shows that the
rocks are highly disturbed and, though their detail is
difficult to decipher, it is claimed that great nappes of
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the Alpine type can be traced. The mountains them-
selves bear no simple relation to the major rock-folds, but,
as we have already noted, the same is true of the Alps.
Wherein, then, lies the difference in their history ? A
clue is obtained on viewing a portion of the mass from one
of the higher summits. It is at once evident that the
peaks reach a very uniform elevation and show evidence
of having been sculptured from an initially level surface
(p. 216). The geological history of the district, as deduced
from other evidence, is in harmony with this conclusion.
Though the structures are extremely old the mountains
are comparatively young. The original mountains formed
at the time of the folding succumbed, in course of time, to
atmospheric attack and over their site an extensive plain
stretched ; indeed, portions of the area were submerged
and received a cover of marine sediment. In much later
times the area has been subject to uniform uplift without
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[After Peach and Horne
F1G. 36.—GENERALIZED SECTION ACROSS THE HIGHLANDS OF SCOTLAND.
The relation of folds and thrusts to the present surface.

appreciable folding, though some faulting has taken place.
From the uplifted mass the present relief has been carved.
The Scottish mountains thus form a dissected plateau
and, in part at least, belong to the class called by some
writers ‘ mountains of circum-denudation.” The same
is true of the mountains of Wales, where the plateau-like
aspect of the summit plane is even more striking.

A further striking example of the partial rejuvenation
of ancient mountains is afforded by the Altaid mountain
system, of which the Armorican and Hercynian folds of
Europe and the Appalachian folds of America formed
constituent parts. At the time of their formation, at
the end of Carboniferous times, the Altaid mountains
stretched almost completely across the Old World land
block, from Central Asia to Western Europe ; and these
ranges were probably continuous with their American
analogues, now separated from them by the Atlantic Ocean.
Though the original relief forms have entirely disappeared,
the trend lines of the system are readily traceable (Fig. 37).
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In Europe, they provide an invaluable key to the regional
geography of many tracts, rendering evident the continuity
of the belts of coalfields preserved in the old synclines.
The present topographic form of the old mountain zone
varies considerably from place to place. In the
Appalachians uplift and re-etching have given us
mountains of the dissected plateau type. In south-east
England the mountain folds are buried deep beneath later
accumulations of sediment. The same sedimentary cover
extends over the ncighbouring plains of Northern and
Central Europe where the Altaid (Armorican or Her-
cynian) ‘‘ floor "’ projects in blocks of uplands as in the

Fi16. 37.—Tue TREND LINES OF THE ARMORICAN-HERCYNIAN FoLbps
IN EUuRrorE.

Coalfields shown 1n black.

Armorican Massif of North-west France, the Massif
Central, the Rhine Slate Plateau, the Vosges, the Black
Forest, and the Czech or Bohemian Massif. All these
blocks of upland show highly disturbed rocks, folded and,
in some cases, metamorphosed during the Altaid oro-
genesis. They owe their present upstanding relations to
later movements of broad warping or folding, or to the
down-faulting of neighbouring lands. Many of them
projected as island masses above the shallow seas which
covered the European plains in Secondary times. As
already noted, they stood as bastions against the advancing
Alpine folds of a later day ; and some of them were further
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raised above the surrounding plains in the general dis-
turbance or ‘‘ ground swell ”’ caused by these movements.
They survive to-day as salient elements in the geography
of Europe : the ‘‘ massifs "’ of some writers, the ‘‘ bloclk-
mountains,” ‘“ uplands "’ or ‘ horsts "’ of others, con-
nected with one another, beneath the sedimentary cover
of the intervening plains, by the fold-lines of the ancient
and vanished mountains.

The significant geographical differences between young
fold mountains and uplands of the dissected-plateau type
reside largely in the character and texture of relief. The
former attain much greater elevations as a general rule.
Their relief forms are more youthful and perhaps less
perfectly adapted to the detail of rock structure. Through
valleys, transverse to the general grain, are subordinate,
but in mountains of the Scottish type they are commoner,
being eroded along fault-lines and shatter-belts of later
date than the original folding. Though these several con-
trasts are real and important we must recognize certain
important points of similarity ; in particular, the same
division into blocks or structural zones by the major lines
of dislocation can be recognized in both cases. In Scotland
the Great Glen marks such a line of dislocation, and it may
be compared with similar longitudinal depressions such as
that which contains the headwaters of the Rhine and the
Rhone in the Alps. Glaciation has often modified relief
in regions of both types and in such cases further
similarities are imported.

The succession of mountain-building episodes.—We
have already noted that mountain building takes place
in definite and limited areas at widely separated periods
of time. The mountain-building episodes or ‘ revolu-
tions ”’ punctuate the record of earth history and, for the
geologist, provide a natural basis for sub-division of
geological time. Each in turn has drastically re-modelled
the distribution of land and sea and the relief of the
continents, and has thus affected the course of biological
evolution. For the geographer a recognition of the several
successive phases of orogenesis is hardly less important,
inasmuch as the structure of the present continents is a
mosaic of elements, many of them referable to one or other
of the ancient mountain systems. In Britain and Western
Europe we can clearly recognize three major periods of
mountain making (the Caledonian, the Altaid and the
Alpine) as well as others of the more distant past less
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clearly decipherable—also a number of minor phases of
folding. The chronological position of the three main
phases is illustrated in Fig. 38, which shows their relation
to the main geological periods. Their respective contribu-
tions to the structure of
Europe are indicated in
Fig. 30.

The Caledonian ranges
occupied the site of
Northern Ireland and the (
Highlands of Scotland
and continued north-
eastward through the
Scandinavian Peninsula.
The north-western limit
of the folded tract closely
parallels the north-west-
ern coast of Scotland, the
Hebrides being remnants
of the ancient foreland.
The south-eastern limit
in Scandinavia is the
famous “glint-line,”
along which the folded
terrain adjoins the Baltic
or Fenno-Scandian block,
which functioned as the
hinterland in the original
folding. Itisthebasalruins
only of this great range
which figure to-day in the
relief of Northern Europe.

The course and varying
topographic expression of T
the Altaid folds has Fic. 38—THE TIME-RELATIONS OF THE
already been indicated. CHIEF MOUNTAIN-BUILDING PERIODS.
They lie for the most
part south of the Caledonian folds, encroaching upon
or over-riding them only in Southern Ireland. Similarly,
they follow a course to the north of the later Alpine folds,
though the planed-down remnants of their southern parts
underlie the Alps and have, to some extent, been involved
in the later movements. The rclation of the Alpine fold-
lines to the surviving stable elements in Europe has
already been indicated. Thus the continent of Europe
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embraces three converging and overlapping series of
mountain folds of widcly diffcrent date, each formed, on
the whole, to the south of its predecessor.

The successive periods of mountain building have con-
tributed further to the geographical make-up of Europe,
by providing conditions for the formation of metallic ores.
By far the greater number of the world’s ore bodies, of the
mineral-vein type, are associated in time with the mountain-
building periods, which are also periods of metallogenesis.

The growth of structures.—The foregoing review of the
mountain-building process suggests that, viewed on a
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F16. 39.—THE MOUNTAINS OF EUROPE.

Main Alpine elements=vertical shading; Dinarid elements=dotted;
MA =median area.

broad scale, folding movements are comparatively sudden
events, separated by intervals of quiescence. The general
truth of this statement must not blind us to the equally
important fact that, scrutinized closely and individually,
many structures show evidence of slow and long continued
growth. Argand’s synthesis (p. 77) represents two of the
major recumbent folds of the Alps as having been initiated
long before, as simple crustal ripples (Fig. 32), and the
principle there illustrated can be demonstrated even more
completely in regions of simpler structure. The regirn
north of the main Alpine folds, embracing much of Central
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and Western Europe and a large part of the British Isles,
shows a general cover of Mesozoic and Tertiary rocks of
moderate thickness, resting on the planed-down Hercynian
floor, which, as we have seen, locally emerges in the form
of ‘* island massifs.”” The cover rocks show gentle folding
and local faulting which is broadly contemporary in date
with the folding of the Alps. The region belongs, in fact,
to a type which we might call *‘ regions of tectonic ground
swell,” 1 lying intermediate, in point of structural com-
plexity, between the storm areas of the fold mountains and
the quiescent tracts of flat-lying strata.

In reviewing the structures of such a region a problem
immediately arises as to the relation between the structures
of the cover rocks and the structures of the ‘“ floor.” Are
we to assume that the latter is bent into a form concordant
with surface structures, or do those structures die out in
depth? It may be said at once that there is no one
simple answer to this question. In regions of simple
structure we can often study not only the surface geology
but the underground geology as revealed in wells and
borings. By such means it has proved possible to study
the underground continuation of surface structures and to
arrive at certain principles of great importance and wide
application.

The first principle emerging from such studies may be
termed that of ‘‘ posthumous folding.”” Under certain
circumstances a line of folding, once established, shows
great longevity or recurring instability. Thus a super-
ficial anticline in cover rocks may be found to coincide
in position with an older flexure in the floor. The
surface structure represents ‘‘ posthumous movement ”’
along the older line and the form of the floor accords
broadly with the surface structure. Thus it has been held
that some of the main anticlinal flexures of Southern
England, dating from the time of the Alpine movements,
reflect posthumous movement of buried Hercynian anti-
clines. In the west, in Devon, Cornwall, and South Wales,
the latter emerge at the surface. FEastwards they plunge
beneath the * cover,” but their line is continued by super-
ficial structures.2 A posthumous relation of this kind is

1 Itis structural regions of this type which give rise, under denudation, to the

* scarpland type *’ of morphological regions (p. 197).
* Thus a.nyal.)nticlinal fold which follows the northern edge of the Weald

from near Guildford to Hythe 1s believed to mark the position of the con-
tinuation of the ‘* Mendip axis "’ in the floor.
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likely to characterize regions where the cover is relatively
thin, and it may embrace other types of structure than
anticlinal folds. Thus around London, where the cover-
rocks are little more than 1,000 feet thick over a con-
siderable area, the slight superficial flexures may well
reflect renewed movements along old faults in the floor.
The arrangement may be likened to that of a thin slice of
plasticine resting on parquet flooring. If the joints of the
latter shift in response to pressure, the slice will accom-
modate itself to the changing form beneath.

A sccond principle of high interest concerns those cases
tn which it can be shown that folding movements took
place concurrently with the deposition of the rocks in-
volved in the fold. Such a relationship can often be
demonstrated by reference to the thickness and lithological
character of the sediments studied over a considerable
region. Under shallow-water conditions, a region of
locally rising sea-floor, i.e. a growing anticline, tends to
receive a smaller thickness of sediment than neighbouring
‘“ downwarped ”’ areas. Even if the supply of sediment
be everywhere equal, the uplift may raise the sea-bed into
the zone of wave or current scour, which removes uncon-
solidated sediment from the crest of the fold, while
uninterrupted accumulation proceeds in undisturbed water
on the flanks. Actual emergence, followed by denudation,
may result if the uplift is rapid. We hardly know enough
of the conditions of shallow sea-floors to enable a direct
investigation of such possibilities, but the geological
evidence often tells so consistent a story as to leave little
choice of conclusmn A condition frequently realized is
illustrated simply in Fig. 40, where each stratum thins
towards the crest of the anticline. This may be illustrated
in section, but conclusions may be more soundly based
if we draw isopachytes—lines of equal (original) thickness—
for each of the beds, obtaining our data from the records
of wells and borings. By such means it has been con-
clusively demonstrated that many folds which reveal
their presence in the existing structures and form of the
landscape have a long antecedent history and controlled
the topography of vanished sea-floors. Thus, a gentle line
of anticlinal flexuring traverses the northern side of the
London basin from south-west to north-east, bringing up
inliers of chalk at Windsor and Northaw. Along this belt
the lower Tertiary strata are exceptionally thin, whence
we conclude that the fold was initiated in Lower
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Tertiary time or earlier, though it did not come to
completion until the time of the Middle Tertiary Alpine
movement. Summarily, then, we may say that iso-
pachyte maps often present us with pictures of growing
structures. Their testimony may often be supplemented
by that of maps which show ‘“ changes of facies "’ in rocks
of the same age, for shallow water accumulations tend to

mark the rising areas, giving place to the deposits of deeper
water in the subsiding troughs.
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F16. 40.—THE GROWTH OF AN ANTICLINE.
The map shows isopachytes for bed 2 of the section.

A third principle encountered in studies of sub-surface
geology is in reality not new ; it is the ‘‘ geosyncline

principle,” illustrated in major mountain building (p. 75),
but here illustrated on a smaller scale. Where the cover-
rocks of North Western Europe become relatively thick,
i.e. where the floor descends into the form of a trough, the
trough filling has been thrown into folds by compression,
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just as in the case of a major mountain range. An admir-
able example is offered by the Weald—structurally a
veritable mountain range in miniature. Beneath the
Weald the ‘ floor ” descends to undetermined depths,
which must certainly cxceed 4,000 feet. The thick filling
of this minor geosyncline was thrown into east-west folds
at the time of the Alpine movements. Such structures
bear no necessary relation to the structures of the under-
lying floor, being dependent merely on the form and trend
of the trough. The Wealden folds happen to trend east to
west, roughly parallel with the direction of the floor
structures, but in other similar cases in North-west Ger-
many the trend of the trough is across the line of the floor
structures, and the surface folds are hence unrelated to the
latter.

A full discussion of the topics here briefly introduced
would carry us far beyond the field immediately relevant
to this work ; they constitute one of the most modern
developments of stratigraphical geology. Nevertheless,
the general principles involved are of interest both to the
geomorphologist and the geographer. Broadly speaking,
we perceive a strong tendency for structural patterns tc
repeat themselves from age to age.



CHAPTER VII
TENSION IN THE CRUST OF THE EARTH

Our knowledge of the tensional forces and their effect
is less satisfactory, or less completely formulated, than
that of compression. Nevertheless, it is reasonable to
assume that tensional forces must operate, for compression
in one region must generally involve tension elsewhere.
Moreover, structures exist the origin of which demands the
operation of tensional forces, either local or regional.

Local tension : joints.—Local tension occurs during the
cooling and consolidation of igneous rocks ; the drying of
ordinary sediments ; and the crystallization of such rocks
as limestones. The result is the production of systems of
joints. If a rock were free to contract during cooling or
desiccation no tendency to actual splitting would exist,
but since it is commonly in contact below, and possibly
also above, with other masses which do not share in, but
resist, the contraction, tension and ultimate splitting
result. Tension joints also form parallel to the un-
supported edges of cliffs or escarpments. Local tension
exists on the stretched crest of an anticline, and under
these conditions widely gaping joints are sometimes
formed which materially assist the process of erosion.
The same tension would, of course, exist on the underside
of a syncline, but here, owing to the pressure of sur-
rounding rocks, open joints are less likely to be formed.
All these local tensional forces are of relatively small
magnitude, but the jointing systems produced are natural
avenues for the attack of weathering and erosion and do
much to control both the detailof scenery and the technique
of quarrying and mining operations. These related sets
of joints commonly occur respectively parallel to the
bedding, the strike, and the dip of the rock, but more
complex series exist ; thus rocks may be traversed by two
or more systems of joints developed at different times.

Further, joints may develop in other ways, particularly
under conditions of torsion or twisting, such as must
commonly occur in much disturbed regions (see further
at p. 130).

Regional tension : faults.—Regional tension commonly

95
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expresses itself in what is known as ‘ normal" or

“ M Figs. 20 and 41 illustrate the nature
of such_faulting, in which one block has slipped down
relatively to the other along a steeply inclined plane.

Such a movement
implies an extension

contraction _.. assaci-
ated with ‘‘ reversed
faulting.” The cross-
P section of a normal
- ! fault as it appears on
i the page of a text
H book, or in cliff or
F1G. 41.—NormAL FAULT, Dnvm.om:;/:;f::\::: Juarry S Ction-' is apt
4 ING BENDING OF STRATUM. to be mISIeadmg‘ It
must be remembered
that the movement
takes place in three, not in two, dimensions and that the
extent of slipping (the ‘“ downthrow ') is not the same
at all points along the fault-plane. There is commonly
some rotational movement of the down-faulted block and,
sometimes, as a result, the direction of downthrow changes,
as is illustrated in Fig. 42. Also there may be purely
horizontal, as well as vertical,
movement along the fault-plane, as
was illustrated by recent movements
along the San Andreas fault! (p. 60.)
Faults occur not ‘only singly but
also as members of a related
system of fractures (Fig. 43). They
may branch or, alternatively, one
large dislocation may be replaced I¢;42—-Noguar Favit,
by a number of smaller faults of  Turow.
parallel trend. We may find 2 num-
ber of parallel faults throwing down in the same direction,
giving * step-faulting,” or pairs of faults with opposed
throws giving a horst (Fig. 44), or a rift (Fig. 45) (German.
Graben).
The geometrical and geological characteristics of faults
are an important factor in coal-mining operations ; normal

1 In * tear-faults "’ horizontal 1s predominant over vertical movement,
but such faults commonly occur in association with thrusts in regions of
compression.
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faulting is very common in the British coalfields, and it
was in the development of coal-mining that our earlier

[After Sturr.
F1G. 43.—FAULT-PATTERN IN ASPEN DisTrRICT, COLORADO,
1 inch=4,500 ft. approx.

Fic 44.—A Horsr.

Black Forest

F16. 45.—THE RHINE RIFT (SIMPLIFIED).

knowledge of faults was obtained. It is particularly
important to note, for instance, that as the fault-plane
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generally departs from the vertical, sometimes markedly,
there is an area of ‘‘ dead-ground ” in which a coal-seam
or other stratum will nof be encountered (Fig. 46). Again,
it is clearly vital to have
means of determining, at the
faulted termination of a seam,
whether its continuation is to be
looked for above or below, i.e.
the direction of the ‘‘ throw ”
of the fault. This is simple if
- the geology of the district is
F*g;g‘z;;;‘g;‘:;;;;gﬂ;‘;g:; thoroughly known, but in other
COAL SEAM IS ABSENT. cases may present considerable
difficulty. To the geographer,
however, one of the most significant aspects of faulting
is its expression in relief, and to this subject we may now
turn.

Original and secondary fault-topography.—It is apparent
that immediately after a faulting movement is complete,
a surface feature or * fault-scarp "’ must mark its course.
Such a feature, however, is temporary, disappearing in
the course of erosion. In western North America there
are many excellent examples of veritable fault-scarps in
which the movement has been so recent that erosion has
only modified the original form. This is particularly true
of the arid and semi-arid regions in which atmospheric
waste is slow. But it must be clearly realized that,
throughout Britain and Western Europe and, indeed,
over the greater part of the land areas the existing land
surface is hundreds, or even thousands, of feet below the
surface upon which the original fault-scarp was formed.
Any irregularity which occurs at the line of the fault is
thus a sccondary feature developed during erosion. In
areas of soft rocks a fault may make no feature, although
it may mark the common boundary of contrasted soil
and vegetation regions. Where, however, rocks of differing
resistance are brought together an inequality of surface
must normally result. Such features have been termed
fault-line scarps by W. M. Davis to distinguish them from
the original steps or fawlt-scarps. If at the level of the
present erosion surface the softer rock is on the down-
throw side, this side will form lower ground and the fault-
line scarp will imitate the origiral fault-scarp in its form,.
It is termed a resequent fault-line scarp (Iig. 47). If,
however, the harder rock is on the downthrow side, the
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drop in surface level will be in the reverse direction to the
throw of the fault and the scarp is termed obsequent
(Fig. 47). Similar relations exist between faults and valley-
lines. A valley may follow, or be coincident with, an
original fault-formed depression, or it may be ‘ fault-
guided,” erosion having taken advantage of the band of
shattered rock, or the juxtaposition of hard and soft rocks,
to make a valley along the fault-line. Bearing in mind
this important distinction between original and secondary
fault-topography we may briefly examine some notable
examples of faulting in relation to relief.

F16. 47.—FAULT-LINE SCARPS.
(a) Resequent. (b) Obsequent.

Rift valleys.—The rift valley in which a block of country
has been dropped between parallel faults is a common
relief-feature. An admirable example is afforded by the
Rhine rift, whose features are illustrated in Figs. 45 and
48. Here the flat floor of the rift, 20 miles wide and
200 miles long, represents the upper surface of a down-
dropped crust-block covered by later deposits. The rift
is an original depression, partially filled with the deposits
of late Tertiary seas which extended along it, together
with later glacial deposits and the alluvia of the Rhine.
More than one fault occurs on each side of the rift, the
structure being complex in detail, though simple in
outline.

An even more impressive series of rift valleys extends
from the Taurus Mountains in Asia Minor into South
Africa. Amongst the rifts of this series are the central
valley of Syria, the Gulfs of Suez and Akaba, the Red Sea
and the Gulf of Aden. In East Africa there are several
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parallel belts of rifting extending from north to south,
in which lie most of the great lakes of the region.(Fig. 49).
This immense belt of faulting persists over a north-south
distance of nearly 2,000 miles and passes indifferently
through rocks of all characters.

The Midland Valley of Scotland, which is often cited as a
rift valley, can hardly lay claim to that title in the same
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[From Shackleton’s * Europe,” Longmans, Green and Cou
F16. 48.—THE Rume Rirr VALLBY.

sense as the Rhine and African rifts. In the last two
the relief is largely * original,” though modified by erosion
and infilling. The Scottish Lowland is fault-bounded, but
its history and present surface form are much more
complex. It is far from certain that the  Highland
boundary fault and its counterpart along the edge of the
Southern Uplands are simple normal faults ; moreover,
the low-lying intervening tract owes its character to river
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erosion and glaciation to a very high degree. A true
rift-valley may have existed on this site in the past, but
the present land forms are entirely ‘‘ secondary,” in the
sense defined above.

The exact mechanics of rift-valley formation has given
rise to some controversy. It is clear that a wedge-shaped
block cannot subside in a wedge-shaped cavity of the
same size, and that therefore more is required than the
formation of two parallel faults, inclined towards each

[After Meyer.
F16. 49 —Tue EAsT AFRICAN RIFTs,
Lava-flows 1n black.

other. The dropped-block arrangement might arise, it is
true, if the faults formed not simultaneously but
successively, but this would not produce a symmetrical
structure such as the Rhine Graben. Certain students
of the East African rifts have sought to demonstrate that
the faults are * thrust-faults ” diverging downward in
depth ; in which case there would be no difficulty about
the subsidence of the central block (Fig. so0). Initially
such thrust-faulting might produce overhanging fault-
scarps, but it has been contended that secondary slip-
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faulting, coupled with weathering, would destroy this
appearance (Fig. 51). Such a view would make rift-
faulting essentially a compressional phenomenon. In
further support of this idea it has
been pointed out that the bound-
ing blocks often dip away from
the rift (cf. Fig. 45), suggesting
that the latter has formed on
Fio. 50— THRUST-FAULTS ‘t‘he crest of an anticline—the
soonomne a4 Rruxe . dropped keystone of the arch.”
StrucTure aND DIvERGING While these views have enjoyed
% Derra. distinguished and competent
advocacy, the majority of ob-
servers now favour a purely tensional origin. The bounding
fractures certainly appear to be normal faults in most
cases and the necessary space for subsidence is believed
to be provided by a literal pulling apart of the two
sides. Under such conditions the dropped block would
not exactly fit the
available space and
marginal fissures would
be formed. The exist-
ence of such fissures
can be demonstrated
in many actual rift-
valleys ; minor troughs
often occur at the foot
of the main fault-scarps
and emission of lava
is a characteristic <
feature, pointing to the TSt g\
existence of gaping f——T T T T T TT T T
spaces below ground
which have acted as
channels for its up rise. F16. 51.—EpGE oF RIFT VALx[jl':};’r” "1’1:1;1"::”:.
In further support of PREVED AS DUR TO UPTHRUST, FOLLOWED
the tensional theory we By MiNor Siip-rauLTING.
may call attention,
following Taber, to the closely similar behaviour of a rifted
block of wood floating in water. The central portion
drops and the marginal blocks are tilted into a pseudo-
anticlinal arrangement (Fig. 52). We may perhaps see in
this analogy a suggestion that the faulted blocks of the
crust are in a similar flotation relation to the underlying
sima.

e ————
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Block-mountains.—The great rift valleys of the Rhine
and East Africa occur in regions which show other evidence

of tension, but they are the
dominating features of
these regions. We may
pass to consider cases in
which more extensive
foundering has occurred,

(Wooden

ﬂlooll)

producing large numbers
of tilted earth-blocks. The
classic example of such

[Afier Taber.

F16. 52.—EXPERIMENTAL IMITATION OF

RIFT-STRUCTURE.

“ block-faulting ’ occurs in the Great Basin, between the
ranges of the Sierra Nevada and the Wasatch Moun-

3 NP

— Solay —

FI1G. 53 —BLOCK STRUCTURE
NORTHERN PENNINES.
P-P, Pennine Fault; D-D, Dent Fault;
C-C, Craven Fault.
Older rocks of Lake District=irregular
stipple; Carboniferous rocks=white ;
New Red Sandstone=dotted.

IN THE

tains in the Western
United States. In this
region we find not only
typical rift valleys but
also asymmetrical
fault-valleys, bounded
by a fault-scarp on one
side and the back-slope
of a tilted block on the
other. - To this type of
structure as a whole the
term ‘“ basin-range
structure ’ has been
applied. The moun-
tains with their fault-
scarp faces are true
“block mountains’
and to such the name
should be restricted.!
The asymmetrical
fault-valleys and block
mountains of Western
North America present
us with a largely original
relief, though erosion
has softened the asperi-
ties of profile and par-
tially filled in the valley
bottoms with waste.

1 Some authors speak of the ancient upland massifs of Europe as * block-
mountains,” but such a use is to be deprecated, for though faulting enters
mto their structure not a little, they are not analogous to the true block-
mountains described above. * Upland massif ” is a sufficient description of them.
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Similar structures of older date and with secondary, or
revived, relief-forms characterize other regions. Thus in
the Northern Pennines we have a well-developed block
structure, in which, however, tilting is subordinate.
The Eden Valley is bounded on its eastern side by the
great Pennine fault. It was later filled by the New Red
Sandstone deposits which have since been partially
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F16. 54—THE EvoLuTION OF THE CONNECTICUT VALLEY.

(a) Subsidence along main fracture; filling of trough with red sandstones
and lava-flows (black). (b) Block-faulting followed by erosion. (¢) Dis-
section of area following renewed uphft.

removed by river action and glaciation (Iig. 53). The
Vale of Clwyd in North Wales is a somewhat similar
pre-Triassic valley, partially exhumed from beneath its
infilling. An even more striking example is afforded by
the region of the Connecticut Valley. The region subsided
along a fracture on its eastern side in Triassic times, but
became filled with a great thickness of the red desert sands
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of that period, together with lava which flooded the basin
at intervals (Fig. 54). ‘' Later, block-faulting took place,
put its effects on contemporary relief can only be surmised,
as it was followed by a protracted period of erosion which
levelled the whole tract (Fig. 54). Later again, uplift of
the region as a whole led to river-dissection and this was
followed by glaciation. To-day, the old fault-trough
figures as a tract of lowland, lying between the Western
and Eastern Highlands of older rocks, still preserving a
large part of its Triassic infilling (Fig. 54). It is bounded
on the east by a fault-line scarp, following the original
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F1G. 55.—MONOCLINES.

(a) Monocline passing into normal fault. (b) Eroded monocline in Mesozoic
rocks (M), covered by Tertiary sandstone (T).

fracture-line, and is diversified by the asymmetrical
ridges formed by the faulted lava sheets.

Monoclines.—Folding, like reversed faulting, represents
a contraction of area under compression and is thus
naturally absent or subordinate in regions of tension, but
to this statement an exception must be made in favour of
the folds known as monoclines. These flexures exhibit
only one inclined limb, which links tracts of horizontal
strata at different levels! (Fig. 55). Monoclines are
evidently closely related in origin and effects to normal
faults, into which, indeed, they frequently pass (Fig. 55).

1 The reader is reminded that the term ‘* monocline *’ should not te extended

to cover asymmetrical antichines such as that of the Isle of Wight, which are
not tensional features (cf. p. 66).



CHAPTER VIII
VULCANICITY AND EARTH-MOVEMENT

Intruductory.—The term ‘‘ vulcanicity ”’ covers all those
processes in which molten rock material or magma
rises into the crust, or is poured out on its surface, there
to solidify as a crystalline or semi-crystalline rock. The
name suggests a connexion with volcanoes, but it is well
to emphasize that volcanic (or extrusive) rocks, erupted at
the surface, are hardly more important than intrusive
rocks, injected into the crust and subsequently laid bare
by erosion. Moreover, the greater bulk of the volcanic
rocks of the earth’s surface were not erupted from volcanoes
in the narrow or traditional sense, but represent upwelling
from fissures. Thus the connotation of the term
vulcanicity is wide.

We have noted (p. 9) that the outflow of molten rock
material was formerly taken to imply a liquid core below
the surface of the earth. The facts which render this
hypothesis untenable leave unaffected the plain facts that
emissions of magma do take place, and that the tempera-
ture of their regions of origin must be high. We have also
noted (p. 10) the probability that it is pressure which
normally maintains the sub-crustal regions in an effectively
solid state, and hence it is easy to see how earth-movement,
by a temporary and local relaxation of pressure, may
lead to melting. A mass of molten rock, once in existence,
may be squeezed through the rocks of the crust by earth-
pressures much as water is squeezed out of a sponge. In
some cases it makes its way along the natural planes of
parting provided by joints, faults, and bedding planes ; or
it may rise along actual open fissures. In other cases it
seems to have made its way by melting and incorporating
the overlying rocks of the crust.

Bathyliths.—A very cursory view of the distribution of
igneous rocks is sufficient to demonstrate their close
relation in time and space with earth-movement. Let us
consider first the case of the larger bodies of intrusive
rock. These are the so-called bathyliths, very commonly,
though not invariably, formed of granite. They are large
dome-shaped masses whose sides plunge steeply to unknown
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F16. 57.—ARTHUR'S SEAT AND Satmspury Cracs rRom Bracxronp
Huy, EDivBurcH.

Compiex denuded volcanic vent of Arthur's Seat on right, with sill
of Salisbury Crags forming excarpment on left (p. 110),
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depths; their base is never seen. Good examples are
afforded by the great granite mass of Wicklow and the
granite intrusions of Montana. As regards their mode of
emplaccment some differences of opinion exist but the
view is gaining ground that they rise by wedging off large
numbers of blocks of the surrounding country rock, which
sink and are melted and incorporated. Smaller masses of
similar dome-shaped form are called ‘‘ stocks ”’ or ‘‘ bosses.”
Bathyliths are characteristic of the heart regions of
mountain ranges, appearing at the surface only after
prolonged denudation. Their longer axis generally lies
parallel with the axis of the range and its constituent folds ;

(After Daly.
F1G. 58.—BATHYLITHS IN BRITTANY.
The lines mark the chief axes of folding.

and they thus contribute to the pronounced structural
graining of denuded mountain tracts.” Thus in the north-
west massif of France (Fig. 58) we see innumerable large
masses of granite which were intruded during the
Armorican orogenesis. They are elongated generally
from east to west, thus bringing out the trend lines of the
old mountain system ; and, as a rule, they form ridges of
high ground between the softer and lower-lying slate belts.
Similarly, the granite bathyliths of the Grampians and the
great Dublin mass mark the line of the Caledonian folds.
Phacolites and laccolites.*~A simpler and more direct
relation between intrusive masses and folding is seen in
the case of the bodies called phacolites and laccolites.
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They are generally smaller than bathyliths, though they
may attain a size sufficient to render them important
elements in landscape. Their relation to the surrounding
rocks is entirely different from that seen in the larger
bathyliths. Phacolites are lens-shaped masses of rock
occupying the saddles

of anticlines or the
keels of synclines, = N
places where rigid [After Harker
rock sheets naturally F16. 59.—THE CORNDON PHACOLITE.
gape apart in the fold- Igneous rocks (black) in folded Ordovician
ing process (Fig. 59). sediments.

Laccolites, first des-

cribed from the Henry Mountains in Utah, are in the nature
of huge blisters, in which the covering sedimentary rocks
have been thrown into a dome by the local accumulation of
molten rock beneath them. They may be conceived as
filled by a * pipe " from below, though this has rarely,

Woin away by erosion -~

-
- PP ., N\
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[After H M. Geol Survey.
F1c 60 —LACCOLITES.

Above, Mount Hilliers, Henry Mountains. Below, composite laccolite
i Skye, intruded into basalts. Basic rocks=black ; acid rocks=white.

if ever, been seen, or laterally along the bedding planes of
the surrounding sediments (Fig. 60). As usually inter-
preted, the intrusion of the molten material is taken as the
active cause of the up-arching, but it is quite likely that
in some cases at least the reverse is the case, the magma
being ‘“ sucked in "’ as an incident of earth-movement.
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Such would certainly seem to be the case with phacolites.
Both before and after the breaching of the sedimentary
cover by erosion, laccolites tend to form striking isolated
conical hills. A beautiful example is afforded by the
Traprain Law in Haddingtonshire as well as by those of
the Henry Mountains (Fig. 68).

Sills.—Laccolites are closely related in manner of origin
to the stratiform intrusions of igneous rock, aptly termed
“ sills,” which may vary in thickness from a few inches
to hundreds of feet. These represent injections of magma
between the bedding planes of sedimentary rocks, though
they may break across the bedding and change their
“ level " at intervals. They are often horizontal offshoots

Acid intrusions
' .
Basic ' [After Cox and Wellse

FiG. 61.—BossEs AND SiLrs IN THE CADER IDRIS DISTRICT.

from laccolitic or boss-like bodies, as is illustrated
in some examples from North Wales (Fig. 61). When
tilted and exposed by erosion they form salient elements
in landscape, forming precipitous scarps, as in the case of
Salisbury Crags, overlooking the City of Edinburgh (Fig.57),
or that of Cader Idris, where the scarp face of asill, 1,000
feet thick, overlooks the low ground along the Barmouth
Estuary. In the Karroo region of South Africa horizontal
sills form the capping of those peculiar mountains which
have the form of a truncated cone.

Volcanoes.—The outflow of molten rock as lava at the
surface of the earth, taken in conjunction with the marked
explosive violence of some of the eruptions, would seem
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to imply some extra eruptive force inherent in the magma,
undoubtedly provided by the included gases, and
especially by steam. Under the great pressures ruling
in depth, the abundant water included in all magmas may
be maintained in a liquid condition, but with release of
pressure a point is reached at which it flashes into steam
and exerts enormous expansive force. Such at least is
the mechanism of geysers and there is little doubt that a
similar process provides the effective means of many
volcanic eruptions. The rising lava is often caused to
froth by the expanding included gases, just as carbonated
mincral waters froth when the cork is removed from the
bottle and, in both cases, a bodily raising of the liquid
can be brought about by this means. It must of course
be assumed that volcanoes are connected underground

/ MAGMA CHAMBER

LAfter Daly.

F16. 62.—INFERRED RELATIONS OF VOLCANOES TO UNDERLYING
MAGNA CHAMBER.

with bathyliths or some kindred type of magma reservoir
as is illustrated in Fig. 62.

In the building of an ordinary volcanic cone the initial
episode is the blowing of a hole through the overlying
crust. This may become partially choked with fragments
of the disrupted country rock, but it normally serves as
a conduit for the rising magma, part of which solidifies
as a plug of roughly cylindrical shape filling the pipe or
neck of the volcano (Fig. 63). The lower portions of the
cone will normally consist of an accumulation of coarse
blocks of country rock blown from the orifice—an
agglomerate. Thereafter, there may be a succession of
flows of lava, punctuated by renewed explosions, giving
interstratified beds of ask or tuff in which lava fragments
mingle with those of the country rock.



112 THE PHYSICAL BASIS OF GEOGRAPHY

The varying form and extent of volcanic cones is found
to be very directly dependent upon the fluidity of the lava
involved. With lavas of fluid type, ready and unchecked
flow takes place, and explosive activity, with its resultant
beds of tuff and agglomerate and large explosion craters,
is subordinate. With lavas of more viscous character
the choking of the vent by solidification of the plug occurs
more frequently ; and this leads to recurrent explosions
and the production of vast quantities of dust and tuff
which may equal, or cxceed, the actual lava in bulk.

The fluidity of lava depends upon its composition.
Dark-coloured lavas of the basalt type, which are poor in
silica and rich in iron and magnesium, are naturally very
fluid. Lavas of low density, rich in silica and poor in
iron- and magnesium-bearing minerals, are rendered
effectively fluid only by their content of gases. The loss
of these gases on eruption leads to rapid congealing and

Strathblane Hills

Oumgoyn Dumfoyn

[After Geskieo
F1G. 63 —VoLCANIC NECKS, STIRLINGSHIRE.
Denuded remnants of the feeding-pipes of ancient volcanoes.

solidification. Hence, it naturally results that the heavier
basic lavas build flat cones of large extent typified by the
gigantic lava piles of the Hawaiian Islands. Mauna Loa,
one of the great volcanoes of this group, has a height
reckoned from sea-bottom of 30,000 feet and a diameter
at this level of more than 100 miles (Fig. 64). At the
other extreme are the curious little lava mounds, termed
“ puys,’’ which diversify the volcanic areas of the Auvergne
and represent the accumulation of stiff pasty acid lavas
immediately round the vent. The eruptions of Mt. Pelée in
Martinique in 1902-1903 possessed rather similar features.
The lava was too viscous to flow and was protruded
from the vent in the form of a pillar or spine, which rose
to a height of 700 feet or more above the summit of the
cone.

Extreme explosive violence, probably associated with a
notably non-fluid lava, was manifested in the eruption
of Krakatoa in the Straits of Sunda in 1883. No lava
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was emitted, but a terrific explosion completely destroyed
the small island of Krakatoa, producing enormous quantities
of volcanic dust.

The classic volcanocs of the Mediterranean region, which
coloured earlier notions of vulcanicity to so large an
extent, are intermediate in character between the extreme
types we have noted. The lavas of Stromboli are of
relatively fluid type and its cone is largely a lava-cone,
though some explosive activity is represented by beds of
tuff. In the eruptions of Vulcano in 1889 the lava was
more viscous and explosion played a larger part. In such
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[After Harker,

Fi16. 64.—TyrES oF VorcaNic CoNE.

cases the crater is much larger, having a funnel-rather than
a pipe-like form (Fig. 64). It is in cones of this type that
a later explosion sometimes destroys a large part of the
cone, producing a large shallow flat-floored crater or
‘“ caldera " (Fig. 64).

Fissure eruptions.—All the forms of eruption so far
noted are of the central type, procceding from a single
vent or a group of related vents. Though these are the
traditional volcanoes of picture and story they are less
important in their bulk effects, and less significant as
factors in terrestrial relief, than the great fissure eruptions.
In these there is little or no explosive activity and a
correspondingly small amount of tuff. The lava wells up
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quietly along numerous parallel fissures and floods large
areas of country, while the successive flows may accumulate
to a total thickness of hundreds of feet. The ‘‘ Columbia
lavas of Washington and Oregon are estimated to cover
an area of 250,000 square miles and to attain a thickness
of over 4,000 f{feet.
Geikie graphically
(&~ described this region

w in the following
terms: ‘“ We had
been riding for two
days over fields of
basalt, level as lake-
bottoms. . . . It was
as if the great plain
had been filled with
molten rock which
had kept its level and
wound in and out
along the bays and
promontories of the
mountain slopes as a
sheet of water would
have done.” Other
examples are afforded by the * Deccan Traps " of North-
west India, whose extent isindicated in Fig. 65; and thelavas
of Antrim, the Western Isles of Scotland, Iceland, and
Greenland, which are remnants of a great lava-field of
which parts have become submerged. It is clear that
in such eruptions we see the extreme expression of the
tendency to widespread flooding illustrated in the Hawaiian
cones. The lavas erupted under these conditions are
dominantly basalts and their extremely uniform composi-
tion suggests that the flows proceed direct from the under-
lying sima, with little hindrance or contamination en
route.

Dykes.—The feeding fissures which retain a filling of
solidified magma are known as dykes, and though they are
often hidden by the overlying flows, in other cases denuda-
tion has laid them bare. They form veritable systems or
dyke-swarms, maintaining a parallel direction over wide
areas of country and being, in some cases, so numerous
that it is almost impossible to represent them all, even upon
a map of large scale. A portion of the great dyke-swarm
associated with the Tertiary fissure eruptionr of Western

F1G. 65.—THE ' DEccAN TrAP™ REGION
OF INDIA.
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Scotland is shown in Fig. 66. It should be noted that
dykes also occur in association with central volcanoes,
where they radiate from the central focus. In such cases
they are generally less numerous and traceable for shorter
distances. Dykes figure variously in relief according to
the relative hardness of the dyke rock itself and the
surrounding country rocks. Where the dyke rock: is

V

[ fter H.M. Geol. Survey,
F1G6. 66.—A PORTION OF THE ' DYKE-SWARM " oF W. SCOTLAND.

relatively hard it may weather to form a wall-like mass
clearly traceable across country. This is well illustrated
by the famous Cleveland dyke, which traverses the moors
of North-east Yorkshire. In other cases it may * weather
in,” forming a depression or gully. Dykes are especially
prominent on coastlines, where they determine the
position of small promontories, clefts, and caves (Fig. 67).

The Tertiary Igneous Activity in N.-W. Britain
The Tertiary igneous rocks of Western Scotland are so
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admirably exposed for study and have been the subject of
s0 much careful observation that we conclude our account
by a brief summary of this igneous cycle as a whole. It
is particularly notable that although the bulk of the rocks
cannot be older than Early Tertiary (Eocene), erosion,
following a certain amount of faulting, has bitten
sufficiently deeply to expose the plutonic ‘ roots ' in
some cases, as well as to render visible vast thicknesses
of lava flows. As in many similar areas, three phases of
the igneous cycle may be distinguished : first, the volcanic
phase, the eruption of lavas; secondly, the plutonic
phase, when major intrusions were injected locally; and
finally, the phase of minor intrusions. A certain amount
of overlapping and alternation between these phascs is
not precluded by the suggested scheme. Further, there
are two ‘‘ modes "’ of vulcanicity within the area, regional
and local. The regional eruptions, of the fissure type,
form part of those of a much larger province extending as
far as Iceland, Greenland, and Spitzbergen. More than
sixty years ago J. W. Judd inferred the presence of local
or “ central ”’ volcanoes in the Hebrides, but his views
were opposed by Archibald Geikie and others, who attri-
buted all the lavas to fissure eruptions. More rccent
work, however, has vindicated Judd’s views. Though
a large part of the lavas no doubt represent fissure-
eruptions, local centres of eruption have been demonstrated
in St. Kilda, Skye, Rum, Mull, Arran, and Ardnamurchan,
associated in all cases with considerable intrusive
masses.

The sequence of events in broad terms was as follows :
First, came the eruption of the regional lava flows, fed
by fissures trending north-west to south-east. Vast
thicknesses of lava accumulated, and as now exposed on
the Hebridean hillsides they show a characteristic terraced
profile, due to the ready weathering of the slaggy and
vesicular tops of the successive flows. The lavas were
poured out on land with sufficient intermissions to permit
the rotting of exposed lava-surfaces and the local accumu-
lation of lacustrine or river-borne sediment, preserved
beneath overlying flows. Next, we find evidence of the
first eruptions of the ‘‘ central "’ volcanoes, which had a
long life and passed through several phases. The first
stage is commonly marked by thick accumulations of
agglomerate, i.e. accumulations of fragments of country
rock and earlier lavas, produced by great explosions.
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But later the Mull Volcano must have been of Hawaiian
type, building an extensive cone of basic lavas.

It is in the regions beneath the central volcanoes that
the major intrusive masses were
emplaced. They comprise both
basic rocks such as built the
Cullin Hills of Skye, and granites,
as in the Red Hills. These intru-
sions appear to be of ‘ normal "
laccolithic form, but the recent
survey of Mull has revealed
different relations. Here the
LAjter H M. Geol. Survey.  intrusive masses occupy arcuate
Fic. 69.—RiNG-Dvkes, RiNG- or cylindrical fissures, and appear

BOSS, AND CAULDRON-SUBSI- . . .

DENCE. to have risen incidentally to the

subsidence of cylindrical blocks of
the crust. Similar relations were earlier discovered among
the Palzozoic (Old Red Sandstone) igneous rocks of Argyle.
In both localities the intrusions take the form of ‘ ring-
dykes '’ or ““ ring-bosses,’’ while, if the cylindrical collapse
penetrated to the surface, *‘ cauldron-subsidences "’ occupied
by lavas were formed.
Idealized structures
of this type are shown

in Fig. 69.
The phase of minor
intrusions witnessed /

the widespread
injection of north-
west to south-east
dykes and of sills. It
should be noted that
the former cut the
lava flows and cannot
therefore be regarded
as their feeders.

They seem to mark [After H.M. Geol. Survey.
the continuance or FKI;{ 70.-——CONE-S§IEETS, I SHOWING INFERRED

. ELATION TO MAJOR INTRUSION.
resumption of !

regional tension and the dyke-swarm extends as far as the
North and Midlands of England and North Wales It
should be noted that the north-west to south-east direction
is that favoured by Tertiary faults in Britain,so that we have
confirmatory evidence of a pronounced extension at right-
angles to this direction. Theregional dykes cluster, 7.c. are
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more numerous, in the vicinity of the plutonic complexes.
On thesouth-east coast of Mull 375 dykes of aggregate thick-
ness 2,504 feet were counted in a distance of 12-5 miles, indi-
cating thus a crustal stretching of 1 in 26-4. It was pointed
out by J. W. Evans that the ‘ Biscayan deep " trends
north-westwards from the Bay of Biscay parallel with the
Tertiary dykes and faults, and the extension was interpreted
by him as the result of a crustal drift towards this deep.

Amongst the minor intrusions there are also local
groups, evidently related to the volcanic foci. Thus
there are dykes which follow radial directions, as well as
tangential and ring-dykes. More remarkable are the cone-
sheets which surround the volcanic foci. They are very
numerous, being separated by only thin screens of country-
rock, and are inclined inwards at about 435° (Ig. 70).
A. K. Wells succinctly summarizes the origin and relations
of ring-dykes and cone-sheets in saying that both ** develop
above the nose of an advancing bullet-shaped plug of
magma "’ (Fig. 70). The two types clearly reflect different
stress conditions, however, and much more remains to be
discovered as to their significance.

Leaving aside the rich harvest of petrological interest
presented, the ‘ basal wrecks "’ of the Mull and Ardna-
murchan volcanoes are for the geomorphologist striking
examples of the dissection of volcanic * interiors,” and
not the least striking features of these rugged landscapes
are the concentric lineaments of fractures and intrusions
faithfully etched out by erosion around the old eruptive
centres,



CHAPTER IX

THE ORIGIN OF THE FORCES RESPONSIBLE FOR
EARTH-MOVEMENT

WE noted on p. 62 that any fundamental treatment of
earth-movement involves some discussion of the origin
of the forces involved. On this subject there has been
much controversy, and no finality of opinion has been
reached.

The thermal contraction theory of mountain formation.
—The most familiar and in some respects the most
generally acceptable theory of mountain building involves
the accommodation of the cooled and solidified lithosphere
to a still shrinking nucleus. In its simple qualitative form
this theory dates back to Newton, and is readily, perhaps
too readily, comprehended. It cannot be accepted or
rejected in the light of the mere analogy of the wrinkled
skin of a shrunken apple, but must be related to the
thermal state and history of the earth, so far as these
are known, and to the effects it is required to bring about.

The earlier quantitative estimates of the contraction
due to cooling were invalidated by the failure to allow
for radio-active heat. Jeffreys has, however, re-stated
the hypothesis in accordance with his interpretation of the
earth’s cooling history, and his treatment has done much
to restore it to favour. We have already noted (p. 21)
that his calculations indicate that no appreciable cooling
can have taken place in the central regions since the
solidification of the crust. In regard to the outer parts
of the earth, however, each shell cools more than the one
below it in a given interval of time, and hence attempts
to contract. Its contraction is obstructed by the hotter
matter below, which is contracting less. Hence it can
only actually achieve contraction by spreading out and
becoming thinner. The completely solidified outer
portion can undergo no further cooling and contraction
and thus it inevitably becomes too big to fit the inner
contracting shells. In this way a state of stress will be
set up in the lithosphere, tending to folding and faulting,
or, in the general view, crustal shortening. In the picture
so presented the surface layers are in a statc of compression
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while the weak shells below are subject to tension.
Between them there must be a * level of no strain,” in
which the amount of contraction is just sufficient to
permit accommodation to the shrinking nucleus. Starting
at the surface of the earth this * level of no strain "’ must
have moved inwards as cooling progressed.

Up to a point this theory gives a very satisfactory
explanation of mountain building. In testing it against
the facts of earth structure the first question is clearly
the amount of compression which it allows. It should be
noted that it is not only simple contraction by cooling
that is available, for glassy rocks may also contract in
crystallization, and further contraction ensues upon the
loss of included gases and water. Jeffreys’ calculations
indicate an average cooling of about 500° C. in the outer
400 km. of the earth, and this would be equivalent to a
reduction of 20 km. in radius or 130 km. in circumference.
A further allowance for crystallization-contraction and
loss of gases, etc., may be made, giving, it is thought, a
maximum reduction in circumference of 200 km., or in
area of 5 X 1018 sq. cm. It is clearly a very difficult
matter to evaluate from studies of geological structure
the amount of crustal shortening which has actually taken
place. Many existing ranges are inadequately known
and many have suffered virtual obliteration by erosion.
By adding estimates of the ‘‘ shortening '’ recorded for
the chief existing ranges Jeffreys arrived at an areal
compression of 2 X 1016 sq. cm. This is less than half
the calculated available compression ; but it is certainly
an underestimate, and possibly a serious underestimate,
since it cannot include the older episodes of mountain
making. Moreover, there has been a tendency in recent
years to claim greater shortening in the existing major
ranges, and if these claims are well founded, a serious
increase in total estimated compression has to be met.
Holmes has concluded that the calculated reduction of area
is seriously in deficit of the amount required to explain
mountain building. In reply, Jeffreys has sought to show
that the folding seen in surface rocks is a different thing
from the true shortening of the crust, being in part a
secondary effect of the piling together of great thicknesses
of sedimentary rocks. It is, however, true to say that the
adequacy of thermal contraction as the main cause of
mountain building is at least questioned.

With regard to the well-marked periodicity of mountain
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building the thermal contraction theory supplies a partial
explanation. It is conceived that the stresses gather
continuously in the crust until the ‘‘ strength '’ of the
rocks is passed, when earth-movement begins. It con-
tinues until the stresses are relieved and then follows a
period of quiescence during which the stresses again
accumulate. Taking the rigidity of granite as fairly
representative of that of the rocks of the outer crust,
Jeffreys calculates that the compression at any place has
had time to reach breaking point and to achieve relief
about five times during the earth’s past history. This
figure is in rough agreement with the number of major
mountain-building episodes. On the other hand, it has
been contended that on the thermal contraction theory
the interval between successive mountain makings should
have increased as cooling progressed, whereas in fact,
judged on other evidence, the interval seems to have
remained about the same.

Other objections of very varying weight have been
made to the thermal contraction hypothesis, and various
replies have been made to them. The present position,
however, is such as to justify us in reviewing some of the
other forces which have been claimed as effective in
mountain building.

Other theories of mountain formation.—It has been
pointed out that the slowing down of the earth’s rotation
by the frictional drag of the ocean tides on shallow sea-
bottoms, involves a small bodily contraction of the earth
and a tendency to approach more nearly the true spherical
form. It has been convincingly demonstrated that the
contraction thus caused must have been small in total
amount and must have taken place early in the history
of the earth. The later phases of mountain building
certainly cannot be ascribed to it. The claims made for
several other real, though small, forces of the same
general order of magnitude may be similarly dismissed
on grounds of quantitative inadequacy. Such forces can,
at best, be no more than minute supplements of the main
force involved, whose magnitude is sufficiently attested by
the results it produces.

Certain American geodesists have urged that isostatic
adjustment, following the loading and unloading of
‘ columns ”’ (p. 28), gives rise to large vertical movements
which are regarded as the essential element in mountain
building. This view has been widely adjudged a complete
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misreading of the mountain problem and it implies a
failure to realize the enormous extent of horizontal move-
ments visible in such regions as the Alps. Isostatic forces
come into play during and after the tectonic disturbances
caused by other forces ; they modify, but do not originate,
mountains.

The theory of thermal cycles put forward by Joly
(p, 52) carries with it a corollary in regard to mountain
building. He points out that during a period of sub-
crustal fusion, as conceived by him, the crust will be in a
state of tension, but with the setting in of the phase of
solidification in the molten under-region shrinkage would
ensue. During this phase he represents the sea-floor
as bearing against the continental margins, leading to
crushing inwards and mountain building, while the sea-
floor itself is thrown into long gentle undulations. Though
the general theory of continental submergence put forward
by Joly would seem to contain an essential element of
truth, which holds out hope of a correction and elaboration
of the hypothesis, the details have been too severely
criticized to render his explanation of mountain building
acceptable in this simple form. It has a certain plausi-
bility as applied to the circum-Pacific chains, but it fails
to account for the absence of mountain-folds parallel
with the Atlantic coast, nor does it accord to the mid-
continental Old World ranges any clear or convincing
place in the general tectonic picture. It may be noted,
however, that Joly’s account emphasizes very strongly
the essential distinction which must be drawn between
the horizontal compression leading to folding and the
entirely separate element of vertical uplift, two distinct
processes, both of which are necessary in the formation of
a mountain range.

During the last decade attention has tended to concen-
trate upon the plain indications of a Jefinite relation
between mountain building and continental drift.
Wegener regarded the frontal edge of the drifting conti-
nents as being naturally crumpled against the resisting
sea-floor. Argand and Staub have treated the spectacular
crumpling of the contents of the Alpine geosyncline as
due to the northward movement of the African block
relative to the main European land-mass; while in his
remarkable synthesis of the tectonics of Asia Argand
has invoked a similar ‘‘ jam,’”’ during a common southward
movement, between the older masses of Siberia and
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Peninsular India, as the cause of the younger mountain
folds of Central Asia. We have seepn, too (p. 81), that
the much less ambitious conclusions of Lake in regard to
the Asiatic mountain and island arcs, point to an out-
ward creep of the edge of the Asiatic Continent.

In discussion of these related, though discrepant,
hypotheses there is some danger of begging the question.
In a search for forces that are quantitatively adequate it
is plainly no use to represent continental drift as the
cause of mountain making unless forces adequate to
produce continental drift are in view. In particular,
Wegener’s presentation of the case has suffered a severe
handling on the ground of the almost ridiculousinsufficiency
of the forces invoked. Moreover, it has quite fairly been

F16. 71.—DALY’S THEORY OF MOUNTAIN-BUILDING.
Crumpling of contents of geosyncline by downward sliding of the crust.

pointed out that totally different kinds and directions uf
continental diift figure amongst current hypotheses.

Daly has sought to retain the conception of frontal
crumpling of continental masses, and at the same time
to remove the reproach of an inadequate activating force,
by imagining major bulges and hollows in the surface of
the earth-ball, such that the continents may literally
slide downhill over a glassy substratum (Fig. 71). Com-
plete rejection of the idea may be premature ; but it is
fair comment to say that the cause of the primary *‘ bulges
which start the slipping has in no sense been satisfactorily
indicated.

The only unifying theory which shows hopeful signs of
reconciling certain of the divergent hypotheses of mountain
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Fi1G. 72.—SUB-CRUSTAL CONVECTION.

The sections above show fission of a continental block under the influence
of outward-moving sub-crustal currents. Below, possible general scheme of
planetary currents modified by action of continents. The name ‘‘ Laurasia *’
refers to the great northern land-mass of former times comprising parts of
North America (Laurentia), Europe and Asia. Holmes believes that rocks
of high density similar to the type called eclogite form near the front of the
drifting masses and sink (points B and C).
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building and continental drift is that due to Holmes. It
is based, fundamentally, upon his view that excess of
radio-active heat in the substratum must maintain a
condition of fluidity or mechanical weakness permitting
existence of convection currents. Iluctuations in the
state of the earth's magnetic field have independently
suggested the existence of such currents. Reasons are
adduced for supposing that there must be a veritable
planetary circulation ot currents in the substratum,
somewhat analogous to the wind systems of the atmos-
phere. This very attractive analogy must do much to
commend the theory to the interest of the geographical
student, though, indeed, the theory rests on much stronger
grounds than such mere analogy. Holmes suggests that
there is a rising current beneath the equator, and a drift
thence polewards in the upper portions of the substratum,
with descending currents in the vicinity of the poles.
Superimposed on this planetary circulation, he conceives
another, caused by the blanketing effect of the continental
masses, which hinder the escape of heat from the sub-
stratum and give rise to an ascending current beneath
them. This is represented as feeding currents which flow
out radially beneath the continents and which are
therefore analogous to monsoon winds (Fig. 72).
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follows : One part of limestone, two parts of sandstone,
twelve parts of shale.!

The geographical limitations of geological maps.—In
connection with the groupings of sedimentary rocks it will
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F16. 75.—NON-COINCIDENCE OF TIME-PLANES AND LITHOLOGICAL

PLANES.

* The deposits of (@) advancing and (b) retreating sca. Dotted lines mark
time-planes. In (a) the off-shore deposits encroach landward as the sea
advances. Thus the deposits of any given time-stage are partly of in-shore
and partly of off-shore characters and the boundary betwecen the in-shore
and off-shore sediments does not coincide with the time-diVisions. In (b)
the converse relation holds with similar results.

be well to point out some of the necessary limitations of
geological maps, from the point of view of the geographer.
The colouring on these maps primarily represents age,
rather than lithology, and this may be most misleading,

1 Working from a computed average composition of the igneous rocks it
has been calculated that 100 grms. of 1gneous rock, together with the consti-
tuents added during atmospheric weathering, would yield 88 grms. shale,
13 grms. sandstone, 7 grms. limestone, and 65 grms. ocean salts (see p. 148).
These proportions agree only very roughly with those deduced from actual
measurements of the stratified rocks, which indicate a much higher propor-
tion of limestone. Such measurements, however, are difficult to make accurate

and representative.
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if imperfectly understood. An excellent example is
afforded by the group of beds known as the Coal Measures.
Though these are now sub-divided to some extent, they
generally appear on maps in one colour or in variants of
one colour, the only individual beds of the series separately
shown being the coal seams themselves. These are thin
layers making quite an inconsiderable part of the series,
e.g. in a generalized vertical section through, say, 2,000-
odd feet of measures in some of our coalfields the workable
coal seams are little more than 3o feet in total thickness.
As a whole, the Coal Measures are, essentially, an alterna-
tion of shales with massive sandstones. The outcrops
of some of the sandstones may indeed be indicated on the
map, should they be readily traceable and, more parti-
cularly, if they can serve as a datum of reference for one or
more valuable coal seams occurring near-by in the series.
It must, however, be clearly recognized that any sandstone
band so mapped is generally only one of many. The coal
seams are, of course, important geographical facts, yet if
the map were being made for purely geographical purposes,
somewhat different aims would be pursued in the
mapping. Similar difficulties arise in the case of other
formations. The Weald Clay of South-eastern England,
considered in the mass, does not belie its name ; but it
contains local developments of shelly limestone (* Sussex
Marble "’), and considerable and persistent sandstone
bands. These are not shown on the map ; but they are of
great geographical interest, for the limestones form distinct
escarpments which diversify the clay lowland, and the sand-
stones aresources of water-supply. Again, the characteristic
earthy limestones in the lower part of the Lias are dis-
tinguished by no special colour on the geological map, but are
included with the mass of shales and clays of which they form
part ; yet their influence on surface utilization and topo-
graphic form is quite evident. Consequently, the map must
necessarily fail to serve all purposes equally well.

The geographer should constantly bear these facts in
mind and realize the necessity of modifying and adding to
the geological map for his own special purposes, or at
least, of using it with discretion. It is, of course, for-
tunately true that most of the boundaries shown on the
map are lithological boundaries ; on the older maps they
were almost wholly so. But a modern geological map is
an admitted compromise between the ‘‘ age method "’ and
the * lithological method " of grouping rocks, and in its



ORIGIN AND CHARACTERISTICS OF ROCKS 145

production the art of judicious selection of the features to
be shown needs constantly to be applied. The increasing
perfection of geological cartography does, indeed, result
in an increasingly careful sub-division of the beds. In
some cases this process may exceed geographical needs,
where large numbers of different colours are used for
formations, which, while distinct, do not differ sufficiently
among themselves to render each geographically signi-
ficant. In such cases, as for example with certain of the
newer maps of Wales, it may be an advantage to revert
to older, simpler groupings of the rocks.

A word may also be said with regard to the treatment
of * drift "’ deposits on maps. The distinction between
‘ drift ”” and ‘ solid "’ deposits on British maps is quite
arbitrary, having no necessary relation to thickness or
state of consolidation. It consists simply in separating the
deposits of the most recent or Pleistocene period from
those of all older dates. While this course is entirely
defensible from some practical standpoints, it must be
borne in mind that many older accumulations imitate the
drift deposits in their inconsiderable thickness and general
lack of coherence. The most logical and practical treat-
ment of drift deposits is based upon their relation to the
topography. If they have come into place after the
landscape has taken on some close semblance of its present
form their extent and mode of origin are generally obvious ;
such is the case, for instance, with river and marine alluvia,
rain-wash on slopes, etc. If, however, they form part of
the general rock-mass out of which the landscape has been
carved, all their relations are obviously different, and even
though they may be, technically, * drifts,” they differ in
no important respect from many “solid "’ formations, For
instance, the great sheet of glacial drift which mantles
East Anglia is so thick that, were it removed, large parts
of the area would be submerged. The valleys are cut
through this shcet of deposits and often fail to reach its
base. Thus, the ‘ drift "’ is geographically analogous to
the adjacent masses of sand and clay, which, however,
simply because they are pre-Pleistocene, rank as *‘ solid
deposits. This point is emphasized in view of a tendency,
not yet dead, to regard the ‘* drifts,”’ as the older geologists
regarded them, as mere ‘‘ extraneous rubbish "’ of little
importance. As is now well realized, these deposits often
take front rank as geographical factors and may locally
dominate all others in importance.



CHAPTER X1
SUB-AERIAL DENUDATION

THE complex process of rock-wastage or denudation
which goes on continually over the surface of the con-
tinents comprises three distinct phases : (1) weathering,
(2) transport, (3) erosion.

