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PREFACE

his work of Walther Penck's was published posthumously by his

father, the famous geographer Albrecht Penck. The latter’s preface
points out that for ten years his son had been carrying on his investiga-
tions into the course of crustal movements, making use of the earth's
surface forms as starting point. In 1921 he termed this method morpholo-
gical analysis. A letter, written in 1922, outlined his plan for a projected
work, larger than what he actually accomplished before his early death
in 1923.

The first chapters have the titles found in the present book—up to
‘Development of Slope’. He wrote *, . . development of the entire slopes
and their dependence upon the downcutting of running water , , . I
thought of then continuing with erosion by running water. But that will
not do, since the work of running water depends not only upon the
water, but more especially upon the gradient down which it flows; and
the gradient is dependent upon the movement of the earth's crust. If this
rises rapidly, the angle of inclination is great (since the area concerned
then rises lugh above its surroundings); if it rises slowly, the angle of
inclination is produced slowly, and remains slight, Thus, dealing with
erosion, I have already come to the crustal movements which were to be
my goal; and so 1 am compelled, like my predecessors, to go straight
from the whole collection of the earth's land forms to the crustal move-
ments, when [ have not yet described the way in which those forms are
to be observed. That will not do. What is this collection of forms? What
does one sce in mountains, in Swabia, etc., over the whole world?
Surfaces, denudational slopes, make up the whole set of land forms. And
it is where the surfaces meet downwards in valleys, that the rivers are to
be found. Thus what we see is emphatically not the vertical incisions
produced by running water, but only slopes which develop upwards,
with a definite form, from the eroding rivers, sehilst these are eroding,
In brief: what is seen at the earth's surface is not land forms due to
erosion, but merely a relicf produced solely by the development of
slopes. This slope development, however, is not possible by itself, but
presupposes simultancous downcutting by rivers, The eroding river
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creates the vertical distance between the height and the valley bottom;
denudation, however, creates the slope, the material surface, which
actually unites valley bottom with high-lying part. It thus follows that—
after the slope development and its dependence upon erosion have been
treated —the description of the land forms, i.e. of the relief of the earth's
surface, must logically come next. It belongs organically to the investiga-
tion of the slopes, and not to that of erosion. There is no need whatever
to know how erosion works, how it depends upon the movements of the
earth’s crust, in order to be able to describe the manner in which slopes
are combined into a wealth of land forms, into form associations. This is
controlled by laws, as comes out clearly in a presentation kept free from
any interpretation. A presentation of the land forms found on the earth
is no easy taskl It could not be accomplished were there not quite
definite relief fypes occurring in quite definite areas of the earth. 1 have
now just finished the treatment of those types which are characteristic
of the monotonous continental regions—such as Africa, Australia, etc.—
and furthermore of the regions of uplift within those areas (e.g. the type
of the German Highlands, with the Scarplands; this type is repeated all
over the earth in zones of analogous structure). I am about to contrast
these phenomena with what is to be seen in the mountain belts (these
are the zones of mountain chains which border the Mediterranean Ses
continuing across south and central Asia to the Pacific Ocean, and the
analogous belt that surrounds the Pacific Ocean . . .). In this way 1 shall
come to erosion, and after that to crustal movements. Tt will then be
relatively easy and simple, since there is a logical connection: the relief
type described, X, signifies a certain thing as regards crustal MOvVement;
that is to say, only on a crustal unit of the earth which moves in this
quite definite way can that relief type X come into existence, This,
therefore, indicates to me what course the crustal movements take. T en-
visage it in this fashion, and 1 think of fitting in detailed treatment of
definite regions, e.g. the Black Forest—Alb—Alps—certain charac-
terestic forms of Central Asia, of the Andes, etc. This would serve not
only as an illustration of how to apply the whole method and the results
that can be obtained from it, but also to present a picture of the types
of crustal movement and their distribution over the earth: In this eyl-
minating chapter, wide and surprising vistas will appear leading towards
the causes of crustal movement. Tt is to this fundamental problem of

geology that [ intend to devote the whole of my labours, possibly 1o the
end of mv life.’
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Then follows a long account of Walther Penck’s life, which is here
summarised,

He was born in Vienna on the 3oth August, 1888, He developed into
a first class mountaineer, his carliest considerable climb being at the age
of eight when he accompanied his father on a scientific expedition. Aus-
trian: schools provided good training in Natural Science; and he was
specially fortunate in having as teacher Paul Pfurtscheller, one of those to
whom he dedicated this book. When his father left the University of
Vienna for that of Berlin, Walther Penck began his university studies
there—to be interrupted by a visit to the United States of America,
where he followed further courses whilst his father was delivering lec-
tures. They travelled extensively; and under the guidance of G. K.
Gilbert saw the earthquake fissure at San Francisco. The return journey
was via Hawaii (where his deep interest in the volcanic phenomena
decided the young man to become a geologist), Japan, north Ching and
Siberia. Berlin University was soon exchanged for Heidelberg, as being
better suited to the line he wished to pursue. After graduating, he studied
further at Vienna.

In 1912 he became geologist to the Direccidn General de Minas in
Buenos Aires. His mountaineering training stood him in good stead as,
with merely the trigonometrical points supplied, he mapped 12,000 sq.
kms. in north-west Argentina, and made # reconnaissance across the
whaole width of the Andes,

While home on leave in 1914, war hroke out, and he served for a while
with the German army in Alsace. The report made on his first year's
work at the southern edge of the Puna de Atacama had meanwhile
qualified him for a post in the Department of Geology at Leipzig Uni-
versity. But towards the end of 1913, Turkey being under the influence
of the Central Powers (to whom she had allied herself), he was appointed
Professor of Mineralogy and Geology at the University of Constan-
tinople (Istambul). In 1916 he investigated the coal deposits of the
Dardanelles, as well as visiting the Bithynian Olympus (Ulu Dag) with
a party of students. In 1917 he added to his dutics those of a Professor-
ship at the Agricultural Callege of Hulkaly on the Sea of Marmora. But
recurrences of malaria, after a visit to the southern coast of Anatolia,
made a return to Germany necessary in the summer of 1918: and the
conclusion of the war prevented him from getting back 1o Constan-
tinople. He became an unsalaried teacher ( Privatdosent), with the title of
Professor, at the University of Leipzig, and had a paid lectureship in
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Surveying (topographical and geological). He worked at the results of
his researches in the Argentine sierras and in Anatolia, and spent a good
* deal of time tramping the German Highlands with his wife—the Fichtel-
gebirge, the Thuringian Heights, the Franconian and Swabian scarp-
lands, the Harz and the Erzgebirge, as well as visiting the Eastern Alps.

The value of money became less and less, and his Argentine savings
were at an end. It was found later that he endured considerable priva-
tion. But he refused more lucrative posts that would have prevented him
from continuing his research and preparing for publication the results
and his views on them, Conditions were slightly better after the end of
1921 when he recovered some of his property from Turkey. But by then
he was already far from well, though he made further expeditions, the
last being to check his observations in the Black Forest. On 29 Septem-
ber 1923, he died of cancer (in the mouth), leaving a widow and two
small sons.

He was only 35. W. Salomon, the professor under whom he had
graduated, wrote to his father of the high hopes they had entertained
that he would have lived to become one of the world's leading geologists.

In reading the Morphological Analysis, it has to be remembered that
it is only part of a projected larger work. Nevertheless, he considered
this part to be complete, so that Albrecht Penck published it as it stood,
without any editing. The author had dedicated his work to Albrecht
Penck and Paul Pfurtscheller, his ‘two teachers in the art of observing
nature’,

A list of Walther Penck’s publications will be found on pages 352 i,

Ten years or 50 ago 4 pumber of Amencan geomorphologists engaged
in a co-operative effort to provide a synoptic translation of Die Morpho-
logtsche Analvse. Some progress was made; but the project came to a halt,
partly because Professor (0. D). von Engeln, Comell University, who
was promoting the enterprise, learned of our work on a full translation,
and generously suggested that its success would be a happy solution and
should have American encouragement,

The ohject of the translstors has been to give as exact a rendering as
possible of an important work which it has not been easy for English
speaking students to assimilate, on aceount of ite difficult and sometimes
ohecure style and its use of unfamiliar terminology.

In view of the controversial nature of some of Walther Penck's views,
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the translators have felt it right o keep very closely to his own wording,
even at the cost of some verbosity and repetition. However, summaries
of each section have been prepared, and will be found at the end of the
book (pp. 355 ff.); so that readers can find relatively quickly the parts
which they wish to study in detail in the full text.

The English expressions for the terms coined by W, Penck will be
found in the Glossary, us well as other words for which students may
wish to know what was in the original,

Our grateful thanks are tendered to various members of University
College, Southampton: to the late Professor O. H, I, Rishbeth, whose
infiuence stimulated the desire to understand this book; 10 his successor
as Head of the Department of Geography, Miss F. C. Miller, for en-
couragement and constructive criticism; and to the staff of other depart-
ments for their gssistance with doubtiul points. We also wish to express
gratitude to Professors Alun Wood, A, A, Miller, J. E, Kesseli, P. G. H,
Boswell (and through him, Professor Reid), the late Professor |. Séich
-and others for kind help over specific difficuines.

We are particularly indebted to the late J. F. N. Green, F.G.8., who
spent much time during the last year or so of his life in reading through
the whole script (whilst one of us was abroad), making valued comments
and suggestions.

Some mistakes may thus have been avoided. For any that remain,
responsibility must of course rest with us.

H. Czecnt
K. C. BoswrLL

KATHARINE CUMMING BOSWELL
t88y-1952

This book was still in the proof stage when, 1o the deep
regret of all concerned with its production, the news
was received that Miss Boswell had died of heat stroke at
Beni Abbés on September 19th, 1952, while attending
the Nineteenth Internutional Congress of Geology in
Algiers. The tragedy of her death before she could
see her work completed is heightened by the fact that
it occurred on a journey into the Sahara, where she wis
trying to resolve some of the controversial points
raised by Penck in his discussion of desert conditions,
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CHAPTER I
INTRODUCTION
i. NATURE OF THE PROBELEM

tudy of the morphology of the earth's surface has developed as a
science linking geology and geography. The reason for
this is the knowledge that land forms owe their shape to the processes of
destruction which engrave their marks on the solid structure of the
earth’s crust; and that the properties of this crust decide the derails of
the sculptuning, as well as the arrangement in space of the individual
forms. Its immediate purpose being to explain the arigin of the multi-
farious land forms which appear st the surface of the earth, marphology
very soon had a specially close connection with geography; and today, it
is considered an integral part of geography proper, the study of the
earth’s surface, and treated as such”. Thus work an morphological prob-
lems has been overwhelmingly, though not exclusively, in the hands of
geographers; and there has been scarcely any attempt to go beyond the
amms prescribed by geography.

The material of morphology, however, contains within itself prob-
lems which reach far beyond the limits set by geography, and are
neither exhausted nor solved by a genetically based description of the
surface forms of the planet. The significance of these problems lies in the
realm of geology; and their solution seems reserved for general geology,
especially physical geology. The problem is that of crusial movement,

To see the matter more clearly, we must examine the character of the
main and fundamental question of morphological science. However
keenly geology and geography may be interested in the solution of this
question as to the origin and development of land forms, the problem is
neither specifically geological nor geographical, but is of a physical
nature®, This results from the relationship and interdependence of those
forces, or sets of forces, which produce the surface configuration of
our planet. The destructive processes sculpturing the land, all of them
together included in the concept ‘exogenetic’ forces, cannot become
effective until the earth’s crust offers them surfaces of attack, until it is
exposed to them, Parts of the crust covered by the sea are as much pro-
tected from the sculpturing forces us are those parts of the dry land

A 1 F.M.A,
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which are being not destroyed but built up. Here, as there, material is
not being removed from the earth’s crust, but is being piled up on it in
the form of rock strata; no unevennesses, no definite relief, are being
created, but any unevenness of the crustal surface is being levelled up as
by freshly falling snow. The activity of the destructive forces is limited
to those parts of the earth which rise above these zones of deposition.
Thus the indispensable prerequisite for attack by exogenetic processes
of destruction is the activity of those endogenetic forces, originating within
the planet, which are responsible for raising individual portions of the
crust above sea level, and which, on dry land; raise individual blocks
above their surroundings, in general create wpstanding parts, thus
giving rise to the altitudinal form of the earth’s surface. Leaving aside
endogenetically-caused volcanic accumulation (which attains morpholo-
gical importance only 1o & modest extent, is limited to a few localities,
and moreover has its further fate determined by that of its substratum),
the endogenetic processes consist of movements of the earth's erust. In
view of our present geological experience, their existence requires no
further proof. The fact that we know of no piece of land which has not
been once or several times submerged below sea level, is by itself striking
evidence. Adequate proof that it is a matter of movement of the solid
land and not Auctuations of sea level is this: the displacements of level
which are of morphological significance, i.e. those which determine
present altitudinal relationships on the earth; have never been of a corre-
sponding amount everywhere on the earth’s surface, now or at any other
: 3

The earth’s surface is not only a limiting surface between different
media, nor merely a surface of section giving the desired information
about the structure of the earth’s crust; if s @ lmiting surface beteeeen
different forces warking in opposition to one another. Both produce dis-
placements of the rock material: the endogenetic forces displace it by
raising parts of the earth’s crust above their surroundings, or sinking
them below these—at present it does not matter whether the direction
of the forces ia vertical or otherwise, so long as they lead to vertical
displacement of level at the planetary surface; the exogenetic forces dis-
place it by transporting solid material along the earth’s surface. In the
latter case, the transference usually takes place from higher to lower
parts, the motive power always being the force of gravity. The endo-
genttic transference of material, on the other hand, is independent of
the force of gravity. It is manifestly against gravity that magma reaches
the crust and even the surface. On this contrast depends the characteristic
of mutual opposition between endogenetic and exogenetic processes. The con-
flict goes on at the surface of the crust and it finds its visible expression
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in the tendency—long recognised—for exogenetic transference of
material to lower the projecting parts of the land and to fill in depressions,
in short to level, 10 remove any unevennesses which the endogenetic
processes have created and are still producing on the crustal surface.

Thus the earth's surface is a field of reaction between opposing forces,
and the effectiveness of the one depends upon the preceding activity of
the other. On all surfaces so conditioned as to be the scene of inter-
action between opposing and mutually dependent forces, there is a
tendency for a physical equilibrium to become established. This obtains
when both forces do the same amount of work in unit time, i.e. when
they work at the same rate or have the same intensity, Accordingly,
there is equilibrium at the earth’s surface when the exogenetic and the
endogenetic processes, when uplift and denudation, subsidence and de-
position, take place at the same rate; and not only when—as is generally
assumed—both processes have died out, and their intensity is conse-
quently zero.

The visible results of endogenetic and exogenetic influences at the
carth's surface are forms of denudation on the one hand, and, on the other,
the correlated deposits® which are formed simultaneously. The two stand.
in a similar relation to the forces producing them as do the cut surface
and the sawdust that are formed when a log is pushed against a rotating
circular saw. It is clear that very different forms develop according to
whether denuidation is acting more slowly than uplift, more quickly, or
at the same rate; and so whether the ratio of the intensity of exogenetic
to that of endogenetic activity works against the former or in its favour,
or whether there is 8 state of equilibrium. Therefore it is possible to see
plainly in the farms of denudation not merely the results of endogenetic
and exogenetic transference of material; but even more that they owe
their origin and their development to a relationship of forces, fo the ratia
of intensity beteween exogenetic and ondogenetic processes.

The physical character of the morphological problem comes out
clearly. The task before us is to find out not only the kind of formative
processes, but also the development of the ratio of their intensities with
respect to one another. None of the usual geological or specifically
morphological methods is sufficient for the solution of this problem. As
is now self-evident, it requires the application of the methods of physics.

Which physical methods are concerned, and at what stage in the
morphological investigation they not only may, but must, be applied,
follows from the nature of the three elements which together form the
substance of morphology.

[* See glossary),
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2. BASIS, NATURE AND AIM
OF MORPHOLOGICAL ANALYSIS

These three elements are:

1. the exogenetic processes,

2, the endogenetic processes,

3. the products due to both, which may here be collectively called
the actual morphological features.

1t is well known that the exogenetic forces are at work over the whole
earth, in all climates, They consist of two processes, the onset and the
course of which are fundamentally different. The one has already been
characterised elsewhere as u process of preparation: the reduction® of rock
material, By this is to be understood all the processes which lead to a
loosening of the solid rock texture, to disintegration of the rocky crust so
that it becomes changed into 2 mobile form, transportable. Climate and
the type of rock are what decide in the first place the nature and the
course of the reduction, the rendering the material mobile. The struc-
ture of the earth’s crust, which determines the world distribution of rock
types, is therefore just as important for morphology as the world distri-
bution of different climatic conditions.

Rock reduction alters the composition and texture of the material. It
does mot produce denudational forms, These do not appear until the
reduced material has been removed: only when matter has been taken
away from a body does it change its shape. Only if its compaosition and
texture are altered does there arise what the minernlogist calls a pseudo-
morph, Earth sculpture is due to exogenetic transference of material. The
sum total of this constitutes denudation. Rock reduction is an essential
preliminary to its occurrence; the rock material must have acquired a
sufficiently mobile condition before there can be transport at all, either
of its own accord (spontaneous) or by the aid of some medium. The

of denudation are, one and all, gravitational streams, obeying
the law of gravity. Climatic conditions and type of rock influence the
details of their further course, Their effects, therefore, are of different
magnitudes in areas of differing climatic nature and differing geological
make-up; nevertheless—and this must here be stressed in view of widely
held misconceptions—they are not of different types,

Al the processes of denudation have, as gravitational stréams, a non-uni-
form character—which, as will be shown, is in contrast to the processes
of reduction. That is their fundamental property. 'Their commence-
ment, their course of development, take place before our eves. They
can be observed in all their phases, and their systematic investigation

[® Aufbereitung. See glossary.]
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is thus possible everywhere on the earth, not only qualitatively—as
has already been more or less fully done—but quantitatively, a matter
which so far has been hardly attempted. Here there is a wide field of
inductive research, as yet unworked. And it promises results of as great
or even greater importance to morphology than those which that recent
branch of knowledge, soil science, has already produced with regard to
rock reduction.

All the actual morphological features can, like the exogenetic pro-
cesses, be directly observed, and are thus an object of inductive
research. However, their limits must be extended far more widely
than is customary. It is by no means enough to determine and to charac-
terise the forms of denudation as they actually appear in their various
combinations: the stratigraphical relations of the correlated strata, formed
simultaneously, are of just as great importance. Their thickness and the
way in which they are deposited on the top of one another, how they are
connected with their surroundings in the vertical and in the horizontal
direction, their stratification and especially their facies, reflect both the
type of development in the associated area of denudation, and its dura-
tion, and they supplement in essential points the history recorded there,
The position of this record in the geological nime sequence depends
entirely upon investigation of the correlated strata and their fossil con-
tent. As a rule far too little weight is given to working on this strati-
graphical material. Because of this, our knowledge about the actual
morphological festures is correspondingly scanty. True, we must take
into zccount that these are not, like denudation, for instance, subject to
one uniform set of laws; but that they are peculiar to each individual
part of the erust which will have undergone 1 special development of its
own. They are individual in their character.

This individiality is essentially dependent upon the way in which the
activity of the endogenctic processes, particularly crustal movements,
varies from place to place. Since crustal movements cannot be directly
observed—with the exception of earthquakes—information about them
is deduced from the effects they have produced. These, however, are to
be regarded merely as indications that crustal movements are taking
place, and bear much the same relation to them as the shaking of a train
does to its forward motion. The passenger, now and then looking out
from the window of the moving train, recognises its movement by the
jolting and by the shifting landscape visible outside. The geologist

ises crustal movements by earthquakes and by disturbance in the
stratification of rocks. The latter shows the earliest time at which the
crustal movements took place at the given spot, and the total amount of
disturbance produced up to the time of observation. But the conditions
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of bedding give practically no clue as to what, during the period of
movement, was the distribution of the separate effects which add up to
this total resulting disturbance; neither do they indicate the intensity of
the crustal movement—whether it was rapid or slow—the changes of
intensity in successive intervals of time—whether increasing or de-
creasing, nor the course of the movement—whether continuous or by
fits and starts; nor whether it is still continuing or came to an end in
times past. Yet all these have often been assumed in a perfectly arbitrary
manner.

Crustal movements cannot be observed directly, and no adequate
tectonic method is known for ascertaining their characteristics. Thus,
in studying land forms, it is not permissible to make definite assump-
tions as to their course and development, and to base morphugenetic
hypotheses upon them. Moreover, it is perfectly clear that of the three
elements—endogenetic processes, exogenetic processes, and the actual
morphological features—dependent upon one another, in accordance
with some definite law, like three quantities in an equation—it is the
crustal movements which correspond to the unknown, about which
statements can be made only as a final result of the investigation, not as
one of the premises. On the other hand, it has been shown that each of
the other quantities can be established by observation, completely and
with certainty for each individual case. Their dependence upon one
another, in conformity with some definite iaw, has already been recog-
nised, and it will subsequently be further developed. The equation—to
continue the simile—permits of an unequivocal solution. Morphological
analysis is this procedure of deducing the course and development of crustal
mavements from the exogenetic processes and the morphological features.

The function of this analysis of land forms, and its aim, is therefore
geological, or more exactly, physico-geological. The first thing to be done
is to state clearly and solve the problems of the origin and development
of denudational forms. The present book treats this complex of prob-
lems as a matter of physical geology, to which it organically belongs in
virtue of its nature—as was emphasised at the beginning. Having found
the outlines of its solution, we have a base from which to move forward
to the ultimate aim of morphological analysis, as indicated above. Far-
reaching possibilities open up from this point. As has already been more
fully set out elsewhere®, the analysis of land forms gives totally different
information about essential features of crustal movement from that
which geologico-tectonic research can find out from the structural
characteristics of the earth’s crust. The two methods, the morphological
one here developed, and the geologico-tectonic, supplement one another;
at no point is one a substitute for the other. Only the two together supply
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that sum of basic facts which affords a prospect of solving the main
problem of general geology, the causes of crustal movements. This is a
matter which does not seem to allow of a solution by any purely tectonic
method; and so far any attempt to solve it upon this far too narrow basis
has been of no avail.

3. CRITICAL SURVEY OF METHODS
(a) Cycre or ErostoN

A first attempt in the direction of morphological analysis was the
theory of the Cycle of Erosion developed by W. M. Davis*, Familiarity
with it is here assumed. The cycle theory has, it is true, a purely geo-
graphical aim, viz, the systematic description of land forms on a genetic
basis, which has been aptly called their ‘explanatory description’. Thus
there was no direct attempt to discover more about endogenetic pro-
cesses, Results in this direction have been obtained only by the way, and
they were not meant for further use except so far as they were con-
sidered to serve the explanatory description®. This totally different
orientation of the setting of the problem does not in any way alter the
importance for morphological analysis of the principle of the cycle con-
cept. That principle is the idea of development, in its most general sense: a
block, somehow uplifted, presents one after another, in systematic se-
quence, forms of denudation which result from one another; and their
configuration depends not only upon the denudation which is progress-
ing in a definite direction, but also—as Davis himself suggested, though
merely as a conjecture®—upon the character (the intensity) of the uplift.

What has found its way into morphological literature as the cycle of
erosion is what Davis expressly defined as a special case of the general
principle, one which was particularly suitable to demonstrate and to
explain the ordered development of denudational forms. It is postulated
that a block is rapidly uplifted; that, during this process, no denudation
takes place; but that on the contrary, it sets in only after the completion
of the uplift, working upon the block which is from that time forward
conceived to be at rest. The forms on this block then pass through suc-
cessive stages which, with increase of the interval of time since they
possessed their supposedly oniginal form, i.e. with increase of develop-
mental age, are characterised by decrease in the gradient of their slopes.

They are arranged in a series of forms, which is exclusively the work of
denudation and ends with the peneplane®, the peneplain. If a fresh up-
lift now occurs, the steady development, dependent solely upon the
working of denudation, is interrupted; it begins afresh, e.g. the pene-

[* See glossary.]
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plane is dissected. A new cycle has begun; the traces of the first are per-
ceived in the uplifted, older forms of denudation. Thus it has become
usual to deduce a number of crustal movements, having a discontinuous
jerky course, from the arrangement by which more or less sharp breaks
of gradient separate less steep forms above from steeper ones below,

It was possible to draw this conclusion, in such a general form, only
because the above-mentioned specidl case, chosen by Davis mainly for
didactic reasons and developed in detail on several occasions, is usually
taken as the epitome of the cycle of erosion, and is quite generally
applied in this sense. Both Davis himself” and his followers have made
and still make the tacit assumption that uplift and denudation are suc-
cessive processes, whatever part of the earth is being considered; and
investigation of the natural forms and their development has been and is
being made with the same assumptions as underlie the special case dis-
tinguished above. There is, therefore, a contrast between the original
formulation of the conceprion of a cycle of erosion and its application.
Davis, in his definition, had in mind the variable conditions not only of
denudation, but of the endogenetic processes; in the application—so far
8 we can see, without exception—use is made only of the special case,
with its fixed and definite, but of course arbitrarily chesen, endogenetic
assumption. And criticism, with its justified reproach of schematising, is
directed against the fact that the followers of the evele theory have never
looked for nor seen anything in the natural forms except the realisation
of the special case which Davis had designated as such. Thus even
opponents of the American doctrine have taken their stand not against
the general principle of the cycle of erosion, but against its application;
and they referred merely to the one special case that alone was used®.
Thus there seems throughout to have been a misunderstanding with
regard to the cycle of erosion: its originator meant by it something
different from what is generally understood. The way in which the
theory is applied, the trend of the criticism it has received, hardly permit
any doubt of this, Thus it i necessary to consider more closely the
application of the eycle of erosion and the eriticism directed against it.

As a method, the theory of the cycle of erosion introdices a completely
new phase in morphology. Deduction, so far used only within the frame-
work of inductive investigation, or a5 an excellent method of presenta-
tion, has become & means of research, Starting from an actual knowledge
of exogenetic processes, the cycle theory attempts to deduce, by a mental
process, the land-form stages which are being successively produced on
a block that had been uplifted, is at rest, and is subject to denudation.
Not only is the order of the morphological stages ascertained by deduc-
tion, but also the forms for each stage; and the ideal forms arrived at in



CYCLE OF EROSION q9

this way are compared with the forms found in nature. There are two
points in this method which must be considered critically: (a) deduc-
tion as a means of investigation; and (&) the facts on which the assump-
tions are based.

To begin with, it is obvious that the ideal forms, which are supposed
to develop on @ stationary block, can be deduced successfully only if
there are no gaps in our knowledge of the essential characteristics of the
denudational processes. Should this pre-requisite not be fulfilled, the
deduction is nothing but an attempt to find out from the land forms
alone bath the endogenetic and the exogenetic conditions to which they
owe their origin, It is like trying to solve an equation having three
quantities, two of which are unknown; we can expect only doubtiul
results. The American school may be justifisbly reproached with not
considering it their next task to eliminate one of the unknown quantities
by systematically investigating the processes of denudation all over the
world, On the whole, their part in throwing light upon the exogenetic
processes has been a very modest one. Yet this is not a decisive blow to
the cycle concept. For amongst the ‘exogenetic’ assumptions made,
there is no principle which has not been verified by experience, and
eritictsm by opponents has been unable to show any mistakes in this
field®,

Till very recent times'®, no one has even seriously examined the
second or ‘endogenetic’ assumption of the applied cycle of erosion,
namely, uplift and then denudation. On the contrary, morphologists of
every school have generally started from the same assumption as soon as
they came to discuss the problem of the development of land forms.
Even the opponents of the American school have done this, and indeed
tacitly still do so, even in those cases when they have completely dis-
regarded any endogenetic influence on the forms of denudation, and
have done no more than consider how the individual land forms might
have arisen purely from the work of denudation; for instance, the way in
which they depend upon rock material. Invariably they have started
with a given fixed altitude for the crustal segment considered; that js,
they have begun by considering uplift already completed and followed
by a period of rest.

Thus, up to now, it cannot be said that there has been any really
well-grounded criticism directed against the factual assumptions of the
cvele of erosion.

The second point was the use of deduction as a method of morpholo-
gical research—though of course in addition to induction and essentially
based upon it. A. Hettner utterly and roundly repudiated the use of this
for morphology®®. However, no such conclusion would be drawn from
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Hettner's remarks and his arguments. In these he deals with the con-
cepts of Davis—which he considers are not precisely enough formulated
—especially the concept of morphological age; further, he points out
that inadequate attention has been paid to the character* of the rock
and to the exogenetic processes; and finally he considers the application
of the theory to specific cases. At one point only does he touch upon the
problem of method, and that is when he levels the reproach against the
cycle of erosion that it rests upon inadequate assumptions as to the exo-
genetic processes. That reproach has already been considered above.
But so far as the erosion cycle is concerned, this is only one side of the
question; for, as has already been shown, it makes further very definite
assumptions about the endogenetic processes. Apparently Hettner con-
siders them to be correct and admissible, since he does not examine them
also, But the possibility that the deductive method used for the cycle of
eresion may be based upon inadequate assumptions does not permit the
passing of judgment upon the applicability of deduction itself to the
whole sphere of morphological research®®, In addition, this statement
may be made: In morphology, as in any other branch of knowledge con-
cerned with physical problems, deduction as a means of research is not only
permisaible, but also fmperative; unless wo wish to renounce the greatest
possible exactitude and completeness in the results, and to exclude our branch
of learning from the rank of an exact science, a rank which it bath can and
should acquire in virtue of the chavacter of the questions with which it deals.
It is merely a matter of finding out where, in the process of investigation,
we should resort to the method of deduction; and above all making sure
that correct and complete data are then provided for it. The provision of
these is, as before, exclusively the domain of inductive observation; it
only can accomplish this, the deductive process never. It is by no means
the deductive character of the method itself which makes it impossible
to go along the American way of applying the cycle of erosion, bur the
incompleteness and, as will presently be shown, the incorrectness of the
assumptions made. Thus opposition to the deductive method a5 a tool
for use in morphological investigation has been unable to do serious
harm to the theory of the erosion cycle, and it is not to be expected that
it will ever succeed in doing so.

‘We now turn to the assumption made about endogenetic processes
when applying the concept of the cyele of erosion.

(h) Reramionsiir nerweeEN ENDOGENETIC AND ExoGeneric Processes

Exogenetic and endogenetic forces begin to act against one another
from the moment when uplift exposes a portion of the earth’s crust to

[® See pe 19 for what this term comprrises; or glossary.)
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denudation. So long as uplift is at work, denudation cannot be idle. The
resulting surface configuration depends solely upon whether the endo-
genetic or the exogenetic forces are working the more quickly. Were
there no denudation, a block, however slowly it is rising, might in course
af time reach any absolute height; and its increase in altitude would be
limited solely by the physics of the act of formation, provided that it is
inherent in this not to continue indefinitely. It is rather like the way in
which an impassable limit has been set to the increase in height of
volcanoes by the extinction of volcanic activity, which often comes to
an end prematurely, as soon as a certain height has been reached,
because lateral effusions replace the summit eruptions. However, it is
from the outset that exogenetic breaking-down at the earth’s surface
works against endogenetic building-up, i.e. denudation works against
uplift, in-filling by sediments against subsidence. It is easily to be under-
stood that an actual elevation can come into existence only if uplift does
more work in unit time, and so is working more rapidly, than denudation;
a hollow appears only when subsidence takes place more quickly than
sediment is supplied, than aggradation. This stale of affairs forms the
substance of the fundamental law of morphology: the modelling of the earth’s
surface ts determined by the ratio of the intensity of the endogenetic to that
of the exogenetic displacement of material®®.