Weathering implies the breaking up or decomposition of
exposed rock masses, thus rendering them fit for transport
by moving water, ice or wind. The first two of these
agents act under the control of gravity and are concerned
in a general * downhill ”’ transport of the products of
weathering, whose ultimate home is the sea. Wind is
subject to no such control, and under its influence great
masses, of rock material may accumulate, temporarily at
least, on the surface of the continents. In all cases the
moving grains of rock-debris are capable of performing
erosion, producing a differential etching of the land sur-
face, bringing into being various relief features or land
forms.

Geomorphology shares with physical geology the detailed
study of the processes of weathering, transport, and
erosion. For our present purpose a summary of their
action will suffice.

Weathering.—Weathering may be regarded as of two
distinct kinds, according as the rock is disintegrated with-
out chemical alteration (mechanical weathering) or rotted
and decomposed (chemical weathering). Though both
types of action commonly co-operate in producing the
mantle of rock-waste, each has its regions of optimum
development, in which it may be studied in relatively
simple circumstances.

Mechanical Weathering

Disintegration is characteristic of the desert areas of
the globe, where the clear dry air ensures a large diurnal
range of temperature. Here the bare rock surfaces are
highly heated during the day and the outer layers ex-
pand considerably, but during the night the temperature
often falls close to freezing-point, with resulting contrac-
tion. This alternate expansion and contraction develop
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a series of joints both parallel and perpendicular to
the exposed surface and the rock tends to break into
blocks, which cumber the base of the crags and spread
in fans over the surrounding flat surfaces. This process
may be appropriately termed ‘‘ block disintegration.”
The peeling or * exfoliation ’’ of certain rocks, which
split into concentric shells, is a special case of the same
process. In the case of most rocks, however, and of
coarsely grained rocks in particular, the shattering proceeds
farther, breaking the rock up into smaller pieces. Where
the constituents of the rock are of different colours they
absorb heat to differing extents, and possess different co-
efficients of expansion, so that complex internal strains are
set up, which cause the rock to fall apart into its constituent
mineral grains. This may be termed ‘‘ granular dis-
integration.”

A kindred shattering action takes place in cold climates.
Rocks may become soaked with water during the day,
owing to the melting of snow or ice; while during the
night this interstitial watcr freezes, exerting an enormous
expansive force. Here, again, block disintegration results,
with further comminution of the blocks as the process
continues.

In both desert and polar regimes disintegration is
unaccompanied by any appreciable chemical change.! In
both types of region, accumulations of scree or talus are
found round the bases of steep slopes, and these may
develop into great fans which spread steadily outwards.

Scree formation through frost action is particularly
conspicuous amongst the higher mountain peaks, even in
temperate climates. The surface of a scree tends to an
angle of rest or stability which depends upon the coarse-
ness of the constituent blocks, but the equilibrium is
constantly disturbed by fresh falls and the whole mass
moves gradually downward, thereby burying large aréas.

Chemical Weathering

The chemical decomposition of rocks comprises several
processes which are usually concurrent, though one or
other may be dominant locally. Simple solution plays its
part, and where masses of rock-salt, gypsum, etc., are

1 In desert climates, waters with mineral matters in solution may rise to
the surface by capillarity. There they become concentrated by evaporation

and may give rise to chemical corrosion. Further, the crystallization of such
solutions, involving expansion, leads to mechanical disintegration.
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exposed to its action the results may be notable. Hydration
also is a widespread phenomenon. Many of the rock-
forming minerals are able to take up additional water, and
the hydrated alteration products commonly occupy a
larger volume, and are softer, than the original minerals.
The fact that rain water and surface water generally, as
well as ground water, all contain dissolved atmospheric
oxygen, renders oxidation a universal feature in weather-
ing. This is particularly noticeable in its effect upon iron
compounds. In surface rocks these compounds generally
show the red, yellow or brown tints indicative of a high
state of oxidation ; iron-oxides (generally hydrated) are,
in fact, among the commonest pigments in exposed rock
masses, while, at greater depths, the grey or blue colours
characteristic of iron compounds poorer in oxygen pre-
dominate.

Of much greater general importance is the process of
carbonation (carbonate-formation), which may be regarded
as the dominant weathering process of the humid temperate
regions. Rain water dissolves an appreciable quantity of
carbon dioxide from the atmosphere and thus becomes,
in effect, a dilute solution of carbonic acid (HyCOs,).
The rivers of temperate regions contain large quantities of
carbonates, which have been produced by the action of
surface waters containing carbon dioxide upon the bases
in the rock. In the case of simple felspar, one of the most
important constituents of the crystalline rocks, the re-
action may be written thus :

Kz() A1203 6Si02 +21'120 +C02 -> A1203 28i02 2H20 +4Si02
(orthoclase felspar) + K,yCO4

It is perhaps more instructive to write the equation in a
more general form to bring out its geological significance
thus :

Crystalline felspathic rocks - rainwater-> clay -+ sand +
carbonates in solution

It is important that this equation should not be inter-
preted in too literal a spirit, but properly understood it
gives the clue to the weathering of temperate regions, and
to much else in physical geology. In a granite area, for
example, we may think of the carbonates being dissolved
out in this way, leaving a potential residuum of mixed
sand and clay. In general the residuum does not, of
course, atcumulate, but is carried away by running water
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and sorted in the process into its two constituent parts,
which are deposited in due course in a relatively pure form.
It should be remembered that the reaction is not applicable
only to potash, i.e. orthoclase, felspar, but to felspars with
other bases, e.g. soda and lime, as well as to all the other
aluminous silicates, such as the micas, augite, hornblende,
ctc. Hence in essence all crystalline rocks—as well as
those sediments containing some unaltered silicates—are
liable to this type of decomposition. The only addition
which we need make to the statement concerns the dis-
posal of iron compounds which are generally present in
the original rock. In such a case, hydrated iron oxide
(limonite) will accumulate with the sand and the clay,
colouring them some shade of brown, and possibly acting
as a cement.

The process of carbonation can obviously have no effect
upon pure sand or clay rocks exposed to weathering, since
these are themselves end-products in the process and not
susceptible of further change. Limestones, however,
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F16. 76.—RESIDUAL CLAY-WITH-FLINTS CAPPING CHALK RIDGES

afford a rather special case, in which carbonation assumes
a dominant réle. Calcium carbonate (the material of
limestones) is only slightly soluble in pure water, but is
readily dissolved by a dilute solution of carbonic acid,
such as is represented by rain water. Hence we find that
solution has powerfully affected certain limestone areas,
such as the Chalk tracts of Britain or France. On flat
plateau surfaces the Chalk has for long periods been under-
going continual dissolution, while the insoluble residue of
clay and flints has accumulated as an irregular mantle,
sometimes to a thickness of many feet (Fig. 76). This is
the origin of the * clay-with-flints "’ of the English
Chalk country (Fr. argile & silex). In the limestone
tracts of Southern Europe a similar accumulation, the
“ terra rossa’ (red earth), is widely developed, though
under somewhat different climatic conditions. These are
examples of ‘‘ residual deposits ” left in the process of
weathering.

Though the effects of chemical weathering are plainly
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traceable throughout the regions of humid temperate
climates, it is in the equatorial regions of great heat and
moisture that they reach their maximum. The prevalent
high temperatures greatly stimulate the solvent and
chemical action of the surface waters. Rotting, even of
hard crystalline rocks, may extend some hundreds of feet
below the surface. In these regions the common end-
product of weathering is the material known as laterite.
Laterite is a red-brown, clay-like substance which derives
its name from the fact that when freshly cut it will harden
on exposure to a brick-like consistency (Lat. /ater-,a brick).
It proves on analysis to consist essentially of hydrated
aluminium oxides (such as bauxite Al;03,2H;0) mixed
with the oxides of iron and manganese which give it its
colour. It results from the decomposition of widely
dissimilar rocks, including basalt, granite, gneiss, slate,
and sandstone, and it covers extensive areas in the tropics.
While its origin has given rise to considerable controversy,
all are agreed that it is essentially a residual deposit,
though locally reconstructed at low levels by running
water. If we compare clay, as a typical weathering pro-
duct of temperate regions, with laterite, the chief chemical
difference is the absence of silica in the latter. Although
the exact mode of removal is still in some doubt, the
leaching out of silica is a salient feature of tropical weather-
ing, as is made manifest by the analysis of tropical river-
waters, which are much richer in silica than their temperate
analogues. In temperate regions the silica of weathered
rocks is largely (though not entirely) immune from solu-
tion and it accumulates, or is re-deposited, as sand, or it
remains partly in chemical combination, as in clay. In the
tropics silica of the last category is very largely extracted
in solution. The residual deposits are thus chiefly oxide
mixtures, such as laterite.

In viewing the nature of weathering as a whole it is
well to bear in mind that although its several aspects may
conveniently be treated separately, they must normally
be regarded as overlapping. The several processes co-
operate and supplement each other to a large extent,
especially in temperate regions. In particular, mechanical
comminution is often a powerful aid, if not an essential

reliminary, to chemical attack. The end of weathering
ss the production of a mantle of broken rock fragments,
large or small, such as covers the greater part of the land
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areas. This mantle is subject to continual movement by
means of slipping and ‘ hill-wash.” Wherever it exists
it represents a local balance of accumulation over removal
by transporting agents. Its superficial portions, modified
by contact with the atmosphere and with plant and animal
lifs, form the soil, which, however, has its own complex
problems, physical, chemical, and biological.

It will be noted that the progress of weathering does not
depend upon the hardness of the rock, but upon such
factors as chemical resistance and the degree to which it
is traversed by divisional planes. It is well, therefore,
not to speak of ‘ hard ’’ and *‘ soft "’ rocks without careful
consideration. Actual hardness—i.e. resistance to abrasion
—is a factor in landscape where active erosion is concerned,
but the relative protuberance of rock masses must often
be ascribed to varying resistance to weathering.

Erosion.—The chief agents of sub-aerial erosion are
water, wind, and ice. Of these water is the most
important, since water erosion must be regarded as the
normal means of land sculpture over the greater part of the
land surfaces of the globe. Even where arid conditions
are well-cstablished and the work of wind is paramount,
the action of water makes itself strongly felt after the fall
of sporadic convectional rains. Elsewhere, arid conditions
may supervene merely as a temporary climatic phase, and
thus modify, but not obliterate, the characteristic effects
of water sculpture. Similarly, glacial conditions may
prevail temporarily in a region normally subject to water
erosion, but the results of the work of water, accompanying
or alternating with the glacial phases, are clearly legible
in the land-forms.

The major land-forms of the earth’s surface derive
some features of their form and distribution from the
direct effects of tectonic movements, but even these
larger features are substantially modified by the per-
sistent attack of the agents of weathering and erosion.
The minor relief features of the landscape are, in normal
circumstances, entirely due to differential erosion, the
valleys being forms of excavation and the hilis merely
residual masses. This view of relief features was not
widely accepted until well on in the nineteenth century.
Lyell in 1838 still represented the valleys of the Weald
as essentially fissures modified by sub-aerial agencies
(Fig. 77), and the Duke of Argyle in 1868 engaged in a
controversy with Geikie in which he endeavoured to
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maintain a similar origin for the valleys of the Scottish
Highlands. Nevertheless, the essential evidence, which
proves that rivers excavate the valleys in which they flow,
was perceived by Playfair in 1802, in presentation of the
prescient, but then little known, work of Hutton. In
his so-called Law of Accordant Junctions he emphasized
the fact that tributaries (with a few readily explicable
exceptions) join the main stream at exactly the appro-
priate level which, in modern terminology, implies their
power to grade their courses to the level of their outfall
(p. 162). It is, of course, recognized that a valley may
be joint- or fault-guided, and that it may occupy, and
become in effect coincident with, a major structural de-
pression, but the power of running water to excavate a
valley without tectonic guidance or advantage is now a
truism.

b

F1G. 77.—INITIATION OF WEALDEN VALLEYS ACCORDING TO LYELL.
() Longitudinal valleys. (b) Transverse valleys.

The general economy of river erosion.—A river, regarded
simply as a massof muving water has, in the final theoretical
analysis, a certain amount of energy which depends upon
its volume and its velocity. Its velocity depends partly
upon the volume, but also upon the gradient and form of
its channel. The total of energy is expended partly in
overcoming friction and partly in the transportation of a
load of debris.

The load of a river includes three distinct fractions :
(a) the material in solution; (&) the suspended load,
chiefly mud, silt, and sand; (¢) the traction load, larger
material carried along the bottom by a combination of
rolling, sliding, and jumping movements. In the case of
the Mississippi it has been computed that in the course
of a year it carries to the sea 136 million tons of material
i solution, 340 million tons of material in suspension,
while the traction load is estimated at 40 million tons.
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The power of active erosion possessed by a river is
chiefly vested in its traction and suspended loads, which are,
in other words, the essential tools in the process. Moving
water without load exerts comparatively little erosive
action, except in areas of soluble rocks where direct solu-
tion becomes a factor. The work of vertical or lateral
cutting performed by ariver in virtue of the abrasive power
of itsload is termed corrasion.! 'The power of corrasion of
a river varies approximately as the square of its velocity.
The general truth of this statement may be seen by con-
sidering that if the velocity be doubled, without any addi-
tion to the load, twice as many particles strike against any
obstacle in a given interval of time and each strikes twice
as hard. The corrasive effect is thus four times as great.
The transporting power of a river increases very rapidly as
the velocity increases ; it is generally regarded as pro-
portional to the sixth power of the velocity. Neither of
these generalizations should be regarded as having the
validity of a mathematical law. They are approximations
only, but they serve to indicate a principle of practical
importance—the dominance of * flood erosion.” A river
performs far more work in corrasion and transport during
a short phase of flood than during a lengthy period of
normal conditions. This is often illustrated by the fact
that the gullying action of torrential rains and cloud-bursts
remains visible for long periods, in spite of the obliterating
effect of normal weather conditions, acting more slowly.

Moving air and moving ice are also capable of trans-
porting a load, in virtue of which they are active eroding
agents. The laws which govern their action are broadly
analogous to those which operate in water erosion ; they
have been less clearly formulated, however, and are the
subject of some debate. It should be noted that in all
parts of the field of study the geomorphologist (as distinct
from the physical geologist) finds it better to concentrate on
land-forms rather than ‘processes, arguing thus from the
effects to the causes which produce them.

1 This process should be distinguished from corrosion— a purely chemical
pracess.



CHAPTER XII
THE FORM OF WATER-ERODED VALLLYS

Tue character of the transverse and longitudinal pro-
files ! of valleys is an important factor in determining the
nature of relief and the aspect of landscape. In order to
trace the process of valley excavation completely it is
necessary to assume an initial sloping surface. The
methods by which such a surface are
provided in nature need not for the
{ moment concern us. Very violent
| | falls of rain can, under certain circum-
1 | stances, passdown aslope as a ‘‘ sheet-
flood "’ without concentration into
mmm__/ definite channels (p. 305). We are
[4fier Cotton.  €ntitled to assume, however, that the
Fic. 78.—Tre Diacram initial surface will commonly be suffi-
SHowS rum Smount OF ciently irregular to determine the
VerticaL Corrasion anp Courses as well as the direction of
VaLLey WipeninG newly initiated streams.
RESPECTIVELY. The cross-profile of valleys.—The
primary process in valley formation
is vertical corrasion or down-cutting, and where this
process alone is operative a gorge-like valley is produced.
In such a case the process of deepening is dominant over
widening, but under normal conditions of climate, widening
by means of slipping, rainwash, and gullying will also take
place, and will open the gorge into a V-shaped valley.
Fig. 78 shows that a much greater amount of material is
removed by the widening process than by direct downward
corrasion. In the earlier stages of the history of a stream,
down-cutting normally proceeds rapidly. Since tributaries
are few and the valley slopes arc not as yet extensive,
the supply of debris tends to be small. A very important
part of the vertical corrasion is, under these circumstances,
performed through the localized drill-like action of pot-hole
formation, in which angular debris is swirled round in an

1 For the sake of brevity the terms cross-profile and long-profile are used in
later pages. For the latter the term * thalweg” has commonly been
employed, though such a use 18 hardly in accordance with its literal meaning
¢ valley-way.”
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F16. 80.—POTHOLES EXCAVATED IN SANDSTONE IN THE BED OF THE
RIVER GELT, NEAR BRAMPTON, CUMBERLAND.
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eddy, excavating a cylindrical hollow and becoming rounded
'in the process. This manner of excavation is to be con-
trasted with the uniform, rasping or file-like, action of a
stream in a later stage of life, possessing a larger load.
Owing to the rapidity of down-cutting, young streams
generally flow in steep-sided valleys, approximating in
form to a gorge or narrow V (Fig. 81). In due course a
stage is reached at which down-cutting becomes relatively
slow. The widening processes,
however, continue to act, and the
valley thus becomes increasingly
open in profile. The stage of
evolution is thus legible to some
extent in the cross-section of a
A valley, which passes through suc-
[4fier Dawss.  cessive phases of form, the widen-

F’g";lg;;r‘sg“‘;ff 2 Youne ing process overhauling the
VALLEY. deepening process with the passage

of time (Fig. 82).

When down-cutting slackens, the river may still possess
an excess of energy above that necessary for the transport

—~_—

FI1G. 82.—SrAGEs IN THE DEVELOPMENT OF A VALLEY.

of its debris. This is expended in lateral corrasion, or
widening of the valley floor. This process of lateral
corrasion may be regarded as beginning even during active
down-cutting. The initial course of the stream will be
slightly curved in places, owing to irregularities in the
surface, and lateral corrasion will constantly tend to
enlarge the curves, under-cutting on the concave side of
the valley, against which the fastest current impinges.
In this way a series of meanders comes into being, separated
by overlapping or interlocking spurs. The spurs have a
gently sloping crest line or slip-off slope, while opposite to
each is a steeply cut * river-cliff '’ (Fig. 83). The increase
in the curvature of meanders may be regarded as con-
tinuing while down-cutting is in active progress. ' If it
continues beyond this stage, widening of the valley floor
must result. The stream will continue to corrade actively
at the foot of the concave river-cliffs, which constantly
recede, and a strip of flat ground, covered only in time of
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flood, begins to appear round the bases of the spurs. The
spurs themselves are also cut into by corrasion on the up-
stream side, and become asymmetrical in profile, their
steeper slope facing up-stream. In an actively corrading
stream, the blunt, rounded terminations of the spurs
which persist throughout the period of down-cutting
become sharpened by this process, and they may ultimately
be cut away altogether (Fig. 83). When this stage is
reached, the valley possesses a wide flat floor, bounded by
steep cliffs on either side. This level plain is the flood-
plain of the river. When newly developed it will be
coincident in width with the ‘‘ meander belt ”’ of the
stream, but the meanders may still increase in size and
corrade the base of the bordering bluffs where they are
in contact with them. Thus the flood-plain grows and
may come largely to exceed the width of the meander
belt. The meanders unchecked by rock-spurs move
actively down-stream, completing the planation of the

2 | @
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Fi1G. 83.—VALLEY FLOOR WIDENING BY LATERAL CORRASICS

[After Cotton,

valley floor. Lateral corrasion is thus a third process
which, co-operating with deepening and widening, causes a
regular progression in form in a valley undergoing excava-
tion.

The concept of valley form as dependent upon ‘‘ stage "’
has proved very fruitful in morphological studies, and is
applicable also to many other land-forms. Assuming that
the valley is excavated in homogeneous rocks, its profile
depends upon the sfage of evolution reached and the
nature of the dominant process concerned in the excava-
tion. But, as we have seen, process, whether deepening,
widening, or lateral corrasion, is largely, though not en-
tirely, a function of stage. Special circumstances may
disturb the normal relations between the processes. For
instance, in the absence of an adequate rainfall, the widen-
ing processes may be held in abeyance, and a valley may
thus retain its youthful form for an unusually long periad.
The Grand Canyon of the Colorado River, 300 miles long
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and locally more than a mile in depth, is a case in point.
The river is fed by rains in its headwater region, but on its
way to the sea it traverses a wide arid tract, the Arizona
desert, and it is here that the canyon occurs. Special
processes may become factors in other cases. Valleys
cut in chalk and other limestones,
where solution as well as corrasion
plays a part, have a wide rounded
form which differs from that of the
true water-cut V (Fig. 128¢).
More important variations from
i the form imposed upon a valley by
L4fer cotton. the joint control of process and
FiG. 84-—VARY3§G Cross- stage depend upon the structure of
e Sorr Roos. | the rocks through which a valley is
cut. In this connexion we must
regard structure as including not only geological structure
in the narrower sense, viz. the disposition or attitude of
the rocks, but also their hardness, texture, and the number
and nature of divisional planes, such as joints, which cut
them. It is sufficiently obvious that the profile of a
valley will become open more rapidly in soft rocks than in
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F1G6. 85.—CROSS-PROFILE OF A VALLEY SHOWING STRUCTURAL
Rock BENCHES.

hard rocks. This emphasizes the fact that profile gives a
measure of stage—not of actual age—sincein thesame valley
wemay find steep-sided and open portions coinciding respec-
tively with terrains of hard and soft rocks (Fig. 84).
Again, during youthful stages, differential erosion of hard
and soft rock bands will lead to irregularity and diversity
in valley profile. Bedded rocks, consisting of alternate
bard and soft strata, and disposed more or less horizontally,
commouly give rise to structural rock benches determined
by the outcrop of the harder bands (Fig. 85). Such
benches must be carefully distinguished from alluvial
terraces (p. 222); they are not directly related to the
river in any way and do not, necessarily, fall in level
downstream. A common, and more important, control



THE FORM OF WATER-ERODED VALLEYS 159

of valley form by structure is seen where rocks are inclined
transversely to the valley direction, 7.e. where the valley
follows the line of the geological strike. In this case the
cross-profile is asymmetrical (Fig. 86), for the stream has a
constant tendency imposed upon it by the dip of the
strata to cut sideways as well as downwards. In some
cases it has gradually worked down the dip-slope of some
hard stratum in the series, but this is not an essential
feature in the process. Even in soft, rclatively homo-
geneous rocks such as the London Clay, the tendency for
asymmetrical development controlled by the dip is obvious,
as is well illustrated by the Lea Valley north of London.
This general process of asymmetrical development is called
uniclinal shifting.! Other good examples are afforded

F16. 86.—UNICLINAL SHIFTING.

Dotted lhines show stages of valley excavation.

by the Thames Valley at Radley and the Cheddar Gorge.
The feature is, in fact, of widespread occurrence, and is to
be expected wherever a valley runs parallel with the
general geological grain of the country. (See also p. 227.)

The long-profile of valleys.—The original gradient of
a stream must necessarily be determined by the slope
of the initial surface. If erosion were everywhere equal
the slope would remain the same, and if the original
surface were fairly flat, the long-profile of the stream
would appear practically as a straight line. However,
equality of erosion throughout the course cannot be
attained in practice. Near the sea, the amount of down-
cutting is limited by the proximity of sea-level, since the
course of the river cannot be cut appreciably below it.
Near the head, the down-cutting powers of the stream are
limited by its small volume. Between these two extremes,

1 The work * uniclinal,” implying a uniform dip in one direction, is prefer-
ble to ‘“ monoclinal,” siuce the asymmetrical development of valleys bears
10 necessary relation to ‘ monoclnes ' in the geological sense (p. 1035),
although monoclines may, of course, be responsible for giving rise to the
effcct of uniclinal shifting locally.
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somewhere in the middle course of the stream, the down-
cutting will be greatest, and hence it results that at an
early stage a rough concave profile is developed.

During the earlier stages of active down-cutting,
differential corrasion between rocks of varying hardness
gives rise to many irregularities of gradient, falls, rapids,
etc. Some falls and rapids may, indeed, be due to original
irregularities of gradient, as for instance, where the river
course crosses a fault-scarp (p. 98) developed during the
initial uplift. Such features are ephemeral, however,
quickly disappearing as river erosion proceeds. Those
which result from inequality of downward corrasion are
longer lived and more important, though ultimately they,
too, vanish as the work of smoothing of gradient proceeds.
The crossing of a geological boundary, separating harder
rock upstream from softer rock downstream, always gives

OO ANEIE®D x> AMENED

[After Davss.
F1G. 87.—STAGES IN THE RECESSION OF A WATERFALL.

rise to steepening of gradient, since the softer rock is more
easily removed ; and, if the boundary plane is horizontal,
or gently inclined upstream, falls normally result (Fig. 87),
this condition being realized in the Niagara Falls, where the
hard, sill-like mass of the Niagara Limestone overlies the
soft Niagara Shales. A fall so constituted is liable to
constant recession, since the harder rock above the fall
is subject to persistent undermining by the powerful swirl
and eddy action which wears away the softer rock at its
foot. In this fashion a gorge arises, and it grows at a
much faster rate than a gorge cut by simple vertical
corrasion.! With the recession of the fall upstream its
height decreases, because the beds are dipping gently
upstream, and it must ultimately disappear (Fig. 87).
Where the boundary plane of the contiguous rock masses
is vertical, or steeply inclined, descent in a series of rapids
is more usual than a true fall and a similar effect is produced

1 In the case of the Niagara Falls the rate of rccession of the Canadiap
Fall has been estimated variously as from 1 to 5 feet per annum. It is agreed
that the American Fall has been receding more slowly. The gorge is now
7 miles long and assuming a rate of recession of 5 feet per acnum this would
have taken 7,000 years to excavate. The actual period was probably consider-
ably in excess of this,



THE FORM OF WATER-ERODED VALLEYS 161

where the rock-junction dips downstream at a moderate
angle. Shallow lakes constitute another type of irreg-
ularity in the gradient of a youthful stream. These, too,
have an cphemeral existence, since they are inevitably
drained by the lowering of their outlet in the course of
down-cutting.

At the end of a sufficient period of undisturbed con-
ditions a river will succeed in removing all the irregularities
in its course, and will tend to a state of equilibrium with
a relatively smooth course from source to sea (Fig. 88).
In such a state a river is said to be graded, or at grade.
The graded condition is one of exceedingly delicate balance.
It implies that at every point on its course the total
energy of the river is just sufficient to transport the avail-
able load. The bearing of the matter can best be seen
by considering the result of a temporary departure from
grade. If, for instance, the supply of debris slackens,
an excess of energy will become available for down-
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(4 jler Cotton.
F1G. 88.—THE GRADED CURVE OF WATER-EROSION,

cutting. Corrasion or degradation will therefore begin,
and this has the double result of reducing the slope, and
hence the energy, and augmenting the supply of debris,
both of which tend to re-establish the graded state.
On the other hand, if the supply of debris is increased it
is no longer possible for the river to transport it all. Some
of it will be deposited (aggradation) in such a manner as to
steepen the slope, increase the encrgy, and thus enable the
river to copc with its larger load. In thesc two cases
variation of load alone has been considercd ; the energy
of the river may be altered by other means, such as a
change in gradient or volume. In all cases, however, the
result is the same ; a train of adjustments is set in opera-
tion which combine to bring back the load and the energy
to a state of equality. No river ever becomes exactly
graded in the strict theoretical sense, and were this con-
dition reached it would soon be disturbed by a change in
one of the constantly varying factors which control it.
Grade is to be regarded as a condition of equilibrium
6
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towards which a river constantly tends. In practice, even
when a river has closely approached the state of truegrading,
it oscillates on either side of the state of equilibrium,
Nevertheless, many streams approach the ideal condition so
nearly that they may be spoken of as graded, in the broad
sensein which the termis generally used. Theconcave graded
curve or ‘ profile of equilibrium " is a fundamental and
readily recognized unit in the architecture of landscape.

The profile of equilibrium.—It is necessary to consider
very carefully the implications of the conception of a
profile of equilibrium and, in particular, to avoid certain
erroneous deductions which have been based on.it.

As already noted, sea-level acts as a base-level of
erosion with reference to which the grading of the river
takes place. It is, in fact, the fundamental base-level
which controls the whole process of water-denudation on
the land. Similarly, the point of confluence of a tributary
with the main stream is a local basc-level in relation to the
grading of the tributary. Evidently, neither sea-level nor
the levels of confluence points are fixed and immutable
over long periods of time, but for short periods they
represent the limit of ‘‘ terminal ”” down-cutting, i.e.
down-cutting at the mouth of the water-course.

Before general grading is attained, temporary local
base-levels may be cffective over parts of a stream course
Thus, where mountain streams collect in a lake which
discharges their combined waters in one outflowing
stream, the lake-level acts as base-level for the head-water
streams, until such time as the lake is drained by down-
cutting of the outlet or silted up by the growth and con-
fluence of deltas. Again, a series of resistant strata or
massive, poorly jointed portions of one rock mass may
retard down-cutting, and modify the profile of a stream
course in youth, by acting as local base-levels, each at the
lower end of a temporarily graded reach (Fig. 89). Such
base-levels inevitably cease to function as the development
of the river proceeds; the several graded reaches tend
to give place to one smooth curve which, however, is not
necessarily regular or simple in form.

It will be readily seen that in all cases the graded curve
will be first attained near the mouth or base-level point, for
here the amount of necessary down-cutting is least. With
the progress of time it proceeds backwards, i.e. head-
wards, from the lowest point. The grading of a stream
course thus involves keadward erosion.
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We may next inquire into the probable form of graded
river curves and, to clear the issue of certain miscon-
ceptions, we shall do well to recall the history of develop-
ment of ideas on this subject. As long ago as the seven-
teenth century it was recognized by Italian investigators,
concerned with the regime of the Po and its tributaries,
that the natural curve of water flow was concave upwards.
Galileo believed it to be the arc of a circle ; others pre-
ferred to regard it as a cycloid.! It should be noted, how-
ever, that the practical question bears little analogy to
that of the form of ‘‘ water-surface "’ in a regular channel,
of which the frictional resistance is known or assumed.
The latter problem is amenable to exact mathematical
treatment ; but the controlling conditions in actual river
courses are too complex for quantitative definition. In
1697, Guglielmini announced conclusions in general terms

F16. 89.—LocAL BASE-LEVELS DUE TO RESISTANT ROCKk MASSES.

which, in all essence, anticipated the concept of ** grading,”
due to American physiographers ncarly 200 years later.
He laid it down clearly that rivers modify the form of
their bed by erosion and deposition, in such fashion that
equilibrium is attained between ‘‘ force ”” and ‘‘ resist-
ance.” It followed, therefore, that the grading of a river
tends to be related to its velocity, its volume, and its load
(in modern parlance). Moreover, not only is the total
mass of the load involved, but so also is its size or
‘ calibre.” Fine-grained material is more easily moved,
and therefore requires a flatter slope than coarse material.

If these principles be accepted, certain practical con-
siderations at once emerge. An actual graded river
curve could only flatten regularly downstream if its volume
and mass and calibre of load underwent regular progressive
change in the same direction. Such a condition cannot,

1 A cycloid is the curve traced by a point on the radius of a circle as the circle
rolls along a straight line.
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in practice, be realized, and we should clearly expect the
entrance of tributaries to cause some break of slope. If
the channel is enlarged below the confluence, without
proportionate increase in the quantity or calibre of load,
the gradient should flatten ; if, on the contrary, large
quantities of coarse debris were supplicd by the tributary
a steepening of gradient should result.

It is further obvious that, even over a relatively short
period of time, the river is tending to a number of distinct
equilibria, appropriate to its varying volumes or levels.
The load and volume conditions at low-water may be very
different from those of flood. We note, however, that the
efficacy of the river in tending to shape a profile of equili-
brium is greatest at time of flood, when erosive and trans-
porting powers are largely enhanced. Therefore, the
actual curve at any time will be related most closely to
flood conditions over the preceding pcriod, and we may
best reconstruct it by taking levels on the flood-plain
along the river course, not of the water-surface in the
channel.

In the light of these considerations we see that not only
may actual profiles differ in varying degree from the profile
of equilibrium, but that the latter, if developed, will be
of a relatively complex form, which may defy simple
mathematical expression. It is true, as the sequel will
show, that portions of actual river curves can be expressed
approximately by empirical mathematical formule (p. 166),
but there is danger in associating the graded curve with
a definite mathematical form. It has been asserted in
some quarters that' the curves of main rivers are tangent
to sea-level. In a rough sense this is no doubt true, but
it is not an exact rclation, for rccent movements of sea-
level have drowned the mouths of all, or most, of the major
rivers of the world, and subsequently there has not been
time for complete grading to the new level. It is
demonstrably #nof true that tributary curves are tangent to
the curve for the main river. Each tributary represents
an equilibrium appropriate to the volume-load conditions
of the particular stream, and it is related to the main
stream only to the cxtent that the point of confluence
fixes the locally effective base-level.

Since it is impossible to associate any rigid form with
the condition of grading, the question inevitably arises—
how is this condition to be recognized ? Consideration
will show that the only practical method is to demonstrate
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o

that neither aggradation Fos
nor decgradation is in
Erogress. This cannot

e done by examination
of thestream itself, but it
is, nevertheless, possible
to see whether it has
recently trenched itself
in its flood-plain, or
shows any signs of recent
upbuilding. In practice,
the problem rarely arises
in this simple and direct
form, for recent changes
of base-level have
thrown most rivers out
of adjustment, and the
cxisting curves are com-
posite (p. 221). We are
therefore, in general,
looking not for evidence
of the graded state but
for evidence of regrading i
i1 progress.

Lastly, let us note and

avoid a serious error
made by certain
European physiograph-
ers in the nineteenth :
century. Basing their )
thinking on the earlier {
Italian work, which took
a ‘‘short period ' or i
engineering view-point,
they attempted to carry
over rigid pseudo-
mathematical conclu-
sions into the vastly
different field of geologi- i
cal time-dimensions.,
They thus reached the 2
astonishing conclusion , _Praijpro.g
that withthefirst attain- 8 °
ment of equilibrium all
downward erosion ceased. The curve in their view
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marked the theoretical limit of erosion, and by a com-
bination of such curves we could envisage the final
land-surface produced by denudation. This conclusion
is utterly false. The slope of graded streams must in-
evitably change with the passage of time, since both the
mass and calibre of the load and the volume of the stream
must themselves change. For instance, at an early stage
the stream will be transporting coarse debris down a steep
slope, while in later life it will be carrying finer debris down
a flatter graded slope. Major changes in volume and load
will, in general, supervene gradually, and we are entitled
to assume, in the theoretical analysis, that a stream once
graded will remain graded, or at lcast that it will tend
continually after the new equilibria demanded by the
slowly changing conditions. In so doing, it will present,
over a period of time, many different graded curves, the
later members becoming progressively flatter in form.
We cannot predicate any condition in which vertical
corrasion completely ceases.

The mathematical form of river curves.—Though it is
misleading to attempt to deduce the mathematical form
of river curves from general considerations and definitely
wrong to suppose that they tend to any fixed form, it is
legitimate to inquire what type of mathematical expression
best fits actual river curves. In this connexion some very
suggestive results have been obtained by J. F. N. Green.
He has shown that the curve for the upper part of the
River Mole ! (Fig. 9o) accords closely with that of a cal-
culated curve of simple logarithmic form, represented by
an expression of the type :

y =a — klog(p — x)

where y is the height in feet of a point above O.D., «x its
distance in miles from a point near the mouth, p the total
length in miles of the stream,? and @ and % are constants ;
for the Mole curve they have the values 241-5 and 65
respectively. A curve of the same type also fits approxi-
mately the profile of other rivers such as the Wey, Dart,
and Otter.

Particular significance attaches to the coefficient £ in
the above expression. It is proportional to the greatest

1 The lower portion is excluded, since it involves portions of other curves,
produced in later phases of grading to other base-levels (p. 221).

* In theory, the point a distance p from the mouth is the asymptotic
point at which the curve becomes vertical.
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curvature of the profile and may be termed the parameter
of the curve.

If we calculate the change in form of the Upper Mole
curve, accompanying headward erosion or a ‘‘ cut-back "
to the extent of one mile,
with unchanged position of
mouth, and a fixed para-
meter, we find that the
amount of down-cutting
would be almost negligible
in the lower reaches ; some
5 inches at 20 miles from
the mouth, 2 feet 6 inches
at 40 miles from the mouth,
but over 60 feet near the
head, 48 miles from the
mouth (Fig. 91). The con- b
ditions here represented are
unlikely, however. It is
evident that as a river curve
develops from a course,
assumed initially linear in
profile, the curvature,
initially zero, increases. If [Afer Green.
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. FI16. 91.—DEVELOPMENT OF RIVER-
the parameterthusincreases = proriLe unpEr DiFFErENT Pos.
TULATED CONDITIONS.

(a) Parameter and mouth unchanged.

as the river cuts back, the

disproportion between
down-cutting at the head
and in the lower course in-
creases,and if theparameterincreases fasterthanthedistance
between head and mouth the second curve rises above the
first in the lower course, implying aggradation. Green has
calculated that if, during a one mile * cut-back " on the
Mole curve, the parameter increases from 65 to 70, aggrada-
tion would ensue over about seven-eighths of the course,
with a maximum thickness (less than 1 foot) some 34 miles
from the mouth (Fig. 91). In this, as in the first-mentioned
case, the mouth is assumed to be fixed in position, but a
frequent result of back-cutting in such a case would be
delta formation, whether in an estuary or off-shore, i.e. a
definite lengthening of the course. This would lead to
much more considerable aggradation. If, in the case of
the Mole, 1 mile of headward erosion corresponded to
5 miles extension of course with delta growth, and the
parameter remained unchanged, there would ensue nearly

(b) Increasing parameter ; mouth un.
changed. (¢) Mouth advanced by delta.
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3 feet of aggradation at the former mouth, diminishing
upstream, for 40 miles (Fig. 91). With an increasing
parameter, the effect would be more marked. If we con-
sider a larger river, such as the Thames, for which Green
suggests that the parameter might be of the order of 500,
much larger aggradation figures would result. If for an
initial course 100 miles long, 1o miles of back-cutting gave
30 miles of forward delta building, aggradation would
extend for 105 miles up the new course of 140 miles,
attaining a thickness of 38 feet near the earlier mouth.
Rightly understood, the results of Green’s calculations
are of great interest and importance. It cannot be
asserted that all rivers must necessarily behave in the
fashion deduced. If we assume, however, that rivers
produce profiles of the above simple logarithmic type, and

i
>

-

F16. 92.—ALrLuviAL CONEs.

if during progressive change of form the profile remains
of the same mathematical type, then erosion and deposition
of the character indicated mwust inevitably ensue. Un-
doubtedly, the most significant principle emphasized by
Green'’s discussion is, that under the conditions postulated,
degradation and aggradation are not separate and suc-
cessive processes, but related integral parts of one process
of profile shaping. In any given phase of extension or
headward erosion, marked down-cutting will be con-
centrated near the head of the stream, while depositiop
occurs in the middle and lower course. It is particularly
to be noted that such deposition takes place without
change of base-level, or climate. These principles are
implicit in the general qualitative discussion of ‘ grade "
(p. 162), but Green’s investigation gives them clarity and
point, and enables us, further, to form some quantitative
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estimate of the correlated amounts of erosion and deposi-
tion.

The question inevitably arises : How far are the above
conclusions of general application? An answer can be
given only by confronting the deductions with the facts
of observation. The task is complicated by the fact that
changes of base-level, and of climate, have in fact occurrea
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T16. 93.—CONTOURED MAP AND SECTION OF AN ALPINE TORRENT.

during the shaping of the larger existing valleys, so that
the observed facts of aggradation correspond with more
complicated conditions than those envisaged above. The
simple laws of river erosion and deposition are, however,
admirably illustrated by the Alpine torrents studied by
Surell as long ago as 1841. These torrents, descending
into the major valleys—steep-sided glaciated troughs-—
have shaped their course in large part since the last
glaciation, without radical change in local base-level or
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climate. About their upper course is the half-funnel
shaped basin de reception, while their lower course is
across the surface of a cdne de déjection (alluvial cone or
fan) (Fig. 92). The
profile evidently
develops in fashion
closely analogous to
that deduced by Green
(Fig. 93).

Turning to the larger
valleys of the world,
and ignoring minor
complications, we ob-
tain a picture equally
consistent with Green’s
hypothesis. In gen-
eral, such valleys
show the results of
aggradation in their
lower and middle

l4fter Daws.  courses, while in the
F16. 94 —DEVELOPMENT AND DowN- upper courses degra-

STREAM ‘' SWEEP "’ OF MEANDERS. dationhasbeenrece ntly
in progress and may be still continuing.

River deposition.—The precise mechanism of river
deposition involves two distinct processes, each repre-
sented by its own type of deposit. We have seen that
development of meanders by lateral corrasion leads to
the development of a flat valley floor. Once this stage is
achieved, the ‘ sweep,” or downstream motion of
meanders, can proceed unchecked (Fig. 94). When
deposition begins the coarser debris (river gravel) can
only be laid down in or near the river-course. But over
a period of time the river-course comes to occupy every
possible position on the valley floor. Hence a shect of
river gravel can in time accumulate over the whole valley
floor, by the combined processes of up-building and
meander sweep.

If, at any stage, active aggradation by coarse debris
ceases, intermittent flooding can spread finer-grained
alluvia widely over the flood-plain. This is essentially a
different process, inasmuch as each layer of deposit is
contemporary over a wide area. Though the term
‘“alluvium,” in its widest sense, covers all river deposits,
British usage distinguishes between * river gravel "’ and
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‘“ alluvium,” restricting the latter term to fine-grained
flood deposits.! While such alluvium is spread as an
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F1G. 95.—Ox-Bow LAKES AND DEFERRED TRIBUTARY JUNCTION (MONTANA).

extensive sheet on the flood-plain, the bulk of the sediment
is dropped near the river banks, thus building natural
embankments or levees and rendering the transverse

1 Generally speaking the present valley floors of the world show alluvium
overlying river gravel. This points to a general change in conditions. In
the recent past active aggradation by coarse debris was in progress, while in a
still more recent period, extending into historical times, conditions of flood
alluviation have prevailed. The comprehension of this change mvolves a
consideration of the changes of base-level and of climate which have taken
place since the maximum of the last Ice Age. The same difficulty cogironts
any attempted study of the simple conditions of river deposition. Briefly,
we are restricted, in practice, to considering the valleys as they are, com-
plicated by the many vicissitudes of the last and shortest period of geological

history. We shall, therefore, return to the subject of river deposition on a
later page (p. 423).
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[Photo by H.M. Geol Survey. Crown copyright rescrved.
Fic 96 —MEaNDERS IN RIVER CUCKMERE, NEAR WEST DEAN, SUSSEX.

[Photo by A. J. Dully

- F16. 97.—THE ALLUVIAL FLOOD-PLAIN OF THE RIVER ARUN, NEAR
AMBERLEY, SUSSEX.




THE FORM OF WATER-ERODED VALLEYS 173

profile of the flood-plain slightly convex. The effect is
prominent in the lower parts of the Mississippi, where,
originally, natural embankments, several hundred feet in
width, served to impound the waters of moderate floods.
In such circumstances, a break through or overflow
causes diastrous flooding in the lower-lying * back-lands.”
Attempts to raise and strengthen the natural levees by
artificial means are rarely successful in the long run, since
they confine the flood current too narrowly and often
precipitate the disasters they are designed to prevent.

Flood alluviation, like aggradation by gravel, is closely
linked with the development of meanders. Flood alluvium
presents no considerable resistance to the growth and
movement of meanders, and the short-circuiting and
abandonment of meander loops in time of flood is a fre-
quent occurrence on flood-plains. The abandoned loops
form ‘ cut-offs,” ‘‘ ox-bows ’’ or ‘‘ mortlakes ’ which,
in time, become silted up with flood detritus and the peaty
residues of vegetation growing in the stagnant water
(Fig. 95). It should be noted that artificial diversion of
meanders has often been undertaken in the course of
canalization or flood prevention works; in many cases
all that has been done is to hasten an imminent natural
* cut-through.”

A related effect is seen in the common phenomenon of
‘ deferred tributary junctions '’ on flood-plains (Fig. 95).
A tributary course is prolonged downstrecam parallel with
the main river, its ultimate confluence occurring on the
convex side of a major meander. It is evident, in such
cases, that the mouth of the tributary has been drawn
downstream in the course of meander sweep. A limit to
the process is set by the approach of the next meander
upstream, which will finally ‘“ capture’ the tributary
at a time of flood-overflow, leaving its former lower course
abandoned.



CHAPTER XIII
THE CYCLE OF EROSION

The fundamental principles of the cycle of erosion.—In
the foregoing paragraphs we have traced the evolution of
a water-cut valley, treating it as a single isolated land-form.
The method there employed, and the terminology adopted,
may serve as a basis for the treatment of the development
of other land-forms, and more particularly of a landscape,
as g whole. A landscape has a definite life history during
which it shows a series of gradual clLianges, whereby the
initial forms pass through a series of sequential forms to an
ultimate form. We may broadly group the many succes-
sive stages into the major stages of youth, maturity, and
old age. Landscape evolution is thus envisaged as a cycle
which runs through a definite course™ of development.
Thus, starting with the simplest case, a newly uplifted sea-
floor, it is possible to make out deductively the successive
phases of relief which ensue from the operation of erosion.
We trace first the appearance of relief from an initially
featureless surface; its growth to a maximum as the
valleys are deepened; and its slow, but inevitable,
obliteration as the ridges are lowered, with the final
production of another surface of low relief. The recogni-
tion of the possibility of such eventual obliteration of
relief or planation is, perhaps, the first and most funda-
mental principle of the cycle of erosion. It proved, in
fact, the starting point of the fertile lines of study reviewed
in the following pages.

It is, therefore, clearly of prime importance to recognize
the stage of evolution attained in landscape development.,
But as in the case of a single valley, the process of sculpture
stamps its character on the country, while rock characters,
conveniently summed up under the term ‘‘ structure,”
are also potent factors in determining form.) We may say,
then, following W. M. Davis, that ‘ landscape is a function
of structure, process and stage.”

e are primarily concerned, for the moment, with the
cycle of normal erosion, i.e. erosion under the control
of normal river action. The conception of the cycle may
evidently be extended in some measure to cover the cases

174
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of** arid ” and ‘‘ glacial ” erosion ; and it proves eminently
applicable to the study of marine erosion. Such applica-
tions are discussed in the sequel.

The initial surface which forms the starting point of a
cycle of erosion may be of very varied forms and structures.
The simplest case is afforded by the uplift of new land from -
beneath the sea. We shall make the further simplifying
assumption that the uplift is rapid, so that there is no
time for any significant amount of erosion during its
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Fi1G. 98.— SragEs IN CycLE OF EROSION. — |

progress. The new land-surface wilt possess an initial
relief, due to original inequalities or deformation during
uplift. The first streams will show some relation to such
inequalities, but their courses will be, primarily, conse-
quent upon the broader, original or constructional slopes
of the surface. Such streams are known as comsequent
streams, and we may envisage the excavation of a series
of consequent valleys as the first stage of the cycle. The
characters of the valleys as they develop, stage by stage,

0 {From photograph of the Blue Ridge, Carolina.
F16. 99.—A MATURELY Dissectep UPLAND.

have already been reviewed. It remains to trace the
evolution of the landscape as a whole. {

The interstrcam areas or inferfluves will at first be broad
flat-topped ridges retaining on their summits extensive
tracts of the initial surface (Fig. 98). The progress of
valley-widening narrows the interfluves and, continuing
after active down-cutting has ceased, must eventually
destroy the last surviving traces of the initial surface.
This is a critical point in the development of the relief,
and one which is readily recognized on the ground (Fig. 99).
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It marks the first attainment of mature, as distinct from
youthful, dissection. ‘The rapidity with which this stage is
reached clearly depends in part on the texture of the
drainage, that is, the closeness of spacing of the streams.
During youth, tributary development will have been
proceeding (p. 189), and the
original interfluves will have
been cut into and subdivided.
The extent of tributary develop-
Y ment will depend, inter alia, on
F1G6. 100 —MANTLE E)‘;‘ﬂ"Rcoot‘:‘:: glle amognt of thef riinfanka nd

) ) e perviousness of the rocks.

WASTE ON Hirtsios It should be noted that the
attainment of mature dissection will not necessarily coincide
with the first maturity, or grading, of the drainage system.
A long period must elapse before the headwater streams
of a system are all graded. We may take maturity in
the river systems as dating from the grading of the main
stream and its chief branches. This will perhaps, normally,
but not necessarily, be complete by the time that
general mature dissection is attained.

The grading of waste sheets.—In early maturity we
should ‘expect the interfluves to be sharp-crested ridges
formed by the intersection of adjacent valley sides. The
aspect of a mature landscape is, however, considerably
affected by the quantity and arrangement of the dis-
integrated rock-waste which covers the slopes. In youth
the rock-waste is removed rapidly, owing to the steepncss
of the valley slopes. Though residual deposits may form
on the flat tops of the interfluves, the valley sides tend to
be broken by bare rock outcrops. Each has its temporary
scree slope beneath it, but any permanent lodgment of
waste takes place only in occasional hollows. The slopes
are, in fact, ungraded. In later stages, where slopes are
gentler, they become entirely covered with a mantle of
fine-grained waste (Fig. 100), which is in a state of constant,
though slow, transit downhill, under the influence of soil
creep or solifluction (p. 402). The slope then tends to a
graded condition comparable with that of a graded stream
course. It is as a result of this grading process that the
sharp divides of early maturity eventually take on a
rounded or convex form, contrasting with the concave
grade line of water-erosion. It is probable that the
process is only effective under moderate conditions of
rainfall. Active washing is absent and the whole of the

.....
........
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removal on the upper parts of the slopes is due to soil-
creep, whereby a thin layer of more or less uniform thick-
ness migrates from the ridge summit. Davis first noted the
nature of this process, thus summarized by Cotton: ‘ The
amount of material passing a given point increases pro-
gressively with distance of the point from the divide.
Hence, a slope increasing in steepness with distance from
the divide is required.” Lower down the slope, where
the ordinary wash of running water is the prime agent,
the normal concave profile reappears.

Convexity of the ridge-tops will not in general be
attained until active valley deepening has ceased. If the
active deepening of valleys is continued after the stage
of mature dissection, the ridge -crests will remain sharp,
representing the intersection of developing valley slopes.
Even in this condition the waste-sheets of the valley sides
may be graded, though the condition of grading must be
somewhat different from that of convex divides, involving
more active downhill movement and probably a greater
element of ‘‘ wash.” Such sharply-defined mature divides
are characteristic of many mountain regions. Under such
conditions deepening of the valleys proceeds concurrently
with an equal lowering of the ridge-crests. Valley line
and crest-top are linked by a graded slope in active motion.
Moreover, as Penck has indicated, if the valleys are equally
spaced, the ridge-tops will reach a constant height.
For parts of the Alps studied by Penck, the height of the
sharp ridges above the adjacent valley-bottoms is, roughly,
a quarter of the distance between the valley-bottoms.

In the later stages of the cycle, lateral corrasion, fol-
lowed by deposition, supervenes in the valleys, while the
rounded divides developed in middle or late maturity
undergo continued reduction. Thus maturity passes by
insensible gradation into old age, with the production of a
surface of generally low relief.

Graphical presentation of the cycle of erosion.—We may
express the progress of the cycle graphically as in Fig. 101.
The short introductory episode of uplift is represented
by dotted lines. The point A represents the average
initial height of the higher parts of the surface, while B
represents the average height of the lower parts. The
vertical distance AB is thus a measure of the average initial
relief. ' During the early stages of the cycle, the valley-
bottoms are quickly lowered while the ridge-tops are
virtually unaffected. The relief thus increases, as is
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shown by the divergence of the two curves on the graph.
It reaches a maximum at, or just before, the beginning of
maturity, when the last traces of the initial surface dis-
appear. Thereafter, the ridges begin to diminish in
height faster than the valley-bottoms are lowered, for
vertical corrasion is on the wane. The two curves thus
approach one another, representing diminishing relief.
In the later stages of the cycle the convergence of the curves
will slowly continue, but the process is immensely pro-
tracted, since erosion must decrease in intensity with the
reduction of height and steepness of the hills. To complete
the graph to scale, the theoretical ultimate point of con-
vergence would have to be placed far to the right of the
edge of the page.

The relation between uplift and erosion.—A leading
assumption made in the foregoing paragraphs, viz. that
uplift is effectively complete before erosion begins,

[After Davis.
F16. 101.—GRAPHICAL REPRESENTATION OF AN ERrosioN CyCLE.
AB, Initial rehief ; CD, Maximum relief.

evidently simplifies the first presentation of the cycle
concept, but we should clearly be mistaken in regarding
it as a necessary or invariable relationship. In general,
the cycle should not be regarded as beginning with the
erosion of an already uplifted mass. Erosion and uplift
inevitably overlap to some extent, and the cycle really
begins with the first emergence of a sea-floor, or the first
movement of deformation of a land-mass. We have seen
that the whole tenor of research on the growth of struc-
tures (p. 90), emphasizes the early beginnings and long-
continuance of earth-movements. The climax may super-
vene quickly, but the premonitory movements occupy a
long period. We must, therefore, be prepared to envisage
not only long-continued uplifts, but uplifts at varying
rates. The simple conditions postulated above are not
necessarily false in all cases. They represent not only
possible, but various actual occurrences. However,
-alternative time relations between uplift and erosion
must be examined and their consequences deduced.
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Certain simple interactions of uplift and erosion may
quite readily be conceived. Thus, very narrow, steep-
sided young valleys may mark regions in which rapid
elevation occurred concurrently with valley incision. This
explanation should rank as a working hypothesis in dealing
with canyon valleys. It involves an acceleration of valley
deepening compared with valley widening, as against the
hypothesisof suspension of valley widening through climatic
causes. The famous Colorado Canyon occurs in a region of
recent rapid uplift and probably owes its form as much to
this as to the aridity of the region (p. 158). Conversely,
valleys of open form, without flood-plains, would suggest
slow uplift, such that, while valley deepening was not com-
plete, slope grading had been able to keep pace with it.
Such valleys, to quote W. M. Davis, ** will, Minerva-like,
begin life with maturity,”’ the stage of youthful relief being
suppressed. o~

Upheaval ceases

-1 !
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F16. 102.—PENCK’Ss CONCEPIION OF A CYCLE OF EROSION DURING
LoNG-CONTINUED UPLIFT.

Upper and lower lines represent respectively ridge-crest and valley-bottoms.

It is to Penck that we owe the most elaborate and
systematic examination of the consequences of long con-
tinued uplift in the cycle of erosion. He conceived an
ideal cycle, in which a lowland was subject to broad up-
heaval into a dome, the uplift being fairly rapid and long
continued. The successive stages in the evolution of
relief are represented in Fig. 102. In Stage 1, the flat
interfluves are little eroded and gain in altitude by the
amount of the upheaval. Valley deepening, however,
does not keep pace with the upheaval, so that both
absolute altitude and relief increase. In Stage 2, the
interfluves have become sharpened by valley widening,
and, thereafter, are lowered as fast as the valleys are
lowered (p. 177). They now gain in altitude more slowly,
by the amount of uplift minus the amount of valley
deepening. The latter still fails to keep pace with the
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uplift, so, while the crest altitude increases, the relief
remains constant. In Stage 3, the streams, still cutting
down vigorously under the influeuce of continuous up-
heaval, deepen their valleys as fast as the uplift proceeds.
The ridges are still lowered as fast as the valleys are
deepened, so that both altitude and relief remain constant.
In Stage 4, uplift has ceased ; valley deepening continues
for a time, with concurrent reduction of the ridges;
altitude begins to decrease, but relief still remains constant.
Finally in Stage 3, the process of valley deepening slackens,
the ridges become rounded and are progressively reduced,
so that both relief and altitude slowly diminish.

In the same context, Penck briefly outlined two other
ideal cycles. In one, with marked uplift of short duration,
sharp-crested interfluves could not result, for valley
deepening would not be able to go far enough in the early
stages, when slopes were steep. The ridges would thus
pass directly to the rounded condition. In the other,
slow upheaval is envisaged, with the valleys deepened as
fast as the land is raised and widened faster than they are
deepened. This is essentially the condition noted above
(p. 179). The flat-topped interfluves would be degraded
as fast as they were raised, and sharp relief would never
be attained.

In considering the general question of relation between
upheaval and erosion, particularly in the light of Penck’s
first ideal cycle, there are several important points to be
considered. The stages of this cycle are not to be regarded
as in any sense ‘ natural”’ or inevitable. They are
possible, but they depend on a very special relation between
rate of uplift and rate of degradation.! It is at least open
to question, as Davis has contended, whether the relation
could be realized under the stated conditions of the
* experiment.”” Nevertheless, Penck’s argument points
to a method of deductive investigation of which the value
is independent of particular applications. Evidently, we
could vary the conditions still further by assuming a
variable, instead of a constant, rate of uplift. The reader
will find it worth while to reconstruct graphically further
imaginary cases, varying the conditions as widely as
possible. All such ideal cycles, however, are of little
value until the deduced results are successfully matched

1 To this extenﬁk genck’s scheme makes 1:lx:xore numeros:l: and, in some
respects, more unlikely assumptions than the simpler eme originall
propounded by Davis, which it 5 designed to replace or extend. Y
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with actual landscapes, for only thus can we assure our-
selves that the imagined conditions are within the field
of terrestrial possibility.

The most significant condition pictured by Penck is
the balance between rate of upheaval and rate of valley
deepening (and, therefore, of ridge lowering) in Stage 3.
Penck believes that this condition was realized in the last
phase of upheaval and sculpture of the Alps. Whether
this be so or not, it is clear that such a condition is likely
to occur in the central regions of uplift of a mountain range.
We have seen (p. 84) that the last constructional act in
mountain building is the broad up-arching of the folded
mass, and it is likely that the movement of uplift lasts
longest in the central regions. Penck’s first ideal cycle
may thus be applicable to the axial tracts of mountain
regions, while conditions more akin to his second or third
ideal cycles may hold in the marginal zones. On the other
hand, where the total amount and, probably also, the
duration of uplift was less, it is reasonable to assume that
the conditions pictured in Fig. 101 were often realized.
As evidence of the possibility and wide prevalence of
such rapid short-lived uplift we may note the extensive
survival of ‘‘ flat-tops ’ on upland summits, suggesting
the bodily hoisting of initial surfaces much faster than they
have been consumed. In any case, it is true to say that
the form of many regions outside the mountain zones is
indistinguishable from the form they would have assumed
under the conditions of Fig. 101, and that, as a rule, we
must necessarily remain in ignorance of the exact intro-
ductory conditions of a cycle of erosion.

The modification of normal erosion by climate.—The
scenic profiles of the middle stages of the cycle—the
stages of strong relief—reflect, in large measure, the
relation of valley deepening to valley widening, and this
depends, in part, on the relation between uplift and
erosion. It depends also on the general climatic con-
ditions. Within the general climatic field of ‘‘ normal
erosion,” which excludes only the hot and cold deserts
and their border zones, there is sufficient differentiation of
conditions to leave distinctive marks on the landscape.
Broadly, we may distinguish in this connexion between
the humid intertropical regions, the humid continental
margins of temperate latitudes, and the sub-humid con-
tinental interior regions.

In the humid tropics observation shows that ndge-
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crests tend to be sharp, and sharp conical hills abound,
while the slopes show a tendency to be concave. The
broad valleys may bear some resemblance to those of
glaciated regions. Two factors are concerned in producing
these results, viz. the heavy rainfall, and the intense
chemical rotting of the rocks. The concavity of the hill-
sides points to the prevalence of ‘ wash ’’ over soil-creep,
such as might normally arise from excessive rainfall.
There is, however, no doubt that land-slipping contributes
to the results. From many observations we may select
those of J. W. Evans, who noted that the Devonian
calcareous sandstones of the Bolivian Andes were rotted
to a friable and unstable condition on slopes. He observed
further that the Paleeozoic slates of the eastern slopes of the
Cordillera Real were converted into a red slippery clay
below 8,000 feet,and that ‘‘ the weight of the altered rock
becomes too great for its feeble coherence to sustain, when
a great mass separates and makes its way down the slope
in a derrumbado or landslip, leaving great reddish scars on the
valley sides.” It is significant that the trees of the tropical
rain forests are shallow-rooted, and therefore less effective in
binding the waste-mantle than those of temperate regions.

In the temperate regions we are concerned to trace any
significant differences between the wetter and the drier
regions of the rain climates, i.e. between the forest and the
grassland regions. As regards the regions of natural
forest, it has been contended in some quarters that a tree-
cover greatly retards, or even inhibits, slope grading and
the wasting of divides. As against this we may observe
that forested ridges commonly present the convex profile
which can only readily be explained by soil-creep. More-
over, in Western Europe at least, it may often be seen that
the attitude of the roots and trunks of trees bears the clear
impress of adjustment to downhill creep. That soil-creep
is a slow process is not to be gainsaid, but there is no reason
to doubt that, in the long run, it can catch up and keep
pace with decelerating downward corrasion.

As regards the grasslands it is difficult to say how a
turf-mat would compare with a tree and bush cover as a
soil-binder under equal conditionsof rainfall. Much,of course,
depends on the floral constitution of the turf. In general,
we should expect it to be less effective in resisting gullying,
but the study of conditions in Britain suggests possible
exceptions to this rule. On the broad scale, however, the
grasslands show lower rainfall and higher evaporation than
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the forestlands, and this is the significant fact for our
purpose. It is probable that the wasting of divides by
wash and soil-creep is relatively retarded in the grassland
areas and that, in consequence, the production of valley
flood-plains by lateral corrasion takes on a relatively
more important role in the shaping of landscapes, main-
taining steep bluffs at the bases of the very slowly wasting
ridges. Such a condition appears to be common over large
areas in Western North America.

On the semi-arid borders of the grassland zones entirely
distinct processes contribute to the modification of profiles,
notably the accumulation of the exported wind-blown
dust of the deserts, which tends to level up inequalities.
This, however, is a foretaste of ‘‘ arid erosion,” and in-
volves conditions not proper to the ‘‘ normal cycle.”

The late stages of the cycle of erosion.—Whatever varia-
tions are imported into the earlier stages of the cycle of
erosion, by uplift history or climatic environment, the
later stages must be closely similar in all cases. The forms
produced and the precise proccsses at work, however,
must necessarily be largely a subject for deduction, since
the current cycle of erosion has produced old-age forms only
locally, and over small areas. It is true that the ultimate
forms of ancient cycles of erosion are preserved for our
study in ‘ hill-top planes,” etc., but the method by which
these former plains were produced is still in dispute.

In the orthodox presentation of the cycle of erosion,
the later stages are represented as largely concerned with
the gradual lowering of the interfluves by atmospheric
wasting. This process is regarded as continuing long after
active valley deepening has ceased, so that it tends to the
obliteration of the strong relief of maturity, producing
in the limit a rolling lowland, on which rivers flowing with
gentle gradients are separated by low swells of the surface.
For such a surface W. M. Davis proposed the term *“ pene-
plain.” On the pencplain, thus conceived, differences of
rock resistance would have ceased to exercise any general
control on form. Nevertheless, local resistant masses, or
tracts spared by an accident of ‘‘ circum-denudation
might form residual hills, rising above the surface; the
term ‘‘ monadnock "’ from Mount Monadnock in New
Hampshire has been adopted as a general name for such
hills (Fig. 103).