A brief survey of the earth’s surface shows that this ratio very often
changes, or has changed, to the prejudice of the exogenetic forces; the
accurmulation of a volcanic cone is possible only because it takes place
more rapidly than the removal by denudation of the accumulated
material. Faults can become visible as unlevelled fault scarps, for in-
stance in the zone of the rift valleys of East and Central Africa¥, only
when the formation of faults takes place more rapidly than levelling by
denudation, Generally speaking, the origin of any outstanding elevation,
any mountsin mass, is bound up with the assumption that mountain
building is more successful, i.e. works more rapidly, than denudation.
Thus the varied altitudinal form of the land shows that in many cases
the work of denudation is lagging behind the endogenetic displacement
of material, here more, there less, or has done so in the past. The one
consistent feature, however, common to every region, 15 that the activity of
exopenetic happenings is subordinate to that of endogenetic processes. This
relationship, most impressively brought to the observer’s notice by the
different kinds of relief and the different altitudes occurring at the
carth's surface, forms the besis of morphological analysis, For if the
exogenetic forces are less active than the endogenetic movements, then
their effect, the earth's whole set of land forms, must also in its main
outlines accommaodate itselfl to whatever law has its visible expression
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stamped by crustal movement upon the face of our planet. Any ¢hange
in kind or in intensity which these movements undergo must therefore—
as has long been known—|eave its traces upon the lan

If the intensity of denudation consistently lugged behind that of the
endogenetic movemnent, then in course of time a block rising in such a
way could, even in spite of the exogenetic processes, reach any absolute
height; though it would of course do so more slowly than if the earth
were not subject to denudation. But the relationship is not an unchanging
ane. For, like all other gravitational streams, the processes of denudation
increase in intensity with the gradient, in a definite manner to be dis-
cussed later; and the gradient increases with the increase in vertical
distance between summit and foot of the uplifted portion of the crust,
This is true provided the horizontal distance between the two points is
not at the same time proportionately increased; and, as a rule, it is not.
Thus it was possible, even some decades ago, to formulate it as an em-
pirical law, fundamentally correct, that intensity of denudation increases
with absolute height, other things being equal. This means a shift in the
relationship of the endogenetic to the exogenetic rate of working, in
favour of the latter, and an ever closer approximation to physical equili-
brium. The actual attainment of the equilibrnum could be prevented
only where there was no limit to the fncrease in endogenetic movement,
so that rising blocks would gain in height indefinitely. The insigni-
ficance of the altitudinal modelling of its surface bears witness to how
little such conditions obtain on the earth, an insignificance which is not
clearly brought out, with distinctness, till comparison is made with the
dimensions of the earth as 3 whole.

The above short survey shows that it is essential, when investigating
the origin and development of denudational forms as they appear at the
earth's surface, to ascevtain the relationship beteoeen the intensity of the
endogenetic and of the exogenetic processes, in short, between uplift
and denudation; and it is necessary to follow out how this changes as
time goes on. None of the present methods used in morphology brings
us nearer to-achieving this end; none even attempts to do so. The
assumption generally introduced, that uplift and denudation were sue-
cessive processes, or could at any rate be treated ss such, has stood in
the way. In this respect the only difference between the cycle theory and
its opponents is that Davis made the above assumption in order to pro-
vide a specially simple case, of particular use in illustrating the cycle
concept; but, at the same time, he kept well in mind*® the importance of
concurrent uplift and denudation. To be sure, this was a notion of
which he scarcely ever made use, and his followers never. Those of the
other school, no less schematically, start in every case from the same
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assumption; they, moreover, have occasicnally tried to justify the
general correctness and permissibility of such a course!®, It is as if they
made use of a device familiar in school physics, which is merely a make-
shift for presenting in a physically correct manner the resultant of pro-
cesses acting concurrently. This is a grave mistake in method.

It is permissible to proceed in this way only in the case of umifarm
forces which, in successive units of time, produce effects that remain of
equal magnitude. If, in a diagram such as Fig. 1, the co-ordinates ab
and be represent the effects of simultaneous, uniform forces, the straight
line ac represents the resultant effect during the whole process. In order
to ascertain this, it is sufficient to follow the events first from a 10 b,
thentoc.

(e) Tur DiFFerEnTIAL METHOD

It 15 quite different, however, when forces acting simultaneously are
#of amiform, i.e. are changing their intensities in successive units of time
and are therefore doing different amounts of work. To find out the
resultant dunng the whole process, it is here necessary fo follow the
course of Nature contineonsly, as was made possible in physics, where
siich problems are constantly cropping up, only by the invention of the
differential calculus*®. To make this clear, let us remind ourselves of the
problem: to find the trajectory of a missile fired horizontally from a
point a (Fig, 1), As the effect of the firing, it would reach & but at the
same time, under the influence of the force of gravity, it would drop
down by the amount be. T'o find point ¢, which the projectile reaches, it
would really be sufficient to follow events first from a to &, then from
& to ¢, that 13 to imagine the effects of the finng and of gravity as coming
into play successively. The trajectory, however, has not been found in
that way. It lis on & curve of some kind between the initial and final
points, between a and ¢. To determine it, we must find out how the
magnitude of the operating forces alters in successive exceedingly small
units of time. This can be done by plotting a diagram of forces for each
moment, a5 in our figure, e.g. ab'c, @®6%2 , | , aWbWem, ete,, so that the
simultaneous effect of the forces is represented by the very minute
distances ac', a’c® . . . @™¢™, etc., as if they were uniform during these
extremely short intervals of time and took place successively. The error
thus made becomes infinitesimally small, if the values chosen for the
diagram are made infinitesimally minute; and this method, consisting of
an infinite number of infinitely small variables, comes infinitely near the
contimuous course of Nature. This becomes clear if in our figure the
triangles ab'c', a'h®c, etc., are, as is necessary, made infinitely small;
they then disappear completely in the full line axe. Since the forces are
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now changing from moment to moment, the very small distances ab',
a®?, etc. and b'el, b%*, ete,, are thus of different lengths, and so the in-
finitely small resultants ac', a%*, etc., are also of different lengths and at
different inclinations. Strung out after ane another, they do not form a
straight line, but bend in a curve: the trajectory axc which was to be
found. This is the differential method. 1t is the only way that leads to our
goal, which is the exact representation of the resultant of several simultaneous
processes that are not acting uniformly during their course.

The forces which take part in modelling the land do not act unifarmly. It
has already been shown that this is so for denudation, and it is a matter
of course for crustal movements. They begin from the position of rest,

Fig. 1

so they must then be accelerated; and they end with the position of rest,
having then suffered deceleration. Whether or not the starting point and
the end coingide with a position of absolute rest is of no importance. If
indeed we think of the alternation of uplift and subsidence, as has so
often, if not us a general rule, taken place on the earth, then the position
where subsidence chunges to uplift (or vice versa) is the position of rest,
In any case, the movement of the erust is a non-uniform process, which be-
comes uniform only temporarily during its course, but can never begin uni-
formly with any definite velocity. It ia not superfluous to stress this
abvious factor in view of the often inadequate conceptions which are
widespread as to the physics of motion, and even of the fundamental
concepts of physics.

To illustrate the position, let us draw a diagram (Fig. 1), in which the
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co-ordinates represent the effects of crustal movement (a &) and of denu-
dational procesees (b¢). The result of their simultneous action, the
forms of denudation, then appears in the shape of curves between a and
¢. Naturally they are all situsted within the triangle abe; since any
curve drawn outside it, as for example, a curve deviating in convex
fashion downwirds from the straight line a ¢, would signify that denuda-
tion had begun before subsequent endogenetic action had exposed the
crustal fragment to exogenetic destruction or, in other words, that
denudation was the prerequisite for crustal movement. Within the tri-
angle an infinite number of curves are possible, all of which begin at
point a and end at ¢. Each of these curves represents not a single form,
but a developing series of forms through which a crustal fragment passes
when it is being uplifted and denuded. Tt is obvious that all the series of
land forms which can possibly develop on the earth have one common
starting point and one common final form. The former is characterised
by the beginning of uplift and denudation (point a), the latter by the
extinction of endogenetic and exogenetic displacements of material
(point ¢). In between lies the endless variety of forms that correspond to
the varying ratio of intensity of exogenetic processes to that of endo-
genetic ones; and they are arranged on an infinite number of curves, each
of which represents a series of forms peculiar to the surface develop-
ment of a crustal fragment which has had a particular course of endo-
genetic development.

Thus we see that land forms are not, as the erosion cycle postulates, a
single developing series, but that they form an infinite number, and that they
are arranged [on the diagram], not in a line, but on a surface. This surface
is enclosed by two limiting curves that, at least as regards total dimen-
sions, represent developing serics which, on the earth, are just not pos-
sible: the straight line a ¢, that is the series of forms arising from the
uniform development of uplift and denudation, and the axes a b—be,
which would be the series of forms that would arise if uplift and denuda-
tion succeeded one another. Whether fragments of the limiting corves can
be observed as component parts in the development of forms on the
earth, and which fragments might in that way be realised, will have 1o
be decided by the following investigation.

The relationship of the cycle of erosion (and of methods based upon
similar assumptions) to the complex of problems concerning develop-
ment of land forms now becomes evident. Point b in the diagram repre-
sents denudation which sets in only after the completion of uplift; and
the series of forms that arise purely as the work of denudation on a
motionless block is represented by one limb of the limiting curve: the
line & ¢. Its starting point b by no means coincides with the point (a)
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from which all development of forms on the earth begins. The perfectly
arbitrary choice of that starting point is clearly shown. But, on the other
hand, thnrealmm:rgmﬂu:faﬂth:tnkhnnghthcmcthnd adopted for
the erosion cycle (in its applied form) is incorrect in principle, yet it
must nevertheless lead to the discovery of the correct final form common
to every one of the series of denudational forms that develop on the
earth, provided that the method was logically correct and not based upon
faulty exogenetic assumptions. The theory of the cycle of erosion does
satisfy both these requisites, a8 cannot be doubted even by its opponents.
Point ¢ in the disgram represents the end-peneplane,* the peneplain,
the origin of which was made clear by W. M. Davis, and a little later,
independently, by A. Penck, both basing themselves upon detailed in-
ductive observation'®. One could nat, however, in this way deduce a
single one among the infinite series of developing land forms which are
not only possible but actually exist on the carth in the different parts
which have had various endogenetic histories. Almost everything in this
field still remains to be done by morphology. Not merely must the in-
vestigation start at the beginning of uplift and denmdation (point a); it
must take into account not only the simultaneous effects of endogenetic
and exogenetic action, but above all their variable intensities'®. For this
one must turn to the methods of physics, and indeed to such as permit a con-
tinous following of the variable quantities, that is, the differential method.
This method not only can, but must be used in investigating the inter-
dependence between the processes of movement which take part in the
modelling of the land. For mass-transport of eroded material depends
upon a gradient, the factors producing which are crustal movements;
and mass-movement of denuded material depends upon a gradient, the
producing which arise from the results of erosionf?*®,
This leads to the

(d) Present METHOD OF APPROACH
The main stress is laid upon investigating the ways in which denuda-
tion works, and the prepamtory processes, the aim being to find out if
denudation follows laws which are uniformly applicable and what these
are. ‘Thus, in the first place, it is a matter of studying those processes of
denudation the course of which depends directly upon the surface
gradient of the crust and therefore indirectly upon its movements. These

F See glossary.] e ple
+ Translutors’ noto: The author's distinction between erosion along the line

of n watercourse and denudation over 8 whole surface must constantly be borne
o tnind. This point of difference between German and English-American
usage was discussed by W. M. Davis, Fourn, Geol, XXXVIIL (1930), p. 13:]
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fall into two categories: (@) denudational processes in which the move-
ment is spontanecus®; (b) those making use of an agent that is itself in
motion (air, water, ice). Now group (b) includes also processes which
depend only remotely, or not at all, upon the surface gradient, and
which do not show any direct connection with crustal movement. Cur-
rents in standing water, particularly in the sea, are examples of this, and
air currents. In both cases, lines of movement within one and the same
medium are caused by differences of pressure. They imprint upon the
surface of the crust features having no connection with crustal move-
ments, which have but a limited value, or none at all, for discovering
these. Hence this book does not treat of ocean currents; and the effects
of wind are considered only in so far as they act with and influence other
sub-aerial streams that are dependent upon gravity, Their work must be
distinguished from endogenetic influences, even though it is restricted
to certain parts of the earth, and is of limited importance in these. It is
particularly over arid stretches of land, devoid of any continuous cover
of vegetation, that wind effects are encountered; and the lowest base
level to which they can possibly extend is the surface of any accumula-
tion of water, For arid regions this means, in the first place, the water
table. This is so for basins of inland drainage, the visible surface of which
forms the base level of erosion for the bordering slopes; and its position
is determined—if not exclusively, yet in the main—by climatic condi-
tions and not by those of crustal movement, Wind may here play a
considerable part in the modelling of those slopes; not indeed directly,
as observation shows, but indirectly through bringing the base level of
erosion down to the level of the (dry season) water table,

Minor forms due to wind action appear all over the world, wherever
there is an arid portion of surface exposed to the wind, provided
weathering has previously done its work. But even apart from these, it is
climate which primarily conditions the denuding as well as the deposi-
tional activity of the wind. Nowhere indeed are the forms which it pro-
duces dominant, ot even in the regions of its greatest importance; but
they are overprinted upon the dominant forms, forms which there too
have been created by denudational processes bound up with the surface
gradient.

The movement of ice and snow, and the effects produced by them,
present similar relationships. T'rue, their movements follow the surface
gradients; yet their existence 18 a response to climatic conditions. It is
unsuitable, therefore, to use forms produced by them for the deduction
of crustal movements. That their origin has no direct connection with
these is at once evident from the character of their level of reference, the

[* Seep. 64.]
] F.MLA.
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base levels of erosion below which their sculpturing cannot possibly
reach. For glaciers, that level is the melting lower end; for the stretches
lying between them, it is the snow-line. The position of the melting tip
depends both upon that of the snow-line, determined exclusively by
climate, and upon the mass of each individual siream of ice which, other
things being equal, increases with the size of the gathering ground. With
stable climatic conditions, the influence of crustal movements is to alter
the position of the glacier snout and that of the snow-line, not with
reference to the base level of running water, e.g. sea-level, but with
reference to the glaciated summits or to the original position of the snow-
line, Thus, investigation of glacial phenomena can establish to what ex-
tent the observed displacements of the snow-line are due to climatic
changes or to crustal movements, but no clue is thereby given as to the
nature or course of these events. Hence the whole set of phenomena
belonging to glacial geology also falls outside the scape of this book.

And finally, an examination of coastal development has no place here.
Knowledge is assumed of the processes which are today considered to be
modelling the details of sea-coasts, whether by denudation or by deposi-
tion, and of how these processes are believed to transform coasts which
are neither rising nor sinking. For the problems here treated, the only
phenomena of importance are those from which it is possible to deduce
vertical movement of the const-line, with the necessarily associated hori-
zontal displacement, uplift and subsidence of the solid earth, rise and
fall of sea-level. In so far as eustatic fluctuations can be successfully ex-
cluded, these phenomena supply information as to the occurrence of the
crustal movements, the time of their commencement, and their direction
(relative to sea-level); but only in a limited degree to their course of
development and changes in intensity. In this respect they fall into the
same category as the conditions of rock stratificavion. This does not
remove the necessity for a somewhat detailed consideration of the proved
ocacillations of the coast-line; for this concerns the ascillations of the base
level of erosion for runming water, which—whatever their origin—have
the greatest conceivable repercussions on the modelling of the land, the
type of denudation and deposition, and the distribution of these,

That the investigation may be directed aright with reference both to
matter and place, we are beginning with a short survey of the earth's
crust and its structure, this being the stage for all geological and morpho-
logical occurrences.



CHAPTER 1I
THE EARTH'S CRUST

ariations in physical properties, such as capacity for expansion,
elasticity, cohesion, etc., and in chemical composition of con-
stituent minerals, make rock susceptible in varying degrees to the chem-
ical and physical influences which provail at the earth’s surface. Such
susceptibility is influenced further by the kind of mineral fabric and its
strength, the fexture of the rock, and above all by vanations in its
cohesion. Cohesion depends not only upon the texture but also upon
structure, a term comprising such phenomena as rock partings along
divisional planes (say, bedding or foliation planes), cavity filling, form
and extent of pore space, etc., the cement, its nature and strength, dia-
genesis, and the various stages of metamorphism such as contact effects,
impregnation, reconstitution, recrystallisation. The sum total of these
properties, together with the details of rock stratification, in short, the
character of the rock,* are responsible for the various degrees of resis-
tance which rocks offer to chemical and mechanical destruction. They
vary not only from one case to another; but they also vary from place to
place, even when climatic conditions and exposure are identical. Thus,
other things betng equal, it &5 the character of the rock which proves to be
the determining factor in the detailed sculpturing of denudational forms,
Careful tracing of this adaptation of form to rock character is essential for
learning how to distinguish its morphological influence from that
exerted by endogenetic processes, the crustal movements. The endo-
genetic conditions that are morphologically significant are twofold: those
which are dynamic, the endogenetic processes, viz. movement and trans-
ference of material, which will not be considered here; and those which
are static, the endopenetic states resulting from those processes. The
latter include the three following elements which should be carefully
distinguished: (@) the composition of the crust, which consists of many
different kinds of rock, (&) its structure, which determines the surface
distribution and arrangement of the rock types, and (¢) the altitudinal

modelling.

1.. COMPOSITION AND STRUCTURE OF THE CRUST
The structure, the internal build, is the sum total of all the strati-
graphical relationships®, Wherever there are upstanding portions of the
* Gesteinyrerlidlinisse.
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land, and these are the only places where observations can be made, two
essentially different structural zones can be distinguished in broad outline,
These may be called the substructure and the superstructure. The boundary
between them lies at a stratigraphical horizon which varies from place to
place, and is nowhere associated with a surface at a definite level.

The characteristic feature of the substructure i folding, in all rocks
capable of folding, that is those with parting planes (bedding and folia-
tion) whether original or acquired. At any given temperature there is a
definite limit to the capacity for folding possessed by a rock with given
properties. If compression has caused this limit to be reached, the rocks
become imcompetent; and from that moment they react to the continued
pressure in a different way, viz. by molecular transformation. This is
most nearly complete in the deep-seated zones along the lines of folding.
Here, as may be seen for example, in the central parts of the Alps or of
the Variscan folds, not only are the structural characteristics lost and re-
pliced by others, a discordance disappearing, for instance, and being
represented by a tectonic concordance, but the rock itself undergoes
complete reconstitution, recrystallisation, and acquires a new mineralo-
gical composition and a new arrangement of the companent minerals. It
is exclusively in the substructure that such reconstitution phenomena
oceur: it is here that schistosity and the crystalline schists oniginate. Itis,
finally, in the substructure that most of the magmatic injections are to be
found, in particular all those huge intrusive bodies showing a granular
texture, of which stocks and batholiths are typical.

The substructure is exposed over vast areas of land; everywhere it
forms the base, the foundation, upon which other material, wherever
this is present, is piled. It may, therefore, be taken as the peripheral part
of the earth's crust proper, even though what might be considered as the
remains of the planet’s hypothetical, original crust, due to its solidifica-
tion, cannot be seen anywhere, even in this. Rather, according to our
present state of knowledge, it is exclusively of reassorted sedimentary
material and of igneous rocks that this lower zone consists. The sedimen-
tary material here reassorted was formerly worn off upstanding parts,
depasited in depressions, and folded throughout its entire extent, though
at different periods, In the deep-seated zones it underwent reconstitu-
tion along the lines of folding; but in its peripheral parts the sediment ary

ies are more or less clearly preserved. The igneous rocks are
partly in the form of intercalations of extrusive material, but are mainly
intrusions which must have increased the volume and mass of that shell
of the lithosphere concerned. Thus, though they are not the only types,
crystalline siliceous rocks are by far the commonest rocks found in the
substructure,
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Stretches of this substructure are covered by a thin, incomplete
mantle of rock, the superstructure. It is made up of sediments which show
no signs whatever of reconstitution. "Ihere are, in addition, extensive
volcanic extrusions, and small intrusive bodies of a hypabyssal nature
(typically the true laccolith) which penetrate the sedimentary mantle. In
the superstructure, clastic matenal is more common than crystalline;
and the chemically stable substances, such as limestone, quartz; hydrated
silicate of aluminium, etc., to be traced back to the end-products of
weathering, predominate over the chemieally unstable silicates.

These striking, but by no means universal, differences in rock texture
and composition lead to a general difference in suscepribility to rock
reduction in these two structural zones. On the whole, too, they provide
different conditions for circulation of water. But what is of greatest signi-
ficance is the difference found everywhere in the bedding: the super-
structure has no folding, its tectonic disturbances are restricted to those of
a minor degree. Flat bedding is typical of the superstructure; and it
alone affords the conditions requisite for the formation of tablelands
and scarplands such as are so impressive in south-west Germany.

Now what are the genetic relations between superstructure and sub-
structure? What delimits the one from the other? Nowhere on earth are
flat-lying Archaean beds known; everywhere they are folded. But the
lower surface of the Palacozoic by no means coincides with the boundary
between superstructure and substructure. It is found instead that all
divisions of the geological formations, from the oldest Palaeozoic up to
and including the Lower or the Middle Pliocene, are represented in both
the substructure and the superstructure: the strata, as individual forma-
tions, but never complete in & continuous sequence the same every-
where, occur flat bedded in one part of the world; but on approaching
certain belts, these very same strata lose this property: they are folded
and so have acquired the characteristics of the substructure. This may be
excellently seen by comparing, for example, the unfolded Palagozoics
of the Baltic provinces with those of the same age but within the
Armorican-Variscan belt of folding; or the Mesozoics of south-west

sermany with the Trnassic and Jurassic of the Alps, and the north
Germin Tertiaries with the equivalent formations at the edge of the
Alps. The fundamental difference is not the texture or composition of
the rocks, but their bedding. I the one set of regions, rocks of the super-
structure transgress over an older folded substratum; in the fold belts, they
are, by wirtue of their folding, incorporated in the substructure. The com-
pleteness with which this process takes place is seen in the reconstitution
of Mesozoic sediments to form schists in certain parts of the Alps or of
the Apennines, these sediments being the same as those which, outside
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the belt of geologically youthful folding, form parts of a scarcely dis-
turbed superstructure. The lower surface of this, i.e. the boundary be-
tween it and substructure, is always a fold-discordance.

Evidence as to the arrangement of the zones of folding that compose
the substructure, and the date of their formation, is afforded not only by
their position within the sequence of geological formations, but also by
their position on the earth’s surface. Those of more remote periods are
shown to have just as regular a distribution as the fold belts of geolo-
gically recent origin. In the first place, there is an increasing certainty
that, on the whole, the folding includes wider areas, the earlier it began,
In the Archaean, a period of unknown duration, no part of the crust was
exempt from folding. Archaean beds are always folded, wherever they
have been examined. This folding certainly did not take place simul-
taneously all over the earth, but successively both in time and place. As
far back as the Upper Silurian and Lower Devonian, there had been a
substantial narrowing of the area in which folding recurred. In Eur-
Africa, for example, the region folded at that time extended only from
the north of Scotland to the central Sudan. A further narrowing had
taken place by the Upper Carboniferous—the region of folds then
stretched only from southern England to the Sahara south of the Atlas
Jands; and by the Tertiary we find the occurrence of folding limited to a
narrow strip traversing the Mediterranean lands in a winding course,
Similar successive narrowings of the folded area have been established
for the two Americas, Asia and Australia. It is a universal phenomenon.

Thus, in course of time, these properties of the crust which allow the
strata of the superstructure to be compressed and folded, are lost over
wider and wider areas, The visible parts of these areas withdrawn from
folding, made rigid as it were, are called continental masses; and the
mantle of sediments, in so far as any were laid down, is preserved with
little disturbance to form the superstructure. On account of the zonary
narrowing of the fold belts, the base of this is usually at a lower strati-
graphical level the further it is from the Mesozoic-Tertiary strip of
folding.

The development of the crustal structure is according to law. Up to
the present, it has led to contraction, into two narrow belts, of the zones
within which folding could originate: one of these, the Pacific belt, sur-
rounds the Pacific Ocean; the other, the Mediterranean belt, stretches
from the Atlantic through the Mediterranean region and south Asia to
the Pacific Ocean, where it joins the Pacific belt. These are zomes of in-
stakility, in which we recognise remains of earlier, much more extensive
zones that had similar characteristics. Loss of instability cannot be
traced to folding. Otherwise those areas in which the superstructure had
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once been folded to incompetence would thereafter remain stable, so
acquiring and retaining the properties of the rigid continental masses.
Obviously this is mof the case. In the Alps, as well as in other young fold
mountains, the marks of Permian, Carboniferous, and still older periods
of folding are in many places visible in the uncovered hasement of folded
Mesozoics, Folding does not prevent the recurrence of folding at the
same place. Folding causes whatever material in the superstructure is
capable of folding to become incorporated in the substructure, but the crustal
instability is in no way removed. This instability is not just due to the fact
that the rock material is capable of being folded, but is the property
which the crust possesses of carrying out movements of a special kind;
and it does not possess this property outside the zones of instability. The
most outstanding feature is that within these zones the earth's crust is
able to sink down into deep elongated troughs, troughs within which
sediments accumulate throughout geological periods, so that a specially
thick superstructure is produced (geosynclines); and later, during and
after the folding of this, they rise again, to form mountains. But it must
be emphasised that the folding, and the rising of the folded parts with
their substratum to form mountains, by no means destroys the ability of
the crust to sink again at the same place to form a trough of sedimenta-
tion, nor prevents its filling material from being yet again folded. This
ability of the superstructure, on reaching a certain thickness, to sink
down, to become folded, and to rise as mountain chains, is however lost
in course of time to ever wider areas, as may be seen from the way in
which crustal structures behave; or, in other words: the rigid continental
masses grow at the expense of the zones of instability.

It is the conditions in the superstructure which best reflect the differ-
ences in nature between stable continental masses and the zones of in-
stability, On the stable blocks, it is, when present, of slight thickness,
and has no deep sea formations. Its structural characteristic, flat bedding,
is retained even if it has been affected by crustal movement, has suffered
tectonic disturbance and has become, on a rising continent, an area of
denudation, In the unstable zones it is far otherwise. In narrow sub-
siding troughs there accumulates 4 superstructure the thickness of which
is to be measured in kilometres, and incliudes strata having abyssal facies.
If involved in crustal movement, it loses its structural characteristics; it
becomes folded, and thereafter behaves like any other part of the sub-
structure, the folding of which may go back any distance in time, pro-
vided it is not part of what has already become a definitely rigid con-
tinental block.

In this way we learn, from the fate of the superstructure, that crustal
movements are of a different type in stable and unstable regions, Apart
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from seismic and magmatic phenomena, to which we shall return in
another connection, this difference is reflected particularly in the alti-
tudinal form.

z. THE ALTITUDINAL FORM OF THE EARTH'S CRUST:
HOW IT IS BUILT UP

The stable and the unstable regions coincide respectively with the
two systems of major land forms. In each, there are elevations and
depressions, of a common type and of a common order of magnitude,
standing opposed to one another, Continental masses and oceans form
the one system. This comprises by far the greater part of the earth’s
surface, and the second system, arranged in two narrow belts, divides it
into three self-contained units. The first of these lies around the North
Pole and is formed of North America east of the Cordillera and north of
thie Antilles, Greenland and the north of Eurasia, including the islands
and seas in between. The second is made up of South America east of
the Andes, Africa south of the Atlas, the greater part of Antarctica,
Australia and India, with the Indian and South Atlantic Oceans. The
Pacific Ocean covers the whole of the third. These three areas are un-
equal in size, this being determined by the course of the two mountain
belts mentioned above: the Pacific belt which is firmly welded on to one
side of the continental masses whilst on the other it faces the Pacific
Ocean: and the Mediterranean belt, the greater part of which is between
continental masses lying to the north and south. Where this reaches the
sea it, like the Pacific belt, gives rise to a ‘strike’ coast, called by E. Suess
the Pacific type of coast. It may be contrasted with the Atlantic type,
which is not formed by zones of recent mountain building, but cuts
across them and frequently also across the older structures, However it
oceasionally runs almost parallel to the latter for thousands of kilometres,
as for instance in the case of almost the whole north and east coast of
South America as fur as La Plata. Just as the Pacific type of coast charac-
terises the mountain belts, so the Atlantic type forms the oceanic boun-
dary of the continental masses. Apart from deep-rooted contrasts of a
seismic, and even more of a magmatic nature®™, the form of the land
surface is the most obvious indication of this typical armngement and
delimitation which present some of the most difficult problems of geo-
logy, and obviously are the result of an extraordinarily long development
controlled by definite laws®® (sce p. 33): So far as the oceans and con-
tinents are concerned, this surface modelling, in spite of all kinds of
differences in detail, is characterised by world-wide uniformity. The
simplicity of the ocean floor, which has an average depth of between
4000 and 5000 metres, has been confirmed by all the more recent sound-
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ings, and it is not to be expected that a further increase in density of the
still wide-meshed network of soundings will invalidate the result of our
present knowledge®®. The form of the continental surface, including the
shelf seus, is no different in nature, Steeper slopes, locally with the steep-
ness of precipices, form a link between the simple features of the ocean
floor and the gentle relief of the continental platforms. ‘These have, as a
rule, no very great relative or absolute height. ‘T'he steeper slopes, found
at the continental muargins and more particularly in the mountain belts,
are thus features alien to the elevations formed as the continental surface
buckled in various ways. ‘Take any part of the crust which has undergone
uniform movement, and express as a fraction the ratio between its alti-
tude and its horizontal diameter—that 15, its angle of slope, its slope
being that of a plane touching the individual heights carved out by
denudation. It will be found that the average value of this fraction is far
smaller for areas on the continental masses than that which is typical of
the narrow elongated elevations occurring in the mountain belts,

The youngest folded structure found in the stable regions is late
Palaeozoic. With few exceptions, the upwarpings of the continental sur-
face cut across this structure, thus showing in 4 direct manner that they
are of more recent origin. But even where, 35 in the upstanding massifs of
the Urals or the Appalachians, their extent is determined by the course
of the old structure, a wide gap of time separates their ongin from that of
the folds; the upstanding mountainous feature is a creation of geolo-
gically recent date, and has not the least connection with the folding of
the strata. They cannot be called ‘fold mountains’,

Fold mountains, the characteristic of which is the approximate co-
incidenee of fold structure and mountainous elevation in extent, arrange-
ment and time of arigin, occur today only within the two mountain belts,
which are the second system of the earth's major forms. In general
terms, the raised forms are elongated and comparatively narrow arch-
ings of the crust which usually take a curved and even festoaned course;
sometimes they bend right around deep basins filled by the sea—e.g. the
Mediterranean region—or around continental basins of the same type as
the Pannonian Basin or that of eastern Turkistan. They are systems of
closely ranged chains; and in certain zones, such as Inner Anatolia, Tran,
Tibet, Puna de Atacama, etc., their height above the intervening troughs,
i.e. the relative height, diminishes, while at the same time the whole
system is apparently increasing in average altitude and in width. In these
cases, the individual chains may be seen to separate further from one
another and even to die out, so that the longitudinal depressions fuse
together, thus widening to form high-lying basin-like hollows, These
systems of mountain chains are regularly accompanied by zones of sub-
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sidence, the marginal deeps, which are more or less their equivalents.
They, too, appear to differ in their nature. One sort, including the deep
sea troughs, are apparently geosynclines of the same type as the Meso-
zoic sedimentation troughs which were later transformed into lines of
folding. They are usually to be found quite close to them. The Adriatic
Sea, with the Plain of the Po, belongs to this type. As regards gravity
compensation, their behaviour is different from that of the equally elon-
gated regions of subsidence of the Alpine Foreland type'®, which are not
confined to the neighbourhood of the Mesozoic-Tertiary fold zones but,
like the Gran Chaco - Pampa trough, for example, may also occur with
systems of ranges showing no recent folding. Just as the chain mountains
in general tower above the mean height of the continents, so the corre-
sponding marginal deeps, genetically connected with them, sometimes
sink to considerable depths below the general level of the ocean floor.
The earth’s greatest altitudes and its greatest depths belong to the
mountain belts; and between these extremes, the elevations above sea-
level and the depressions below it attain a matchless variety of form.

The occurrence of fold mountains, as defined above, where systems of
mountain chains exist, led to the idea that the mountains were due to
‘up-folding’. E. Suess in particular set forth this view in his book The
Face of the Earth. It was thought that the mere folding of strata could
produce an actual ahsolute uplift of the rock forming the carth’s cruat.
In Europe most of the important elevations do characteristically show a
Mesozoic-Tertiary compression of strata, Mesozoic and more recent in
age, so that this concept was a possible one; and the same connection can
also be traced in mountain chains of southern Anatolia, southern Iran,
and on through the Himalayan system to the furthest of the Sunda
Islands.

Yet, for the two Americas, even though analogous features do occur,
to some extent, it is often impossible to maintain a causal relationship:
altitudinal form because of folding.

Opposed to this are two sets of important facts: first of all, we know
from experience that intensity of folding does not correspond with
greater or less development of altitude. Take, for example, the lower sur-
face of the Gosau transgression in the Eastern Alps. Following it out, one
finds that, with a change of facies, it becomes detached from the concord-
ant series of strata which at one time formed the Flysch foreland, and
transgresses along a denudation surface of flattish form very little broken
up by vertical dissection; it passes over belts which are highly folded and,
a little further to the south, even overthrust. Then, in the region of the
inner and most violently disturbed zone of the Calcareous Alps (Otscher
nappe—Hahn's Tyrolese unit and Juvavian nappe) it comes on to a
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moderately dissected mountain land, penetrating its valleys. It seems
that pre-Gosay movements had formed the central parts of the Eastern
Alps into majestic mountains; but it is by no means certain that any
equally severe compression of strata took place there. It seems unlikely
that the pre-Gosau hilly country mentioned sbove, and the peneplane
(piedmont flat) of the same age which adjoins it to the north, could have
been produced from a mountain region of moderate or perhaps great
height during that short period of most vigorous crustal movement be-
tween the time when it arose and when it was covered.

Features of the outer ranges of the Dinarids and of the western Taurus
are no less impressive. Crossing from inner to outer zones, ever higher
horizons beginning with Lower Cretaceous, transgress inwards towards
the mountains over a violently folded substratum, along what is gen-
erally a perfectly graded peneplane. Each successive zone outwards in-
variably shows that the transgressing strata were later themselves folded,
and then in a similar way covered by younger horizons. There can never
have been anything but more or less graded peneplanes at the places
where these surfaces of transgression now occur; for outwards (what was
then seawards) they end in bedding planes. This is quite apart from the
fact that the intervals between the periods when folding began and when
the folds were covered in (and these were quite brief, especially in the
outer zones) were times of very strong crustal movement which absol-
utely precluded the formation of end-peneplanes. Exactly the same
thing, but extended over the whole area of falding, is found in the zones
of Upper Jurassic folding in the Pacific mountain belt and of the
alightly younger, pre-Cretaceous phase of Saxonian folding in Central
Europe. In both regions, the covering strata transgress on to and over
beds which are of Upper Oxfordian age in the Pacific belt, and of Lower
Cretaceous in Central Eurape; and in both, the surface below them is a
perfectly graded land surface, a peneplane, as can easily be verified in the
neighbourhood of the Westphalian Cretaceous syncline. In western
Argentina the unconformity passes into 2 bedding plane; it corresponds
to the duration of the Lower Oxfordian, i.e. a very brief period and one
of tectonic unrest. All the same, the only land form present is a pene-
plane which cannot under such circumstances have been produced from
mare vigorous modelling such as mountain country, The position in the
district of the Westphalian Cretaceous syncline is analogous, and still
clearer. The Cretaceous there transgresses over a peneplane which can
be clearly seen both at the edge and also, by means of borings, in the
interior; it stretches south-west to north-east, in the direction of the
former slope, over the Variscan structure of the Rhine Massif, its early
Mesozoic deposits, and the zones of Saxonian folding and faulting: In
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the same direction, the Cretaceous series from Cenomanian to Valan-
ginian and Wealden is gradually completed downwards, the Jurassic
series from Kimmeridgian and Wealden upwards, so that somewhere
near Biclefeld the unconformity passes into a bedding plane. This posi-
tion, too, makes it impossible for there ever to have been any other land
forms than this graded peneplane on the folded substratum (see p. 165)%%.
These instances, the number of which could easily be multiplied, show
that folding is not always connected with the production of mountain
heights; and that a -ahnrp distinction must be made between the folding
of strata and the raising of the folded strip.

Again, and more important still, insufficient attention has been paid
to the fact that the Mesozoic-Tertiary zones of folding form only a frac-
tion of the mountain belts of the world. These by no means coincide with
the fold belts, but reach out far beyond them. Even in the narrow
Dinaric-Tauric festoon, and to a greater extent further eastward (inner
Armenian-Iranian ranges—Pamir), it becomes clear that the mountain
ranges have nothing at all to do with the lines of recent folding. Either
they croes them at an acute angle (Anatolia)**; or, more commionly, they
are parts of the crust having & superstructure not folded at all, or
scarcely so, and a substructure folded at some far distant period of earth
movement, Here it is quite evident that folding and raising are indepen-
dent processes, separated in time. The Central Asiatic systems of ranges,
often exceeding 6,000 metres in height, which occur north and north-
east of the Himalaya zone and stretch to the Behring Sea, as well as the
greater part of the Andine ranges of both the Americas, belong to this
class of mountains. For a long time it was thought that they were systems
of tilted blocks, or long narrow horsts lifted above equally narrow rifts;
thus overwhelming importance was assigned to the formation of fauls,
even though their existence was not always proved, very often not even
sought®”,

It has recently been shown that this division into ranges, separated by
longitudinal depressions, is the result of undulatory warping which, in
certain areas, has affected and is still affecting a peripheral crustal shell,
obviously sheared. In their essence, the ranges are anticlines, the troughs
synclines. Broad folding® was the name given to the process®. So far as
can be seen at the present day, it is regularly accompanied by simul-
tancous regional arching of the whole block which is being folded.
Faults and overthrusts may develop when the broad folding reaches
stages of increased intensity, But they are features accompanying move-
ment of a higher order, and are associated with the properties of the
material being moved and with the degree of intensity of the movement,

* Grossfaltunyg,



ALTITUDINAL FORM AND CRUSTAL STRUCTURE 29

Thus they do not, as has been frequently proved, influence the general
character of the movement; this can always be recognised as an undula-
ting or folded arching (mountain arch) of extended phase. There is good
foundation for the belief that upfolding is not—as was originally
thought®*®—the effect of an extrancous compression, but is an intrusive
enlargement of the area affected, and thus consequent upen the entry of
magma into the crust®®,

Very often—for dry regions one may say usually—the broad synclines
are areas of deposition. It has been shown, for the Andes of north-west
Argentina, how arching of the ranges reacts upon the correlated® strata
which have accumulated in the synclines, how they are distorted and
folded. Analogous phenomena have been found in Anatolia, in the Tien
Shan and Persia, in the Sunda Islands and in several other parts of the
mountain belts?®, This may, among other things, account for the differ-
ence of opinion as to whether the Island of Celebes is of fold-mountain
structure or not. Apparently the champions on the one side considered
that the essential feature was the folded Neogene in the broad synclines;
whilst the others took it to be the Eocene which is occasionally visible on
the broad anticlines and is not folded at all, or scarcely so. Our attention
is thus directed to another question, extremely important from the
morphological point of view.

3. CONNECTION BETWEEN ALTITUDINAL FORM AND
THE STRUCTURE OF THE EARTH'S CRUST

A sharp division in time between folding and up-arching of strata,
clearly seen where broad folding has affected mountain belts outside the
Mesozoic geosynclines, does not exist along the lines of the Mesozoic-
Tertiary folding itself. Here an overlap in time has been established for
the ongin of individual lines of folding and their elevations as moun-
tains. This, together with the fact that they coincide in space, shows an
intimate connection between these different effects of mountain-building
forces, In the western Taurus bundles of folded strata and packets of
rock slices are combined into single ranges of broad folds which sub-
divide the rised Tauric arc, producing 2 regular up and down effect,
parallel to its strike. Broad folding, which has produced the system of
ranges, is here a continuation of the folding of the strata and outlasts it®s,
In the Alps, too, conditions arc similar. Their complicated structure,
and the far-reaching dissection into regions of peaks and regions of
valleys make it very difficult to find the answer to the problem under
consideration; but youthful movements of the type of broad folding

[* See glossary.]
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probably did occur, and have been structurally proved for their eastern
end?'. Here, too, broad folding is the process which outlasts the folding
of strata and which produces the altitudinal form of the mountain masses;
and it is the same in the Andes of north-west Argentina where, also,
packets of completed folds have been raised in broad folds. Similar ob-
servations have been made in the region of the Mesozoic geosyncline of
eastern Mexico, and in the Basin Ranges of North America™. The same
thing appears very distinctly in eastern Greece and western Asia Minor
within the Dinaric-Tauric festoon. Here the late Mesozoic and early
Tertiary fold lines play no part whatsoever in building up the altitude of
the mountains, but are cut transversely across their strike by the ranges
which are typical broad folds*. Thus there are already many indications
that broad folding is the process swhich determines the altitudinal form of the
mountain belts. It probably also determined the zanes of Mesosoic-Tertiary
geosynelines in which the sediments, now visible along the lines of folding,
were deposited. For it seems to be generally true that the broad folding con-
timues, as it were, the folding of the strata, and in any case outlasts it; 5o
that its effect—the altitudinal form of the system of ranges—becomes evident
when the folding of the strata is approaching the phase of tncompetence
whereby the material of the superstructure becomes incorporated in the sub-
structure. Then, as may be seen by inspection, the line of young folds
behaves, in respect of the mountain-building processes that are still con-
tinuing, like that of any other part of the substructure within the zones
of instability®¢, however long ago this may have been folded. That is,
the line of young folds is included in the broad folding,

Structure and altitudinal form are different effects of crustal movement.
The question is to find what structure belongs to any given elevation, or
increase in altitude, of a part of the earth's crust. Tt would, of course, bea
mistake to look for connections between, for example, the Variscan fold
structure of the Harz and its present altitudinal form, They are due to
entirely different acts of formation. The movements which made the
Harz into a mountain mass are structurally recorded, not in the old folded
substructure but in the superstructure which, deposited at the side
and on the top of it, has been dragged and tilted on the one side, and
on the north side is pushed over and overthrust. This indicates a definite
and essential feature of the crustal movement that produced this
effect, viz. its direction, It is, therefore, just like folding in being bound
up with the existence of material capable of being folded, in the absence
of which it cannot occur, even though the nature and direction of the
crustal movement is perfectly adequate. Quite generally, the structural
record of any process of endogenctic movement which has produced
some upstanding part is associated with the presence of material
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that can be deformed, ie. primarily with strata of the superstructure
which before the disturbance were deposited at the side and on the top
of the portion of crust subjected to the movement. For the tectonic
expert, difficulties begin only with the absence of a superstructure in
which stratification can record how the crustal movements have oper-
ated, i.e. when these movements are indicated merely by the crustal
clevations. Every crustal mocement leaves its traces in the superstructure,
and the sum total of these makes up the structure of the earth’s crust, Not
only does this structure differ from place to place, but also it was pro-
duced at very different periods. It is preserved as a disturbance of the
bedding; but the other effect of the crustal movement, the altitudinal
maodelling or the vertical upbuilding, is not durable. Should the move-
ment die out anywhere, denudation removes all the parts that had been
left projecting, and the depressions are filled in; the structural features
alone remain,

There is thus every reason for the geologist to direct his full attention
particularly to those phenomena which represent the sum total of the
actual effects of the crustal movements, effects which are related to one
another both in time and in mode of origin, viz. structure axp altitudinal
Sform, Only at such places, and with what has so far received hittle atten-
tion, a more detailed working out of the relations between these two
effects, will it be possible to arrive at a well-founded judgment regarding
the essential features of the crustal movements and the course of their
development.

It is quite obvious that the structure may give no clue as to the course
of the movements producing it. Under persistent compression, strata are
folded to incompetence, What is then observed is, first, not the cessation
of the forces that produced the folding, but the conclusion of the fold-
ing, i.e. the fact that the material has become unsuitable for the sume
reaction to the same forces; and secondly, the total amount of disturb-
ance which has occurred up to the time of observation. Suppose that a
set of strata is being tilted by one-sided uplift, e.g. on the flank of an
arch, and by similar amounts in similar intervals of time. In due course
the tilting increases to a limiting value (vertical position). In such a case,
could observations be made at different times during the earth's history,
they would convey the picture of different degrees of disturbance, which
in every case would give the total amount of disturbance which had been
reached up to the time of observation. The structure iz altways the sum
total of individual effects; and the disturbance ix found to be greater, the
greater the amount that sum total reaches, With a given intensity of crustal
movement, structure iv a function of time.

This does not apply to the altitudinal form, as the fallowing reasoning
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will show, and as has been directly proved by the observations mentioned
above (p. 22 f.). If a part of the crust, carrying a flat-bedded super-
structure over an old-fold substructure, should be arched up, it will at
the same time be denuded. It can gain in height only when the uplift acts
more guickly than the denudation working against it. Suppose the arch-
ing to take place very slowly, so slowly that denudation can work
against it with complete success, from the very beginning; the block
cannot grow in height even when uplift laste indefinitely, unless this
latter becomes more intense, i.e. guicker. During the course of such
long-enduring slow uplift, the superstructure will vanish except for the
marginal zones, Here the strata are tilted and upturned, more so the
longer the movement lasts; but the altitudinal form remains unaltered
and small, 1t does not increase with time, unlike the degree of disturb-
ance of the strata lying above or against the upraised part, and unlike
the total amount of denudation and of course the thickness of the cor-
related strata. It does increase, however, with the intensity of the crustal
movement: for a given duration of crustal movemnt, the altitudinal form
of the earth's crust 1s a function of the intensity of uplift. This is the reverse
of the relation for crustal structure.

This fundamental connection brings out most clearly the reciprocal
relationship between tectonics and morphology. When the structure is
examined, it gives quite different information as to the essential charac-
teristics of the crustal movements from that found by examining the alti-
tudinal modelling, with its set of land forms. Tectonic and morphological
studies are complementary {o each other ; the oneisnot a substitute -for the other.

It cannot be said that in research work generally this clear relationship
between the structure and the upbuilding of the earth’s crust (altitadinal
form) takes the place which its fundamental importance deserves, especi-
ally with regard to morphology. As already mentioned, there is frequently
lacking that sharp distinction between the dynamic and the static ele-
ments in the endogenetic conditions, between causes and effects, which
is absolutely cssential. Then, above all, the assumption that the alti-
tudinal form may be thought of as something given in a completed form,
somehow produced in the past by some process of uplift now at an end,
prevents the two static endogenetic phenomena from being balanced
against one another and correctly appraised as different effects of endo-
genetic processes. Finally, reaction against the cycle concept of Davis,
who did try to separate the endogenetic conditions correctly according
to their nature, has played an equally important part in creating a school
of thought which emphasises the morphological significance of the earth’s
structural character (that of the rocks) 1o a degree which obviously can
no longer be justified.



ALTITUDINAL FORM AND CRUSTAL STRUCTURE i3

For the most beautiful structure cannot be expressed morphologically
if it is, for example, covered by the sea or reposing deep down in the
crust. Before the structure of any portion of the crust can become visible
through differential denudation (sssuming that there are rocks differing
in their powers of resistance) it must first be uplifted and exposed to
denudation. Only then can there take place that adaptation of denuda-
tional forms to the character of the rock which has been already men-
tioned. This process does not work quite simply; various other processes
depend on it; and we shall see later that so far the most important of
these has been completely overlooked. The need for following the process
in detail has repeatedly been stressed; yet the scope of morphology
would be restricted and meagre, were morphologists to be satisfied with
investigating that self-evident process of adaptation, which must of
necessity take place wherever denudation occurs, Attention should be
drawn primarily, as the main object, to the processes which muke denu-
dation passible; the detailed adaptation of forms, dependent on thiis,
should take a secondary place. These processes are the crustal move-
ments which give the earth's surface its altitudinal form, sv providing
the processes of denudation with the gradient they need. Regarding the
structure of the earth’s crust, the question must agsin be put as to
whether and how far this can be taken as something finished, something
given, amongst the premises for morphological investigation. It turns
out to be a question of whether the structures observed are completed,
or are undergoing further development whilst denudation is at work in
the area where they occur, The answer varies accordingly; and here it is
nor wrong, under all circumstances and in every case, as it is for the up-
building of the crustal altitude, to consider them as completed and to
treat their relationship to denudation from that peint of view. Uplifted
and uncovered parts of the Variscan folds do possess a completed inner
structural plan. This does not alter while denudation is wearing it away,
nor does denudation receive its impulse to work from those crustal
movements which once upon a time produced this structure, Rather
does this come from the very much later movements that created the
upstanding part. The same is true for the Appalachians, with their
structure of very regular old-folds, It is this fortunate situation which has
played no small part in leading to the detailed elucidation there, by
Davis and his pupils, of the adaptation of the drainage net ta the given
fold structure, with the etching out of this latter.

It is most instructive to compare this with the Swiss Jura, a sedimen-
tary block where the main folding set in during the Pliocene. The sur-
face, consisting of anticlines and synclines, has been denuded to varying
extents, the process beginning at least as far back as the Eocene, and
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continuing since then uninterruptedly and to an ever increasing degree.
Here the folds were formed and continued to develop whilst denudation
was working on them. On the rising anticlines it found and is still finding
endogenetic conditions different from those in the synclines which are
relatively sinking. Study of the morphological development of the Swiss
Jura, and of the way in which the drainage-net as well as individual land
forms have become adapted to the folded structure, can by no means
begin by taking that structure as a given element, already completed; but
it must take into account that it has been formed and has developed
whilst denudation was going on. In the Folded Jura the development of
land forms may be expected to depend upon the constantly changing
intensity of the endogenetic movements in the same way as it has been
shown to do to a greater extent in the area of broad folding®. Speaking
guite generally, when crustal movements have produced, as it were,
images of themselves in the present relief, the structural features of the
stratification exhibited in denudation areas cannot all be taken as finally
fixed, and so treated in the study of their morphological development.
For wherever the characteristic features of the land forms are to any
great extent determined in their details by the character of the rock, their
development is immensely affected by the further growth of the structure.



CHAPTER I11

REDUCTION OF ROCK MATERIAL®*

Onr,— here and there, and for a limited time, do rocks freely exposed
at the carth’s surface still preserve the characteristics due to their
mode of origin, i.e. outcrop with chemical composition and texture un-
changed. Instead, there is a zone of altered rock material covering almost
every place where material is not being deposited, but is being removed
by denudation. These rock derivatives form the actual surface of the solid
earth. Their thickness varies considerably; on steep rock faces they are
absent or reduced to a weathered crust of only a few millimetres; their
thickness generally increases as the gradient of the slope lessens, and
may reach tenis of metres. At the same time the nature of this mantle of
altered rock changes; it consists of fragments of more or less fresh rock
mixed with substances in which the original properties of the rock
material can no longer be recognised. The quantitative ratio of the
rock fragments, the rubble, to the products of completely transformed
rock is very varied and changes from place to place in a characteristic
manner. In just the same way there are regular differences in the chem-
ical nature of the transformed products. Not only can these be referred
back to differing degrees of transformation, but they also affect products
of the same degree of transformation as found in the various parts of the
earth. In spite of all these differences, the substances in question have
this in common: their formation is associated with a loosening of rock
texture, leading to a complete disintegration into separate particles, We
therefore speak of reduction of the rock material. The longer the processes
of rock transformation are at work, the further this reduction is carried:
and it ceases only with the formation of unalterable end-products. Con-
sidering their mechanical properties only, they areina state of the greatest
possible incoherence and so possess the greatest possible mobility. The
progressive reduction of rock brings about increasing mobility of the crustal
material.

t. NATURE OF WEATHERING. EXPOSURE
The very fact of the reduction of rock shows that what is exposed is
not in a state of equilibrium, This is true not only for the crystalline

* Ayfbereiting. | See glossary.]
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silicate rocks, but also for sediments of every kind. Both owe their chem-
jcal and mineralogical composition, their texture and their structure
(jointing, foliation, ‘stratification, etc.), not only to the nature of the
ariginal material, but just as much to the physical conditions underwhich
were formed and to the various processes that have occurred at
their place of formation. Thus for the origin of igneous rocks, of crystal-
line schists, and of chemical sediments, there is always a definite critical
pressure and temperature; the properties of other sediments, especially
their cohesion, depend upon the processes of consolidation included
under the term diagensis (cementing by precipitation from circulating
solutions, and especially the changing of colloidal constituents into a
crystalline form). As regards the sum total of the factors influencing
their origin, the rocks are in equilibrium; and they would preserve the
characteristics due to this unchanged, were the external conditions to
remain unaltered. But these conditions are changed when the rocks come
into contact with the atmosphere, and are thereby exposed to the forces
acting at the visible surface.
Directly and indirectly, these forces depend o an overwhelming ex-
tent upon solar radiation, The other factor is found in the chemieal
properties of the mobile coverings of the earth. Rock is no longer in a
state of equilibrium when it has been torn away from the surroundings
_associated with its formation, and exposed to fluctuating temperatures,
varying amounts of moisture, and the chemical action of water, carbonic
acid, and various other agents with which it comes into contact. There
are in addition the mechanical and chemical effects of the biosphere,
particularly of the plant cover. The rock material can no longer exist in
the same form, and has to adapt itself to the new external conditions, i.e.
a fresh state of equilibrium must be attained. The process of weathering
consists of the physical and chemical changes thus brought about.
Weathering is, therefore, a phenomenon associated with the adapta-
tion of the material to the physical and chemical conditions prevailing
at the earth's surface. The necessary comdition for its occurrence is the
exposure of the rock surface to atmospheric conditions; and 1t cannol con-
tinue unless this exposure is preserved. At first, there is the same degree of
exposure at all parts of the surface, independent of gradient. If, how-
ever, differences do develop, it is the result of the subsequent phenomena
due to reduction of the rock, or else it is the effect of vegetation covering
the rock surface. On the whole, the rock is reduced to a greater extent,
the greater the area of rock surface freely exposed. Comparing upstand-
ing aress of the same size in ground plan, but of different heights, those
of greater sltitude have stecper flanks and a greater surface exposed to
weathering. Therefore, for the same conditions in respect of rock prop-
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erties and climate, there is a greater amount of rock reduction and more
fresh rock given over to weathering than where the height is less (assum-
ing equal base measurements). This is one of the reasons for what is 1o
be observed all over the earth, the fact that on greater heights with
steeper slopes there is more thorough demolition of the rock than on
lower elevations with gentler slopes.

It is impossible to overestimate the significance of exposure as influen-
cing denudation, and of the processes at the carth’s surface which prepare
for it and bring it about. Special attention must therefore be given to
tracing the conditions which determine the preservation or, us the case
may be, the renewal of exposure.

2. WEATHERING PROCESSES®** AND THEIR PRODUCTS

The processes which take part in rock reduction fall into three cate-
gories: (@) physical, (b) chemical, (¢) physico-chemical. In the first group
are those of mechanical weathering; they bring about mechanical dis-
integration of the rock without altering the composition of its substance.
The second group is that of chemical weathering; its effect is the trans-
formation of the substance, Near the visible surface, rock is disintegrated
into fragments of various sizes, as & phenomenon accompanying the
change into chemically-altered end-products, The process of solution
belongs to the third group. In many ways it is connected with chemical
reactions, and is therefore generally ranked with chemical weathering;
but it may attain great independent significance. It also is accompanied
by surface disintegration of the soluble rock into fragments. The three
processes of destruction do not work separately, but are to be seen act-
ing simultaneously all aver the lund surface. However, from one region
to another, the part which each plays in rock reduction vanes in im-
portance.

(@) Mecuasicar RebveTion

Effect of Insolation
All over the world the most conspicuous feature of weathering is the
mechanical Joosening of the rock fubric. Immediately above the un-
altered rock there is always to be found-—that is, apart from certain
exceptions 1o be considered later with their causes—a zone essentially
composed of rock fragments with the same general composition as the
underlying rock (the rubble horizon, or rocky horizon, of the soil pro-
file), Physical and chemical processes share in its formation. Amongst
the former, special importance must be attached to the factor chiefly
responsible for mechanical weathering, namely, fluctuations in tempera-

ture at the rock surface, or ground temperatures,
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Fluctuations in the temperature lead to Huctuations in the volume of
the rock; and in the long run no rock fabric can withstand this. The outer
surface of the rock expands and contracts with the changes in tempera-
ture more readily than do the interior parts. Thus tensions are set up,
and in spite of the smaliness of the amount by which the volume varies®s,
they cause flakes ro split off from the surface. Where rocks are granular
and composed of several minerals, differences in their coefficients of
expansion also play a part, unequal expansion and contraction effecting
disintegration into the grains of the individual minerals.

For this kind of mechanical reduction, the decisive factor is not the
absolute magnitude of the temperature differences, but the rapidity with
which they occur®?, The more quickly expansion and contraction follow
one another, the greater are the tensions in the rock, and it is these which
bring about its disintegration. With slow fluctuations of temperature
the material has time to adapt itself; the tensions are in this case small,
and insufficient to burst the rock fabric apart, Thus the differences in
the air temperature, which are passed on to the ground, matter com-
paratively little for the disintegration of rocks: the contrasts between
summer and winter are of no importance, those between day and night
only where they succeed one another rapidly, This is, however, the case
in and belts of the world and in the central parts of continents® ginee
here (1) atmospheric moisture and (2) ground moisture are slight or
ahsent altogether. As a rule, moisture in the atmosphere decreases the
amount of heat received and that radiated. Thus changes in the ground
temperature are slowed down and their range diminished. On the other
hand, ground moisture absorbs a large part of the heat supplied to the
ground, and on cooling gives it up again but slowly. In this way, the
heating and cooling of rocks are very much lessened and siowed down.
For these reasons, the fluctuations of ground temperature in the moister
climatic regions have scarcely any practical effect on rock reduction. The
horizon of stony soil seen there usually owes its origin to other causes.

The ground's greatest and most rapid temperature differences are
brought about not by the temperature of the air, but by direct insola-
tion; and in this connection the above mentioned influence of air mois-
ture and ground moisture plays an important part. In arid regions,
moreover, the rock surface is bare or covered by only sparse vegetation,
and so insolation can sct unimpeded. Weathering due to temperature
changes is essentially a consequence of insolation. 1t is entirely absent from
humid regions with their well-developed plant cover: its main distribu-
tion coincides with the arid areas of the world.

Fragmentation of rock by insolation is a phenomenon of the outer-
most surface. It does not reach even the few metres’ depth to which
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fluctuations of soil temperature are measurable, but is confined to the
far thinner peripheral zone in which rapid contrasts of temperature make
themselves felt. No measurements are available. Also, there is by no
means unlimited disintegration of the rock through insolation, The pro-
cess itself does, indeed, give rise to fragments of all sizes, down to fine
and very fine particles such as are also incidentally produced when rocks
are broken with a hammer. They are, however, merely a by-product of
the destruction brought about by insolation, and their production ends
with it. This end is reached when the rock fragments have become so
small that there is no longer amy great separation in time between the
reactions of their surface and of their core to changes of temperature, as
shown by changes of volume. It thus depends upon (a) the rapidity of
the temperature changes and (b) the rock’s conductivity of heat?®. For
good conductors, the disintegrating effect of insolation ceases to be felt
whilst the size of grain is larger than for poorer conductors. Rocks of a
close-textured type occur as grit among the end-products of such dis-
integration; complex granular rocks (with different crystalline com-
ponents, or with a different cementing matenal between them) are at
least broken up into their components.

Insolation rubble is, as regards texture, characterised by a mixture of
grains of all possible sizes, and this is so during the whole course of its
formation. In the carly stages, large fragments predominate, with grit
and fine particles little in evidence; when development is advanced, these
latter have increased very considerably; and in the final stage, the fine
particles are absolutely preponderant over the various grades of grit
which represent the smallest size for the granules derived from the
various rocks which differ in their power of conducting heat®,

Frost Weathering

Frost shattering occurs where temperatures are near freezing point
and the rocks contain water; and this is perhaps the most powerful factor
in mechanical reduction. It is due to the fact that water, as it freezes,
expands by one eleventh of its volume. If it is in rock fissures, these are
widened and become branched; for the water, which freezes from above
downwards, forms a stopper of ice preventing any escape of the water
that is lower down in the rock, even if this does solidify with expansion
of its volume. The pressure thus exerted is passed on hydrostatically, in
all directions, including downwards, by the water that is not yet solidi-
fied. Thus the mechanical loosening of the rock fabric extends deep
down, past the zone of freezing. But it would be wrong to assume that
this effect reaches to absolutely any depth, or on the whole increases in
an unlimited manner as frost action progresses downwards. According



40 REDUCTION OF ROCK MATERIAL

to P. W. Bridgman’s investigations, the shattering effect of freezing is at
its maximum at —22° C,, when it exerts a maximum pressure of 2050
atmospheres per square centimetre; Below this temperature, the water
freezing in a closed vessel, and therefore in rock fissures which are
closed above, no longer forms the ordinary kind of ice, expanding in
volume, but the modification Iee 111, which contracts as it solidifies®t.
This throws light upon the magnitude of the loosening force exerted by
frost weathering: but it also shows the limitation of its field of action,
since in closed fissures and capillaries the maximum pressure is very soon
reached. Even under the most favourable circumstances, frost shattering
may come to an end at a few metres' depth.

An essential preliminary to frost weathering is the existence in the
rock of hollow spaces, for absorbing water, i.e. an original porosity, or
else a fissuring which rocks may acquire secondarily, e.g. from tectonic
stresses, The size of grain in frost-produced rubble is generally decided
by the density of the network of fissures in the unshattered rock (or by
its latent capacity for fissuring). In addition, there are quantities of rock
splinters, fine as dust, which have been split off parallel to the surface of
the rock by rapid changes of temperature =,

The region subject to frost weathering lies near the snow-line or
beyond it; it is characteristic of the polar zones and the high parts of
mountain regions, and also, seasonally, of those temperate lands across
which the snow-line moves backwards and forwards once a year, It is
absent, of course, from perpetually warm, moist regions, and from arid
ones. The rocky honizons of the soils of the temperate zone may be
partly caused by frost action, but neither exclusively so, nor everywhere.

Going from the snow-line in the direction of increasing warmth, the
period of winter frost becomes shorter and shorter, and frost action
occurs less and less frequently. All the same, the rubbly horizon does
not seem to disappear in that direction, not even where the effect of
insolation is eliminated. Beneath a vegetation cover, the pressure
exerted by growing roots (presstire from roots) especially by those of the
higher plants, has a certain significance for the mechanical loosening of
rock into the fissures of which the roots wedge themselves. This is, of
course, the case only where the root system reaches down as far as, and
below, the bottom of the rocky soil, i.e. where the cover of weathered
material is no thicker than the depth of the roots. In considering mech-
anical weathering, it is easy to overestimate the significance of the vege-
tation cover. Thus wo little weight is often given to the mechanical
reduction (not mechanical weathering) which oceurs ar a phenomenon that
accompanies chemical weathering, and locally solution as well*®, Since these
processes act along the lines of weakness present in the rocks, such as
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bedding planes, foliation surfaces, fissures due to contraction, and espe-
cially the joint planes which divide all rock up into separate pieces, the
parts enclosed by the paths of the chemical weathering, though them-
selves unattacked, become loosened from the rest of the rock. They are
brought out of their places by changes in volume due to chemical altera-
tion, or by fluctuations in volume of the chemically weathered material
dependent upon varying amounts of moisture in it (swelling and shrink-
ing of colloids); and they become heaped into the irregular piles charac-
teristic of the rubbly horizon. There is no place in the world entirely free
from such mechanical reduction by chemical processes. The region of
frost weathering is the most nearly so, and next in order comes that
where insolation is the dominant factor. In hot wet regions they are the
chief way by which mechanical loosening of rock fragments occurs, and
they are the typical way for the temperate zones.

(b) CuemicaL WEATHERING

Chemical weathering is bound up with the presence of water. This is
in part split up into H* and OH- ions and therefore acts as acid or base
according to whether the compound attacked consists of a weak acid
and a strong base or vice versa. Silicates are affected, first by the action
of the acid; later, apparently, by that of the hydroxyl ions, and are split
up (hydrolysis). Amongst others, A. D. Cushman and J. Hubbard have
shown that, in the weathering of silicates, hydrolysis is fur more impor-
tant than the acids, e.g. carbonic acid, etc.*, brought to the rock in the
water, This, as well as other acids, reacts especially with the bases re-
leased from the broken down silicstes, thus forming salts, sene of which
are more readily saluble; what is left remains behind as an ingredient of
the eluvial soils. The chemical processes generally become more vigorous
as the temperature rises, not so0 much because the salts are then more
soluble as because of the greater ionisation of the water, this being about
twice as great in the ropics as in the tempemte regions. Below o® C,
chemical weathering ceases. Thus it rarely occurs beyond the snow-line;
and, though it is by no means entirely absent, it is of even less signi-
ficance there than in the arid regions of the world, where scarcity or
absence of water checks chemical change, Its main field of action lies in
temperate lands, especially where there are warm humid conditions
giving equable temperutures.

Chemical weathering is substantially aided by a plant cover and by
bacteria. This is, first, because the excretion of chemically active sub-
stances (e.g. acids)*® occurs wherever the processes of life are being
carried on; and further, because a continuous cover of vegetation stores
up the water which plays an important part in weathering, giving it up
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only slowly to the substratum (preservation of moisture in the rock and
lengthening of the period during which water acts chemically upon the
rock surface); finally, and above all, because the dead parts of plants, as
they decay, excrete chemically active substances (such as carbonic acid),
as well as themselves changing into what is of the greatest importance
for the reactions occurring in the soil, viz. humic substances. These are
the residises of organic decay, which become mixed with those of organic
weathering.