It is evident that a peneplain formed in this manner
would not be mn any sense a level surface. It would
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necessarily retain a slope towards the coastlines, and might
stand relatively high above sea-level in the central parts
of a large land-mass. It is equally clear that its production
would require vast periods of time, since erosion would
decrease progressively in intensity with the reduction of
general relief. It has been estimated that North America
would be completely ‘‘ base-levelled ”’ in some 15 million
years if river erosion maintained its present rate. Allow-
ing for the inevitable slowing down of the process, twice
or three times this period would certainly be necessary.

In the light of these considerations, and of the known
instability of the continents, some writers have argued that
the cycle of erosion can never have run its full course, and

LAfter Cotton.
F1G. 103.—PENEPLAIN WITH MONADNOCKS.

that the * peneplain " is an unrealized and unrealizable
abstraction. It is undoubtedly true that extensive low-
lying peneplains, related to existing sea-level, are rare or
absent on the present continents, but this argument can
carry little weight when we remember that the lands are
now in course of active degradation following geologically
recent and recurrent uplifts. If we extend our scrutiny
in point of time we can recognize surfaces of low relief,
which may have been formed as peneplains, in two classes
of situation : (a) uplifted so as to form plateau surfaces—
or the summit planes of hills, (b) buried beneath later
sediments and coinciding, therefore, with the planes of
unconformity of the geologist. Denudation may partially
exhume surfaces of the latter type from beneath their over-
burden of sediments and hence they wmay reappear as
topographic forms in the landscape.
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The existence of such surfaces enforces what we may
regard as the fundamental principle of the cycle of erosion,
viz. that relief can be entircly obliterated ; but it by no
means follows that the surfaces were ever peneplains in
the sense defined above. Two other possibilities at least
must be considered. In the first place, flat upland sur-
faces and planes of unconformity have been interpreted,
particularly by DBritish geologists, as plains of marine
denudation, representing the ultimate product of wave
attack upon the land. In such fashion, nearly a century
ago, Ramsay explained the even skyline of the mountains
of South Wales. Where marine deposits rest on a plane
of unconformity, the ascription of a marine origin to the
latter seems at first sight a natural conclusion. Counter
arguments are not lacking, however. It has been urged
that marine planation is slow when compared with sub-
aerial levelling, acting simultancously over the wkhole
surface. In Geikie’s words: * Before the sea, advancing
at the rate of 10 feet per century, could pare off more than
a mere marginal strip of land . . . the whole land might
be washed into the ocean by atmospheric denudation.”
Again, as Davis has contended, ‘ a slight movement of
clevation usually sets the sca back to begin its work
anew . . ., but such an clevation only accelerates the work
of sub-aerial denudation. . . .” It is fair to add that
D. W. Johnson, a leading authority on marine erosion,
does not consider these arguments final. In particular the
figures on which Geikie relied over-estimated the over-all
rate of sub-aerial wasting by assuming a continuance of the
present rate of river-crosion. The general tendency of
recent work has been to justify the idea that, at least, some
of the ancient surfaces of low relief are essentially plains
of marine denudation. It must not be supposed, however,
that a covering of marine deposits necessarily proves the
marine origin of the surface on which they rest. In some
cases the sea advanced across a land-surface already far
advanced towards planation, and the waves finished, by
a final *‘ trimming,"’ the work that sub-aerial agencies had
already accomplished in essence.

Recently, C. H. Crickmay has launched a cogent attack
on the conception of the peneplain from another angle.
In his view the rate of wasting of divides has been over-
estimated. It is demonstrably slow under certain existing
conditions, and must become slower with diminishing relief,
He believes, therefore, that planation by lateral corrasion,
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which begins with the first grading of the streams and can
continue long after active deepening has ceased, must
assume a dominant role in the late stages of the erosion
cycle, causing the prevalence of broad flood-plains, thinly
veneered with sediment. He gites examples illustrative
of the power of lateral plana-
tion in meander growth and
migration, and states that
the observation of flood-plain
borders convinces him ‘‘ that
cliffs in these places are as
nearly continuous as cliffs on
sea-coasts,’”’ and that lateral
erosion by streams is as
important as wave erosion.
Such lateral erosion would
maintain relatively steep
slopes on flood-plain borders
B, 104STAGES IN r:l’;"‘l’)::';::’; till late in the cycle ; and the
Tion oFaN INTERFLUVE BY Latzrar, 2SPect of a landscape so
CORRASION. shaped would be very differ-
ent from that of a peneplain.
In the limit, he believes that the growing flood-plains would
become confluent, giving a surface much flatter than that
of a true peneplain, but with a general seaward slope.
This would involve the paring away of interfluves (Fig. 104),
of which, however, remnants might remain as monadnocks.
For the final confluent flood-plain surface, he proposes the
term panplane, analogous to *‘ panfan ”’ (p. 315). Finally,
he sees no reason to assume any great slowing up of lateral
corrasion in old age, so that on this theory it becomes
possible to assume that panplanation can be achieved
rapidly, by contrast with peneplanation.

Certain criticisms of Crickmay’s theory have been
offered elsewhere, and cannot be fully repeated here. It
can hardly be doubted that he has made an important
contribution to the theory of the erosion cycle, and it may
be conceded as probable that many so-called upland pene-
plains of limited extent are in reality panplanes, and that
in other cases the ultimate surfaces of sub-aerial degradation
have been produced by a combination of peneplanation
and panplanation. His case, however, is overstated if
it is intended as a complete abrogation of the concept of
peneplanation. Rolling landscapes of the peneplain type
are demonstrably in existence over areas of weak rocks.

i
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These are not, as Crickmay appears to suggest, curious
exceptions to the general rule ; they typify the potential
conditions of the vast continental areas floored by the less
coherent rocks. For thesc areas at least peneplanation
is a valid concept. Again, it is probable that the relative
advantage of lateral planation over general wasting of
divides is greater in the sub-humid than the truly humid
regions (p. 183). Moreover, all Crickmay’s estimates of
the relative rates of vertical and lateral corrasion and
‘“ wasting "’ are neccssarily derived from present land-
scapes, most of them far removed from old age. In
assessing the relative rates of processes with the passage
of the cycle he is thus in the same difficulty as advocates
of peneplanation. Such assessment is, in effect, extrapola-
tion on a curve of unknown form, lending itself to personal
judgment or assertion, but not to proof.

The conclusion of our discussion must be that erosion
surfaces of low relief can arise in at least three ways :
by simple peneplanation, by marine abrasion, or by pan-
planation. In many cases, an actual surface must arise
from the co-operation of two or all of these processes. In
so far as marine abrasion and lateral river corrasion alone
produce surfaces, these surfaces will tend to be more
nearly plane than a true peneplain surface.

}The cycle concept in geomorphology.—The basic ideas
of the cycle of erosion took their origin in the work of
Powell, Gilbert and others in the first geological recon-
naissance of the Western United States, during the latter
half of the nineteenth century. These regions of simple
structure and spectacular erosional land-forms, largely
unconcealed by vegetation, wcre well adapted to evoke
a realization of the fundamental laws of water-erosion.
The systematic presentation of the scheme of the cycle
was the work of W. M. Davis, and it is impossible to over-
estimate the debt of geomorphology to this pioneer and his
followers. The compelling advantage of the viewpoint
developed by these workers is that it affords the basis of a
genetic classification and nomenclature for land-forms, in
place of a morphological system. The equipment of
simple descriptive or morphological terms available in
older geographical literature is ridiculously inadequate,!
while the more modern morphological systems devised

1 See, for example, the terms listed and defined in Chapter V of The
International Geography, edited by H. R- Mill
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by certain German workers are insufferably prolix and
elaborate. A genetic nomenclature, such as arises from
the cycle conception, affords a means of expressing the
whole texture and build of a landscape in a few simple
words. While the several associated land-forms do not
march to their culmination in a rigid unison, they express
significant harmonies. For example, to state that a region
is maturely dissected implies a certain correlation between
the form of its several parts.

Apart altogether from differences of opinion as to the
balance of processes during the cycle, critics have not been
wanting to deny its value as a general method or philo-
sophy. To adopt the genetic viewpoint is to form a
hypothesis of the whence and the whither of the landscape
forms. Some have asserted a preference for a simple
statement of what is there, without consideration of
possible origins and ultimate statc. We must leave the
reader to judge whether this view is not needlessly narrow
and unimaginative and calculated to retard, rather than
advance, morphological study.

. Again, the cycle has been misinterpreted as a rigid

scheme, devised deductively without reference to the facts
of nature, and one into which the latter have to be forced,
if they will not naturally fit. On the contrary, it is a
sort of mental scale of reference by which the actual
facts of landscape are constantly compared. It has never
been assumed that the cycle need necessarily run its full
course ; the sequel will make clear certain of the actual
complexities which arise under this head. Nor need it be
supposed that the scheme and its nomenclature are
incapable of extension and refinement. In its essential
emphasis on ordered sequence, the cycle concept made a
major contribution to geomorphology, which gave life
to a dead subject. Land-forms, whether on the map,
the ground, or merely glimpsed in passing from a railway
carriage window, are seen in their true significance only
if it be remembered that they have developed, and are

developing.x



CHAPTER XIV

THE DEVELOPMENT OF DRAINAGE SYSTEMS AND
ADJUSTMENT TO STRUCTURE

Tributary development.—In discussing the general course
of the cycle of erosion we ignored, for the sake of simplicity,
the closely related processes of tributary growth and
‘“ adjustment to structure,” which, in fact, give much of
the significant dctail to water-sculptured landscape.

With a constructional slope of simple form we should
expect the initial drainage plan to consist of sub-parallel
consequent streams. We must allow also for cases in
which the form of the initial surface gives rise to con-
vergence and confluence of consequent streams. The
gullying action of rain on the sides of the growing con-
sequent valleys will initiate short tributaries which cut into
the interfluves by headward erosion. In the simplest
case these will be oblique in direction to the main stream,
following the resultant slope of valley side and general
regional slope. In their turn these first tributaries will
develop their own branching system of affluents, and so on,
till, in the ideal theoretical limit, the whole surface will
be resolved into slopes leading down to drainage channels.
In areas of homogeneous rocks such a process gives rise to
a simple, tree-like or dendritic, drainage plan (Fig. 103).
The texture of the drainage net will obviously depend,
inter alia, on the amount of rainfall and the proportion of
run-off, 7.e. the perviousness of the rocks. W. S. Glock
has sought to trace a systematic cycle of development in
such a drainage system (Fig. 105). During the earlier
stages a process of extension prevalils, involving lengthening
of the streams by headward erosion and multiplication of
tributaries. Later infegration begins, whereby the drain-
age system is simplified. This involves the absorption of
minor by major valleys (p. 192). The scheme has value
as a mental standard of comparison, but its full develop-
ment presupposes simple and uniform conditions both of
structure and of climate. In the comparative study of the
texture of actual drainage systems, the complications
introduced by variations of rock character and differences
of rainfall must be fully recognized.

189
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Of great general importance in the growth of drainage
systems is the development of subsequent tributaries.
Such streams, starting as gullies on the sides of the primary
consequent valleys, discover and explore belts of structural
weakness, due to softer strata (Fig. 84), fault- or joint-
planes, and shatter zones. In virtue of their chance-
found advantage, subsequent tributaries establish a long
start in both headward and downward erosion and pick
out the natural structural lineaments, or master lines,
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LAfter Glock.
F1G. 105.—IDEAL STAGES IN THE DEVELOPMENT OF A DENDRITIC
* DRAINAGE SYSTEM.

1, Initiation. 2, Elongation. 3, Elaboration. 4, Maximum extension
5 and 6, Stages in integration.

of the landscape. This marks the beginning of ‘‘ adjust-
ment to structure.”

In many familiar cases the nature of the structural
control of subsequent streams is evident, but this is not
necessarily the case. Headward erosion, in probing the
rocks, may react to differences of resistance which escape
the notice of the geologist. It should be noted that all
the first generation of tributaries to consequent streams
are ‘‘ subsequent,” in the sense that they arise subse-
quently to the establishment and incision of the conse-
quent streams. By usage, the term ‘ subscquent’’ has a
narrower connotation, referring to cases of obvious
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structural guidance. Tributaries of which the position
and direction appear to have been determined * by
chance,” i.e. by slight and unknown causes, may be called
tnsequent. The term is evidently applicable to most of the
tributaries of a dendritic drainage system.

The distinction thus drawn between subsequent and
insequent tributaries may well appear unsatisfactory to the
reader, and it certainly has more practical than theoretical
validity. The real distinction lies in the presence or
absence of regularity in the drainage pattern. The
structural features picked out and emphasized by sub-
sequent streams, whether they depend upon the form of

Carboniferous rocks

*e*e’s"o" | O/d Red Sandstone

o2 vl ord & Silurian rocks

F1t 106.—THE DRAINAGE OF SOUTH WALES.

WC, W. Cleddau; EC, E Cleddan; To, Towy; L, Loughor; Ta,
Tawe; N, Neath; A, Avon; T, Taff, R, Rhymney; E, Ebbw; U, Usk.
The arca shown as O.R.S. along the coast includes also Carboniferous and
later rocks.

rock outcrops or the pattern of fracture systems, generally
(though not necessarily) show a recognizable element of
regularity or repetition. This, then, becomes our working
criterion in distinguishing subsequent drainage in regions
of which the structure is incompletely known. In the
common case of ‘‘scarpland topography,” considered
below, the consequent streams run #ransverse to the grain
of the country, while subsequent streams have developed
longitudinal valleys on the less resistant rock belts which
trend more or less at right angles to the “ consequent
direction. In the South Wales coalfield (Fig. 106), the Vale
of Neath is essentially a subsequent valley developed along
a line of disturbance, probably a shatter belt, oblique to the
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line of the former consequent valleys directed towards the
south-east, and it serves to define a subsequent direction
followed by other streams in the western part of the coal-
field. Similarly, the influence of master-jointing on valley
plan is visible in many granite regions. In all such cases,
whether the network of major valleys is rectangular or
rhomboidal, the drainage plan may be described as
‘ trellised,” and onec of the dominant directions will
generally be found to be marked by subsequent valleys
The migration of divides : river capture.—In the earler
stages of drainage development, the divides between
streams are indistinct, but the partitioning of the area by
tributaries with the approach to maturity is marked by
an increasing definition of divides. A process of divide
migration then ensues, owing to the fact that neighbouring
streams are corrading, and therefore facilitating the wast-
ing of their valley sides, at different rates. The principle
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[After Cotton,
Fi1G 107 —PROFILE OF A SHIFTING DIVIDE,

Lowering of divide without shifting, dotted lines; with shifting,
dashed lines.
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Tesallll

here 1nvolved is sometimes termed the * law of unequal
slopes,”’ which was first clearly enunciated by Gilbert, in
his classic study of the Henry Mountains of Utah. The
steeper slope of an asymmetrical ridge or divide wastes
faster than the gentler slope and the crest-line migrates
away from the more actively corrading river (Fig. 107).
In regions of high rainfall, characterized also by re-
latively soft and impervious rocks, it is likely that divide
migration proceeds actively, early in the cycle. By this
means the large number of consequent streams is reduced.
Those possessing some initial advantage widen their
valleys at the expense of those of their neighbours, collect-
ing them as sub-parallel tributaries, or absorbing them
altogether (Fig. 108). To this process the terrr ‘‘ stream
abstraction ”’ has been applied. For obvious reasons it
can rarely be observed in operation, except under small
scale or semi-artificial conditions, as on tip-banks or cliff-
slopes. After this brief and early stage of ‘‘ natural
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selection ”’ is over, the migration of all divides will con-

tinue with the progress of the cycle. The further migra-
tion of consequent or primary divides, is, in general, slow.
Indeed, all divides separating parallel streams possess a
certain general stability, despite limited migration, for it
requires violent disproportion of activity on the two
sides to re-enact the phenomenon of stream abstraction—
virtually ¢ divide destruction ’—during the phase of
maximum relief. In old age, under the conditions
pictured by Crickmay such divides may be breached and
ultimately destroyed by lateral planation (Fig. 104).
The migration of secondary divides, more particularly
those separating streams of which the directions are
inclined to one another at large angles, or heading in
opposite directions, can lead to much more striking
results, amounting, in the limit, to actual drainage diversion
or river-capture. Fig. 109 illustrates stages in the capture

{After Cotton.
F1G. 108,—STREAM ABSTRACTION.

of the headwaters of the River Chattahoochce by those of
the River Savannah, in the South-cast United States. The
full circumstances of this interesting capture, as recon-
structed by D. W. Johnson, are too complex for recital
here, but it will serve as a striking illustration of capture,
in which one river is enabled to take the other on the
flank. Itshould be noted that Tallulah, where the capture
has taken place, is much farther from the Gulf coast via
the Chattahoochee drainage than from the Atlantic coast
by way of the Savannah.

Consider next the commoner case of two subsequent
streams heading in the same belt of weak strata and
flowing in opposite directions, each to its own consequent
trunk. If one of the consequent streams is degrading its
course faster than its neighbour it lowers the effective
base-level for its subsequent tributary, which, excavating
in soft rocks, shows a rapid response in deepening and
headward corrasion. It may thus progressively encroach

7
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on the territory of its neighbour subsequent stream
(Fig. 110), continually shortening it7<At length, the con-
ditions of Fig. 111 will be reached, analogous in some
respects to the case described above, and the final result

[After Johnson, ssmplsfied,
G. 109.—CAPTURE OF HEADWATERS OF R. CHATTAHOOCHEE BY
R. SAvaNNaAn AT TALLULAH FALLs, GEORGIA.

must be the diversion of the less successful consequent by
an ‘“ elbow of capture " into the basin of its vigorous
neighbour. The unsuccessful corsequent is thus beheaded,
and, deprived of its headwaters, will dwindle in size and
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become a misfit or underfit river, too small for the valley
in which it flows. Under suitable circumstances a dry
col or wind-gap may come to mark its former crossing of

[After Cotton.

F1G. 110.—CONDITIONS OF IMMINENT RIVER-CAPTURE IN A SUBSEQUENT
LowLAND.

The stream on the left is encroaching at the expense of that on the right.

the resistant stratum below the point of capture. The
floor of the wind-gap will be left at a higher level than that
of the neighbouring water-gap, deepened by the continued
vigorous action of the successful consequent stream.
Fig. 112 illustrates two wind-gaps abandoned through
capture in the country north of
London. It will be noticed that
short reversed (or obsequent) streams
flow from the wind-gaps into the
capturing subsequent stream.
Further reference to this region will
be made in the sequel (p. 211).

It is important to realize that
river-capture does not occur under
the above-mentioned simple condi-
tions only. It is a normal incident
in a veritable struggle for existence
between rivers,and may occur invery
varied circumstances—wherever, in
fact, divides migrate rapidly under
the influence of unequal erosion. o
There are few regions in Britain [After Davis.
which do not bear theimpressofriver-  Fic. rr1.—River-cap-
capture, though if a long period has _ TURE.
since elapsed, detailed evidence of the () Imminent. = (b) Com.
occurrence may be wanting (p. 211). pletec

The causes of the inequalities
which set in train the changes leading to river-capture
may be either climatic or geological. For whatever reason
the trunk stream is accelerated, or retarded, in its work,
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the effects are felt to the extreme limits of its drainage
basin, and it is for this reason that such marked contrasts
in erosive power may be manifest near the mutual boundary
of two drainage basins. Moreover, since renewed downward
corrasion is very often initiated at and propagated back
from the coast, distance from the sea, measured along the

i

550\\3 Y

F16. 112.—WIND-GAPS NEAR WATFORD.
Ground below 200 feet dotted, above joo fect shaded. 1 inch=1-5 miles
(approx ). A subsequent reach of the R. Colne has captured the headwaters
of the R. Gade and the Upper Colne.

river courses, often gives the measure of a stream’s ‘‘ aggres-
sive "’ possibilities.9g

Examples of adaptation to structure.—A survey of the
existing land areas reveals a great variety of structural
types and assemblages, and in a full morphological
survey each case would need separate examination to
make clear the interaction of structure and sculpture,
We must here confine our attention to two cases of
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systematic importance and widespread occurrence, viz.
(a) regions of uniclinal structure, (b) regions of close-spaced
parallel folding.

The evolution of topography in regions of uniclinal
structure.—Regions of uniclinal structure are those in
which a general regional tilt has been given to the con-
stituent rocks. If a thick succession of stratified rocks
of varying resistance is thus disposed, the resulting land-
scape is of the ‘‘ scarpland type.” Traced over a wider
area, such regional tilting will often appear simply as an
integral part of gentle or open folding, i.e. the uniclinal
tracts mark the flanks of broad basins, or arches. The

F16. 113.—THE ANGLO-GALLIC BasiN oF EARLY TERTIARY (EOCENE)
TimEs.

Directions of drainage indicated by arrows.

movements responsible for such a structure have generally
begun during the accumulation of the later rocks of the
series. They are brought to completion with the final
uplift above sea-level of these youngest sediments.

We may select the Anglo-Gallic basin of Early Tertiary
times as an example of such a region. The extent of the
Early Tertiary (Eocene) sea is indicated in Fig. 113. The
older rocks (Chalk, etc.) of the surrounding land area were
already inclined towards the margin of this down-warped
region. Rivers bore sediment to the basin from the south,
west, and north-west. Near the centre of the basin, an
elongated island marked the site of the present Wealden
region, and its flanks must have been drained by small
streams. Af a later date uplift converted all or most of
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the region shown into land. At the time of the uplift,
the marginal tilt around the basin was increased, and the
Wealden uplift was further emphasized. The earliest
drainage over the uplifted Tertiary sea-bottom must thus
have repeated and extended the centripetal pattern of the
earlier drainage, from the surrounding land, subject to
the major complication introduced by the Wealden uplift.
The emergent surface cowusisted of constructional slopes
defining constructional basins, and the consequent drain-
age arose in harmony with these conditions. Since then,
various major derangements of the simple scheme have
taken place, notably the submergence of the English
Channel region. Nevertheless, the existing plan of the
drainage, both in England and France, shows a plain
relationship to the ancestral conditions of Tertiary times.
The north-western margin of the basin, to-day the region
of the English Plain, affords a good example of a region
of fairly simple uniclinal structure, and exactly similar
conditions exist in North-east France. In both regions,
the thick stratum of Chalk which immediately underlies
the Eocene rocks has been cut through and worn back,
revealing the underlying Jurassic and Triassic sediments.
Elsewhere, as on the western and north-eastern sides ot
the Paris Basin, the progress of erosion has uncovered
older, more resistant rocks, forming the North-western
Massif of France and the Ardennes Massif. The drainage
conditions are thus more complicated.

Uniclinal structure also arises under the conditions
exemplified by the Atlantic Coastal Plain of the United
States. This region consists of marine and other rocks
recently uplifted with an easterly tilt, and added to the
margin of the older Appalachian land area (Fig. 147).
Such an episode must typify a common method of * con-
tinental growth.” The axis of uplift or tilting was parallel
with the old Appalachian ranges and the cxisting coast-
line ; hence the grain, or strike, of the structures maintains
a simple linear course for hundreds of miles. New conse-
quent streams arose on the uplifted sea-floor, and older
streams ‘‘ extended " from the Appalachian land-mass to
the new coastline.

It should be noted that the coastal plain conditions
which are simply exemplified in the Eastern United States,
in relation to an existing coastline, may be regarded as
holding for the margins of the Anglo-Gallic Basin, in
relation to the Eocene coastline. ‘Thus the South-east
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Midlands of England lie between the former Eocene
coastline and the old massifs of Wales, etc. (representing
the Appalachians), and the French scarplands are similarly
interposed between the Ifocene coastline and the uplands
of the Central Massif and the Vosges.

Assuming the conditions of a simply constituted coastal
plain adjoining an ‘‘ old land " (Fig. 114), let us trace the
first establishment of subsequent streams. The conse-
quent streams incise themselves in the constructional
slope formed, we will suppose, by a relatively strong
stratum, e.g. limestone. With the progress of down-
cutting they will reveal the underlying softer sand
(Fig. 115) in “ valley inlicrs.”” At these points the profile

—
{After Davis.

F16. 114 —CoASTAL PLAIN OF SEDIMENTS RESTING UNCONFORMABLY ON
OLDER ROCKS, WHICH EMERGE LANDWARD TO FORM AN ‘‘ OLDLAND.”

of the valley will become more open, and valley-side gullies
will extend readily in the soft sand, eating back into and
undermining the limestone cap. Thus subsequent streams
will be initiated, and with the deepening and widening of
their vallcys the edge of the main limestone mass will
appear as an escarpment, while limestone outliers might
survive for a time on the slopes of the ‘‘ old land.” The
expansion of the subsequent valleys of neighbouring con-
sequent basins will develop a * strike-vale,” along the
sand outcrop at the foot of the escarpment.! Streams will
descend the scarp-face to join the subsequent rivers.
These are classed as obsequent streams, or anli-dip streams.
Where, under similar conditions, several such escarp-
ments develop, the subsequent rivers will also receive
tributaries flowing down the dip-slopes of escarpments ;

1 It is this phenomenon which gives rise to the * peripheral lowland *
around the northern margin of the Massif Central of France. Peripheral
lowlands, in this sense, are the innermost strike-vales developed in a series of

gently inclined redimentary rocks dipping away from the margin of a massif
or ' old land.”
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these are parallel with the original consequent streams,
and have been called sub-consequent or secondary conse-
quent streams. These terms are, however, in some respects
misleading, and arc better replaced by the simple designa-
tion ‘ dip-stream.”

Fi1G 115 —VALLEY-INLIER IN CONSEQUENT VALLEY.
At such points subsequent tributaries are likely to be 1nitiated.

The coastal plain, when maturely dissected, thus takes
on the form of a series of strike-vales, separated by
asymmetrical uplands, or cuestas, each showing a scarp-
slope and a dip-slope. The drainage pattern in the
simplest case is notably rectangular, consisting of parallel

F1G. 116.—A SCARPLAND WITH TRELLISED DRAINAGE.

consequent streams, subsequent tributaries more or less
symmetrically developed, and again, dip and anti-dip
(obsequent) streams tributary to the latter. We have
already noted how such an arrangement facilitates river-
capture, and in normal circumstances this will follow
inevitably with the progress of the cycle (Fig. 116).



(Photo by M.M. Geob. Survey. Crowm cvpyrsght reserved.
F16. 117.—EGLWYSEG MOUNTAIN, THE ESCARPMENT OF THE CARBONI-
FEROUS LIMESTONE, NEAR LLANGOLLEN, DENBIGHSHIRE.

The lower ground is formed of Silurian mudstones on which the limestone
rests unconformably.

LPWw 2y A. §o Db

Fio. 118.—THE ESCARPMENT OF FHE SOUTH DOWNS, LOOKING s
EastwaARDS FROM BUury HiLL, SUsSEX.
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The character of scarpland landscapes reflects in large
measure the thickness and spacing of the scarp-forming
elements. The form of the escarpments depends on the
dip of the stratum concerned, the height being inversely
proportional to the dip. In the limiting case of horizontal
strata, the scarp-face is equal in height to the thickness of
the stratum and the dissection of such a rock sheet gives
rise to tabular masses, to which the name ‘ mesa *’ has
been applied. With a high dip the inclination of the
dip-slope may become equal to, or greater than, that of the
scarp-slope, and in this way more or less symmetrical
‘ hog-backs "’ arise. A good example of the influence
of dip on escarpment form is afforded by the range
of the North Downs in Kent and Surrey. South of

Approximate )line of Escarpment on Pen ﬁa?’; at ‘end of cycle

FIG. 119.—RE-ENTRANTS AND SALIENTS IN MATURE ESCARPMENT.

London, where the dip is low, the escarpment is high and
the dip-slope is broad and plateau-like. The dip increases
westwards, as is shown by the narrowing of the Chalk
outcrop, and near Guildford the increase is so rapid that
the escarpment rapidly loses height. Beyond Guildford,
where the dip reaches 30° the escarpment is represented
by the well-known ‘“ Hogs Back,” a roughly symmetrical
ridge less than a mile wide.

Escarpments undergo systematic changes of form during
the passage of a cycle. In maturity their initial straight-
ness becomes broken. Transverse valleys are marked by
re-entrants, while salients mark the interstream areas
(Fig. 119). The escarpment, as a whole, shows the phenom-
enon of ‘ uniclinal shifting,” receding in the direction
of dip in accordance with the ‘ law of unequal slopes,”
and losing elevation in the process. When active down-
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cutting has ceased in the transverse valleys no further
recession of the edge of the scarp-forming stratum is
possible here; but during the later stages of the cycle, reces-
sion can continue in the salient areas, and will ultimately
obliterate the salients. On the final peneplain, the
straightness of the original outcrops will be re-established,
though the escarpments themselves will have disappeared,
save for an occasional low monadnock. The peneplain
will consist of alternating belts of hard and soft rock,
covered to a large extent by river alluvia and rock-waste.
Such a surface is termed a ** belted outcrop plain.”

The evolution of topography on folded rocks.—A some-
what different set of land-forms will develop from an
initial surface which, with the rocks bencath it, has been

(After Cotton.

F16 120.—DEVELOPMENT OF SUBSEQUENT DRAINAGE ON FoLDED ROCKS.
The blocks a, b, and ¢ represent three stages of dissection.

thrown into parallel folds, fairly closely spaced. The main
consequent streams will here flow along the synclines,
forming longitudinal consequents, the direction of flow
being determined by the pitck of the folds. These streams
will have transverse consequent tributaries flowing down the
slopes of the structural arches (Fig. 120), and therefore
commonly favoured with a steep initial gradient. The
rapid down-cutting performed by these streams will
enable them, in suitable circumstances, to develop sub-
sequent tributaries which will be parallel with the original
longitudinal consequent streams (Fig. 120). The rapid
growth of these subsequents will breach the crest of the
arches, which will become strike-vales bounded by inward-
facing escarpments. Thereafter, the subsequent streams,
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cutting in soft rock, will deepen their valleys faster than
the original longitudinal consequent streams, leading tc
rapid recession of the escarpments and to progressive
diminution of the drainage area lying within the synclines.
In the limiting case, the longitudinal consequent systems
may be eliminated entirely, the synclinal areas remaining
as ridges capped with a remnant of the escarpment-forming
stratum (Iig. 121). This
clearly involves an * in-
version '’ of the original
relief. The general
synclinal structure of
ridges, and massesof high
ground generally, is a
common phenomenon.
. It is often explained by
: supposing that anticlinal
arches, subjected as they
are to stretching or ten-
sion, are structurally

N AR
PRI )
’/Qﬁ\ unstable, and particu-
ﬂ~:::5b larly amcnable to the

el Al .. attackof weathering

- agents acting along ten-
F1G. 121.—STAGES IN THE DEVELOPMENT g foint g d g ift

oF INVERTED RELIEF (SYNCLINAL Slon, JOl}l .S . an rits.
RIDGES). While this is in a measure

true, inversion of relief
is more truly attributed in most cases to the success-
ful competition of subsequent with consequent streams,
as outlined above. . It also implies that the surface in
question is far below the initial surface, and that a corres-
pondingly long period has elapsed since the initiation of
erosion.

Uninverted relief is not common, but some outstanding
examples may be cited. In the Jura Mountains, the
longitudinal valleys are synclinal (see further, pp. 212,
213), though the stripping of the anticlinal arches has made
considerable progress in some arcas. In South-west
Ireland, anticlinal ridges of Old Red Sandstone separate
synclinal vales, sited on softer Carboniferous rocks.
Similarly, in the Chalk tracts of Hampshire, the east—
west valleys are predominantly synclinal. Although in
these cases the relief is uninverted, there is good evidence
that we are not dealing with an initial surface, and the
longitudinal streams are not necessarily to be regarded as
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consequent. The origin of such synclinal valleys is more
complicated, and is dealt with in a later section (p. 213).

" Inconsequent drainage.—In the cases considered above,
there is a systematic relation between the drainage plan
and the structure, observable not only in the subsequent
adjustments but also in the direction of the consequent
streams. Where such relations are absent, the drainage
may be termed ‘‘ inconsequent.” Inconsequent drainage
may arise in at least two ways, which must now be con-
sidered.

Superimposed vrainage

Where a sedimentary covering, whether marine or
continental in origin, rests on an older land-surface, any
drainage system freshly initiated upon it will conform to
the disposition of the
surfaceof thecovering.
In time, however, the
streams will cut into
the underlying base-
ment of older rocks,
but by the time this
surfaceis reached they (After Trueman
are firmly established Fic. 122.—Inmmiat1oN oF THE SoutH WALES
in their courses and DRrAINAGE ON A COoVER OF MESsozoic Rocks.
can maintain them pletveen, the Moo st the oldec
independently of the stone and the Carboniferous rocks are shown.
structural features of
the underlying mass. At length, the whole of the younger
sedimentary cover may be removed, while the valleys have
become deeply sunk in the basement rocks. Sucha drainage
system is_called superimposed or epigenetic, and excellent
eXamples are not far to seek. In most of the tracts of
older rocks in Britain the drainage has certainly been
superimposed from a cover of younger strata, since re-
moved. It is agreed that the rivers of South Wales were
initiated on such a cover, of which the surface was tilted
towards the south and east (Fig. 122). To-day we find
the main streams making their way across the great coal-
field syncline, flowing first with the dip of the rocks and
then against it (IFig. 106). The Lake District provides
a further instance of superimposed drainage. The
mountainous heart of this district constitutes an inlier
of older Palzozoic (Ordovician and Silurian) rocks, highly
folded and faulted. On all sides these rocks disappear
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beneath a cover of newer strata, of which the oldest
member is the Carboniferous Limestone (Fig. 123). The
older rocks are anticlinally disposed about an axis passing
east-north-east—west-south-west through the north of the
inlier, near Skiddaw. The valleys, however, radiate from
a water-shed considerably farther south, passing roughly
east to west near Scawfell and Helvellyn. This water-
shed marks the crest of a broad anticlinal uplift in which

® & % % % Anticlinal axis
_____ Watershed

F1G. 123 —DRAINAGE OF THE LAKE DisirIcT.

Older rocks dotted and surrounded by Carboniferous Limestone escarp-
ment. Escarpment of Penrith Sandstone also shown. (Cf Fig. 53.)

the cover rocks were involved. With the removal of the
cover, the drainage system on the older rocks has retained
in large measure its radial plan. It is probable that the
uplift responsible for the drainage was Tertiary in date,
and involved a covering of Chalk, since removed from the
whole area. The Chalk would have rested discordantly
on all the older rocks (pp. 248, 252) ; so that the superim-
position has been double, first from a cover of Chalk on
to older Mesozoic and Carboniferous rocks, and then from
the latter on to the older Paleozoic rocks.
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A superimposed drainage system may be adjusted to
structure to a considerable extent, both during removal
of the cover and after arrival on the basement surface.
Fig. 123 indicates considerable development of subsequent
streams on the eastern side of the Lake District area,
along the present edge of the cover ; .e. at the foot of the
Carboniferous Limestone escarpment. Similar adjustment
has taken place at the foot of the escarpment of the
Penrith Sandstone (Permian). In both cases it is possible
to trace the line of former conscquent streams, now
beheaded by capture. Considerable adjustment to
structure is also in evidence within the Lake District
proper, where subsequent streams have developed along
the softer slate bands and shatter zones among the older
rocks. Similarly, in South Wales, the Tawe, Neath
and Avon valleys may be regarded as subsequent develop-
ments structurally guided, which have broken the con-
tinuity of former consequent streams directed towards
the south-east (Fig. 106). It is clear, therefore, that
lack of adjustment to structure cannot be made the
criterion of superimposition. We are concerned, rather,
with the absence of relation between presumed con-
sequent streams and the structure of the rocks over which
they flow.

The great continental formations, such as the Old Red
Sandstone and the Permo-Trias, rest, in places, on irregular
land-surfaces. The hills and valleys of the latter have
been completely buried under the later rock-mantle, but
if drainage is superimposed on such a surface it may
exhume the ancient landscape in part. Such conditions
are almost exactly realized in Charnwood Forest, where an
irregular landscape of resistant Pre-Cambrian rocks is in
course of reappearance following the removal of a cover
of soft Triassic marls. On the other hand, drainage
superimposed under these conditions may successfully
ignore the form as well as the structure of the undermass.
In the Bristol district, the removal of the Triassic marl
cover has brought to light a number of Pre-Triassic
ridges formed of Paleozoic rocks (Fig. 124). The streams
of the district trench these hills in striking gorges, of
which the chief is the famous Clifton Gorge of the Avon,
below Bristol. The general lowering of the country has
brought into being possible low-level routes round these
obstacles, but the drainage was established in its courses
long before such routes became available.
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\/:4 nlecedent Drainage

A second type of inconsequent drainage arises where a
river is able to degrade its course sufficiently fast to keep
pace with an uplift rising across its path. Such rivers are
termed antecedent. It is considered that the Columbia
River has thus maintained its course across the rising
Cascade Range, while the Ogden River, draining to the
Great Salt Lake, is regaided as antecedent in respect
of the recent uplift of the Wasatch Range. Similar
claims have been made for the head-streams of the Indus
and Brahmaputra crossing the Himalayan ranges. In

L4 4"

Fi1c 124 —PALZo0zOIC RIDGES OF THE BRISTOL DISTRICT, WITH
SUPERIMPOSED DRAINAGE.

Britain the course of the Lune between Tebay and Low
Gill has been treated by some as antecedent to the uplift
of the Lake District~-Howgill Fells watershed (Fig. 123).
However, this gorge, which forms such a vital link in the
railway communications of North England, may be ex-
plained by headward extension of the Lune across the
watershed, with resulting capture of streams beyond.
Kindred explanations should always be considered in
dealing with cases of apparent antecedent drainage.

In New Zealand, certain rivers, such as the Waipara,
Hurunui, and Waiau of North Canterbury drain eastwards
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to the sea through gorges in uplifted blocks. It is certain
that these streams are antecedent to the greater part of
the uplift, but their courses may have been established
as the result of earlier movements of the same series. For
such streams Cotton has proposed the term ‘‘ ante-
consequent,” since they are ‘‘ consequent on the earlier,
and antecedent to the later stages of a single series of
deforming movements.”’

It will be clear that the demonstration of antecedent or
ante-consequent relations demands accurate knowledge
of the uplift history of an area, often difficult or impossible
to obtain. The hypothesis of antecedent drainage, there-
fore, requires careful and sparing use. It may more
readily be invoked in the circum-Pacific lands, where recent
rapid movement has definitely been in progress, than in the
more stable areas of Eastern North Americd, Western
Europe, etc.

The term ‘ antecedent drainage " should nof be applied to
cases in which there has been general uplift of the whole
area, with resulting incision of all strcams (e.g. in the
Weald). Itis true that the streams in the Weald may have
flowed over a peneplain prior to the uplift, and having
thus a long prior history they are, in a general sense, ante-
cedent to all the existing land-forms. If, however, the
technical term ‘‘ antecedent ’ were thus extended, it
would embrace nearly all drainage systems. The essence
of the antecedent relationship is a successful contest
waged by rivers against Jocalized uplift.



CHAPTER XV
DENUDATION CHRONOLOGY

The revival of relief.—No actual or average duration
in years can be assigned for the completion of a cycle of
erosion ; it must clearly vary widely with conditions.
Nevertheless, it is certain that the periods of emergence
of the land-masses often greatly exceed the length of the
cycle, so that several cycles may follow one another to
completion in the same area. Thus, Tertiary time
represents about 6o million years, according to calcula-
tions based on radio-active minerals. During this period,
South-eastern England underwent complete peneplanation
at least once, while the current cycle has reached the
general condition of maturity.! We can reach the same
conclusion by another line of approach. Many regions
give the plainest testimony of having passed through one
or more former cycles of erosion, since they retain con-
siderable relics of uplifted and dissected erosion surfaces.
These marked the culmination of former cycles ; by uplift
they became the initial surfaces for current cycles, and
while they remain recognizable elements in the landscape
the two-cycle or multi-cycle character of the latter is
readily apparent. The landscape as a whole has been
revived by change of base-level, but bears traces of a
former condition.

Second cycle of erosion in regions of uniclinal structure.
Let us examine the progress of a second cycle of erosion
in a region of uniclinal structure, which has been reduced
to a ‘ belted outcrop plain ”’ and then re-elevated in
respect of base-level. A trellised drainage system, in an
advanced state of adjustment to structure, is already in
existence and the dissection of the area by the re-excavation
of strike vales will hence proceed very rapidly. In the
earlier stages of the second cycle the former peneplain
is revealed in the bevelled summits of the escarpments
(Fig. 125). Recession must obliterate the bevel event-
ually ; but, even then, the old peneplain will be suggested

1 The period also embraces two marine transgressions (Eocene and Pliocene),
but neither was of sufficient extent or duration to make the period, as a whole,
other than one of emergence.

210
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by the generally accordant summit levels. Further, the
escarpments will, for a time, inherit the straightness of
course which characterized them during the later stages
of the preceding cycle (cf. Fig. 119).

It is important to note that the drainage begins its
revived life in an adjusted state. A high degree of adjust-
ment, combined with relatively youthful land-forms, thus
becomes a criterion of the second cycle condition. The
river-captures of the first cycle will still be legible in the
pattern of the drainage, but there will now be no direct
evidence of the former continuity of consequent drainage
lines, ¢.e. the wind-gaps, opposite the elbows of capture,
will have disappeared in the levelling of the earlier escarp-
ments ; their former position is high above the present
land-surface. Adjustment to structure may, of course,
continue and become more complete during the second
cycle ; further river-captures may take place, and these

F1G. 125.—BEVELLED ESCARPMENTS

will evidently be marked by wind-gaps. An example of
the juxtaposition of first and second cycle capture is
afforded by the region north of London. We have noted
the evidence for capture in the current cycle, near Watford
(p. 195), but farther eastwards the consequent Upper Lea
is diverted eastwards at the foot of the Tertiary escarp-
ment (Fig. 126). Its beheaded continuation is recog-
nizable, but no wind-gap marks the former crossing of the
escarpment. The capture took place in a former cycle.
Second cycle of erosion in regions of folded rocks.—A
second cycle of erosion will also lead to interesting results
in a region of folded rocks. During a first cycle, as already
noted, the tendency is for subscquent streams to grow in
anticlinal vales at the expense of the longitudinal conse-
quent streams, with the development of intervening ridges
of synclinal structure. After planation and renewed
uplift the subsequent streams may incise themselves in
their anticlinal positions and thus lead to a topography
closely resembling that of the first cycle. This will
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happen if deepening proceeds in some thick, but relatively
soft, stratum which forms the cores of the anticlines below
the surface of the old peneplain. If, however, there is a
hard bed in the folded series, unexposed in the peneplain
surface but at no great depth below it, the down-cutting
subsequent streams may move by uniclinal shifting down
the flanks of the anticlines, destroying the synclinal ridges
and ultimately tending to occupy synclinal positions
closely analogous to those of the original longitudinal
consequent streams (Fig. 127). Such streams are called
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Fi1G. 126.—FIRsr AND SECOND CYCLE RIVER-CAPTURES, NORTH OF
LonpoN (cf. F1G. 112).

resequent streams, and though the surface over which they
flow resembles the initial surface of the first cycle it is, in
fact, many hundreds of feet below it. The recognition
of resequent drainage is often difficult. In some cases
it depends on proof of a previous planation of the area,
which definitely precludes the identification of the surface
with the initial folded surface. In other cases, it may
follow from a knowledge of the geological history of the
area, and, more particularly, of the date of the folding.
A good example 1s afforded by the Central Weald of Kent
and Sussex, where there are many good examples of
synclinal valleys for which resequent origin must be
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deemed probable. The folding took place in Tertiary
times and must have involved the Chalk, but the present
surface is not less than 2,000 feet below the former Chalk
surface which extended across the Wealden area (p. 240).
Though planation may be re-
garded as having commonly pre-
ceded the development of a ,.
resequent drainage, the same con-
dition might arise during the
progress of the first cycle if a
suitably disposed resistant bed were  b.
encountered during down-cutting.

In such case thesubsequent streams g g

might finish in synclinal positions
on the peneplain, and the new
cycle would lead simply to the
removal of any soft infillings of the
synclines. The longitudinal rivers
of Northern Hampshire and the
Central Weald are certainly rese- Fic 127.—Sraces v Tuz
quent, but at what stage in thc  DEVELOPMENT OF ResEe-
history of their regions they  9UENT DRANAcE.
assumed this condition cannot be stated with certainty.

The character and origin of summit-planes.—In the
foregoing paragraphs we have assumed conditions in
which relief is revived on the surface of a true sub-aerial
peneplain which, for a time, survives as a recognizable
summit-plane in the region. The landscapes of the world
present us with many examples of well-developed summit-
planes, but we cannot assume without further inquiry
that they are all peneplains in the narrow sense of the
term. Accordance of summit-level or bevelling of hill-
tops of itself does not prove a former pencplain. It may,
for instance, serve to mark an actual initial surface—an
uplifted sea-bed. In such a case, however, the surface
lies entirely in one stratum, whereas a pecneplain will
truncate the structures, passing indifferently across various
strata. The same discordance to structure will, however,
characterize a simple plain of marine denudation or a
plane of unconformity, however fashioned, exhumed
from beneath a sheet of ‘‘ cover-rocks " (Fig. 128). All
these possibilities must be envisaged in investigating
regional summit-planes.

It must be admitted that but few infallible criteria
exist for the distinction of sub-aerial from marine erosion
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surfaces, as such. The search for relics of marine deposits
is often fruitless, and, even if successful, it leaves us in
doubt as to whether such relics represent the thin partial
cover of a true plain of marine denudation, or the basal
members of a thin sedimentary succession, stripped from
a plane of unconformity. It might be expected that
residuals, i.e. islands projecting from a marine plain,
would show steeper slopes, due to cliffing, than sub-aerial
monadnocks, but this is a distinction which would tend
to pass with the passage of time. The most likely means
of differentiation lies in the fact that a drainage system,
initiated de novo on the plain of marine denudation, has
all its way to make in the matter of adjustment to structure,

OBy cont” Sevel

dip;
Lowe! §'of TeC
wuaw nm strpped.>

...... a
Tertiary outlier on Chatk 7"”0":1 outlier
on Chalk
—
01 b b
Flat-topped ridges capped by Clay-with-flints
Ory ualley
C

F1G. 128.—THE ForM oF THE CHALK DIP-SLOPES NEAR LONDON.

(a) South of the London Basin (Surrey). (b) North of the London Basin
(Berks and Bucks). (c) Strike section showing dry valleys,

and is unlikely to have achieved advanced adjustment
during the period in which hill-top bevelling remains
conspicuous.

The recognition of fossil erosion surfaces, whether they
be marine or sub-aerial in origin, presents other problems.
In general, we shall not strongly suspect such an origin
for a regional summit-plane unless it is cut in older rocks
and can be linked in imagination with a plane of un-
conformity, demonstrable beneath younger rocks within
the same major region (Fig. 129). In fortunate cases we
may find outliers of the cover surviving on parts of the
surface, but, if such are absent, we must base our con-
clusions on the general geological hvstory of the area and the
attitude of the surface in anestion. Tt will often he found
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that the basal planes of cover rocks, projected towards
upstanding uplands of older strata, pass far above their
surfaces. We must remember, however, that the gradient
of such basal planes is not necessarily uniform, and may
have decreased as traced away from the downwarped
lowland tracts towards bordering plateaux. It is even
possible to conceive of monoclinal bending of such surfaces
near the margin of the plateau area. However, if the
upland surface and the basal surface of the cover be
traced close to one another, and shown to intersect in a
distinct angle (Fig. 129), there will be a strong presumption
that the upland surface is the younger of the two, represent-
ing a primary, not a fossil, feature. The degree of adjust-
ment of the drainage also bears on the matter, for, as we
have seen in the previous chapter, superimposition of the

F16. 120 —THE DATING OF A SUMMIT-PLANE.

(a) By projection of a plane of unconformity (b) By projection of another
hill-top surface.

drainage must defer adjustment even longer than in
the case of a simple plain of marine denudation.

Whether a regional summit-plane be a primary or a
sccondary surface we must be prepared to seek evidence
of warping during uplift, shown by the differing altitudes
of unconsumed parts of the surface. Such warping may
modify the drainage system inherited from the previous
cycle, deranging the balance between neighbouring systems
and setting in train new adjustments to structure.

The concept of successive cycles of erosion.—The concept
of successive cycles of erosion has powerfully affected the
views held by geologists on the sculpture of certain
mountainous regions. In older writings the mountains
of Wales and Scotland were regarded as having arisen by
long continuous denudation acting upon the very ancient
rock-folds of these areas. It is now universally recognized
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that in these, and many similar cases, complete planation
occurred once, and probably more than once, so that the
topography bears no relation to that of the original folded
surface. In Wales, the existence of a widespread summit-
plane at 1,500 to 2,000 feet O.D. is readily recognized in the
view from the higher summits. These latter, Cader Idris,
Plynlimon, etc., rise as monadnocks above the ancient
plain, but most of the mountains have come into being
during its dissection (cf. Chapter XIII). In the Highlands
of Scotland a general summit-plane, at an elevation of
about 2,000 feet, is readily recognized in the view from the
higher peaks of the Grampians.

We are thus led to recognize that structural features are,
in general, old in comparison with the age of the relief-
forms. The only regions available for study which are in
their first cycle of erosion are narrow strips of coastal
plain, but recently uplifted from the sea, and young
volcanic mountains or lava-plains. In most other cases
reconstruction of the physiographic history leads us back
to some uplifted erosion-surface, not always indeed a
peneplain, but a surface which implies previous erosion
and former land-forms, now perhaps completely vanished.
It is important to realize that the earlier cycles of erosion
in an area have often left no trace of themselves ; their
existence is inferred on general grounds only. Thus, in
many areas, the outcrop plain is the only initial surface
which nced be considered in dealing with existent land-
forms. In elementary treatments of the subject of river-
development it is commonly assumed as a starting point,
but this must not blind us to the fact that the only real
initial surface in a normally constituted land-area is an
uplifted sea-bed. In areas of newer rocks,such, for instance,
as South-east England, it is possible to recognize the date
of the last general emergence, and thus to gain some idea
of the total amount of denudation which has taken place,
and to form a rough estimate, at least, of the number of
complete cycles which may have been involved in land-
form development. Terrains of older rocks are very much
more difficult to deal with. The earlier stages of their
denudation must generally remain a closed book, and we
must content ourselves with recognition of the initial
surface, generally a peneplain, of the current cycle of
erosion. But while the details of earlier cycles are often
perforce unknown, their existence is not in doubt. The
surfaces of the lands, no less than the sediments of the
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F16. 130.—THE LONGMYND FROM CAER CARADOC.

The Church Stretton valley in the foreground bounded by a fault-line
on its further (western) side. Even summit-plane of the Longmynd

bevelled across steeply inchned Pre-Cambrian rocks.

[Photo by H.M. Geol. Survey. Crown cop

F16. 131.—INCISED MEANDERS IN THE RugmoL VALLEY, PONT
ERwyD, CARDIGAN.

Note the upper valley with broad flat floor below which the meanders
are incised.
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sea-floors, enforce the truth of Ilutton’s classic dictum :
‘“ No trace of a beginning, no prospect of an end.”

‘Rejuvenation of relief—If the cycle of erosion 1s
relatively short compared with the intervals separating
major earth-movements, it is, nevertheless, long in relation
to the periods of minor changes of base-level. The cycle
can only move uninterruptedly to its close if it coincides
with a period of still-stand, i.e. of unvarying base-level,
unaffected by major climatic change. It is also sensitive
to such local and sporadic occurrences as volcanic eruption.

On general grounds it is very improbable that a cycle
of erosion has ever followed a completely unchequered
course. Of greater practical importance is the fact that
current cycles of erosion, which alone are available for our
detailed scrutiny, reveal the plainest evidence of frequent
small changes of base-levél, and, locally, of other sources
of interference. It is usual to class slight changes of base-
level as interruptions of the cycle, while climatic or
volcanic changes are classed as accidents. The latter
are, on the whole, of small systematic importance, and will
not concern us here.

The strictly logical treatment followed by W. M. Davis
treats any change of base-level as initiating a new cycle
of erosion, whether the previous cycle is complete or not.
It appears to the writers, however, that there are practical,
if not logical, advantages in regarding small changes of
base-level as initiating sub-cycles or epi-cycles, which are
essentially subdivisions of a major cycle of erosion. Ior
this view at least two favouring arguments can be urged.
First, since it has been credibly demonstrated that the
cycle of erosion has passed to essential completion at
many times and places, it has become, in some sense, a
unit of time complementary to, and comparable with, the
geologist’s stratigraphical time units. We cannot, it is
true, state its range of length in years, but the order of
magnitude involved is sufficiently plain, and with the help
of radio-active dating we may ultimately be able to
measure roughly the duration ot actual cycles in a partic-
ular region. If, then, the term ““ cycle " is also used for the
vastly shorter periods which have elapsed between
successive slight changes of base-level in recent geological
times, we are using the same name for time periods of very
different orders of magnitude. A second argument
proceeds from the fact that the recent conditions of rapidly
varying base-ievels, falling within or just after a major
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glacial period, are abnormal. The force of this considera-
tion will appear in the sequel (pp. 422, 423). For these
reasons we shall speak of the periods of time between
‘ interruptions ”’ as sub-cycles. A probable objection
to such a course is that we have no right to think of cycles
in terms of periods of time. While, however, this was
a wise limitation in the days when the cycle concept was
fighting for recognition, it should not now be insisted upon.
The complementary records of erosion‘and deposition both
mark the passage of time ; and for both a quantitative
basis should be persistently, if cautiously, sought.

Interruptions of the cycle of erosion may be brought
about by movements of elevation or depression of the
land itself. Such movements may affect large areas,
but they are, nevertheless, in the broad sense, local—
generally involving some element of bending or warping,
resulting in an unequal change of base-level. Further,
it is not probable that movements of the land in widely
separated areas are rigidly contemporaneous. At least
as important as such land-movements are movements of
sea-level, brought about by change in the capacity of the
ocean basins or by the waxing and waning of ice-sheets.
Since the oceans are in full intercommunication such
movements, termed eustatic (p. 52), are necessarily
world-wide, and they must operate with virtual simul-
taneity over the whole area. The problem of the resulting
changes of base-level is complicated, however. At first
sight it might appear that the rise and fall of sea-level
would be everywhere equal, but this is not literally true,
for a eustatic shift of sea-level is probably always accom-
panied by some movement of the land (p. 421). We have
seen that the crust sinks isostatically beneath an ice load
and is uplifted as the load is removed. In broader terms
we may say that the formation or dispersal of ice-sheets
involves a redistribution of ‘ load,” which must affect
the solid crust as well as the water envelope. It is equally
true that any major change in the capacity of the ocean
basins can only arise through some sort of earth-movement,
and that eustatic movements so caused must be associated
with some actual warping of the crust. Nevertheless,
it may be considered likely that an eustatic change of
base-level would maintain essential uniformity over much
wider areas than one due primarily to land-movement.

In face of these complicated possibilities it is necessary
to define the point of view of the geomorphologist and to
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emphasize the fact that he is more concerned with results
than with causes. The problems of the isostatic and
elastic movements of the crust, and the custatic movements
of sea-level, are primarily matters for the geophysicist
and the geologist. To the solution of these problems the
evidence of geomorphology may make an important
contribution. It can only do so, however, when the
results of land-form study are correlated over wide regions.
Pending such correlations, the student of land-forms may
be wise to give the answer ‘ Nescio ”’ to the question of
causes. Whatever be the cause of base-level changes,
the effect in the local sphere is one of ‘ uplift’ or
‘* depression.” Since, however, these terms beg the
question by suggesting that it is the land which moves, it is
better to speak of depression as a * positive ”’ (z.e. upward)
movement of base-level, and of uplift as a “ negative ”
(t.e. downward) movement of basc-level. The sense of
the terms may also be realized by remembering that, in
general, positive movement marks an advance, negative
movement a retreat, of the shoreline.
. Results of a negative change of base-level.—A negative
change of base-level gives rise to a complex chain of conse-
quences. Rivers immediately begin to regrade their
courses to the new sea-level, constructing a new curve,
which, by headward erosion, progressively replaces the
former curve. The junction of the two curves at any
time is marked by a break of slope, which may be referred
to as a ‘‘ rejuvenation-head "’ or ‘‘ knickpoint ”’ (Fig. 132).
The rate of upstream recession of knickpoints will evidently
vary with the character of the rocks eroded, resistant
rocks retarding the process. Thus, following the main
episode of emergence which created the Atlantic coastal
plain in the United States the rivers regraded their courses
rapidly in the sediments of the coastal plain, and the first
marked head of rejuvenation occurs near the line of
junction with the underlying more resistant rocks, which
build the Appalachians. Thus has arisen the Fall Line,
or, more accurately, the Fall Zone of North America,
where falls and rapids mark the descent of the streams
from the ‘‘ old-land ’’ to the coastal plain.

Knickpoints, marked by falls or rapids, are readily
recognized on many rivers, and have often been attributed
simply to the influence of * hard rock-bands ”’ (¥ig. 89).
This explanation misses a great part of the truth. In
early youth, during general active degradation, all varia-
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tions of rock-resistance tend to be reflected in the stream
profile, but, with maturity, such inequalitics disappear
in large measure. After this stage is reached there is,
short of considerable uplift and the initiation of an entirely
new cycle, only one method by which knickpoints can be
produced, viz. by small changes of base-level initiating
‘“ waves "’ of headward erosion. The recession of the
resulting knickpoints will be retarded by ‘‘ hard rock-
bands "’ and, during any given interval of time, a majority
of knickpoints will tend to be located on or near such
outcrops. Others will show no such relation, however,
nor will all the resistant rock elements cause breaks of
profile. In brief, then, variation of rock-resistance is not
the prime cause of knickpoints due to rejuvenation.

Examination of the profiles of rivers, particularly the
tributaries of main streams, commonly reveals several
knickpoints ; the profile curves are composite (Figs. 132
and 9o). In such cases we have evidence of several
successive stages of rejuvenation succeeding one another
before the preceding attempts at regrading are complete.
The preservation of such a composite curve seems at first
sight to imply a sort of diminuendo in rejuvenation, each
successive stage being less effective than the preceding one.
This is not necessarily the case, however. A major phase
of rcjuvenation must normally obliterate the handiwork
of all preceding minor stages, so that the composite,
physiographic record can only retain traces of stages of
regrading more advanced than any subsequent stage.
Part of the record is inevitably lost.

The composite long-profile of rivers can frequently be
correlated with composite transverse profiles, showing a
series of distinct valley-side facets, separated by breaks
of slope. The Ilatter, like the knickpoints, are not
necessarily related to structural features, though the
extent of preservation of the ‘ valley in wvalley ” form
varies with the character of the rocks. The relation of
knickpoints to valley-side facets is illustrated in Fig. 132.
In ascending such a valley each knickpoint marks the
passage from a younger to an older valley segment, and the
valley-side slopes become progressively gentler upstream.
We evidently cannot assume that the upper and older
portions of the valley have survived unchanged, since their
development was first interrupted, but the changes have
been relatively slow compared with those nearer the
mouth, so that the broader features of older stages of the
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landscape persist, pending the arrival of the knickpoint
next downstream.

River Terraces

The conditions shown in Fig. 132 are those likely to be
encountered in upland valleys cut in relatively resistant
rocks, but it must not be supposed that knickpoints are
always so diagrammatically obvious. With lowland rivers
of generally gentle gradient, the breaks of profile can be
detected in many cases only by -accurate levelling ; it is

|

not sufficient to construct the profile from contoured maps.
In such valleys, moreover, rejuvenation will commonly
lead to the incision of the river course below aggraded
flood-plains. In this fashion ‘‘ paired " alluvial terraces
are formed (Fig. 133 and 134).

River terraces are features of considerable geographical
and geological importance. They afford dry ground on
the valley floor, above the flood-plain, and commonly

[After Baslig.
FI1G. 132.—CoMPOSITE VALLEY FORMS,

F16. 133.—PAIRED RivER TERRACES.

hold supplies of underground waters, so that they have
figured prominently in localizing human settlement.
Moreover, in the terrace deposits are found the fossil
remains and stone tools of Paleolithic man. There is,
in fact, a vast and complex literature on river terraces in
their stratigraphical and archzological aspects. Their
physiographic relations have not always been clearly
comprehended, however. It is admitted that terraces
can form in more than one way, but there is no doubt
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that rejuvenation, in the fashion
described above, is accountable
for the terrace-sequences studied
in many of the valleys of Britain
and Continental Europe.

It is evidently important to
define the relation of terraces
to composite long-profiles. A
relation commonly found in
tributaries of main streams, and
smaller valleys generally, is illus-
trated in Fig. 135. Starting in
the lower part of the valley, the
lowest terrace grades back into
the flood-plain above the first
knickpoint, and at each succeed-
ing knickpoint the phenomenon
is repeated. Below a knickpoint
the corresponding terrace is
necessarily discontinuous, since
it is breached at tributary en-
trances and destroyed elsewhere
by the lateral swinging of the
rejuvenated stream. Ifsufficient
relics remain, the construction
of the terrace-profile may be a
simple matter, but in the correla-
tion of widely separated frag-
ments the method initiated by
O.T. Jones and J. F. N. Green is
very valuable. We can calculate
the approximate form of the
curve from the surviving upper
portion, and from any undoubted
terrace remnants referable to
the stage in question, and thus
decide the allocation of doubtful
remnants farther downstream.
Pursuing the method further,
we can estimate the level at
which a tributary formerly joined
its trunk, orinthecasecof astream
draining to the coast, the height
of the former marine base-level.
Thus, in the case of the River Mole, a considerable segment

Woolwich

ALLUVIUN

Clapham
Common

FLOOD PLAIN TERRACE

Battersea

—~—

F1G. 134.—THE TERRACES OF THE THAMES NEAR LONDON.
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o

of the upper course is graded to the Boyn Hill or ‘“ 100-
foot " Terrace of the Thames, a fact demonstrated both
by the calculated form of the curve in the upper river,
and surviving terrace-remnants downstream. It should
be noted that in such a case the upper portion of the
curve has been somewhat modified by erosion and deposi-
tion, continuing after the abandonment of the terrace
downstream, so that the reconstructed terrace curve
cannot exactly fit the existing upper profile. Further,
it is with the upper or terminal surface of the tcrraces,
not their rock-floor, with which we are concerned in
correlations of level, for these formed part of a former
profile of equilibrium.