The new knoweledge that colloids*® form a large part of the products of
chemical sweathering is of fundamental importance, not only for pedology
but very specially for the question of denudation. This applics not enly to
the silicic acid ser free from silicates, which readily loses its colloidal
form, but also to the hydrated vxides of iron and aluminium and to their
compounds with silicic acid; the lengthy series of the clays and loams
(eluvial) belongs here. They represent the more or less uniform end-
products of chemical weathering that result from the very varied types
of rock found in the world, and their properties depend in detail upon
the climatic conditions under which they were formed. Thus they are
occasionally referred to as climatic soils*’. In regions of predominantly
chemical weathering, they result from the further reduction of the racky
horizon, when this has not already been remaoved by denudation; and
they then form & characteristic horizon above the rubbly zone, one which
becomes poorer in ruck fragments from below upwards.

Colloids possess to-a high degree the property of taking up water and
mineral substances, not in chemical but in mechanical union (adsorp-
tion)**, By this means they swell, attain an ever increasing mobility and
can finally pass into a state similar to that of 2 solution (sols). On drying
up, mobility is again completely lost; clay, to take an example of soil
colloids, becomes cahesive, it bakes hard. But this is not the case when,
instead of pure water, it was an agueous solution of salts that had been
adsorbed by the colloids; for, as drying proceeded, they became saturated
with substances capable of crystallisation. In such a case, the dry colloids
of the soil are crumbly, mobile like dry sand or dust, and are not
cohesive. These conditions are of the utmost importance to denudation;
and it is far from being s matter of indifference whether colloidal com-
ponents are present or not in the weathered material awsiting transport,
and what conditions influence its sccumulation or removal.

Salt solutions precipitate the colloids; and thus prevent their being
carried away in the form of sols. It is assumed that the effect is produced
by the ions, split off from the salts, apposing themselves to the colloidal
particles carrying the positive or negative charges, and neutralising these.
Floeculation of the colloids from their aqueous solution also takes place



CHEMICAL WEATHERING 43

when colloids with different charges meet. Because of its extraordinanly
wide distribution, limy material plays an important part in the distribu-
tion and fate of soil colloids. Precipitated colloids accumulate on lime-
stone, the Mediterranean red earth (terra rossa) being an instance of
this'®,

Such precipitation through the agency of salts is rendered more diffi-
cult by the humic substances which, because they react like acids, used to
be called 'humic acids'®®. They, too, are colloids, but they are not nearly
50 easily precipitated by electrolytes as are the inorganic collvids. These
latter apparently take up (adsorb)®™ greater and greater quantities from
the humic materials, and so they finally acquire the same property of
slighter sensibility to the precipitating influence of electrolytes. Adsorp-
tively unsaturated, so-called acid, humus not only dissolves certain soil
colloids, but also prevents their precipitation. Adsorptively saturated,
neitral humus does not possess this property. 1t does not exist in a dis-
solved form, but is admixed with the soil colloids, and when soaked with
water it has, like them, the property of a high degree of mobility (the
well-known smeary pap-like quality of wet loam).

Thus it is very important, in making & critical examination of the pro-
cesses of denudation and how thev work, 10 know where the humic
substances pccur. They do not simply ceincide in distribution with the
earth's vegetation cover; but, according to R. Lang’s work, are associated
with a definite relationship between mesn temperature and moisture, the
rain factor. This indicates the average amounts of precipitation occur-
ring in a district for each degree Centigrade. Similar numerical ratios
are obtained for low temperatures and small amounts of moisture, or for
high temperatures and abundant moisture. A certain numerical value of
the rain factor marks out the area where humic substances occur, just as
other numerical values seem to be characteristic in respect of other quite
well-defined soil types. These values of the rain factor mean, in every
case, the optimum conditions under which, in the most favourable circum-
stances, that special type of soil comes into existence at a given place, and
under which the humic exchanges in the soil take their characteristic
course’®. Chemical weathering goes on to & quite considerable extent
throughout the zones extending from the equator to the summer snow-
line. Continuous vegetation covers only narrower belts, viz, three strips
which are separated by the two arid belts; and for humic weathering the
space is narrowed down again within those three strips.
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{¢) SorurionN

In regions where there are humic substances, the weathered material
becomes poor in inorganic colloids, These, like the soluble salts, are to a
large extent carried away; part reaches the rivers and so is lost to the land
surface®®. On the whole, the process is one of solution (leaching), Ana-
logous processes in regions of easily soluble rocks such as gypsum, lime-
stone, dolomite, etc., reach an important independent development
wherever the rocks are provided with sufficient moisture. It is not so
much the simple solvent effect of chemically pure water as the influence
of aqueous solutions which react with the soluble rocks. Another well-
known fact of prime morphological importance is the tenfold increase in
solubility of limestone in water which contains COy; this is brought about
by the formation of the readily soluble bicarbonate®®, If in such water
there is even a very minute proportion of carbon dioxide existing in the
form of H,CO,, this acts as a strong acid on account of its very ¢on-
siderable dissociation into H* and HCO, - ions, and it can attack even
siliceous rocks successfully.

The solution of limestone 18 thus really dependent upon chemical
change. It differs, however, from most of the other hydrochemical re-
actions in that, on precipitation from the solution the original material,
the normal carbonate, is regained, This can be observed wherever car-
bonie acid is removed from the solution by a rise in temperature or a
lowering of the pressure (as when calcareous solutions leave narrow
fissures for wider ones), or by biological processes (through plants). It
has aften been debated whether the phenomena of limestone solution
must not be actually absent or at least greatly reduced in the tropics,
since the ahsorption of carhon dioxide by water decreases with rise of
temperature (at a pressure of one atmosphere), That is correct. However,
carbonic acid is not the only solvent, for humic substances have an ana-
logous and no less extensive action in destroying readily soluble rocks.
Credit is due to K. v. Terzagi for having pointed out the extraordinary—
and usually very much under-rated—significance of vegetation in the
solution of rocks, especially of limestone®*. In the Limestone Alps, for
example, on reaching the upper limit of forest, one becomes aware of
how cushions of vegetation are, as it were, sunk into the limestone.
There is a widening of ull those hair-like cracks of tectonic origin which
are close shut in the unaltered rock; and cushions and strings of dead
and living vegetation can be seen at the bottom of them. As soon as the
gaping cracks and clefts produced by vegetable solution intersect, the
rock disintegrates into fragments bounded by smooth surfaces, which
generally meet in sharp edges, Before this disintegration occurs, the rock
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is penetrated in all directions by lapiez-like furrows®®, which bear no
relation to the surface gradient. Similar features may be observed in
other rocks also (an excellent example is afforded by the granite of the
Brocken, Fichtelgebirge, etc.), and in humid regions this is the typical
minor land form associated with solution®”.

Exactly the same thing takes place, but to a much greater extent, under
a continuous cover of vegetation, and so in forests, and can be seen at
the base of uprooted trees, Here the processes are intensified to an extra-
ardinary degree, and they amount to major effects which are not to be
found in a similar form outside the forested areas. The discussion of
Karst phenomena will bring us back to these conditions.

‘There is a widespread opinion that no chemical weathering or solu-
tian takes place in arid regions, since water is lacking. This is not correct.
Even the driest parts of the world receive dew and—though it may be
but rarely—precipitation; and by no means all the water evaporates at
once. On the contrary, even here part trickles down 1o the water table
which, although very deep down, is present®®. In this way chemical
work (hydrolysis) and solution are effected. The latter is brought about
particularly by the salts, such as sodium carbonate, which are dissolved
in the scanty circulating waters. This dissolves the silica, alumina, etc,,
to a considerable extent. Water lingers longer in small hollows than on
the surrounding parts. Before it evaporates, it has accomplished its work
of destruction and leaves behind it crumbling residues which the wind
carries away. So these minute hollows grow in depth and width, and
may become the great water holes which play an important part in and
regions and contain reserves of water.* E. Kaiser gives an account af the
arigin of large basins of interior drainage in the Namib, which arose in a
sitnilar way in places where casily attacked Cambrian strata were left in
the synclinal cores of the fold structure. The floors of these basing are
described as places of intense chemical weathering and solution, and the
residues that form here (adsorptively saturated, crumbly colloids to-
gether with sand and rubble) are partly removed by the wind®®, The
flanks of the basins, on the other hand, develop in a normal way under
the influence of denudational processes that will be discussed later, and
they are therefore practically unaffected by the wind. But they can
develop only hecause the basin floors are places where the reduction of
rock is going on intensively, and where matenial is being removed by
wind, so that they have been lowered. Similar conditions seem to prevail
in the great oases of the Libyan Desert which have generally, but most
incorrectly, been held to be major forms of denudation by wind.

If salts are present in greater quantitics, they crystallise out on the

* "Hankwasser',
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rock surface from the concentrated solutions; but within the rock they
remain active for a long time and lead to internal rock decay. IFf the
brittle rock core comes into contact with the atmosphere, it may be
elearcd away, and the chemically unaltered shell, often no thicker than
paper, becomes an envelope for cavities widening towards the interior.
Such are particularly often to be seen in crystalline rocks, e.g. in the
granite of arid and semi-arid regions; and they are called Tafom in
Corsica. The honeycomb-like, diffcrential weathering of sandstones is
due to similar causes. Here it is especially the cementing material that is
decomposed and dissolved by salt solutions, the loose sand grains being
blown away or otherwise removed, The phenomenon, previously taken
to be a specific desert formation, has not the least connection with
climatic peculiarities, but is bound up with the occurrence of circulating
salt solutions of dilute acids, It is excellently shown in the Quader sand-
stone of Saxon Switzerland or the Bunter sandstone of the Palatinate
Forest®",

3. RATE OF WEATHERING AND DIFFERENTIAL
WEATHERING

Any force of given intensity, attacking uniformly all over 4 surface,
achieves greater results in unit time when in a less resistant region than
when in more resistant surroundings. The widespread phenomenon of
differential weathering depends upon this law. Such an attacking force
affects by the same amount all places having the same degree of expo-
sure; and its definite, constant intensity 18 fixed within the limits of areas
which have corresponding climatic conditions. With equal exposure,
ez in places where the rocks are freely exposed, or where they are
covered by a deposit of the same kind and thickness—weathered
material or a plant cover—the amount of weathering in unit time de-
pends upon the character of the rock. That property of rocks which,
other things being equal, determines the rate of weathering is called its
resistance to weathering.

ResisTANCE TO WEATHERING

The causes of this are to be found, on the one hand, partly in primary
characteristics owing their origin to the way in which the rocks have
been formed, and on the other hand, partly in such a5 have been acquired
afterwards. T'o the first group belong chemical composition, texture,
and such primary structures as parting along bedding planes, foliation
surfaces and contraction planes; to the secand group, the way in which
these planes lead from the earth’s surface into the interior of rock bodies,
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which means the attitude of the beds, and more particularly the way in
which all rock complexes are disintegrated by mechanical and especially
by tectonic stresses into small pieces of varying size by fractures, which
either have already formed or are forming a close network of cracks.
These, together with the partings due to primary structure and the
porosity which is particularly characteristic of clastic rocks, form the
inner surface® of the rocks, which is in communication with the outer
surface, the outcrop.

This inner surface is of the greatest impartance for all those processes
of weathering in which water in any form takes part, since it allows the
water to penetrate to the interior of the rock complexes, and so defines
the paths of the weathering. The greater the surface of attack, the more
weathering can accomplish; the available surface increases, however,
with the size of the inner surface®. Rocks that are more highly jointed,
for example, are—other things being equal—more liable to destruction,
either by frost, chemical weathering or solution, than those which are
less well jointed. In porous sandstone it can be seen that the cementing
material is most decayed where the decomposing solutions could cir-
culate most freely, as where the parts that have retained their porosity
remain between former cracks filled in earlier by deposits from solution,
These latter stand out as ridges when the weathered particles are re-
moved. In addition, there is the original difference in the chemical com-
position of the crustal rocks which enables them, st a given place, to offer
a different degree of resistance to the chemical agents at work there. For
example, crystalline siliceous rocks are obviously far more subject to
chemical weathering than sediments which, like quartzite or clay, have a
composition that corresponds to the end-products of weathering. But
there are also finer differentiations, since, for example, the individual
silicates have very different powers of resistance ta chemical attack by
water or aqueous solutions, In consequence of this, siliceous rocks of
varying mineral composition, possess varying powers of resistance to
chemical action; just as in the series of the more chemically stable sedi-
ments there are differences arising in the same way—always assuming
that otherwise the properties, exposure and climatic conditions are simi-
lar. There is no need to discuss further the importance of different
degrees of rock solubility in the process of solution. Mention has already
beeti made of the fact that breaking up by insolation depends upon the
capacity for conduction of heat resulting from the texture and mineral
composition of the rock concerned. To supplement this, reference may
here be made to the colour of the rock: dirk coloured rocks experience a
stronger heating effect than light coloured, and so are subject to greater

#[C{. p. 1g—extent of pore space.]
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and more rapid fluctuations in volume, and disintegrate more casily,
than the latter, In arid regions, furrows are thus often associated with,
for example, veins of dark coloured igneous rock.

Resistance to weathering is thus based upon the various properties of
rocks. It is different not only for rocks of different composition in the
same climate, but also for the same types of rock in different climates. It
depends not only upon original characteristics due to the manner of
formation, but also upon what the rocks have since undergone. Two
things must in particular be considered. On the one hand, there are
changes in texture such as occur with diagenesis, bringing about an in-
crease in crystallinity. For example, pure limestone 1s on that account
generally less easily soluble with increasing geological age; because of
changes due to infiltration, the porosity becomes less (consolidation of
texture), and the degree of crystallinity is increased. On the other hand,
there is the cracking due primarily to tectonic stresses. To be able to
associate the differences in cracking with specific elastic properties of the
rocks, the camparison must be made between those {rom zones of similar
tectonic development. A malm limestone of the Swabian Alb differsasto
the extent of its inner surface fram an Alpine limestone of the same age
and composition, and as regards resistance to weathering is not directly
comparable with any other Alpine rocks.

It follows from this that a morphological grouping of rocks, based on
their resistance to weathering, is not feasible. Attempts at this are there-
fore of only doubtful value even when restricted to a definite climatic
region®s,

Differential weathering produces effects of two kinds. The indirect
one has been already indicated when treating mechanical reduction by
chemical weathering, Since this penetrates deep down, especially along
the cracks; etc., it loosens solid pieces, hounded by the interior surfaces,
from union with the rest of the rock. The same thing happens in the

of solution. Hence solid rock fragments are by no means missing
from residual soils, even in regions of exclusively chemical weathering
and solution. Rivers everywhere receive weathered matenal, and it is
these fragments in it, and not the dissolved or suspended colloids, which
do mechanical work. In those parts of the world where mechanical
weathering is practically non-existent, running water owes part of its
tools to differential chemical weathering (examples being the rivers of
wooded karst or of forested tropical mountains),

The second effect of differential weathering is to make evident the
heterogeneity of rocks. It appears in the form of relief, since depressions
are related to the zones of weakness, and elevations to the more resistant
parts of the rocks. [t is not the absolute values of resistance to weathering
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which form the criterion, but the relationship of these to one another in
nesghbouring types of rock, a relationship which varies from place to place.
One and the same dyke of igneous rock may, as is well known, nise like
a wall from less resistant surroundings, whilst it becomes a furrow on
entering a more resistant type of rock. The differences in resistance of
rocks to weathering become evident. That is, however, no longer 3 direct
effect of weathering, but a consequence of removal of the reduced rock
material, Where there is no such transport, naturally neither the lack of
homogeneity in the rock, nor the differential effects of weathering caused
by this, can become visible.

Therefore, when rocks can be distinguished in the relicf, it means
that a greater amount of the one type of rock has been reduced, become
capable of removal and been removed in unit time than of another, more
resistant to weathering. Hence resistance to weathering can be summed
up in the following way: rocks are resistant when the process of reduction
takes 2 comparatively long time to bring them to a form that can be de-
nuded, i.e. one of sufficient mobility; unresistant rocks are those in which
this transformation takes place more rapidly, assuming that the condi-
tions of denudation are the same in both cases.

If in unit time just twice as much material, for example, is reduced
and removed from one rock as from surrounding more resistant ones,
the difference in relief increases as time goes on, since the smallest effects
achieved in unit time are always twice as great on the one side of the rock
boundary as on the other, and these differences are cumulative, It
follows from this that—under similar conditions of denudation and with a
constant difference beteween the rocks—the adaptation of land form to differ-
ence of rock material is a function of lme.

4 UNIFORMITY IN THE PROCESS OF ROCK REDUCTION.
THE SOIL PROFILE

Weathering acts over the surface; and, with the same exposure, as well
as attacking factors of the same kind and magnitude, that isin a region
of uniform climatic conditions, each portion of the surface is affected to
an equal degree, Provided the upper surface of the crust were homo-
geneous, weathering would strike equally deep everywhere; and after the
lapse of a definite time there would be a superficial rind of rock with a
definite thickness converted into a product of weathering with a definite
composition. 1f, in such a case, pure end-products of weathering have
arisen, these form the uppermost horizon of the soil profile, In regions
where chemical weathering is predominant, this would be loam or clay
of & compasition dependent no longer upon the original material, but

D POMA.
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upon climatic conditions. In a complete soil profile there follows below
that a mixture of the end-product with more or less altered rock frag-
ments, which increase in number and size downwards, becoming
fresher, whilst the amount of the colloidal end-products decreases, Thus
the rubbly horizon develops downwards, then comes the zone of merely
loosened parent-rock, and finally that where it is unbroken. This is
below the limiting depth to which, up to that time, weathering and the
chemical changes connected with it extend; but between the zone of
loosening and that of rock rubble there is a lower limit, of special impor-
wance 1o denudation,* where mechanical rearrangement has been com-
pleted for particles separated off from the coherent rock mass, In regions
where mechanical weathering is predominant, a complete soil profile
shows, from below upwards, sbove the zone of merely loosened rock,
mechanically reduced rubble of ever smaller grains, with an increasing
admixture of fine to very fine particles.

The horizens of the entire soil profile, as they succeed one another,
show increased reduction from below upwards; but naturally they are
not sharply marked off. They develop from one another in such a way
that loosening pushes further down into the unbroken rock, whilst fram
the former zone of loosening there develops a rubbly horizon, and from
the upper parts of that, the pure end-product. The soil profile grows in
depth; and its uppermost horizons, lying exposed at the surface, are
always composed of that part of the rock earliest, and so longest, sub-
jected to reduction. Thus, as time goes on, the mass of the reduced
material increases and the degree of reduction. These two have a very
different significance for denudation. The amount of reduced material
produced in unit time determines how much rock can be denuded even
under the most favourable given conditions: no more than exactly the
amount that has been reduced, i.e. has become loose and mobile. The
degree of reduction, on the other hand, affects the anset of denudation
and the course of its development at the place considered.,

It is not known how long a time is required for any particular rock to
become loosened, and then to develop a rubbly zone and finally an
horizon of purely end-products. Therefore it is not known how long a
period of reduction is needed for soil horizons to develop from one
another in the direction of an increasing degree of reduction. All that is
certain is that it takes considerably more time for the unmixed end-
product to develop from the zone of coarse rubble than for the latter to
arise from the zone of loosening. The following statement makes this
of division necessary for cutting the material up into smaller and smaller

* [See pp. 53-34.]
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fragments (i.c. by the number of the divisional planes). Thus it is abvi-
gus, that the mere lposening of the rock is a far smaller tazk than the
multiple subdivision in the rubbly horizon, and this again is one im-
measurably less than the decomposition of the material into colloids or
very fine dust, which means an almost infinite multiplication of the pro-
cess of division. The number of divisional surfaces grows in geometrical
progression, If such an ever increasing task were to be performed in
consecutive equal periods of time, the intensity of the reducing pro-
cesses would have to be raised to the power of the number of such
periods. But, physical and chemical agents taken together have, on the
whaole, a constant intensity at a given place*®. Therefore it follows thar,
compared with the later phases, the initial stages of rock reduction are
actually passed through far more quickly: that it takes a shorter period of
reduction to loosen rock than to change the zone of loosening into one of
rubble: and that this latter again arises much more rapidly than the end-
product develops from it—aleways assuming similar exposure, The degree
of reduction is not proportional to the duration of the reduction; but, the
exposure being the same, decelerates.

But that does not apply to the guantity of rock material reduced. It can
easily be seen that equal lengths of time will always be required for
reduction to produce, from any given rock, one and the same soil horizon
with a similar profile below it. If the whole of the soil cover could be
removed from the unaltered rock surface, then weathering would have
1o work exactly the same length of time at that same spot as on the first
occasion in order to produce a similar new cover of soil identical in
thickness with the same surface horizon at a similar stage of reduction
and with the same sequence of horizons below. The same amount of
material has then been reduced as in the first instance. In the same way,
for neighbouring places on the earth’s surface which have the same type
of rock and of climate, weathering needs the same amount of time to
reduce similar quantities of rock into a soil cover of corresponding thick-
ness and identical profile development, with the same topmost horizon at
a similarly advanced stage of reduction. If this is nearer to the state of
completion, the times of formation are correspondingly very much
longer, a8 shown above; if further from completion, they are relatively
shorter. But profiles with the same topmost horizon have invariably had
equally long periods of formation, provided corresponding processes of
reduction are acting on the same types of rock. This important relation-
ship is what is meant by uniformity in the reduction of rock. It is 4 concept
of fundamental importance, for it provides perhaps not an absolute yet
a relative mensure of the intensity of denudation, since it becomes
possible to compare the work achieved in the same periods of time

6847
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by the uniform reduction and by the non-uniform denudation of
rocks.

5. UNEQUAL EXPOSURE

The phenomena so far investigated have been those which may be
ohserved at places with similar exposure and similar climate. One condi-
tion for unequal exposure has already been considered: the plant cover
(pp. 38, 40, 41, 44-45). Where there is a continuous cover it entirely
prevents heat weathering (insolation) and checks attack by frost since it
protects from cold and possibly also produces physiological heat. On the
whale, therefore, it reduces exposure to mechanical weathering. Its
hehaviour towards chemical weathering is different. Thus the earth's
mantle of vegetation is in every case, as has been shown, a factor in in-
creasing the exposure which it is impossible to overestimate, A forest
cover is more favourable to chemical weathering and solution than is that
of turf or steppe, whilst these again are more favoursble than bare spots®®.
This is borne out by the way in which strips of vegetation sink down,
sometimes on quite a large scale, into a calcareous subsoil, and the occur-
rence of doline-like snow holes in the High Caleareous Alps; for this
means that, favoured by these canditions, chemical and physico-chem-
ical processes are more effective than, and outpace the physical forces to
which the surrounding rock, just because of its bareness, is particularly
favourably exposed.

The second factor in unequal exposure is the cover of rubble and soil
found at the surface of the earth’s crust. It is more difficult to estimate
the importance of this since—as will be described in a later chapter—it
is anly under certain conditions that it is stationary, being usually on the
downward move in areas of denudation.

It can easily be seen that an increasing thickness of soil hinders mech-
anical weathering and eventually stops it, insolation effects ceasing
sooner than frost weathering. In this respect it diminishes exposure. But
for chemical weathering it is not true to the same extent. Certainly the
soil cover does not, like the mantle of vegetation, produce substances
which bring about decomposition; but as regards moisture, it behaves
somewhat like a sponge. It becomes soaked through with water, taking
up maore the thicker it 15 and it gives off its moisture slowly both up-
wards and dowmwards. In times of drought this can be observed: whilst
the upper parts of the accumulated soil are drying out, the lower still
remain damp for a long time. These conditions affect the rocky sub-
stratum, Where a thick cover of soil protects it, chemical weathering is
favoured as compared with the bare or less well pratected parts of its
surface. Now it has been observed that chemical decomposition, i.e. the
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transformation of the rock-forming minerals into colloidal end-products,
does not always stop at the lower limit of the rock loosening, but under
especially favourable circumstances it strikes deeper towards the lower
limit of weathering, to be discussed later. Then the fragments in the
rubbly zone, the loosened rock immediately below that, and the zone
lying beneath—which is physically intact and has preserved its original
stricture—are all transformed into a clayey mass. Occasionally seen in
the tropics, it also now and then occurs in our own part of the world, in
places where there has locally been great chemical alteration such as in
the strata below the Lower Oligocene brown coals of Saxony and else-
where, Under the influence of bog water, the quartz-porphyry lavas of
the Rotliegende have here been kaolinised to far below the zone of
loosening, This has happened particulurly on the flat floors of those
basin-like valleys, between inselberg-like elevations, in which brown coal
and clastic Oligocene strata have been laid down, i.c. in areas of deposi-
tion. One cannot speak of a ‘zone of rubble’ here; it is rather a matter of
white clays, rearranged derivatives of the kaolinised porphyry, which
pass downwards into rock material, unchanged in structure, but com-
pletely decomposed (the so-called 'Kapselton®), As the elevations are
approached, the lower layers of the Oligocene strata show a distinct,
more or Jess kaolinised horizon of rubble. Outside the Oligocene bog
deposits, the soil profile is normal and covered only with thin sediments
which transgress over the slopes of those half-buried hills of Lower
Oligocene material. Here it can be seen distinctly that the kind of soil
profile depends upon the thickness of the overlying material.

"There is another phenomenon of the same order. It is obvious that
actually the loosened zone of the pormal soil profile, once the higher
horizons of the complete profile have formed above it, does not penetrate
into the interior of the rock at the same rate as it can develop at freely
exposed surfaces, though one might have expected it to do so. The
loosening does not forge shead of those higher horizons with its charac-
teristic speed of formatian, but eats more and more slowly into the un-
altered rock. It follows from what has already been mentioned that under
favourable circumstances the transformation of siliceous rock into a col-
loidal end-product is able to overtake the zone of loosening and may
then reach far below it. But above ull it shows thut the lower limit of the
rubbly zone—whatever the profile above may be—is at a slighter depth,
which according to my observations does not greatly exceed two metres
(apart from material piled up locally above the normal soil profile).

The explanation of this behaviour may be found in the fact that, for a
rubble horizon to be developed from the zone of loosening, there must
be a rearrangement of the fragments loosened from the solid rock.
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Amongst the forces of rearrangement, mention has been made of the
pressure of roots, fluctuations in volume of the collaids, freezing and
thawing. But as soon as the weight of the overlying mass exceeds a cer-
tain value, owing to increasing depth of the soil profile or to accumula-
tion from outside, these forces are insufficient to do their work against
the load. The consequence is that the pieces of rock bounded by, for
example, joint planes, do indeed, under the influence of progressive

ing, cease o cohere to their surroundings. But they remain in
their places, and are ultimately decomposed, unless a limit is put to the
profile’s growth by ‘spontaneous' migration of the material, or unless
heavy material moving downhill penetrates so successfully into the zone
of lovsening that it dislocates, by lifting or chiselling off, the merely
loosened but not yet rearranged pieces of rock.

Thus it follows that u soil cover favours chemical change, and with it
the preparation of colloids. Its growth in thickness, however, increas-
ingly hinders the downward extension of the lower limit of the rubhle
zone even in regions where the weathering is predominantly chemical.
And that lower limit has its special importance for denudation, since
only exceptionally does it fail to coincide with the lower limit of the
profile of reduction®. Hence in this case also there results a lessening of
the exposure, a deterioration of the conditions making ready for denu-
dation.

Summing up, it may be said that for any kind of mechanical reduction, a
soil cover lessens the degree of expasure.

Consequently a portion of the earth's surface with a soil cover of vary-
ing thickness has different degrees of exposure so far as the upper surface
of the rock is concerned, even if all the other conditions—rock properties,
climate, vegetation cover—are exactly the same. The upper surface of the
suil cover, however, is subject to the same exposure. With an armnge-
ment in which the thickness of the soil cover decreases steadily in one
direction, so that finally the unaltered rock outcrops—the case most fre-
quently found and the most important—it is on the bare rock that the
exposure is greatest, the mechanical reduction and the increase in depth
of soil profile most rapid. If further, the inner arrangement is such that,
with decreasing soil thickness, lower and lower horizons of the soil pro-
file are displayed at the surface (till the bare unaltered rock is reached),
these having experienced only their decreasing degrees of reduction—
this again is the commonest and most important occurrence at the earth's
surface—the various horizons lying next to one another and with similar
exposures develop at their own special rates. On the bare rock, reduction
acts most quickly; in the other direction, where a complete soil profile lies

® [See p. 17 and p. G4, liné 23.]
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beneath the pure end-product of weathering, this process has already
terminated at the surface. In other words: the rock surfaces which have
better exposure try to catch up with those less well exposed, not only in the
amaunt of reduced material, but also in its degree of reduction, assuming all
other circumstances to be the same. This fact is of the greatest impor-
tance when such unequally exposed surfaces are inclined. It concerns
every part of the earth which is subject to denudation (see p. 37).

6. MOBILITY OF REDUCED MATERIAL

That quality of reduced material which is of fundamental importance
for denudation is its mobility. It is a question of friction, dependent in
the first instance upon cohesion, which is proportionally less, the greater
the number of divisional planes which cut up the material into indi-
vidual small pieces. Mobility, therefore, increases with the degree of
reduction, and the superposed horizons of the complete soil profile are
of increasing mobility. The concept developed on p, 51 can now be
expressed in a form which has a morphological value: making crustal
material mobile is, on the above supposition, a process which goes on in a
uniform manner.

Wherever they may be on the carth's surface, the reduced materials
come into contact with water, to a varying extent; and, since they differ
in their properties, this has very great importance as regards their
mobility, For the rule holds that moisture reduces mobility (increases
cohesion) when the dry substance is less cohesive than water, and in-
creases it for substances which in their dry state are more cohesive than
water®®, Reduced material of the first group includes dry fragments,
poor in colloids, such us are produced by insolation; the second group
comprises all the weathered material of the moist temperate and moist
tropical regions with their wide marginal zones, since this is rich in
colloids. In the dry state it binds, baked firm. Even small quantities of
moisture, however, increase its mobility; and as the amount of water
increases, this effect increases at an ever greater rate. The more colloidal
matter present—especially if it is clay—the more readily mobile is the
material. The highly mobile end-products of reduction (pure clays or
loams) form the last link in the chain, the initial one being the rocky
horizons. However—and this needs to be particularly stressed—since
some chemical weathering genenally occurs, nowhere is there a complete
absence of colloids between the fragments to promote their mobility
and lessen friction, even if their amount is more or less insignificant so
that any considerable mobility is lacking.

It is otherwise with the products of predominantly mechanical
weathering, caused by heat and cold. A small quantity of water increases
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the cohesion (lessens the mobility); larger amounts of liquid, on the
other hand, affect them in the same sense as if the material were rich in
colloids, Each rock particle is surrounded by a film of water, the density
of which—according to Ehrenberg—increases from the surrounding
liquid towards the surface of the particle. This swims as if on a cushion
of water, so long as it does not exceed the size of a grain of sand. In this
way, fine-grained material when thoroughly soaked may actually be-
come fluid, e.g. quicksand. The mobility of the coarser rubble, when
soaked through, is due to its loss of weight in water and to the effect of
water in reducing friction. The magmitude of the friction depends upon
the size and shape of the grains, which are of importance not for the
fact of mobility, but only for its degree. Rubble of any kind and of any
origin, whether wet or dry, whether mixed with colloids or not, is less
mobile the more corners and edges it possesses, the less rounded the
nis.

In the case of frost weathering, a point of special importance is that
the products are formed in a region where the water, seasonally abun-
dant, contains—in consequence of its low temperature—a far smaller
amount of dissolved salts (electrolytes) than elsewhere. Thus the
ever-present colloids are not precipitated. For this reason the water
maintains its fluidity undiminished even when only small amounts of it
penetrate into the reduced material*’. Tt imparts extraordinary
mobility to this, as is strikingly illustrated by polar soliffuction and the
rock-flows of the high-lying regions of Central Asia,

In arid regions, on the other hand, chemical weathering plays a more
important part. There is considerable formation of soil colloids. These
remain precipitated during the periods when there is moistening, since
the water, but rarely present, contains abundant salts in solution. As a
rule, however, the colloids are dry, and not cohesive, as in moist
climates, but crumbly because of adsorptive saturation with salts. Such
s0il erumbs augment the mass of fine to very fine particles with which
the insolation rubble is mixed from the very beginning, the amount
increasing as it develops. They help to reduce friction between the rock
fragments; which indeed finally float, as it were, in the fine-grained
groundmass. And since that fine material does not adhere to the other
components of the rubble, or ‘moisten’ like water, small amounts of it
are sufficient to render a mass of coarse fragments more readily mobile.
As, in the course of reduction, the individual grains become smaller and
the amount of the fine gruins increases, the rubble becomes more mobile.
At the end of the series is a highly mobile mixture of grit, sand and dust.