In larger rivers successive stages of regrading have
progressed wholly, or in large part, to completion, so that
terraces are virtually parallel with one another, and with

F16. 135.—RELATION OF TERRACES TO COMPOSITE RIVER-PROFILE.

the present valley-floor, over long distances. Thus
Chaput rccognizes terraces continuous along the Loire
for long distances, at elevations of 5o to Go feet and
100 to 120 feet above the present flood-plain. Similar
conditions exist in the lower Thames Valley. On the other
hand, J. F. N. Green has noted cases in Southern Britain,
typlﬁed by the Sahsbury Avon, in which an upper terrace
is left ‘“in the air”’ by back—cuttmg at a lower stage
(Fig. 136). The relations of terraces to profilcs are there-
fore various and, since study on the above lines has only
rccently been undertaken, a full review must await the
examination of many more actual cascs. Meanwhile, it is
clear that with composite river-profiles, confusion must
result unless terrace heights are rcferred to Ordnance
Datum, not to the height of the local flood-plain, as
has often been done. Iurther, in correlation along the
valley, it is, as already mentioned, the upper construc-
tional surface of the terrace which should be considered
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The hidden terrace feature, cut in rock, also has its signi-
ficance, as marking a prolonged phase of still-stand and
lateral planation. With a
composite profile, however,
it cannot correspond with
any features of the upstrcam
profile, for the succceding
aggradation involves modifi-
cation of this profile. The
possible occurrence of cx-
humed rock terraces must,
however, be borne in mind. LAfter Green
Rock terraces might be ex- Y16. 136 —CoMPOSITE LONG-PROFILRE
. OF RIVER.
pCCt.ed to correspond with Terrace XY has been overrun by
marine benches, or notches, back-cutting at stage CD
cut in the contemporary
coastline (p. 422), but many such features have been
destroyed in later coastal evolution.

Incised Meanders

The incision of meanders during rejuvenation leads to
notable scenic effects, and is closely related to certain
terrace features. When

renewed  down-cutting
starts, meanders continue
their changes in form and
position,and thecharacter
of the resulting scenic
forms depends, in part, on
therelativerates of down-
cutting and meandershift.
Rapidincision givesriseto
‘“ intrenched meanders,”’
b

a

of more or less symmetri-
cal cross-section, while if
the incision is less rapid,
affording time for lateral
shift, ‘‘ ingrown mean-
ders ”’ result ! (Fig. 137). The character of the rocks
in which the incision takes place also has an

1 The difference between intrenched and ingrown meanders reflects 1n
some cases difference in the rate of ‘ uplft,”” more rapid uphift favouning the
mtrenched condition. Since, however, the two types can co-exist within
comparatively short distances along the same stream course, it is evident
that rock character must also be an important determinant of meander-form.

Relatively hard rocks, by retarding incision, may give time for laterai swing,
and the development of ingrown meanders

8

a. .
[(After Rich

F1G. 137.—INCISED MEANDERS.
(a) Ingrown. (b) Intrenched.
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mportant bearing on the results. Consider first the case
in which steady degradation is proceeding in a thick mass of
unconsolidated river alluvia or glacial drift, filling the
bottom of a valley. Meanders will migrate downstream,
and each time the meander belt approaches the valley-side
its floor is lower than on its previous visit and it may
completely cut away the former
flood-plain, or may leave aremnant
as a terrace. The process is illus-
trated in Fig. 138. It will be clear
that it may lead to formation of
erosional terrace-surfaces cut in
earlier alluvium, or other drift,
at any level. Preservation of
such terraces depends on the
vagaries of meander-swing, and
they have a totally different signi-
ficance from the *“ paired terraces ”’
described above. The latter re-
present a series of distinct phascs
of rejuvenation, after each of which
, regrading hasachieved considerable
Afer Cotton.  headway.  Erosion-terraces cut

Fl% 138 ~DEVEL0§{MENT oF jn drift reflect a continuous process.
samce 1% Sort Inenr. They are not paired across the
ING OF VALLEY. valley, but tend to alternatein level
from side to side. Unchecked

meander-swinging during slow degradation would normally
lead to almost complete destruction of all the temporary
erosional terraces ; but it has been pointed out that buried
spurs and rock-bars laid barein down-cutting or emergent

F1G. 139.—TERRACES PROTECTED BY ROCK-LEDGES, CORRESPONDING
TO BURIED SPURS.

rock-ridges through which the stream cuts in gorges, form
fixed nodes on the river’s course, near which the meander-
swinging is restricted. In the vicinity of such points the
‘ flights "’ of erosional terraces tend to be fairly complete.

(Fig. 139).
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The incision of meanders in coherent rocks also gives

rise to varicd effects. If, with
major meanders of ingrown type, the
lateral shift is slow and long con-
tinued, it may cxtend over several
minor periods of rejuvenation. In
such case a flight of terraces may
mark the‘‘ slip-off slope” of the
developing meander (Fig. 140), each
corresponding to a phase of aggrada-
tion on the outer edge of the curve,
leaving the former flood-plain largely
intact. This phcnomenon is well
seen on the Thames near Radley,
though the terraces are far from
continuous.

[After Cotton.

I16. 140 —FLIGHT OF
TERRACES ON SLIP-OFF
SLOPE.

The terraces have been
abandoned 1n course of uni-
chinal shifting or meander
development.

It will clearly tend to  ccur wherever uniclinal
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Fi16. 141.—THE NEWLAND

ABANDONED

[After A. M. Davses,

INCISED

MEANDER AND MEANDER CORE.
(Scale 1 in.=1 mile approx )

shifting, of whatever cause, operates during rejuvenation.
Spectacular results ensue from the abandonment of incised
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meanders, following * short-circuit '’ cuts through spurs.
In its essence the process does not differ from the short-
circuiting of flood-plain meandcrs, but the results are
more marked and permanent. As in the latter process,
the broadening of meander-heads to a ‘‘ fan-tail ’ form
narrows the bases of the spurs until a break-through
occurs. Excellent examples of the results of this process
have been described by A. M. Davies from the Wye
Valley and elsewhere (Iig. 141). The abandoned loop
remains as an arcuate valley, dry in its central parts, but
draining from its ends to theriver. The floor of the central
portion stands well above present river-level, since down-

jow‘“;mo\

Llangol

[After Wills.

FIG. 142.—ABANDONED INCISED MEANDER, PLUGGED WITH GLACIAL
DRIFT, NEAR LLANGOLLEN.

Drift plugs shown in black. (Scale 1 in.=1"5 milcs approx.)

cutting has since continued. The severed spur, or meander
core, remains as an isolated conical or flat-topped hili.
There is no reason to doubt that these effects can arisein the
normal course of river-erosion, particularly in regions of well-
jointed limestone rocks where it may be assisted by under-
ground solution (p. 291). The intermcdiate stage, in
which a natural bridge crosses the cut-through, is known
in such limestone regions. On the other hand there is
little doubt that the abandonment of incised meanders
has often becn assisted, if not brought about, by the
plugging of portions of the original looped course by ice
or glacial drift. This was certainly the case for the great
abandoned loops of the Dee near Llangollen (Fig. 142).



CHAPTER XVI
DENUDATION CHRONOLOGY: SOME EXAMPLES

IN the following pages we shall seek to summarize and
exemplify the principles indicated in the last chapter
by reference to certain areas of which the morphological
history can be reconstructed, in outline at least. Such
reconstructions form the last chapters in the geologist’s
volume of records, the processes of landscape-shaping
overlapping in time with the later depositional episodes.
Equally, they form the preface to the geographer’s work,
in which the landscape is the background of human
occupancy.

The Appalachian region.—The Appalachian region of
the Eastern United States claims our attention, not only
for the intrinsic interest of its geological history and present
land-forms, but because it has becn the scene of classic
work in geomorphology. The work of W. M. Davis, orn
the drainage of Pennsylvania and of New Jersey, extended
and gave precision to the basic ideas worked out by
Gilbert and others in the west ; it is a veritable landmark
in the history of the subject. Later work, particularly
that of D. W. Johnson, has opened up some of the questions
anew and led to the building up of a connected scheme of
evolution for the whole area. For us, not the least
interesting aspect of Johnson’s work is the evident analogy
of the conditions he portrays with those holding in Europe
at about the same time.

The original Appalachian Mountains were raised by the
crumpling and upheaval of a great geosynclinal tract
towards the end of Palxozoic time. East of the geo-
syncline (Fig. 143) lay a considerable land-mass, probably
extending far beyond the present Amecrican coast, and
called by American geologists ‘‘ Appalachia.” From this
land-mass much of the sedimentary infilling of the geo-
syncline was derived. Westwards of the geosyncline
shallow seas spread over the region of the present Miss-
issippi lowlands. In the course of the orogenesis the
western border of Appalachia, consisting of ancient
crystalline rocks, was driven against, and partially over,
the thick sedimentary pile to the west, which was thrown

229
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into close-spaced parallel folds. Beyond the western
border of the geosyncline, where the sedimentary cover
was thinner, the disturbance of the rocks was much less
marked (Fig. 144).

In the belt of intense folding we can, very roughly,
reconstruct the form of the original folded surface, by
projecting upwards and
completing the structures
of the present surface. In
the nature of the case such
reconstruction cannot be
accurate, but it suffices to
give some rough measure
of the vast changes in land-
scape which have since
occurred. In the present
structure and morphology
of the region we note the
following zones succeeding
one another from west to
east (Fig. 145) —

l(a) Thef Allegheny
plateau of flat-lying or
Be. 143'_TI;?,NACIL’?£;ACHIAN Gzo- ittle disturbed Pal:e%zoic
sediments ; this represents

the western marginal area of the original geosyncline.

(b) The * Newer Appalachians —the zone of intensely
folded Paleozoic sediments corresponding with the original

[

[After Longweil, Knopf and Flind.
F16. 144 —Tue APPALACHIAN OROGENESIS.

The lower diagram shows the folding and faulting of the rocks accumulated
in the geosyncline shown in the upper diagram.

geosynclinal belt. To-day we see merely the roots of the
former mountain chain. The Mewer Appalachian zone
extends from the St. Lawrence Valley to Alabama. On
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the whole, it is marked by relatively low ground, but
throughout its length, and particularly in Pennsylvania

F1G. 145.—THE STRUCTURAL REGIONS OF THE APFALACHIANS.

In order from east to west: Coastal plain=white; Piedmont and New
England plateaux=vertical shading; Trnassic belt=dots; Blue Ridge and
its continuations=black ; Folded belt (Great Appalachian Valley)=white;
Allegheny plateau=oblique shading.

and Virginia, the resistant rock-elements stand in sharp-
crested, level-topped ridges, separated by subsequent or
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resequent vales excavated in weak rocks (limestones and
shales).

(¢) The ‘ Older Appalachians ”—a zone of ancient
crystalline rocks representing the western border of
Appalachia. In the south this zone embraces the low
Piedmont plateau ; while in the north it is represented by
the New England upland. In both regions the western
border is elevated, giving the Blue Ridge and its variously
named continuations in the south and the Taconic Range,
White Mountains, etc., in New England. Strips of
Paleozoic sedimentary rocks are locally faulted down into
the crystalline mass, and being less resistant have been
etched out as subsequent troughs. Between its maximum
developments in the southern and northern regions, the
old crystalline zone narrows markedly, and a lowland
floored by infaulted Triassic rocks is included within it
in the New Jersey region.

(d) The Atlantic coastal plain, which consists of Cre-
taceous and post-Cretaceous sediments resting on the
buried floor of crystalline rocks and dipping gently sea-
ward. The boundary of this zone and the Piedmont is
marked by the Fall Line (p. 220).

The relation of the drainage to these several structural
elements varies considerably from place to place, though
certain underlying elements of unity are discernible. In
the south the main water-parting is the Blue Ridge, from
which streams flow west to the Mississippi Basin and south-
east or south to the sea; and in the Newer Appalachian
zone there are important and continuous longitudinal
or subsequent elements in the drainage. In the north
the main water-parting is at the Allegheny Front, the
great escarpment which marks the eastern limit of the
plateau ; from this line rivers flow westwards to the Ohio
and eastwards across all the structural zones of the region
to the Atlantic coast; in the Newer Appalachian zone
the transverse rivers reccive important subsequent tribu-
taries, but subsequent drainage is less dominant than
in the south.

The sequence of events by which the present drainage
system came into being has been variously interpreted.
Confining our main attention to the Northern Appalachian
region, where most of the detailed investigation has been
done, we may note the following facts which have to be
reconciled in any acceptable solution of the problem.
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1. The reconstruction, by upward projection of present
structures, of the original form of the folded Appalachian
ranges suggests that the original main drainage lines must
have been directed towards the west.

2. The existing main drainage is directed towards the
south-east, crossing the ridges of both the Newer and the
Older Appalachians. The accordant summit-level and
bevelled form of these ridges show clearly that the region
was reduced to a condition of low relief and then uplifted,
with trenching of the drainage across the revived ridges.
The summit-plane of the New Jersey region is referred to
in the literature as the Schooley peneplain, being well
developed on the flat top of Schooley Mountain east of
Hackettstown (Fig. 146).
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F16. 146.—THE SCHOOLEY PENEPLAIN,

3. Some, at least, of the divisions of the coastal plain
sediments must formerly have extended westwards beyond
their present limits; and to some extent, therefore, the
existing drainage must have been superimposed from the
coastal plain cover, which rests on a peneplained surface,
itself tilted, like the overlying beds, towards the coast and
emerging from beneath the cover over a limited zone near
the Fall Line (Fig. 147). This surface has been termed the
Fall Zone peneplain.

4. The drainage systems of the region, as a whole, show
a very perfect adaptation to structure. The infolded
weaker elements of the Newer Appalachians and the
similar infaulted strips in the older crystalline mass are
all coincident with well-developed subsequent or resequent
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valleys. Wind-gaps in the ridges attest the occurrence
of river-capture, since the uplift of the Schooley peneplain,
t.e. in the post-Schooley cycle. There are also cases of
apparent diversion of consequent drainage nof marked by
wind-gaps, and therefore to be referred to a * pre-Schooley
cycle " (p. 211).

For the greater part, these facts form common ground
for all those who have studied the subject, but opinions
have differed on two questions of outstanding importance,
viz. the former inland extent of the coastal plain cover,
and the identity or otherwise of the Schooley and Fall
Zone peneplains. Davis, in his pioneer works, assigned
a very limited former westward extension to the coastal
plain cover. Further, he assumed that such extension
was over the surface of the Schooley peneplain, which he
treated, therefore, as the inland continuation of the Fall
Zone pencplain. His picture of the conditions immediately
precedent to the initiation of the present relief-forms thus
involved one pencplained surface, covered with Cretaceous
deposits over a limited area on its eastern side, but for
the rest a Cretaceous land-surface. In Pennsylvania he
derived the existing drainage by an ingenious, but complex,
reversal of the original westward drainage, without
assuming any former coastal plain cover in the region.
In New Jersey he assumed the presence of such cover only
in the eastern part of the region.

While the interpretation given by Davis affords a
credible picture of the drainage as a whole, there are
certain general characteristics and particular features of
the drainage system for which it fails to account. In
1928 D. W. Johnson announced an alternative hypothesis,
since developed more fully, which, while set forth with
studied moderation and fairness to alternative views,
will certainly carry a large measure of conviction to many.
In essence, it involves a former great inland extension of
the coastal plain cover across a surface higher and older
than the Schooley peneplain—none other, in fact, than
the Fall Zone peneplain. He thus envisages regional
superimposition of the drainage near the beginning of the
cycle which culminated in the Schooley peneplain. The
elements of this hypothesis will be readily gathered from
Fig. 147. We cannot here treat in full of Johnson'’s long
and closely reasoned argument, but we may briefly
indicate the type of evidence used and the general con-
clusions reached.
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The evidence favouring Johnson’s hypothesis derives
from a wide field. A first essential point is the establish-
ment of the existence of two separate peneplains inter-
secting in the vicinity of the I'all Line. Work by Renner
contributes to the support of this conclusion. Not only
is the angle of intersection sharp, where favourably
preserved and exposed, but it is continuous for long
distances. An hypothesis which makes the two surfaces
continuous across a line of warping, involves the coin-
cidence of such a line with the inner edge of the present
coastal plain for hundreds of miles. Such a relation would
be almost impossible to explain. Moreover, it can be
shown, by the evidence of borings, that the stcep slope of
the Fall Zone peneplain in its region of emcrgence is not
a local feature due to monoclinal bending, but is continued
seawards beneath the cover. Further, it may be noted
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F16. 147.—RELATION OF SCHOOLEY AND FALL ZONE PENEPLAINS.,

that proved remnants of Cretaceous beds are absent from
the Schooley surface, but are present as outliers on the
emergent portion of the Fall Zone surface. A further
pertinent general consideration may be added : on general
grounds it is unlikely that a Cretaceous surface, even if
protected for a time by a sedimentary veneer, would be
so well preserved as the Schooley surface, which survives
undissected over appreciable hill-top areas.

Granting, then, the separate existence of the Fall
Zone peneplain, its proved great extension from north-
east to south-west would strongly indicate, if it did not
prove, a correspondingly great inland extension. It
would not necessarily follow that the coastal plain cover
extended so far; this is a different question. Neverthe-
less, such wide inland extension is a reasonable assumption.
The lithology of some of the coastal plain sediments has
been held to indicate accumulation near a shoreline, but
this is certainly not true of all of them. There was time
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and space for greatly varying conditions of transgression,
and it is evident that a small change of level would produce
a large shift of strand-line over the uniform Fall Zone
surface. However, all that the stratigraphical geologist
is likely to concede is that certain elements of the cover
may have had a considerable westward extension. The
only direct evidence comes from geomorphology. The
present drainage system shows evidence of being super-
imposed (see below). Only thus can we account for the
obliteration of an earlier drainage, probably on a very
different plan. If superimposition did not take place
on the Schooley surface, it must have taken place earlier,
and this renders a former wide extension of the coastal
plain cover at least very probable.!

As regards the features of the actual drainage system,
Johnson has found it possible to reconstruct the simple
lineaments of what was probably the original consequent
system, by joining up aligned reaches of the existing
transverse rivers, using linking wind-gaps where they
exist. The system comprises streams of south-easterly
direction (Fig. 148), notably parallel with one another,
but oblique to the “ grain " of the present land-surface.
Such a system points to regional superimposition from a
surface of initially simple form. Fig. 148 shows that the
early lines have been broken up by the development of
subsequent streams, leading to river capture, The high
perfection of adjustment to structure bespeaks a long period
of adjustment. It could hardly have been accomplished
if the drainage had been superimposed directly on the
Schooley surface. ,Superimposition under the condition
shown in Fig. 147 would effectively double the * vertical
range '’ available for adjustment, leaving the *‘ post-
Schooley cycle ’ merely to finish what the * pre-Schooley
cycle ”’ had begun.

A converse application of the same argument leads us
to perceive that direct superimposition on the Schooley
surface should have left the consequent lincaments of the
original drainage plainly marked, or easily reconstructed.
In such a case the diversion of consequent streams would
have taken place largely in the ‘‘ post-Schooley cycle,’
and, to borrow the language of examiners, would have

1 It will be noted that in this case an argument drawn from morphological
considerations points independently to an essentially geological conclusion—
the extension of former seas. A similar argument is applicable in many other

regions and, used with due caution, promises important help to the geologist
in the difficult task of placing former sea-margins.
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“ left evidence of the methods employed ”’ in the form of
wind-gaps. In point of fact, taking the North Appalachian
province as a whole, the original consequent drainage
cannot easily be reconstructed. The adjustments of the
post-Schooley cycle are plainly engraved on the landscape,
but there were others which took place above the present
hill-top plane and which presuppose, therefore, a former
period of adjustment. The required conditions are
adequately supplied by the hypothesis of regional super-
imposition.

Existing Rivers

= —w==e Former Links

(After Johnson, simplsfied.
F1G. 148.—THE CONSEQUENT LINEAMENTS OF THE NORTH APPALACHIAN
DRAINAGE.

The thin lines in general mark subscquent streams.

The general succession of events as conceived by Johnson
is represented in Fig. 149, which shows cross-sections,
successive in time, across the Appalachian belt in about
the latitude of Philadelphia. In the first stage (Section
(a)) we see the Appalachian Mountains in early Mesozoic
times. It is possible that even before this stage they had
suffered extensive planation, but were revived, following
the movements which in-faulted the Triassic beds, seen
towards the right of the section. Section (b) shows the
vesults of complete planation in later Mecsozoic times.
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The surface indicated is the Fall Zone peneplain, and on
this surface the drainage may well have been largely
longitudinal, parallel with the former mountain ridges.
In Section (¢) the transgression of the Cretaceous sea is
shown extending right across the area and effectively
obliterating all traces of earlier drainage. Section (d)
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F1G. 149.—-STAGES IN THE DEVELOPMENT OF THE NORTH APPALACHIAN
LANDSCAPE.

shows the up-arching of the region, with initiation of the
present drainage on the constructional slopes. In the
next stage (¢), a cycle of erosion has run its full course.
The drainage has been superimposed from the cover and
has then cut down much farther, producing another
peneplain—the Schooley peneplain. With uplift—com-
bined, probably, with slight arching—of the latter, the



DENUDATION CHRONOLOGY 239

current major cycle was initiated ; former ridges have
been revived and former lowlands re-excavated (Section
(f)). In detail, the record of the current cycle has been
punctuated by several well-marked stages of partial
planation, 7.e. planation on the weaker rocks. The surfaces
in question have been termed peneplains, but from the
standpoint here adopted they hardly justify this name ;
they are platforms marking stages in the excavation of
the longitudinal lowlands, and perhaps in part true
panplanes (p. 186).

The drainage systems of Britain..—We have already
noted (p. 198) the broad analogy between the structure
of Eastern North America and that of the English Plain
and its western borders. It will now be seen that there
may well exist considerable analogy between the denuda-
tion-chronology of the two areas. Many workers have
been led to the conclusion that the British drainage must
have been initiated on a cover of Chalk (Upper Crectaceous)
tilted towards the east and south-east, and formerly
extending over much of the present upland areas of
Western Britain. We have mentioned the well-developed
summit-plane of Wales, and it is apparent that this feature
occupies in some sense the position of the Schooley pene-
plain in the American problem. It might, conceivably,
represent the basal Cretaceous surface, or alternatively,
it might mark the close of a later cycle of erosion, the
Chalk cover having passed originally high above it. In
several respects, however, the problem is more difficult
in Britain, despite our comparatively detailed knowledge
of the geological history of the area. For this there are
two chief rcasons. In Southern Britain the Cretaceous
cover is nowhere superimposed directly on the older
Paleozoic rocks, such as form the western uplands. Over
much of the area a great thickness of Triassic and Jurassic
rocks intervenes between the present Chalk edge and the
upland border. The Chalk approaches closest to the
latter in Devonshire, but even there it 1s a difficult matter
to relate the westerly projection of its basal plane to the
morphology of the upland province. In general, we are
confronted with the prior question of the extent of overlap
of the Triassic and Jurassic rocks over the western massifs.
A second complication arises from the fact that in South-
east England land-forms and drainage are plainly related
to an episode of pronounced folding—the * outer ripples
of the Alpine storm "—which occurred in Middle Tertiary
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times. No such strong localized folding occurred in the
eastern part of the United States. Moreover, we are in
considerable doubt as to the extent to which the mid-
Tertiary folding affected the rest of Britain. Its major
effects are seen south of the Thames, but there may have
been significant warping in areas farther north.

In these circumstances we shall find it best to consider
first the drainage of the English Weald, lying in the region
affected by the most recent folding, and flanked by sur-
viving outcrops of Tertiary deposits which mark the last
submergences of Britain. Ior this region we can construct
a broadly complete chronological picture of drainage
development, and we may then apply our findings over
a wider field.

The drainage of the Weald.—The area known as the
Weald is, from the structural point of view, a complex
elongated dome whose longer axis extends from Hamp-
shire to the Sussex coast near Hastings, and may be
traced beyond the English Channel in the Boulonnais.
As commonly represented in cross-section the struc-
ture of the Weald is over-simplified ; while the broad
domed form is an important feature, a considerable
number of subsidiary folds can be distinguished running
parallel with the main axis. In addition to these
longitudinal folds, there are broader, gentler flexures
transverse to the main axis which have played no
small part in the evolution of the relief. In its
present state of dissection the dome appears with its
central higher part entirely removed (Fig. 153d). The
Chalk forms a well-developed escarpment on the north,
west and south of the area, and the ring is completed in
the Chalk hills which bound the Boulonnais. A much
less continuous and uniform escarpment is formed by the
Lower Greensand, whose thickness and hardness vary
considerably within the region. The axial tracts are
occupied by a broad dissected upland sited upon the
outcrop of the Hastings Sands series. Two main strike-
vales intervene between these three uplands. One,
relatively narrow, is sited 'upon soft sands and clays which
intervene between the harder parts of the Lower Green-
sand and the Chalk, while the other and broader vale
coincides with the outcrop of the thick Weald Clay series.

The main streams of the Weald are evidently consequent,
and may be conceived as having originated upon the initial
flanks of the dome. They form two sets, draining the
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northern and southern flanks of the dome, respectively ;
the Stour, Medway, Darent, Mole and Wey on the north,
and the Cuckmere, Ouse, Arun and Adur on the south
(Fig. 150). These main consequent streams have cut
striking gorges or water-gaps through the Chalk escarp-
ment. The corresponding gaps in the Lower Greensand
ridge are not so conspicuous, since the Greensand will not
as a rule stand in such steep slopes as the Chalk.

The tributaries of the consequent streams clearly reveal
in many cases their subsequent character, flowing along
the strike-vales mentioned above. Particular mention

FI1G. 150.—THE DRAINAGE OF THE WEALD.

B, Blackwater; W, Wey; Mo, Mole; Wa, Wandle; D, Darent; M,
Medway; S, Stour; L, Len; B, Beult; T, Teise; Sh, Shode; E, Eden;
R, Rother; A, Arun; Ad, Adur; O, Ouse; C, Cuckmere.

may be made of the subsequent Rother, tributary to the
Arun, sited upon one of the softer elements in the Lower
Greensand series. In a similar geological situation we
find the Len, tributary to the Medway, the Great Stour and
East Stour, which join to form the main consequent
trunk of the Kentish Stour at Ashford. In the Weald
Clay vale the best developed subsequent streams are the
Eden and the Beult, which drain eastwards and westwards,
respectively, into the Medway. In the Central Weald
the rivers also show a marked longitudinal arrangement,
flowing parallel with the geological grain. As already
noted, they are here largely resequent in relation, occupying
_ synclinal valleys.
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River-capture

Instances of river-capture are readily recognized. It
is evident that the headwaters of the Medway in the Central
Weald once formed the head of the Darent system. They
were appropriated by a subsequent stream developing
westwards from the main Teise-Medway trunk. The
River Shode is the reversed obsequent stream which now
drains southward through the gap in the Greensand
ridge, formerly occupied by the northward flowing Darent.
The present stream which bears the name of the Medway
is therefore composite in origin, comprising a lengthy
subsequent stretch on the Weald Clay and a lower conse-
quent portion continuing the line of the River Teise. In
a similar fashion the Wey has beheaded the Blackwater,
and a striking wind-gap remains near Aldcrshot as a
testimony of the former existence of a continuous river
channel draining northwards. The Wey, in its turn, has
obviouslysuffered from the depredations of the Arun, which
now heads, far north of the main anticlinal axis, on the
southern slopes of the Lower Greensand escarpment. It
has thrust its way in on both sides of the consequent
trunk of the Wey, and has thus reduced the drainage
area of the latter to insignificant proportions. This
capture differs somewhat from the others quoted, in that
it concerns the struggle for existence of two consequent
streams flowing in opposite directions. Another example
of the more normal type is the beheading of the Wandle
by the Mole, which is marked by wind-gaps at Merstham
and Caterham and by a well-developed obsequent stream
flowing southwards through Redhill. Many other
examples of capture occur within the area, but they are
difficult to demonstrate upon a map of small scale. There
are prominent wind-gaps in the Chalk escarpment at
Cocking (north of Chichester), at Findon (north of
Worthing), at Jevington (near Eastbourne), and at
Lyminge (near Folkestone). The floors of all these gaps,
together with that at Merstham, occur at about the same
level (350 to 400 feet), showing that the several captures
took place at about the same stage in the down-cutting
of the valleys.!

1 The physiography of the South Downs area may be studied from the
‘ Chichester  and * South Downs ** tourist sheets of the Ordnance Survey.
A portion of the North Downs area is effectively shown on the ‘‘ Dorking ang
Leith Hill ” sheet of the same series.



{Photo by H.M. Geol. Survey. Crown copyright reservea.
F1G. 151.—TwIN WATER-GAPs IN THE CHALK RiDGE AT CORFE,
DORSET.

View looking south from Middlebere Heath. Two streams flowing across
the Lower Cretaceous rocks behind the ridge, unite north of it and flow as a
single stream over the Eocene outcrop in the foreground.

(Photo by H.M. Geol. Survey. Crown copyright reserstts

F16. 152.—THR MoLe Gap IN THE Norin DOWNS, LOOKING
NorTHWARDS FROM LEITH HILL.
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Earlier cycle of erosion

The high degree of adjustment to structure shown by
the drainage of the Weald suggests, even on casual
inspection, that the region has passed through more than
one cycle of erosion. The following considerations
emerging from more detailed study confirm this idea :—

1. The hill-tops show a generally accordant summit-
level, suggestive of a former peneplain. The culminating
points of the North and South Downs just exceed 8oo feet
in height, the Lower Greensand summits 1 the Western
Weald are about goo feet in height, while the central
upland reaches 780 feet at its highest point- -Crowborough
Beacon.

2. The Chalk escarpment shows signsof distinct bevelling
in places, thus retaining some portions of a summit-plane
virtually intact.

3. The general straightness of the escarpments may be
regarded as inherited from the preceding phase of planation.
The consequent streams are at present cutting salients in
the escarpment, but have so far made little progress in
the task (p. 202).

4. The general absence of flint (derived from the Chalk)
in the river deposits and surface soils of the Central Weald
indicates the stripping of the Chalk from the area during a
preceding cycle. There has been no source of flint within
this central region during the excavation of the present
valleys.

General summary of the physiographic evolution of the Weald

Much further evidence bearing upon the evolution of the
Weald is afforded by a study of the geological history of
neighbouring tracts. It is not appropriate to deal fully
with this aspect of the question here, but a brief sketch
of the later history of the area may be given.

The uplift of the dome started before the accumulation
of the Chalk was complete, for the various divisions of the
Chalk become thinner as they are traced towards the
central area, thus giving evidence of a rising sea-bottom
with greater wave or current erosion in the central tracts.
Thereafter, the whole region emerged from beneath the
sea as the result of a broad uniform uplift. It remained a
land area for a considerable period and suffered some
measure of sculpture and lowering during this time. It
is probable that the initial surface after uplift was
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essentially featureless, and the amount of erosion which took
place is difficult to gauge. Probably, however, we are
justified in regarding the interval as a complete cycle of
erosion, for the culminating form was certainly a rolling
lowland of the peneplain type. At this stage, however,
the Chalk still stretched unbroken across the axial region,
although its upper parts had no doubt been remove:l.

The next phase in the history marks the re-submergence
of parts of the region and the accumulation of the Tertiary
beds, which now occupy the flanking areas—the London
and Hampshire Basins. These deposits, of which the
familiar London Clay is the chief, once extended far
beyond the confines of their present outcrops. They may
have been originally continuous across the western end of
the Wealden uplift and over the Salisbury Plain area,
but there are good reasons for believing that the central
Wealden tracts projected as an island above the Tertiary
seas (Fig. 153a). Many flint pebbles were worn from its
shoreline, and we may imagine a series of short rivers
diverging radially from the axial tract and flowing to the
surrounding sea. It is clear that at first the valleys of
these streams cut through nothing but Chalk, but with the
passage of time some of them cut down through the Chalk
cover, for they carried small pebbles of Lower Greensand
material into the Tertiary sea.

Following upon this phase of deposition there came the
main episode of uplift and folding in the area, broadly
coincident in time with the building of the Alps, and
responsible for the chief structural features of the Weald
as we see it to-day (Fig. 1534). It is to this date that the
imposition of the general domed structure is to be referred,
and the various subordinate folds date from the same
period. It is to this uplift, moreover, that the initiation
of the main consequent streams is due. It is significant
that they conform to the shape of the broader dome, rather
than to the plan of the minor longitudinal folds. This
may imply that the general doming preceded the minor
buckling, and that accordingly the main consequent
streams were antecedent to the longitudinal folds. Alter-
native explanations present themselves, but the question
is difficult and need not be pursued here. The uplift
certainly initiated a cycle of erosion which ran its full
course, and produced a peneplain which cut indifferently
across the several formations (Fig. 153¢). No doubt the
axial tracts continued to stand somewhat higher than the
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margin, but the general flatness of the peneplain surfast
is sufficiently attested by the accordant summit-levels
of the present higher hills. The Chalk had by now been
removed from the central tract and the surface constituted
a belted outcrop plain. Considerable adjustment to
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F1G. 153.—STAGES IN THE EVOLUTION OF THE WEALD.

(a) Early Tertiary (Eocene) phase with sea on both sides of the central
ridge or 1sland (cf. Fig. 113). (b) Middle Tertiary phase—main uphft of
the Weald, contemporary with the Alpine mountain-building (minor folds
omitted). (c) Late Tertiary phase (Miocene and Early Pliocene)—pene-
planation followed by advance of Pliocene sea. (d) Uplift and dissection
of peneplain and continuing marine bench, with evolution of present reliet

forms.

structure undoubtedly took place during the cycle. The
number of consequent streams was probably largely
reduced in its early stages, and the growth of subsequent
and obsequent tributaries was far advanced. In the
Central Weald the fold-guided drainage had passed through
its normal succession of phases, and the longitudinal
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streams had come to occupy synclinal positions in many
cases.

The record was interrupted at this stage by the sub-
mergence of the northern parts of the area beneath the
Pliocene sea and the spreading out of a thin sheet of sand
and shingle over the peneplain, after a certain trimming
of its surface by the waves. This sea did not, however,
extend over the central tracts, and its incursion hardly
affects the general course of land-form development.

The next important event was the elevation of the whole
area to the extent of about 600 to 8oo feet. Coupled with
the general uplift there was some re-doming of the area,
much slighter in character than in the main episode of
folding. The general uplift took place in several stages,
separated by lengthy pauses during which the strike-vales
were cut down by river action. These details nced not
here concern us; the main result of the uplift was to
cause the re-incision of the streams in their old courses
and the revival of the escarpments. It is easy to form a
rough estimate of the amount of escarpment recession in
the present cycle by projecting the base of a dipping
stratum until it cuts the reconstructed surface of the
former peneplain. In the course of down-cutting further
adjustment of drainage to structure has taken place.
The river-captures mentioned above have clearly occurred
in the present cycle, since they are marked by wind-gaps
in existing ridges. Peneplanation has proceeded apace
on the outcrops of the softer beds, which have already
been reduced to lowlands; but, taking a general view, it
is evident that the cycle has not got beyond the stage of
maturity, and has a lengthy course yet to run.

Denudation chronology in other British areas.—The
sequence of events in the Weald affords us a rough scale
of time by which the progress of denudation over the rest
of the country can be estimated. We have concluded that
a full cycle of erosion ran its course after the mid-Tertiary
folding movement, producing a peneplained surface still
recognizable in the Wealden summits. Qutside the area
of folding we have no clear evidence of the extent or
character of the mid-Tertiary movements, yet there is
little doubt that considerable movement did occur. We
might, therefore, expect to find a summit-plane corres-
ponding to the Wealden peneplain, and marking the end
of a cycle of erosion initiated by the same mid-Tertiary
movements. It would, however, be too large an assumption
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that any summit-plane in Central or Northern Britain
necessarily represented the Wealden peneplain surface.
We must rather attack the problem from the other end,
reconstructing the probable original lines of consequent
drainage, and noting evidences of adjustment to structure,
before postulating any succession of cycles.

Two major probabilities assist the inquiry. In the first
place, as already noted, there is every reason to believe
that it was on a Chalk surface that the drainage of much
of Britain was initiated. The Chalk was certainly one of
the most extensive of the later Mesozoic formations. It
exists in outlying masses in Antrim and Western Scotland,

F16. 154 —THE DRAINAGE OF SOUTH-EAST ENGLAND.

Tertiary rocks=white; Chalk=horizontal shading; Lower Cretaceous
and Jurassic rocks=dotted.

far beyond its main escarpment, and it is probable that
it formerly covered most of the present upland areas of the
west and north. The emergence of the floor of the Chalk
Sea was the last emergence of which we have evidence over
the greater part of Britain. Secondly, we have clear
evidence that the North Sea DBasin is a depression of
ancient establishment which has been filling with sedi-
ments and subsiding for vast periods. It almost certainly
existed during the whole of Tertiary times, and, indeed,
gives evidence of its presence much earlier. By com-
parison, the Irish Sea, St. George’s Channel, and the
English Channel are comparatively recent features of
geological evolution, dating perhaps from the middle or
later parts of Tertiary times. In general terms, therefore,
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we conceive the original early Tertiary drainage as flowing
over a Chalk surface towards the present North Sea
Basin or towards the early Tertiary sea of South-east
England. An examination of the structural relations of
the present drainage systems goes far to justify such a
picture (Fig. 113).

The Kennet-Thames is evidently a longitudinal conse-
quent stream, receiving transverse consequent tributaries
(including the Upper Thames) from the north-west, and
from the northern’flank of the Wealden Dome (Fig. 154).
The Dorset Frome represents the head of a similar longi-
tudinal consequent stream draining the Hampshire Basin.
This “ Solent River "’ had a similar system of transverse
tributaries, but has since been dismembered by sub-
mergence. Neither the Thames nor the Solent system
can have come into being until after the emergence of the
early Tertiary deposits over which the rivers flow, but
as suggested above (p. 198), they probably did little more
than extend the pre-existing drainage system of sur-
rounding lands.!

Passing over for the moment the Midland area, we note
that the head streams of the great rivers of the eastern
Pennine flank from the Tees to the Aire-Humber form an
evident series of consequent streams, flowing into the lower
Tees and Ouse, which are subsequent in their relations.
The former lines of these beheaded consequent streams
can be reconstructed in some cases by reference to the
drainage plan of East Yorkshire. Thus the Esk, reaching
the sea at Whitby, may be regarded as marking the line
of the former River Tees. North of the Tees, the Upper
Wear and the Tyne fall into place as probable members
of the same consequent group, the former having suffered
evident diversion by a subsequent stream at the foot of
the Magnesian Limestone escarpment. South of the
Aire-Humber, the subsequent Lower Trent diverts a
number of small consequent streams which, originally,
must have continued their courses towards the east.

In the Midland area we are confronted with a much
more complex series of relationships which have given
rise to more than one interpretation. Subsequent streams,
such as the Warwick Avon, the Bedford Ouse, and the

1 While it is evident that the Solent River flowed eastwards it 1s unlikely
that its ultimate discharge was eastwards into the North Sea Basin, from which
1t was separated by the Wealden uplift. More probably the drainage turnsd
westwat}‘s‘ in the Znglish Chaan=l ragion.
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Upper Thames (west of Oxford), play a large part in the
existing drainage plan. One view, adumbrated by W. M.
Davis and later adopted to some extent by British writers,
represents such subsequent rivers as having broken up a
great series of south-easterly flowing consequent streams

T

bty

.
Se

B
cesvens®
o

[After Buckman.
F1G. 155.—A SUGGESTED RECONSTRUCTION OF THE FORMER CONSEQUENZ
DRAINAGE OF THE MIDLANDS.

Consequent drainage lines=dotted ; anticlinal axes=heavy hnes.

draining to the Kennet-Thames. An interpretation by
Buckman of this theory appears in Fig. 155, which shows
not only the Middle Severn and the rivers of South Wales
but also certain of the Midland rivers as formerly tributary
to the Kennet-Thames, of which, at that time, the Bristol
Avon is represented as part.! Lake has recently revived

1 It may be well to remind the reader of what is plainly implicit in fore-
going chapters, viz. that all such reconstructions refer to a }and-surface
far above the lower parts, at least, of the existing land-surface. The conditions
shown ¢a Fig. 155, 1f they existed at all, can have done so only on ¢ surface
passing through, or above, the summits of the present higher hills
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interest in this hypothesis by showing that the drainage
of Wales shows many features consistent with such a plan
(Fig. 156). Radial streams, presumably consequent, are
gathered by subsequent streams developed along arcuate
zones of fracture or disturbance, as in the case of the
Towy Valley or the depression in which Lake Bala lies.

(After Lake.
F16. 156.—THE DRAINAGE OF WALES.

Former consequent streams, dotted. Fracture-belts along which subse-
quent streams have developed shown in heavy lines.

The country is thus divided into a series of blocks, each
drained from its north-western towards its south-eastern
side, and separated from the next block by a narrow
subsequent lowland or wvalley zone. The Ilatter are
analogous in relation to the broader subsequent vales of
the English Plain, lying athwart the course of the original
drainage lines.!

1 It may be noted that the subsequent Vale of Neath takes its place as a
minor member of the same series of curving fracture- or shatter-belts, and the
Bristol Channel itself may mark a major constituent of the series. If so, the
South-western Peminsula of England falls into place as the outermost ** block.”
The plainly marked north-south consequent direction of the Exe, Tamar.
etc , accords with this 1dea
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While reconstructions on the lines of Figs. 155 and 156
successfully account for certain features of the Midland
drainage, they ignore other significant features which
suggest an alternative hypothesis. Thus, there is a striking
radiation of the drainage from the vicinity of Rugby.
This might be taken as suggesting a dome-like uplift of the
initial surface. The Chalk would have rested uncon-
formably on the Jurassic rocks in the Midlands, and hence
streams originating as consequents might have been
superimposed in longitudinal positions, thus becoming
‘‘ ready-made subsequent streams.” On the whole, this
does not seem likely in the case in question, but the
possibility is one to be remembered. A variant hypothesis
can be based on the fact that the Upper Severn, Penk,
Tame, Soar, and Welland flow northwards, and might have
originated on the northern flanks of an east-west uplift,
which threw off similar streams southwards to the Kennet-
Thames. The northward flowing streams might be
regarded as tributaries of a vanished east to west longi-
tudinal consequent stream, which received also the Upper
Trent, Dove, and Derwent as southward flowing tribu-
taries, and passed eastwards to the neighbourhood of
the Wash. This hypothesis has the merit of bringing
the Midland drainage into line with that of the country to
the north and south; and thus serves to give further
emphasis to the conception of a series of consequent
rivers draining towards the North Sea depression.

Somewhat similar problems arise in the case of the
Scottish drainage systems. These have been interpreted
by several writers as developed from south-easterly
flowing consequent streams, dissevered by powerful
subsequent streams picking out the north-east to south-
west grain of the country. Linton, however, has shown
reason to regard the Tweed as the representative of a
former major east-west consequent river (Fig. 157), and
the Forth, Earn, Dee, Don, etc., might be regarded as
members of the same scries, continuing northwards the
family of east-west consequent streams represented in
Northern England.

We see, therefore, that there are two or more conceivable
patterns which we might attribute to the original conse-
quent drainage of Great Britain. The difficulties of
reconstruction reflect the long and thorough adjustment
to structure which has taken place. To the modifications
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so produced we must add those due to glaciation (p. 390),
though these are, in general, readily recognized.

A more fundamental problem, on which little light
can at present be thrown, is that of the character and date
of the movements which defined the western coastline
of Britain, and thus brought into being its main watershed
and a series of powerful westward flowing rivers, which, by
virtue of their steep descent, have performed active head-
ward erosion at the expensc of eastward flowing neighbours.
These difficultics, however, do not prevent us from reaching
certain tentative conclusions concerning the denudation
chronology of at least some parts of the system.

Imitial Watanh;d

[After Linton.
F1G. 157.—THE CONSEQUENT ELEMENTS IN THE DRAINAGE OF
SOUTHERN SCOTLAND.

In Yorkshire, Cowper Reed concluded that the drainage,
initiated on a Chalk cover, passed through a complete
cycle of erosion, culminating in a peneplain, before the
uplift which initiated the current major cycle. The
stages of adjustment of the drainage are illustrated in
Fig. 158. He regarded the first-cycle peneplain as having
been developed well below the Cretactous base over the
greater part of the region, and identified the hill-top plane
of the Pennines and its presumed continuation in the hills
of East Yorks as the peneplain surface, uplifted with
local warping. He assigned a mid-Tertiary (Miocene)
date to the uplift. There is no local evidence bearing on



254 THE PHYSICAL BASIS OF GEOGRAPHY

the latter point, and the only reason for the assumption
of a Miocene uplift appears to have been the existence
of Miocene folding in the South of England. We have
seen, however, that regional peneplanation followed the
Miocene folding in that area, and so considerable an
episode, requiring a long period of time, could hardly be
unrepresentcd by some recognizable feature in Yorkshire.

b.
{After Cowper Reed,
F1G. 158 —STAGES IN THE DEVELOPMENT OF THE YORKSHIRE DRAINAGE
() Imtal drainage. (b} Drainage in second cycle.

It seems probable, therefore, that the hill-top surface in
East Yorkshire is equivalent to the Wealden hill-top plane,
and, like the latter, was produced during Miocene times and
uplifted in later Pliocene times. Whether one or more
complete cycles preceded the formation of the hill-tofp
peneplain in Yorkshire it is, at present, impossible to say
The movements associated with the emergence of the
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Eocene deposits in the south may have been either strongly
or feebly represented in the north, initiating a new cycle
of which the record is completely lost, or merely inter-
rupting a long cycle, initiated by the post-Cretaceous
emergence.

A broadly similar problem arises in the case of the
Welsh drainage in its relations to that of the Midlands,
etc. It has sometimes been suggested that the Welsh
hill-top plane is the Cretaceous base stripped of its cover,
but this can hardly be so. All the arguments used by
Johnson in the case of the Schooley peneplain are applicahle
in some measure here. In the first place, it is moust
unlikely on a prior: grounds that a Cretaceous or pre-
Cretaccous surface should be so extensively preserved.
Secondly, if the drainage had been superimposed directly
on the present hill-top surface its consequent lines ought
to be more plainly engraved than they are, with all
adjustments below the present hill-top ; but this is not
the case. Thirdly, applying the same argument in
diffcrent fashion, the general degree of adjustment to
structure in Wales appears to the writers to point to a
previous cycle of adjustment.! In the light of present
knowledge it seems most reasonable to identify the hill-
top plane in Wales, as in Yorkshire, with the latc Miocene
Wealden hill-top plane, for no younger feature of the
Welsh landscape appears to offer itsclf for correlation with
this very important surface.

The foregoing brief survey has left many important
areas of British drainage unexplored, and many problems
with at best vague and tentative solutions. It is, indeed,
intended to convey no final or assured results in a field
which still leaves much room both for detailed research
and for speculation. It may serve, however, to indicate
the types of investigation and argument to be employed
in solving this and similar problems.

It should be clearly understood that a full synthesis of
British drainage history, when it comes to be made, must
embrace much more than the study of ‘“ patterns on the
map.” Such patterns may suggest much, but they can
prove nothing. Their indications must be combined with
all the evidence bearing on the later geological history of the

1 An element of personal judgment enters into the last conclusion; 1t
cannot be fully supported or disproved pending the detailed re-mapping of
the geology of much of Wales.
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area, before sound and tested conclusions can emerge.
It is, at least, certain that the evolution of the drainage
of the British Isles has occupied not one but several
cycles of erosion. Though Tertiary time represents a
duration of 6o million years, more than half the period once
confidently assigned as the * age of the earth,’”’ there is a
persistent tendency to underrate the geological work
performed during this vast interval. To prevent that
foreshortening of the time background, to which geologist
and geomorphologist are continually liable, it is necessary
to begin work on denudation chronology in areas where
tracts of Tertiary rocks survive to give scale and
perspective.



CHAPTER XVII

THE GEOMETRICAL NATURE OF RELIEF FORMS AND
THEIR REPRESENTATION ON MAPS

Tue form of the land-surface is perhaps the most funda-
mental of all geographical factors, and the problem of
adequately representing relief on maps is hence of prime
interest to both geomorphologist and gcographer. In the
foregoing paragraphs we have treated of the origin of
relief under conditions of normal erosion. It is sometimes
claimed that this genctic aspect of the study of relief is
primarily of geological rather than geographical interest,
and that the geographer can rest content with accept-
ing relief features as they are, treating merely of their
influence, direct or indirect, on the life of man. This
attitude is at best open to severe criticism ; our present
purpose, however, is not to pursue so controversial a
theme, but to point out that by study of origins we are
led to the most accurate conception of the nafure of relief
forms, and thereby equipped to approach the immediately
practical problems of representing and ‘‘ using "’ relief in
the geographical synthesis.

The facets of relief in a landscape of multi-cycle character.
—The foregoing discussion has shown that most landscapes
are of ‘ multi-cycle ”’ character, peneplanation having
been accomplished wholly or in part several times. An
analysis of the relief of most areas reveals surfaces of
diffcrent ages with widely differing angles of inclination.
For practical purposes we may group the more gently
inclined as ‘ flats ’ and the more steeply inclined as
‘““ slopes,” leaving the precise distinction bcetween them
dependent upon the nature of the area concerned and the
purpose for which the distinction is made. From the
genetic point of view, both flats and slopes may be sub-
divided according as to whether they are erosion-surfaces,
cut across the structure, or the surfaces of sedimentary
accumulations, such as flood-plains, alluvial cones, scree-
fans, etc. Of the two, the flats are commonly the more
fundamental, corresponding either to prolonged periods of
peneplanation or aggradation, each of which marks a
datable phase in the dissection of the country. The

9 257
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intervening stages of down-cutting are represented by the
linking slopes.

We may put the matter in another way by saying that
most areas comprise a gigantic stairway of dissected
plateaux, each formed at the partial expense of its pre-
decessors, and leading by stages from the existing valley-
bottoms to the highest hill-tops ; in imagination we may
sometimes carry the ‘‘ stairway ”’ even higher.

It is in terms of these * flats "’ and ‘‘ slopes " that the
most reliable and geographically significant account of
relief can be given. In the great plain tracts of the world,
below 1,000 feet, elcvation above sea-level is often the
least important of relief considerations. It is shape, not
elevation, that counts. Inthe ultimate analysis, indeed, it
is the variously inclined facets of intersecting surfaces
which must form the units of detailed geographical
study. It is, of course, universally recognized that slope
is a determinant of climatic exposure, and a factor in
controlling soil-creep, direction of communications, build-
ing construction, etc. These obvious controls, however,
are effective only on relatively steep slopes. The signi-
ficance of facets of * flat ’’ and ‘‘ slope " goes far deeper
than this. Each differs from its neighbour in intrinsic
qualities, because it has had a different origin. Tt
commonly possesses some unity of soil character, either
directly because of geological constitution or because it
has been exposed for a longer or shorter time to weathering.
The latter consideration applies particularly to flats;
on steeper slopes, downhill drift and wash tend to mask
simple differences in soil.

A particularly -good example of large scale facets of
contrasted type occurs on the Chalk of East Kent.
Here the northern part of the outcrop consists of a
fairly steeply inclined surface from which the Tertiary
beds have been stripped by erosion ; it is only slightly
dissected and retains a readily cultivable soil—a relic
of the Tertiary covering; itis a highly farmed country
with valley settlements. Farther south is the second
facet, inclined at a lower angle and representing a
part of the hill-top plane of the Weald (p. 244).
This plateau-surface is covered with cold and intractable
Clay-with-Flints, still largely wooded. There is little
cultivation, and the dissection is here on a much bolder
plan, tending to ridgeway roads and plateau settle-
ments. Both of these major facets, of course, include
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nurgerous minor surfaces worthy of distinction in local
study.

It is important to notice that contoured maps commonly
fail to depict * facets "’ of surface at all accurately or
completely. In mountain regions, where slopes are steep
and flats are few, the contoured map does, indeed, present
a close approximation to the truth, but at lower elevations
it generally fails. For small regions, a good result would
be obtained if contours were specially selected to bring
out the edges of flats, but this would involve unequal
contour intervals. Further, since all major erosion and
deposition surfaces slope towards the sea or some inland
basin, different sets of contours are required for con-
tiguous areas. This, indeed, is the most vital defect of
the contouring method in the present connection. It is
perfectly possible to have one gently inclined surface, whose
characters make it a veritable geographical unit, but which
over a distance of, say, 100 miles, differs in elevation by
several hundred feet. It is worth remembering that an
inclination of 1° means a slope of over go fcet per mile.
If the range of height becomes too great, climatic and
vegetation differences will render geographical sub-
division necessary, but at low elevations there are in-
numerable examples of significant surfaces whose existence
is obscured by the contour map. Close contouring, or
the use of interpolated form-lines, does not really solve
the difficulty, for these devices render it difficult to super-
impose other geographical distributions on the map.
Hachuring meets the difficulty in part, but does not
afford a means of distinguishing between gently inclined
slopes of differing character and origin. The desirable
ideal is the depicting of distinct surfaces or physiographic
units, and for this some form of shading, stippling or
tinting would seem to be necessary. No such method could
supersede the contoured map ; it would be designed to
supplement it for geographical purposes, and such work
needs in all cases to be carried out on the ground.

Since the contoured map, while an indispensable aid to
the geomorphologist, is incomplete in its indications,
we may consider certain methods by which its testimony
can be supplemented, rendered clearer, or translated
into other terms. Such methods are, of course, no
substitute for work in the field. They may, however,
usefully precede such work and can also assist in portraying
its results.
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Generalized contours.—When it is required to study the
major physiographic facets of an area, it is well to dispense
with the complicating details produced by minor valley
dissection. For this purpose generalized contours may be
drawn, so as to bring out the form of the local summit-
planes. Fig. 159 shows such contours drawn to
demonstrate the general form of the Chiltern dip-slope.
They are carried across the valleys so as to link up points

0 2 4 6 8miles

FI1G. 159.—GENERALIZED CONTOURS FOR THE CHILTERN DIP-SLOPE.

of equal elevation on the interfluves. It is seen that a
broad flat, or bench, occupies the middle levels of the
dip-slope at an elevation between 500 and 650 feet;
north-west of this flat the general gradient steepens
towards the scarp-crest, defining another distinct facet.!
South-east of the 50o-foot contour, a similar steepening
(not shown on the map) is traceable in many places.

It is evident that this method can only be successfully
uscd where the interfluves are broad and essentially flat-

1 The features thus brought out prove, on investigation, to be related to the
brief trespass of the Pliocene sea 1n South-east England (p. 247). The bench
at 500 to 650 feet is a marine abrasion platform on which relics of Pliocene
deposits still survive ; the steeper slope behind 1t marks the coastline of the
time, for its southern edge, at least, must represent a degraded line of chffs.
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topped. If maturity has been reached, with sharp-
crested ridges, the summit elevations of the latter will
have been lowcred proportionately to valley deepening.
Isolated interfluves thus lowered should be ignored in the
reconstruction.

Composite and projected profiles.—Similar information
can be obtained by superimposing profile sections, drawn
along closely spaced parallel lines. By selecting for
emphasis the higher parts only of such a series of profiles,
we may construct a composite profile, analogous to a
panorama skyline. In general, it is better to present the
result in the form of projected profiles, on which less
elevated features are included, where not obscured by
higher standing areas. A ‘‘ foreground " is thus preserved
for reference, and siguificant valley-forms, as well as
summit-forms, appear in the drawing (Fig. 160). In
order to render the method effective, the belt of ground to
be projected must be selected judiciously. The work can
be done from the map by ‘‘ projecting "’ the visible portions
of the several parallel sections on to a strip of section paper,
with the aid of a T-square. In general practice the sections
must be at regular intervals, but if this is done, apparent
accordance of hill-top will in some cases be illusory,
for if the section line crosses the middle slopes of a spur-
termination, a *‘ false summit "’ will appear. If the lie of
the ground is thoroughly known and the problem to be
investigated is clearly envisaged, it is legitimate to place
the parallel scction lines in selected positions, running on
or parallel with major ridge-crests. The projected belt will
generally be placed transverse to the general slope of the
country, but the frontal view of high ground from an
adjoining lowland affords a revealing study in some cases
(cf. Fig. 160a).

Hypsographic curves.—Hypsographic curves, in which
elevation is plotted against areas, can be used in detailed
morphometric work, just as in the generalized representa-
tion of the major features of terrestrial relief (p. 38). The
ideal curve for an area which had suffered uninterrupted
denudation by water-erosion, after a single simple uplift,
would be of regular form, concave upwards, representing, as
it were, the generalized curve of water-erosion. The preser-
vation of portions of planation surfaces or ‘’ platforms ”
must modify the curve, by superimposing a convexity
on its simple concave form, at points corresponding with
the general heights of the several * platforms.” Fig. 61
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shows hypsographic curves, drawn for the areas included
on certain sheets of the Ordnance Survey of England and
Wales (4 inch to 1 mile). A slight convexity is apparent
on one curve at about 500 feet, and all show evidence of
planation at about the 200-foot level. Both the features
thus indicated are amply demonstrated on the ground.
The data for construction of hypsographic curves are
obtained by measuring the areas between each pair of
contours in turn, and expressing each area as a percentage
of the total area. The measurement can be carried out

700
a. East Kent

600 b, West Kent & Surrey

b C. Middlesex, Herts & Essex

d. Total Area

600

4004 C

300+

200

100 4

0‘ T L] T L7 v
Fi16. 161.—HYPSOGRAPHIC CURVES FOR THE COUNTRY AROUND

LONDON.

The areas represented by the curves a, b and c are respectively those shown
on the sheets 40, 34 and 29 and 30 of the Ordnance Survey §-inch map.

with a planimeter; or, in the absence of this instrument,
by obtaining the aggregate intercepts between each pair
of contours along a series of closely spaced parallel lines
covering the whole of the sheet. Such aggregate inter-
cepts are proportional to the area.

Clinographic curves.—The hypsographic curve shows the
variation in the extent of successive altimetric zones.
When used as above it is intended to bring out major
variations in the average slope of the area. It will, in
fact, bring to light such major variations in most cases,
but it must fail to reveal slight, but significant, changes of
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slope, and it may also indicate apparent breaks of slope

where none in fact occur.

Thus, in country where a

few hill-tops just exceeded a height of 1,000 feet, but broad

100% 80% o

F1G. 162 —HYPSOGRAPHIC
CurvE ForR A CoNE TEN

Feer HiGH.

(IO ft.

-5 ft.

gentle slopes continued to the
goo-foot contour, the hypsogra-
phic data would reveal a large
difference in the areas above goo
and 1,000 feet respectively. On
the curve, this would appear to
indicate a marked flattening of
the slope between goo and 1,000
feet, which, in fact, would not
occur.

Hanson-Lowe has called atten-
tion to this evident limitation
of the hypsographic curve in
morphometric work, noting also
that the curve for a right-cone is

not a straight line, as might be supposed at first sight, buta

curve concave upward (Fig. 162).

He has, therefore,

proposed the use of a clinographic curve designed to show

the actual variation
of average slope in an
area. The data re-
quired are the same
as for the hypsogra-
phic curve. If xand
y are the areas en-
closed by two success-
ive contours of
irregular form (Iiig.
163), we can imagine
them replaced by two
concentric circles of
radii R and r respec-
tively, such that:
x=nwR2and y==r2. If
R —r be expressed in
feet, in accordance
with the scale of the
map, and the contour
interval be 4 feet, the
average angle of slope

\/

h(m ft)

(R-7) in ft.

[After Hanson-Lowe,

T1G6. 163.—MODE OF CONSTRUCTION OF CLINO-

GRAPHIC CURVE.

(0) between the contours can be obtained, since tan

“R—r.

The curve can be constructed by drawing the
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average slope between successive pairs of contours with a
protractor (or by using a table of co-tangents). Since very
gentle slopes will increase the length of a clinographic

ft.

= 450
_9/—’ - 400
- / — U— -
. —— l _ 0350
581+% 3-42% 182%  290%
[After Hanson-Lowe.

Fic 164 —CLINOGRAPHIC (C) AND HypsoGraruic (H) CURVES FoR
THE ISLAND OF JERSEY.
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Frequency per metre
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50
Altitude in metres
(Afier Baulig.

F16. 165.—ALTIMETRIC FREQUENCY CURVES FOR PENINSULAR
BrIiTTANY (B) AND LEON (L).

diagram inconveniently, it is best to multiply each gradient
in degrees by some factor, thus exaggerating the vertical
scale, but preserving the relative values of the slopes
unchanged. Fig. 164 compares the hypsographic and
clinographic curves for the island of Jersey as constructed
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by Hanson-Lowe. The considerable differences between
them and the evident advantages of the latter for morpho-
metric work may readily be noted.

Altimetric frequency curves.— Another method ot
morphological analysis, applied with some success in
France, involves the frequency of occurrence of ‘‘ spot
heights "’ on high or culminating points. If the map is
divided into small uniform squares, we may estimate the
elevation of the highest point in each square, or use simply
the spot heights shown on the map, providing that these,
in general, mark elevated points. A curve may then be
constructed showing altitudinal distribution of such
points over the region. Well-marked maxima on the curve
indicate the presence of fairly level benches or platforms,
though subsidiary maxima may arise by coincidence.
Examples of such curves constructed by Baulig are shown
in Fig. 165. The method, though laborious, is more rapid
than full planimetric measurement, though the results
are distinctly less definite and accurate. It should be
noted, further, that the location of spot heights on British
maps does not on the whole favour the method. It is
perhaps best adapted to rapid investigation on maps of
relatively small scale,



CHAPTER XVIIT
UNDERGROUND WATER

IN dealing with the erosive work of rivers we made no
inquiry as to the relation between the surface-flow and
the underground movement of water, accepting without
preamble the evident fact that, in regions of normal erosion,
part of the rainfall is discharged over the surface. We
must now examine the principles governing the accumula-
tion and movement of underground water, since apart
from their practical importance, the processes involved
share notably in the shaping of the surface of the earth.

The disposal of rainfall—Granted the existence of an
accurate rainfall map, it is a simple matter to determine
the total volume of rain falling annually on a given river
basin. Dividing this total by the area of the basin, we
obtain a figure known as the pluviometric index (P),
representing the depth of the annual rainfall, regarded as
spread out in a uniform layer. If the average annual
discharge of the river is similarly divided by the area of
the basin, we obtain the index of discharge or run-off (D).
It follows that :

P — D = (water lost by evaporation) 4 (water lost by
percolation) — (water rcturned to surface flow through
springs)

. D

The ratio e

evidently depends on a number of variable factors,

climatic and geological. Figures expressing the ratio of
run-off to rainfall for certain IEuropean rivers are as

follows :

Elbe (Bohemia) . .
Inn (at Innsbruck) .
Rivers of Great DBritain
Seine .