The great inequality in size of the grains, which is characteristic of
insolation rubble in all stages of its development, is of decisive impor-
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tance for its mobility. For the coarser heavy components exert upon the
underlying fine grains, by means of their weight, a non-uniform pressure
which these endeavour to evade; they succeed in doing so because they
lack cohesion, and on inclined surfaces they escape downwards, The
increased mobility of the dry mixtures of rubble produced by mechanical
‘heat weathering’, as contrasted with material in which the grainy are more
or less equal in size, depends upon these physical conditions: reduction of
friction betsveen the components of the rubble, and unequal pressure exerted
by the larger fragments on the fine grains of readily mobile sizes.

2. WORLD CLIMATIC AND SOIL ZONES

The forces leading to rock reduction depend fundamentally upon
conditions of temperature and moisture (precipitation). The arrange-
ment of these at the earth's surface shows a definite pattern: in a general
way, mean temperature decreases from the equator polewards, and with
absolute height. Humidity does not change in the same direction, but
depends upon the general circulation of the atmosphere, the distribution
of land and water and, as regards detail, the altitudinal form. Thus there
are various parts of the world characterised by relationships of tem-
perature and humidity, different for each part but uniform within it
and these are differentiated as climatic regions. In them, physical and
chemical processes take different shares in weathering; as a result there
are differences in the reduced material, [¢ has already been pointed out
that this does not involve any difference with regard to that effect of weather-
ing which is the prevequisite for demudation—the mobility of the weathered
substances. All over the earth, weathering of any kind acts in the direction
of increased reduction of matenial, making it increasingly mobile; and
the question is merely whether this takes place equally fast in the various
climatic regions, or at different rates.

In the demarcation of chimatic regions; the decisive factor from the
morphological point of view is what happens to the precipitation that
falls on the land surface. On these lines, A. Penck distinguishes three
major divisions®*:

() the humid climate in which precipitation is in excess of evapora-

tion, so that a surplus flows off in permanent rivers;

() the nival climate in which snowfall isin excess of melting; so that

there is transport by giaciers;

(¢) the arid elimate in which evaporation is in excess of precipitation,

There are no permanent streams here.

To complete this, there must be sdded the transference of surface

water to the ground water, In a humid climate there is more rpin than
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evaporates or soaks into the ground, The water table lies near the surface
and permanent water courses do not give water to it, but take from it. In
an arid region there is; on the contrary, less precipitation than evapora-
tion and infiliration. Where there is any ground water at all, its surface is
deep down, and water seeps into it from the intermittently flowing
streamis.

Humid conditions recur in three strips along the earth's surface:
round the equator (humid tropical); and, with lower mean temperatures,
in the temperate latitudes of both hemispheres (humid temperate). They
are interrupted by the arid continental interior regions, and are separated
from one another by the two arid belts into which they grade by climatic
transitions. "Theoretically on either side of the arid belts there are sharp
boundaries, the limits of aridity, where evaporation and infiltration just
counterbalance precipitation. But they cannot be drawn on the earth's
surface any more sharply than can the snow line separating the humid
from the nival regions, beyond which more snow 18 precipitated during
the vear than is melted. For such boundaries undergo seasonal fluctua-
tions. In the course of a year they advance towards the equator (and
descend where the climatic zones are developed as altitudinal belts), and
they retreat again polewards (or rise, as the case may be), The regions
through which they pass are characterised by seasonally different climates
and they belong in part to the intermediate transitional zones between
the completely humid and the completely arid regions.

Neglecting details in the distribution of precipitation—which result
from the arrangement of lind and water, of highland and lowland—the
following s roughly the arrangement found on the earth’s surface, start-
ing from the nival regions and going equatorwards: Just outside the jce
cover, the day temperature for a large part of the year fluctuates round
about o C. The lower waterlogged layers of the soil remain frozen—
according to an old note of Wild's, at a mean annual temperature of

—2° C.**—only the upper horizons thawing. That is the polar zone, the
realm of predominantly mechamieal frost weathering. When the snow
melts, the reduced material becomes highly mobile, since itis then soaked
through with water poor in electrulytes (polar solifluction). On freezing,
the mobility is entirely lost.

In the dircction of incressing mean annual temperature, frost pheno-
tiena became less and less noticeable, chemical and humic weathering
more prominent. Reduced matenial develops, rich in colloids, the end-
product being black or brown?®, Tt is thoroughly moist at all seasons and
so almost afways in a state of increased mobility (the rubble as well, See
- 58). This is the completely humid temperate region, with precipitation
fairly uniformly distributed throughout the year,



WORLD CLIMATIC AND SOIL ZONES 59

This uniformity is lost as the arid belts are approsached. In the semi-
humid region there is an alternation of wet and dry seasons. In the wet
season, chemical weathering is active; but there are spots where, in the
dry season, only physical disintegration by heat (insolation) occurs.
Reduced substances, rich in colloids, are to be found here too; but they
are mobile anly in the wet season; when dry, they bake into a coherent
mass, and hald fast the other components of the weathered material,
rendering them immobile. The end-products are coloured red by iron
oxide (‘red earth’)?".

Semi-humid regions occur on either side of the arid belts. On the
poleward side are the subtropics—with rain in winter, when the sun is at
its lowest; on the equatorial side the rainy season is in summer when the
sun stands high, This is usually considered as part of the tropics; and
the monsoon regions belong to it.

Here, too, red soils, rich in colloids, are typical. They often—but by
no means always—consist of hydrated aluminium oxide; this makes its
appearance as the end-product of the most far-reaching decompaosition
leading, under the influence of tropical temperntures and water of high
chemical activity, to the loss of the last remnants of the alkalis and
silicic acid. ‘The term laterite is now restricted to these soils™,

Equatorwards of the tropics, the rainy sessons, associated with the
highest altitude of the sun, occur twice a year, and merge more or less
definitely so a5 to give very abundant rainfall spread over the year, With
this the completely humid tropical province is entered. Here conditions
for the existence of humus recur, and weathering takes the same course
as in the temperate zones, The end-product is yellow earth which is
coloured black or brown by humus (black and brown earths)’™. On
account of the perpetual heavy soaking, this colloidal material is con=
stantly in a state of high mobility.

Climatic transitions lead to the arid beltr (and arid continental in-
teriors) which separate the humid zones. Water and so chemical weather-
ing are by no means entirely absent. In the transitional regions of the
semi-arid province, they reach considerable importance; yet there is not
here, cither, sufficient precipitation to feed permanent or periodic
streams. Water seeping down to the decp-seated water table is partly—
not entirely—drawn back to the surface by capillary processes; und there,
on evaporation, deposits the substances which it has dissolved on ns
way, Effiorescences of readily soluble salts and crusts of the less soluble
calcium carbonate, locally also of silica, cement the peripheral soil
horizons. In the completely arid region, with its scarcity of soil moisture,
these desert crusts hecome less frequent, In both types of region the
ground water is confined to favoured spots, as a rule to the alluvium-



6o REDUCTION OF ROCE MATERIAL

filled basins, and it lies very deep down. It is salty, often a concentrated
brine from which salts are precipitated locally where the water table
‘comes to the surface (salt lakes), Soil colloids are by no means absent;
however, they are mobile not only when they are thoroughly wet but
also (as already pointed out) when in the dry state since, because of their
adsorptive saturation with salts, they form fine loose crumbs™, In the
arid belts, it is insolation which determines the prevailing form of rock
reduction. Especially in the completely arid region, the rubble formed
is as # rule dry and therefore practically always highly mobile. In the
semi-arid region this is the condition only during the dry period. In the
rminy season there is often considerable spaking of the material and it
then becomes still more mobile for that reason, the colloids playing no
small part in this effect. On the other hand, at the times of transition
from dry to moist, and vice versa, the mobility of the material reduced
under arid conditions is lessened, for the reasons stated above (p. 56).

Thus the general position is as follows: from the equator to the edge of
the ice caps, reduced substances develop which, on account of their own
nature and of the climatic conditions under which they were formed,
possess the highest possible degree of mobility. In every climatic region,
there are aptima for mobility of the material derived from the rocks. Pro-
ducts of chemical weathering, highly mobile when moist, and becoming
bound and immaobile when dry, are developed just at those plam where
moisture 15 abundant during the course of the year; and it is in exactly
such spots, possessing these very favourable conditions, that the
material of mechanical weathering which is most mobile when com-
pletely dry or thoroughly soaked, is developed

In addition to this invariable and characteristic feature, which is a
fict of the greatest importance from a morphological point of view, there
are the various types of soil products which are peculiar to the individual
climatic regions. These are termed climatic soil belts™, Taking into
sccount only the end-products of reduction, such as appear in a climatic
regiot under the most favourable circumstances—and the distribution
of these can then, according to R. Lang, be recognised by a definite
numerical value of the rain factor—the following soil belts succeed each
other in this order from pole to equator:
Frost soils of mechanical msimegrntinn,} nival zone

having the eolour of the parcm rock polar zone
Black maw humus - - sub-polar transition zone
(super-humid region)
Black earth (dark-coloured yellow earth) - temperate humid region
Brown earth [d:rk-culuuml yellow earth) - transitional

Redearth - - = = = semi-humid region
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Yellow-grey steppe soils (insolation rubble)  semi-arid region
Insolation rubble the colour of the parent

rock = = — e - ~ arid region
Steppesoils = - - - - - semi-arid region
Red lutl:rin:} - : :
- = - = =« semi-humid tropical
Red earth region
Brown earth {duk-cuiuumd :.fellnn unh} - transitional
Blackearth - - = humid tropical province
Raw humus - - - - - - super-humid tropical
region

The colour of the soil proves to be a characteristic feature™. And if,
during the course of the year, different climatic conditions obtain,
seasonal variations in colour can be observed in the transitional
regions?, In the same way the superposition of soil tyvpes of different
colours can be taken as an indication of climatic changes, and a very
sensitive one, for these actual trunsitional regions?™,

8. LIMITS OF WEATHERING
If the weathered substances remained where they were formed, the
land would be covered with an increasingly thick layer of soil, its upper
horizons consisting of the unalterable end-product characteristic of each
climatic type. The question is to what depth the rock decay could then
penetrate.

It has been shown (p. 53) that the lower limit of mechanical reduc-
tion, by mechanical and chemical weathering, is to be found at a depth
of a few metres. Chemical changes, however, take place below that. They
continue down to the level of the ground water. The properties of this
are quite different from those of the seepage water reaching it; it is espe-
cially poor in oxygen—oxidation processes, therefore, come to an end at
this level—and so it is richer in carbon dioxide. In particular, the aera-
tion of the rocks, which is essential for their decomposition, ends at the
level of the ground water. And finally, chemical products of whatever
kind, precipitated near and below the water table, show that the ground
water is saturated with mineral matter. Thus the water table separates
two zones in which chemical processes take place in the reverse direc-
tion. Below it, is the zone of cementation, the realm of diagenesis; above
it is the area in which chemical weathering and solution are at work
{zone of oxidation).

If the products of chemical weathering which remain at their place of
origin are in the form of stable end-products right down to the water
table, then any further transformation, any further reduction, ceases,
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The level of the water table is their absolute lower limit. The thickness
of such a soil cover, forming undisturbed, would depend solely upon the
position of the water table. That is determined first by the climate—in
humid regions it 18 nearer the exposed surface than in arid ones; then by
the kind of rock—it is lower down in permeable than in impermeable
arcas; and finally by the surface relief which is approximately followed
by the water tmble. It lies farther from the surface beneath elevations
than beneath depressions, From this it is easy to decide between what
limits the thickness varies for an ideal soil cover, developing undis-
turbed, and also its world distribution. Comparing this with what is
actually found to be the case, we gain a most impressive picture of the
continuous and far-reaching effect of the denudational processes which
everywhere hinder the formation of an ideal soil zone.

9. RELATIONSHIP OF WEATHERING TO
DENUDATION

Nowhere in the world does the water table lie immovably fixed, even
if the climate and the character of the rock remain unaltered, any more
than reduced material anywhere remains at the place where it was
formed. For as this moves away—as happens on every inclined land sur-
face, so long as it is not an area of deposition—the exposed surface is
continuwously lowered, and the level of the water table sinks with it,
Wherever denudation is tuking place on the earth, the lower limit of
weathering is in consequence gradually moving down deeper, i.e. zones
of rock, which till then were subject to diagenesis, are now subject to
weathering. What is true for the lower limit of weathering naturally
applies also to any horizon of the profile above it: the border zone, espe-
cially important for denudation, between the horizon of rock loosening
and thart of the rubble, is under such circumstances also in a position to
move downwards and is compelled to do so. We shall call ths process the
renewval of exposure.

Rexgwar or EXposunm

It takes place more rapidly, the greater the quantity of rock material
removed from any point in unit time; in other words, the more intense
the denudation. Thus rmewal of exporure is a function of the intensity of
denudation. As only loose particles of rock cun be carried away, it has
alse a definite relation to rock reduction, and to the amount of rock
reduced in unit time as well as to the degree of reduction. In the one
limiting case, the tiny picces leave the place where they were formed im-
mediately after having been loosened from the body of the rock, This



RENEWAL OF EXPOSURE 63

means a rapid renewal of exposure; since each time picces are removed,
only those relatively short intervals of time have been needed which, at
a given place, are required for the loosening and detachment of frag-
ments from the parent rock. It is merely the horizon of rock loosening
which can be produced, and not any soil horizons of a farther advanced
degree of reduction. Bare rock crops out (p. 63). It is the sign of very
rapid, very intense denudation, And this means that (a) the rock frag-
ments are removed immediately they have been detached from their
cannection, 2nd (b) that the horizon of loosening develops at the surface,
i.e, with unimpeded exposure, and under such conditions works down-
wards more actively than any of the other zones in the profile of reduc-
tion, Here, therefore, within a definite length of time, a layer of rock of
the greatest possible thickness, with the maximum amount of rock
material, is reduced and changed into 2 form just sufficiently mobile for
the denudation which follows immediately. Denudation here is intense
because great quantities of rock are removed in unit time from their
place of origin, not because the material is then rapidly moved on.

In the other limiting case, reduced substances leave their place of
origin only after such long intervals of time that, during them, chemically
stable end-products have formed as far down as the water table. This is
the limiting case for cumulative weathering also. Between these limits,
the relation hetween renewsl of exposure and rock reduction gives nise to
a continuous series of an infinite number of links from which only one
will be taken to illustrate the general conditions. Suppose that, at a cer-
tain place, a complete soil profile comes into being, with unaitered rock
at the base, the zones of loosening and of rubble sbove that and the
horizon of the pure, very highly mobile end-product at the top, and that
this profile just mamitains itself. Then the removal of the reduced sub-
stances from their place of origin (the renewal of exposure) requires just
as much time as weathering needs for the production of the highly mobile
end-product. Only this moves away: it is prepared afresh to the same
amount, and rock destruction reaches down into the rock that was in-
tact. A stationary condition is set up.

The same of course applies to any link whatever in the serics, when 1t
is no longer the pure end-product that is formed and maintained at the
top of the soil profile, but any horizon of a lesser degree aof reduction.
However, these are cases of quicker, more intense denudation; for the
less the degree of reduction in the zone of soil which is uppermost and
therefore exposed to the full, the more rapid is the rate of formation, and
the greater the quantity of rock which in a given length of time attains
the mobility needed for migration, and consequently leaves the place
where it originated. In any case, since on @ given gradient a particular
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degree of mobility is required to make the material unstable and so necessitate
its migration, removal of material on that gradient must be related to the
length of time needed for the process of veduction to produce the required

Y.

Two essentially different processes are at work, and they must be
sharply distinguished since they have an entirely different significance
and their varying mutual relationship leads to entirely different effects:
(a) the intensity of the denudation, which is expressed by the quantity of
reduced material leaving its place of origin in unit time, and (b) the rate at
which the reduced material then moves on, which is expressed as the
distance 1t travels in unit time. It depends upon the kind of denuda-
tional conditions and upon the type of material moved, and it will be
discussed later.

However, the quantity of rock made available in unit time for removal
by denudation, i.e. which has acquired the mobility that, at a given
place, renders it unstable and thus necessitates spontancous movement,
is always the result of an equivalent period of reduction (p. 51). This
uniformity in the time of preparation needed to bring reduced material to a
definite degree of reduction (mobility) provides a measure for intensity of
denudation. The spontaneous remaoval of the reduced rock material can,
for its maximum rate, take place as fast as its preparation. Only what is
available for removal by denudation, what is loose, can be removed, and
spontaneously, by which is meant the movement of the small pieces from
their place of origin of their own accord under the influence of gravity,
as contrasted with their forcible detachment from their more or Jess
loosened connections, and their premature™ removal from their position,
e.g. by heavy material moving from above.

IF we consider conditions of denudation where there exists, in adjoin-
Ing areas, a series ranging from pieces of rock only just loosened, through
material carresponding to the re-arrunged rubble horizon to, finally,
highly mobile end-products which are only just being removed from
their place of origin, then it is seen that this series corresponds to one of
a decreasing rate of denudation. In each case it equals the rate of forma-
tion of the respective soil horizons; and—as we have shown—this takes
place more slowly the more highly mobule, ie. the farther reduced, are
the products to be formed (p. 51). Consequently, spontancous denuda-
tion can attuin the greatest possible intensity where the rock reduction
goes on in the most vigorous, most rapid fashion. Other things being
equal, this is the case on a freely exposed rock surface. It occurs in the
horizon of rock loosening, the decpest zone of the profile of reduction,
and the one which—with unreduced exposure—develops most rapidly
and advances most quickly towards the interior of the rock (pp. 50-51).
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As a rule, bare rock is associated with steep slopes, since it cannot appear
without a definite relationship between the two processes (a) and (b)
mentioned on p. 64. If in unit time great guantities of reduced rock
material leave their place of origin, implying great intensity of denuda-
tion, and if, for some reason or other, they also move away comparatively
slowly, then there appears an accumulation, a damming up of the
material, and the denudational surface becomes covered with it. In Ui
toay its exposure is decreased, and o the rock reduction at this surface is re-
tarded (pp. 54-55), and there necessarily folloses a diminution in the inten-
sity of denudation until theve is equilibrium between the preparation of
material for carrying away and its actual transport, Bare rock can outcrop
only when further rapid removal of the detached rock fragments from
their place of origin is followed by rapid further transport.

The immediate consequence of these relations, the proof; as it were,
that they are as stated, is a phenomenon governed by law and easily ven-
fied in every one of the denudation areas of the world. But so far it has
been, in most cases, overlooked: The distribution of weathered material,
and its type, depend upon the inclination of the slopes. In general, the
thickness of the soil cover increases as the stecpness of the substratum
diminighes. This is to be seen not only where transported material is
held up, as at the gentler foot of a slope where increase in thickness is
the result of accumulation. It is also true where the sedentary soil profile
does not, either in type or mode of formation, appear to be noticeably
influenced or altered by material transported from higher up. Not only,
however, does the thickness of the layer of soil decrease up the slope,
but the further vule applies that, as slopes become stecper, only the locer
horizans of the normal soil profile are developed at the surface. On the
gentler slopes we find, at the top of a thicker soil profile, an horizon
which has undergone more thorough reduction, or even one showing the
pure end-product; on steeper slopes there is only the rubbly honizon as
the uppermost formation of a less developed profile. With further steep-
ening, there appears the scarcely-covered zone of loosening, and finally
the bare rock, Where rising slopes are concave, as for instance on the
uppermost parts of the German Highlunds, almost the whole soil profile
may occasionally be crossed as one moves from below upwards®, the
horizon being lower the higher up it outcrops and the steeper the slope.
Just as in a sail profile, the horizons are not sharply divided from each
other, neither are they in this arrangement where they are next one
another at the surface. As slopes become steeper, the soil cover becomes
thinner and also poorer in end-products, and its composition shows an
increasing proportion of angular pieces of rock. This is true for humid

as well as for arid regions,
E .M. A



66 REDUCTION OF ROCK MATERIAL

Brock SEas
[Seas or Brorex Rock]

These are a conspicuous and widespread feature of the German High-
lands. The rules just considered apply to most block seas, which exhibit
very clearly the relationships mentioned above, They are accumulations
of blocks of stone, frequently of a considerable size; and fine-grained
packing material, especially the end-products of weathering, is absent
from between their surfaces, Von Lozinski, apparently for that reason,
took them to be the result of mechanical weathering, more particularly
of the frost weathering which was thought to have prevailed in the extra-
glacial regions of Central Europe during the Pleistocene glaciation®. B.
Hogbom, followed by W. Salomon, went a step further, taking the
blocks to be Pleistocene rock streams on account of their occasional—
not very great—resemblances to the present day block streams found in
polar regions. He considered them to have originated, and to have
moved, in an analogous manner, but not to be developing any further
nowadays®, The feature is thus considered as fossil, and as having been
conditioned by climate; and Meyer-Harrassowitz drew from it far-
reaching conclusions as to the nature of the Pleistocene climate in the
extra-glacial region of Central Europe®®.

Obviously, theory and hypothesis have here far outrun observation,
In individual cases, there are some features which indicate that the ac-
cumulations of blocks have in the main had their origin in the geological
past—to place them in the Ice Age or in one of the ice ages is a mere
assumption not proved by any observations—but 1n most cases they can
be shown to be developing further and to be moving as much as ever at
the present day. It is not possible to generalise from either the one or the
other of the two sets of observations. It can only be stated in general
terms that the slowly-acting processes of rock reduction, like all the pro-
cesses taking part in modelling the present land forms, reach far back—
often considerably farther than into Pleistocene times; at some places
they came to an end at a certain ume, having produced this same form;
at others, however, they are today still working in the same direction.

A whole series of facts makes it evident that block seas are not a
phenomenon due to climatic conditions; and, more especially, that they
are not connected with the sphere of mechanical frost weathering, First
of all: they occur in regions which were out of the way of any frost action
even during the Pleistocene period. For instance, 1 found them in
Uruguay on the steeper slopes of inselbergs of granite, syenite or quartz-
ite which rise above the surrounding country in the southern part of the
Brazilian shield. They were again observed at every altitude on serpen-
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tine and andesite elevations in north-west and central Asia Minor, here,
too, connected with slopes of a definite gradient. In exactly the came way
the block seas of the German Highlands are associated with certain types of
rock which shot a tendency to break down into more or less coarse blocky,
and they occur on slopes of a definite gradient, 1f here they were the pro-
ducts of Pleistocene frost weathering, it would be not only a few definite
rock types that would have a share in their composition, but all kinds
which had the same exposure, since chemical weathering is for the most
part excluded from the region of frost weathening. But upon investiga-
ting the scree, which is equivalent to the block seas and which has
formed near them in districts where the rocks have differing properties,
ane finds that it shows unmistakable traces of chemical weathering, in
every profile and at every horizon. This is more marked in the deriva-
tives of chemically unstable silicate rocks than in the more stable sedi-
mentary ones such as limestone, marl, clay, quartzite, etc., and less
marked in the rubble horizon than in the higher horizons of more ad-
vanced reduction. Here, even a geologist’s experienced eye cannot gener-
ally recognise from the formation alone what part chemical weathering
has had in the mechanical reduction of the rocks, and what part the frost
shattering now attacking them, not to mention a possible part taken by
weathering under conditions of Pleistocene cold. Would it be likely that
in the German Highlands only granite, basalt here and there, massive
basic rocks, Devonian quartzite, certain horizons of the Bunter sand-
stone, and in some places schists formed by contact metsmorphism,
should be reduced by frost weathering, while the long series of other
types of rock remained unaffected? Or would the derivatives of only the
latter have since been further attacked chemically and altered, whilst the
abave listed rocks of the block seas were preserved unchanged?

We can come to grips with the question only if we replace the inter-
pretation and explanation of what is on the whole a rather small number
of observed facts by new and more thorough research. Such was made
by O, H. Erdmannsdérfer in the Harz, and finally by me in the Harz,
Fichtelgebirge, and Black Forest. Two sets of accumulations of blocks
can be distinguished. The one consists of serees, accumulations of
broken-down fragments which pile up on steep slopes and because of
their own movement occasionally spread out and flatten as they extend
downwards. Often, but not always, they adjoin a rocky source of supply
and they consist of angular fragments, bounded by joints and fracture
planes. Examples may be found in the block fields of schist in the Oder
valley, of granite in the Bode valley (Harz) as well as the rock seas of
Bunter sandstone in the Odenwald and Black Forest. It has been shown
that the last named are accumulations of pieces from the resistant upper
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lsyers—which only rarely stand out as rocky crags; below these, the
more crumbly lower bed is weathered out and gradually washed away,
especially where springs emerge, so that the overlying rock masses break
aff *4.

The second type of block sea is only exceptionally connected with a
rocky source of supply. Much more often the source is in the substratum
of the actual accumulations of blocks. Moreover, it does not extend over
their whole area, but is ussociated with those parts of the slopes which
have a guite definite inclination; whilst the blocks, on account of their
downward movement, have often come to rest upon the slopes below,
which sre considerably less steep.

On the Fichtelgebirge (e.g. at the Kosseme near Waldstein, Fichtel-
berg, ete.) and in the neighbourhood of the Brocken in the Harz, numer-
ous exposures lay bare the substratum of the block fields of granitic and
—in the Fichtelgebirge—diorite blncks, Above coherent fissured rock
there can always be found a zone measuring several metres (on the
Luisenburg, Fichtelgebirge, ro metres thick!) in which roundish blocks
of solid rock are embedded in a weathered product of far advanced
chemical decomposition. The structure is here everywhere preserved
intact, the blocks as well as the decomposed material between them still
remaining associated with one another in their original positions. (In the
case of the Proterobase® of Fichtelberg, the detritus is a loamy end-pro-
duct; in the case of the granite, it is a fine crumb-like and more or less
loamy grit). This structural cohesion is no longer present in the case of
the next higher bhorizon (3-5 metres thick at the Luisenburg). From
the loss of structure, from the pulverisation of the more loamy granitic
grit and the packing together of the blocks pushed one above the other,
it may be recognised that this zone is one of complete rearmangement
and of movement. Locally, blocks still in place reach from below into
the zone of movement, but otherwise its lower limit is sharp though with
irregular pockets, like the bed of a river.

G. Klemm (for. cit,™) has reported such profiles from the Odenwald
also, They are the rule and recur with every kind of vanation. It follows
from them:

1. that the fragments—particularly those of the typical block seas of
granite and of analogous, e.g. basic, igneous masses—have been
lvosened from the rock fabric not by mechanical but by chemieal
weathering;

2. that the tendency ta form blocks is a specific quality of the rocks
cancerned; and

[* A special type of diabase found in the Fichteleebirge, of eardier than
the other didbases there.) =
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3. that the source of supply of these blocks lies in their own sub-

stratum.

Thus they correspond in every respect to an horizon of a normal sail
profile of chemical weathering, and have absolutely nothing to do with
the effects of ‘periglacial’ or polar frost*®. The problem now arises as to
what conditions can make acute this tendency to form blocks, so leading
to the development of a block field.

Where sufficiently deep exposures prove that the orgin of 3 block field
is of this above-mentioned kind, there is nothing to be seen at its surface
of the decomposed sandy detritus, rich in colloidal end-products, which
at lower horizons forms a very well developed matrix, Rather, block
rests upon block, the material between having been removed, washed
away. In gulleys and valley tracks, where running water collects, the
rainwash is more thorough and so there is a better development of
accumulated blocks that are impoverished in respect of material be-
tween them. This is also the case where there are no block seas on the:
adjoining slopes, o that there can be no accession -of  fragpments occa-
sionally sliding down, or rolling, from them.

Yet even in such valley furrows, the blocks cease to be dominant when
gradients become less. Exactly the same thing may be noticed in the far
more numerous block fields which develop on slopes away from valley
courses. If these pass either upwards or downwards into slopes with a
smaller gradient, the blocks are seen to sink more and more into the
ground—whether it is wooded or not makes no difference; only their
tops poke up here and there, and finally even these disappear, On
examination, the soil is found to consist of coarse gritty products of de-
composition, mixed with rather small lumps, or of gritty loam in which
flont lurger isolated fragments that disappear when the inclination of the
ground is less than 106°. The phenomenon follows this law: with de-
creasing gradient the block seas disappear; they are replaced at the sur-
fuce by material in which reduction has gone further, a fine grit more
like the end-product of chemical weathering. 1t is only such material
that is, under the given conditions, sufficiently mobile to move away.
And even if, here, the granite amongst it disintegrates into blocks (e.g-
in the quarries at Plattenstein, Fichtelgehirge), the blocks still have to
remain where they were formed, and under such conditions their material
becomes transportable only when it has been changed into a mixture of
loam, grit, and coarse fragments, or—if the slope of the ground is
less, into o mixture of loam and gnt, or—finally—into highly mobile
loam.

Conversely, block seas are typically displayed where the slope in-
creases (at gradients averaging 15730 ). The exposed profiles prove
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that the material is moving: what carries out the movement is the lower
layer, & mixture of blocks, grit and loam; the upper layer of accumulated
blocks is on the whole passively borne along. The movement of the
boulders is indicated here by the trees, at every stage of growth, which
have their roots in between them, and are frequently found to be bent
and pushed out of position®®. Increasing steepness of the substratum
leads to the transition from block seas to blocky scree, e.g. at the Stein-
emne Renne in the Harz. The blocks are less and less rounded, turning
into broken angular fragments below which is visible the bare rock; no
Jonger is there any higher horizon of the soil profile, no thick zone of
chemical weathering,

Thus, in just the same way, typical rock seas of granite are not related
to rocky cliffs as screes are to their rock source. This is perfectly clear
from an examination of the cliffs which jut out from gentle slopes.
Oceasionally they are surrounded by a festoon of fragments, correspond-
ing to the normal screes found at the base of precipices; they gradually
disintegrate into 2 heap of rounded blocks, but no block fields or stone
rivers adjoin them. Rather do they form islands of blocks in the midst
of a countryside where the rock is more highly reduced; and the material
from them is incapable of being transported till, like the surrounding
granite, it has disintegrated into loamy grit and rubble. Thus on the so-
called second terrace of the Bithynian Olympus, all transitions can be
found from high projecting cliffs through towerlike piles of rounded
blocks and groups of single blocks to rubble heaps, all that remains
of former rocky cliffs*”. Such examples are also widely distributed
in the Harz and Fichtelgebirge.

However, a different picture is presented by the cliffs which rise up
from the steeper slopes or are superimposed upon their upper marging.
They then often appear as a source of supply for block fields, without
contributing the main part, When their surroundings consist of the same
rock materials disintegrating into blocks, a rather steep slope, even if
there are not actual cliffs, will feed a rock sea. If, on the contrary, other
kinds of rock are exposed on the hillside, rocks which have no tendency
to disintegrate into coarse blocks, then narrow strips made up of blocks
lead down from the cliffs—screes drawn out as it were into tails—and
make clear what a small contribution is brought by decaying cliffs o a
rock sea surrounding them.

SUMMARY
The block seas of granite and kindred formations have here been
treated in somewhat greater detail since they bring out clearly the con-
nection, conforming to definite laws, between rock reduction and denu-
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dation, Apart from those portions of the transported mass of blocks
which have migrated as stone rivers and so have reached the gentler
parts of slopes, a process which finds its equivalent in the displacement
of scree material, to be discussed later, we find that the block fields cor-
respond to definite horizons in the profiles of reduction, these reaching
the surface on certain gradients. On steeper slopes they are replaced by
deeper horizons, less reduced; on gentler ones by higher horizons at a
more advanced degree of reduction. This arrangement is no longer 3
simple effect of weathering, but it already shows the influence of denuda-
tion. It proves that at the present day there is spontaneous migration of
reduced material: it further shows that spontaneous denudation i1s more
rapid and more intense on steeper slopes than on gentler ones (p. O4).
The preparation of mobile material that can be removed by denudation,
as contrasted with denudation itself, seems to be delayed more where
the slopes are slight. On steep ones the soil cover is thin and the pieces of
rock are removed soon after they have been loosened from the rock
fabric; on gentler ones the soil cover is thick, since far-reaching com-
minution and the making mobile of the material must occur before it is
possible for pieces of rock to move away. From this we can deduce the two
fundamental prerequisites for removal by denudation: inclination of the
ground and mobility of the material. The arrangement of the reduced
material on the land surface, as illustrated by the seas of granite blocks,
shows that, to be able to mave away, greater mobility is needed the less
the inclination of the substratum; ot conversely, the steeper the slopes, the
less the mobility needed for the removal of the material by denudation. For
denudation, which acts over the whole surface, the ratio of the inclination of
the ground to the mobility of the rock derivatives is the determining factor.
Other things being equal, the intensity of denudation increases with the
steepness of the slopes (see p. 65).