The importance of geological conditions in relation to
discharge is illustrated by the following comparative
figures for the Thames and the Severn Basins above

Kingston and Gloucester respectively.
267

known as the coefficient of discharge

. 28 per cent.
8o per cent.
25-35 per cent.
33 per cent.
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River Area of Basin Mean Rainfall Summer Discharge?!

Mean Minimum
Thames 3,670 sq. miles 27 inches 688 350
Severn 3,890 sq miles 40 1nches 298 100

1 In millions of gallons per day.

It thus appears that the Thames, with a lower mean
rainfall and a smaller basin, maintains a larger discharge
than the Severn. This.is due to the fact that its flow is
maintained to a considerable extent by water stored
underground in rocks, such as the Chalk, and returned to
the surface through springs. The Severn has no such
capitalized reserve of watcr, the run-off of the district being
in general more immediate and therefore more spasmodic.

It is evident from the above example that underground
water must play a large part in conditioning surface-
erosion, apart altogether from its direct work beneath the
surface. If underground storage were impossible, surface-
forms would certainly be very different. Actually there
exists everywhere below the surface an accumulation of
‘‘ ground-water,” though it varies greatly in amount
from place to place. It is chiefly of direct atmospheric
provenance, representing the percolation quota of the
above equation.!

The water-table, wells, and springs.—Rocks in their
relation to underground water fall into two main classes,
according as they are pervious or impervious. Pervious-
ness as a rock character must be clearly distinguished from
porosity. Crystalline rocks show but the slightest porosity,
since their crystals interlock, but they may be highly
pervious in virtue of numerous joints. Conversely most
argillaceous rocks, while distinctly porous, are essentially
impervious. The pore spaces are too small to allow free
passage of water, which is firmly held by surface tension.
Rocks which will hold and permit the passage of water
are called aquifers.

In a large number of cases, a pervious rock occupying the

1 It must be supplemented locally by such other sources as: (¢) * intra-
telluric ”’ or juvemle water, set free in the crystallization of igneous rocks;
(b) original water of sedimentation, remaining in sediments from the time of
their formation ; and (c) ocean water which percolatesinland. The * wander-

ing " or * vadose '’ water above the water-table varies greatly i1n amount and
position.
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surface is underlain by some impervious stratum, and
the downward percolation of water is thereby checked.
In any case, however, there is a general lower limit set to
downward percolation, by the increase of rock pressure
with depth, which ultimately closes all open passages
through the rock. Above the downward limit of percola-
tion, however caused, there will be a thickness of rock,
saturated with water in respect of all pore spaces and other
cavities. Locally, the saturation may extend to the
ground surface, but, in general, its upper limit is below
the ground, and is referred to as the safuration level or
water-table. Wells dug to sufficient depth will fill with
water to this saturation level.

Vadose
water

Water T'able-—»{-=

Ground
water

[After Longwell, Knopf and Flint,
Fic 166.—THE RELATION OF THE WATER-TABLE TO THE LAND SURFACE

Directions of water movement shown by arrows.

If a pervious rock were homogeneous in respect of pore-
spaces and divisional planes, and if supply by percolation
were everywhere equal, the water-table would justify its
rather mislcading name and assume a horizontal position.
Actual water-tables are, in fact, much more complex in
form. Inequalities of rainfall or percolation result in the
piling up of water beneath certain areas. In such cases
a lateral flow at once begins, carrying water from areas of
high to those of low water-table. Variations in pervious-
ness make themselves felt, so that lateral flow proceeds
more readily in some directions than in others! As a
result, the water-table becomes complex and irregular
in form. Morcover, where the water-table intersects the
surface in valleys and depressions, further systematic
variations of level arise, which roughly reflect the form of
the land-surface. This common condition is pictured in
Fig. 166, where springs are shown on the valley-sides, at

1 The perviousness of a water-bearing rock, such as the Chalk, has been
shown to vary with the ‘“ load ’ of overlying rocks. Heavily loaded areas
where the Tertiary cover is thick, afford poor yield in wells, probably owing
to the closing of joints and fissures by the weight of the overburden. Again,
anticlinal areas tend to show open joints, while in synclinal areas the joints
are closed. Within the London Basin the heavily loaded areas are generally

synclinal 1n structure (Fig. 169), and the two effects no doubt co-operate in
reducing perviousness.
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the points where the water-table emerges, the valley-
bottoms being occupied by flowing streams. In such
cases the water-table is lowered in the vicinity of the
valleys to an extent proportional to the volume of spring
flow. The wvalleyward water-table slopes represent
hydraulic gradients, necessary to overcome the frictional
resistance to the passage of the water, which maintains
the discharge of the springs.

The principle noted above in connection with the dis-
charge of springs is of general importance, and we may
illustrate it more simply by reference to the common case
of an outlier of pervious material resting on an impervious
stratum. In such a case, springs mark the lower edge of
the pervious cap. The common elementary explanation
offered is that percolating water reaches the surface of the

FIG. 167.—SvyNcLINAL OUTLIER WITH SPRINGS.

lower stratum and runs along its surface to the points of
outflow. The explanation is erroneous or represents, at
best, a rare and local phenomenon. It assumes that the
form of the surface of the impervious bed permits of an
outward flow ; even if it did, the frictional resistance to the
passage of small quantities of water would be, in general,
so great as to prevent outflow, or to permit only a very
slow and insignificant seepage. In fact, many water-
bearing outliers owe their very existence to a slight
synclinal structure (Fig. 167), and even if the sub-surface
basin be filled with water no appreciable outflow can
result. The actual conditions are represented in Fig. 167,
where the water-table stands high beneath the hill-crest
and descends at an angle sufficient to maintain outflow;
in short, to give rise to the spring there must be a head of
wrater.
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We are thus led to conceive the water-table in a single
pervious stratum as an undulating surface, owing its
irregularities to inequalities of supply, internal transit,
and discharge, and down the slopes of which water moves.
In respect of percolating water from above, the water-table
evidently behaves like the surface of an impervious
stratum. Further, it must clearly rise and fall with the
rainfall seasons, though since percolation is in general
slow, its fluctuations will lag markedly behind the corre-
sponding maxima and minima of rainfall.

Some confusion is apt to arise concerning the relation of
surface-streams to the water-table. In an area of highly
impervious rocks of great thickness, there is, of course, no
regional water-table necar the surface, though water may
be stored far below ground, out of reach of the deepest
valleys (p. 274). In such a case the run-off of the streams
accounts for nearly all the rainfall not lost by evaporation.
Nevertheless, there are no areas in which small amounts
of percolation do not take place, down chance cracks and
crevices. This lends to a limited accumulation of water
in ‘ pockets.” Moreover, streams traversing a generally
impervious terrain will be related to a water-table in their
own alluvia, if these are of pervious type.

In areas of pervious rocks it is frequently only the larger
valleys which intersect the dry season water-table. It
we take as an example a sandstone upland, it is clear that
the wet weather runnels which form the heads of the valley
system are far above the main or permanent water-table.
In spite of this the rock is not able to absorb water fast
enough to take up the whole of the surface flow. Such
streams are liable to loss by leakage on their way to the
main valleys, but a considerable body of water may sur-
vive as surface-flow, particularly if slopes are steep and the
time available for percolation therefore short. In some
cases even a large stream may survive for long periods the
disappearance of the water-table below the valley-floor,
in virtue of its own muddy alluvial deposits. These
effectively ‘‘ puddle "’ the lower river course, and thus
enable the discharge of upstream areas to be carried across
a tract of absorbent rocks.

It will be seen from the foregoing paragraphs that the
basic principles governing the accumulation and movement
of underground water are relatively few and simple. The
complexities of the subject arise through the wide variety
of geological structures and our frequent ignorance of the
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detail of these structures. We have spoken above of a
single water-table, subject to seasonal movements, estab-
lished in a pervious rock-mass of considerable thickness.
In general, however, an area will show duplicated or
multiple water-tables. For the accumulation of sub-
surface water a complete impediment to downward per-

Granta
valley

[After H M. Geol. Survey,
F1G6. 168.—THE FORM OF THE WATER-TABLE IN PART OF CAMBRIDGESHIRE,

Water-table contours (feet) in heavy lines. Ground above 200 feet=dotted §
above 300 feet=shaded.

colation is not necessary. There is a tendency for accumu-
lation to take place above every geological junction at
which percolation is to some extent checked by the super-
position of a more pervious on a less pervious rock. If
gravel rests on fine-grained sandstone, there may be a
distinct water-table in both, owing to the fact that the
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gravel passes water down, faster than the sandstone can
take it up. The same phenomenon may occur within the
confines of a single, generally pervious, rock-mass of varying
porosity or state of fissuring. It is only where wells are
especially numerous that it is possible to reconstruct the
form even of the main water-table of a district (Fig. 168).
Rarely, indeed, is there sufficient information to enable one
to picture the many secondary and temporary water-
tables, yet their existence is rendered evident by springs,
and can be safely inferred from the geological conditions.
When we pass on to consider the many possible associa-
tions of definitely pervious and impervious beds, and their
very varying attitudes, we are evidently confronted with
a host of special cases, of which only a few can here be
considered. The most important cases are those in which
aquifers are interstratified with impervious strata, and

FI1G. 170.—FISSURE SPRINGS.
The dotted bed 1s the aquifer.

inclined at an appreciable angle. The aquifers are filled
at the expense of rain falling on the outcrop, but travelling
down the dip for considerable distances. The water-table
descends in the same direction as the geological dip, but in
general at a lower angle. If there is an impervious
covering rock, the whole thickness of the aquifer may be
saturated. With a synclinal structure, this gives rise to
a true artesian basin (Fig. 169). Under the impervious
cover, the water is prevented from rising to a natural
level ; but as soon as the cover is pierced the water rises
naturally, in wells, to a height depending on the height of
the water-table on the flanks of the basin.

We are not here concerned with artificial artesian wells,
but we may note that springs (dip-foot springs) are liable
to occur on the edge of the impervious cover (Fig. 169)
representing water descending the dip for which room can-
not be found in the already saturated aquifer. Moreover,
faults or other fissures may afford opportunity for the
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artesian rise of water from beneath the cap-rock (fissure
springs) (Fig. 170). If the aquifer, commonly sandstone
or limestone, is a scarp-forming element, we shall also find
springs, representing normal leakage, at the base of the
escarpment (scarp-foot springs) (Fig. 169). The water-
table will fall from a culminating level roughly beneath the
scarp-crest, towards both the scarp-foot and the dip-foot
springs. Thesc three types of springs are of systematic
occurrence in regions of uniclinal or gently folded structure,
though fissure springs are not so common as scarp-foot and
dip-foot springs. These latter contribute great volumes
of water to the subsequent streams, which are so regular
a feature in regions of the scarpland type.



CHAPTER XIX
THE GEOMORPHOLOGY OF LIMESTONE REGIONS

Introductory.—We have seen on an earlier page that
structure (including rock constitution) is an evident
factor in landscape. Nevertheless, in most regions,
‘ stage "’ and ** process "’ are perhaps of more importance
in determining the main outlines of landscape. For
instance, areas respectively sculptured in coarse-grained
crystalline rocks and sandstone will show in detail un-
doubted differentize due to rock character, but if both are
in the same stage of development under normal erosion,
the major lineaments of the landscape will be generically
similar. So, too, in the higher parts of the Alps the
insignia of glacial erosion impose a general unity of form,
largely independent of rock character. In general, it is
true to say that process and stage decide the genus of most
landscapes, while structure determines the species. There
is one conspicuous exception to this rule, however. Lime-
stone country,! whatever its general attitude or climatic
environment, shows unmistakable features which depend
primarily on the qualities of limestone as a rock. Its
outstanding qualities are its solubility in carbonated
waters and its common possession of a well-developed
system of jointing; both are chiefly significant in con-
nexion with the behaviour of underground water. The
morphology of lithestone terrains is closely linked with their
hydrology, and we may fitly discuss the matter as a special
sequel to the last chapter.

Within the general field of limestone landscapes the
chief contrast is between those based on the soft un-
lithified limestones, such as Chalk, and those developed
from the harder limestones, which have undergone self-
cementatlon (p. 136). It should be noted that both types
are ‘‘ soft,” judged by the mineralogical criterion of re-
sistance to scratching, ¢.e. both succumb readily to
mechanical abrasion. The fact that both types tend to
stand up prommently in relief is due to their common
propensity for ‘‘ swallowing ”’ surface drainage. They are

3 Limestone must here be read as including dolomite.
276
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thus ‘‘ resistant "’ to the general processes of landscape
degradation, but not * hard.”

The compact or crystalline limestones give rise to striking
common features of landscape over a wide range of
climatic conditions. They are best seen in the ** karst "
landscapes, but they are not confined to the true karsts.
The Chalk landscapes are equally distinctive, though they
have not received equal attention. Since, however, they
are quite as important to the European, and particularly
the British student, we shall make no apology for
treating them first. They will be found to afford con-
siderable light on certain features of the much discussed
karsts.

The English Chalk country.—The Chalk of England and
France is a soft white limestone, containing a small and vari-
able admixture of clay and sand, and showing in its upper
part bands and nodules of concretionary flint, formed by the
segregation of silica within the mass. Topographically,
the Chalk country is of rolling type, but with marked
relief. Its rounded profiles were so familiar to * Strata
Smith,” the gréat pioneer of stratigraphical geology, that
he identified the Chalk of the Yorkshire Wolds from the
Tower of York Minster before visiting the area. The main
valleys containing perennial streams are widely spaced.
Many, but not all, of these streams are ‘‘ allogenir,”
deriving much of their water from terrains beyond the
Chalk outcrops. The valleys tributary to the main river
valleys are nearly all streamless, and between the watered
valleys are whole valley systems, main trunk and branching
affluents, which are now dry (Fig. 171). The valley-slopes
are steep and the bottoms rounded, unless, as is often the
case, they form the upper surface of a filling of gravel
and hill-wash, (Fig. 128¢c). So numerous are the valleys of
the Chalk country that a map of existing water courses
conveys a quite inadequate impression of the extent of
dissection. Thus in a twenty-five mile traverse along the
lower part of the Chiltern dip-slope, from near Marlow to
Redbourn (Herts), one would cross five main valleys with
flowing streams more or less equally spaced, but between
each pair one or more major dry valleys occur. A parallel
traverse nearer the Chiltern crest would cross some thirty
or forty valleys, for each trunk splits upstream into many
branches (Fig. 171). Despite this pronounced dissection
the interfluves over wide areas are even-crested or flat-
topped (Fig. 128c). Thus, judged by the criterion used in
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the normal cycle of erosion, the topography is still youthful
or sub-mature.

Where the geological dip is slight, the Chalk country has
the form of a dissected plateau. Above some parts of the
plateau-surface are conspicious outliers of Tertiary sands
and clays, while larger areas are covered by a mantle of
Clay-with-Flints. The latter was at first interpreted
as a residual deposit, the insoluble residue of ages of
atmospheric solution of the underlying Upper Chalk.
For part of the Clay-with-Flints this is no doubt a
true explanation, but large quantities of Tertiary debris
and masses of wind-blown loess of Pleistocene date are

F1G. 171.—THE VALLEYS OF THE CHILTERN DIP-SLOPE.
Dry valleys dotted.

locally mixed with it. The mixture has been regarded
by some as of truly glacial origin. For this there is no
certain evidence, but the mass certainly shows signs of
having moved as a sludge, probably during phases of
thaw in Pleistocene times. Though few favour the
presence of ice-caps, there must certainly have been
snow-caps on the higher parts of the English Chalk
country, and in melting they no doubt facilitated
solifluction in the surface deposits (p. 402). Where the
Chalk cover of the English Plain is breached, its edge
stands in a prominent escarpment, of which the base is
encumbered by sheets and fans of ‘‘ coombe-rock,” the
product of wash over a frozen surface (p. 403).
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The hydrology of the Chalk.—The Chalk is the principal
water-bearing formation in England, and its hydrology
has been studied in considerable detail. Normal Chalk 1is
porous, and will hold large quantities of ¢ water_of ini-_
bibition,” which, however, does not drain freely from the
mass. Water-movement in the Chalk takes place largel{
along joints and fissures. Wells and vertical shafts sun
in Chalk frequently remain dry, unless horizontal headings
arc driven to intersect water-bearing fissures. There 1s
no doubt that such fissures are widened by solution as a
result of the activity of descending water. Although large
solution caves are rare or abscent in Chalk, small caves and
gaping fissures have been recorded. At Knockholt (Kent),
at a depth of 270 feet, a cavern 30 feet by 12 feet by 30 feet
was encountered, while at Rochester an enlarged fissure
12 feet wide and 17 feet high was traced for a distance of
150 feet. The complement of the solution process is seen
in the fact that many Chalk springs deposit calc-tufa, and
it has been estimated that every square mile of a Chalk
district loscs 140 tons of matter in solution each year.

The water-table in the Chalk on the flanks of the London
and Hampshire Basins is of the general form shown in
Fig. 169. In the centre of the London Basin, beneath the
covering of London Clay, it formerly stood at the top of the
Chalk, or above it in the Tertiary sands. In the London
area it has been artificially lowered by the pumping of wells,
and is now 100 feet or more below the top of the Chalk in
many places.! The form of the water-table beneath the
Chalk outcrop in Surrey is shown in Fig. 172. The annual
rainfall on the crest of the North Downs is 35 inches,
10 inches in excess of the total on the lower ground near
Croydon. This assists in maintaining the high standing
area of water-table beneath the Downs. From the crest
it descends steeply to the base of the escarpment, where
powerful scarp-foot springs break out at the junction with
the underlying Gault Clay. It declines more gently
towards the edge of the Tertiary outcrop. West of
Croydon, dip-foot springs emerge to feed the Wandle,
but east of Croydon the water-level is well down in the
Chalk at the point where the Tertiary beds come on.

Bournes.—The area illustrated in Fig. 172, presents many
of the typical phenomena of the English and French

1 In 1911 the water-level in the wells supplying the fountains in Trafalgar
Square had fallen more than 115 feet in sixty-four years. The wells 1n
Kensington Garniens had fallen go feet in forty-seven years.
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Chalk country, and its hydrology has been very thoroughly
studied. Amongst the most intercsting features is the
‘“ Croydon Bourne,” a stream which intermittently
occupies the normally dry upper valley of the Wandle,
above Croydon. Such intermittent streams characterize
all the Chalk areas. They are known as nailbournes in
Kent, winterbournes in Wiltshire, lavants in Hampshire,
and gypseys in Yorkshire.! The normal seasonal fluctua-
tions of the water-table are insufficient to flood most of the
dry valleys, but at longer intervals, after exceptionally
heavy rains, the bourne flows break out and last for a few
months. Fig. 173 illustrates the associated conditions of

Oip Foot Spring Profile of Dry Valley Summit Plane
——am

“eud. _ ; ,

-

T
Water Tabdle

Former Spring Summit Plane

e me mmtem e - pgema » ~w
P e - = -

Y

[After Fagg.
Fic 172.—HYDROLOGY OF THE CHALK AREA OF SURREY.

Above, water-table, scarp-foot and dip-foot springs and profile of dry
valley. Below, the recession of the chalk escarpment with resulting depres-
sion of the water-table (p. 286)

rainfall and water-table (in wells) for the three outbreaks
of the Croydon Bourne between 1902z and 1912. The
Hertfordshire Bourne near Hemel Hempstead made eleven
appearances in the half-century 1853-1903. In most
cases there is a favoured point of emergence for a bourne-
flow—no doubt where a major fissure strikes the valley-
floor—but evidently the length of a bourne must be
variable according to the amount of rise in the water-
table. It commonly extends its head upstream following
its first appearance. Several of the Chiltern rivers have
a variable ‘“ bourne-head "’ above their normal source.
Swallow holes and ‘¢ pipes.”—Bournes are due to
temporary abnormal elevation of the water-table ; equally
1 The outburst of these streams was popularly regarded as a portent of
pestilence or other disaster in bygone times Pestilence did, in fact,

accompany them, for when they flowed there was a concurrent rise of con-
taminated ground water 1n domestic wells,
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striking cffects result from intermittent depression. The
River Mole, crossing the Chalk between Dorking and
Leatherhead in Surrey, behaves for long periods as a
normal stream, flowing in a valley where the water-table
is at, or slightly above, the surface. At other periods it
disappears over a portion of its course, only to reappear
farther downstream. At these times the water-table
evidently sinks below the wvalley-floor, and the stream
descends to it through conical holes, some feet in diameter,
known as swallow-holes (Fig. 174). These form by solu-
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F1G. 173.—CoONDITIONS OF RAINFALL AND WATER-TABLE ASSOCIATED
WITH THE OUTBREAK OF THE CROYDON BOURNE.

Water level given in feet above Ordnance Datum.

tion of the Chalk, probably along lines of intersection of
major joints. They may be blocked in their upper
portion by surface debris or crumbling of the sides, but
they readily admit the downward passage of water. They
occur on the floor and the edges of the stream-bed, and
scattered over the flood-plain. Similar phenomena lead-
ing to much more striking topographic effects occur at
North Mimms (Herts), where an obsequent headstream
of the River Colne, draining some scores of square miles
of clay country to the south, periodically discharges the
whole of its water down a group of large swallow-holes
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ranging up to 30 feet in diameter and 20 feet deep. The
floors are generally cumbered with mud, but when this
dries and cracks, glimpses are obtained of the gaping
channels which lead the water
far below the surface. The
swallow-holes, of which some
fifty or sixty can be identified,
open from the floor of a major
depression with characteristic
‘ scalloped " edge (Fig. 175).
MICKLEHAM | This has evidently formed by
the growth and coalescence of
swallow-holes of a previous
generation. As aresult,a con-
siderable '’ solutionsubsidence”
has occurred, reminiscent of
the so-called ‘‘ uvalas " of the
karst (p. 289). Minor streams
draining to the depression
record the stages of its sub-
sidence, by clearly marked
back-cutting, of which the
head is reached a short distance
upstream. In winter floods,
the whole depression forms a
temporary lake, for the inflow-
ing water arrives faster than it
can be taken up by the swallow-
holes. At such times an
overflow channel leads north-
westward into the main stream
of the Colne, and surface
drainage is temporarily con-

DORKING

[After H M. Geol. Survey. tinuous.!
G. 174.—SWALLOW-HOLES ‘.
I Tt e Riven P oo Conspicuous swallow-holes
SURREY. along water courses are com-

paratively rare, since they tend

1 This is one of the very few cases of major solution subsidence known in
the English Chalk lands. A possible example, on an even larger scale, occurs
near Lane End, Bucks, where a strip of country, floored by Tertiary deposits,
1,000 feet wide and some two-thirds of a mile long is depressed below 1its true
level, so as to imitate a miature rift-valley. It bas been regarded as
bounded by faults, but the nature and cause of the faultingarenotclear. It
is possible, though not proved, that the subsidence was due to solution 1n the
underlying chalk. Iarge swallow-holes occur near the edges of the sunken
block. = The area seems to be comparable in some respects with the smaller
poljes of the karst (p. 289).
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to be filled and obliterated, but at higher levels, far above the
saturation plane, they are very common in Chalk country.
The common situation is near the edge of impervious cap
rocks, such as Tertiary outliers or spreads of Clay-with-
Flints. Water flowing over the surface of such beds sinks
into swallow-holes when it reaches the underlying Chalk
The swallow-holes thus appear as aligned dimples in the
surface, many of them silted up and no longer functioning.
But, as Darwin noted, swallow-holes form in all situations
over the higher parts of the Chalk country, and they are
to be regarded as the natural water conduits for down-

Wet weather
overflow

F16. 175.—DISAPPEARANCE UNDERGROUND OF MIMMSHALL BROOK,
S. HERTS.

Right, Tertiary rocks are dotted; chalk=white; swallow-holes=large
dots, wet weather overflow course=dashed line. Left, an enlarged sketch
of the sunken area, pitted with swallow-holes at Water-End.

ward percolation above the water-table. They can form
beneath a shallow cover of pervious sand or gravel, which
subsides into the depression as it grows. Thus are formed
the familiar ‘‘ pipes "’ seen in section in many chalk pits
(Filg. 176) ; in reality the * pipes ”’ are ‘‘ fossil *’ swallow-
holes.

Though the number of swallow-holes in Chalk country is
large in the aggregate, they are rarely grouped so as to
affect the form of the surface in any conspicuous way.
In this respect Chalk country differs from the karsts.

The dry valleys of the Chalk.—With the chief physical
features of the Chalk terrains now before us we may br.efly
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examine the major physiographic problem they present,
viz. the origin of the dry valleys. The form of the valleys
leaves little doubt that they were eroded by flowing water;
though solution, as well as abrasion, must have played a
large part. Moreover, they form as a whole, systems
mutally accordant, and the dry tributaries of the watered
valleys show similar accordant relations. Sometimes the
branches of a system hang slightly above the trunk valleys,
whether wet or dry. This is well seen in the tributary
coombes of the River Cuckmere near Alfriston (Sussex).
But in all cases the discordance is so slight as to prove
clearly that the excavating conditions have not been long
in abeyance. A comparatively small rise of .the water-
table would suffice to provide the larger valleys with
streams, as is evident from the bourne phenomena. A
much larger rise would be necessary in the case of the
branching head valleys of the system. At first sight the
simplest means of explaining such a rise would seem to be

E % .. Gravel

| é i S—l 9] {Y 1 cham
i | | I .

| [ 1

Fi1G. 176.—GRAVEL-FILLED PiPES IN CHALK.

the assumption of a formerly higher rainfall. But this is
an entircly ad hoc assumption for which there is little
confirmatory evidence. It would remain as a last ex-
pedient if all other explanations failed. A more plausible
suggestion is that the valleys were excavated when the
surface was more or less permanently frozen in Pleistocene
times and could therefore support a surface drainage.
We shall note that certain short valleys in the face of the
Chalk escarpment are probably due to excavation by
snow-melt water (p. 404), and there may have been similar
action on the dip-slopes. But the application of this
hypothesis to the whole of the dry-valley systems in no
sense fits the facts. It implies that these valleys were a
sudden and late accession to the landscape, whereas they
behave in plan like a normal integral part of the regional
drainage system (Fig. 171). Moreover, any general
explanation has to fit not only the Chalk areas near the
former ice-edge, which may have supported snow-caps
and were certainly frozen, but also the French areas much
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FiG. 17“7.—'1‘31: SEVEN SISTERS, DRY CHALK VALLEYS LEFT
HancGiNg ” BY CLIFF REcEssioN, E. Sussex.

[Photo by H.M. Geol Sturvey. Crown copyright res

F1c. 178.—Tre DEviL's DykE, NEaR POYNINGS, SUSSEX, a STEEP-SIDED
CooMBE IN THE CHALK, PERHAPS EXCAVATED UNDER CONDITIONS
oF NIVATION (p. 404).
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farther south, where the former prevalence of these
climatic conditions cannot safely be assumed.

There can be no doubt that Fagg has given the best
general explanation of the dry valleys. His argument is
based on the Chalk area of North-eastern Surrey. It
rests on two simple facts illustrated in I'ig. 172, viz. (a).that
the general height of the water-table depends very largely
on the level of discharge of the scarp-foot springs, .e. the
ievel of the Gault junction, and () that the escarpment
has receded during the current cycle of erosion from a
' feather-edge "’ on the uplifted peneplain whose remnants
are now represented by the upland ‘summits. During
the retreat of the escarpment it has increased progessively
in height, but the level of the Gault junction has evidently
fallen stcadily. Accordingly there must have been a
secular fall in the water-table, independent of any change
of climate, and valleys cut in earlier stages must neces-
sarily have been abandoned later. It is possible to
identify one former position of the escarpment by reference
to the Limpsfield gravels (Fig. 172). When these were
formed (by river action) they were at the boffom of the
scarp-foot vale, of which the form may be reconstructed
by projecting the escarpment forward from the present
position. The geological date of the gravel (Middle
Pleistocene) is given by its included paleolithic imple-
ments. For this date, thcrefore, we can reconstruct the
water-table, assuming that its gemeral form was as it is
now. It at once appears that this would cause springs
to break out in certain of the present dry valleys. An
extension of the process backward in time accounts for
other groups of dry valleys. Fagg's detailed analysis on
these lines is complete and convincing, and has evoked no
valid objections in the twenty years since its publication.

There can be no doubt that the above explanation of
dry valleys is applicable in all Chalk areas of dip-slope
type, and also in other regions where gently inclined sheets
of limestone or sandstone form escarpments. Its great
merit lies in its appeal to causes still acting demonstrably, if
slowly. In this it is true to the tradition of ‘‘ uniformi-
tarian "’ geology and of the best deductive morphological
arguments. Its acceptance does not preclude belief in the
efficacy of other processes, which have no doubt co-
operated in shaping the Chalk valleys. In particular it
allows of the late intervention of nivation (p. 402) in
the process, and also of the effects of solution guided by
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joints or fissures.! The great Chalk area of Wessex (and
similar tracts in France) may seem at first sight a stumbling-
block to the argument, for it is terminated on the north
and south by Tertiary basins, not by escarpments, and the
escarpments on the east and west sides are widely
separated. But it must be noted that the down-cutting
of the Hampshire rivers has itself contributed to a steady
depression of the water-table so that a similar process
has been at work in “ drying out ’’ the minor valleys.
.-_Karst regions,—Extensive tracts of compact or crystal-
line limestone exhibit underground solution phenomena
which differ in degree, rather than in kind, from those of
typical Chalk country. The jointing system in such lime-
stones is commonly even better developed than in Chalk,
and, moreover, the cohcsion of the rock facilitates the
opening of large caverns within it ; in Chalk and other
more soluble rocks, such as rock-salt and gypsum, large
caverns would tend very readily to collapse. The great
limestone formations are, from the circumstances of their
origin(p. 134),characteristically extensive and homogeneous.
Variation in purity does occur, however, and affects
the bulk of insoluble residue set free by solution. Such
residues (the ferra-rossa of South Europe) form slowly, and
there is no doubt that with a dry surface and absence of
vegetation, they are appreciably removed by wind. The
occurrence of less soluble dolomitic and marly (z.e. clayey)
beds in limestone is also important, as tending to check
the downward penetration of water. It is evident that
penetration will tend to a maximum when the bedding
of the limestone is highly inclined, and such a check cannot
operate.

The region in which underground drainage and related
phenomena are best displayed, and have been most
thoroughly studied, is the karst (It. Carso), which
extends as a belt, some 50 miles wide and locally 8,000 feet
high, from the Istrian peninsula south-eastwards through
Jugo-Slavia, along the Adriatic coast. Surface drainage
is practically absent, the only major river which crosses the

! The rectilinear plan of the dry valleys in many places suggests the
influence of jonting upon the valley directions, but an examination of the
dry valleys truncated by the Chalk cliffs in Sussex and Xent shows that there1s
no invariable relation of valley lines to recognizable fissures (Fig 178 ) The cur-
10us ‘““ nodes,”” or convergence points, of many tributaries, which occur in lines
roughly parallel with the escarpments (Fig. 171) and largely influence settle-
ment sites, probably mark halting-places in the retreat of the Tertiary edge
down the Chalk dip-slopes.
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belt being the Narenta (Fig. 179). So striking are the
phenomena here that the term ‘‘ karst ’ has acquired
generic significance and has been applied in many other
limestone regions. The corresponding French term is
‘ causses,” the causse regions flanking the Massit
Central,revealing
phenomena kindred, but
not identical, with those
of the Dinaric Karst.
Milder manifestations of
the same processes are
seen in parts of the Jura,
the Alps and the Apen-
nines, in the Tertiary
limestone of Poland, and
the limestone country of
England, Kentucky,
s \ Virginia, Central
= ?ennessee, Northern
“lorida, and Yucatan.
F16. 179. T::EAI::xiﬁcAégzsguAnnn) OF The morphological
effects of surface and
sub-surface solution in limestone are so distinctive that there
have grown up parallel elaborate systems of nomenclature,
deriving from local v ernacular, for the description of land-
forms, etc. Local British equivalents for most of the
terms exist, but they have never been systematically
collected and defined. As a result British, French, and
German writings on the subject are exasperatingly studded
with Serbian and other words which have taken on the
status of technical terms. Apart from the needless air
of obscurity or profundity thus conveyed, the practice is
indefensible, for many of the words in question have much
broader meanings than their technical use assumes and
confusion inevitably results. It is interesting that the
parallel local systems exist, but it should be unnecessary
to burden writings in any one language with a polylingual
jargon of ugly and ambiguous terms. Nevertheless the
ground remains to be cleared, and we must perforce study,
in passing, the synonymy of the nomenclature.’

Bare limestone surfaces commonly show a widening of
joints by solution, or, in extreme cases, a complex fretting
or fluting of the surface, which rises in minor ridges and
pinnacles separated by deep and narrow clefts. Lime-
stone pavements iending to this type are called * clints ”
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or ‘“ grykes " in the North of England. The French term
for such areas of ‘‘ solution fretwork ’ (often to be crossed
on foot only with great difficulty) is * lapiés "’ (Fig. 180) ;
while the Germans speak of them as * karren ”
or “ schratten.” The Serbian term for deeper fissures is
‘“ bogaz.” Swallow-
holes are character-
istic of the karst
regions. They are
known as ‘ dolines
in the type karst (Fig.
181), as ‘‘sotchs,”
“ creux "’ or ‘‘ empo-
sicux " in various parts of France.! Vertical or highly
inclined shafts, leading from swallow-holes, or direct from
the surface to underground caves, are ‘‘ ponor ” in the
Serbian karst (I'ig. 181) and ‘““avens’ in France, while
many other terms are used.

Depressions larger than swallow-holes and arising often
through their coalescence are termed *‘ uvalas " ; there is
no English cquivalent. Uvalas may range up to a kilometre

Fic 180.—I.APIfsS.

[After Cuijic.
F1G. 181 —DOLINES LEADING BY WAy OF ‘‘ PONOR ”’ T0 UNDERGROUND
CAVEs.

in diameter. Still larger depressions, some of rather
problematical origin, are termed * poljes ”’ (sing. * polje )
(Fig. 182). Some of these are formed by solution, and all
are modified by its action. Residual limestone masses
or hummocks rising above polje floors are called ‘“ hums ”’
(Fig. 182). .

The surface of a well-developed karst has lost all
semblance of normal water-modelled forms. It is a stone
desert, a chaos of pits, elongated hollows, and ridges ; and

1 Alternative English words are ‘‘ swallet " and ‘* sink,” the latter being
favoured in America.

10
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devoid of surface-drainage save where allogenic streams
cross it at the bottom of precipitous gorges, like that of
the Tarn in the Great Causses of France." In less developed
cases, more or less concordant dry valleys may exist, or
elongated depressions, which are evidently “ blind valleys "’
in process of abandonment (p. 292).

The common phenomena of limestone caves are too
familiar to need extended description here. They com-
monly form part of a complex system of channels, widening
locally into chambers, and fall broadly into two sets, viz.
roughly horizontal galleries, and vertical or steeply in-
clined shafts, of which the higher members are the
‘“ ponors”’ communicating with the surface (Fig. 181).
Some have supposed that such channels may be in general,
though intermittent, use through the whole thickness of
rock involved, water rising by siphon-action so as to flow
through the upper galleries before descending. No doubt

[After Cuspse.
F1G. 182.—A PoL)E WITH RESIDUAL LIMESIONE MASSEs

this occurs to some extent, but in general we must think
of the underground drainage as related to the permanent
water-table. In well-jointed limestones, the water-table
is characteristically flat and well below the surface, owing
to the unusually free fissure-guided flow. The water-
table is the general level of flow of the underground
streams. It may oscillate in position with variations of
surface supply, but above its highest levels the channels
in the rock can only bring down intermittent storm-
water. Complete underground river systems have been
traced by such investigators as Martel, and the streams
show many of the features of ordinary surface strecams.
They widen their course by mechanical corrasion as well as
solution, for rock debris is washed in from the surface,
and in flood they bring this action to bear on the roofs, as
well as the sides and bottoms, of the galleries.

A good example of an actively eroding underground
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stream, showing, by analogy with surface forms, many
youthful featurcs, is the Echo River of the Mammoth Cave
of Kentucky. Such streams are often tributary to surface
rivers, emerging at the foot of the stecp valley walls as
“ Vauclusian springs.”’! Thus the Echo River flows into
the Green River. In some cases the water-channels are
partly above and partly below ground, as at Hann-sur-
Lesse in Belgium. Such cases immediately suggest the
possibility that buried streams may re-emerge to the light
through the collapse of cavern roofs (Fig. 183). Examina-
tion of parts of Virginia confirms the suggestion, for here the
process is incomplete and natural bridges still link the

///////////

_:;::_:F'g..)‘:
1.4 fasd"—~

‘ ' O 1
\ }‘ b hl/ll‘ ‘I“ ‘II im —’u u"_‘_ ,’ }
/, i/ } -llAL!. / '
!/lo;< .!‘|l|m‘,’|u,!J"7_/,
- l‘ '\ .i,‘ //'( ;
"N
- ()
[
7/

[After Cuspse.
Fi1c 183 —INCIPIENT STAGE OF VALIEY FORMA1ION BY COLLAPSE
OF CAVERNS

sides of gorges which have arisen by the deroofing of
elongated caves. While this is one demonstrable origin
of limestone gorges, there has been a tendency to over-
work it as an explanation. Similar gorges can arise in the
normal dissection of a limestone terrain, granted the
requisite conditions of water-table, etc. De-roofing marks,
in all probability, a phase of the karst process ; it does not
go on everywhere and all the time.

The cycle of erosion in karst regions.—While certain
karstic features are common to suitably placed limestone
outcrops over a wide range of latitude and climate, the
individual peculiarities of the major karst regions can only

1 Named after the famous Fontaine de Vaucluse 1n South France.



292 THE PHYSICAL BASIS OF GEOGRAPHY

be explained in terms of an orderly sequential develop-
ment ; in short, by the introduction of a cycle and stage
concept. This was attempted by Cvijic for the Dinaric
karst, the parts of which are in various stages of evolutign.

Dealing with the matter in general deductive fashion.
we may say that the pre-requisite condition for karsting
is the existence of a thick and pure mass of limestone,
resting upon an impervious stratum and with its surface
well above the water-table. Thus a cycle may be initiated
in two ways : (a) by the general uplift of a limestone
terrain over which, before uplift, normal erosion was in
progress, with the water-table near the surface; (&) the
breaching, by a normal drainage system of the impervious
cover of a thick limestone mass. In either case the en-
largement of joints and the establishment of swallow-holes,
etc., will at once begin in the upper parts of the mass.
The swallow-hole, or doline, may, in fact, be regarded as the
essential unit in karst morphology. By these mecans a
portion of the surface drainage will pass below ground,
though most of it remains on the surface. The further
progress of the cycle involves the extension of solution
in depth and the progressive increase of underground
drainage at the expense of surface streams. The swallow-
holes will increase in number and size, leading to growing
caverns underground. Normal erosion will continue to
act in the valleys above the points where the drainage
‘“ burrows.” Thus will arise blind valleys—really * in-
verted hanging valleys ’—which disappear underground
below the level of their former continuations. It must be
remembered, however, that the pitting of the surface by
swallow-holcs is not confined to the valley-floors, but goes
on generally over the surface, destroying the former
handiwork of flowing water. By the coalescence of neigh-
bouring groups of swallow-holes uvalas will arise.

When all surface drainage has disappeared, pure karst
conditions, i.e. the mature stage of the karst cycle, may be
regarded as established. The passing of youth may be
regarded as conveniently marked by the disappearance
of the last traces of the former valley plan. In maturity
a vigorous underground drainage has replaced the surface
drainage, but this condition contains the seeds of its own
dissolution. The continued opening of underground pas-
sages will tend to flatten and lower the water-table ; the
effective base-level of erosion is the surface of the under-
lying impervious bed. There is thus a limit to the
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downward burrowing of caverns, and, since the general
lowering of the land-surface by solution goes on unchecked,
there will come a time when cavern roofs become too thin
for stability and collapse. This is plainly the beginning
of the end, that is, the re-establishment of surface drainage,
which, given time, will revert to a ‘ normal "’ condition on
the impervious basement rocks. It is in these late stages
that the smaller poljes must form, through collapse of
cavern roofs and the mutual intersection of uvalas.! The
residual *‘ hums "’ are no doubt the last surviving remnant
of cavern walls in many cases (Fig. 182). The periodic
flooding of the deepcr polje floors, as commonly witnessed
in Yugoslavia, itself foreshadows the re-establishment of
normal surface drainage.

Since the karst cycle, as outlined by Cvijic, is largely
based on the phenomena of the Dinaric karst, one evidently
invites the charge of begging the question in claiming it
as the only fully developed karst yet studied in detail.
Yct comparison with other European areas tends to enforce
this claim. In the Dinaric karst the impervious base
is below sea-level over considerable areas, the surface
stands high, the limestone is pure, and the rainfall is
considerable. Inthe Great Causses (Causses du Gévaudan),
by contrast, the base rock outcrops in the gorges, and
the total vertical scope for karsting is less. Whether for
this or other reason the karstic development is much
less perfect. True poljes are rare or absent, and the river
gorges are due to allogenic supply, not to cavern collapse.
In brief, the cycle is not so far advanced ; and in any case,
the gencral setting is against full development. The Little
Causses (Causses du Quercy) depart even further from the
type, for the limestone cover is relatively thin, and contains
appreciable marly elements essentially impervious. In
consequence, the dry valley plan is largely intact and
forms ‘‘ lines of verdure across the arid table-land, with
arable fields climbing up the slopes and meadow-land in
the bottom, which is often floodcd after heavy rain.” The

1 One 1s loath to invoke solution as the cause of the major poljes, which
range up to 50 km 1n length and conform to the structural pattern of the
country. Many of thcm are, 1 some part, tectonic dcpressions, Upper
Tertiary basins filled with lacustrine sediments. On the bther hand the fact
that these large poljes show ** tectonic *’ lineaments 1s not in itself a disproof
of solution, for solution no less than corrasion 1s structure-guided. Where
the walls and floors are of himestone, solution has undoubtedly helped 1n
shaping them, but 1s probably not accountable for the whole of the depression.
The term ** polje " 1s applied popularly to depressions of varying natures, many
of which are nothing more than ordinary valleys.
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Little Causses have evidently not passed the youthful
stage of the karstic cycle.

Comparable conditions exist in the limestone tracts of
Britain. In the Mendips, Cheddar Gorge and Burrington
Coombe, with their caves and swallow-holes, and the
spectacular Wookey Hole with its * Vauclusian spring,”
show true karstic features. Again, in the Central Pennine
area the middle platform of Ingleborough shows clint
conditions admirably, while Gaping Ghyll is a typical
“ ponor ” or “aven.” The valley above Malham Tarn
and the “ Winnatts "’ above Castleton in the Peak dis-
trict are ‘‘ karstic "’ valleys, though there is no reason to
regard them as collapsed caverns. In Ireland, bare
limestone pavements occur at low levels. The proximity
of the water-table here nips the karst process in the bud.
The Chalk regions, if they can be fitted into the karst
cycie at all, are evidently in a very youthful stage.



CHAPTER XX
EROSION UNDER ARID CONDITIONS

Introductory.—Our knowledge of erosion and land-
sculpture under arid conditions is still rather severely
limited by the incomplete exploration of the desert tracts
of the world, and particularly by the general absence of
accurate large-scale topographical maps of these regions.
Notable contributions have, however, bcen made by
J. Walther and certain French and English geologists in
North Africa, by Passarge in the Kalahari, and by W. M.
Davis and his followers in arid North America. It should,
nevertheless, continually be borne in mind that our

[After De Martonne
F16. 184.—AREAS OF INLAND DRAINAGE.

acquaintance with areas of “ humid " erosion is so much
more detailed and exact that there is some natural
tendency to over-emphasize the work of water. Essen-
tially arid areas (chiefly basins of inland drainage) at
present occupy approximately 30 per cent. of the conti-
nental surfaces, excluding the polar regions (Fig. 184).
In the far geological past arid condition;cgrevailed over
wide tracts now subject to normal erosion}-’ Desert land-
forms dating from these distant periods have locally been
preserved beneath continental deposits, only to bc exhumed
by normal erosion in later times. Thus, as in the classic
case of Charnwood Forest (p. 207), such land-forms have
295
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become elements in the present landscapes. In the more
recent past, since the last Pleistocene glaciation, arid or
sub-arid conditions have widely transgressed their present
boundaries, leaving their stamp on ‘‘ normal ”’ landscapes.
The existing arid areas are sufficiently extensive of them-
selves to demand treatment in any balanced picture of
earth-forms, but, as in the case of glaciation, the former
migration of arid conditions lends further intercst and
importance to the stady.

The physiographic form of the deserts of the world is
very varied. The wastes of the Sahara, Arabia, the
Kalahari, and Australia present general plateau forms of
simple character, but many of the deserts of Asia and
North America are mountain-girt basins. Climatically
the tropical, or trade-wind, deserts owe their existence to
the general atmospheric economy of the planet ; aridity
is imposed, independently of relief, by planetary factors.
The intermontane basins lie, on the whole, in higher
latitudes, and owe their extreme aridity, in part, to the rain-
shadow imposed by bounding mountain ranges. It
should be noted, however, that the * climatic ”’ deserts
would, apart from relief, tend to stretch into the temperate
heart-regions of the larger land-masses; relief merely
accentuates an aridity which would prevail in any case.

The border rcgions of the tropical deserts, where un-
interrupted by salient relief features, show a perfect
transition in physiography, as in climate, toward
* normal ”” or humid conditions. Deserts of the * inter-
montane basin "’ type tend to be much more sharply
bounded. ‘ Normal’ and ‘ arid ’’, erosion conditions
may co-exist on either side of a narrow, but lofty, mountain
barrier, the streams on one side draining to the sea and
being subject to the control of a marine base-level, while
those on the other, collect in temporary desert lakes
(playas) or wither en route by percolation and evaporation.
Hence, we obtain a truer first picture of the relation of
normal to arid erosion by considering areas where a well-
spaced transition exists, and where, therefore, the relative
importance of the several factors involved changes slowly.
The conception here involved is important. We can hardly
accept for physiographic purposes any of the precise
definitions of aridity proposed by climatologists.! How-

1 These are based, in general, op the ratio of rainfall to temperature or
uvaporation.
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ever we define the desert heartlands, there is, in most
cases, a broad semi-arid margin in which processes and
land-forms have clear affinity with those of the truly arid
tracts. Such must be grouped with the deserts and
afford most valuable clues as to the character of dcsert
erosion.

Broadly defined, the essential factors controlling erosion
in the arid regions are the absence of vegetation cover and
the excess of evaporation over rainfall. In the tracte
which ‘“ just divide the desert from the sown ” it is readily
seen that erosion is inversely proportional to the extent
and thickness of vegetation cover.! In the absence of
such a cover, the binding effect of roots is lost, while direct
percolation, without surface-flow, is enormously increased.
As we pass from these regions towards the desert interiors,
drainage systems become increasingly open-textured and
lose their integration, comnsisting of short dissevered
streams which wither before reaching the sea or any
main drainage trunk.

The processes of arid erosion.—We have already noted
(p. 146) the salient characteristics of mechanical weathering,
which reaches its maximum intensity in the true deserts.
The insignia of the associated processes of transport and
erosion are plainly written on the face of the desert, and
it is true to say that they are well understood qualitatively,
though ground for difference of opinion still exists as to
their relative quantitative efficacy.

.As the control of water-erosion diminishes, the work of
wind, only locally appreciable in humid regions, increases
in importance, though it is probable that it rarely becomes
completely dominant over water-action. It is concerned
in three distinct processes, viz. corrasion, deflation, and
deposition.

Wind-corrasion is the work of strong air currents armed
with sand grains. Its effects are imitated by the artificial
sand-blast, which operates, however, under very different
conditions. Quartz, the dominant mineral of ordinary
sand, though softer than the gem-stones, is harder than

1 In Hertfordshire, it has been estimated that the winter percolation (with
vegetation cover reduced or absent) is eight times the summer percolation.
We may recall, further, that the great deserts of the eatlier geological periods
were probably, in this sense, largely “ biological >’ rather than ‘‘ climatic
deserts. In pre-Devonian times there was no land vegetation, and for long
after its first appecarance such vegetation did not cover any large part of the
land-surface, being confined to the vicinity of water. The spread of the

5mssss in Tertiary times has wrought powerfully against the extension of
eserts.
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most of the cornmon rock-forming minerals. The long-
continued, though intermittent, attack of wind-driven
sand can polish or etch rock surfaces, if applied generally ;
or by localized action can produce fluting or channelling.
Some measure of the action is given by the fact that steel
rails can be cut through in time. The maximum corrasive
effect is exercised some distance above ground level.
Near the ground the wind is retarded by friction, while
there is an upper limit beyond which normal winds will
not lift sand grains of avcrage size. Thus, though the
limits doubtless vary in height, there is a general tendency
to undercut upstanding objects. Wooden telegraph poles
are quickly cut down in parts of the Australian Desert,
while rock-masses assume a characteristic mushroom-
form (Pilefelsen of Walther). Where such masses are

F1G. 185.—SoME EFFECTS OF WIND-EROSION.

Above, Zeugen; below, Yardangs. Zeugen vary from 5 to 150 feet n
height.

tabular in form, consisting of a table of some harder stratum
on a pedestal of shale, mudstone, etc., they are known
as Zeugen (Fig. 185). With complete removal of the
pedestal the mass is overturned and the process starts
anew. Other striking features produced by wind-corrasion
are the ‘‘ yardangs " described by Sven Hedin from
the Central Asiatic desert (Fig. 185). These are steep-
sided rock ribs, up to 20 feet high and from 30 to
120 feet in width, separated from one another by grooves
or corridors cut in the desert floor. Though irregular
in form and with undercut sides, they maintain a rough
parallelism over considerable areas. It cannot be doubted
that they owe their origin to veritable @olian corrasion,
under the influence of steady winds.

Loess.—The name ‘“deflation’’ (Latin deflare, to blow
away) was applied by Richthofen to the process of win-
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nowing the finer material from the desert floor. The dust
storms of the desert are familiar in word and picture and
much of the dust thus raised is dropped again locally.
There is ample evidence, however, of actual export of
dust from arid regions. The so-called blood-rain, which
falls occasionally as far afield as North-western Europe,
is tinted by Saharan dust, and the sails of ships off the
west coast of Africa are reddened from the same source.
Wind-blown deseit particles are almost the only terri-
genous elements found in the deep-sea deposits. But
much more eloquent of the magnitude of export by
deflation are the great masses of loess, first described by
Richthofen in China. Alike in its physical characteristics,
and its occasional fossil contents (land animals), this
remarkable deposit of fine-grained yellow dust reveals
itself as a wind-blown deposit. It has accumulated to a
thickness of 400 to 1,000 feet, filling the valleys and burying
the hills of Northern China. It is evidently the export
from the arid wastes of Central Asia.! The curiously
small scale vertical jointing of loess has been attributed,
in part, to the influence of vertical plant roots, and it is
probable that a vcgetation cover has assisted in trapping
the dust during the accumulation of the deposit.
Dunes.—The great loess decposits not only give some
measure of the deflation process, but also illustrate the
local importance of @olian deposition in desert border-
lands. Deposition of coarser material occurs within the
desert, notably in the form of the characteristic dunes.
Much has been written on the formation and general
economy of dunes. The coastal dunes of temperate
latitudes are more accessible for study, but they are
not strictly comparable with desert dunes, being smaller
and less fully nourished with sand. Few of them are
active or migratory, owing to natural or artificial fixation
by vegetation, particularly marram-grass (Ammophila

1 It should be noted that the loess of Europe accumulated during the phase
of temporary aridity, and reduced vegetation cover, associated with the
Pleistocene glaciation, and thus it may not be strictly comparable with the
Asiatic loess. Some have supposed that it accumulated during the Ice Ages,
beyond the margins of the ice-caps. But some of the loess appears to be
inter-glacial—s.e. accumulated during the warm and relatively dry intervals
which separated the actual glaciations (p. 407). At these times wide stretches
of sandy outwash plain were available for wind attack. Itis possible, though
not as yet proved, that the Asiatic loess was also associated with tte Pleis-
tocene glacial conditions and is not, as i1t were, the normal export of the
Asiatic deserts. In any case, the European loess affords an example of
temporary arid conditions unconnected with the true deserts.
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arenaria). Special conditions, including broad stretches
of shore sand, bared at low water and subject to the
influence of on-shore winds, are necessary for their initia-
tion. Active supply is only available intermittently, when
the sand-surfaces dry after low water, and in general the
winds are less constant than those of the desert regions.
Nevertheless, the larger coastal dune-tracts, such as that of
the Landes in South-west France, present phenomena
comparable with those of the sand deserts.

[After Sven Hedin.
F1G6. 186.—TRAVELS AND GROWTH OF DUNES.

(2) Regular advance with constant supply. (b) Advance decelerating, with
increasing height and sand supply. (c) Advance accelerating, with decreasing
height and sand supply. (d) Influence of wind-eddy on sand-fall face.

The dunes fall into two classes, transverse and longi-
tudinal, according as they lie roughly perpendicular to or
parallel with the prevalent wind direction. The transverse
dunes are characteristically asymmetrical in profile, with
their gentler slope towards the wind (Fig. 186). Sand is
driven up the windward slope and descends the steep
‘“ sand-fall ”’ under gravity, though a wind-eddy in the
lee of the crest probably tends to retard the descent and
affects the form of the sand-fall slope, tending to hollow
it and thus impart to it a concave profile, in contrast with
the convex profile of the windward side. In plan the
crest-line of the dunes tends to be arcuate, the convex
side of each arc being turned to the wind and the crest
standing highest near the centre of the arc: in other
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words, the lower ends of each eminence in the dune-ridge
tend to curve down-wind (Fig. 187).

The mode of origin of longitudinal dunes is less obvious
at first sight, but, in some cases at least, it appears that
they arise through the
modification of trans- —
verse dunes. The -
latter become fixed by =
binding plants at the
lower points, or cols, F1G. 187.—BARcHANS (CRESCENTIC DUNES).
where the water-table
(p. 269) is nearer the surface. With the ends thus fixed the
arc is, in effect, blown inside out, 7.e. the wind continues to
drive the central higher part of thc dune onwards, turning the
original convexity into a concavity. With a continuance
of this action, particularly when sand supply is deficient,
a ‘‘ blow-out ”’ may arise at the head of the bay, and the
dune will thereafter consist of two separate arms inclined
towards each
other. Ulti-
mately these
arms are ro-
tated so as to
point directly
down-win d,
becoming
true longi-
tudinal dunes.

Itis probable

F1G. 188.—THE AREAS OF SANDY DESERT IN th 2 t longi-

THE OLp WoRLD. tudinal dunes

can also arise

by the growth and down-wind elongation of small sand hil-
locks, trapped initially by low-growing clumps of vegetation.

The study, still far from complete, of dune-formation
in the desert has led to the recognition of forms and
phenomena analogous to those of the coastal dune areas.
‘“ Barchans,” isolated crescent-shaped dunes, transverse
to the wind and with down-wind horns, are well developed
in parts of Turkestan, though only to a limited extent in
the Sahara (Fig. 187). The sand areas of the Old World
deserts (‘‘ Erg "’ of the Sahara, ‘ Koum " of Asia) are
well defined and strictly localized, forming comparatively
small islands in the stone or rock desert (‘‘ hamada ")
(Fig. 188). In some places a featureless sand veneer may




302 THE PHYSICAL BASIS OF GEOGRAPIIY

cover the surface, but, more typically, the sand areas are
a maze of dune-ridges. Aerial photography resolves the
seemingly chaotic arrangement, as viewed from ground
level, and shows that the dune complexes consist on the
whole of sinuous transverse dune-ridges—in effect, strings
of barchan-like features which have coalesced. Though
each individual dune migrates down-wind, the dune
complex as a whole remains essentially stable in position
and area. Locally, longitudinal dunes are found within
the mass, particularly in the neighbourhood of the long
narrow corridors which traverse the complexes for long
distances and are often followed in the Sahara by caravan
routes. Such features, no doubt, arise through localized
wind-erosion ; they represent, in effect, aligned ‘‘ blow-
outs,” and the dunes are slewed round into longitudinal
positions in their vicinity.

The localization of the dune-areas appears to be related
to the form of the underlying surface and the sand-supply.
They generally occupy slight depressions, where the first
stages of growth may have been assisted by a moist or
temporarily water-covered surface. They form in the lee
of tracts of sandy river alluvia or disintegrated sandstone
outcrops.

General results of wind-action.—If we now inquire into
the general characteristics and probable ultimate results
of wind-action, we shall find a wide field open to doubt, and
a pressing need for much more detailed quantitative work.
Deflation is the only means whereby the surface of an arid
region can be lowered by bodily removal of material from
the region. The question thus arises : what is the general
speed and efficacy of this process as compared with water-
erosion ?

There are a few facts and figures to help us, but they do
not carry us far. The calculations of J. A. Udden showed
that in the great storm of 1895, 4 to 10 tons of dust per
square mile were desposited in Indiana. More generally,
he estimated that 850 million tons of dust were carried
1,440 miles each year in Western United States. From
another region comes the interesting estimate of Sir
Flinders Petrie that 8 feet of material have been removed
by wind from the surface of the Nile delta in 2,600 yvears.
These amounts appear large, but it is generally agreed
that they represent a much slower levelling process than
that of water-erosion. It is tempting, indeed, to emphasize
the obvious fact that wind-action is only in a minor degree
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constrained by the form of the ground. Its potential
ficld of action appears to be the whole surface, and its
relation to water-action might seem to be that of the sand-
paper to the file. But this antithesis is largely false.
The localized file-like action of vertical water-corrasion
is assisted by general * atmospheric wash ''—the flattening
of slopes—and after maturity is reached the land-levelling
processes are generally, not locally, applied. Moreover,
there is definite evidence that wind does not act constantly
over the whole desert-surface. In North Africa old tracks
and encampment sites may remain unobliterated for
many years, clear proof of differential action.

This leads us to the related question of the characteristics
of wind-sculpture. In detail, it is clear that wind-corrasion
sharpens the relief forms, etching out geological structure
with marvellous clarity. The ‘‘ arid south-west ” in
the United States has contributed greatly to our under-
standing of geological structures of various types, and we
may recall, too, the limestone folds of the Persian oil-
fields, which stand out in simple relief in most impressive
fashion. Thinking in more general terms we may say
that a salient tendency of wind-sculpture is the steepening
of the bases of slopes. If water-action intervenes, they
may be graded by wash (p. 176); butin its absence, masses
large and small, rise sharplyfrom the desert-surface, giving
the characteristic “ Inselberge "’ (p. 309) of South Africa,
Nigeria, etc. (Figs. 191, 192).

Apart from these general effects, differential wind-erosion
can evidently produce small hollows. Can such hollows
become large enough to rank as land-forms? In the
limestone plateau west of the Nile Valley, the oases
occur on the floors of curious depressions lying from
300 to 1,300 feet below the surrounding country. The
winds of the district are northerly, and in general the
northward facing slopes grade up gently into the desert-
surface. Wind-action is sufficient to check accumulations
in these hollows at present, and some have supposed that
they owe their origin to wind-erosion. Such a hypothesis
presents certain evident difficulties, and an alternative
suggestion has been made that the basins are the result
of a sort of ““ trap-door ” faulting. Again, since these
hollows occur in a limestone terrain, it is far from im-
probable that solution has had a hand in shaping them.
Shallower depressions, such as the “ salt-pans ’’ of Northern
Cape Colony, West Australia and Arkansas are more



504 THE PHYSICAL BASIS OF GEOGRAPHY

plausibly attributed to wind-erosion, though in the last-
named region, and possibly in others, the depressions
may be nothing more than ‘ buffalo-wallows,” from
which, in time, the beasts removed large quantities ot
mud.

On the whole it must be conceded that we have no
evidence that the wind can excavate steep valley-like
forms on any appreciable scale. Shallow depressions
produced by deflation are of a different category, yet even
here the extent of wind-action is in doubt.

We must postpone consideration of the eventual results
and limits of wind-erosion till we have reviewed the
co-operating activities of water in the desert.

Water-action in the making of desert relief.—In semi-
- arid regions, with a moderate rainfall of some 15 inches
annually, water-dissection achieves notable results in
areas of soft impervious rocks. Unchecked by the
distributing action of a turf cover, myriads of water
channels arise and the country is carved into the condition
of typical ‘“ bad lands " or ‘“ scab-lands.”’? The existence of
such landscapes is a warning against under-estimating
the effects of water-action in the true deserts. In no
case are the latter absolutely rainless, and the rainfall is
very heavy when it occurs. The stream courses function
in carrying off the occasional floods, which, as many a
traveller’s tale assures us, are often disastrous in their
suddenness and violence. JBut a flood is short-lived,
withering by evaporation and percolation.{ While it
lasts it can pick up great quantities of comminuted rock
material lying ready on the surface, but it quickly loses
the means of transportation. Starting downstream as a
flood of turbid water, it becomes by degrees a pasty mass
of rock-debris, lubricated by water, and as the lubrication
fails the mass comes to rest. {It is characteristic that the
more permanent river courses of the deserts and desert
margins are marked by exceptionally bulky alluvia.
Moreover, the widely separated and disjointed water-
channels of the desert are often inadequate to carry off
the local heavy rains. Such rains on moderate slopes may

1 Within the true deserts there are much-channelled areas, such us the
“ chebka *’ of the Sahara, which seem to have passed through a *‘ bad-land
stage.” Greater aridity has stopped or checked the process; the channels
are no longer mutually accordant and have lost all semblance of orgamzed
drainage plan. The phenomenon speaks clearly of recent chmatic change
within the deserts and we shall find that such changes are of great importance
in interpreting desert landscapes (p. 306).
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fail to subdivide into definite channels, passing downhill
as a ‘‘ sheet-flood.” These, like the stream-floods, come
to rest through loss of water, leaving in some cases a low
moraine-like ridge on the plain, parallel to the highland
margin.

It is seen, therefore, that water-action in the desert
gives rise to notable effects in deposition. Temporary
moving watcr-masses are immediately provided with more
load than they can handle ; they are * underfit ”’ from the
moment of birth, and die of a specics of ‘‘ alluvial suffoca-
tion.” Their short life and impeded movement must
evidently restrict their power of vertical cutting in bed-
rock, thoygh we shall note below evidence of lateral
corrasion. § One of the most general actions which can be
attributed to the water in the desert is the tendency to
fill, by wash, any hollows created by wind-action, and thus
to oppose, when opportunity offers, the dominance of the
latter element.