Only one link in this relationship can be referred to weathering: rock
reduction, Le. rendering the material mobile. This depends upon the
properties of the rock and upon the climate. For a given place, the rock
properties determine the amount of rock which can in unit time be
brought into a sufficiently mobile form by the reducing processes at
work there. Climate detérmines the kind of reducing processes, and so
the type of reduction products and their composition. But it by no means
decides the characteristic feature of rock reduction itself, which goes on
uniformly over the whole earth, and in all climates, and which is alone
relevant for denudation. Everywhere, in all climates, those relationships
which give it the greatest possible mobility are found in the conditions
under which it is forming. Thus no climatic region provides especially
favourable conditions for the production of the mass movement which
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brings about denudation ever the whole surface; and so there is no possi-
bility of different denudational forms, which had a different course of
development, arising in differemt climates, provided the endogenetic

premisses are the same.



CHAPTER IV
MASS-MOVEMENT

W:athcring by itself does not produce any land-forms. It must be
emphatically stressed that these arise only when the weathered
material leaves the place where it was formed, i.e. by denudation.® The
driving force for this is always the force of gravity®, whether the displace-
ment of material along the earth's surface occurs spentaneously or is
helped by a moving medium, OF such media, those acting on the earth
arc air, water and ice. It is only if there is a gradient that they begin to
move. Hence their motive power also is the force of gravity, whether the
gradient is caused by the inclination of the substratum beneath the
medium, or by differences of density within it. The particles make for
their goal by the shortest possible path in the direction of the gradient.
For that reason, and because of its vastly different but also relatively high
mobility (even in the case of ice), the motion of the medium is a con-
tinuous flow along definite paths of movement which are demarcated
from their surroundings. The morphological efficiency of the moving
medium is naturally confined to those paths, and it therefore has a
tendency to be linear. On land, these dense media, water and ice, show
this characteristic most cleatly: here their weight forces them against the
surface of the solid ground, their movement follows the slope, their path
of movement becomes bardered hy firm banks, if such were not already
present. In these respects, the much lighter and more mobile air behaves
differently, The paths of its movement are not bordered by firm hanks,
they vary in position, and the movement at its base appears not to obey
the force of gravity, since wind blows over mountain and valley, rises and
falls. Water, however, does the same thing along the irregular floor of a
river, and the phenomenon recurs in other gravitational streams. From
a physical standpaint we must put currents of air with currents of water;
for then the movement and morphological effect at the bottom of the
paths of movement within the two media become comparable. In the one
case, the river beds form the base; in the other, whole stretches of land.
Thus, in respect of the individual slopes composing a landscape, move-
ment of the air is indeed independent of the gradient; and it attacks over
[* The German word Abtragung really means ‘carrying away ".]
73
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the whole area, just as water attacks the river bed, or ice the bed of the
glacier, over its whole area.

The immediate effect which moving media have on the solid surface
of the earth is the removal of solid material loosened from the rock tex-
ture, as soon as this comes within the sphere of the paths of movement.
Caught in the stream, the rock derivatives appear to be passively carried
along by some means of transport, irrespective of possible movements of
their own. With A. Penck, then, we speak of mass-transport®®, This is
restricted to the paths of moving media, Outside these, there is the spon-
taneous independent migration of the reduced substances; and indeed
this occurs on all slopes where rocks are being reduced, and where the
inclination exceeds a minimum amount which observation shows to be
removed by only a few degrees from the horizontal. All such movements
are here grouped as masi-movement®®, Their combined action produces
denudation of the surface of the land in the truest sense of the word. The
direction of the movement—as contrasted with surface transport by
wind—is determined by the gradient of each individual declivity of the
Terraimn;

Only in the case of a vertical rock face could the full force of gravity
be put to use in effecting the transport of reduced substances (free fall).
Where surfaces are less steeply inclined, the driving force that comes
into play is only that companent of the acceleration due to gravity which
is parallel to the surface of the ground in the direction of the gradient;
and it is proportional to the sine of the angle of inclination. It can release
a mass-movement and keep it going only when it is able to overcome the
resistance opposing it.

. RESISTANCE TO DENUDATION

This must therefore be taken into account as a very important factor.
It is to be understood as the sum of the resistances opposing movement
towards grade. For all the processes of denudation are displacements of
matter directed towards bringing the material into a position of stuble
equilibrium. Disturbance of equilibrium is caused by crustal movements
which put the rocks into such a position (as regards bedding and altitude)
that they cannot permanently maintain themselves there. Herein lies the
relationship betsceen crustal movement and denudation.

There is no difficulty about setting in motion the disturbed rocks if
they possess but slight cohesion and so have mobility, like unconsoli-
dated deposits or wet clay. But most rocks possess greater cohesion, and
obtain the requisite mobility only through the process of weathering.
Resistance to denudation accordingly depends in the first place upon the
cohestan of the rock.
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Conesion oF Rocrs

Unweathered rock which at the outset possesses little cohesion (i.e. has
a great number of divisional planes and consequently great mobility),
takes part in mass-movement to just as great an extent as weathered sub-
stances which have been produced from a long series of rocks of greater
cohesion and have only in that way acquired their mobility"*.

The number of rock types which are already mobile in the unweathered
state, or become so when in contact with water, is not great; their dis-
tribution is far greater. Not only do the still unconsolidated deposits, as
a rule geologically recent, of fluviatile, lacustrine, acolian, etc., origin,
and the clastic uncompacted products of volcanic origin, belong to this
class, but above all it is the clayey rocks. The greater the content of col-
loidal clay, the greater, 100, is the mobility which becomes effective upon
moistening. Since for denudation it is only the mobility of the materil
which i of decisive importance, there are adaptations of form to un-
weathered rock types of differing mobility in a manner analogous to those
for rocks that have different resistances to weathering. Usually the one is
taken for the other, and forms are considered to be the result of differ-
ential weathering when this has nothing whatever to do with the matter,
An example of this is the ‘weathering out’ of dykes of igneous rock from
marly and clayey sediments. These latter are almost immune to weather-
ing, at any rate incomparably more resistant to it than any igneous rock
whatsoever. That ‘weathering out” is the result of very unequal resistance
to denudation, The clayey rock is resistant to weathering; but when
thoroughly wet, it possesses greater mobility than the suceptible igneous
rock can, in the same time, acquire through weathering. Therefore, in
unit time, more of the former is removed, carried away by denudation,
than of the latter™. Thus it will not do to deduce—without further in-
vestigation—differences in resistunce to weathering from the resistance
to denudation which becomes morphologically visible in adaptation of
form to the character of the rock and depends upon differences in the
mobility, originally existing or acquired.

Whilst, in weathered material, the onset of mobility is bound up with
the zones of soil which adjoin the surface, in clayey rocks it comes about
wherever these come into contact with water. Thorough wetting of clay
always means a lessening of cohesion in those rocks of which it forms a
part. If it is evenly distributed, say as cement in sandy or calcareous
strata, or as multiple intercalations between less mobile rocks, a frequent
occurrence in the flysch of the Apennines, Alps, etc,, then the whole rock
complex becomes mobile when it is wet through; and the mass-move-
ment, as well as the forms of denudation produced, is determined mainly
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by the properties of the mobile material. But even if a layer of clay is
overlain by rocks of totally different nature, with a higher degree of
cohesion, these are affected by the results of saturation, If the layer of
clay outerops, and if it has a valleyward dip, then the complex of over-
lying rocks ceases to be in equilibrium as soon as water renders the clay
highly mobile and makes it a 'lubricant’, a word that aptly expresses the
property of reducing friction possessed by swollen colloids. Under these
conditions, the occurrence of mass-movement, and the forms which
arise, depend not only upon the properties of the mobile stratum and its
bedding, but just as much upon the cohesion of the overlving rocks
and their bedding. Rockslides may take place, rocky niches are left
walled round by bared joint planes, streams of rock fragments roll down
mto the valley. These are phenomena of a kind quite foreign to the
mobile types of rock; but they are very often brought about by their
presence, their properties and their arrangement,

What matters here is not only the way in which the rock was laid
down, upon which depends the arrangement of the planes of least co-
hesion (bedding planes, joint planes, ete.), and so partly also the paths
by which percolating water penetrates into the heart of the rock, but in
general upon the permeability of the rock to water. 'This decides, other
things being equal, how much of the rain falling upon an area flows off
the surface and does mechanical work upon it, how much seeps down
and is brought to any clayey rocks which may happen to be present, and
which become mobile. In the case of these latter, so far as they outcrop,
the effect of great mobility is reinforced by that of the impermeability
which renders them highly susceptible to the attack of rainwash as com-
pared with permeable (porous, loose-textured, fissured) types of rock.
These conditions account for the extraordinary ease with which the
clayey rocks, which can scarcely be attacked at all by weathering, break
down and become unstable in response to denudation, a feature whieh is
their special charncteristic®®,

Cohesion is the resistance opposing the commencement of mass-
movement. The resistance which particularly hinders it throughout i1s
course is friction,

FricTion

No results are available of any research on its magnitude. Tt is at any
rate very great. Therefore most mass-movement takes place extremely
slowly®, a fact which almost prevents direct observation of it. For the
rest, a number of phenomena can easily be traced to friction, and under-
stond from the physical conditions associated with it.

When accumulating masses of rock waste migrate (i.e. not just separ-
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ate little pieces of rock), there is friction between the components—
internal friction—and between the moving mass and the substratum ov
which it passes—external friction. In both cases there is sliding friction
and rolling friction; and as a rule not only hard bodies but also water
and wet colloids take a share in the movement, Now, the conditions
influencing internal friction are these:

(a) it increases with the size of the area of contact, and is therefore
less in the case of coarse material than of fine;

() it increases with the weight (pressure), and is therefore greater in
the lower soil horizons than in higher ones, and on steeper slopes is less
than on gentle ones; and

(¢) it is greater, the more angular and the less rounded the components
(roughness of grain), The size and shape of grain are influenced by the
properties of the rock, especially in the first stages of reduction; but they
are also influenced by the processes of weathering dominant at the given
place. For instance, under desert insolation-weathering, a sandstone dis-
integrating into its individual grains provides quite different conditions
for friction from those where the rock is compact and homogeneous,
fracturing along joint planes, even if both are at the same stage of reduc-
tion. On the other hand, where there is similarity in the character of the
rocks and in climate, the size of grain diminishes with increased reduc-
tion, and the shape becomes more and more rounded. This change can
be traced in any soil profile. The friction is partly caused by the edges
and corners, since they have surfaces which are particularly large in
relation to their volume. This means that they are the places most ex-
posed to attack and so they disappear very rapidly. Thus, as it becomes
further reduced, insolation rubble shows excellently how the pieces of
rock become rounded as they become smaller, A similar effect can be
recognised in the upper horizons of chemically weathered soils where
fragments of rock, if still present, are at least rounded at the edges,
Further, the coarser components mttually wear each other away (attri-
tion), and this plays an essential part in rounding mobile weathered
material, whatever its origin. It indicates that rolling and rotating pro-
cesses are to the fore during mass-movement.

(d) The last important point is that friction is always greater with the
transition from rest to movement than during movement.

It follows that, as a general rule, friction decreases from the bottom of
the soil profile upwards, in the direction of decreasing weight. "There-
fore, on a given slope, the material above moves more rapidly than that
lying below it, even if both have the same degree of mobility. This has
often been ohserved directly in streams of homogeneous rocks derived
from landalides, both rockfalls and slumping, and it has been repeatedly
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described as a rolling over and over of the material. Itis just the same with
the slow movements of the reduced material mantling the slopes. As the
stilt effect of tree trunks [see p. 109] eloquently proves, the upper horizons
here move along more quickly than the lower ones. Not only have they
greater mobility, but in particular they have a slighter load to support.
The result of this distribution of mobility and friction in the soil profile
is that the superficial cover of weathered material does not move equally
throughout as o uniform system, but there are different rates for any
given slope, so that the upper parts move along what are at that time the
horizons lying below them, the topmost parts having the greatest speed,
those deepest down going the most slowly. This type of movement is a
rolling over and over, not pushing nor sliding, and its physical analogue is
L 1

These differences in friction, caused by unequal load, are particularly
well zeen where the soil cover is of a different thickness in adjacent areas,
Let us first consider uniformly inclined slopes with the soil profile de-
creasing in thickness upslope, exposing what were lower horizons. The
rubble horizon that follows immediately above that of the loosened rock
would of itself have the same friction everywhere; but in one case it is at
the surface and in another it is loaded with additional material. In the
first instance, therefore, there is less frictional resistance to be overcome
than in the iatter. As a result—other things being equal—the fragmenis
move down more quickly from the higher parts of the slope, where they
are freshly exposed at the surface, than from the lower ones where other
material is superimposed. Consequently the degree of exposure is increased,
and exposure is renewed more quickly i the former than in the latter case,
and this simply means mare intense denudation above than below (see pp.
54 and 65). The effects of this are especially clearly seen wherever there
i5 an intersection of slopes having a mantle of reduced material, which
becomes thinner from the base upwards, but is continuous and so
naturally moves down not as individual little pieces but as a mass, The
slopes do not intersect in sharp ridges, but are flattened near the top, the
crests being rounded off.

This feature finds just as full expression in the zones of intersecting
slopes where the same arrangement of the soil cover goes hand in hand
with an increase in steepness from below upwards. The friction of the
material is here reduced, not only because the load decreases upslope as
the soil ¢over becomes thinner, but also because there is a decreasing
pressure on the substratum in the same direction, The pressure that
nfluences the magnitude of the friction (the weight of the down-pressing
material) acts at right angles to the frictional plane, and becomes less the
steeper the inclination. When the perpendicular is reached, i.e. with
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vertically rising walls, this pressure is nil, and consequently there 18 no
friction to hinder mass-movement®*.

Friction diminishes with increasing steepness of the substratum. Therefore
there is less resistance to be overcome on steep slopes than on gentle ones;
material is more eastly set in motion on the former, and less mobility is needed
for its migration, This eneral lare of denudation deals ewith the one condition
(treated on p. 63) which affords a universal correlation between the type of
soil and the inclination of the slape.

The appearance of conditions which reduce friction is of the greatest
importance for the whole course of the mass-movement, Attention must
be drawn to the following points: Throughout the whole journey, the
moving material, whatever its nature, not only undergoes the far-reach-
ing effects of reduction (unless it is already in the form of end-products),
but also its grains become smaller by mutual attrition, as well as some-
what rounded. Mobility is constantly increasing as it moves from the
region of supply to the place of accumulation, or to the line of the river.
Intermixture with fine to very fine particles, and with colloids, increases
in the same direction, both these reducing friction in every sort of
weathered material, without any exception. Water, generally more abun-
dant in the lower parts of the district than in those higher up, acts in the
same way. Thus the conditions for movement, even on & very slight pradient,
are better as the distance from the region of supply increases. For reducing
the friction yet further on these gentle slopes, increasing wetness is an
essential factor. This is due to the fact that, other things being equal,
infiltration increases with diminishing gradient, whilst there is a de-
crease in the amount of surface run-off. That such movement does
actually occur on very slight gradients is shown by the spreading out of
spontaneously moving material (i.c. material not transported by a
moving medium), on surfaces with a slope of less than 5°. This can be
observed at suitable spots in every climatic zone, Obviously this spread-
ing ot takes place even when friction has become so great in the lower
horizons of the accumulated material as to prevent any further move-
ment there®. The overlying material then gradually moves along over
that beneath it.

Thus it may be seen that, on the whole, a5 one goes downslope, the
frictional conditions become less favourable to movement; while the fac-
tors reducing friction become more and more pronounced in that same
direction. This is of the utmost importance for the net result of the
denudation: in this way movement begun on the higher, steeper parts is
continued on lower, gentler slopes. And there is no indefinitely growing
accumulation of material that has become incapable of movement. The
conditions governing friction and its lessening do not indeed lead to a
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situation in which the more mobile material on the gentler slopes is
moving faster than the rubble on steep declivities—next to nothing is
known about the rate of the movement—but they do lead to a state such
that on the whole, material continues to move downwards so long as the
gradient exceeds a minimum value of just under 5°,

These conditions apply to all the climatic regions of the world, as may
be easily realised if the factors reducing friction are compared with the
conditions producing mobility of the material. The two coincide: their
world distribution is the same. On the whole, there are present at some
time or other in every region of the world—other things being equal—opti-
mum conditions which initiate and maintain spontaneous mass-movement, in
so far as this depends upon the mobility of the material and its frictional

mament.

Roor Systems or PrasTs

The presence of plant roots, particularly the network belonging to
woody plants, is a most important hindrance to the migration of reduced
material; and the frequency of its occurrence is second only to that
of frictional resistance. It has even been maintained that a con-
tinuous cover of forest would entirely prevent the migration of reduced
material, since this would be held fast by the root system®®. But this
hypothesis cannot be upheld against the weight of facts. No place on
carth 1s known where the tree limit is associated with an interruption in
the conditions of denudation, which would be visibly expressed by a
change in the land forms, Not one of the numerous elevations rising
above the tree-line has either a break of gradient or any sharp line of
demarcation between the forms above it and others of a different shape
below. No change whatsoever appears in the land forms when parts of
the earth’s crust, which are tectonically alike, extend from an unforested
climatic zone into one richly wooded. Whether we examine mountain
systems like the Andes, cutting across various forest belts, mountain
massifs rising above the tree limit, or continental areas of a different tec-
tonic nature, their extensive denudational areas reaching into the most
varied climatic regions, some with and some without continuous forest,
observation always brings out this one fact: the forest forms 1 cover the
presence or absence of which has no marked influence on the fashioning
of the land. This was as true in the past as now, Quite a number of
eminences rise from the tropical forest region to above the present snow
line; and one is readily convinced, and in an impressive manner, that
there is nowhere any sharp division, any land-form boundary, to mark the
line to which the early Quaternary tree-limit was depressed in the same
way as were the other climatic zones. If, however, neither the present
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nor the former tree limit is associated with a change in the various land
forms occurring, or with any break whatsoever in the surface modelling,
it cannot be maintained that the denudational processes which actually
shape the land are taking any different course beneath a forest cover, or
would be brought to an end sooner there than anywhere else.

More particularly, the above hypothesis is utterly at variance with all
detailed observation on the properties of the reduced substances, on their
present migration beneath a continuous forest cover as well as elsewhere,
and on the root systems of the plant cover.

Here we can do no more than indicate briefly the essential points,
Naturally it is possible to consider the influence of root systems upon the
mowvements of rock derivatives only for such climatic regions as have
conditions suitable for a continuous forest cover. These are the humid
provinces and adjoining parts of their marginal zones. They are areas in
which chemical weathering is predominant, with the formation of col-
loidal end-products. When thoroughly wet, these could be prevented
from moving along an inclined substratum only by sieves of the fineness
of animal membranes, That is to say, there cannot generally be a felting
of roots dense enough to stop the migration of highly mobile reduced
material, so long as the gradient exceeds a minimum value of some few
degrees. It could not be done even by a network of grass roots, which is
of far finer mesh than that of woody plants, Thus it is quite absurd to
speak of movement being brought to a standstill beneath 2 forest cover,
even though the roots may temporarily hold fast the rock fragments of a
rubble horizon. These do indeed remain in place until further dis-
integration has so far diminished their size that they can pass through
the meshes of the root network, or until the rootlets, which do not live
for ever, die off and rot away, so freeing the fragment which had been
held back until snother root, occurring below, once more holds it up, In
such a case the root system does act more or less like a sieve: the colloidal
substances and the comminuted pieces of rock move away, the larger
fragments either remain behind or move on at a relatively slower pace
according to circumstances. Now and again this can be observed on the
steeper slopes where the tree roots are resting almost directly upon the
surface of the loosened rock. If observers were satisfied with noticing
that such rock fragments were held fast by the root network and took no
account of the remaining components of the soil, of the end-products,
and especially of the whole formation of the soil profile, the impression
would indeed be given that denudation was retarded undemneath a forest
cover, though not of course that it was entirely stopped. However,
wooded regions by no means form an exception to the previously estab-
lished law (pp. 65, 71) that with increasing steepness of slope the
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thickness of the soil decreases, and ever deeper soil horizons become ex-
posed at the surface. This shows that the obstacle which the root-net
may place in the way of the migration of individual pieces of rubble is
far from stopping denudation in general. Obviously its effect 15 com-
pletely counteracted by the greater intensity of chemical reduction and
solution. These lead to more rapid formation of colloidal end-products
and removal of soluble substances here than outside the wooded area.

It is only roots which can exercise this sieving effect; and it is actually
to be ubserved only on slopes so steep that the root network is fixed into
the root horizon as if with grappling irons. On Jess steeply inclined slopes
itis quite different. From artificial sections in forested regions, and more
particularly from natural exposures where trees have been blown down
by the wind, it is possible by systematic search to get a sufficiently good
idea of the soil conditions and of how they are related to the depiths
reached by roots. This is found to be always less than the breadth of the
root system; and in areas of denudation it shows, within certain limits, 4
dependence upon the slope of the soil: other things being equal, the depth
diminishes as the slope of the substratum increases. On stecp declivities,
e.g. in the forested parts of the Alps, or on the steep slopes of the Ger-
man Highlands, the root system spreads a long way out, reaches s depth
of only a few decimetres, and rests almost directly upon the living rock.
The soil is always thin; in type it corresponds to the lower parts of the
rubble horizon which often has very few small pieces, and in that casc
consists chiefly of coarse fragments, entangled in the roots; and of end-
products rich in colloids. Here the pressure of the roots in loosening the
rock is everywhere unmistakable,

It is different on the flattish slopes, Here depth of rooting reaches its
maximum value, which however has never been found to be more than
about one and a half metres. Here, too, the dense matting of roots is con-
fined to the upper decimetres, below which the network very rapidly
becomes more widely meshed. A sparse curtain of roots reaches beyond,
to the layer one to one-and-a-half metres deep. Only isolated strands
reach as far down as two metres, and there they have arrived ot the zone
of loosening. Here the thickness of the soil prevents the rock from being
prized apart by the roots. These figures refer to the root systems of tall
deciduous and coniferous trees.

The depth to which the roots extend is thus approximately parallel to
the local thickness of the soil. In the limiting case, on steep slopes, it is
somewhat greater than the depth of the soil; on gentle slopes, on the
other hand, it is less; in between are transitional conditions characterised
by a diminution in soil thickness and root depth as the substratum be-
cames more steeply inclined. Observations on the depth of root systems
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would lead one to conclude it is, at most, on the steeper slopes that the
matting of roots retards mass-movement. On the other hand, where there
are flattish slopes, it is out of the question to speak of retardation by that
means; for root density increases in that very direction, from underneath
upwards, in which the size of soil grain is diminishing. The mobility of
the material is therefore increasing, and the chance that it will be hind-
ered in its migration disappears.

Not only are these conditions applicable to our part of the world, but
they have their parallel in the wet tropics where intensity of chemical
decompasition, together with the power of growth possessed by vegeta-
tion, is so great that even steep slopes, which could give rise to nothing
but bare rock faces in the temperate zone, have a thick layer of colloidal
end-products for their uppermost horizon of soil, and are forest clad. As
K. Sapper has pointed out for tropical Central America, the root system
15 shallow, about three-quarters of a metre to a metre in depth; and
below this, the products of weathering can move along unhindered®®,
Observations by W, Behrmann in New Guinea show to what extent this
goes an; he frequently found that the rather thin root mat was no longer
connected with the sail, but lving in a cavity. Here there had been
migration of the material underneath the cover of vegetation?®,

It is in some other direction that we must seek the effect of a con-
tinuous cover of forest upon mass-migration. Never is if that of cheching
denudation or of preventing it entirely, This is strikingly proved by the fact
that in forested as scell as in treeless regions there ¢ to be found a correlation
between the steepness of declivities and the arrangement of both the thickness
and the type of the soil cover, Furthermore, in both there are soil profiles
where the normal reduced profile of the lower layers is covered over by
muaterial of another facies which has come from higher up. Such profiles
as these show that there has been specially lively downward movement
of the rock derivatives; and this is brought about under a forest cover, and
continued, even to the present day, by the same conditions as produce it
in unforested districts'',

2. MOTIVE FORCES CONCERNED IN
MASS-MOVEMENT
During the eruption of Vesuvius in 1906, dry avalanches of ashes went
down from the margin of the crater over the flanks of the cone'*®, Their
restricted area, as well as the short duration and rapidity of the whole
course of events, render them particularly suitable for studying the
origin, progress, and effects of mass-movement, The material consisted
of a loose mixture of volcanic ejecta, lapilli, sand and very fine dust, o
that it had exceptional mobility. This, and the lessening of friction due
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to the considerable amount of heat which these substances :

found expression in the liveliness of the downward movement. The
material did not, however, set off on its downward journey immediately
it had been deposited on the mountain side, although there was a slope;
movement did not begin until the deposit of tuff had sequired a certain
thickness. Once in motion, the material did not come to rest till it had
reached the foot of the cone, where there is a very rapid decrease in
gradient. This course of events shows very clearly that the force of
gravity is the prime cause of the movement, and keeps it going so long as
the gravity component, which diminishes as the slope becomes less, is
sufficient to overcome the resistance of friction. It was, however. in-
adequate to release the movement, i.e. to overcome the resistances which
ocour at the beginning of motion, in particular, the friction swhich is
specially great at that stage. When there is material ready prepared for
removal by denudation, all those forces which release the downhill motion, ar
assist in doing so, are here collectively called the motive forces of mass-
mroeenrenl.

Incarase oF WacuT

This was the motive force for the cinder avalanches of Vesuvius, Itisa
question of equilibrivm: a body resting on an inclined substratum, after
its cohesion has been destroved, can be set in motion anly if the pull
exerted upon it is greater than the friction, this latter depending upon
the load, and upon the cosine of the angle of inclination, Thus the rels-

tionship is given by the equation:
mg sin a == p mg cos «

where m represents the mass, g sin o the companent of gravity acting
parallel to the angle of inclination a, p the coefficient of friction, and
mg cos a the pressure exerted on the inclined substratum. From this it
follows that for each weight there is a definite minimum gradient an
which it just cannot move along; and the smaller the weight which rests
on it, the greater is this minimum angle of inclination. Or it may be
expressed thus: other things being equal, greater weights are stable only
on nearly level slopes, whilst the smaller ones reach 1 position of rest
even when the substratum is steeply inclined, If 2 mass, which is just
unable to start moving on an inclined substratum, has its weight in-
creased, then, under all circumstances, the downward movement is
released.

These relations are important for the downward course of mass-moye-
ments; for every part of the slope is not only loaded with the reduced
material originating on it, the weight of which increases as the attack of
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the reducing process progresses deeper and deeper, but it is at the same
time a passage way for the rock derivatives coming from higher up, Thus
everywhere on a denudational slope there is an allochthonous as well as
an autochthonous increase in weight; and this must; in all circumstances,
lead to spontancous transport of the muterial,

Where there is no difference in exposure or in the character of the
rock, the profile of reduction grows in thickness uniformly at all parts of
a slope, so that the autochthonous increase in weight is evervwhere the
same. The distribution of weight, however, changes as soon as any
appreciable amount of material leaves its place of origin bringing an
allochthonous increase of weight to parts lower down the slope. This
increase is zero at the upper edge of the slope, and is greatest at the slope
foot, the whole slope being a source of supply for this. Hence the posi-
tion becomes as follows: The mass-movement set going must continue
80 long as mobility permits. Where accumulation is taking place; the
movement cannot be restricted to the highest horizons of the soil. but
must affect the whole of the matenial, provided its substratum is steeper
than what corresponds to the angle of friction. This angle of friction, at
which movement of the material resting directly upon solid rock comes
toan end, is less than it would be if there were no mass-movement, no
denudation, and so no consequent accumulation of rock derivatives on
the lower-lying parts of the land. It is thus clear that when reduced
material spreads out aver very gentle surface slopes, there is a corre-
spondingly small gradient of the substratum,

This is illustrated, to take one example, by the complete covering over
(cicatrisation) of the disused beds of watercourses. It is specially well seen
in many of the flattish trough-like valleys formerly produced by erosion,
which are found, e.g. on the scarpland peneplanes, but also in maost of the
dry valleys that encircle cut-off meander spurs. The disappearance of
every trace of brook or river bed, as well as the whole peculiar trans-
formation of such valley-floors, is in both cases brought about by the
migration of slope waste. Often this is not particularly fine-grained, but
it is generally of course rich in colloids, and it moves along the very
gentle foot-slopes on both sides towards the valley trough, where all the
miaterial ends up together,

As we leamn from experience of the slumping type of landslide, con-
siderable importance attaches to increase of weight from the presence of
water. This is absorbed by rocks with a high capacity for holding it:
deposits of loose material, scree, etc., have this, but the outstanding
examples are rocks rich in colloids, such as chemically reduced material
and sedimentary rocks containing clay. These latter become heavier as
wuter is absorbed, and they begin to move, in so far a8 the nature of the
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slope permits. At first the sliding mass acts as a single rigid system which

has increased its weight as u whole by taking up water; and it slides along
as a whole over a uniform substratum, But once the movement has been
set going, this unity is lost. ‘The material no longer slips, its components
roll over one another, and the mass begins to flow. In witness of the fact
that the migrating body of rock began as a single unit, there remains at its
place of ongin the landslip scar, a niche bounded by the surfaces of
minimum cohesion originally existing in the rock. The mass which
aﬁpped down, however, has disintegrated, the tiny pieces of rock are no
longer in firm contact with one another, they no more move along a uni-
.form substratum, but each one moves by itself. The result is of necessity
the stream-like appearance, or the pulpy mass, so often noticed**%.

Normally, when reduced substances migrate, there is no such se-
quence of these two forms of motion, slipping and flowing. But the
following seems to indicate that the ordinary type of migration is re-
placed under certain conditions by what is more like a downward-slip-
ping movement. In that case, the movement reaches down to the rock-
fivor in a more homogeneous fashion; and so, in addition to the conse-
quences of allochthonous increase in weight {set out on p. 85), it provides
in a certain way the necessary condition for producing a mechanical
effect upon the substratum. In artificial sections which go through rather
thick masses of transported material, a sharp boundary, irregular in
detail (see p. 68) is 1o be found between substratum and overlying soil,
in place of the ill-defined transitional zone found in other cases. This is
the rule for the steeper slopes. Such a sharp demarcation between sub-
stratum and overlying material must necessarily come about as soon as
there is any considerable movement of solid bodies over the former, this
making a slip plane of the upper surface of the rock.

In most continental areas, with their seasonal alternation of thorough
wetting and drying out, the behaviour of the colloids is very likely to
play a part. When they dry up, they weld together the substances mixed
with them mnto a uniform solid body of rock. This, like sedimentary rock
over a layer of wet clay, can then move only by sliding over the layer
beneath, which retains its moisture for a very long time. This goes on
until the soil has completely dried out.

Increase in weight by the absorption of water is undoubtedly a motive
Joree, and its influence on muss-movement and the effects of that cannot
easily be overestimated. Except in completely arid regions, it takes place
regularly on the whole of the land area from the equator to the edge of
the continental ice-cap. It increases with the water-holding capacity of
the material, and is therefore greater in material which is rich in colloids
or is fine grained, than in coarse-grained clastic facies with their far
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smaller interior surface, It increases with the quantity of accumulated
weathered material, i.e. with its thickness. This latter relationship is of
special significance since reduced material accumulates just where there
is also a greater amount of meteoric water collecting in cavities and
furrows.

FrucruaTions 18 VoLume

For overcoming resistance to the migration of rock waste, fluctuations
in the volume of the material take second place. IT a body resting on an
inclined substratum expands, the movement occurs mainly downwards;
if it contracts again, the shrinkage occurs mainly downward, The result
is, on the whole, a displacement in the direction of the fall of the ground.
The change in position produced by a single fuctuation differs in
amount according to what has caused it, but it is always very small.
There is perceptible change only when the fluctuations in volume are
repeated sufficiently often. The term fine movement is therefore used.