The building up of “ piedmont fringes "’ of coarse sedi-
ment, essentially screes and alluvial fans, by combined
sheet-flood and stream action is naturally more character-
istic of intermontane basins than of the broad plateau
deserts, and excellent examples are afforded in Asia.
The great Tarim Basin stretches for 1,400 miles from
Kashgar to Su-Chow, and is 400 miles across from north
to south. It is bounded on all sides by lines of faulting
or monoclinal flexures, which separate it from the ranges
of the Kwen-lun and Karakoram Plateau on the south,
from the Pamirs on the west and the Tian-Shan on the
north. The centre of the great basin receives a slight
snowfall and heavy summer showers, but at an elevation
of 10,000 feet on the bounding mountains a moderate
rainfall occurs, locally supplemented by snow-melt waters
in spring. Thus is initiated a centripetal drainage
towards the central playa-lake of Lop Nor. For the
greater part, this drainage does not reach its terminus,
but withers in the broad piedmont zone of gravel—s to
40 miles wide—which follows the highland boundary.!
The smaller basin of Turfan lying to the north-east repeats
almost exactly the features of its larger neighbour (Fig.

189).

1 The water emerges at the inner edge of the piedmont gravel in springs
and can be tapped at shallow depth throughout the * toe-region ' of the
piedmont. Here is the zone of vegetation and settlement—a fairly constant
feature in basins of this type.
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We must note, finally, the important evidences of former
water-action in the desert. It has become clear that
parts of the tropical deserts (e.g. Libya) reveal water-cut
valleys with overlapping spurs, etc., which cannot be
attributed to the feeble and sporadic water-action now
proceeding. Such features, indeed, constitute clear mor-
phological evidence of a past *‘ pluvial period,” but much
other geological evidence of such periods has latterly
come to hand. Broadly speaking, it appears that the
circumpolar expansion of glacial conditions in Pleistocene
times involved the displacement of the other climatic
belts, so that, at times, the temperate rain belt extended
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F1G. 189 —THE TURFAN BasIN.

over the present desert regions. In other words, we have
reason to think that a glacial period in high latitudes may
have been represented by a ¢ pluvial period " in the deserts.
Since the last great North European ice-sheet began its
retreat only 25,000 years ago (p. 410), it may well be that
the prevailing extreme aridity of parts of the desert has
been comparatively short-lived, though there may have
been former arid episodes in the inter-glacial periods,
corresponding to the one in which we are now living.
The important bearing of such climatic alternations, if
they can be proved, on the interpretation of desert land-
scapes, needs no emphasis.

The erosion-cycle in an arid climate—We come lastly
to the important question : Is a distinct series of cyclical
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changes perceptible or expectable in arid erosion ? Thirty
years ago W. M. Davis sketched the theoretical cycle in
outline, admitting that many of his deductions could not
then be matched in actual observations. This is still true
in part, but we shall find it useful to describe the broad
features of the deduced cycle, as a summary and extension
of the foregoing paragraphs.

In theory, arid conditions might supervene upon any
kind of initial surface. Since, however, few, if any, of
the processes of arid erosion tend markedly to increase
relief (i.e. there is little vertical corrasion), to start with
a surface essentially level involves us in difficulties. If
any of the great plain or plateau deserts began life as
surfaces of low relief, it is probable that they have rarely
departed far from their original condition. In early stages
the surface would be cumbered with rock-debris, but
progressive comminution of the material combined with
steady deflation might result in a rock-plain. The passage
from the initial surface to an ‘‘ zolian peneplain ’ would
presumably be accomplished within a small range of
vertical levels. Whether wind corrasion, combined with
deflation, can in time bodily cut a country down to a
markedly lower level is at best doubtful.

We can obtain a clearer notion of the cyclical inter-
action of the processes at work by considering the simpler
case of initial intermontane basins, formed by earth-
movement. Here we start with an appreciable initial
relief, and we can reconstruct the probable changes in
morphology with reasonable certainty, checking our
deductions by rcference to such regions as the Basin
Ranges of the United States or the larger intermontane
basins of Asia. .

The initial uplift would provide a number of independent
mountain-girt basins, in each of which would arise a
centripetal*®onsequent drainage, for which the several
basin-floors would serve as effective local base-levels
(Fig. 190). In truly arid conditions, only by chance could
communication be quickly established between neigh-
bouring basins, for evaporation would check overflow and
many streams would, in fact, wither on. the basin slopes.
Only in any cooler season, or as a result of exceptional
floods, would a temporary central playa come into
existence.

During the youth of the cycle (Fig. 190), relicf would be
slowly diminished by the wash of the highland slopes into
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the basins, which would be steadily filled. This would
cause the local base-levels to rise and hence. as time
progressed, the filling process would be retarded. Wind-
transport would in part contribute to the filling, though
widespread deflation might work slowly to reduce highland
and basin-floor alike.

With the aggradation of the basin-floors and the
reduction of the separating heights by erosion and burial,
some of the barriers might well be cut through by head-
water erosion of major gullies (Fig. 190). Thus, higher

{After Longwell, Knopf and Flins,
FI16. 190.—STAGES IN THE CYCLE OF ARID EROSION.

(a) Initial stage showing playas and incipient fans in intermontane basin.
(b) Youth ; relief decreasing as basin floors rise. (¢) Maturity ; capture of
higher by lower basin. (d) Old age; low relief and disintegration of drainage.

basins would become tributary to lower and a rough
integration of the drainage would become apparent.
This might reasonably be taken to mark the passage to
maturity. A result of this action would be that the floors
of the higher basins would be dissected and their filling
transferred to lower basins. '

With the advance of maturity and the continual
degradation of relief, water-action would diminish, as
both rainfall and slopes diminished. Wind-action, active
from the beginning of the cycle, would now rise to
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dominance, and export by deflation would assume large
proportions. We might expect, therefore, the removal
of the alluvial veneer where it was thinnest, towards the
margins of the basins, and the exposure of bare rock
(Fig. 190). In this, the wind, acting alone, might be
expected to carve slight erosion hollows which might
interfere with the plan of the drainage and ultimately
disintegrate it. Such action, proceeding in marked degree,
would produce an irregular * hill and hollow ’’ topography,
examples of which are in fact hard to find. It is probable
that water-wash in most cases tends to fill such hollows,
and thus maintains the essential flatness of the plain-
surfaces.
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F16. 191.—THE THREE SISTERS, VICTORIA WEST, CAPE PROVINCE.
Inselberge eroded in shales of Beaufort Series, capped by dolerite sheet.
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The late stages of the cycle—So far we have pro-
ceeded by deduction. The earlier stages of the deduced
cycle can be matched in many places; but considerable
dubiety has existed concerning the stage of old age and
the true character and origin of the ultimate plain feature,
if any. As long ago as 1904 Passarge, in his studies
of arid South Africa, noted the existence of vast flat
surfaces studded with sharply rising residual hills,
termed in German literature ‘ Inselberge " (Fig. 191).
He regarded such surfaces 3s marking the limiting
forms of a long period of arid erosion, supposing that
export by deflation must produce a plain below the
level of the deepest of the initial basins, a rock-floo: thinly
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veneered by waste. Such a surface would be independent
of the normal base-level in a region of inland drainage.
The downward limit, if any, to the work of corrasion and
deflation under arid conditions would be set by the
water-table. On this view surfaces of arid planation
might arise above or below sea-level. If interpreted as
normal peneplains their present attitude would in many
cases imply strong subsequent uplift. This corollary of
Passarge’s work was emphasized by W. M. Davis, who
pointed out that origin at a high level under arid condi-
tions must always be borne in mind as a working hypothesis
when considering the history of summit-planes. In recent
years O. T. Jones has suggested the possibility that the
great Welsh summit-plane (p. 216) may represent the
continuation of the sub-Triassic surface, formed under
arid conditions. The acceptance of this suggestion would
obviate the necessity of assuming subsequent uplift to

N

F16. 192.—GRANITE DOMES (INSELBERGE) NEAR LEMME NIGERIA.

the full extent of its present clevation. The possibility
is interesting but has, in the view of the present writers,
little evidence to support it.

Surfaces comparable with those described by Passarge
in Bechuanaland and its region are widespread in the
African Continent. A plain, cut in massive gneissose
rocks, and diversified by steep-sided residuals, occurs
widely in Uganda. Similar conditions exist westward
of the coastal plain in Mozambique. In Nigeria there are
extensive rock-plains from which rise Inselberge in the
form of remarkably regular granite domes (Fig. 192).
The association of Inselberge and flat rock-plains, with or
without a thin veneer of sand or gravel, is thus an amply
established fact of observation. Passarge’s explanation,
which puts the major emphasis on ®olian deflation, has
not found favour with later workers. There is little
doubt that deflation, co-operating with sporadic rains,
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can produce a flat surface on the fragmental accumulations
of the desert, but it is now clearly established that planation
has often occurred also in solid rock. The crux of the
discussion lies in the origin of these rock-plains and the
associated Inselberge. It has never been credibly demon-
strated that simple @olian action can cut an extensive
flat surface in hard rocks, nor that it is primarily
responsible for Inselberge. The latter have evoked very
diverse explanations. Some have regarded them as the
product of complex alternations of humid and arid erosion,
while others, particularly among the German geomor-
phologists, have treated them as entircly analogous to
monadnocks, the residuals of humid erosion. We shall
return to the African case below, but to follow the later
progress of theory we must turn to the great arid areas of
North America, where notable work has been done.

North American arid landscapes.—Truly arid conditions
extend over the greater part of the great ‘ median ”
plateaux of the South-west United States, and the erosional
results are cxceptionally well seen in the Basin and Range
Province in Nevada and Arizona, and in the contiguous
tracts of New Mexico and Sonora, beyond the Mexican
border (Fig. 193). Over much of the area, fracture gave
an initial topography of tilted fault-blocks separated Ly
intermontane plains, and the conditions thus resemble
those envisaged by Davis in his theoretical scheme (p. 307).
As compared with arid Africa, plains are here in a much
less dominant role ; we have an intermont-basin landscape
as compared with a true Inselberge landscape. Neverthe-
less, plain-surfaces of various kinds are still very important,
accounting, in the opinion of Blackwelder, for three quarters
or more of the total area. The flat surfaces of the
American desert-plains comprise, in the first place, the
relatively limited areas of river flood-plains, cut in rock
or built of alluvium, and of playa floors.! Between the
margin of the latter and the foot of the steep mountain
walls are gently sloping surfaces which prove on analysis
to belong to two types which, however, frequently occur
in association. The first type is the ‘‘ bajada,” plainly
due to aggradation by floods debouching from the moun-
tain valleys (cf. p. 170). Bajada plains are underlain by
thick accumulations of coarse alluvia. In detail they thus
.1 We may also distinguish structural rock-benches which arise from the
‘very complete stripping of overlying softer from underlying hard :r rocks,
under the conditions of arid erosion.

!
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reveal themselves as formed by the confluence of alluvial
fans. The radial profile of the individual fans is concave,
but a traverse parallel with the mountain foot reveals
an undulating profile, for each fan is gently convex in this
direction. The second type is the inclined rock-floor or
“ pediment.” This may be thinly strewn with gravelly
alluvia in such fashion as to conceal its real nature on
casual inspection. The essential flatness of the surface
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Fi1G6. 193.—THE BAsSIN RANGE PROVINCE OF S.-W. UNITED STATES.
Fault blocks in black.

reflects, however, a genuine planation of solid rock, often
of the same character as that which forms the neighbouring
mountain range. Blackwelder states that the radial
profile of pediments in United States is almost imper-
ceptibly concave, with gradients ranging up to 7°, though
averaging about 21°. The profile parallel to the mountain
foot is regarded by him as essentially straight or flat,
thus contrasting with a typical bajada.
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THEORIES OF PEDIMENT FORMATION

Fecatures comparable with those now known as pedi-
ments were first noted by Gilbert in his classic researches
on the Henry Mountains of Utah. Further work in
Arizona, Sonora, and New Mexico has shown that they
are a consistent feature of the desert landscape, and
various suggestions have been made as to their origin.
McGee attributed them to the erosive action of sheet-
floods (p. 305), which certainly occur in such regions.
Though few would deny the ancillary influence of sheet-
flood action once the pediment slope is in being, it seems
unlikely that pediments are in any sense initiated by sheet-
floods. Lawson, and later Bryan, supposed that the
pediment originated through the recession of the mountain
front under the influence of the ordinary processes of arid
erosion. Thus, while it continually extended backwards

[After Lawson.

F1G. 194 —ORIGIN OF PEDIMENT OR ‘‘ SUB-ALLUVIAL BENCH " BY
RECESSION OF MOUNTAIN FRONT,

at the expense of the receding mountain country, its
frontal edge was encroached upon by the alluvial filling
of the intermont depression (Fig. 194). On this theory
the extent of exposure of bare pediment at any given time
would depend on the relative rates of mountain recession
and alluvial encroachment. In the limit of such a process
the mountains would disappear altogether and the thin
feather edge of the alluvial * fill ”” would mantle the whole
of the pediment. Lawson’s term for the latter, * sub-
alluvial bench,” arose naturally from this conception, and
as a further corollary he supposed that the rock-floor could
only appear at the surface by exhumation from beneath
its thin cover. This might follow from climatic changes,
or, more generally, from long-continued @olian deflation.
Davis accepted in essentials Lawson’s theory of pediment
formation, and endeavoured to show that the process was
generically linked with that producing rock-plains ir humid
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climates. His argument was largely deductive and aimed
to show that, despite the important differences due to
climate, humid and arid erosion were kindred, the latter
being, as it were, a spccial type or extension of the former
He identified the gently sloping ground above humid river
flood-plains—the ‘‘ valley-floor
basement ”’ (Fig. 195)—with
the pediment of arid piedmont
zones, and he argued that an
extension of such a surface, by
recession of the valley slopes,
was an important element in
‘““normal "  planation. His
views appear open to criticism
on several grounds. The ex-
tension and coalescence of
valley-floor basements, thus
envisaged, is, in reality, a novel addition to the theory
of peneplanation under normal erosion, and, as such,
it finds no explicit place in the earlier writings of Davis
and other workers. The present writers can see little
evidence that any such process shares appreciably in
the work of normal peneplanation. Pediments are
best developed at the foot of granitic block mountains.
Davis admitted his inability to cite any granitic ‘“ block
mountains "’ subject to humid erosion in which comparable
effects might be sought. It seems fair to note, however,
that many granitic bosses, standing sharply above sur-
rounding lowland, offer some parallelism with the postulated
conditions, but they do not appear, in any case known to
the writers, to exhibit expanded valley-basements of the
deduced type. It would hardly be fair argument to
dismiss them all as too youthful in stage to show the
required effect. The actual instances adduced by Davis
to illustrate basement-formation on a large scale are the
great strike-vales or lowlands of the English and French
scarplands and some of the older valley-floors of the
Appalachians, below which the existing streams are
incised. The former, typified by the inner vale of the
Weald, are, in fact, rolling lowlands with a close dendritic
drainage network. They are closely approaching the
stage of true peneplanation, but there is little to suggest
that they are expanded valley-basements, save in a very
complex and special fashion, and they present but little
analogy to arid pediments. The Appalachian valley-

[After Davss.

F16.195.—A VALLEY-FLOOR
BASEMENT.
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floors have, in many cases, been termed peneplains and in
all probability reflect important phases of lateral river
planation. It is hardly easier than in the case of the
European lowlands to regard them as the homologues of
pediments. It seems, therefore, that while the general
case for homology between arid and humid erosion may
stand in broad essence, its application to basement and
pediment formation needs, as yet, much stronger evidence
to support it.

Apart from the special turn given to the argument by
Davis, the theory of pediment formation by mountain
front recession leaves many points obscure or doubtful,
and it is therefore interesting to notice that Gilbert, in his
first encounter with the phenomenon of pediments in Utah,
adumbrated an alternative explanation based upon water-
erosion. He noted that the heavy loading of streams in
arid regions reduced their power of vertical corrasion, and
wrote : ‘* Where the load reduces the downward corrasion
to little or nothing, lateral corrasion becomes relatively
and actually of importance. . . . The process of carving
the rock so as to produce an even surface and at the same
time covering it with an alluvial deposit is the process of
planation.” Inrecent years several authors have returned
to the advocacy of some form of watcr-erosion as the prime
formational influence in pediments. Thus Berkey and
Morris, reporting on the piedmont rock-floors of Mongolia,
ascribe the chief role in eroding the slopes to *“ the myriad
short-lived streamlets acting on the weathered rock of
the piedmont,” and remark, further, that the whole slope
‘“is lowered very gently as graded streams cut down-
wards.” Similarly, Blackwelder, in a general review of
desert plains, concludes that ‘‘ pediments are essentially
compound graded flood-plains excavated by ephemeral
streams,” and that the completed pediment to which
Lawson applied the term ‘‘ panfan 1! is ‘‘ the desert-
inhabiting species of the genus peneplain.”

The most explicit application of a theory of water-erosion
to the problem is that of D. W. Johnson, who has revived
and extended Gilbert’s original suggestion. He accepts

1 The term * panfan ” signifies ‘“ all fan,” and was applied by Lawson to
the low rock dome which he conceived as arising from the continuance of
mountain-front recession to the hmit (Fig. 194).

Objection has been made to it on the ground that * fan  suggests an
alluvial accumulation. This objection can have no weight if Johnson’s
argument, summarized below, 18 sound, for it leads to the recognition of

‘ rock fans ’ as a normal product of arid erosion.
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the probability that lateral corrasion is dominant through-
out arid regions of the type we are considering. In the
mountains, however, where the stream courses are steeper,
there is sufficient downward corrasion (degradation) to
mask the dominance of lateral corrasion. Similarly, in an
alluvial zone, remote from the mountain foot, the palpable
evidence of aggradation strikes the eye, though consider-
able lateral corrasion must, in fact, take place. Between
these two regions is the typical pediment zone, where
lateral planation is plainly dominant and where, since the
streams are at grade, it takes placc at a practically constant
level (Fig. 196). A thin veneer of alluvium may accumu-
late in places on the slope, but is readily removed in the
course of lateral shifting of the streams. It is a familiar
fact that the intermittent streams of such regions descend
the slope in complex braided courses subject to continual
change. Though the process is rarely seen at work during

Pediment Zone 7 Alluvral Zone
LATERAL CORRASION | AGGRADATION

DEGRADATION

I Mountain Zone

F16. 196 —JOHNSON's THEORY OF PEDIMENT FORMATION.

man’s brief traverses ot the desert, over a long period
lateral planation is brought to bear on most parts of the
surface. Johnson attributes the recession of the mountain
wall to streams temporarily diverted against, or along,
its foot, and the isolation and ultimate destruction of
Inselberge to the same process.

A most important corollary, which provides an experi-
mentum cructs for the theory, was deduced by Johnson.
If pediments are water-cut surfaces, examination in detail
should reveal rock-surfaced fans with their apices at the
points of debouchment of the streams from the mountain
wall. Below these points the streams have the choice of an
infinite number of ‘‘ radial ”’ courses over the pediment,
all of which will be occupied at some stage during a long
period. We might, therefore, expect {0 find the pediment
rising in low semi-cones along thc mountain foot, the
radial profile of such cones being faintly concave. Rock-
fans of this type in Southern Arizona awid Northern
Sonora were noted, but without comment, by McGee as
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long ago as 1897. Johnson has found well-developed
rock-fans at the foot of the Sierrita Mountains near
Tucson, Arizona, and at other points in the arid region.
The examples he adduces go far to vindicate his deductions,
Admittedly the number of proved rock-fans is as yet small,
but it should be noted that since they are commonly
hidden beneath a thin alluvial cover they are apt to escape
notice on casual scrutiny, being mistaken for the familiar
alluvial fans of normal type.

Johnson’s theory is presented with his customary
moderation of statement, but it has certainly established
its claim to rank as a working hypothesis. If it proves
applicable to pediments as a class, their profile along a
line parallel with the mountain foot should be undulatory,
as in the case of bajadas, not straight as supposed by
Blackwelder. The profile trom top to toe of the slope
should be concave, as indeed is demonstrably the case in

1
2

[After Johns:
F16. 197.—COMPOSITE PEDIMENT-SURFACE DUE TO TwWo STAGES OF
GRADING.

many instances, but successive phases of grading may give
a composite surface (Iig. 197), locally faintly convex.
The reader will note that while rock-fans appear at
first sight as a curious and unfamiliar conception, in reality
they provide another instance of the evident fact that the
forms respectively cut and built by running water are
morphologically comparable, though not indistinguishable.
Thus a flat river-plain seen from the distance may prove
en inspection to be a graded rock-floor with or without a
thin alluvial veneer, or an aggraded flood-plain built
essentially of alluvium. Similarly, under arid conditions,
water-erosion on the flank of an intermont basin may cut
a rock-fan or build an alluvial-fan. Further, if Crickmay
(p- 183) is right in his emphasis on lateral corrasion as the
essential agent of planation in the late stages of the normal
cycle, there appears a strong homology between the pro-
cesses of humid and arid planation, as contended by
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W. M. Davis. The homology resides, however, not in the
retreat under weathering of mountain fronts and valley
sides, but in the dominance of lateral corrasion in shaping
the limiting flat forms in both cases.

South African arid landscapes.—With the findings of the
American workers now before us we may return to the
problem presented by the African Inselberge-land-
scapes, in which the plain form is strongly dominant. In
general terms it is tempting to speculate on the possibility
that the African case rcpresents a further development
of the processes and results seen in arid North America,
due to longer continued aridity and greater tectonic
stability. The relatively youthful condition of the
American arid landscapes certainly owes something to the
occurrence of important faulting movements at more than
one date. By contrast, the great African plateau regions
have been largely free from strongly localized movements
for a long period. Passarge’s ‘‘ plains of Bechuana type "
may thus conceivably represent broad flat confluent
‘“ panfans ”’ modified by long-continued deflation. Such
a conclusion cannot be vindicated without, at least, a
general reconstruction of the denudation chronology of
South Africa. We are led again to recognize the fact,
emphasized elsewhere in these pages, that land-form
problems cannot be solved by morphological methods
alone ; reference must be made to the stratigraphical
history of the area. Recent work by Maufe and others on
Rhodesia and South Africa, and by Veatch in the Congo
Basin tells against the assumption of an essentially arid
origin for the chief plain surface of the regions in question.

The last major episode of sedimentation in Africa, south
of the equator, was the accumulation of the great Karroo
system, dominantly continental in character, ranging in
age from Permo-Carboniferous to Jurassic. The basal
Karroo beds rest on a surface locally moulded by ice, but,
generally speaking, showing an irregular topography
diversified by hills and valleys. Locally, as for example,
north of Bulawayo, and possibly in the Kuruman Hills of
Bechuanaland and the Langebergen, the pre-Karroo hills
have been exhumed and form elements in the present
landscape. Towards the end of the Karroo episode arid
conditions prevailed, but these, like the similar conditions
of the Trias in Europe, can have little bearing on the form
of the South African land-surface. The best marked
surface of planation widely traceable in Africa, and termed
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by Maufe the pre-Kalahari peneplain, is a later feature cut
indifferently across Karroo and pre-Karroo rocks. In the
opinion of Maufe it marks the end of a cycle of erosion
initiated by uplift and a return to humid conditions, some-
time after the arid phase of the higher Karroo beds. This
surface is well preserved in the high veld of Southern
Rhodesia, and is traceable thence into Northern Rhodesia,
Katanga, and perhaps even farther north. The high
veld peneplain of the Southern Transvaal is probably the
same feature, linked with the Southern Rhodesian develop-
ment by the high ground in Bechuanaland. The surface
appears to pass westwards beneath the deposits of the
Kalahari region and emerges again from beneath these
same deposits in parts of South-west Africa. Since the
upper part of the Kalahari beds is of desert formation it
might appear that the surface was of arid fashioning. In
fact, however, the earliest deposits which rest on the pre-
Kalahari surface in the Kalahari region itself are fluviatile,
and in the mid-Zambesi basin and at various other localities
extending to the equator, and perhaps beyond it, the lowest
deposit is a fossiliferous siliceous limestone which must have
originated under marsh— or‘‘ fluvio-lacustrine’’—conditions.

These facts support Maufe’s inference that the surface
was fashioned, or at least finished, under the control of
humid conditions over a large part of its area. It was at
a later date (probably late Tertiary), that the red Kalahari
sands extended widely in South Africa. They appear to
represent an ‘‘ erg phase "’ which, since it is traceable from
the Orange Free State to the Belgian Congo and over a
breadth of some 16° of longitude, was much more extensive
than the present Kalahari desert. This wide extension
of desert sands appears to represent a migration, over a
long period, of the tropical desert belt, of which, however,
the details cannot yet be worked out. The vital point
is that over large areas the desert sands are insulated from
the pre-Kalahari surface by ‘“ humid " deposits, and hence
cannot be regarded as directly related to that surface.
Some parts of the surface must presumably have been
fashioned under continuous arid conditions, for during the
vast Jurassic-late Tertiary interval, the Tropical Desert
Belt, though perhaps oscillating about a mean position,
may never have withdrawn from certain areas. This was
essentially the condition envisaged by Passarge and, while
it does not apply to most of the regions studied by Maufe,
it may well prove applicable elsewhere.
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We are thus led, tentauvely, to regard the great pre-
Kalahari peneplain, not unfairly suggested by Maufe to
be probably the largest feature of its kind in the world,
as fashioned dominantly under humid conditions, but
perhaps locally bearing the impress of long-continued
arid erosion. Its present attitude reflects later episodes
in the history of Africa, notably a general uplift of the
continental margins. Since the ‘‘ erg phasc” of late
Tertiary times, humid conditions have re-established river-
action over much of the area, and from the earliest river
deposits, of this, the current cycle of erosion, evidence of
Paleolithic man has been obtained. This affords an upper
stratigraphical limit to the vast period whose history we
have briefly sketched, but other details of dating are at
present obscure.
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of shingle wear the distal end afforded opportunity,
however, for southerly storm-waves, weaker than the
south-westerly set, to engage in beach building. It
should be noted that since the prevalent waves respon-
sible for longshore drift come from the south-west,
they impinge much more obliquely on the section YZ
than on XY. Once the corner at Y was turned,
therefore, the rate of supply of material would increase
and extension could proceed readily when suitable
building waves occurred. During this stage, however,

0 1 2 3 AMie
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[After Lewss.
Fi1G. 212,—HuURsT CASTLE SPIT.
The arrows show the directions of advance of building waves.

the laterals also grew. They reflect, in the opinion of
Lewis, the periodic influence of dominant north-easterly
waves coming down the Solent. At any given stage there
would be an off-shore accumulation of shingle around the
point. This was available either for continued easterly
growth under the influence of southerly waves, or for the
building of acutely inclined laterals by north-easterly
waves. The two tendencies have alternated under the
long-period vagaries of wind and weather. At present a
slight tendency to eastward prolongation is manifest.
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Dungeness.—Cuspate forelands of the type of Dungeness
are in many cases complex spits showing frontal extension
by progradation. It was formerly customary to suppose
that they marked the meeting place of opposed tidal
currents, with associated ‘ eddy currents,’”’ and that they
grew in the triangular area of ‘‘ slack water '’ left where
the opposed currents turned off-shore. Such an origin
was plausible in the sense that it was readily envisaged in
vague terms, but, as we have seen, there is as yet little
evidence of the existence of such currents, able to transport
coarse debris. Dungeness has been claimed by many
writers as marking the meeting-place of the North Sea
and English Channel branches of the British tide. In
fact, however, there is no one meeting place of these
tides ; the point of opposition varies over a considerable
area. Moreover, any such explanation of Dungeness
must inevitably be embarrassed by the presence of the
similarforeland of Langney Point, some twenty-five miles to
the west. In view of the evident analogy between certain
features of Dungeness and those of complex spits of the
Hurst Castle type, an hypothesis involving wave-building
appears to be strongly indicated and has been elaborated
in some detail by Lewis.

Dungeness lies approximately midway between the
cliffs of Fairlight and Hythe. It occupies part of the
seaward edge of a former bay, which, concurrently with
the formation of the outer shoreline, became filled up by
natural silting and artificial reclamation to form the great
expanse of Romney Marsh and Walland Level. Lewis
supposes that at an early stage a complex spit started to
grow eastwards from a point, south of the present coast at
Fairlight. The growth of this spit was aided by a general
elevation of the land or drop in sea-level, so that it
ultimately extended past Lydd and New Romney to the
neighbourhood of Hythe, becoming virtually a bay-bar
(Fig. 213). It is possible that the River Rother crossed
the present marsh area to an outlet near Hythe. There-
after, wave breaches were formed near Fairlight and New
Romney, probably aided by a rising sea-level. The New
Romney breach gave exit to the Rother, while the Fair-
light breach came to serve as outlet for the waters of the
Tillingham and Brede rivers. The latter river-outlet
cut off the shoreline lying eastward from shingle
supplies from the west. As a result wave-action was able
progressively to slew the impoverished shoreline round to
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a more nearly east to west direction, roughly normal to
the direction of advance of the dominant storm-waves.!
Thus was created the point of deflexion in the shore-
line which, with further development, became the Ness.
The southward-facing cdge was driven backwards, sharp-
ening the point. Towards the point, shingle was carried
by longshore drift from the west. Beyond the point, this
drift naturally slackened, and Lewis is of opinion that
shingle of westerly provenance was built into lateral ridges

[After Lewis.
FI1G. 213.—STAGES IN THE DEVELOPMENT OF DUNGENESS.

by dominant waves from the east. Such an action may
still be studied under favourable conditions at the present
point, and it is reasonable to assume that it was primarily
responsible for the eastward shift of the Ness from its
initial position (Fig. 213). Lewis, therefore, gives as the
reason for the form of Dungeness, the sudden change in
exposure at the point ; large waves approach either from
the south or the cast so that the two shores face these
directions. The sharpness of the point is due to the
proximity of the French coast preventing the occurrence
of large waves from a south-casterly direction.

! On this view the Ness was essentially 1nitiated by shingle trapped between
the Fairlight and New Romney breaches. The period of elevation leading to
the * bay-bar '’ stage 1s identified with the ‘° Submerged Forest period
(P 421). The wave-breaches were formed and the river cxits well established
by Roman times. A further breaching of the shoreline leading to the des-
truction of Old Winchelsea and the southward diversion of the Rother

occurred in 1287. This cut off Dungeness from the shingle mass south of
Rye, which may retain traces of early stages of spit growth.
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This particular example may foreshadow a general
principle, viz. that cuspate spits and forelands depend
upon a sudden change of exposure, allowing large waves
to approach from two directions oblique to the shore,
but never directly on-shore. Such a condition is obviously
likely to arise in ‘‘ narrow seas ’’ and elongated lakes.
It may not be so readily applicable to forelands, such as
Cape Canaveral in Florida and the Darss in Pomerania,
which occur on open coasts.

Off-shore bars.—We come, lastly, to the case of off-shore
bars, concerning the origin of which there has been

wide difference of opinion.

N There is no reason to doubt
~—— that wave processes,
analogous to those des-

cribed above, are respon-
sible for the ‘‘ up-building”’
Flb 14.—THEORIES OF FORMATION O of such bars’ both below
A Orr BitOnE DAL, ¥ and above water-level, but
(a) Without off-shore erosion. the source of t.he material

(b) With off-shore erosion. for building is open to
question. Davis, following

de Beaumont and Shaler, regarded the material as derived
by wave-erosion from the off-shore bottom. Gilbert, on
the other hand, attributed the main supply to longshore
drift in the zone of off-shore breakers. It is evident that
such action must take place once the bar has emerged,
but, as in the case of spits, it is difficult to envisage the
initiation of the bar by such means. The two cases,
however, should be distinguishable by study of the off-
shore bottom profile. If off-shore bottom erosion were
absent, the bar should rise as a simple additive feature
above the unmodified sea-floor, which, in the case of a
youthful emergent shoreline, should continue the slope
of the coastal plain, or in other words, intersect the water-
surface near the main shoreline (Fig. 214). Off-shore
erosion should produce a flatter profile in front of the bar,
and if projected, it should reach sca-level landward of the
coast (Fig. 214). The researches of Miss B. M. Merrill
(reported by D. W. Johnson) upon examples from the
American, Dutch, German and Italian coasts showed
results generally accordant with the latter condition.
While, therefore, the co-operation of longshore drift
need not be excluded, the conclusion of Davis that off-
shore bars ‘‘ might be developed essentially under the
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control of on- and off-shore action alone ’’ appears to be
sound. The great bulk and extent of some off-shore bars,
demanding copious supplies for building, supports this
hypothesis.

We may remark, further, that such sub-aqueous
building by on-shore ‘‘ wave-drive’’ appears to be an
essential process in initiating many, if not all, embank-
ment structures both on-shore and off-shore. As already
noted, we know little of its precise mechanism, yet
some such process is clearly at work. Elongated
embankments, completely submerged. exist in many
off-shore tracts, as off the mouth of the Thames. In
explaining such structures there arise at least four available
hypotheses. The banks may be due to (a) differential
wave or current scour; (b) differential sedimentation,
comparable with the process which gives the off-shore
““ fingers "’ of a delta; (c) submergence of structures
formerly built to, or above, water-level in in-shore waters ;
(d) sub-aqueous wave-building redistributing a uniform
sheet of sediment. Any of these hypotheses may be
found applicable in individual cases, but, for many, the
last alone appears to suffice.

It should be noted that since off-shore bars inevitably
travel landwards under wave-attack during general coastal
recession (p. 333) they may come to occupy the position
of bay-bars, spits, tombolos, etc., and become virtually
indistinguishable from them. This alternative possibility
should always be kept in mind when considering the origin
of in-shore embankments. Thus, the basal structures
of Blakeney Point and Scolt Head Island on the Norfolk
coast may be regarded as spits springing initially from the
shoreline, or remains of an off-shore bar driven landward
(footnote, p. 342).

In accordance with recent opinion, the foregoing dis-
cussion has placed emphasis on wave-action, and for
structures in which shingle bulks largely we have yet to
find evidence of any other efficient process. There are,
however, embankments formed of finer material, such as
currents can transport, and for these, at least, the possibility
of current-building should be kept open as a working
hypothesis. Our knowledge does not yet justify dog-
matism as to what is, or is not, possible in the complex
processes which mould a developing shore.

The evolution of shores in plan.—We are now in a position
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to obtain a general view of the evolution of shorelines in
plan, taking account of both wave-erosion and wave-
building. The simplest and most striking series of
sequential forms arises in the case of the submergence of
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LAfter Johnsom.
F16 216. —STAGES IN DEVELOPMENT OF SHORELINE OF SUBMERGENCE.
1, Initial stage; 2, Youth; 3, Sub-maturnty; 4, Matunty.

an irregular land-surface. In such a case the initial line
of the shore will be exceedingly irregular. * Drowned
valleys "’ will appear as arms of the sea, separated by head-
lands, and off-shore islands may also occur in large numbers.
Wave-erosion will be concentrated by refraction on the



MARINE EROSION AND SHORELINES 349

headlands and islands and, during the youth of the cycle,
will cut them back rapidly. In this stage of active wave-
crosion all variations in rock hardness, and divisional
planes, are picked out by the waves, and the line of the
exposed portions of the shore becomes complex or crenu-
late. Such a crenulate stage is well illustrated by the
granite coasts of Cornwall and the Channel Islands
(Fig. 215). Sea-caves are eroded along dykes, shatter-
belts or major joints, and may be connected with the cliff-
top area by ‘‘ blow-holes.” ‘‘ Stacks,” more or less
vertical rock-masses bounded by joint-planes, stand as
temporary residuals above the abrasion platform and may
be seen in all stages of destruction. Thus, in the early
stages the shoreline becomes more complicated, but the
disposal of the debris of wave-attack soon brings about a
tendency in the opposite direction. The filling of the
bay-heads and the growth of spits and bay-bars simplifies
the line of the shore. The complex embayed outline is
replaced by smooth curves which determine the line of
travel of the longshore drift. Clearly this condition is
analogous to *‘ grading " in river-action, and a shoreline
so constituted may be called graded or sub-mature (Fig.
216). In this stage there will commonly be both an
inner and an outer shoreline and the intervening lagoons
will be in process of conversion to salt-marshes, through
the accumulation of tidal or river-borne sediment. When,
through further retrogradation, the shoreline has retreated
behind the heads of the initial bays it may be regarded
as mature (Fig. 216). Even in this stage it will not be
straight, for recession will have been greatest in areas of
less resistant rocks. The subsequent stages of progress
towards thcoretical old age will involve no striking changes
in outline and need not be described in detail.

While it is possible and useful to recognize these main
stages in the developing plan of the shoreline as a whole,
the stages of evolution of individual constructional forms
cannot be correlated in any simple fashion with the
general scheme, for they depend upon highly variable
factors. Before the graded stage is recached there will
tend to be a great variety of constructional forms, which
later tend to be merged in the simplified outline of the
general outer shoreline. Local (and, in the long view,
temporary) progradation may occur at any stage of the
cycle, if the necessary conditions are present. The
detailed vagaries of in-shore marine deposition, liice those
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of fluviatile deposition, march to a less orderly time than
the shaping of the shoreline or landscape as a whole.

A shoreline of emergent type ! also undergoes systematic
changes in plan during development (Fig. 217). The initial
line is simple, and if the off-shore slope is fairly steep,

] permitting the access of large
destructive waves, retrograda-
tion begins at once, with the
production of a line of low
receding cliffs which increase

a- in height as they recede.
Streams draining to the coast
will thus be continually
rejuvenated and, in general,
may succeed in cutting their
mouths down to sea-level,
though smaller streams may
be left hanging above the
shore.

In the more usual case the
off-shore profile is gentle,
and waves rolling landward
build up an off-shore sub-
marinebank, whichultimately
emerges at the surface as a
typical off-shore bar. It will
be breached by tidal inlets
giving entrance to coastal
lagoons. If these are broad

N , enough for the generation of
{After Longwell, Knopf and Flint. considerable wind-waves, the
FiG. 217.—STAGEs 1N THE DeveEror- landward margin may de-

MENT OF SHORELINES OF EMER- velop low cliffs. With the

i progress of time the lagoons
f?)) Tate Youth (g,)) I\?I{:tl:xtgty tend to become silted up with
tidal and river-borne sedi-

ment, and pass to the condition of salt marsh.

The significant changes in plan in a shoreline of
this type are largely concerned with the migration of
the off-shore bar. Temporarily this may grow seaward
by progradation but, as we have seen, it inevitably retreats
landward under wave-attack and thus passes across the

1 We shall note below (p. 357) that any shoreline of the low-lying or
“ flat "’ type imitates the ‘ emergent ”’ class in the manner of its evolution
in plan, whatever the nature of its origin.



MARINE EROSION AND SHORELINES 351

surface of the marshes. Marsh clays or peats are often
exposed on the seaward side of such bars, giving clear
proof of landward recession, but the absence of such
deposits does not prove the converse, i.e. a stable bar,
for they are removed by scour in and around tidal inlets
which, over a period of time, migrate up and down the
line of the bar. A well-developed off-shore bar may be
regarded as the mark of youth in such shorelines. When
it has retreated to the line of the mainland, full maturity
may be regarded as attained. The landward retreat of
the bar is, in fact, rarely uniform and some parts may
reach the inner shoreline before others. In such a
condition the shoreline may be termed sub-mature.

After maturity is reached, progressive retrogradation
and cliffing begin, as in the case of the shores with steeper
off-shore profile. Continued adjustment between process
and form can be deduced theoretically, leading to the stage
of old age ; but owing to the general youth of the emergent
shorelines available for study, actual examples of such a
condition are rare or absent around the present sea
margins.

Where a thin cover of younger sedimentary rocks rests
on a basement of older, more resistant, rocks, and forms a
narrow coastal plain, the shoreline may be cut back into
the basement in the course of coastal recession. Clapp
has termed such shorelines ‘‘ contraposed,” the term
being analogous to “ superimposed ' in the case of rivers
(Fig. 218). The sudden change in the character of the
materials presented to wave-attack is an important factor
in the development of the shorcline. If it had previously
reached maturity it may resume the semblance of youth,
and if the surface of the basement rocks is irregular, as
beneath continental formations (p. 207), the irregularities
may be exhumed, giving the shoreline an indented plan
and a ‘‘ submergent "’ aspect, in place of its previous
emergent characters.

The classification of coastlines and shorelines.—We
have distinguished between coastlines and shorelines in
speaking of the terminology of the subject (p. 321), and
the distinction becomes very clear when we approach the
problem of classification. Coastlines studied on small
scale maps, as boundaries of land or ocean regions,
evidently depend for their major features on the general
form and structure of the land-masses which they bound.
From this standpoint we may recognize the coastlines
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of much of South Africa, Western North America and
many other areas as showing evident structural unity.
On the other hand, the nature and stage of development
of the shoreline processes and, therefore, of the shoreline
details in plan and section, vary widely from point to
point. Before treating of the classification of shorelines
we may devote brief attention to the prior question of the
classification of coastlines, since the type of coast has an
evident bearing on the ‘‘ initial form '’ presented to wave-
attack.

Suess recognized a fundamental distinction between the
‘ Pacific Type "’ of coastline, running parallel with the
young fold-mountain ranges, and the ‘‘ Atlantic Type,”
in which the coastline is independent of, and in general
transverse to, the structure of the continental margins.

F1G6. 218.—DEVELOPMENT OF CONTRAPOSED SHORELINE.

First stage (back of diagram), cliffed coastal plain. Second stage,
contraposition imtiated. Third stage, contraposition completed, sea 1n
contact with hard underlying rocks throughout.

Other authors have recognized this distinction and added
further types to the list. Von Richthofen distinguished :
(a) longitudinal coasts, parallel with the structural grain ;
(b) transverse coasts, cutting across the structural grain ;
(¢) coasts forming part of the margins of foundered basins
(e.g. around parts of the Tyrrhenian or Western Mediter-
ranean basin) ; (d) block coasts, essentially the edges of
plateaux (as in South and Central Africa and Eastern
South America); (e) regional alluvial coasts, composed
of the less resistant younger sedimentary rocks. Types
(c) and (d) appear at first sight to be closely related, for
whether the emphasis is on basin-edge or plateau-edge,
the location of the coastline must be essentially due to
fracture. In reality, however, the distinction is justified,
for foundered basins are a concomitant of the younger
folded mountains, while plateau-edges of the African
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type are, if we follow modern views, symptoms of conti-
nental fission, and occur in regions unaffected by recent
intense folding. Thus, types (a) and (c) are together
roughly equivalent to the Pacific Type of Suess, while
types (b) and (d) represent his Atlantic Type.

The conception of truly longitudinal coasts as charac-
teristic of the Pacific Basin breaks down on the coasts of
Eastern Asia. J. W. Gregory claimed that the true
structural margin of the Pacific Basin, giving the Primary
Pacific Type of coast, passes from Kamchatka via Japan,
the Philippine Islands and New Guinea to New Zealand,
while landward of this line is a series of collapsed basins,
giving a Secondary Pacific Type of coast (Fig. 219), t.e.
essentially type (¢) of Von Richthofen.!

With these several broad structural types in mind, it
will be clear that the regional * grain "’ of the mainland
can only affect coastline or shoreline detail, where the
general relation is that of submergence, bringing the water-
surface against the older, more resistant rock elements in
which the structures are seen. If younger sediments or
recent alluvia form a coastal plain, however narrow, the
general line of the coast may be transverse or longitudinal,
but this fact will not affect shoreline forms unless or until
the shoreline becomes contraposed (p. 351). With sub-
mergent relations, however, regional structure impresses
itself clearly on coastline, shoreline, or both, through its
influence on the relief of the submerged land. Thus, the
drowned river valleys or rias of South-western Ireland
(Fig. 220) and North-west Spain bring plainly to light the
features of typical transverse coasts, while the similar
drowned' valleys (canali or wvalloni) of the Dalmatian
coast emphasize its longitudinal structure (Fig. 221).

Fjord Coasts

The striking characteristics of fjord coasts have given
rise to much controversy. In essence they resemble ria
coasts, but differ in the fact that the submerged inlets
have the typical form of glaciated troughs (p. 369), with

1 The terms ‘‘ concordant ” and ‘‘ discordant,” proposed by Supan, are
good alternatives for ‘' longitudinal” and ‘‘ transverse,” in the general
description of coastlines. The eastern coastline of the United Statesappears at
first sight to be an exception to the ‘“ Atlantic rule ”’ of transverse or dis-
cordant coasts, for it follows a line roughly parallel with the structural grain
of the Appalachians. It should be noted, however, that the latter are not
numbered among the young fold mountain ranges and hence there can be
no question of a truly Pacific character. The coast really appertains to
type (¢) of Von Richthofen.
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steep parallel walls, truncated spurs, hanging valleys and
irregular rock-floors. The floor of a fjord is, indeed, often
a true rock-basin, deeper than the sea-floor off-shore, from
which it is separated by a submerged ‘ sill.”’ Another
striking feature of many fjord coasts is the rectangular
plan of the fjords and their branches (Fig. 222). This
has suggested to some observers the dominance of tectonic
features, faults, shatter-
belts, etc., in the forma-
tion of fjord topography.
J. W. Gregory invoked
specialearth-movements
of the nature of rifting or
splitting, in the circum-
polar belts where fjords
largely occur. To ice-
action heattributed only
a subordinate role in
modifying what he re-
garded as essentially
fissure valleys. This
thesis has commanded
far fromuniversalassent.
There is, of course, no
reason to doubt that a Fic. 220—Tur Rias oF S.-W. IreLAND.
proportion of the fjords

are structure-guided. The earlier stages of erosion were
performed by water in pre-glacial times, assisted by the
considerable uplift of the land then widely in progress.
Ice-flow then widened and over-deepened the valleys,
converting them into true glacial troughs. Since ice-
erosion can proceed below sea-level till the stage of floating
is reached, it is not necessary in all cases to invoke coastal
depression or rise of sea-level to account for the drowning
of the fjords. Submergence would have ensued naturally,
following melting of the ice.

Shoreline Classification

We may now turn to the problem of shoreline classifica-
tion. As with all other land-forms, we are confronted
with a choice between a descriptive (or morphological) and
a genetic classification. Within the former category fall
the various methods of expressing degree of indentation
numerically, as by the ratio of actual length to the length
of a simple line, tangent to the headlands or bay-heads,
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or to the length of some off-shore bottom contour. Such
schemes have been considerably elaborated, but of all of
them the comment of D. W. Johnson is essentially true :
“ They tell little which a good map does not tell much
better."”

Turning to the genetic method, as effectively used by
Johnson, we find that he announces two principles as the
basis of genetic classification. In the first place, it is
evident that the character of any shoreline must depend

&\
——
F1G6. 221 —THE CoAST OF DALMATIA (LONGITUDINAL TYPE).

on the character of the surface against which the sea comes
to rest—i.e. on the initial form. Secondly, we must take
account of the nature of the movements of land or water
which brought the water-surface against the land at the
present level. .

Let us follow this latter principle and see where it leads
us. The biggest range of contrast in initial surfaces is
between irregular dissected land-surfaces on the one hand
and uniform sea-floors, mantled with sediment, on the
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other. If the water-line comes to rest against an initial
surface of the former type, it will tend to be irregular in
plan and the shore will be steep in initial profile. In the
latter type the line or plan is simple and the initial profile
shows a gentle and uniform slope. In this contrast lies
the basis of the distinction, first emphasized by Davis and
Gulliver, between shorelines
of submergence and shore-
lines of emergence. Sub-
mergence and emergence
must not be read as de-
pression and elevation
respectively. Todosowould
be to beg a complicated
question, and it is fair to
recognize that those who
recommend the above terms
are clearly conscious of the
fact. Nevertheless, confu-
sion is apt to result from
the occurrence of shorelines
of submergent aspect, in
which, however, the latest
act of geological evolution
has been emergence, but of
an amount insufficient to

o [ After Gregory.
cancel theresultsof previous g, .., Buxkex Fjorp anp 11s
drowning. Probably even BRANCHES.
commoner are the cases in 1 inch=15 miles (approx.).

which an actual recent sub-

mergence has left shorelines in a dominantly * emergent "
form, judged by general plan and profile. For instance,
alluvial plains or land margins buried in glacial drift
have in fact been submerged in post-glacial times, but
from the nature of their initial form they necessarily
resemble shorelines of emergence. In other words, many
land-surfaces against which the waterline may come
to rest resemble sea-beds in their general flatness and low
slope, and if submerged by depression of the land or rise
of sea-level, they may imitate the shoreline features of
an emergent sea-floor. If, then, the terms ‘‘ shorelines of
submergence '’ and *‘ shorelines of emergence "’ are to be
used, they must be interpreted in the following carefully
limited sense. ‘‘ A shoreline of submergence (emergence)
is one of which the dominant, not necessarily thc latest,



358 THE PHYSICAL BASIS OF GEOGRAPHY

teatures reflect submergence (emergence)—or one in which
the features resemble those which would be produced by
submergence (emergence).”’

The reader will perceive without difficulty the disadvan-
tages of this method. Nevertheless, in relation to
earth history as a whole, the distinction is a fundamental
one. Not once but many times, in the past, sea-floors
have emerged and land-surfaces been submerged. Our
practical difficulty lies in the limited time during
which the actual shorelines of the world have come into
being and in the all-important fact that we are living
in the aftermath period of a long and complex ice-age.
Recent changes of sea-level have thus been many and
complex, and to interpret any section of shoreline com-
pletely we should need to reconstruct all these changes
of sea-level (p. 420). In a word, we are brought back to
the question of denudation chronology, which is really
part of the province of the stratigraphical geologist. If
we are content to leave these aspects to him, and are
studying a shoreline in a context of pure geomorphology,
or of geography, we can obtain useful service from the
concept of shorelines of submergence and emergence.
Even if we give other names to them, the two types with
their contrasted morphology and development have a
very real existence.

In completing a genetic classification, of which shorelines
of submergence and emergence are the first two classes,
D. W. Johnson adds two more, neutral shorelines and
compound shorelines. Neutral shorelines are those that
arise without relative change of level, by the building of the
land into or against the sea. The shorelines of deltas
and alluvial plains, volcanic islands and coral reefs belong
to this type. The former tend to show a gentle off-shore
profile, and their developmental stages tend to resemble
those of the ‘ emergent” type. The latter exhibit
steeper initial profiles and more irregularity of plan, so
that morphologically they have affinity with the * sub-
mergent '’ class.}

Compound shorelines combine features proper to two
or more of the other classes. The preceding discussion
will have indicated that in a rigid analysis many, perhaps
most, shorelines are compound, but the term may be
reserved for those in which no one set of class features is

1 The fault shorelines descrited by Cotton from New Zealand are placed
by Johnson in the neutral class, but are perhaps better grouped separately.
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dominant. Johnson instances the shoreline of North
Carolina, which combines submergent and emergent
features in approximately equal proportions. The shore-
line of West Sussex is in somewhat similar case ; the hroad
coastal plain signifies emergence, but the river estuaries
and coastal lagoons indicate submergence.

Natural classifications grow—they are not, or should not,
be made in advance. The virtue of the above simple
scheme lies in its broadness and flexibility. Much more
work must be done on shoreline processes and their results
before a detailed scheme of classification can justly claim
our attention. Meanwhile the student may perhaps feel
some confusion in distinguishing coastline from shoreline
classification. It would, indeed, be pedantry to push the
distinction too far, and several authors have to some
extent brought coastline and shoreline features into the
same general scheme of classification. Thus, E. de
Martonne first recognizes the fundamental distinction
between flat coasts (cdtes plates) and steep coasts (cdles
abruptes).! He then distinguishes a number of sub-
types, specifying type regions in some instances—viz.
Lido coasts (Mexican type), estuary coasts (Maryland type),
skerry coasts (Finnish type), longitudinal coasts (Dal-
matian type), transverse (ria) coasts, tectonic coasts
(chiefly fault coasts), epigenic (contraposed) coasts,
glacially sculptured (fjord) coasts, etc.

Cotton, taking somewhat other ground, proposes, in effect,
four shoreline *‘ genera,”” based on the character and origin
of the initial forms. The initial shoreline may be formed,
by volcanic accumulation, by regional movement (either
warping of land or change of sea-level), by faulting, or by
glacial erosion below sea-level (fjords). Any of these may
be in course of retrogradation or progradation, and in the
latter case we can distinguish between progradation by allu-
viation and wave-action respectively. The second major
group may be sub-divided into ‘‘ submergent” and
‘““ emergent "’ classes, and the fault class can also be sub-
divided. This is not claimed as a complete classification,
but as a working compromise bringing initial and sequential
forms into relationship.

1 These two types correspond broadly with shorelines of emergence and
shorelines of submergence respectively, but it will be noted that the theoretical
difficulties discussed above (p. 357) are avoided, emphasis being plac 2d on the
salient morphological characters, irrespective of origin.
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In the essentially dichotomous character of these classi-
fications the reader will perceive cnec aspect of the essential
truth of the matter : viz. that in practical working it is
inexpedient, if not impracticable, rigidly to separate coast-
line and shoreline features. The emphasis placed upon each
must evidently depend on the scale and detail of descrip-
tion. Further, it will be seen that in shorelines of ** sub-
mergent "’ type, the features of the coastline tend to
dominate those of the shoreline in their effect on the general
landscape, while in ‘‘ emergent’’ shorelines, shoreline
processes and the resulting forms take on the dominant
role in contributing to the landscape.



CHAPTER XXII
THE INFLUENCE OF GLACIATION ON TOPOGRAPHY

Introductory.—The existing ice-masses of the world are
so relatively small in extent “that ice might seem at first
sight to play a very minor part in the sculpture of ter-
restrial relief. As a fact, great importance must be assigned
to glacial erosion and deposition since, as is well known,
the ice-masses were much more extensive in the recent
past. The present climatic phase is a mere sequel to the
great Pleistocene glacial period, and few areas either in
North-west Europe or Northern North America are free
from the traces of the former presence of ice.! In many
areas normal erosion has made but little progress in the
work of obliterating the results of glacial sculpture and
deposition. Moreover, our view of the general nature of
Ice-Ages in relation to the earth’s history has undergone
drastic changes in the last few decades. The great'
masses of glacial ‘‘ drift,”” which cumber the surface of
Eastern Britain and Northern Europe, were formerly
styled * diluvial "’ and ascribed to the Noachian deluge.
Even when their glacial origin first became appreciated,
the “ Ice Age ”’ was commonly regarded as the only one
of its kind recorded in the rocks. It seemed natural to
suppose that the sun was steadily cooling, and this view
enjoyed the weighty, if somewhat dogmatic, advocacy
of physical science as then understood. The ‘‘ Ice Age "
thus appeared as the ratural culmination of this process
of cooling, and the present more genial climate as merely
a temporary respite from ultimate refrigeration. As early
as 1859, however, true glacial deposits, resting upon ice-
scratched rock pavements, were reported from much older
rocks in Northern India, and though at first this discovery
was treated in a rather guarded manner, as conflicting
with current ideas, subsequent work has confirmed and
extended it. To-day we have the clearest evidence
of at least two major glacial episodes in the history of the
earth, quite comparable in magnitude with the Pleistocene
glaclatlon The earlier episode carries us back to the time

1 The glaciated tracts of Asia and the Southern Hemisphere, though
considerable, are more limited, and less is known about them.

361
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of the oldest known stratified rocks. In addition, half a
dozen minor episodes are evidenced, and some of these
may prove to be of greater importance when more is
known. These facts clearly indicate that glaciation is
not a rare and unique occurrence, but a systematic phen-
omenon, fully entitled to careful study as one of the surface
processes affecting relief. It is true that only the Pleisto-
cene glaciation has affccted the present surface, but
interesting clues as to the nature of ice-action and the
essential unity of the process can be obtained from the
older glacial rocks. Into the possible causes of the
recurrent glacial climates we cannot here enter. The
subject has a vast literature of a very controversial
character. Broadly speaking, the numerous theories fall
into two groups, the one astronomical, involving a change
in the actual amount of sun heat received by the earth,
the other geographical and demanding only a re-distribu-
tion of the heat as a consequence of changes in the height
and area of the continents, in the plan of the general
circulation of the oceans, or in the composition of the air.
In the latter category we must group also the daring
hypothesis of continental drift which, without radically
modifying the existing zonal distribution of temperature,
seeks to explain past climatic variations by a bodily
movement of land-masses, their climate varying with their
position. o

The existing ice-masses of the world fall into two
classes : (1) valley glaciers (or mountain glaciers) in
mountain ranges, which discharge the accymulated snow of
upland-snowfields ; (2) ice sheets, like those of Greenland
and Antarctica—dome-shaped masses of great thickness
which almost completely cover the country on which they
accumulate. [It is only comparatively recently that the
physics and m&teorology of these larger masses have been
at all adequately studied, as a result of scientific polar
exploration. |
v Valley gladiers.+In the first place we may briefly note
the features of vdlley glaciers. The tongue-like rivers of
ice which descend from the snowfields of the European
Alps and similar ranges are simple of comprehension as far
as their broader features are concerned, though the details
of their economy have been the subJect of controversy!

The accumulation of snow above the snowline, on th#
flatter saddle-like tracts between the culminating peaks,
is dispersed in part by melting at the lower edge, by direct
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evaporation and by avalanches. Sheets of considerable
thickness are, however, able to survive. At the surface
these consist of powdery snow with much interstitial air.
At lower levels they become compacted under their
own weight into a semi-crystalline solid, interstratified
with layers of true ice. Whymper gives an interesting
account of an excavation made under great difficulties
in a snow-ficld near Zermatt, and his is the first clear
account of the stratified nature of the mass and its gradual
passage towards true glacier ice. It is clear that this
semi-crystalline mass (névé) is capable of flowing downhill
on the steeper margins of the plateaux, and thus gives rise
to glaciers at lower levels.

Though ice is said to flow, and imitates a viscous liquid
in its general behaviour in large masses, it must not be
forgotten that it is, in reality, a crystalline solid. Glacier
ice consists of a number of irregularly-shaped ice crystals
in close contact. The apparent flow arises from the fact
that the ice melts at points of pressure between the grains,
and the resulting water recrystallizes at points of relief
of pressure. The mass thus moves on, concurrently with
the change of shape and transfcrence of material of its
grains. In the upper parts of a glacier’s course its con-
stituent ice retains some of the characters of the névé of
the snowfield, but in the process of movement it becomes
effectively welded into a wholly crystalline mass. Its
flow is affected by the form of its bed, being retarded in
contact with the sides and bottom of the channel and
moving fastest in midstream. The differential movement
of its parts causes crevasses to open in its surface. These
are particularly numerous where the floor descends steeply ;
in an extreme case ice-falls or ‘“ séracs '’ may result.

Where dominated by rocky slopes, the glacier carries
debris on its surface in two or more lateral moraines,
ramparts which accumulate by the falling of rock debris
on to the margins of the ice. At the confluence of two
glaciers, lateral moraines may merge to form a medial
moraine. Material from the surface is washed down
crevasses and borne forward within the ice-mass itself.
Where the base of the glacier is exposed, it is seen to be
full of rock-debris and mud in its lower layers. This is
derived from the rocks over which it passes, and on melting
forms a characteristic deposit, ground-moraine or boulder-
clay. The termination of a valley glacier coinciles with
the point at which supply of ice from upstream equals the
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amount lost by melting. If the rate of advance is
sufficient, the snout of the glacier may be enclosed by a
crescentic rampart comprising material disengaged from
the surface of, or from within, the ice in melting. This
is a terminal moraine. The melt-water from the ice
escapes as a stream or a series of streams which breach the
terminal moraine, and redistribute its material downward
along the valley in more or less distinctly stratified deposits
known as valley trains, outwash plains or frontal aprons.

The glaciers of existing mountain ranges show a wide
diversity in their features of form and size. Some are
now restricted to higher levels, occupying only the steep-
sided valley heads, or corries, between the peaks. Others
terminate many miles down the valleys. The largest of the
Alpine glaciers—the Aletsch—is 10 miles long. Lengths
up to 100 miles are reported from the Himalayan ranges.
The Alaskan glaciers descend on to the plains and coalesce
in a broad lake-like expanse, an ‘‘ expanded foot,” at
their termination. These are called ‘‘ piedmont glaciers,"’
and although they must have been fairly generously distrib-
uted in the hey-day of the Pleistocene glaciation, Alaska
alone seems to be able to furnish examples of them to-day.

A very superficial acquaintance with the glaciers of the
Alps and other similar chains is sufficient to convince the
observer that the recent past has witnessed a greater
extension of the ice-streams. Within historic times they
have shown phases both of advance and retreat in harmony
with minor fluctuations or precipitation, and it requires no
great effort of imagination to carry them well beyond their
present limits. Where the sub-glacial rock-surface is
laid bare, it is seen to be moulded into smooth, rounded
shapes, while the surface is grooved and scratched. The
possibility of definite glacial erosion is thereby demon-
strated, though its amount is not clear.

! Ice-sheets.—The features of existing ice-sheets in high
latitudes contrast very markedly with those of valley
glaciers. Three-quarters of the surface of Greenland is
covered beneath a gigantic ice-dome, which attains a
height of 10,000 feet in the centre and slopes very gently
towards the margins. Its thickness has been variously
estimated as from 2,000 to 7,000 feet.! It clearly depends

1 The latest figures for the Greenland ice-sheet are those obtained by
Wegener’s Expedition (1932). A seismograph was used to detect the waves
set up by small dynamite explosions on the surface of the ice, some distance
from the instrument. These waves passed downward through the ice and were
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on the form of the buried land-mass, and the higher figure
is not impossible, though the lower is perhaps more prob-
able. Portions of the coastal regions are free from ice,
and mountain summits project through its marginal
portions as “ nunataks " (Fig. 223). Between the latter
the main ice-mass discharges to lower levels in true
glaciers.

The Antarctic ice-cap is similar in its general features
Recent estimates give its thickness as over 4,000 feet ;
considerable groups of nunataks rise above its surface.
It differs from the Greenland cap in descending locally
below sea-level. Thus the southern shore of the Ross Sea
is formed by ice-cliffs which represent the edge of a sheet
of ice projecting beyond the land and floating in the sea ;
the mass rises and falls with the tide.

These ice-sheets give us a much truer picture of Pleisto-
cene conditions in Europe and North America than is

2000 metres
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Fi1G. 223.—THE PROFILE AND THICKNESS OF THE GREENLAND ICE-car.

afforded by the snowfields and glaciers of the Alps. It
is to be noted that debris is generally absent from their
surface except in the vicinity of nunataks, so that they
do not so readily build terminal moraines. The chief
accumulation for which they are responsible is true
boulder clay or ground moraine. It is hardly necessary
to remark that our knowledge of the conditions existing
beneath them is largely inferential ; it is only rarely that
the base is exposed for inspection. -

Glacial erosion and deposition.—The study of glacial
erosion and deposition can proceed by two methods. On
the one hand, attention may be paid to the physical
properties and behaviour of existing ice-masses and the
problems presented by the greater ice-masses of the past
may thus be attacked deductively. On the other hand, we
have available for study vast areas of glacially modified
country. Here we can examine features formed beneath
the ice, so far as they have been spared by later erosion,

reflected in part from the rock-floor. Along an east-west line, 400 km in
length, extending from the west coast to near the centre of the ice-mass, the
thickness was found to vary from 150 to 2,500 m., the average thickness being
about 1,500 m. These results indicate considerable * basining ”’ of the rock-
floor beneath the ice-cap (Fig. 223).
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and we can compare such regions with unglaciated tracts.
The science of glaciology has, of course, derived its in-
formation from both sources. It may be remarked,
however, that the second or inductive method has been
much richer in results, for, as already pointed out, the
under-surface of existing ice-masses is rarely accessible..
The study of glacial erosion was enlivened by consider-
able controversy during the nineteenth century. Though
some measure of agreement has now been achieved,
authorities are still far from unanimous. The student
can obtain a good idea of the points at issue in earlier days
by a perusal of Edward Whymper’s description of the
Aosta valley and his discussion of the views of Ramsay and
Tyndall. Both the latter workers attributed great erosive
power to ice. Ramsay invoked ice as the chief agent in
the excavation of the numerous lake-basins of the Alpine
foothills. Tyndall was disposed to deny the efficacy of
ice-erosion at these low elevations, but he argued with
much vigour that thc Alpine valleys themselves were
entirely the product of ice-erosion, a view rejected by
Ramsay, who regarded them as pre-glacial valleys modified
by ice. A large part of the resulting argument has lost its
point in the light of later knowledge, but it retains con-
siderable interest as a commentary on the present position.
Putting the matter in its most general form, strong doubts
have been cxpressed as to whether ice can ‘‘ excavate ”’
on an extensive scale. It is, of course, universally granted
that, armed with angular rock-debris it can achieve some
general smoothing, grooving and scratching of bare
rock-surfaces.” It iS submitted, however, that this does
not vouch for its power to ‘‘ dig,” or to remove large
obstacles from its path. It is softer than many of the
rocks over which it moves, and it very obviously moulds
itself on to, or round, obstacles. The effectiveness of the
fragments embedded in it is limited by its own softness.
A lead chisel, even though armed with diamond dust,
would be but an ineffective tool for cutting steel, and such
is the nature of the argument presented by the opponents
of extensive ice-crosion. Further, it has been cogently
argued that ice and snow, as a whole, exert a protective
influence on the rocks beneath, particularly when lying
in thin sheets, and this proposition can hardly be gainsaid.
On the other hand, it is clear that rock-masses on the floor
or sides of a glacier may be frozen on to, or into, the ice and
removed by ‘ plucking ” in the onward motion of the
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glacier. The continuance of this process may well give
rise to large effects. It is facilitated by well-developed
bedding or jointing, particularly if such divisional planes
are inclined at moderate angles downstream. Pro-
tuberant mounds of rock, obstructing the passage of ice,
have been roughened by plucking on the downstream side,
and smoothed on the upstream side, giving the * onset and
lee " effect illustrated in Fig. 224.

+ Before we procced to the detailed examination of glacial
relief it is essential to define the main point at issue between
the contending schools. Either view may be rendered
ridiculous by overstatement. It being granted that ice
erodes in some measure, the essence of the whole question
lies in the relative rapidity and efficiency of ice-erosion on
the one hand and of normal water-erosion on the other.

b
Fi1G. 224.—THE ONSET-AND-LEE PROFILE.

(a) An isolated roche montonee (1o feet high). () Holyhead Mountain
(720 feet).

It is, of course, clear that water-erosion proceeds con-
currently with ice-erosion, round the margins of the ice
and beyond its limits. Of even greater importance is the
fact that the Pleistocene Glacial Period embraced several
distinct episodes separated by long genial intervals. One
at least of these ‘‘ inter-glacial periods "’ had a duration
many times that of post-glacial time. Thus water-
erosion must have alternated with ice-erosion even in the
truly glaciated areas. The resulting land-forms inevitably
bear the mark of both processes, and their interpretation
depends on the importance assigned to each.

In the following sections we shall make a distinction
between glaciated mountains and glaciated lowlands.
In the former the emphasis is largely on erosion, however
performed. In the latter, the most important features
concern the glacial deposits or * drifts,” which not only
obscure the pre-existing topography, but themselves build
characteristic land-forms.



F1G. 225.—GLEN ROSIR, NEAR BRODICK, ARRAN, A TvPICAL
U-sHAPED VALLEY EXCAVATED IN GRANITE.

[Photo by H.M. Geol. Survey. Crown copyright reserved.

F1G6. 226.—GLEN LYON, NEAR STRONUICH, PERTH, SHOWING HANGING
TRIBUTARY VALLEY,
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Glaciated mountain ranges.—It has been justly remarked
that the abnormal relief of glaciated mountain ranges was
for long overlooked by European geographers, owing to
the general rarity of true non-glaciated mountains. The
ranges of Central and Southern Europe, of Scandinavia
and Britain have, with few exceptions, been heavily
glaciated. There was thus a tendency to regard their
features as normal. Moreover, these glaciated ranges
with their bolder and more varied relief are natural centres
of attraction for tourists and travellers; they appear
frequently in pictures and photographs, and are, in fact,
the typical ‘“ mountains ”’ of the layman. The analytical
study of land-forms has now enabled us to contrast their
features with those of non-glaciated mountains. The
Central and Southern Appalachians provide us with an
example of a maturely dissected mountain region which
has been continuously under the influence of normal
erosion. The Cévennes of South-east France are in a
slightly more youthful stage, but, again, they are untouched
by glaciation. Nearer home, the unglaciated uplands of
Devon and Cornwall challenge comparison with the
glaciated mountains of Wales, whose rock constitution is
generally similar. In these non-glaciated areas, smooth
rounded outlines are prevalent, and the general aspect of
the landscape is subdued. The main streams and their
tributaries are well graded, forming a many-branched
system. The slopes are deeply cumbered with mantles of
rock-waste. By contrast, glaciated mountains may be
described as ‘ fretted uplands.” They are serrate in
general form, abounding in sharp-edged features. Their
drainage system is notably discordant, tributaries hanging
above the main valleys. They have been scraped bare
of their mantle of rock-waste, save for the scree produced
by recent frost-action.

In analysing the features of the glaciated mountain
landscape we shall treat of (a) the valleys and lower
slopes, and (b) the peaks and upper slopes.

The valleys and lower slopes. The Cross-profile.—The
typical cross-profile of a glaciated valley is shown in Fig.
227. Steep walls bound a flat-floored trough while, above,
a pronounced bench or shoulder intervenes between the lip
of the trough and the slopes leading to the higher peaks.
The tributary streams descend at normal gradient across
the shoulder, but plunge at its edge to the floor of the main
trough. There is naturally a certain amount of variation in
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detail among such glacial troughs, depending upon the
character and structure of the rocks in which they are cut.
The section in Fig. 227 closely follows the features of the
famous Lauterbrunnen Valley, and the curiously similar
Yosemite Valley in the United States. The Lauter-
brunnen Valley must be regarded as a particularly fine
example of its kind ; the other valleys of the region are
not so impressive, the trough
commonly showing a more
rounded or catenary form.
These glacial troughs are com-
monly styled U-shaped, but the
Fi. 227.-—CROSS-PROFILE oF o LEFM is not in all respects
GLACIATED VALLEY. appropriate. Comparing such
valleys with normal river-valleys
we may say that they combine the steep-sided nature of
youth, with the breadth and flat floor of maturity. The
contrast in form between a normal mature valley and a
glacial trough is illustrated in Fig. 228.!

The distribution of smoothing and striation on rock-
surfaces generally shows that the ice extended on to the
shoulder, or even above it, in its passage down the valley,
so that only its lower
parts occupied the
trough. The bevelling
of the shoulder edges
and thefilling of the basal
angles with alluvial fans
and scree give the
measure of- the normal
frost, gravity and water-

erosion of post-glacial y

ti 0s p g F1G. 228.—CONTRAST BETWEEN WATER-

mes. AND ICE-ERODED VALLEYS.
Insuch valleys as these

the advocates of extreme glacial erosion, as favoured by
Tyndall, would regard the trough as literally dug out
by the passage of the ice. Other workers would refer
the excavation of the trough to normal river-action in
pre- or inter-glacial times, and its final shaping, involving
considerable widening and some deepening, -to the
subsequent work of ice. The shoulder, though glacially

1 It should be noted that since ice occupies the whole of a glaciated trough,
the latter is comparable with the ckannel rather than the valley of a river.
Viewed from this standpoint the channels cut by ice and water respectively
are not markedly dissimilar in form, but only in size.
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modified, thus falls into place as the floor of an older and
wider valley in whose floor a water-cut gorge was incised.
In Fig. 227 only one shoulder is shown, but many Alpine
valleysshowseveral,

extending up to Metres
great heights above 1800
the present valley- 1000

floor (Fig. 229). [After de Martonne.
The valley slopes M gy, 229.—MULTIPLE SHOULDERS OF THE AAR
such a case convey VALLEY NEAR MEIRINGEN.

a strong suggestion

that they are normal composite slopes, developed during
successive phases of normal down-cutting alternating
with glacial interludes.

Hanging Valleys ~
The hanging tributary valleys (Figs. 230, 231) are ex-
plained by the ice-erosion school as the consequence of
differential over-deepening as between the main glacier and
its less voluminous and active
affluents. On the ice-surface the
streams would necessarily be con-
cordant, but the floor of the main
glacier is regarded as having been
excavated far below those of the
tributaries, so that marked dis-
cordance has inevitably arisen on
Fic. 230.—A Hancine the disappearance of the ice. The
VaLLEY. supporters of glacial protection take
very different ground. Regarding
the over-deepening of the main trough as due to river-action
in an inter-glacial period, they urge that the tributary
valleys at a higher level would retain in some cases a small
glacier, whose presence would inhibit normal water-action
and thus retard the grading of the tributaries. They find
strong support for this view in the fact that not all the tribu-
taries of a glacial trough hang to the same extent. Within
short distances one may find instances both of precipitous
‘“ hang,” and of roughly accordant tributaries whose
valleys, it is supposed, retained no protecting glacier, and
in which, therefore, the work of grading made headway.
Particularly significant is the fact that tributary valleys
facing north and east, 7.e. on the slope turned away from
the sun, frequently hang, while those of the opposite
slope are accordant. The tributaries of the Reuss near
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St. Gothard have been cited as an illustration of this
relation. The evidence presented on this score seems
highly convincing, and though there is no reason to doubt
that a large glacier erodes faster than a small one, and that
discordance may at least be initiated in that way,
differential corrasion as
between large rivers and
small glaciers seems certainly
to have played a large part
in the causation of hanging
valleys.

The Glaciated Valley in Plan

The features presented by
a glacial valley in plan also
bear upon its origin. Its
Tijiw Dave. COurse is characteristically
Fi6. 231.—HANGING VALLEYS. straight, and it commonly
retains traces of the ‘‘ roots "’
of valley-side spurs, whose bluntingor truncation must have
been the work of ice. It is particularly to be noted,
however, that the existence of the spurs, even as vestiges,
within the trough clearly implies the former operation of
water-action, and thus lends strong support to the views
of the * protection school.” Truncation of spurs is a
phase of valley widening, and, as such, falls within the power
of ice-erosion, as admitted by all. The act of valley
deepening would seem to be largely referable to water-
action.

The Long-profile

The longitudinal profile of a glaciated valley reveals
further abnormal and significant features which challenge
explanation by exponents of the two views of glacial
action. The profile is typically irregular, descending in a
series of steps. The most considerable of these often
occurs at the head of the true trough where the convergent
headwaters of the stream now occupying the valley
descend in gorges to the floor. This highly characteristic
‘ trough’s end "’ is well illustrated in the Lauterbrunnen
and Zermatt Valleys in the Swiss Alps (Fig.232). Steps of
smaller magnitude, lower down the valley, are so common
as to be regarded as normal concomitants of glacial erosion.
Good and readily accessible examples occur near Bur-
glauenen in the Grindelwald Valley and above Tisch in
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the Zermatt Valley. Garwood instances in some detail
the Val Mesocco, tributary to the Ticino above Bellinzona
(Fig. 233). Here there are three steps, respectively 300,
500, and 8oo ft. in height, the height increasing with
ascent of the valley.
Such steps may be @
actual cliffs or X\
merely steep slopes ;
the present stream
has generally cut a
gorge in descending
the step and recession
may have carried its
head some distance
above the step itself.
The supporters of
active glacial erosion

explain thesestepsby & [After Cottom.
inequality Of down- FIG. 232 —THE MAJOR ROCK-STEP OR
ward corrasion. A * TrouGH’S END.”

few mark obvious

differences in rock hardness, and it has been plausibly urged
that glacial erosion may pick out differences of hard-
ness which escape detection on ordinary examination.
Again, it has been widely accepted as axiomatic that

Metres
2000
1500]

1000 4—\\
500 -

Val Mesocco

-

24004
2000 ¥

1600 -
1300

Termination of Rhone Glacier

[After Garwood.
F1G. 233.—ROCK-STEPS OF THE VAL MESOCCO; AND NEAR TO, AND
BENEATH, THE TERMINATION OF THE RHONE GLACIER.

the erosion effected by an ice-stream varies as its
volume, or thickness. Hence, we might expect an
increase in down-cutting power below the confluence of
two glaciers, particularly if the cross-section of the
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combined ice-stream is much greater than those of its con-
tributing parts. This relation is sometimes observed, and
no doubt the sudden deepening at the ‘‘ trough’s end ”
reflects in part the convergence of ice-streams from higher
levels at this point. The position of the “ erosion school ™
is perhaps not unfairly summed up in the statement of
one eminent exponent that ‘‘ if it were once proved that
glaciers erode their troughs . .. some inequality of
erosion was as likely as in the erosion of a channel by a
river.” On the other hand, the protection theory has a
salient contribution to make to the problem of the steps.
Since it is known that the glacial period witnessed several
marked advances and retreats of the ice, a step is regarded
as marking the limit of retreat of the ice in the valley
during some inter-glacial phase. Below this point water
corrasion would be resumed and the valley would be
deepened up to the ice limit. During a re-advance of the
ice the step thus formed would survive the widening by
glacial erosion, always providing the ice exerted no pro-
nounced deepening effect. Where several steps occur
in the same valley, this theory demands a succession of
glacial advance and retreats. The relative magnitude
and spacing of the steps of the Mesocco valley are shown
by Garwood to accord well with the accepted sequence
of glacial episodes in the Alps. Furthermore, there is in
this region a general agreement between the several
valleys in respect of the height above sea-level at which the
steps occur. Such is clearly a necessary condition, if the
theory is to fit the facts.

Rock-basins

A further aspect of the problem of glacial erosion is
involved in the origin of ‘‘ rock basins.” Not only is the
longitudinal profile of a glaciated valley broken by steps,
but the downstream gradient of the floor may locally be
reversed, giving a rock-bounded hollow occupied either
now, or in the past, by a lake. Similar depressions at
higher levels, on the shoulders of the valley, are often
occupied by ‘‘ tarns,” while in the outer valleys and pied-
mont margins of the Alps are the larger lakes, also claimed
by some as rock basins. The existence of such hollows
has been regarded as a clear proof of the reality of localized
ice-erosion, but, on the other hand, it has been strenuously
contended that erosion during ‘‘ uphill movement " is
impossible. The bottom ice, lodged in some pre-existing
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hollow, would be expected to remain stagnant while the
upper layers passed over it. In the case of the smaller
valley lakes and upland tarns of the Alps it has been
successfully demonstrated that some are held up by
barriers of loose rock material, moraine, or scree. Others
are undoubted rock basins, but they are located on the
boundary between soluble calcareous strata and insoluble
rocks. These form a distinct class of ‘‘ solution lakes ”
which have no necessary connexion with glaciation, and
are, in fact, well-known in the karst lands of many areas.
Other rock basins are not so situated, and here it may
fairly be supposed that glacial ‘‘ plucking "’ by the bodily
removal of fissured or jointed rock has produced a cavity.
The reality of this plucking action is sufficiently evidenced
by the numerous lakes, many of small size and irregular
shape, which are scattered over the surface of glaciated
lowland areas formed of hard crystalline rocks, such as the
Canadian Shield and Finland.

The larger lakes present difficult problems. Many,
following Ramsay, have preferred to regard these as the
product of over-deepening performed by ice in large valleys,
or by the vast piedmont accumulations of ice at and beyond
the mountain foot. By others the influence of tectonic
warping has been invoked.

The peaks and upper slopes.—The land-forms of the
higher parts of glaciated mountain ranges are quite as
characteristic as those of the valleys, and these, too, have
been the subject of considerable debate. It is these
features that control the general panoramic character of
a range as viewed from one of its own higher summits
or from a distance. We may select three features : the
aréte, the pyramidal peak, and the corrie, as recurrent
elements in the pattern and profile of glaciated heights.
The aréte is a sharp-edged ridge made of bare rock, with
its summit either roughly horizontal or inclined. Inclined
arétes generally converge on one another, and at their
point of meeting are situated the culminating peaks.
These are generally sharply pointed and have a rough
pyramidal form (Fig. 236). The familiar Matterhorn is
a magnificent example of this form, somewhat unusual in
the fact that it is isolated and rises above a generally
flat plateau-like surface. Between the convergent arétes
are remarkable hollows, open on one side, but bounded
elsewhere by an almost semicircular or sub-rectangular
line of cliffs. These have been given a distinctive name
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in most European languages (corrie, in Scotland; cwm, in
Wales ; cirque, in France) ; and they are, perhaps, the most
significant feature of glacial sculpture in the higher slopes.
Their floor is commonly occupied by a lake, of which the
outlet is dammed either by moraine or by a definite rock-
bar. Their form has
been compared with
that of a gigantic
armchair, with the seat
slightly hollowed (Figs.

234, 236)-

The Corries

Laser Wright. At first sight a

Pic, 234-—A Conux Guacrsn, wirk ¢yical  corrie - bears

some resemblance to
the valley-head amphitheatre produced by normal erosion.
The latter, however, is as a rule * half-funnel shaped "
with comparatively gentle slopes. The slopes of a corrie
are much steeper, and the rock basin in the floor constitutes
another departure from the form of a normal valley-head,
though admittedly it is not always present. Like the
features of the lower valleys, corries have been the subject
of opposed arguments by writers on glacial morphology.
It is, of course, clear that many corries are nothing more
than modified valley heads; but others abruptly break
the continuity of smooth hill-slopes, and for these, at
least, some definite theory of origin is required. Garwood
contends that some element of glacial protection is
necessary to explain the distinctive form. The preserva-
tion of many corries is to be directly attributed to their
having harboured snow or ice during inter-glacial and
post-glacial times, during which the surrounding slopes,
both above and below, were the subject of steady demolition
under the influence of frost, water-erosion, and soil-creep.
It is not to be forgotten that such a process is visibly in
operation to-day in many cases where corries retain, during
the whole or part of the year, a mass of névé in their
hollows.

On the other hand W. D. Johnson has described a
process of * basal sapping ”’ which has been regarded by
many as the active process of corrie excavation, and
especially of the steepening of the walls. He points out
that in an ice-filled corrie, as in most steep snow- and
ice-slopes, there is a marked crevasse or ‘‘ bergschrund,”
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which follows the margin a few feet away from the rock-
wall. This is due to the general *“ pull-away *’ of the ice
from the wall, incidental to its movement. It converges
on the rock-wall down-
wards, and finally meets

it some distance below S ﬂw

the surface of the ice. Q

Here a large area of rock- ‘ﬁ‘l’) Q?’ %@3"
2

wall is subject to frost-

shattering, being soaked -,

during the day by melt- ;:':5;::&

waters from above,which mg}
3

freeze during the night.
In this way large blocks
are displaced from the {After Hobbs.
face, and frozen into the Fic. z35.—Dissection or UrLAND BY

ice on the other side of CoRRIE-GROWTH.
1, Stage of Youth—a “ grooved

the crevasse, SUbS_e" upland.” 2, Intermediate stage. 3,
quently to be carried Stage of maturity—a * fretted upland.”

away in the onward

motion of the ice. It is certainly not safe to assume that
this ‘“ bergschrund hypothesis”’ covers all cases, but in so
far as the idea is valid 1t provides conditions for ‘‘ plucking,”
and offers a mechanism for the ‘ arming "’ of the corrie
glacier with angular rock debris in its lower layers, and thus
helps to explain the excavation of a shallow rock basin
on the floor.

The precise view taken of the origin of the arétes and
pyramidal peaks or tarns depends very largely upon the
extent to which it is admitted that corries actively
‘“ grow " by ice-erosion. W. H. Hobbs has treated the
development of corries in terms of a cycle. He supposes
that the initial hollow is in many cases a ‘ nivation
hollow " (p. 402). Then, adopting the bergschrund theory
of excavation, he deduces a systematic and long-continued
recession of the walls, leading first to a semicircular and,
later, to a more rectangular plan, while, concurrently, a
scalloped edge develops as a result of the formation of
minor corries. In this view a mountain-mass is dissected
in stages by corrie growth, in a manner analogous to
dissection by water (Figs. 235, 236). Marked cols arise
by the intersection, back to back, of actively growing corries,
and, in general, the peaks and ridges are simply residua)
features of such a process of dissection. Hobbs distin-
guished the ““ grooved upland,” marking an early stage
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of corrie dissection, from the later * fretted upland,” in
which the residual features are more scattered and less
extensive. In the limit, such a process would result in
the complete destruction of the original surface—a state
analogous to maturity in the normal cycle
of erosion. This attempt to establish a
glacial cycle is attractive and useful, but
as yet it is not based upon a sufficiently
numerous set of carefullystudied examples,
and it would be premature to accept the
theory in its entirety. The more orthodox
view would refer the ‘‘ sharpening ”’ and
demolition of peaks and ridges to the
active agency of frost, aided by gravity,
and in such a view the corries arerelatively
static elements not susceptible of con-
siderable enlargement, but owing their
clean-cut form to the protective influence
of ice during phases of normal weathering
and water-erosion.

Deposition contributes a small element
{afer Davis. ONly to the morphology of glaciated moun-

Fic. 236.—Growtn tain ranges. The floors of the wvalleys
oF C°RR;‘5' LEAD- gregenerally covered with ground moraine,
e T Oriniass though often to no great depth. Retreatal
Destruction oF stages of the ice in the valleys are marked
11:3‘;;5““ IDAL by “ stadial moraines,’”’ ! but the earlier

) moraines of such a series have lost their
freshness of form in the course of later weathering. At their
maximum extension many of the Alpine glaciers were of
piedmont type, and their expanded termination on the
low ground is marked by a set of features which recur in
close association many times. A more or less semi-
crcular end-moraine, consisting of one or more distinct
ramparts, encloses a slight depression in the ground-
moraine in which a lake commonly occurs. Between the
end-moraine and the lake-depression is a zone in which
the boulder-clay is disposed in elongated mounds
( drumlins ’’) with their longer axes radiating so as to be
roughly normal to the moraine front. Beyond the moraine
stretches a flat plain or apron of outwash gravels (Fig. 237),

1 In strict usage ‘‘ terminal moraines” are those marking maximum
extension of the ice, while ‘“ stadial moraines "’ mark stages of retreat, though
the former term is often used in a general sense covering both cases.
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the so-called ‘‘ deckenschotter.” Outwash gravels ex-
tend down the Alpine valleys far beyond the limits reached
by the ice. They are disposed in terrace-like spreads
above the present valley-bottoms, and they represent a
series of definite stages which may be correlated with
waxing and waning of the ice-masses (p. 406 and Fig. 260).

Glaciated lowlands.—Glacial drifts play a much larger
part in determining the topography and surface conditions
of glaciated lowlands. The uplands have retained for
the most part the major features of their pre-glacial form,
subject to some emphasis of their relief, but the lowlands
have been completely reconstituted by glacial action, so
that their pre-glacial features have entirely disappeared.
If the drifts were removed from England large areas on
both the east and west coast would be covered by the sea,
i.e. the base of the drift is below sea-level. In addition
there are extensive tracts, where, though the base of the

Outwash Moraines  Drumlins

[After Penck.

F1G. 237.—FEATURES MARKING FORMER TERMINATION OF A VALLEY-
OR PIEDMONT-GLACIER.

drifts is above sea-level, they are the dominant elements
in the country, older rocks being exposed, if at all, in the
valley-bottoms only (Figs. 238, 239).

Boulder Clay.—These vast sheets of lowland drift are
clearly the product of the Pleistocene ice-sheets, whose
nature differed widely from that of valley glaciers. In
particular, as we have noted, debris must have been largely
absent from their surface, and well marked terminal
moraines are relatively infrequent' in the region of
maximum extension of the ice. The drifts include two
main types of deposit : (@) boulder-clay, which is inter-
preted as ground-moraine, or ‘‘ englacial ’ material left
by slow-melting, and (b) bedded sands and gravels,
deposited by water at the margin of the ice, beneath it, or
beyond its limits. In the case of an actively advancing
ice-sheet we should expect it to push forward over its own
outwash gravels, forming a sheet of ground-moraine above
them, while during active retreat more water-deposited
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gravels would tend to accumulate on the surface of the
boulder-clay. This threefold arrangement of : (1) Gravel ;
(2) Boulder clay ; (3) Gravel, is indeed not infrequently
found. On the other hand, two boulder-clays separated
by a sheet of sands and gravels occur in so many regions
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[From Stamp and Beaver, ** British Isles,” Longmans, Green and Co.
Fi1G. 238.—THE GLACIATION OF BRITAIN.

The map shows approximate conditions at the stage of maximum glaciation.
Directions of ice-movement shown by arrows. Centres of ice-dispersal:
1a, N.W, Highlands; 15, Grampians; 1¢, Southern Uplands. 24 and b,
N. Ireland. 3a, Lake District; 3b, North Wales; 3¢, Central Wales; 3d,
S. Pennines ; 3e, Irish Sea.

that this arrangement has sometimes been regarded as
normal or typical. It may be interpreted as marking a
temporary local retreat of the ice-margin followed by a re-
advance ; or if the intervening mass of water-laid deposits
is thick and extensive, a definite interglacial phase may be
indicated. The distinction is really one of degree only,
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and high authorities can be found to support both views
in such a region as East Anglia, for instance, where this
second type of tripartite arrangement is well illustrated.!

Though local successions in the glacial drifts can often
be plausibly ascribed to oscillations, large or small, in the
ice-margins, we have to
recognize the fact that
there are large areas
in Western Europe and
America in which the
boulder-clays are not
associated withgravels,
either above or below.
The absence of gravels
above the boulder-clay
seems at first sight par-
ticularlyanomalous, for
it is difficult to see how
a large massof ice could
melt without providing
floods of water which
would wash out the
debris from the ice, or
from the boulder-clay
itself. The progress of LAfter Lamplugh and Walls,
observation in the ice- FiG. 239.—THE DRiFT LANDS OF ENGLAND

. . WALES
und regions of high AND '
bo g g The stippled areas are almost wholly drift-

latitudes has gone far g yered; while the areas in black would be
to afford a c]qe to this submerged fif the dlnfgsl:ltlare removed. Cer-
feature. In Spitzbergen a'ltia:he:sg?a&:l“dgriafg.a uvium areincluded
and elsewhere the ice

has sometimes advanced over the low ground, but there has
been no correspondingly rapid retreat. It has simply been
left as*‘ deadice,’’ decaying by melting very slowly and with-
out the production of large quantities of water. In this way
the englacial debris is slowly disengaged and settles down
as a sheet of material which in many cases resembles the
boulder-clay of the North European plains. In such a
case, needless to say, no terminal moraine is formed.
There are many accordant observations upon valley-
glaciers and existing ice-sheets, which point to a spasmodic
or pulsatory advance followed by long inert periods of

1 Recent work by Boswell and Solomon leaves little doubt that several
distinct glacial episodes, separated by inter-glacial periods, are represented
the East Anglian drifts.
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exhausted energy. The cause of this phenomenon is not
entirely clear ; the rapid advances may possibly mark the
attainment of a certain necessary or critical ‘‘ head "’ of
snowfall, while the pauses may mark the periods of
accumulation. However this may be, the effect seems
to be general, and it is entirely reasonable to suppose that
the Pleistocene ice-sheets behaved in a similar way.
Following this idea Lamplugh has suggested that * the
maximum extension was reached by a final forward
spurt,” after which ‘“ the ice sank into a dead condition
and never again revived.” In this fashion the existence
of extensive gravel-free boulder-clay plains may be
plausibly explained.

Boulder-clay Country

Quite apart from the presence or absence of gravels,
‘“ boulder-clay country " is of several distinct types. The
consistency and contents of the deposit are, of course,
infinitely variable. It has often received a large con-
tribution from the rocks on which it rests, and for this
reason alone shows local variations. It contains, in
addition, much far-travelled debris, which gives it a mixed
constitution. In Southern England, where the boulder-
clay abuts upon other clay tracts (London Clay, Oxford
Clay, etc.), it affords soils at once richer and lighter than
those of the stiff clays, and makes better agricultural land.
Its woodland was lighter and more easily cleared, so that
its outcrop was settled at an early date and shows a marked
unity in respect of human geography.

Further, from the standpoint of morphology the British
boulder-clay areas fall into two types, and analogues of
both can be found both in Northern Europe and America.
In East Anglia, Essex and Hertfordshire, the boulder-clay
forms a vast level-topped sheet, diversified only by rather
widely spaced valleys in which post-glacial erosion has
cut down into underlying rocks. It thus forms a low pla-
teau, not yet maturely dissected. The only irregularities
in its surface are small hollows, generally holding water,
but many of these have been filled by rainwash. The
margin of the boulder-clay sheet is irregular, and it is
evident that the ice, here of no great thickness, forced
its way in lobes or tongues between the masses of high
ground. Beyond the extremities of such lobes a dissected
sheet of cutwash gravels is generally found, but no end-
moraines mark the limit of the boulder-clay (Fig. 240).
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Drumlins—On the other hand, the boulder-clay
tracts of the Midland Valley of Scotland and South-west
Ireland are characteristically hummocky, consisting of a
complex series of drumlins. We have noted that similar
features were produced beneath the valley glaciers of the
Alps. The origin of the drumlins is somewhat obscure.

Miles

FIG. 241.—DRUMLINS, NEAR PALMYRA, NEW YORK STATE.
The larger drumlins rise about 100 feet above the flat intervening ground.

In form they resemble an inverted boat, tapering towards
their ends. = They range in size from mere flat swellings
of the ground, disposed confusedly en échelon, up to
considerable hills, 200 or 300 feet in height (Fig. 241).
Their longer axis generally follows the direction of ice-
movement, although there are exceptions to this rule.
They are composed entirely! of boulder-clay. It is

1 The term has been extended by some authors to cover the case of ** rock-
glz;uymlins,” smouthed mounds of rock with or without a thin veneer nf boulder-

-
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generally considered that they correspond to patches in
the sole of the moving sheet which were exceptionally
heavily charged with debris. Ice so charged has its
effective powers of flow considerably reduced, and in such
circumstances the clearer ice, around and above the con-
centrated ‘‘ knot "’ of debris, would move on more rapidly.
On the melting of the ice-sheet, the hummock of ** dirt "’
would settle down as a drumlin, through the slow melting
of its interstitial ice. The streamlined form of the hillocks
is regarded as due, in part, to the differential movement
of the clear and the rock-charged ice during the earlier
phases of growth. This theory is perhaps not entirely
clear and satisfactory, and it illustrates our inevitable
ignorance of sub-glacial processes which are beyond the
range of direct observation. An attempt has been made to
argue that drumlins are not sub-glacial features but result
simply from the post-glacial etching of boulder-clay sheets
by normal erosion. It is significant, however, that
similar features are rarely found in other claylands exposed
to normal erosion, and in the opinion of most students of
glaciology the theory fails to meet the facts.

The geographical effects of drumlin topography—
sometimes called ‘‘ basket-of-eggs topography '’—are suffic-
iently evident in many areas. The drainage tends to be
irregular and indecisive, and many small tracts of marsh
or water-logged pasture occur between the drumlin hills.
Settlements and routeways thus favour the drumlin crests
or slopes.

We may have recourse to two explanations of the
difference between featureless boulder-clay plains and those
diversified by drumlins. It may be urged that drumlins
only arise when the sub-glacial load is unevenly distributed,
a uniform distribution giving rise to a uniform sheet of
ground-moraine. More probably, however, we are wit-
nessing the difference between a sheet of true ground-
moraine, moulded by moving ice (drumlin-topography),
and a sheet of englacial material abandoned by the slow
decay of ‘‘ dead ice "’ (East Anglian type). In support of
this we may note it is particularly in boulder-clay flats of
the East Anglian type that superficial gravels are absent,
and we have already invoked the process of slow decay
in situ as a plausible explanation of the absence of such
gravels.
< Eskers and Kames.—Areas of hummocky drift generally
display not only drumlins but ridges of sand and gravel,

13



[Photo by H.M. Geol. Survey. Crown copyright resesved.
Fic. 242.—EsKER AND Esker DELTA, MOCKERKIN TARN, NEAR
ULLock, CUMBERLAND,

The steep bank beyond the tarn is the side of the esker, which expands to
form an esker-delta near the road on the right (p. 387).

[Photo by H.M. Geol. Survey. Crown copyright reserosd

FiG. 243.—TERMINAL MORAINE IN GLEN ETIVE, NEAR DALNESS,
ARGYLE.
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equally distinctive in form and disposition. We may pass
to the consideration of these. Mounds and ridges of
gravelly drift are referred to in British glacial literature
as eskers and kames, or, generally, as kettle-drift or kettle-
moraine, They are regarded as formed by water or at
beyond the margins of the ice.

Eskers (comparable if not identical with the Swedish
‘ gsar '’) are long sinuous ridges with steep sides,
composed of gravel and sand (Fig. 242). They may
be followed across country for considerable distances,
though sometimes discontinuous. Among their notable
features is the fact that they sometimes ignore the
ordinary topography, descending one valley-slope and
ascending the other. In order to explain them we have
to take note of the fact that existing ice-masses are riddled
by tunnels, which carry the melt-waters from higher levels.
For instance, the expanded ‘ piedmont’’ foot of the
Malaspina Glacier (Alaska) presents a high terminal ice
wall, and vast quantities of water emerge from tunnels at
the foot of the wall, or cascade from openings high in
the face. Water travelling in such tunnels attains high
velocities, owing to the constricted space and the ample
head provided by downstream slope. It is certain that
eskers are closely bound up with such channels. One
ingenious theory represents these ridges as the ‘ casts ”
of sub-glacial channels entirely filled with sand and gravel,
while the ice-cover persisted, and preserved in slightly
modified form after melting. This would account for their
curiously discordant reclations to surface topography,
since, formed under the ice, they would be independent of
uphill or downhill slopes. It is not unlikely that some
eskers formed in this way ; but, for many, another sug-
gested origin better fits the facts. At the present time
deposits are being built at the points of emergence of sub-
glacial streams on the stationary ice-fronts of the Alaskan
piedmont glaciers. They are banked against the ice-wall
behind, and where formed on land, slope forward fanwise
to a more or less irregular or lobate front, thus imitating
normal alluvial cones (Fig. 244). In other cases the
deposit has been built beneath standing water, and takes
on the characteristic delta form with a flat top and a
steeply sloping front (Fig. 244). Where the ice has with-
drawn locally, the back face, formerly in contact with the
ice, may retain a characteristic steepness and may
be recognized at once as an ‘‘ ice-contact slope.” Many
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eskers associated with the American and Scandinavian
drifts have been claimed as originating in this way, and
good examples have recently been studied in Cumberland
and in Shropshire. It is evident that if the ice were
retreating rapidly the products of a single sub-glacial
stream would be distributed over the country as a ridge
or trail, instead of being concentrated in a fan or a delta.

F16. 244.—WATER-BORNE DEPOSITS ACCUMULATED AT ICE-FRONT,
(a) Esker-fan. (b) Esker-delta.

Such is clearly the nature of many eskers. Each pause, or
ice-stand, will be marked by a swelling of the ridge, and
thus a series of fans or deltas may be strung along the
“ feeding esker,” like beads on a string (Fig. 245). Tosuch
a form the term ‘‘ beaded esker " is applied. Alternatively,
there may be a series of discontinuous mounds aligned in
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FiG. 245.—A BEADED ESKER.

the direction of glacial retreat, with or without feeding
esker ridges. Fig. 258 shows an example of such an esker-
chain, which extends for a distance of nearly twenty miles
between Wolverhampton and Newport, Salop. A short
distance to the north-east is the Penkridge esker, which
is in alignment with a curious channel unrelated to the
present drainage plan, interpreted as having been ex-
cavated by the esker-building stream.
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The term ‘ kame' has been applied to a variety of
features, but in many cases the mounds or ridges so named
appear to lie along the line of a former ice-front and to
represent the confluent fans or deltas of a series of closely
spaced sub-glacial streams. We may instance the great
drift-ridge at Car-
stairs in Southern
Scotland as an ex-
ample of a kame,
It separates a low-
lyingareaofalluvium
to the north-west
from a plain of out-
wash gravels to the
south-east (Fig.246).
Itrisestoamaximum
height of about
eighty feet above

thelowground atits lertoc - o > = v 0 0 0 2 0 2 .

north-western foot, [—] —]

and its steep nortll- Peat & Main Hummochy  Boulder
Alluvium Kame sand and clay

western slope Ridge  gravel area

appears to be an ice- FIG. 246.—THE CARSTAIRS KAME.

contact slope. On

the other hand, this feature has been claimed as a terminal
moraine or as the infilling of a channel between ice-walls
during a phase of glacial melting. The latter theory affords
no explanation of the pronounced asymmetry of the ridge.

It is evident that the ridge form of many kames and
eskers causes them to simulate terminal or stadial moraines
in their general characters. This is particularly so in the
cases of kames, which follow the direction of the ice-front.
It may be remarked, however, that the two types of
accumulation differ widely in their actual constituents, a
kame consisting of sand and gravel, while a moraine con-
sists of wunassorted rock-debris. Nevertheless, many
terminal ridges might be placed on first inspection in
either category (Fig. 243).

As already noted, terminal moraines do not invariably ac-
company the drifts of the Pleistocene ice-sheets. The south-
ern limit of the drift in Britain is indeed free from such
features, but farther north a discontinuous line of terminal
moraines is traceable across Ireland and South Wales to the
Vale of York. These occur near the margin of what is known
in Britain as the Newer Drift, representing, it is believed,
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a distinct later-glacial episode in which the ice did not
extend so far into the plains. The existence of a terminal
moraine in this case may be due to the fact that the ice-
margin lay nearer the high ground, and consequently
bore more material on its surface. On the other hand,
terminal moraines of the older drift (p. 408) have been
exposed for long periods to the obliterating effect of
weather and water-erosion, and are known in many cases
to have lost their continuity and freshness of form. A
sheet of * newer drift ”’ is also recognized in Germany, and
some distance from its outer margin occurs the well-known
Baltic End-Moraine, traceable from Denmark into West
Prussia, a distance of over 600 miles, and following a course
closely parallel with the Baltic coast (Fig. 262). On the
outer, or * foreland,” side are extensive plains of outwash
gravels, while within it is a hummocky boulder-clay plain
with innumerable small lakes. Farther north, as in Scania
and the region of Oslo Fjord, there are other moraines
marking pauses in the final northward retreat of the ice.
Belonging to approximately the same stage of retreat
is the great sand and gravel ridge which extends
from east to west through Finland and is known as the
Salpausselka. This has generally been interpreted as a
terminal moraine, but its nature and relations suggest
deposition in water, and it is not unlikely that it is, in
part at least, a kame belt.

The *“ Lothian type" of glaciated lowland.—Finally we
may briefly note the characteristics of what may be
termed the ‘‘ Lothian Type” of glaciated lowland.
Throughout- the central lowlands of Scotland, and
particularly in the Lothians, isolated masses of igneous
rock project through the sheet of ‘‘ drumlinized drift "
which mantles the plain, and reveal clear evidence of
glacial erosion. Such masses often show the characteristic
““onset and lee ' effect, due to “ plucking " (p. 367),
modified in some instances by the accumulation of * tails
of boulder-clay in the lee of the obstacles. This highly
characteristic *‘ crag and tail " structute is well illustrated
in Edinburgh, where the castle stands on the ‘“ crag ’’ and
High Street follows the sloping crest of the * tail ”’ (Fig. 247).
The Lothian landscapes, combining as they do the clearest
evidence of both glacial erosion and deposition, present
most spectacular witness to the landscape modifications
wrought by the Ice Age.

Drainage modifications due to glaciation.—While in
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many glaciated areas the broad features of the pre-glacial
drainage have survived, local diversion of rivers is common.
Where drainage has been establishcd anew on the surface
of a drift-sheet, we are dealing in reality with a special
case of superimposition. In regions of low relief, such as
Northern Essex, the whole surface was buried under
boulder-clay, but the sub-drift valleys seem to have been
marked by shallow depressions when the ice disappeared.
As a consequence post-glacial erosion has followed the
lines of pre- or inter-glacial drainage, and the valleys have
been re-excavated in large part. Locally, however, in
the same region we find valleys diverted by * drift plugs,”
as illustrated in Fig. 248. In such cases, post-glacial
drainage has re-excavated a drift-filled valley except in one
section, and we are left in doubt as to the precise cause of
the diversion and of the date at which it became operative.
Variations in the consistency of the drift or in the rate of
melting of its interstitial ice must clearly be important,
Elsewhere, post-glacial valleys completely disregard the
—
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F16. 247.—ACCUMULATION OF “ TAIL ” oF BoULDER CrAy IN LEE
oF Rock Crag.

sub-drift surface, as in North-east Yorkshire (Fig. 249),
where mining operations have sometimes revealed a
neighbouring sub-drift valley, unmarked by any surface-
feature. Where the drift-surface is hummocky with
kame and esker ridges or terminal moraines, these may
function as new water-partings, a phenomenon well
illustrated by the Cromer moraine in Norfolk.

Despite the interest of such small-scale local
phenomena, repeated in infinite variety over the glaciated
lowlands, it must be recognized that the major hydrological
influence of ice-sheets has been exerted through drainage
diversions initiated a¢ the ice-margins. Here large fresh-
water lakes were formed, draining by channels, unrelated
to the pre-glacial form of the country. These complex
drainage phenomena passed away with the ice-sheets
which brought them into being, but they left a residuum
of lakes and diverted rivers, which are still important
features of the landscape. Moreover, the former
“ marginal drainage "’ conditions can be reconstructed
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by refcrence to a suite of highly distinctive landscape
phenomena ; the strand lines of the old lakes; the deltas
built on their shores, and the steep-sided overflow channels
by which their waters escaped.
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F1G. 248.—VALLEYS DIVERTED BY DRIFT-PLUGS IN HERTFORDSHIRE,
Former courses of streams in dotted lines; drift area=shaded.

Existing ice-masses impound the natural drainage in
various parts of the world. In the Alps the famous
Mirjelen See, dammed by the Aletsch Glacier, typifies the
phenomenon on a very small scale, and similar lakes
occur in Morway. The piedmont glaciers of Alaska
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impound marginal waters on a much larger scale, and com-
parable effects have been studied at the ice-margin in
Grinnell Land and the Nugsuak Peninsula in Greenland.
We may distinguish cases in which the lake occupies the
lower end of an ice-free valley, others in which it is ponded
between the ice-front and rising ground, sometimes a
morainic ridge, while in a few cases the lakes rest between
two morainic ridges. The term * extra-morainic ”’ has
been proposed to cover all such lakes, but they are evidently
not literally extra-morainic in every case, and the term
‘ pro-glacial " is preferable.

It is evident that the great ice-sheets of the recent past
must have given rise to similar, but larger, pro-glacial lakes,
wherever they advanced against or across the lines of
normal drainage. As long ago as 1823 Keating inferred
the former presence in the Winnipeg depression of an
extensive lake, of which Lake Winnipeg and its associates
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F16. 249.—OLD DRIFT-PLUGGED VALLEY OF SKELTON BECK, NEAR
UPLEATHAM, YORKS.

are the shrunken remnants. Later, Upham showed that
this ‘‘ Lake Agassiz,” dammed to the north by the ice-
sheet, overflowed southwards by way of a great trench,
cut by the escaping waters and leading via the present
Minnesota Valley to the Mississippi Valley at Fort Snelling.
In Britain, the recognition of such phenomena was
retarded by controversy as to the nature of the glacial
drifts. Many preferred to regard the latter as accumu-
lated on the sea-floor by the droppings of icebergs. If
such were their origin there would be no possibility of ice-
dammed lakes, the evidence for which was hence ignored
by unseeing eyes. In 1863, however, Jamieson showed
that the spectacular * parallel roads "’ of Glen Roy were
lacustrine beaches arising at a time when Glen Roy and
its neighbours were converted into lakes by an ice-front at
their lower ends. All the principles which have guided
more recent investigation of pro-glacial lakes are implicit
in Jamieson’s pioneer work. In the following chapter



[Photo by H.M. Geol, Survey. Crown copvright reserved.
F16. 250.—THE PARALLEL RoAps oF GLEN Rovy, INVERNESS.

View looking northwards up Glen Roy, showing “ roads ” (lake-terraces) at
levels of 857, 1,068, and 1,149 ft. O.D. respectively (p. 393).

(Photo by A. ], Bull.

F1G6. 251.—THE MARJELEN SEE, A SMALL LAKE DAMMED IN A TRIBUTARY
VaiLRY BY THE ALBTSCH GLACIER, SEEN IN THE DACKGROUND (p. 392).
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we shall pass in brief review some of the more important
phenomena of this type since studied in Scandinavia and
North America. We shall here illustrate the principles
involved by reference to the classic work of Kendall in
the Cleveland Hills of Yorkshire, for this work was the
first to consolidate the general theory of pro-glacial
drainage in this country.

Kendall followed the principle that it is rarely, if ever,
safe to deduce the existence of a former pro-glacial lake,
simply by reference to the form of the ground and the
inferred position of the ice-front. The positive evidence
for such lakes in the Cleveland Hills and elsewhere is of
two types, geological (lake-deposits) and morphological
(overflow channels). The floor deposits of existing pro-
glacial lakes have been shown to reveal close laminations,
corresponding with scasonal fluctuations in the volume
and velocity of melt-waters. This same feature
characterizes the deposits of the wvanished Yorkshire
lakes, as in the Vale of York (warp clays) and the upper
part of the Esk Valley. Again, former water margins are
marked by strand-lines, either actual beaches or small
wave-cut shore scarps, and sand and gravel deltas have
been built up at the mouths of streams draining to the
lakes. Strand-lines are on the whole poorly represented
in the Cleveland region, but well-marked deltas occur at
several points. The accumulation of any of these
deposits in recognizable bulk demands long life and stability
in position for the lake. Moreover, they are easily
destroyed by later erosion. Kendall laid more particular
stress on the remarkable testimony of overflow channels,
which, granted the requisite conditions, are more quickly
produced than lake deposits and thus preserve a record ot
short-lived lakes.

The pre-glacial drainage plan of the Jurassic hill-country
of Yorkshire comprised streams draining north and south
from the main watershed of the North York Moors, the
former flowing to the River Esk and the latter to the
Pickering depression. A second main water-parting lay
north of the Esk valley, separating streams draining to the
sea from those draining to the Esk. In at least one stage
of the Ice Age the central hilly country was invested by
ice on all sides, while the higher parts were ice-free, pro-
jecting as ‘‘ nunataks " above the ice-sheet. The ice-
front dammed up a series of lakes in the marginal recesses
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of the hills and in the larger interior valleys. These
drained into one another by well-marked channels, now
abandoned, in positions often quite unrelated to the
drainage of the country. Kendall noted that the cross-
sections of these channecls resembled that of a railway
cutting, withflat{loorand
steep sides. He associa-
ted this distinctive form
with the rapid process of
excavation by a large
volume of quickly flowing
water. It proved possible
to recognize several dis-
tinct types and associa-
tions of channels on a
basis of their topographic
siting. Direct overflows,
relatively few in number,
carried the ponded waters

LAfter Kendall and Bailey. roSS th A t
F1G. 252.—SPUR TRUNCATED BY ac . ¢ main water-
OVERFLOW CHANNELS. sheds, directly away from
1-3 inches= 400 feet, theice(Fig. 256). Lateral

overflows of two types
were distinguished. Insome cases these carried thedrainage
across spurs of the main water-shed, joining lakes in the
minor valleys and giving rise to ‘‘ severed spurs "’ (Fig. 252).
In other cases the overflow took place along the margin
of the ice by a channel cut partly in ice or moraine and
partly in rock (Figs. 253, 255). If abandoned quickly these
overflows are represented by one-sided shelves on the hill-
sides, but many were deepened into rock-walled gorges.
The lateral overflows occur in significant groups to which
Kendall applied the terms ‘‘ parallel sequence’” and
‘“ aligned sequence.”” The former comprises repeated
trenchings of the same spur by parallel overflows, produced
by intermittent retreat of the ice-front to lower levels
(Fig. 254). The intake level of each overflow is below that
of the preceding (higher) member of the series, and it is
evident that the channels were occupied successively, with
a dropping water-level. An aligned sequence comprises
the links between a series of lakes dammed in parallel
valleys (Fig. 255). All the overflows have their fall in the
same direction, representing continuous drainage along
the main face of the hills. The lake levels in such a case
would be successively lower along the series, till a main
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escape was reached. The intake level of each overflow
agrees with that of the outflow level (sometimes marked

Ice’ -

[After Walson and Maufe.

F1G6. 253.—MAP AND SECTION OF PRO-GLACIAL LAKES AND OVERFIOW
CHANNELS IN AIREDALE.

by a delta) of the next channel upstream, since the two were
linked by the lake level.
It is impossible without recourse to large-scale maps!

| |

[After Kendall.

F1G. 254.—A PARALLEL SEQUENCE OF OVERFLOW CHANNELS,
NEwLANDs DALE, YORKS.

1 inch=3,500 feet (horizontal), 1,750 feet (vertical).

to follow in detail Kendall’s reconstruction of the Cleve-
land overflows, but the main features are shown in Fig. 256.
The ice overrode the northern watershed as far west as
Roxby High Moor. West of that point a series of lakes

1 Reference may be made to sheet 7 of the Ordnance Survey Half Inch
Map, which shows the general physiography of the area clearly.
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was impounded along the northern face of the hills,
draining to one another by lateral channels, and eventually
discharging across the ridge into Lake Eskdale by direct
overflows. Lake Eskdale (continued in Lake Kildale)
was dammed by ice at both eastern and western ends, the
former ice-front in the cast being marked by a conspicuous
moraine, spanning the Esk Valley at Lealholm. At its
maximum stage the level of Lake Eskdale was at 715 feet
0.D., and it discharged eastwards into smaller lakes held
up in the southern tributary dales. As far as Lake
Glaisdale the fall in level was slight ; thence the water
passed by a well-marked channel across a high-level spur

FI1G. 255.—AN ALIGNED SEQUENCE OF OVERFLOW CHANNELS.

to Lake Whecldale (670 feet O.D.) and thence by a marginal
channel to a small lake near Goathland (Fig. 256). From
here the great direct overflow of Newton Dale, perhaps the
most spectacular of its kind in Britain, led across the water-
shed to Lake Pickering (225 feet O.D.). Its outfall is
marked by the large gravel delta underlying the town of
Pickering. A similar intercommunicating scries of lakes
existed along the eastern margin of the area and discharged
similarly into Lake Pickering. The latter occupied the
great pre-glacial depression on the Kimmeridge Clay,
intervening between the Jurassic hills and the Chalk Wolds.
This depression was originally drained eastwards to the
sea by the River Derwent. Later the ice-front blocked this
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depression at both ends, and outflow was established by the
famous Kirkham Abbey gorge, which enters the Vale of
York, south of the well-known terminal moraines which
mark the limit of the ice. Kendall inferred that this
southern portion of the Vale of York was also occupied
by a lake, and later work has fully established this con-
clusion (Fig. 257). The Derwent drainage still finds
outlet by the Kirkham gorge, and this major diversion of
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[Afer Kendal
F1G. 256 —THE Pro-GLACIAL DRAINAGE OF N.E. YORKSHIRE

Pro-glacial lakes=dotted; ice-frec ground=black; ice-sheet-=white;
directions of advance shown by arrows

drainage survives as a permanent legacy of the pro-
glacial conditions.

The phenomena described above correspond with the
maximum extension of the ice of the ‘“ Newer Drift ”
(p. 408). Younger channels at lower levels, corresponding
to a stage in the retreat of the ice, can also be traced in the
area, while there are not wanting signs of much older,
partly obliterated, channels referable to an earlier glacia-
tion.
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Despite Kendall’s lucid and almost unanswerable
demonstration of the character of the Cleveland overflow
channels, attempts have been made to explain away
individual cases as products of ‘ normal’ drainage
evolution. The motivation of these arguments is hardly
in doubt; they represented an attack on the land-ice
theory. As Kendall justly remarked, acceptance of the
overflow channels gave ‘ the merciful and much needed
coup de gréce to the Great Submergence ”’ (p. 393). To-
day, however, the case for Kendall’s interpretation rests
not only on the Cleveland channels but on identical
phenomena described from the Pennine flanks, the Lake
District, Southern Scotland and many other regions.

[After Rasstrick.
F16. 257.—A LATE STAGE IN THE GLACIATION OF NORTHERN ENGLAND.

Everywhere the channels are, with few exceptions, drift-
free, though sometimes cut in the drift, and they con-
sistently show a fall towards the ice-free country. We
cannot, however, yet envisage in detail the whole system of
pro-glacial drainage in Britain ; much work remains to be
done. The possibilities of the subject are indicated by
Kendall’s statement that ‘ one may start from Edinburgh
and follow a continuous succession of channels (not, how-
ever, all of the same period), all sloping in line of route,
almost to the Wash.” He suspected that at one stage
the general southerly outflow passed, by way of the Little
Ouse-Waveney depression in Norfolk, to the southern
North Sea, and that the * final release of the East Coast
drainage must have heen hv wav of the Straits of Dover.”
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In the west, it has been shown that a major diversion of
the Severn drainage was initiated by pro-glacial overflow.
The Cheshire-North Shropshire Plain is almost surrounded
by ground exceeding 300 feet in height, and the pre-glacial
Upper Severn drained northwards to the Dee estuary.
During the retreat of the ice from this great embayment,
pro-glacial lakes were formed and overflows established
across the bounding rim near Ironbridge and Newport,
Salop. With further retreat the Newport outlet was
abandoned, the whole outflow of the growing lake (Lake
Lapworth) passing via Ironbridge to the Lower Severn
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After L. J. Wills and H.M. Geol. Survey.
F1c. 258.—THE RETREAT OF THE ICE IN THE WOLVERHAMPTON DISTRICT.

Successive ice-stands numbered. Esker-trains in black. Sub-glacial
channel shown crossing stands 5, 6 and 8.

basin and cutting the deep Ironbridge gorge through the
former watershed (Fig. 258). This diversion ranks with
that of the Derwent as one of the major glacial modi-
fications of the British drainage system.

It should be noted that where, as in the cases of the
Derwent and Severn, overflow lines have survived as
existing river outlets across major or minor watersheds,
the effects simulate those produced by normal water-gaps
in the scarplands, or by ‘‘ epigenetic gorges '’ through
ridges, due to superimposition of drainage. Each case,
therefore, demands consideration on its merits, and glacial
diversion cannot be fairly invoked without the full series
of supporting evidences. Thus the Witham at Lincoln



402 THE PHYSICAL BASIS OF GEOGRAPHY

and the Thames at Goring breach uplands bounding
extensive depressions. It is not difficult to envisage the
latter as former lakes, and it has, in fact, been suggested
that Goring Gap was initiated by the overflow of a sup-
positious ‘‘ Lake Oxford,” thus uniting the Upper and
Lower Thames drainage. The hypothesis remains worthy
of investigation but presents many difficulties. It is
essential, above all, to realize that there is no need to
invoke pro-glacial drainage to explain every such case.

Nivation.—We cannot exclude from the general field
of glaciation certain important ancillary processes grouped
under the head of ‘‘ nivation.” Nivation is the work of
snow and frost beyond the true glacial limits. It may
be studied to-day in regions which show a fluctuating
or seasonal snow cover—the sub-arctic islands, the tundras,
and mountain regions devoid of a permanent snow cover.

The direct action of nivation is best seen in the
formation of ‘‘ snow niches,” shallow amphitheatres
occupied during part of the year by a small snow patch.
Such patches tend to collect originally in some faint hollow,
and there is no doubt that they slowly ‘“ dig themselves
in,” The nature of the process can be gathered by
examination of the snow margins during the mid-day
hours at any period of the year, but particularly in the
general thaw of spring or early summer. At these times
the marginal zone is bare of vegetation and is saturated
with water, while the ground farther from the edge is
often completely dry. During the night-frosts the rock
of the marginal zone is shattered and comminuted by the
freezing of interstitial water. It is then slowly removed
by the wash of the melt-water, and by ‘‘ sludging ”’ or soil
creep (see below). The co-operation of wind in removing
the material, when dry, is probably also important. Since,
in the course of seasonal melting, the snow margin slowly
retreats, marginal shattering is brought to bear on all
parts of the floor, and the depression grows as a whole.
Snow niches of this kind may be found all over the higher
parts of the pasture zone in the Alps. They present a
striking appearance and would seem to defy explanation
by any but the above hypothesis.

Effects of even greater aggregate importance arise
through the process of solifluction. The melting of a thin
snow cover, and of the upper parts of the ground beneath,
leaves a thin layer of saturated material superimposed on
a thicker underlying frozen mass. Over the surface of the
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latter the surface layer creeps or flows, where the surface
slope is sufficient, and by a long continuation of this
process slopes are steepened and great accumulations of
“sludge ”” formed on the lower ground. Graphic des-
criptions of the downhill creep of such snow-bog in
Spitzbergen have been given by Sir Martin Conway.
The sub-surface frozen layer is a familiar feature in Swedish
Lapland, where it is known by the name of #dle. It is
impervious and arrests the downward penetration of water,
thus assisting the lubrication of the overlying mass.
Solifluction above a * tjdle layer " is a process linked, by
many intermediate stages, with ordinary scree-formation
under the influence of frost. The *‘ stone-rivers ” of
the Falkland Islands and the rock-glaciers of Alaska—in
reality long trails of scree descending the valley—were
certainly initiated under conditions of nivation, whereby
alternate freezing and thawing actuated the moving
mass.!

While it is evident that nivation still in progress is an
important fact in the physical geography of the earth, it
must have been of even greater importance in the past.
In each of the glacial periods, it began before the true ice-
sheets were formed, extended beyond their widest limits,
and persisted during and long after their retreat. FEarly
nivation niches no doubt began the sculpture of the
glaciated mountain ranges, representing the earliest stage
of corrie-glaciers in many cases. Iurther, we should expect
to find the results of nivation processes engraved in the
extra-glacial tracts, a hypothesis fully borne out in
Southern Britain. The ** Head " of South-west England
is a rubble-drift made of local rocks, mantling the slopes
and filling the valley-bottoms. It must have originated
under conditions rescmbling those of the sub-arctic
regions to-day, when snowfields occupied the higher
ground. The ‘‘ Coombe-Rock "’ of South-east England
15 a similar and widely distributed Chalk rubble, sometimes
disposed in flat low fans at the foot of steep Chalk slopes.
Further, it is a striking fact that in many parts of Southern

+ Though sohfluction and kindred processes are favoured under conditions
of nivation, they extend to-day into regions where frost and snow play no
large part in the processes  Wet clay slopes in temperate chmates are subject
to appreciable downhill creep. The sides of trenches excavated on clay slopes
around North London during the Great War and hined with wire-netting,
bulged inwards till the sides met. Under extreme conditions minor landslips
occur in such situations. The great landslips on the deeply weathered slopes

of the humd tropics (p. 182) may also be grouped under the general heading
of solifluction.
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England southward facing slopes are exceptionally steep,
where no structural explanation of the fact is forthcoming.
Such slopes faced the sun, and on them thaw phenomena
and solifluction may well have been facilitated.

It seems justifiable to include under the heading of
nivation the excavation of channels by snow-melt waters.
No contemporary examples of the phenomenon have been
described ; it doubtless requires rapid melting of large
snowfields. In the Chalk country of England, however,
there exist remarkable dry channels, of which the famous
Devil’s Dyke near Brighton may serve as type. These
channels, draining in most cases from the face of the Chalk
excarpments, differ from normal dry chalk wvalleys in
having abrupt heads, steep sides, and flat floors. Their
cross-section, indeed, is very similar to that of ‘* overflow
channels,” and they show the same signs of having been
excavated by a large mass of rapidly moving water. They
have been regarded as in some obscure sense ‘‘ glacial,”
but since they extend into regions in which the presence
of true ice-sheets cannot possibly be invoked, it seems most
in accord with the facts to attribute them to the melting
of snow-caps on the Chalk Downs (Fig. 178).



CHAPTER XXIII

*“GLACIAL CONTROL” IN THE PHYSICAL GEOGRAPHY
OF THE EARTH

General.—The direct effects of glaciation in erosion,
deposition and drainage modification have been great, but
a study of these effects does not exhaust the interest
of the Pleistocene Epoch for the geomorphologist. The
period embraces also fluctuations of sea-level and river-
action, and large changes of climate in regions far removed
from the ice-masses. Marine erosion, river erosion, and
even desert erosion have performed the latest stages of their
work under a general ‘‘ glacial control,” and the accumula-
tion of ice-masses deformed the crust. Accordingly the
Pleistocene Epoch, the last and shortest of the recognized
geological time-divisions, is of crucial importance to the
geomorphologist. We may, therefore, attempt to assess
its general contribution to the physical geography of the
world, and, in order to do so, it is necessary briefly to review
the conclusions of geologists as to the character and dura-
tion of the Ice Age. Despite its comparative brevity and
the insignificant thickness of its deposits the Pleistocene
Epoch has yielded to close study a story of amazing com-
plexity. The literature of the subject is vast and, in
part, controversial, but there is essential unanimity on the
aspects of the subject which here concern us most.

As already noted, the normal condition of the planet
during the geological past has been ‘ non-glacial,’” though
glacial episodes comparable with the Pleistocene glaciation
have occurred more than once. In Middle Tertiary
(Miocene) times the earth appears to have been essentially
ice-free. Thereafter we find evidence of progressive
refrigeration leading up to the Ice Age. The existing
considerable ice-masses show that the glacial condition
has not yet passed away. These ice-masses constitute an
invaluable standard of comparison in investigating the
record of Pleistocene times. They represent water tem-
porarily withheld from the oceans. Their computed
areas and thicknesses represent a water-volume of 18
million cubic kilometres, equivalent to a layer 50 nietres
thick spread over the existing oceans.