These movements obviously play a very great part at the earth's sur-
face, since there is everywhere an endless repetition of change in volume
of the material lying upon its slopes. Such changes enable the material
to move away even on those slopes where the gravity component is in-
sufficient to overcome the frictional resistance. They further, even if they
do not actually bring about, that spreading outwards of rock derivatives
to form surface slopes with an inclination of less than 57, which may be
observed at appropriate spots in every climatic region.

One factor responsible for fluctuations in volume is variation in tem-
perature’™ of the land surface: soil temperature. These variations are
repeated day in, day out; everywhere, however, their range decreases
very rapidly with depth. The upper horizons of the soil are therefore in
& favoured position; here the micro-movements are greater, and this
causes the upper particles of the soil, in every case, to move gradually
away over those lying below. Fine movement of this kind naturaily
achieves its greatest results in those regions where differences of tem-
perature are greatest and occur most frequently, i.e. in the arid and semi-
arid provinces, Their effect will be least in moist regions, and here again
less in the tropics than in the temperate zones.

Fine movements caused by the swelling and shrinkage of colloids, as
these are wetted and dried, naturally have their home in those parts of
the world where the weathered material contains colloids, Swelling in-
creases the dry volume by more than a third!"*® Thus the impulse to
move, experienced in this way by the reduced matenial, is very con-
siderable in humid and semi-humid regions. The extent to which it
moves away along an inclined substratum merely through this kind of
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fine movement grows with the colloidal content, and so it generally in-
creases in the soil profile from below upwards, It further increases with
the frequency of wetting and drying. This alternation occurs in all parta
of the climatic regions under consideration; but it differs from place to
place, not only in frequency but also in thoroughness. The position 13
least favourable in the rainy tropics, most favourable in temperate
regions where the succession of wet and dry conditions during the course
of the year takes place more frequently than elsewhere. To make up for
that, however, the drying out is not so thoroughgoing here as in the
semi-humid provinces with their pronounced period of drought. Thin
soils; and the overlying parts of thick masses, are the first to dry out
completely; it iz otherwise with the deeper zones of the soil, where the
water is lost only after a longer period of drought. In these, therefore,
the extent of the micro-movements is less than in the former cases,
Again we find that the overlying parts of the material are more favoured
than these beneath.

In the polar regions, in their marginal zones, and on high mountains,
where the temperature fluctuates round about 0® C. during a portion of
the year, water takes over the part played elsewhere by colloids, pushing
soil particles downslope as it freezes, whilst with thawing there comes
about a further movement, again downhill. In addition, the expansion of
water as it freezes, like the expansion of colloidal substances, effects a
swelling of the surface layer of the soil. In this way, soil particles are
lifted up at right angles to the inclined upper surface; as melting occurs,
they sink vertically and this, too, shifts them down the slope?®®. As this
last-mentioned process is restricted to parts near the exposed surface; it
also leads to more favourable conditions in the upper than in the lower
soil horizons for the fine movement caused by frost,

Summing up, it can be stated that there are present in every climatic
zone of the earth the conditions necessary for fine movements; and
that, so far as is known at present, it is only in the wet tropics that these
are not of a most favourahle nature. But there, conditions ure excellent
for mass-movement on an extremely small gradient, because of the con-
stant and thorough soaking and because of the far-reaching trunsforma-
tion of the rocks into colloidal end-products'®. It is not, therefore,
surprising to find that in every region where denudation of the land is
taking place, even where running water is not active, reduced material is,
at suitahle spots, spread out along exceedingly gentle slopes, and this
implies spontaneous downward movement along descents that are very
slightly inclined.



MOTIVE FORCES: THEIR PERIODICITY 39

Periops OF MOVEMENT

The motive forces of masa-movement, like the movement itself and
like rock reduction, by no means go on without a break; but during the
course of the year periods of movement are to be distinguished from
periods of rest. This is true for every climatic region. The reason lies in
the seasonal march of the elements of climate, on which the processes
of weathering depend. These affect especially the development of
mobility in the material and the setting in of conditions which, as the
case may be, release or assist movement. Frost-weathering is practically
stopped so long as the soil temperature docs not rise above o” C. during
the day. In polar regions it is a summer phenomenon, as the temperate
zone is approached it becomes one of autumn and spring, and finally it is
restricted to the winter months. Naturally it is only at periods of thaw
that soaking wet frost-soils move along. In regions where colloidal
weathered material is produced, [the necessary] chemical weathering is
bound up with the wet seasons. They are at once the periods of mobility,
and of increase in weight through the absorption of water; and therefore
they are periods of mass-movement. In times of drought all these pro-
cesses are suspended. In the semi-humid aress with a pronounced
seasonal drought during which the cover of vegetation is dying off, rock
reduction by insolation can come into play at this time. But the rock
waste is immobile because of the intermixture with colloids which co-
here when they are dry, A study of mass-movement in, for example,
Central Europe, must therefore be made in early spring (snow melt—
spring rains) or in autumn, but not in summer; in the Mediterranean
region it must be in winter, in the semi-humid tropics in summer. At
other seasons there is no sign of movement in the respective areas, only
rest. The transition periods from dry to moist are not only periods of
fine movement and changing mobility, but also of fluctuating weight
through the taking up and giving off of water. They occur twice in the
semi-humid parts of the world, at the beginning and at the end of the
dry season; in temperate regions they are more frequent and more ir-
regularly distributed throughout the year; and in the wet tropics there is
scarcely a trace of them.

Just as the wet tropics are characterised by having no season when rock
reduction, mobility, and transport of rock derivatives are less than at other
times, so in deserts there is no noticeable interruption of insolation and
the removal of insolation rubble!*®. On the other hand, in semi-and
regions, into which seasonally rainy periods may penetrate, in winter
from the poleward, in summer from the equatorial side, greater differ-
ences again appear: times when the rock waste is thoroughly wet are those
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of lively downward movement, e.g. in the Tien Shan, in eastern and
southern Tibet, in the Karakoram, and in the eustern part of the Puna de
Atacama, as travellers have found to their discomfort (‘flowing rock'). In
the transitional period when drought is approaching, the material loses
its high mobility, reduction by insolation becomes again predominant,
uand, when it has completely dried out, the mass, once more in a dry
condition, moves slowly downwards as in the desert (‘moving rock
waste'),

T‘lu.ila, over very wide areas, the spontaneous migration of reduced
material, in short, sheet denudation, temporarily ceases. It is not a con-
tinuous process, but regionally it is a periodic one, The alternation of
times of movement and of rest correspond exactly with the times of high
and low water in the rivers; and for these, too, it is only at high water
that work is done and morphological effects produced. In establishing
the periodic character of denudation, no assertion is being made as to its
intensity. And it is certainly not permissible to deduce different amounts
of denudation in unit time from the differences in the time at which it
commences in the individual climatic regions.

Now this is also leading towards an answer to the question of what
length of time should be taken as the smallest unit for the present in-
vestigation and for morphological and geological processes in general.
In theoretical physics we understand by time-differential a space of time
—thought of as infinitely small—during which a force produces an
infinitely small effect. For prolonged, slow-acting processes, like rock
reduction, by which we can measure the very slow processes of denuda-
tion, and indeed, as will be shown, even crustal movements which are
just as slow and extraordinarily long drawn out, the infinitely small unit
of time i no measure for a very small noticeable effect. Summation of
such infinitely small amounts would lead to the result that no effects are
produced, and that there exists, therefore, an unchanging state of equili-
brium. Obviously this is wrong. The observed phenomena, rock reduc-
tion and mass-movement, are the result of very different forces each of
which acts for itself at a given place with its own special intensity at any
given moment. Corresponding to seasonal changes, this has a vearly
period which may on the whole be considered constant for successive
years, We do not, hawever, observe the effect of each individual variable
factor, but only the total effect of all the forces acting in the course of a
year. The yearly period is therefore the smallest unit of time during
which all the conditions working towards rock reduction and the sub-
sequent denudation come into action at least once in a specific manner

and with specific strength. Hence the smallest unit of time swith which we
can rechon is the year,
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3. WAYS IN WHICH MASS-MOVEMENT ‘I'AKES PLACE
AT THE EARTH'S SURFACE

Since A, Penck’s first attempt at systematic treatment, observations
on mass-movement have multiplicd to an extraordinary extent in all
parts of the world!*®, Identical or similar phenomena of migration have
been found in the most varied climatic regions; slow, imperceptible
movements, and more rapid ones, make their appearance at all spots
where there are adequate predisposing conditions. Thus, in classifying
observations about mass-movement as should be done when presenting
them, the geographical standpoint is not the one to consider, G. Braun
chose the rate of migration of the material as starting point for his
attemnpt''’, making the assumption that this depended on the gradient.
He arranged the movements in order of decreasing gradient, as a series
with decreasing velocities, and believed that he had found in this a paral-
lel to the erosion cycle. However, it is but a small section of the pheno-
mena which can be dealt with in this way, Moreover, the velocity de-
pends not only upon the gradient, but also upon the weight of the
moving matenal.

There are differences in the mechanism of the movement sccording to
whether the loosened rock particles migrate singly or in association as
members of o system growing by accumulation—an ‘accumulative sys-
tem', In the former case there is [ree Rall, or a modification of it; in the
latter, the movement is a kind of flow. It is further of importance
whether the mass-movement takes place at a freely exposed surface or
beneath a cover of vegetation. On steep slopes, this latter prevents the
loosened particles from moving quickly down the valley. This is the
reason why cumulative migration occurs on considerably steeper slopes
in humid regions—especially in the tropics®*—than in regions of the arid
or semi-arid type where vegetation 15 absent or scanty. Any interruption
in the vegetation cover automatically changes the slow sub-cutaneous
migration into a quicker down-flowing or into slipping at that place.
Accordinglv a distinction can be made between free mass-movement and
mass-movenient bound down by vegetation. Free mass-movement may
occur whether substances are rich or poor in colloids, and even if they
are devoid of them. In the first case they move only in the presence of
water; in the latter, they migrate either wet or dry.

{a) MigraTioN As InpiviDual Loose FRAGMENTS
This is the form of denudation that occurs on freely exposed rock

faces, where the declivity is too great to afford a resting place for any
small piece of rock loosened from its connection. Its departure means
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the exposure of a fresh rock surface to the attack of reduction. This is the
simplest case of denudation. In regions free from vegetation, i.e. in the
arid, semi-arid, polar and nival provinces, bare rock always forms the
steeper slopes. According to my observations in the Atacama Desert, it
begins (without any assistance from rainwash) as soon as the slopes have
an inclination of about 25", When the gradient is above 35°, there are no
slopes which are not rocky. The way in which pieces of rock leave these
precipices is not free fall, but a rolling tumble. In the high parts of our
own [Eurapean] mountains, downward movement of loose fragments is
familiar to the mountaineer as a rock-full'**. It occurs most often in the
morning and is associated with the action of frost wedging, Like any other
process of weathering, it finds favourable lines of weakness along planes
connected with the structure of the rocks, with their joint planes and
with their cleavage planes; and so the summit forms of rocky mountains
often show in a very marked way their dependence upaon the character
of the rock!**. Mention must also be made of the loosening of platy, scale-
like portions of rock which, by their direct departure from bare rocky
heights, leave dome-shaped mountain forms. They are interpreted as
desquamation forms, but they are not confined to regions where the
msolation effects are powerful or exclusive of all others, and in general
they seem to be dependent upon pre-existing planes of separation in the
rockiia,

In areas with a continuous cover of vegetation, the appearance of rocky
walls is for one thing associated with places where vigorous downcutting
and undércutting is taking place, whether by running water in valleys,
at the outflow of springs, or by the action of breakers on the coast, In
addition to the spontaneous weathering away of individual rock particles,
there is here developed as a form of accelerated—so to say, forced—
denudation, the after-full of rock complexes undercut and so robbied of
their support. As regards the mechanism, it may be classified with the
processes treated above; yet, in respect of the material removed and the
conditions producing the removal, there is already a transition to land-
slides (rock-falls). Where springs issue, the phenomenon may under
certain circumstances assume extraordinary dimensions, more parti-
cularly in areas of horizontally bedded sediments, differing in perme-
ability. This will be discussed later.

The tendency to produce rock walls differs greatly for the individual
types of rock, and not anly depends upon the cohesion but is also decided
by the arrangement of joints and bedding. Steeply inclined cleavage
planes and joint planes favour the formation of rock walls, other things
being equal. ‘That is why the outcrops of distinctive rock complexes,
more resistant to denudation than their surroundings, readily assume on
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stecply sloping declivities the form of rock walls or stand out as rock
masonry, even if there is no undercutting of any kind. Here it is only
spontancous weathering away that takes place, i.e. migration of the indi-
vidual little pieces loosened by weathering, exactly as in the case of those
exposures of rock which under certain conditions are found on the
summits of interfluves, or else which represent the remains of them, like
e.g. the granite tors of the Harz or Fichtelgebirge. Finally we must
remember the rock faces that were formed under conditions differing
from the present ones: corrie walls and the walls of glacial troughs that
entlosed Pleistocene névé and ice. These, especially in landscapes where
the average gradient of the slopes is otherwise moderate—Black Forest,
Riesengebirge, Bithynian Olympus, Bighorn Mountains of the United
Stares, etc.—are conspicuous from a distance on account of their exces-
sive steepness.

The individual tiny pieces that have crumbled off collect at the foot of
rock walls to form screes, wherever space and other conditions permit.
The upper surface of the talus has a concave profile, since the falling
fragments of rock arrive below possessed of a definite impetus which in-
creases with their mass, Thus the large pieces, as a result of their greater
inertia, arrive at or near the lower edge of the talus, and build up its
trail; the trajectory of the smaller pieces has already come 10 an end at or
near its summit'*®, The under surface of the talus is always a slope with
a gradient less than that of the rock face above. This is the basal slope.®
It is not always covered with fragmentary material, which is usually
absent if another rock wall follows below the basal slope. Excellent
examples of such basal slopes without any talus are the stepped rock
faces of the Danube valley where it breaks through the Alb, between
Tuttlingen and Sigmaringen, It is worth stressing the fact that the step
effect of the walls has not the slightest connection with the stratification.

Where the basal slope meets the rock wall, forming a concave angle, is
the top of the basal slope.t The accumulation of talus does not simply
bury the rock wall and thereby remove it from further decay; but, to-
gether with the inclined basal slope, it grows upward at the expense of
the wall. This latter, therefore, has no continuation buried beneath the
talus, as might previously have been imagined, but it is here replaced by
a less steep inclination, a3 can be seen especially easily in, for example,
the Alps near the summit of almost every talus of rock waste'™, In jts
upper third the inclination of the basal slope is greater than that of the
surface of jts covering of rubble; in the lower third of a fully developed
talus, however, it is smaller. Both the upper and the under surface of
such scree slopes are concave. The thickness of any complete scree slope,

* Holdenhang. 1 Haldexcheisel.
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as measured at right angles to the surface, is greatest about the middle
(nearer the lower third).
The fact that the under surface of the talus is inclined, makes it im-
ible for the components to remain immaobile in their places. Rather,
the whole mass of talus slowly migrates, and in this way it continues the
transport of the small pieces which were moving individually from the
steep walls above—unless there is a local cementing by deposits thrown
out of solution, as can occasionally be observed in limestone regions.
The migration is, to begin with, slower than the arrival of material from
above: the talus grows. Thus its total weight increases and, further, the
components of the rubble on it sre canstantly getting smaller, chiefly by
insolation in arid regions, by frost shattering in polar regions, by chem-
ical weathering in the humid provinces, or in the transitional zones by
the processes of rock reduction which are effective there. As the mass
becomes heavier, it also becomes more mobile. There must, therefore,
arise a stationary condition between supply from above and migration of
rubble within the talus, so that in unit time it gives off downwards—to a
choked watercourse or to other streams of waste matenial into which it
leads—as much as is added to it. The mass of talus then ceases to grow.
{ts downwards movement is now and then clearly visible from the way
in which it flattens out, This, apart from the increase in weight which is
equally effective in all climatic regions, is assisted by the motive forces
that are specially important in each particular land area, such as satura-
tion (diminution of friction), fine movement from the ireezing of water,
or fluctugtions in volume due to a regular daily heating up. The type of
movement is frec mass-movement which, e.g. in the Alps with 1ts heavy
soakings, may frequently assume the form of violent rushes of very wet
mud.

Examination of the pieces of rubble in the talus proves that this does
not consist only of material from the steep walls above, though this is
domimant, but that amongst it there are also fragments from the basal
slope. They show that the cover of rubble does not prevent denudation
from taking place underneath it, and demonstrate that the basal slope is
not only a transit region for rock waste derived from the freely exposed
rock face, subjected to vigorous denudation, but is also itself 4 region of
supply.

?I'h:n: is another set of phenomens essentially similar to migration by
individual loose fragments; but, because of the far greater dimensions
involved, they have special characteristic consequences. These are rock-
falls and related processes.



MIGRATION AS INDIVIDUAL LOOSE FRAGMENTS 3

Landslides ( Rock-fall)

Though individual phenomena, in some regions they so frequently
occur in groups that A. Heim actually called them a normal part of
valley formation and weathering (by which he meant denudation)®, A.
Penck and E, Briickner have shown that for the Alps this is the case,
especially in the mountamn ranges which were once glaciared and where
the vanishing masses of Pleistocene ice left behind them beds with over-
steepened flanks'!?. Muterial breaks loose from these, giving rise to rock-
falls. They can generally be considered as compensatory movements,
the object of which is to get rid of the excessive steepness and to produce
that normal slope at which a given rock is just stable. The stability is
determined on the one hand by the rock’s power of cohesion, on the
other by the bedding which decides the arrangement of the planes of
least cohesion that may be present in the rock (cleavage planes, bed-
ding planes, etc.). If these are inclined in the same direction as the sur-
face gradient, undercutting creates what is needed for rock movement 1o
take place, and this movement starts when cohesion is lessened and
destroyed, and when the plane which acts as slip surface exceeds a mini-
mum inclination"*. The relations are clearest i an ares of tilted sedi-
ments where the bedding planes play the part of slip surfaces. Under-
cutting here makes landslide features a regular phenomenon; and whole
valleys, which like the Kandertal run parallel 1o the strike of the strata,
owe their appearance to it"®, In most cases the lessening of cohiesion is
brought about by water which collects on impermeable intercalations of
clay and transforms them into & highly mobile lubricant. If the inclina-
tion of the strata is sufficiently great, the overlying beds stide down (rock-
shide); in other cases, if the layer of clay is insufficiently tilted but
softened to a pulpy mass (A, Heim's ‘squeezed mud’ flows), the load of
rock may squeeze this out. Also quite thin clay partings along bedding
planes, as well as along cracks penetrating the rocks, are, when saturated
with water, enough to break up the cohesion, The great importance of
water in releasing falls of rock—no small part is played by the increase of
weight which ssturation with water brings to fissured rocks—is most
clearly brought out by the fact that they are generally 1o be observed in
wet vears and wet seasons—September and spring in the Alps'®e,

As it falls, the breaking rock complex is dissipated into fragments, and
these move no longer by sliding, but by rolling, tumbling over and over
one another. If the amount of rock material going down is large, the
fragments unite into a rapidly moving stream of rock waste which even
on flat ground rolls farther the greater the mass and the higher the fall.
Like ground avalanches, it comes to a stop suddenly, as soon as its im-
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petus is exhausted. Examples are the stream of rock fragments at Elm,
and the cascades of white limestone that flowed down when a rocky
tower broke off in the Brenta group (south Tyrol); and E. Howe's photo-
graphs of ‘rock streams” in the San Juan Mountains of Colorado show
the stream formation excellently preserved™. Elsewhere, such rapid
movesment of ever accumulating dry material is to be found only in can-
nection with volcanic eruptions; thus it always denotes special occur-
rences that set in when great quantities of loose fragments are suddenly
ready, in place, on an inclined substratum. Increased interest attaches
to these quickly flowing streams of rubble, because of the mechanical
work they perform. They scoop out the path along which they move and
deepen itconsiderably during theirshort course. This has been repeatedly
observed with avalanches of volcanic ash and rapid rubble-streams of
volcanic origin'*% but streams of frugments derived from falls of rock
have also offered good opportunity for observation, as for example that
of Elm and the ‘debris-slide’ at Bilten in Glarus (29 April 1868) when a
furrow six to ten metres deep and ten to twenty wide was scooped out,
Because it is confined to a linear path of movement, this kind of mech-
anical action on the substratum is comparable to the erosion of running
water, and the mechanism is indeed the same in both.

At its place of origin, the rock-fall leaves behind a niche-like scar,
bounded by planes of minimum cohesion. Here, by the removal of
material, a new rock surface has been exposed to destruction and rock
reduction; the scar region is an area of denudation. The region of deposi-
tion is where the material comes to rest after the fall. In this way, the
arrangement of the three, essentially different, areas typical of all mass-
movement, and indeed of all processes of denudation and of their inter-
connections, can be excellently observed in the features associated with
a landslide.

The amounts of rubble, which are brought to valleys at any one time
by landslides, are far too great 1o be: removed straight away by the
streams flowing in them. 1f such a stream of fragments crosses a river,
this is dammed up to form a lake which remains for a longer or shorter
time according to the size and strength of the dam. Thus the lake of
Carri-Lanquén (Argentina), dammed up by a landslide of probably
Pleistocene age, did not disappear till 1914 when the dam burst, two
cubic kilometres of water running off in a single night. Such events have
occurred more than once in the remote past'®2. The lake in the Golm
yalley (Himalaya), dammed up a few decades ago, was reduced in size
by an analogous bursting. So far it has remained s permanent element in
the valley landscape!®!, The Rhine has long since gnawed through the
Pleistocene landslip deposits at Flims, which are 4oo metres thick!®.
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Landslide deposits often retain their irregularly hilly surface for a
long time, and the name “T'oma landscape’ is given to it in the Alps'**.

(6) MovEMENT WHERE MATERIAL 1§ ACCUMULATING
(a) Free Mass-Movement

When material migrates within screes and when streams of rocky
fragments are associated with rock falls, this is merely the continuation,
on gentler slopes, of the removal of the material. In both cases it is free
mass-movement, which can take place even in a dry state, without the
help of water, It then belongs to a type of muss-movement which is
very widely spread in areas where vegetation is scanty, particularly in
arid regions, but also in semi-and ones. In such areas it is the dominant
form of denudation found on slopes with an inclination of less than
25", except when the wash from rills of rain water effects a quicker and
more complete removal of the reduced material and prevents it from
piling up to form masses of ever accumulating rubble.

Thorough investigation into the development of dry insolation rubble
and its slow downward movement was made in the arid Atacama Desert
and its semi-arid marginal zones. The fact of movement is evident from,
among other things, the often perfect rounding of the rock fragments
due to mutual attrition far from their place of origin, and from uniform
mixing-up right to the very bottom of the material: rubble—grit—sand
—tlust near its source of supply, grit—sand—dust at a greater distance
from it. This is the case although reduction by insclation acts only an
the surface of the rubble, and thus only the upper horizons undergo
further comminution of their components. The uniform penetration of
this comminution right down to the bottom of what are often great
thicknesses of debris, presupposes a mixing through and through, ie.
movement; and this is directed downslope, a8 may be seen from blocks
travelling slong and breaking into fragments on their way, as well as
from the petrographic composition, On the slopes, this migration takes
place over the whole surface; in the furrows, along a line, Here the debris
is in the form of huge streams, which are joined asymptotically by indi-
vidual oustanding strands of movement, and which have their upper sur-
faces quite unscratched by any runnel, These valley-like forms with no
river bed are in sharp contrast to those, far rarer, depressions along
which water flows either constantly or now and again. Streams of debris
are not developed in these,

The gradient of these furrows with their rubble streams is always less
than that of the bordering slopes. Movement in them seems very strongly
marked, obviously because the mass of these streams of detritus is far

L F.MA
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greater than that of the rubble cover which moves down the mountain
flanks. They are arteries for collecting debris, strands of movement con-
tinuously incressing in weight. Traces of movement are still distinet;
and, on gradients of less than 5°, rubble cones, also without any trace of
a watercourse, occur in the great hollows into which these streams of
debris discharge their load. They spread out to give surfaces inclined at
as small an angle as 2° to 3°. This gives the minimum gradient for move-
ment of the highly mobile mixture of sand and grit which is the final
result of reduction by insolation. Henee it follows that accumulated debris
miuest migrate, and denudation vccur, so long as the land slopes at an angle
greater than 27 to 3°.

No increase of moisture came to the high interior of the southern
Puna de Atacama with the Pleistocene fluctuation of the climate. At
most there was intensification in the formation of rubble, a process still
vigorous at the present day. Arid conditions likewise prevailed during
the whole of the Tertiary period. This state of affairs makes it highly im-
probable that it was rivulets which produced the furrows that, filled with
their streams of rock waste, are even now becoming steeper and more
ramified. Rather, everything indicates that the rubble streams have
therselves eroded their beds and deepened them into valleys, or at least
that they have bhad a large share in it. Wherever a considerable weight
passes over the rocky substratum, there is stronger mechanical action
than in the surrounding parts. This is generally true, and explains how
it is that mass-streaming of the type described or of a similar kind, slow
45 is its movement, not only can trench its substratum to form a furrow,
but is bound to do so.

By the time the paths of neighbouring rock fragments unite—and there
is ample opportunity for this on every slope—a preference for centain
lines of movement has already been established. The weight of material
moving along these is thercfore perpetually greater than that in neigh-
bouring parts; and so, there must be an intensification of the processes
acting on the rock bottom below such united paths (to be considered
later [pp. 111 f1.]), and the substratum there becomes trenched. The line:
of movement becomes a furrow, attracting all the rock fragments near it
that have become loosgned from: the rock texnure, This means an in-
crease in the weight moving along every tiny furrow, a further favourable
condition as compared with its surroundings, thus leading to its further
deepening. It is quite clear that this in turn causes an increase in the
material migrating along it, and still further deepening. The individual
effects are not only added, but they reinforce one another, since the ori-
ginal causes arc intensified. Thus 2 mass-stream necessarily develops
wherever a favoured line of movement has onee arisen by the union of
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the paths of movement of neighbouring single little bits of rock. And
just as necessarily, this leads to the formation of a valley without any
stream bed. It will be shown later that this phenomenon is widespread
all aver the world and that its causes are everywhere the same.

In the semi-arid margmal zones of the Atacama Desert, showers of
rain. which are not so very rare, have a double effect. In the desert itself,
the steeper slopes still have immense covers of rubble. Bur these are
absent in the semi-arid parts, and so there is not the slow migration of a
continuous mass of material always increasing in amount. Nor are there
any streams of dry rubble, Instead, there is rock; loosened in texture to
a quite considerable extent and strewn with stones. The influence of
rainwash is here unmistakable. T'he rock waste, that has been removed,
collects as 4 contimtous cover of rubble only when it reaches slopes
gentler than would be necessary in the neighbouring arid regions. At
times of saturation this accumulated waste possesses extruordinary
mobility, and flows almost like mush into the depressions of interior
drainage where it spreads out into nearly level surfaces, often measuring
tens of kilometres in width. Fere, too, one must search long for the rare
traces of running water. Where torrent beds from the mountainous
margin debouch on to such rubble plains, they quite often become lost;
and this proves that the spreading out of the rock waste, which is gener-
ally perfectly dry, is brought about by its own movement and not
through the transporting agency of running water.

Analogous phenomena have often been described'™; they are peculiar
to the semi-arid regions and are most pronounced in those parts that have
gentle average slopes. They also occur on steeper slopes if, for any
reason, considerable quantities of loose material have accumulated on
them. Then they frequently move away in the form of those striking
broadly corrugated rock streams which have been observed in the Tien
Shan and elsewhere, and are familiar as a consequence of landslides,
and more particularly of slumping®**, But, on the other hand, for desert
areas, little attention has yet been paid to the mass-movement described
—of dry material-—although such processes are of the greatest impor-
tance as regards denudation in arid regions. Still, they have been by no
means entirely overlooked. Mention may be made here of the tremen-
dous development of rock waste found in the driest parts of Persia ex-
tending as far as the Pamirs, as well as in Tibet and Turkestan, about
which numbers of scattered reports are available. The typical way in
which dry material everywhere accumulates on the lower parts of the
slopes, the size of grain decreasing from above downwards, has been
frequently mentioned and shown in illustrations'*®, Both these facts im-
ply that a migration by mass-movement takes place also in these vast
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‘areas where saturation by water practically never occurs. It is just the
sume for the extensive gravelly deserts, the serir of the Sahara, of South
Africa, of south-east lran, etc., the gurface of which is covered by
rounded fragments of rock. K. Gradmann says trily of them that they
could hardly have been formed in 4 ‘pluvial period” since they are never
found where there is a rainy climate™®. They vividly call to mind the
wide-stretched gravel flats of the Atacama Desert; and this appearance
of coarse deposits is reproduced wherever differential wind action has
removed its fine components from the surface of transported insolation
detritus. On many serir plains the spreading out of the rock waste may
be due to movement of the reduced material itself. This seems probahble
from the undulating form of the country which Sven Hedin found in
Baluchistan and Cl. Lebling on the plateau of the Libyan Desert. The
flattish swales are not entirely without fragments of waste; and in the
valleys, which are just as fiat, there are no traces of water ever having
flowed there or of its lowing occasionally nowadays'. In some places
residuals of the parent rock (siliceous limestone and Miocene beds nich
‘in pebbles) still push up through the Libyan serir. If, as CI, Lebling
imagines, this had been produced by deflation and demolition by the
wind, the rubbly material of the serir below the surface rock pavement
could not—as has been found to be the case—consist of @ mixture with
sand in it, for the fine components would have been already carried away
by the wind's work of reduction. Considered from the point of view of
the character of the grains, the composition of the Libyan detritus is
certainly that of insolation rubble; and in Libya, too, a distinction must
he made between reduction by insolation, the spreading out of the
mobile rubble an very gentle slopes, and the armoured coating due to
wind action which removes the fine particles from the surface, léaving
behind the coarse material. In Libya, as in the Atacama Desert, the
reservoir of sand is apparently inexhaustible—witness the dunes piled
up in the great oasis depressions in the south, For, to begin with, fine
particles are constantly created afresh at the surface, by the comminu-
tion of rock fragments; and then, on account of the movernent of the rock
waste, they are always being worked upward again from the more decp-
scated parts to the surface.

Finally, J. Walther, in reporung his observations on the deserts of
Egvpt and Ethiopia, shows quite clearly that what he had in mind was
insolation rubble that had been transported'™. This short selection of
observations has already shown that the slow downhill movement of
insolation waste is a world-wide, general phenomenon taking place in all
the dry regions of the earth,



FREE MASS-MOVEMENT: SLUMPING 101

Stumiping Type of Landslide

Tn moister climates, apart from movement within screes, which is not
restricted to any climatic type, free mass-movement is found primarily
in slumping and related phenomena'®®, In this case, the movement is of
materials containing some colloidal matter or rich in it almost flowing
when in a saturated condition. As with rock-slides, the beginning of the
movement is a slip from which in typical slumping, there develops
a-miche-like scar surrounded by planes of minimum cohesion, arranged
in the form of an arc. But the material very easily disintegrates into its
component parts; and then, it presents the picture of a pulpy mush,
more o less viscous according to the degree of saturation, which moves
slower or faster [us the case may be, and muy assume the form of a mud-
flow—for example, the ‘mud rushes’ of South Africa, the ‘lame’ of
Italy, etc. There must first be undercutting. In the majority of cases, the
movement is released by an increase in weight due to saturation with
water (but it may also be by earthquakes?*"). This saturation reaches a
high degree in rocks that are rich in colloids, in those that are shattered,
full of fissures or porous, and in those loosely bedded. Where such rocks
compose comparatively large areas of the land surface, slumping 18 quite
a common event at times of saturation; and the grouping of such slips
together with their frequent recurrence, may give 4 characteristic appear-
ance to the whole landscape. The zones of flysch in the Alps, Car-
pathians, Dinaric Alps and Apennines, the molasse of the Alpine Fore-
land, the zones of thick Pleistocene deposits in the Alps and elsewhere,
the landscapes of the Keuper, Lower and Middle Jurassic beds and many
other regians of a similar nature are tracts of land especially suited to
slumping'®, Here the slumping is everywhere connected with the
natural, undercut outcrops of the rocks concerned; landslip scars are
found on the slopes, and deposits in the valleys, where running water
gradually carnies them away.