405
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The character and duration of the Ice Age.—Study of
the glacial drifts in both Europe and America has clearly
established the existence of multiple glaciation—i.e. of
distinct glacial episodes, separated by warm interglacial
intervals.

The Scottish geologist James Geikie was the first
strongly to urge this conclusion, and the facts on which he
relied are fully set forth in the last (1894) edition of his
‘“ Great Ice Age.” His conclusions were received with
considerable scepticism in many quarters, but were
triumphantly vindicated by the publication in 1909 of
the researches of Penck and Briickner in the Alps.

Deckenschotter
Plateau with
Terraces

in Valleys

FIG. 259.—THE OLDER AND THE YOUNGER MORAINE IN THE ALPINE
FORELAND.,

The Alpine Foreland shows two distinct moraines : the
Young Moraine, which retains its form essentially uneroded
and is composed of little-weathered material, and the Old
Moraine, deeply weathered and with its form largely
obliterated (Fig. 259). Confirming and extending these
indications, the valleys draining away from the Alps show
four series of outwash gravels, at different heights above
the stream courses, the Older Deckenschotter, the Younger
Deckenschotter, the High Terrace Gravels, and the Low
Terrace Gravels. The Older Deckenschotter were spread
out in great sheets on the low ground of the Foreland ; the
Younger Deckenschotter rest in depressions cut through
the older sheet; while the Terrace Gravels, High and Low,
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at still lower levels, follow the courses of the present streams
(Fig. 260). When these gravels are traced towards the
glaciated area each proves to be associated with a moraine
stage, the Low Terrace with the Young Moraine, the
High Terrace and Younger Deckenschotter with the Old
Moraine, itself in reality a ‘‘ double” feature. The
moraines associated with the Older Deckenschotter are
poorly preserved, but can be definitely identified in some
cases. The older gravel spreads, like the older moraines,
are more deeply weathered than their younger analogues,
and where two of the gravel spreads are locally super-
imposed, a distinct weathered surface, and sometimes an
intervening layer of loess, separates them. Similar relations
can be demonstrated in Switzerland, France, and Italy.
On this basis Penck and Briickner deduced four distinct
and successive glaciations : named, respectively, the Giinz,
Mindel, Riss, and Wiirm glaciations, scparated by inter-
glacial periods.

Older
Deckenschotter

Younger
Deokenschotter High Terrace

Low Terrace

[After Pensk.

Fic. 260 —THE RELATIONS OF THE DECKENSCHOITER AND THE TERRACES
NEAR MEMMINGEN, BAVARIA,

It might be thought, and was in fact formerly contended
by critics, that thesc facts corresponded to mere
fluctuations of the ice-front during a continuous glacial
period. The reality of the Riss—Wiirm interglacial period
is, however, attested by lacustrine and other deposits
which yield remains of plants and mammalia signifying
a climate warmer than at present, and there are abun-
dant indications that the preceding Mindel-Riss inter-
glacial period was even warmer and longer. It cannot
be proved that ice and snow completely disappeared
from the higher mountains in these warmer intervals,
though this is very probable. The general tenor of
the evidence suggests that the Mindel-Riss interglacial
period witnessed the most complete dcglaciation of the
region ; that maximum glaciation was achieved at the Riss
stage; and that the Giinz glaciation was comparatively
limited, involving snowfields and glaciers not greatly
exceeding those of the present day.
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Investigations in other regions have amply confirmed
the type of glacial sequence deduced in the Alps, and in
several cases reveal a succession of events closely similar
in detail. A broad distinction between an ‘‘ older "’ and
a ‘“ newer " drift is widely in evidence. Thus, in Britain,
while the older drift extends
southward to the line of the
Bristol Channel and the Thames
Valley in a much dissected
sheet, devoid of well-marked
surface forms or terminal
moraine, the ‘‘ newer " drift
terminates at a line farther
north (Fig. 261) whichis marked
by terminal moraines, as in the
Vale of York.! In North Ger-
many and Poland similar rela-
tions can be made out in more
detail. Four moraines, known
by the names of Elster, Saale,
FiG. 251-—%‘1"“0;“’::? é‘;ﬁ: Flaming, and Weichsel, are

Drirzs 1N GREAT BRITAIN, traceable in Germany and

continue into Poland. A pre-
Elster stage (the Elbe) is also more obscurely represented.
Correlation with the Alpine stages has been essayed as
shown in Fig. 262, both the more northerly moraines
being tentatively assigned to the last (Wiirm) glaciation.
A similar succession constituting in order of age the
Nebraskan, Kansan, Illinoian, and Iowan-Wisconsin
glaciations has been made out in North America. Multiple
glaciation, not yet studied in detail, is evidenced in China,
the Himalayas, South America, and New South Wales.

There is considerable concurrence of evidence tending
to the important conclusion that the main glacial and
interglacial stages were broadly contemporary throughout
the world. Rigid proof is of necessity lacking, yet the
convergence of many lines of argument goes far to produce
conviction. In the first place it should be noted that
there is no a priori improbability in the idea. The prime
cause of glaciation is still a matter of doubt and controversy,
but it was certainly general and not local. It is signi-

1 Recent work in East Anglia has demonstrated the existence of four
distinct boulder-clays, which cannot, however, at present be satisfactorily
correlated with the Alpine and Northern European glacial stages (see
J. S. Solomon, Pyoc. Geol. Assoc., XLI1II (1932)
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ficant that existing ice-masses show somc evidence of
sympathetic behaviour over wide areas. There has been
simultaneous shrinkage, during the last century, of glaciers
in Greenland, Antarctica, Scandinavia, the Alps, the
Himalayas, the Andes, and other regions. This has
certain force as an analogy, but would not take us far
without supporting evidence. Such evidence is to hand
in the comparable degree of weathering and dissection
of deposits occupying the same relative position in the
local glacial sequences of the Alps, Northern Europe, and
North America. An argument still more cogent depends
on the general similarity of widely separated glacial
successions already noted.

To make comparisons we must have regard not merely to

F1G6. 262.—TERMINAL MORAINES OF THE NORTH EUROPEAN PLAIN.

the number but to the intensity and duration of the suc-
cessive episodes. Basing his calculation on degree of
weathering, Penck concluded that in the Alps the relative
lengths of the three interglacial periods and of post-Wiirm
time were as follows: Giinz—Mindel, 3; Mindel-Riss, 12:
Riss-Wiirm, 3; post-Wiirm, 1. The essential fact is the
preponderant length of the Mindel-Riss interglacial stage,
which implies a virtual bi-partition of the Glacial period,
graphically illustrated by Heim (Fig. 263) ; that is to say,
there were two phases of cold, an older and a younger, each
subdivided by a short interglacial episode, which may not
have involved complete disappearance of ice from the
heights, but separated from one another by a long ice-free
period. It is not surprising that the North European drift
reveals a similar record of spacing and intensity, but it can
hardly be without significance that North America tells the
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same story. Here the Kansan-Illinoian interval (the
Yarmouth interglacial period) is the major one of the series,
and a curve drawn for the North American glaciation would
closely imitate Fig. 263. Similar evidence is to hand from
the extraglacial regions, there being many indications that
the glacial phases in high latitudes were contemporary with
pluvial phases of high rainfall nearer the equator. The
fluctuating rainfall i< recorded in the strand-lines of now
vanished or shrunken lakes, and from widely separated
areas comes the testimony of fwo main high-water levels.

Further argument in favour of world-wide sympathetic
variations in glacial climates derives from the closely
similar histories of retreat of the last ice-sheets, Wiirm
and Wisconsin respectively, in the Scandinavian and
North American regions (pp. 413, 416).

Before leaving the chronological aspects of the Ice Age
we may note that reasoned estimates of the absolute

£3
>
=3
YOUNGER
8| ooer GLACIATIONS
w{ GLACIATIONS AN Py
- INTERGLACIAL N
L W INTERVAL \ / ",
= ./ S . S
Time —

[(After Hesm.

F16. 263.—RELATIVE INTENSITY AND DURATIION OF THE GLACIAL
EPISODES IN THE ALPS.

duration of the period and its stages are obtainable. The
remarkable researches of De Geer and his followers in
Scandinavia have shown that sediments with a well-
marked seasonal layering accumulated in waters, both
fresh and salt, beyond the ice-edge during the last great
retreat. Alternating coarse and fine layers occur, and
De Geer assumed that the former represented summer
melting, while the latter represented the less active
sedimentation of the winter season. By the counting
of these layers in carefully correlated sections over a wide
area he produced his famous geochronology of Late Glacial
times. On this basis it is estimated that the last Fenno-
Scandian ice-sheet began its retreat from the North
German Plain some 25,000 years ago, and that the retreat
lasted 16,000 years until, 9,000 years ago, the last remnants
of the sheet were left on the Swedish uplands near Lake
Ragunda. Such figures cannot, of course, be precisely
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accurate, but no one has doubted that they are reasonable
approximations to the truth. If we assume that the
growth of the ice-sheet took about the same time as its
dispersal and recall, further, the relative durations of the
interglacial intervals (p. 409) it will be seen that 1,000,000
years is a reasonable estimate for the total duration of the
Glacial period, as a whole.

The foregoing brief summary of the * chronological
structure "’ of the Glacial period is a necessary preliminary
to a description of some of its major physiographic effects.
We see that in a period of about 1 million years there
have been four cycles of growth and dispersal of ice-
sheets. It is apparent that the later glaciations must
have undone or obscured much of the work of their
predecessors. In Europe it is generally held that the Riss
was the maximum glaciation, its limits extending beyond
those of the Wiirm, save locally. But the last (Wiirm)
glaciation is accountable for a large proportion of the
more spectacular effects in erosion and deposition, both
in the mountains and the piedmont plains. Since the
last ice-sheet has left clear stratigraphical and physio-
graphic evidences, which have been intensively studied
in both Europe and America, it becomes the comparator
for the older glaciations, which must in their turn have
produced similar effects.

Some Major Physiographic Effects of the Ice Age

The physiographic changes accompanying glaciation
are largely bound up with changes in the relative level
of land and sea, incidental to the growth and dispersal
of the ice-sheets. Such changes were complex in their
causation, being due to the simultaneous operation of
several factors. They affected not only the vicinity of the
ice-sheets, but in some degree the whole earth. Let us con-
sider the first and simplest of the processes tending to change
of base-level. We have already noted that existing ice-
masses represent the removal of a layer of water, 50 metres
thick, from the oceans.~ Our growing knowledge of the
extent and probable thickness of the Pleistocene ice-
sheets enables similar calculations to be made. It is
estimated that the last glacial cycle (Wiirm) represented
the abstraction and return to the ocean of over 34,000,000
cu. km. of water, equivalent to a layer 85 metres in thick-
ness. The corresponding figures for the maximum
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glaciation (Riss) are 42,000,000 cu. km. and 105 metres.
Even if these figures were entirely correct, to apply them
literally would involve the too artificial assumption of
exact contemporaneity of formation and melting all over
the world. This cannot be predicated, and Daly considers
it better to adopt slightly smaller figures, 75 metres and
90 metres, as representing the probable actual shift of
sea-level associated with the glaciations in question.
Even so, we are confronted with the inescapable fact of
eustatic shifts of sea-level of large dimensions. If it could
be assumed that the lands remained fixed and stable
during the waxing and waning of the oceans, such eustatic
shifts would be equal in amount everywhere. Such
assumption is implicit in the writings of some workers,
but it can be justified neither on grounds of theory nor
observation. The formation of ice-sheets involves an
appreciable shifting of the pre-existing distribution of
load on the surface of the earth, namely, the addition of
an ice-load to a relatively limited tract and the subtraction
of an equal load from the more extensive ocean surfaces.
To this shift of load the earth must respond in accordance
with the principles of isostasy explained in Chapter III.

It was, in fact, deduced by Jamieson as long ago as 1865,
long before the formal enunciation of the Theory of
Isostasy, that the land sank beneath the added weight
of an ice-cap, and recovered during, or after, the melting.
Such a conclusion could quite fittingly be deduced from
our present knowledge of geophysics, but in any case
it is amply borne out by observation in and around the
glaciated centres. Further, in accordance with isostasy
the depression of the ice-loaded tracts must involve
outward movement of material in depth. Opinions differ
as to the effect of such outward movement ; it might lead
to a strong, more or less localized, uplift of the peripheral
tract, or to smaller effects spread over a larger area. In
general, it is true to say that the whole planet must tend
to become adjusted isostatically to localized ice-loads,
so that we cannot, on theoretical grounds set any limit
of distance to the land-movements resulting.

The eustatic oscillation of sea-level and the isostatic
oscillation of the ice-loaded tracts and its associated
movements were no doubt the chief factors involved in
Pleistocene changes of level. Two other effects remain to
be noted, however. First, isostatic adjustment took a
considerable time for completion, but Daly envisages an
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immediate elastic response to loading (and de-loading),
affecting not merely the glaciated tracts but the whole
earth. The calculated effect is relatively small and
becomes added in cffect to the isostatic changes of level,
Secondly, there may have been temporary distortion of the
sea-level surface in accordance with excesses or deficits of
mass in the glaciated areas. If the ice-sheets had been
supported by a rigid crust, without isostatic adjustment,
the sea-level would have been ‘‘ attracted up " towards
the ice-mass to a definite and calculable extent. This
certainly gives no picture of the true conditions, but until
isostatic adjustment was complete this effect must have
operated, and in any event, temporary excess of mass
during the growth of the ice-sheets must have tended to
raise sea-level in the vicinity, and temporary deficit during
melting to depress sea-level.

The forcgoing paragraphs indicate the great com-
plexity of the problems of Pleistocene changes of level,
and it is well to distinguish clearly the roles of theory and
observation in the matter. Our knowledge of geophysics
might enable us to deduce the above effects and calculate
the magnitude of some of them, but we cannot yet approach
the problem of the rate and extent of isostatic or elastic
deformation by deductive means. Our conclusion on
these points must depend on the facts of observation—a
reconstruction, as detailed as possible, of what did happen
during the Ice Age. It will be seen, therefore, that a
careful study of Pleistocene earth-movements is
calculated to throw much light on the condition of the
earth’s interior. As Daly has contended, the formations
and dispersals of the ice-masses were, for the geophysicist,
major experiments whose results are crucial in the general
study of earth-movement. We cannot here pursue this
interesting aspect of the question, nor is investigation
sufficiently advanced to afford other than tentative con-
clusions. Our present concernis with the effect of the Pleisto-
cene movements on the present configuration of the earth.

The Baltic region.—The terminal moraine of the last
Scandinavian ice-sheet traverses the Danish Peninsula
from north to south, and then loops eastwards, south of
Berlin and Posen, to the neighbourhood of Vilna (Fig. 262).
The retreat from this line began, as we noted, some 235,000
years ago, and the retreat was punctuated by pauses,
marked by well-developed stadial moraines. We have
thus the Pomeranian Moraine, the Scanian Moraine
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(13,700 B.c.) and the Salpausselka of Finland, with its
continuation crossing Southern Sweden in the latitude of
Stockholm (10,200 B.c.). During the retreat to the last-
named line, a large part of the present Baltic area was
occupied by a vast pro-glacial lake—the Baltic Ice Lake,
separated from the sea by a land-bridge linking Denmark
with Sweden (Fig. 264a). The surface of this lake was

[Afier Daly.
F1G. 264.—STAGES IN THE EVOLUTION OF THE BALTIC SEA.

(a) The Baltic Ice Lake. (b) The Yoldia Sea. (¢) The Ancylus Lake.
(@) The Littorina Sea.

Boundary of the ice-sheet=double line; fresh water=dotted; salt
water=horizontal shading; overflows shown by arrows.

above sea-level, and it drained to the sea by successive
overflows, a direct overflow in the neighbourhood of
Copenhagen, a marginal overflow across the lake region
of Sweden, a direct northward overflow via Lake Ladoga
to the Arctic Sea, while finally, with a rising sea-level,
communication with the ocean was established across the
region of the “lake belt.” Next, the Baltic Basin was
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flooded with salt water—the stage of the Yoldia Sea
(Fig. 264b). There is clear evidence that at this stage
the sea was rising faster than the land, and submergence,
following retreat of the ice, was progressive. The Yoldia
Sea persisted for some 500 years, but by 7,000 B.c. the
recoil of the land from glacial loading in the south closed
the outlet in Southern Sweden, and the Ancylus Lake was
formed. This lasted for nearly 3,000 years, draining first
via the ‘ lake belt route,” and latterly by the ‘ Copen-
hagen route.” The latter may well have been opened by
reason of depression in the former peripheral tract and a
continuation of such movement, coupled with a still
rising sca-level, brought about renewed flooding of the
Baltic Basin—the stage of the Littorina Sea (Fig. 264d).
A continuance of crustal recoil has led to a shrinking and
shallowing of the waters to their present condition.

The successive water-bodies noted above engraved
recognizable strand-lines around the Baltic Basin, and their
floor deposits can be recognized and separated, in large
part, by their included fossil shells. There are con-
temporary strand-lines and marine deposits on the
Norwegian littoral. A study of the existing elevations of
these strand-lines and deposits throws much light on the
character and rate of isostatic recovery and on its fluctuat-
ing contest with rising sea-level. For all four stages, it is
true that the strand-line and deposits in the Baltic Basin
rise from south-east to north-west, i.e. as traced towards
the centre of former ice dispersal over the Gulf of Bothnia.
The same is true on the open sea-coast of Norway, where
the deposits rise in a south-easterly direction. In the off-
shore islands the strand-lines show little warping, but they
rise steeply inland. Thesc facts can be rendered clear by
drawing isobases (p. 56) through contemporary deposits
now at the same height. Isobases drawn for the late
glacial water-laid deposits as a whole give an aggregate
picture of the isostatic recovery (Fig. 15), and show that
the total uplift increases in all directions towards a centre
on the western shore of the Gulf of Bothnia. This makes
clear the character and total extent of the movement ; but
consideration of the isobases for the four successive stages
throws light on the rate of movement and demonstrates
that the main recoil was considerably retarded. Thus the
Littorina beaches were formed after the greater part
of the melting was complete, yet they rise over 9o metres
as traced from the Southern Baltic shore to the centre
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of uplift. We conclude therefore that a large amount of
the total uplift was deferred until melting was nearly
complete. Further, since the strand-line gradients for
the Baltic Ice Lake and the Yoldia Sea are closely
comparable, we infer that little recovery took place
in pre-Yoldia times ; the tilting of both sets of deposits
took place during and after the Yoldia Stage. There is
also clear evidence that the recoil is not yet complete, for
the analysis of tide gauge records reveals continuing uplift,
reaching a maximum rate of 11 mm. per annum at the
head of the Gulf of Bothnia and diminishing to zero in
the south-castern coastal regions of the Baltic Sea.
Though there is still room for difference of opinion in the
interpretation of the details of this complex history of
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Fi1G 265 —CURVE SHOWING PROGRESS OF UPLIFT (IN METRES) OF THE
CENTRAL PART OF THE FENNO-SCANDIAN REGION, DURING AND SINCE
THE RETREAT OF THE LAsT IcE-CaAP.

uplift, a curve constructed by Nansen (Fig. 265) demon-
strates the main facts. It will be seen that the maximum
rate of uplift occurred during the Yoldia and Ancylus
periods, and that it was preceded and followed by lengthy
periods of slower movement.

The Great Lakes of North America.—The retreat of the
last great North American ice-sheet has been shown by
Antevs to have followed a chronology closely comparable
with that deduced in Scandinavia. The details of such
comparison need not here concern us, but it must be noted
that the geographical contributions of the retreat are hardly
less notable than in the Baltic region.

The basins in which lie the Great Lakes of North
America are in large measure of pre-glacial fashioning,
though in the nature of the case their precise pre-glacial



“GLACIAL CONTROL™ 417

history is difficult to decipher. It is clear, however, that
depressions, either pre-glacial or formed during the glacial
advance, controlled the form of the retreating ice-lobes
of the last great ice-sheet of the region. At its maximum
extension the Wisconsin ice-sheet extended well beyond
the Great Lakes depression, as far south as the neighbour-
hood of Cincinnati. In the initial stages of retreat the
melt-waters from the ice edge escaped without hindrance
into the Ohio and Mississippi Basins, but thereafter a
complex series of changes ensued, illustrated in Figs. 266
and 267.

The first clearly decipherable stage in the retreat is
marked by the uncovering of the south-western end of the
Lake Erie depression. Here a pro-glacial lake—Lake
Maumee—formed between the lobate ice-front and an
abandoned stadial moraine. In an early stage, this dis-
charged by direct overflow near Fort Wayne along the
line of the present Wabash River to the Mississippi Basin.
At a later stage, when the lake was enlarged by further
retreat, a lower-level outlet was opened, permitting lateral
drainage into the lake in front of the neighbouring Saginaw
ice-lobe, which, in turn, discharged laterally via Imlay and
Grand Rapids to Lake Chicago—the lineal ancestor of Lake
Michigan. Here direct southerly outflow was achieved
along the line of the present Illinois River.

In the next stage of ice withdrawal a much larger water
body—Lake Whittlesey—succeeded Lake Maumee in the
Erie Basin, and there is evidence of a temporary flow
eastwards along the ice-front, and thence southwards
across New York State. A slight readvance of the ice re-
established western overflow, however, but the Imlay
channel was abandoned, the overflow passing marginally
via Ubly to Lake Saginaw and thence wia the Chicago
route.

In the next or Lake Warren Stage this régime,
became further cstablished, the enlarged water body
embracing the former Saginaw Lake and extending east-
wards into the Finger Lake region. Lake Chicago had
become much enlarged, occupying the southern half of the
Michigan Basin. There followed the uncovering of the
western end of the Superior Basin, where Lake Duluth
formed, and a further enlargement of Lake Chicago.
Both these lakes drained by direct overflow to the Miss-
issippi.

The eastern water body—Lake Lundy—successor te

14



418 THE PHYSICAL BASIS OF GEOGRAPHY

Lake Warren, drained eastwards by an overflow at
Syracuse to the Mohawk Valley, and hence to the Hudson
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FIG. 266.—STAGES IN THE EVOLUTION OF THE GREAT LAKES,

drainage. At this stage the ice-dam was still practically
continuous along the north-eastern side of the growing
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lakes, but in the following stage a further general with-
drawal led to the merging of the three western lakes in
Lake Algonquin—almost entirely land bounded—and to
the uncovering of Lake Iroquois, the ancestor of Lake
Ontario.

The St. Croix outlet was now abandoned, but the
Chicago and Mohawk overflows continued to function.
As regards intercommunication between the western and
eastern lakes, two lines were available : (a) a short cut from
Lake Algonquin to Lake Iroquois »ia Kirkfield and Trent
River ; and (b) a loopway via Port Huron and Lake Erie,

FIG. 267.—SUMMARY OF OVERFLOW ROUTES OR SPILLWAYS USED
DURING GROWTH STAGES OF THE GREAT LAKES.

The former functioned in an early stage, but the progressive
isostatic recovery of the land to the north following the
removal of the ice-load, tipped the balance in favour of
the Port Huron route. In the last stages of Lake Algon-
quin this line had become established, while further ice
withdrawal had led to the flooding of Lake Iroquois
and the St. Lawrence lowlands by the sea (the Champlain
Sea, cf. Yoldia Sea).

The penultimate or Nipissing Stage of evolution is
marked by the opening of the great channel from the north-
eastern corner of the Huron depression vie French River
and Ottawa River to Montreal. This, in turn, was closed
by continuing uplift in the north, which also progressively



420 THE PHYSICAL BASIS OF GEOGRAPHY

excluded the invading sea. The outflow was once again
;iiverted southwards via Port Huron and the Erie-Ontario
oop.

The nature and extent of isostatic recovery in the Great
Lakes region is illustrated in Fig. 268, which shows the
attitude of the successive Algonquin beaches and of the
Nipissing beach. All the beaches rise in a north-easterly
direction, but it is clear that the major part of the warping
occurred before the Nipissing Stage.

Some major effects of the Ice Age in the extra-glacial
areas.—We have seen that each of the glacial periods must
have involved a world-wide eustatic oscillation of sea-level.
It will simplify our thinking on this matter if we consider
first what the results must have been on the simple assump-
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FIG. 268.—PROFILES OF THE SHORELINES ON THE EAST SIDE OF
LAKE MICHIGAN, SHOWING EFFECTS OF WARPING.

tion that the land, outside the glaciated tracts, was
unmoved during the rise and fall of the sea.

The high sea-level of the pre-glacial ice-free earth would be
marked by a strand-line, though this might be locally oblit-
erated byerosion. The low sea-level of the first glaciation
would be similarly engraved on the land margins, but its
record would be drowned in the first interglacial period.
Assuming that this melting did not involve the complete
return of ice-water to the oceans, t.e. that upland glaciers
persisted through the period, the risen sea-level would not
attain to the height of the pre-glacial strands. Following
the second glaciation with its low sea-level, the second inter-
glacial period, warmer and longer than its analogues, must
certainly have involved an almost complete deglaciation,
and we might expect therefore that the sea-level would
rise close to the pre-glacial level. The second pair of
glacial periods would involve similar oscillations, and since



“GLACIAL CONTROL™” 421

existing ice-masses represent an ocean layer some 50 metres
thick, present sea-level should lie some 50 metres below the
highest pre- or interglacial strand-lines.

These explanations, while rendering clear the nature of
the problem, accord neither with theory nor observation.
The crust did not stand unmoved during these complex
sea-level movements. Isostatic and elastic deformation
cannot, in the nature of the case, have been confined to
the glaciated tracts and their peripheries, though their
effects may have been relatively slight in distant extra-
glacial areas. Further, the normal processes of earth-
movement can hardly have becen in complete abeyance
during the million years of Pleistocene time. Taking a
broader view over a longer period, we are still in the
aftermath of the Mid-Tertiary movements, and many parts
of the world reveal the plainest signs of continued in-
stability. We should therefore expect to find actual
strand-lines and associated features revealing the inter-
action of crustal and sea-level movement, and nearly all
observers are now agreed that the facts warrant such an
interpretation. The hope of a rigidly ordered sequence
of strand-lines which might provide a simple basis for the
study of Pleistocenc chronology and physiographic change
is quite illusory. The surviving record is complex and. as
yet, little unravelled. We may find some satisfaction, how-
ever, in the evident truth that, without the complication
of earth-movement, all save the highest Pleistocene strand-
lines would have been drowned by the last glacial melting.

Let us consider first the simplest case—the evidence of
emergence during the last glaciation, followed by the great
submergence, which has been called by Dubois the
‘* Flandrian transgression.” During the period of low sca-
level, many rivers cut deep trenches and large areas of the
present shelf seas were dry land. The southern part of the
North Sea Basin affords us an excellent instance of the
phenomena. Here the Thames flowed north-eastwards
across the emergent sea-bottom to join the Rhine, and
forests grew widely over the low ground. Such a geography
effectively joined Britain to the Continent, permitting the
ready passage of plants, animals and man himself (Fig.
269). Similar testimony comes from many other widely
separated regions. The stumps of trees rooted in soil
occur widely round the coasts of Britain at or below
low-water mark—the ‘submerged forests.” Rivers such
as the Shannon, the Hudson and many others reveal
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submarine trenches extending seaward of the present
coasts. The great Sunda Shelf uniting Sumatra, Java and
Borneo represents former land across which stream courses
are plainly’marked. A study of the depths of the straits
separating many continental islands from the mainland,
shows that their floor
must have been dry
land during the last
glaciation. This applies
to Tasmaniaand Ceylon;
and Asia must have been
joined to North America
across the narrow and
shallow Bering Strait.
The floors of the
emergent shelf seas pro-
vided an ample supply
of wind-blown sand,
from which the older
coastal dunes of many
regions (e.g. South-west
France) were built.
Such evidence of former
emergence in the coastal
areas carries with it the
N l4fer Réd.  plain corollary of later
Fio, 3o-—LaTs Puuisrooms mumcince - submergence. The em-
bayed coastlines of the
world, the estuaries, rias, and natural harbours attest the
great melting; as also do many young and developing cliff-
lines, where marine-attack has been recently resumed.
The deep trenches cut by the rivers in the emergent
phase were filled with alluvia during submergence, and are
preserved to-day only as ‘ buried channels.”

There is plentiful evidence of earlier oscillation of sea-
level, but correlation of such evidence over wide areas is
confronted with grave difficulties and has made, as yet,
little headway. As early as 1899 de Lamothe discovered
parallel strand-lines, or marine terraces, on the Algerian
coast at approximately 100, 60, 30, and 20 metres above
present sea-level. He invoked eustatic shifts of sca-level
to account for the facts, and showed that the terraces of the
Isser, as well as the Somme and the Rhone revealed a
similar record. The later work of Depéret and others in
the Mediterranean has attracted much attention, since it




“ GLACIAL CONTROL” 423

went far to establish the reality of the four stages distin-
guished by de Lamothe. To these names were given :
Sicilian, Milazzian, Tyrrhenian, Monastirian ; and it was
supposed that the stages were correlative in order of
decreasing level and age with the four Alpine glaciations.
From the standpoint of current theory the physical basis
of this correlation involved a curious error, for it was con-
ceived that each marine terrace was linked by a river
terrace with one of the Alpine moraines. This implied that
the periods of high sea-level were contemporary with the
glaciations, an unnatural and unlikely relationship.
Baulig has since deduced the probable relationship of the
river terraces to the glaciations, and vindicated his de-
ductions by study of certain rivers in Southern France.
During glacial times, with increased load, the slopes in the
upper reaches of glacial rivers must have been increased
by aggradation; while at the same time the rivers cut

Riss-Wirm Interglacial
Post- Wurm f——

Wirm Glaciation

[AfterBaulig.
FI1G. 270.—THE LONG-PROFILE OF A GLACIAL RIVER BEFORE, DURING,
AND AFTER THE LAST GLACIATION,

back and graded themselves in their lower courses in
response to the lowered sea-level. With deglaciation and
diminishing load, the rivers must have lowered their slopes
upstream, entrenching themselves in their glacial flood-
plains, while simultaneous aggradation in the down-
stream regions buried the ‘“ cut-back " or trenches (Fig.
270). This analysis destroys the basis of Depéret’s corre-
lation, and suggests, as we should expect, that the marine
terraces correspond to the interglacial periods.

In recent years, the work of Cooke and Antevs in the
United States has produced impressive evidence of a
flight of marine teriaces extending along the eastern sea-
board of North America from Florida to New Jersey.
The members of the series maintain consistent heights
and spacings over long distances, and reveal a succession
of events significantly parallel with that of the Mediter-
ranean terraces. There is a 30-metre terrace comparable
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with the Tyrrhenian terrace of the Mediterranean, and
yielding, like the latter, a warm-water molluscan fauna.
Herein lies a suggestive basis for inter-regional correlation,
for both in Europe and America there is reason to regard
the terrace in question as marking the second or major
interglacial period.

In considering the marine terrace sequences of Europe
and America, it is essential to remember that since the
melting of existing ice-masses would not raise the level of
the sea to that of the highest marine terrace, the descend-
ing sequence as now preserved cannot be explained by
eustatic shifts of sea-level alone. It involves considerable
and apparently very uniform uplift of the land, of which
the nature and origin is as yet unexplained. Pleistocene
strand-lines and marine terraces exist also in other parts
of the world (e.g. South Africa, Peru), but in the present
state of knowledge correlation would be premature. We
must rest content with the fact that the expected Pleisto-
cene oscillations of sea-level are plainly demonstrated by
coastal forms in many regions, and with the important
corollary that river-erosion and deposition must neces-
sarily have been governed by this control for a long period
in the recent past.

Coral Islands and Reefs.—Change of sea-level in the
extra-glacial areas has also been held accountable for the
growth of coral reefs. The problem presented by these
structures is specialized and controversial, yet its general
importance can hardly be gainsaid when we recall that
coral structures afford almost the only accessible portions
of the “ crust ¥ over large parts of the great Pacific region,
and are, therefore, among the chief sources of evidence
on which the physical history of the Pacific must be based.

We cannot here pursue what has become a voluminous
controversy to its limits, but the main point at issue
is readily defined. Reef-building corals thrive only in
warm, mud-free waters in which the temperature does not
fall below 22° C. Growth does not extend to a depth of
more than 20-25 fathoms. If, therefore, coral rock
structures exceeding a thickness of 150 feet exist, they can
only have come into being through progressive submer-
gence. In the classic theory of Darwin and Dana such
submergence was believed to depend on extensive and long-
continued subsidence of the ocean-bottom. Upgrowth of
corals, keeping pace with subsidence, could thus account
for the development in succession of fringing reefs, barrier
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reefs and atolls, the three chief recurring types of coral
structures in the tropical oceans (Fig. 271). Such a
mechanism would result in the presence of great thick-
nesses of coral rock beneath atolls.

There are geophysical difficulties, not necessarily insuper-
able, in assuming widespread and simultaneous subsidence
of great amount in the ocean-floor, and the difficulties are
hardly less great if we have recourse to localized subsidence
to explain each individual case. An alternative method of
providing the ‘‘ submergence ”’ is, evidently, to invoke
the rise of sea-level following the last deglaciation, though
in such case we could not account for thicknesses of coral
rock exceeding about 100 mctres. The ‘‘ glacial-control ”’
theory of coral reefs elaborated by Daly makes use of this
idea (Fig. 272). It represents coral rcefs as essentially

Subsiding Island
Fic 271 —ORIGIN OF CORAL REEFs ACCORDING TO DARWINIAN THEORY
OF SUBSIDENCE.

Below, fringing reef; passing upwards with continued growth into
barrier-reef and atoll.

steep-walled * crowns,” built on submarine platforms,
which were devecloped during pre-glacial times, and later
smoothed by marine abrasion and sedimentation during
the Ice Age. Most existing reefs are regarded as having
grown up pari passu with the rise of sea-level since the last
glaciation, and therefore as not more than 100 metres thick.
It is claimed that this theory explains the narrowness and
evident youthfulness of the reefs as a whole, their wall-like
form and the extraordinarily level nature and accordant
depths of lagoon floors over wide regions. The theory
does not preclude localized subsidence as an explanation
of “ drowned " reef structures, nor localized uplift in the
case of ‘‘ emergent” reefs. The latter may also be
accounted for by reef building to a higher level during one
of the interglacial periods.

The relative merits of the *‘ subsidence ”* and * glacial



426 THE PHYSICAL BASIS OF GEOGRAPHY

control ”’ theories have been the subject of much dis-
cussion, and general agreement is not yet in sight. On the
one hand, it has been stated that the thorough reinvestiga-
tion of the problem by W. M. Davis * entirely substantiates
Darwin’s theory and shows the inadequacy of all others.”
On the other, Daly has shown that several features of the
‘ glacial-control "’ theory have been misinterpreted by
critics. The apparently simple test of boring through coral
caps to ascertain their thickness has not yet yielded final
evidence. A boring at Funafuti, north of Fiji, passed
through 340 metres of coral rock, but the site of the
boring was near the edge of the reef, and it is author-
itatively stated that not more than 6o metres of the core
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F1G. 272 —ORIGIN OF CORAL REEFS ACCORDING TO GLACIAL LONTROL
THEORY.

represented coral rock in sifu, the rest being essentially
talus on the seaward face. A boring at the small reef
of Michaelmas Cay, off the Queensland coast, passed through
organic material to a depth of 73 metres, where it entered
quartz sand. This result is in complete accordance with
Daly’s theory. It is perhaps unlikely that cither of the
theories in its simple form is sufficient to account for the
whole range of coral-reef phcnomena. Certain it is that
any theory must allow for the undoubted ‘ glacial ”
fluctuations of sea-level.

In the foregoing chapter we have covered a wide field
in broad outline, concentrating as far as possible on
morphological aspects and necessarily leaving much unsaid
on the geological side. One cannot too strongly emphasize
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the immense complexity in detail of the Pleistocene record
and the great amount of research waiting to be done.
Nevertheless, thc main contributions of the period to the
physical geography of the earth are now plainly discernible,
and often occupy the forefront of the landscape picture as
seen by the geomorphologist and the geographer. Just as
the last main formative stage of human evolution—the
Industrial Revolution and the Railway Age—has laid its
obliterating, and at times disfiguring, hand dominantly
on the cultural landscape, so the Pleistocene Epoch
‘ finished "’ the physical landscape, providing a myriad
significant details 1n scenery and human environment.
The Pleistocene IEpoch witnessed man'’s social, if not his
physical, beginnings. Since it may have much of its course
still to run we can put no readv limits to its future influence
on terrestrial sccnery and the life of man.
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CHAPTERS I-IV & IX

A large part of the subject matter of these Chapters and of Chapter IX
1s covered by H. Jeffreys’ great work, * The Earth : Its Ongin, History,
and Physical Constitution” (2nd edit. Cambridge 1929). An
excellent review of the book by Professor Arthur Holmes appears in
G.J. 1929 (vol. 74). The treatment is mathematical, and though many
students may be unable to recad and understand it fully, they will profit
by noting the general method and the type of argument used. The
standpoint is conservative and unfavourable to some of the hypotheses
discussed in the foregoing text. Though the conclusions reached by
Jeffreys must command very great respect it is well to remember
Huxley’s dictum of 1869 (Presidential Address to the Geological
Society) : ‘* Mathematics may be compared to a mill of exquisite work-
manship which grinds you stuff of any degree of fineness, but what you
get out depends on what you put in.”” In other words, it is necessary
to scrutinize very carefully the assumptions and the necessarily imperfect
physical data on which the mathematical argument is based, for the
conclusions will be radically affected by any error therein. For a
simpler version of topics treated in ‘* The Earth,”’ and of certain other
matters, see Jeffreys, * Earthquakes and Mountains '’ (London 1935).

For brief general accounts of cosmogony and the origin of the carth,
sve Sir James Jeans and H. Jeffreys, ‘‘ Evolution in the Light of Modern
Knowledge *’ (London 1925), or Jeans, *“ The Nebular Hypothesis and
Modern Cosmogony "’ (Oxford 1923) ; the *‘ Origin of the Solar System "’
(Supplement to Nature, March 1924); ““ Eos "’ (London 1929). For the
Planetesimal Hypothesis, see Chamberlin and Salisbury,  Text Book of
Geology ”’ (London 1906), or Moulton, * Descriptive Astronomy *
(Chicago 1924), and Chamberlin’s ‘‘ Origin of the Earth’’ (Chicago
1916), together with reviews by Chamberhn in J.G. 1924 (vol. 32), of
H. F. Reid’s memoir on the ‘ Planctesimal Hypothesis and the Solar
System *’ in A.J.S. January 1924, and of Jeffreys’ ‘‘ Earth.” See
also Chamberlin on ‘‘ The Genesis of Planets,”” Year Book No. 23,
Carnegie Institution (Washington 1924).

For a discussion of the thermal state of the interior of the earth, see
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Jefireys (op. cit.) and A. Holmes on ‘‘ Radio-activity and Earth-
movement,” in Trans. Geol. Soc. Glasgow 1928-1929 (vol. 18). See
also A. Holmes, “Radio-activity and the Earth’s Thermal History *
in G.M. 1915-1916 (vols. 52-53)—to some extent, however, superseded
by later writings. ‘

An admirable brief account of the thecory of isostasy is given by
Bowie in * Special Publication No. 99, U.S. Coast and Geodetic
Survey ”* (Washington 1924). See also Bowie, ‘‘ Isostasy *’ (New
York 1927), and J. Joly, * The Surface History of the Earth *’ (2nd edit.
Oxford 1930). For a criticism of some of the implications of the theory,
see J. W. Gregory, Presidential Address to the Geological Society of
London, Q.]J.G.S. 1929 and 1930 (vols. 85 and 86). On the necessary
limitations of subsidence through sedimentary loading, see A. M.
Davies and E. M. Anderson, G.M. 1918 (vol. 55).

Amongst earlier writings on the theory of permanence of the ocean
basins the student should note A. R. Wallace, ‘‘ Island Life '’ (London
1880), and J. H. Blanford, Q.J.G.S. 1890 (vol. 46). A short account
of the problem is given by J. W. Gregory in ‘ The Making of the
Earth *’ (London 1912), which also contains a sympathetic treatment
of the Tetrahedral Hypothesis. For the latter sce also the ** Inter-
national Geography ** (London 1907); J. W. Gregory, ‘“ The Plan of
the Earth and 1ts Causes,” G.J. 1899 (vol. 13) ; W. J. Sollas, ** The Age
of the Earth ** (London 1912) ; and A. E. H. Love, Phil. Trans. Royal
Soc. 1908 (vol. 207).

On the hypothesis of Continental Drift, see A. Wegener, ** The Origin
of Continents and Oceans” (translated by Skerl) (London 1924);
Van der Gracht, ‘“ Theory of Contmental Drnft’ (London 1928),
in which the objections to the theory are {ully voiced ; A. L. du Toit,
‘““ A Geological Comparison of South America with South Afiica,”
Publication No. 381, Carnegie Institute (Washington, 1927) ; and further
discussion in Proc. Geol. Soc. of South Africa, 1928. Criticism of du
Toit’s views by C. Schuchert will be found 1 A.]J.S. 1928, and a reply
by du Toit in the following volume (1929). For a valuable summary of
the views expressed in this and other controversies on the hypothesis,
see A. Holmes, Mimning Magazine, 1929. On the Wcgener ‘* Fre-
quency Curve ' of height-distribution on the carth, sce Lake on
Wegener’s *“ Hypothesis of Continental Drift ”” in G.J. 1923 (vol. 61),
and G. V. Douglas, A. V. Douglas, and W. B. Wright in G.M. 1923
(vol. 60). ‘' Problems of the Earth’s Crust,” a discussion in Sect. E
of British Assoc. 1931, G.J. 1931 (vol. 78), is also valuable.

On Thermal Cyclces, see Joly (op. cit.); also A. Holmes, ‘‘ Contri-
butions to the Theory of Magmatic Cycles,’”” G.M. 1926 (vol. 63), and
‘* Radio-activity and Earth-movements,” Trans. Geol. Soc. Glasgow
1928-1929 (vol. 18). Note criticism by Jeffreys of Joly’s theory in
Phil. Mag. 1926, and ensuing controversy, Phil. Mag. 1926 and 1928,
For a summary of views on this and reclated subjects, see Bailey Willis,
‘** Radio-activity and Theorizing,” A.J.S. 1932 (vol. 23).

CHAPTERS V—VII

The subject of secular uphcaval and depression is well treated in
certain of the older geological text-books, e g. A. Geikie, *° Text-Book
of Geology, Vol. I”’ (London 1903). On earthquakes, see C. Davison,
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“ The Origin of Eatthquakes’ (Cambridge 1912), and R. A. Daly,
‘“ Our Mobile Earth *’ (Scribner’s, New York 1920).

A general work on geological structures 1s Stoces and White,
‘ Structural Geology '’ (London 1935). Recference to this work
is well worth while tor the sake of the admirable 1illustrations aione.
Brown and Debcnham, ‘‘ Structure and Surface,” (London 1929) 1s
also an exccllent text. For the structurc of the Alps, see L. W.
Collet, “ Th.: Geology of the Swiss Alps,” P.G.A. 1926 (vol. 37), and
‘“ The Structure of the Alps ** (London 1936) ; also F. Heritsch, “ The
Nappe Theory 1n the Alps ”’ (translated by P. G. H. Boswell, London
1929) ; and E. B. Bailey, * The Palaeozoic Mountain Systems of Europe
and America,”’ Presidential Address, Sect. C. British Assoc., Glasgow
1928, and ‘‘ Tectonic Essays >’ (Oxford 1935). Collet’s memoir on the
Alps and Wegener’s Theory, G.J. 1926 (vol. 67), 1s also important.

On the general subject of mountamn-building: J. W. Gregory and
Others, * The Structure of Asia ’’ (London 1929), contamns interesting
though difficult matter. A further important contribution s J. W.
Evans,  Regions of Compression,” () J.G S. 1926 (vol. 82). Onisland
arcs, see P. Lake, G.]J. 1931 (vol. 78). On tcnsion 1n the earth’s crust,
sec J. W. Evans, ‘ Regions of Tension,” Q J.G.S. 1925 (vol. 81);
S. Taber, J.G. 1927 (vol. 25) , and E. J. Wayland and Others in Compte
Rendu, International Geological Congress 1929, Section VI.

CHAPTER VIII

On vulcanicity, see the earlier chapters of A. Harker, ‘ The Natural
History of the Igneous Rocks ™ (London 1909), and R. A. Daly,
‘ Igneous Rocks and the Depths of the Earth.” (New York 1933).
The recent remarkable results achieved 1n the study of the volcanic and
assoclated rocks of Western Scotland are summarized by A. Richey in
“ British Regional Geology : The Tertiary Volcanic Districts ** (Mem.
Geol. Survey 1935).

It may be noted that general works by R. A. Daly, ‘“ Our Mobile
Earth *’ (op. cit.); J. A. Steers, *“ The Unstable Earth ’’ (Methuen
1932) ; W. H. Bucher, ““ The Decformation of the Earth’s Crust ”
(London 1933); and L. Kober, * Die Orogentheorie ”’ (Berlin 1933),
cover a large number of the topics of Chapters I—IX. W. H. Hobbs’
* Earth Evolution and 1ts Facial Expression *’ (New Yoik 1921), 1s a
stimulating but unorthodox work.

CHAPTER X

For accounts of the origin of rocks the student will naturally refer
to general works on Geology. Particularly good brief accounts will
be found in: Lake and Rastall, ‘“ Text Book of Geology *’ (London
1920) ; G. A. J. Cole, ** Rocks and their Origins *’ (Cambridge 1922) ;
and Marr, ““ The Deposition of the Sedimentary Rocks *’ (Cambridge
1929).

CHAPTERS XI—XV

The student reading in the field of erosional geomorphology will do
well at the outset to seek historical perspective by reading some of the
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earlier works in which the first germs of geomorphology can be detected.
He will also be enabled to follow in outline the stages of the great
controversy on the eflicacy of sub-aerial, as compared with *‘ internal *’
or marine agents, in shaping the face of the earth. Reference should be
made, if possible, to Playfair’s ‘‘1llustrations of the Huttoman Theory "’

(1802), and to Lyell’s * Principles of Geology "’ (London, several
editions 1830-1872). See also A. Geikie, ‘‘ The Scenery of Scotland
viewed in connection with 1ts Physical Geology ** (London 1865, 3rd
edit. 19o1). Early papers of cardinal importance are those of the Duke
of Argyll and A. Geikie on “ The Valleys of the Highlands of Scotland,”
Q.J.G.S. 1868 (vol. 24), and of W. Whitaker, *“ On Subaerial Denuda-
tion,” G.M. 1867 (vol. 4). Works in which the beginning of modern
geomorphological ideas can be traced are J. B. Jukes’s ‘‘ Formation
of River-Valleys in the South of Ireland,” Q.]J.G.S. 1862 (vol. 18), in
which the conception of subsequent valleys first makes 1ts appearance,
and W. Topley’s classic account of the ‘ Geology of the Weald,”
published by H.M. Geological Survey in 1875.

- For the beginnings of the distinctive American conceptions we have to
turn to the early publications of the United States Geological Survey.
J. W. Powell, in his * Exploration of the Colorado River of the West
and 1ts Tributanes *’ (Washington 1875) and ‘‘ Geology of the Uinta
Mountains ” (1879), first gave expression to the concept of base-
level, while G. K. Gilbert, in ‘‘ Geology of the Henry Mountains *
(x877), enunciated many of the fundamental principles of river-erosion.

The further systematic development of the 1deas thus mnitiated 1s due
in particular to W. M. Davis, 1n papers scattered throughout various
journals, but some of the most important were collected in ** Geo-
graphical Essays’’ (Boston 1910). This mmportant work is now
unfortunately out of print, but can be consulted in libraries. A brief
and elementary expression of Davis’ vicws will be found in his
‘“ Physical Geography '’ (Boston 1898), see also his memoir on the Geo-
graphical Cycle, G.J. 1899 (vol. 14), but the only full statement 1s in
his ‘““ Die Erklarende Beschreibung der Landformen ’ (2nd edit.
Leipzig 1924). I. C. Russell, ‘* River Development *’ (Boston 1898,
London 1903), is a valuable popular discussion.

Amongst other modern sources are various excellent text-books of
physical geology, in which, however, the emphasis is rather on processes
than land-forms. Particularly to be reccommended is Longwell, Knopf,
and Flint, “* A Text Book of Geology,” Part I, Physical Geology (New
York and London 1932). General works on Geomorphology are
J. Geikie, ‘“ Earth Sculpturc” (London 1904), J. E. Marr, ““ The
Scientific Study of Scenery’’ (London 1920), and W. H. Hobbs,
‘*“ Earth Features and their Meaning *’ (New York 1931). The great
value of C. A. Cotton, * Geomorphology of New Zealand ** (Domimon
Muscum, Wellington 1926), is hardly lessened by its restriction to New
Zealand examples ; 1t 1s a most excellent general account. Attention
should also be paid to E. de Martonne, * Traite de Géographie
Physique,” Vol. II (Paris 1926), particularly notable for its essentially
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Gesetz der Wustenbildung *’ (Berlin 1900), and S. Passarge, ‘ Die
Kalahari *’ (Berlin 1904). The following papers on special subjects
may be consulted with profit: Zolian Erosion Generally, J. W. Evans,
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(vol. 36). Wave Incidence and Beach Building, W. V. Lewis, G.J.
1931 (vol. 78). Cuspate Forelands, F. P. Gulliver, Bull. Geol. Soc. Amer.
1896 (vol. 7), and G.J. 1897 (vol. 9) (Dungeness) ; W. V. Lewis, G.]J.
1932 (vol. 80) (Dungeness). The East Anglian Coast, J. A. Steers,
P.G.A. 1926 (vol. 37) (Orford Ness), G.]. 1927 (vol. 69), and G.]J. 1934
(vol. 83) (Scolt Head Island). Fjords and classification of coastlines,
J. W. Gregory, ‘* The Nature and Origin of Fjords *’ (London 1913).



BIBLIOGRAPHIC NOTES 435

CHAPTERS XXII—XXIII

For general accounts of the Ice Age, see W. B. Wright, * The
Quaternary Ice Age ’’ (London 1937), and R. A. Daly, ‘ The Changing
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Lithogenesis, period of, 82

Little Causses, 293

Littorina Sea, 415

Load (of river), 152

— influence on water-bearing rocks,
269

— in marine erosion, 326

Lockyer, Sir N., 4

Loess, 208

Longitudinal coastlines, 352

— consequent streams, 203

— valley, 191

Longshore drift, 327

Looped bar, 337

Lop Nor, 305

Lothian type of glaciated lowland,

390
Lune R., 208
Love, A. E. H,, 36
Lyel), Sir C., 151

effects of,

Mammoth Cave (Kentucky), 291
Marine erosion, 322

Marine terraces, 422

— transgressions, 134

Marjelen See, 392
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Marsh, T. W., 328, 338
Marsupials, distribution of, 33
Martonne, E. de, 359

Massifs, 103

— relation to mountain folds, 69
Matterhorn, 73, 375

Maturity in normal cycle, 174
— in shoreline, 349, 351

— in shore-profile, 331

Maufe, H. B., 48, 318

McGee, W. J., 313, 316
Meanders, 156, 157, 173

—, incised, 225

~—, ingrown, 225

—, intrenched, 225
Meander-belt, 157

Medial moraine, 363

Median mass, 78-80

Merrill, Miss B. M, 346

Mesa, 202

Mesocco Val, 373—4
Metamorphism, Regional, 133
Meteoritic Hypothesis, 2
Mexican Plateau, 8o
Michaelmas Cay (boring at), 426
Michigan Lake, longshore drift in,

28
Midlgnd Valley of Scotland, 100
Migration of divides, 192
Milazzian Stage, 423
Mindel glaciation, 407
Minnesota Valley, 393
Misfit rivers, 195
Mississippi R., load of, 152
— —, flooding of, 173
— —, valley of, 393
Mole R., long-profile of, 166
— —, swallow holes of, 281
Monadnock, 183
Monastirian Stage, 423
Mongolia, rock floors 1n, 315
Monoclines, 105
Mont Blanc, 72
Moraines, Pomeranian, 413
—, Salpausselka, 414
—, Scanian, 413
— of N. German Plain, 408
Morainic water parting, 391
Morris, F. K., 315
Mortlakes, 173
Moulton, F. R., 4
Mountains, plan of, 69
Mountain building, 69
— —, thermal contraction, theory of,
120
— —, phases in, 82
— —, succession of episodes, 88
— —, other theories of, 122
Mozambique, 310
Mud-line, 134
Multi-cycle landscape, 210
Nailbournes, 280

INDEX

Nappes, 68, 72 et seq.

Nebraskan glaciation, 408

Nebular hypothesis, 2

Negative movement of Lase-level,
220

Nevé, 363

Newer Appalachians, 230

Newer Drift in Britain, 389, 408

Newton Dale, overflow channel of,

398
Niagara Falls, 160
Nigeria, 310
Nivation, 402
— hollows, 377
Normal (gravity) faults, 96
North Mimms, swallow holes at, 281
Nugsuak Peninsula, 393
Nunataks, 365, 395

Obsequent streams, 195, 199
Ocean basins, deposits in, 33
— —, form of, 32

— —, origin of, 34

— —, theory of permanence of, 32
Off-shore beach terrace, 322
— zone, 322

Ogden R., 208

Older Appalachians, 232

‘“ Old-land,” 199

Old Mountains, 84

— —, rejuvenation of, 85-8
Older Drift of Britain, 408
Oldham, R. D., 16

Onset and lee effect, 367
Orfordness, 329, 335
Orogenesis, period of, 82
Ouse-Waveney depression, 400
Outwash gravels, 382

— plains, 364, 378
Overflow-channels, 396
Owens, J. S., 334

Ox-bow lakes, 173
Oxidation (weathering), 148

Pacific type of coastline, 37, 352

Palzolithic man, 222, 320

Palmer, H. R,, 339

Panfan, 186, 315, 318

Pangza, 42, 47

Panplane, 186

Parallel Roads of Glen Roy, 393

Parameter (of river curve), 167

Passarge, S., 265, 300-10, 319

Penck, A., 177, 1709, 181, 406~7,
409

Pediments, 312, 313

Peneplain, 183, 185, 213, 214

—, Schooley, 233

—, Pre-Kalahari, 219

Penkridge esker, 388
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Pennines, Northern, structure of, 104

Peripheral lowland, 199

Perviousness, 268

Petrie, Sir Flinders, 302

Phacolites, 108—9

Phyllites, 133

Piedmont plateau, 232

— glaciers, 364

— fringes, 305

Pilzfelzen, 298

Pipes, 280

Pitch (of fold), 203

Plains of Bechuana type, 318

Plain of marine denudation, 185, 213

Plane of unconformity, 184, 213, 214

Planetesimal Hypothesis, 4

Playa (lakes), 138, 296, 305, 31I

Playfair, J., 152

Plucking (of ice), 366, 367

Pluviometric index, 367

Po, R., 163

Pocket beaches, 334

Poljes, 289, 293

Pomeranian moraine, 413

Ponor, 289, 290

Porosity, 140, 268

Positive movcement (of base-level),
220

Pot-holes, 15,

Powell, J. W., 187

Pratt, J. H, 24, 29

Pre-Alps, 72

Pre-Kalahari peneplain, 319

Profile, composite, 261

— of equilibrium, 162

— projected, 261

— of valleys, 154, 159, 369, 372

Pro-glacial lakes, 393, 395

Progradation, 332

Pyramidal peaks, 375

Quartzite, 133

Radio-active elements, 18-20

— —, distribution of, in depth, 20
Raised beaches, 55, 57

Ramsay, A., 185, 366

Rapids, 160

Recumbent folds (Nappes), 66, 67
Reed, F. R. C,, 253

Re-entrants (of escarpments), 202
Rejuvenation-head, 220

Relief, facets of, 257-9

-—, inversion of, 204

—, rejuvenation of, 218

—, revival of, 210

—, uninverted, 204

Resequent drainage, 212

Residual deposits, 149
Retrogradation, 332
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Reuss valley, hanging tributaries of,
3712

Rhine nft, gg—-100

Rhodope plateau, 79

Rias, 354

Rift (Graben), 96

Rift valleys, 99

Rift, East African, 100 /

Rifts, origin of, 101-2 .

Richthofen, F. von, 298, 299, 352,
354

Rigidity, 21, 45

Ring-dykes, 118-9

Riss glaciation, 407

River-capture, 192, 196

Ruver chiff, 156

— curves, form of, 166

— deposttion, 170

— gravel, 170

— terraces, 222, 423

Rivers, transporting power of, 153

Rocks, classification of, 128

—, divisional planes of, 129-30

—, geographical characters of, 138

—, hardness of, 151, 276, 297

—, igneous, 131

—, metamorphic, 132

—, sedimentary, 134

Rock fans, 316

Romney Marsh, 344

Saale moraines, 408

Salients (of escarpments), 202

Salisbury Crags, 110

Salpausselka (Finland), 44, 390

Salt pans, 302

San Andreas fault, 60

Savannah, R., 193

Scab-lands, 304

Scania, 56

Scanian moraine, 413

Scarplands, 191, 197

Scarp-foot springs, 279

Scarp slope, 200, 202

Schists, 133

Schooley peneplain, 233, 234

Schratten, 289

Schuchert, C., 46

Scolt Head Island, 342, 347

Scasonal layering (of glacial sedi-
ments), 410

Secondary consequent streams, 200

Sccular upheaval and depression, 55

Seismology, 11

Sequential forms, 174

Séracs, 363

Severn, R., glacial diversion of, 401

Shaler, N. S., 346

Sheet-floods, 154, 305, 313

Shore, 320

—, constructional forms of, 333
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Shore, eroslon cycle of, 329
proﬁle of, 329

— termmology of, 321

Shore-face terrace, 322

Shorelines, 322

—, compound, 358

—, contraposed, 351

— of emergence, 357

— fault, 358

—, neutral, 358

— of submergence, 357

Sial, 11, 39, 132

Sicilian stage, 423

Sierrita mountains, rock fans in, 317

Sills, 110

Sima, 11, 132

Sink, 289

Slates, 133

Slip-off slope, 156, 227

Snow-bog, 402, 403

Snow niches, 402

Solar system, the, 1

Solent, R., 249

Solifluction, 176, 278, 403

Sollas, W. J., 34, 37

Solomon, J. D., 381

Solution, 1n weathering, 147

Sotches, 289

South Wales, drainage of, 191-2, 207

Spiral Nebule, 7

Spits, growth of, 335

Springs, 270

—, dip-foot, 274

—, fissure, 274

—, scarp-foot, 275

—, Vauclusian, 291

Spurs (of river valley), 156-7

Stadial moraines, 378

Staub, R., 123

Steers, J. A, 334, 342

Step-fau tmg. 96

Stillstand (period of), 218

Stone-rivers, 403

Straits of Dover, 400

Strand line, 322

Stream abstraction, 192

Strength, 21, 45

Strike Vales, 200, 203

Structural rock-benches, 158

Sub-consequent streams, 200

Sub-cycles (of erosion), 218

Submarine trenches, 422

Sub-mature shoreline, 349, 351

Submerged forests, 56, 421

Subsequent streams, 190

Subsidence (theories of coral reefs),

424
Suess, E., 352, 354
Summut planes, origin of, 213, 310
— — of Scotland, 216
— — of Wales, 216
Sunda Shelf, 422

INDEX

Supan, A., 354
Supenmposed drainage, 20§
Surell, A., 169

Swales, 340

Swallet, 289

Swallow-holes, 280

Swash (of waves), 324
Sweep (of meanders), 170
Synclhinal ridges, 204, 212

Taber, S., 102
Tarim Basin, 305
Tarn R., gorge of, 290
Tauern region, 74
Taylor, G. B., 40, 47
Tear faults, 96
Temple of Serapis, 56
Terminal moraines, 364, 378
Terra rossa, 149, 287
Terraces of R. Avon, 224
— of R. Loire, 224
— of R. Mole, 224
— of R. Thames, 224
— cut in drift, 226
— paxred 222
Tethys, 4
Tetrahedral hypothesis,
Thalweg, 154 P 34
Thermal cycles and marine trans
gressions, 51
— — and mountain building, 123
Thorium, 18
Thrust-faulting, 65
Tidal theories (of cosmogony), §
Tillites, 138
Tjale layer, 403
Toit, A. du, 49, 51
Tombolo, 337
ransverse coasts, 352
— consequent streams, 203
— valleys, 191
Traprain Law, 110
Trellised drainage system, 192, 210
Tributary development, 189
‘ Troughs end,”” 372
Turfan Basin, 305
Tweed, R., 252
Two-cycle landscapes, 210
Tyndall, J., 366, 370
Tyrrhenian Stage, 423, 424

Udden, J. A., 302

Uganda, 310

Underfit river, 195
Underground water, 267-75
Uniclinal shifting, 159, 212, 227
— — of escarpments, 202
Uniclinal structure, 197, 275
Uninverted relief, 204

Uvalas, 282, 289, 2922
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Uranium, 18
Uranium-Lead ratios, 19

Vadose water, 268

Valleys, blind, 290

—, cross profile of, 154

haae'] gla'c'ia;'tedi 369

—, hanging, 371

—, long profile of, 159
Valley-floor basements, 314
Valley-glaciers, 362
Valley-trains, 364

Valloni, 354

Vauclusian springs. 291, 204
Veatch, A. C., 318

Volcanoes, 110-3

Volcanic cones, types of, 112-3
Volcanic necks, 111, 112
Vulcanicity, 106

— in N.W., Britain, 1159

Wagner, P., 15
Walther, J., 295, 298

Water-table, 268

Waves, breaking, 324

—, constructive and destructive, 339,
340

-—, free, 323

-~, frequency of, 339
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Waves, forced, 323
—, height of, 323
—, length of, 323
—, orbital form of, 339
—, refraction of, 324
Wave erosion, vertical range of, 324
Weathering, mechanical, 146
—, chemical, 147
Wegener, A., 40-51, 123, 364
Weichsel moraines, 408
Whymper, E., 363, 366
Wind, ax:tlon, general results of, 302
—, —, deposition, 302
—, —, erosion, 297, 298
— gaps, 195
— — near Watford, 196
— sculpture, characteristics of, 303
Wind-waves, 323
Winnatts, the, 294
Winterbournes, 280
Witham Gap, Lincoln, 4or
Wolverhampton esker chain, 388
Wookey Hole, 204
Wiirm glaciation, 407

Yardangs, 298
Yoldia , 415
Yosemite Valley, 370

Zermatt, 363, 372
Zeugen, 298

THE END
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