A continugus cover of vegetation hinders the oceurrence of slumping.
Ir, accordingly, develops most freely in semi-humid regions where,
over wide areas, the plant cover is enfeebled and the rainy season brings
about a very thorough soaking!**. However, a continuous plant cover is
no insuperable obstacle, [But] it affords only a confined space for material
migrating beneath it; and so it becomes arched up and stretched at the
places towards which great quantities of reduced material are moving
and being dammed back (as occurs regularly towards the bottom of
a slope). If such material arrives more quickly than the vegetation is
growing, or if absorption of water increases the weight of the dammed-up
material to any very considerable extent, the cover tears; and the accum-
ulated material then flows out from the wound, This type of slumping
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frequently oceurs in moist temperate regions; but its chief development
is in the tropics, wherever the forest cover, besides being continuous, is
also on very steep slopes. Here, beneath the plant cover, the slow migra-
tion is carried on by sliding down, or better, flowing out—since it is a
matter of material which is usually already reduced, and in every case
wet and actually flowing. ‘The cover tears spontaneously under the pres-
sure of the rock derivatives arniving from higher up. The slump leaves
behind it an open wound in the forest, but this very soon heals over
again. W. Behrmann described how these niches, tearing away in close
proximity one after another, and always quickly healing again, lick up
the steep forested slopes in New Guinea, and sharpen the crests as soan
as they have cut away up to these from neighbouring valleys. K. Sapper
reports similar happenings in Central America; and it cannot be doubted
that, on the steep slopes of tropical mountains, slumping—as has often
been stressed—is the main factor of denudation since it acts with extra-
ordinary intensity (rapidity)'*®, Where slopes are less steeply inclined,
slumping becomes less and less important, and the migration of material
tukes the form of a slow creep, this also occurring beneath the cover of
tropical vegetation, a phenomenon which must be discussed later'?”
[pp- 108 ff.].

Wherever slumping occurs regularly, one can always notice specially
active recession of the valley-heads towards the water partings, as well as
the above mentioned sharpening of the crests by upward ‘licking” and
by the intersection of niches. G, Braun has followed the phenomena in
some detail in the northern Apennines. On account of continued sliding
‘away, not only do the sharp ridges become lower, but the whole relicf
conditions of the country are lessened, provided that nvers are not
simultaneously cutting down by the same amount as the intervalley
divides are being lowered. On gentler slopes, slumping is no longer pos-
sible in the same way; in particular, the movement cannot go on so
rapidly. It does not, however, entirely cease. On the contrary, when
thoroughly wet, matenal begins moving even on quite gentle slopes.
Thus in the shallow valleys of the Thracian peneplane round about
Constantinople, the growing accumulation of reduced material—which
during the dry season forms a hard immobile mass, more or less full of
stones—can in winter be seen Howing down out of the valleys. The sod,
with its sparse covering of grass, tears; and pieces of it take part in build-
ing up the corrugutions, caused by the movement, which run at right
angles to the steeply inclined valley bottom; or they simply float on the
material which, in the less steeply sloping minor valleys, moves at a cor-
respondingly slower pace'**. Mutual attrition is unmistakable, rounding
off the comers of the rock fragments bome along, Because of this and



FREE MASS-MOVEMENT: SLUMPING 163

also because of the absence of any divisional planes, the migrating
material is often reminiscent of boulder clay; and this even led T English
to believe in the influence of Pleistocene ice (and coastal ice at that!)'*%.

In addition to the dumping movement, this gradual flowing down-
wards of reduced material, i.e. of rock that has become mobile and lies
almost or quite freely exposed at the surface, is the regularly oceurring
form of mass-movement in forested stretches of semi-humid regions.
Like the ‘lama’ of Italy, it continues the slumping on to very gentle
slopes and brings about the further removal of what has been washed
down into hollows and collected there. The part it plays in these regions
cannot he overestimated, being almost cqual to that of minwash. Even
on slopes where the inclination is noticeably less than 57, the wet masses
are still in motion, as can be seen from the way in which they spread out
over plains several kilometres wide, with a gradient of scarcely more than
2% to 3° (e.g. on the Thracian peneplane where there are usually no
stream beds at the heads of the valleys). This state of affairs again forces
us to the conclusion that denudation by free mass-movement, of the
kind described above, cannat come to an end before the mean slopes
of the country have been reduced to an angle of inclination of less
than 57,

Slumping at the Level of the Water Table

On account of its great importance, this must be specially mentioned.
It oecurs when an impermeable water-bearing horizon is cut into, e.g- in
the course of valley formation. Springs rise here and wash away the fine
reduced material: or clayey horizons become highly mobile and slide
away, or rush down. Thus conditions are on the whole similar to those
for rock-slides; but the movement looks very much like slumping, and
the material moved forward is generally confined within narrow limits.
The feature is particularly widespread in regions of gently inclined sedi-
ments with beds alternating in permeability or in their tendency towards
maobility:

The landslide scars are situated in the overlying rocks which have been
passively borne forward, and they are steep-sided as is natural for their
type of fracture. They unite to give a steep scarp which recedes more or
less vigorously by continued sliding over the water-hearing horizon,
leaving behind it a landscape to the modelling of which L. C. Russell has
given the name of ‘landslide topography'®. Excellent examples are
found in the scarplands of south-west Germany. Thus the Malm plat-
form of the Heuberg is girdled round by scars due to slumping, and the
vigorous retreat of the Malm scarp has led to the beheading of many
valleys in their higher parts; so that they now run freely westward along



104 MASS-MOVEMENT

the strike, having already lost their dendritic headwaters (e.g. north of
Dreifaltigkeitsberg). Other instances are the retreat of Vermilion Cliff
along the Marble Canyon (Colorado Canyon area), the development
undergone by the Fliocene scarp of Volterra, or the recession of certain
stretches of the Channel coast of France! ¥,

The bottom of the ground-water horizon may be inclined towards the
outcrop below the scarp edge. Conditions are then more favourable for
the occurrence of slumping in the direction of inclination of the water
table than in any other. It is in this direction, therefore, that a sharply
incised V, having once arisen by slips at the scarp edge, recedes most
vigorously leaving a valley behind it. This process has been followed
pretty closely in the fine-grained deposits filling the troughs between
mountain ranges in north-west Argentina'®®, It is developed 1o a great
extent in the Neogene districts of south-east Europe and Asia Minor,
beginning at the eastern margin of the Alps, where the late Tertiary beds,
generally fat, cover an extremely hummocky ancient land surface.
Within the Neogene there are varying levels of the water-bearing
horizons; the most constant lies at its base and is associated with the
upper surface of the buried landscape, especially with its valley tracks,
Where this lowest water level has been cut into by a river, what most
frequently happens is that the springs work back up these old valley
tracks and expose them again, whether by slumping connected with the
outcrop of the water table or merely by a continuous collupse sbove the
springs which are gradually but continually washing out the fine com-
ponents of the rock. Under certain conditions it is possible for the easily
denuded Neogene to be carried awwy from a wide area without there
being at the same time any noticeable destruction or change. For those
parts of the old land surface which have been laid bare, F. Schaffer has
pointed out such relationships in the district of Eggenburg near Vienna'#,
and the writer has recorded similar cases in western Asia Minor'4s._ |,
Sélch suggests for this the name ‘hasement stripping'™® . It is only pos-
sible when, first, the resistance of the substructure and that of the super-
structure are very different; and secondly, when the main rivers, from
which basement stripping starts, do not erode downwards so vigorously
as to sink rupidly below the surface of the substratum,

Solifluction

In higher latitudes where the forest vegetation becomes less impor-
tant, and finally vanishes, it is the exceptional soaking of the ground at
the time of snow-melt which brings about migration of accumulated
masses of waste, even when this consists of loose rock fragments very

* Grindaifdeckumg,
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poor in colloidal constituents, and that on very gentle slopes, too*,
This process of denudation is probably general in the higher latitudes on
those slopes that are not very steep, and have ceased to be rocky. Where
slopes are steeper, the movement becomes so vigorous that the grass
cover and even the sparse remains of forest are nipped up and pushed
together. This is the ‘flowing soil’ of polar regions, better ‘lowing rock
waste', or solifluction, as J. G. Andersson terms it' %

According to B. Hoghom and J. Frodin, the reason for this thorough
wetting of the debris is that, during the thaw, the lower parts of the soil
remain frozen for a long time, or permanently (the tjaele of the Swedes),
so that the melt-water cannot sink in, and it is merely the upper layers
of soil that receive any benefit from it. These, having reached a high
degree of saturation, move down, they flow (just as in semi-arid regions),
and it is only when the thaw lasts rather a long time that the movement
reaches down to a greater depth. The tjaele never forms a level plain, but
is irregularly shaped. Beneath patches of snow and of vegetation its
upper surface is lower than where snow is absent; in the former case the
moving mass of rock waste is thicker, and the water distributed through
a greater space than in the latter. The matenal flowing off is thus
dammed up at the places which are not free from snow or are plant
covered. In the latter, it is also because the turf, at least when the season
of movement begins, is still rooted in the tjaele!. Those places where the
movement is more vigorous are unfavourable to the settlement of plants.
Green islands of vegetation in the rubble lands of polar regions indicate
zones where the soil covering is thinner, or where the movement has
been slowed down, They do not prove its absence,

Frost undoubtedly plays an important part in the movements, but its
action has not yet been entirely explained’ ', In any case, and especially
on gentle slopes, the fluctuations in volume connected with freezing
and thawing help to keep the movement going. Solifluction is not at
all unusual where slopes are inclined at scarcely more than 3°. The
stream-like arrangement of the material in wide streamless valleys of
exceedingly small gradient again forces on us the conclusion that, in the
polar regions and their marginal zones, denudation brought about by
solifluction and related processes cannot come to an end before the mean
slopes of the land have been reduced to less than 57 inclination.

It is, from the nature of the case, necessary that the flowing rock waste
should collect into streams. And 1 think it probable that the polar
streams of waste have also, to a great extent, themselves created their
beds, the waterless valleys which they fill. It is also true for high latitudes
that the transported debris becomes arranged in strands of movement
that unite asymptotically'®; here also it accumulates to a great thickness
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and works like & [carpenter’s] heavy plane as it moves along over its sub-
stratum.

The transported waste is a mixture of rock fragments of all sizes, with
some of its components fine-grained and with 2 clayey admixture. But
the fine elements, the matrix which furthers movement and reduces
friction, are often more or less washed away so that the coarser pieces
accumulate at the surface, If rocks from the source of supply show a
tendency to break up into coarse blocks, then ane block comes to lie
upon another and the material presents the appearance of a block stream
[stone river]. There is thus an outward resemblance between polar block
streams and the seas of blocks found in temperate latitudes.

On the Falkland Islands, early Palacozoic quartzites furnish coarse
angular blocks. In the flat bottoms of the valleys where the material lies
a8 well-defined streams, the fine matrix has been removed in pans,
though by no means everywhere, and one can hear water trickling deep
down below the blocks, This and the growth of vegetation on those sur-
face strips which retain some of the matrix, explain why those streams
were considered to be fossil formations of the Pleistocene period, im-
mobile at the present day. The arguments are not convincing,

B. Héghom showed that occasionally individial blocks in the flowing
debris migrate more quickly than this itself; they plough it up, as it were,
arranging themselves in strips and uniting to form block streams that
float passively downwards on a moving substratum. What matters, there-
fore, is the substratum. ‘That also 1s exposed at one place in the Falkland
Islands—on the coast where a ‘stone river' rests upon a recently up-
lifted underlying stratum and shares in the formation of the cliff. This
situation was considered a further proof for the fossil character of the
‘stone rivers: but incorrectly. For the profile, as described and illus-
trated by J. G. Andersson'*® merely shows that, at that place, uplift
and wave action have had 2 greater effect than denudation upon the
rocky floor of the ‘stone river”. lts lower layer consists of a loam inter-
larded with stones. It is extremely improbable that this would not, if it
were saturated, move along an inclined substrmtum. But if it moves, so
also does the overlying zone of blocks. The general movement is cer-
tainly-very slow and the material tumbles very gradually over the cliff.
There it further suffers the same fate as those fragments which the
hreakers tear ofl directly or which fall down after undercutting. ‘The
"stone rivers’ will always end above the cliff.

Solifluction is taking place in the Falklands even nowadays, It has
been observed wherever s quicker flow makes the movement more easily
recognisable; e.g. in the tributaries of the wide shallow valleys, though
their slopes may scarcely attain 10”, Thus at the present day climatic
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and other conditions are favourable to mass-movement. In the very
much fAatter valley bottams, the movement of the main streams is not
noticeable and has certainly been always extraordinarily delayed. Not
only does the waste material coalesce in these valleys, but water collects
there, too. Thus its action must be far more energetic here than on the
slopes of the catchment basin. Washing away of the packing material
and accumulation of the blocks is the natural consequence. This fr why
the ‘stone rivers' are to be found just in the valley bottoms. This arrange-
ment does not prove that the whole formation is fossil; but it shows that
in the valley bottoms the relationship between the quantities of fine-
grained components and of water is different from that on the valley
flanks. On the flanks, the smaller quantities of water are completely ab-
sarbed by the waste, swallowed as it were, and in such a state of satura-
tion it Rows as a whole (mass-movement). In the valley bottoms there is an
excess of water which simply sweeps away the transportable material
(mass-transport). This naturally applies in the first place to the fine and
very fine components of the stream of rock waste, since water, whatever
its quantity, cannot transport large blocks along small gradients, It is not
easy to envisage why this should be the case only at the present day, and
not equally so in the past. The Pleistocene climate, in particular, could
not have had this cffect. In the Falklands it furnished greater quantities
of melt-water; and though this would have led to the 'flowing’ of the
‘stone rivers’ in their valleys, it would also have produced an even
greater washing out of the ‘packing’ than is to be observed there at the
present day.

Undoubtedly, the process forming ‘mass-streams’ in the Falklands,
like that producing many similar phenomena in other parts of the world,
goes back to the Pleistocene period and probably much further still. But
the conclusion that they are not continuing to develop at the present day,
over the whole of their extent, and in the same direction as during the
Pleistocene period, is not justifisble either on the grounds that the main
streams are depleted of their fine-grained packing matenial, or because
of their apparent lack of movement—and maybe even measurements
extending over several decades would give no proof one way or the
other.

Solifluction, which takes place over a frozen subsoil, is nowadays con-
fined to high latitudes, Without any line of demarcation, it passes into
‘lowing rock-waste’ which, in regions where the annual temperature is
higher, goes on without the aid of frost, or of tjaele; it is more apt to
flow and does so more casily, the greater the proportion of colloidal
matter; and above all, wherever there is a sufficiently thorough soaking
of the exposed detritus. It must have been the application of the term
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‘solifluction’ to all these forms of movement of rock waste which led B.
Hbghom to consider it as a process spreading far beyond the polar zone
and its marginal distriets!*!,

During the Pleistocene displacement of the climatic zones, the area of
polar solifluction was extended equatorwards. The assumption that
traces of it had been preserved intact in the temperate region right up to
the present day, is based on the occurrence of similar phenomena and
forms of movement in our own latitudes, They had been considered
peculiar to the polar zone. That this is incorrect has been shown for the
'seas’ of blocks found in the German Highlands (p.66); and it is evident
from the facr that analogous free mass-movement is encountered
nearly all climatic regions.

All that can be established is that such block seas, as well as the debns
covering the slopes of temperate regions, may have originated in part
during & not very distant ice age or [even] earlier, and may then have
left its place of formation; but we cannot say that the formation or the
downward movement has since suffered any interruption.

(B) Bound-dowon Mass-Movement

This is the prevailing form taken by sheet denudation in districts with
a continuous cover of vegetation, This latter by no means always
possesses the tenacity necessary to bind the migrating material. If, in
consequence of comparatively quick movement towards any one place,
accumulation occurs there, the strained plant cover tears as soon as the
weight of the downward-pushing material attains a certain value, The
weaker turf covering gives way to this pressure more easily than where
there is continuous forest. On flattish slopes, therefore, it tears sooner
than the ground under trees. These relationships are brought out by
comparing landslides (slumping) in forested country of the temperate
zone with those in open land; or by comparing the slumping not asso-
ciated with undercutting, which constantly recurs in mountain regions
covered by tropical forest, with the mass-movement of semi-humid and
sub-polar regions where the feeble or weakened vegetation cover is un-
able to stop free flow even on a small gradient.

Damming-up material covered by vegetation, especially when this is
forest, so that the cover is arched up on the lower parts of the slope
(without necessarily tearing), imphes an accumulation of material: and
this, invits turn, implies movement of rock derivatives to that place. This
sum total of features is sufficient to prove that reduced material does
migrate even under continuous forest (see p. 8c).

G. Gotzinger was the first to make detailed investigations on the sub-
surface migration of slope waste, Adopting the English mode of eXpres-
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gion, he introduced the word *kreichen’—creep—for the movement, and
‘GGekreich’ for the material that has moved'*, "T'he movement is very
slow, but can be measiired as it influences the growth of trees. The root
system of these is anchored in the deeper horizons which move more
slowly, or in the living rock itself, whilst the quicker moving superficial
layer presses the upper parts of the root system downslope. This rotation
couple makes the trees oblique at the base, while the trunks as a whole
tend to grow vertically upwards, Thus they show curvature, convex on
the downslope side. This 1s called stilt effect. In exceptional cases it is
also found on nearly level ground. But this does not prove—as has some-
times been suggested—that the sult effect was unconnected with soil
movements and that it does not indicate these on the steeper slopes
where it regularly occurs, It merely proves that material is still moving
even when spread out almost flat. [ts upper layers move maore quickly
than the lower ones, which may even not move at all.

There is a further series of facts which (in addition to those mentioned
on p. 85), show convincingly that material beneath the vegetation
cover moves downward, even on slopes of very small gradient. S,
Passarge pointed out that, in the flat alluvial meadows of our latitudes,
the soil shifts towards the beds of the watercourses!**; and K. Sapper
established the fact that the wrf thus carried forward by the migrating
soil 15 always being undermined and torn off at the edges of the river
beds. He called this process ‘turf peeling'**4. For years the author has
been systematically observing such features. It has become evident that
they are very widespread. On any valley floor, however wide and flat,
whether wooded or grassy, the accumulated material pushes towards the
line of lowest level. Should a permanent stream be there, the tendency is
to close its bed. This muy be expressed in the following way: The vegeta-
tion cover—grass ot woodland—is undercut by the wash of the water; it
overhangs, until finally pieces tear off, and fall into the channe! of the
streamlet. 'T'his happens not only on the undercut side of meanders,
where naturally it is particularly well developed, without having any
direct significance as regards soil movement. It also occurs simul-
tancously along both banks of fairly straight reaches. The streams under-
cut their edpes, without thereby becoming wider; which means that they
are occupied in keeping their beds open. Every possible stage is found
depending on the relationship between the varying intensity of mass-
transport by running water and the amount of material coming down
from the sides. Scarcely any of the valley-heads on, for example, the
peneplanes and fattish country of the Central German Rise shows a
trace of stream-bed with either permanent or intermittently flowing
water. Such depressions, normally wide troughs but often narrow



110 MASS-MOVEMENT

gutters, are usually marshy even when the gradient is not particularly
gentle. Drainage ditches cut in the reduced rock material, always thickly
accumulated there, have to be renewed from time to time: for the water
itself is unable to keep its channel open whether, as befits the gradient, it
15 flowing lazily or in lively fashion. Under certain conditions, rain or
melt-water as it flows off is able to dig natural channels in the accum-
ulated material; but these do not persist. The larger streamlets have no
trouible in keeping their paths open. They cut right through what has
become heaped up on the valley floor, and—depending upon their size
and the gradient—may even attack the substratum, Witercourses seen
to be eroding vigorously are not free from the features under discussion:
but there one cannot distinguish the share taken by spontancous mass-
movement from that due to undercutting. Only this much is certain: the
latter must be preceded by the former. Undercutting may locally accel-
erate the migration of detritus; but what it cuts away is fed from rock
dezivatives spontaneously moving to that place from further away.

T'he fact of subsurface migration of material, even on very geritle
slopes, shown by the observations mentioned abave, will be brought out
even more clearly when mass-streaming is discussed in a later section, It
will be shown that even when going on beneath a cover of vegetation,
denudation does not come to an end so long as the average slope of the
land exceeds a minimum value, which is always more than o°, but less
than 5°. The features we have been considering show further that what
mugrates from the valley sides and collects at the foot does not stay
there permanently, even if running water does niot remove it. The down-
ward movement occurring on the stesper slopes is continued by further
migration on the rather flat and very flat slopes that follow below. The
material, usually in a more intensely reduced form, is finally brought to
the watercourse even if its bed lies at some distance from the bottom of
the valley slopes. The mass-movement observed over the valley floor
takes place in the zone of water accumulation or even where there is
zctually a flote of ground water. It is therefore not surprising to find that
there the rate of movement increases to noticeable amounts in spite of
the small gradient.

Bound-down movement is no peculiarity of temperate latitudes, but
seems to occur all over the earth wherever a continunus cover of vegeta-
tion is spread over the slopes. Indications of its occurrence have already
been mentioned (p. 1o9). Since Gitzinger’s researches drew attention to
this phenomenon, a considerable amount of evidence has been collected
both from the tropics and from the semi-humid regions' s,
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(y) Corrasion and Corrasion Valleys

Just as rock fragments are worn down (attrition) where the material is
moving freely, so are those in the detritus which is moving underneath
vegetation. They become rounded at the edges and sometimes scratched,
This, and the absence of [any bedding or other] directional planes, ocea-
sionally causes the material to resemble moraines, a festure of conver-
gence which led to their being formerly mistaken for Pleistocene
moraines'®®, Besides reduction, which is greater the longer the time of
exposure, so that the components of the rock waste become smaller and
smaller, attrition also increases with the length of the route travelled.
Thus the talus of uniformly inclined slopes usually shows a finer grain
at the lower parts of the slope than higher up.

The mechanical action on the underlyving rock, caused by material
moving over it, is very marked. It is most easily recognised in the hooked
effect, the downward bending of layers of bedding and cleavage which
are inclined more steeply than the slope of the surface. Mere weight
cannot bring about this phenomenon, as each upper edge is under-
pinned and supported by the one below it. The hooked effect is pro-
duced by sweights that have been moving. It thus informs us in & direct
way of the movement of the reduced material. The nature of the mech-
anical action on the rocky substratum can also be traced; from the resis-
tant upper edges, which project over their neighbours, long streamers of
pressed-off pieces trail down the slope and only at some distance from
their place of origin do they merge into detritus which shows no direc-
tional trend in its arrangement. The action s not a scouring or polishing,
such as occurs wnder rapidly moving material, but a pressing-off and chisel-
ling-off of rock fragments which have been partly loosened from their
union with the solid rock, but have not been sufficiently reduced to be
able to migrate spontaneously. In parts, however, they are still firmly
connected to their surroundings and, for example, by the way in which
they project from them, offer a surface of attack to the downward press-
ing material as it is moving along.

The mechanical action on a uniformly inclined substratum increases
with the weight of the material moving over it. Other things being equal,
the extent of the mechanical action on the subsoil increases downslope
in the direction in which the talus is accumulating. As the thickness of
the moving so0il cover diminishes, it is noticeable that the phenomena
described become less murked, They are especially conspicuous in dry
valleys. The rock exposures are here buried beneath a soil cover thicker
than in any part of the bordering slopes, towards which its thickness
decreases. The bottom is never smooth. Even in absolutely homo-
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geneous rock material, it is full of pockets and pot-holes, like those in a
river bed. Lumps of rubble are pressed into the pockets; and, where the
rock fragments are flatter in shape, they are pushed over one another, in
the direction of movement, like tiles on & roof. Such pockets, hollowed
out, and with their walls smoothed, can be observed on the steeper
slopes; and there it is posaible to recognise not only foreign matter from
above, but also pieces taken from the pocket itself, often stll connected
with the solid rock. The pockets are not just holes where weathering has
gone down deeper than in the surrounding parts; but material must have
been removed from them since foreign matter has entered in its place.
We are giving the name corrasion to this freeing of loosened rock frag-
ments from their place of origin, which they are unable to leave spon-
taneously when they lic beneath a thick covering (p.54), this pressing-off
and prizing away of pieces of rock that are slightly or not at all loosened,
and their removal by the material moving over them. The force and
violence of its character distinguishes it physically from the spontaneous
downward movement of rock particles which begins on an inclined sub-
stratum only when there has been an adequate amount of rock reduction
(pp. 64, 63). In the one case (spontaneous movement), the force which
leads to the removal of the small pieces of rock from their place of arigin
18 determined by the gravity component (gradient) and the mass of the
solid body concerned. The result is to expose a fresh surface of rock: and
this is the essential feature of denudation. In the other case (corrasion),
besides the downward pull appropriste to each particular little hit of
rock, the pieces are subjected to the very much greater force of the
material moving over them, a force, moreover, which is independent of
their own mass. With corrasion, too, ever fresh rock surfaces are betng
laid bare and exposed to the forces operating (reduction and corrasion),
Thus denudation and corrasion both bring abour a renewal of EXPOSUTE;
but, other things being equal, at a different rate. Denudation, for ex-
ample, can work only as quickly as mobile material can be made ready
by the process of reduction; corrasion, on the other hand, acts more
quickly. From this it follotes that the remotal of material beneath corvading
masses is more active, maore intense, than under those which are not cor-
rading. Should the corrading material unite into streams, the effect due
to increase of weight (mentioned above) comes into play. This means
that the substratum is acted upon more powerfully, that is, corrasion is
intensified. Now, increased denudation beneath a corrading "mass-
stream’ must excavate its substratum into an elongated hollow, dig a
furrow. 1 should like to propose the term corrasion valleys for valleys
with such an origin. Two types occur, connected by intermediate forms:
(1) wide, shallow valleys, trough-like in cross section, their floors gradu-
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ally passing into gentle side-slopes and having but a slight gradient; (2)
narrower trenches with a steeper gradient and the floor more definitely
marked off. In every case thus contains a recognisable mass-stream. The
valley bottoms never show any sign of a stream bed or anything like it.
Since these furrows, which are often united as branching systems, have
no erosional history, they stand at one end of a long series of features, at
the other end of which is the pure erosion valley, the gorge.

Wide, shallow trough-valleys, having as a rule no stream bed, are the
characteristic form found on pencplanes and landscapes of gentle aver-
age gradient all over the world It is only in the wet tropics that no
observations have yet been made on them—or rather, they have not been
noticed. They are best developed and best known in arid and semi-arid
regions (p. 97). They appear to be present in the polar zone (p. 105); and
I have also found corresponding features in the semi-humid regions, but
only where the country is very flat, probably because only there is rain-
wash unable to cope with the accumulation of rock waste (p. 102). But
even there, as for example in the extremely shallow valleys of the Thra-
cian peneplanes around the Bosporus, furrows due to water, trickling in
tiny rills, are not entirely lacking'*®, They have occasionally cut through
accumulations of soil often several metres thick, and their bottoms show
corrasion features of the kind described above. In those regions where
rainwash is dominant, conditions are not very favourable to accumula-
tion of the products of rock reduction, and the joining of such material
to form “streams’; for there is a close-meshed dissection of the slopes, and
usually thorough removal of reduced material even from the collecting
furrows. For every case in which observations have been made on the
flattish valleys that are being discussed here, it has been found that they
arc marked by a consistent form (independent of the climate), by the
complete absence of any indication of beds containing running water,
and by the extraordinary sccumulution of reduced rock waste on their
Hoors, This material very often shows the stream-form considered above,
or its flow has been directly established. Whether, however, such fur-
rows are, or are not, the exclusive work of corrasion, is quite another
{uestion,

Analogous valley troughs und furrows are met with in temperite
regions, chiefly near the heads of valleys formed by erosion, and are of
regular vecurrence when these lie in flattish country (pp. 109). Refer-
ring to conditions on the scarpland peneplanes, H. Schmitthenner re-
lates their origin to the joint work of trickling water and mass-move-
ment. He points to the instability of such furrowings in the valleys which
he calls “dells’.* They are immediately closed up again by material

* ' Dellen’,

H F.MA
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taking the place of what has gone, and in that way mass-migration is
accelerated?®?, However, the deepening of those valleys cannot well be
attributed to trickling water, just as the lowering of the enclosing ridges
cannot be put down to rainwash; for in our latitudes, in any case, the
continuous cover of vegetation reduces the effectiveness of rainwash to a
minimum. Thus water channels develop only at specially favoured
places, and have particular difficulty in establishing themselves un the
floors of the above-mentioned valleys. With us, these are usually
meadowland. Agriculture avoids them, since most of the ground is
marshy. Swampiness is the direct result of the accumulation of the
detrital material. This becomes saturated with water which it retains
long after the wet season; for seepage water collects in these valleys from
all the tributary slopes, and the smallness of the gradient is particularly
favourable to infiltration st the expense of the surface run off. But the
same can also be observed in the steeper furrows. Their swampiness,
revealed by the vegetation, is made possible only by the high capacity
for maisture which the accumulated material possesses, Where there are

of rock, and fortunately these are not entirely absent, either
here or in the flat trough-like valleys, the thickness of the soil covering s
shown, And there is no artificial cut through these accumulations which
does not show, excellently, features due to corrasion. Thus, if water
should run off along trough valleys which are nowadays without stream-
beds, and ulong the branching systems of ‘dells’ (which by the way are
only in part true corrasion valleys, having in most cases a history of
water erosion), it digs a furrow, which scratches into the accumulated
waste and not into the rock Hoor. Any possibility of trenching the latter
has thus to a great extent been removed. In the forest, conditions are
different in many ways. Water channels are more frequently to be found,
and indeed under circumstances where these would not be present in
the open country, Obyiously this is because turf forms a much more con-
tinuous armour-plating over which whatever water has not seeped away
runs off without being able to do much cutting down; whilst in the
forest the upper parts of the ground are not always protected and made
firmm by low-growing vegetation, Therefore any water thar has not seeped
away finds here, between the individual trees, more opportunities for
mechanical attack***,

As regards water content, the ‘mass-streams’ of our latitudes, as well
as of any regions where the ground is at least sometimes richly supplied
with water, are extraordinarily well-favoured. They receive practically
all the water that falls on the slopes leading to their beds, both what sinks
in and what flows off over the surface. It is therefore not specially re-
markable to find that in streamless valleys several kilometres long, the
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material spreads out to a hardly noticeable surface gradient, and that its
composition occasionally shows that it has travelled a long distance.
Where these valleys (as in their uppermost ramifications) do not all the
time reach into the ground water, this long continued moistening of the
substratum means, in addition, an intensification of weathering: in unit
time mare rock material is loosened and disintegrated here than in the
surrounding parts. In this way denudation and corrasion are encouraged,
specially favourable conditions are created for trenching the rock floor
and even more for headward extension of the furrow, This especially
applies to the steeper narrower furrows, in the bottoms of which material
sometimes accumulates to a depth of several metres, In spite of a con-
siderable gradient there is swampiness with no sign of a stream bed.
They may be considered pure corrasion valleys. On steeper slopes they
look like the beginnings of V-shaped valley-cuts, and here they often
occur in groups, &8s on the slopes of the lower scarps of the [German]
Scarpland region, or on the flanks of moderately trenched erosion valleys
of the type found in the Saale valley above Hof, The comparatively steep
gradient leads one to expect that during the wet season there will be
perceptible motion of the material in them. This would be a good field
for making measurements.

Should a mass-stream graze a water-bearing horizon, an actual channel
will appear. And from this, dry cracks, variable in their position, may
now and then be seen reaching up-valley'**.

The existence and action of linear corrasion is placed beyond doubt by
the observations here submitted. It is this which has produced the ulti-
mate and most recent streamless ramifications which, especially in the
source regions, reach back from the valleys of gently sloping country.
But by no means all streamless trough-shaped vallevs of our latitudes
can be considered the exclusive work of linear corrasion, Rather do the
majority of trough-shaped valleys, both individual features and whole
systems, give proof of erosion [by water]. “This is true even for those
streamless ones characterised by a vast accumulation of reduced rock
material on their floors, such as stamp their impress upon the summit
landscapes of the German Highlands, the Scarpland peneplanes, etc.
This will be treated in a later section [VIT, z]. Interruption of [water-]
erosion led to obliteration by the migrating material of any direct traces
of it, and it is to the action of this material alone that the further develop-
ment must be ascribed. Besides trenching, vet to be proved, working in
the direction of the uppermost ramifications, it is also necessary to take
into account the headyard Jcngthamng of these, and the formation of
new shorter tributary furrows. /1 5 these which are the corrasion valleys.

A further member of this series of phenomena is the wide trough-
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shaped valley, with a stream meandering along its floor, entrenched in
the vast mass of accumulated material, but not in its substratum. Up-
valley, such troughs pass over into valleys with no stream-beds, and
quite gradually mto corrasion valleys (e.g. Upper Main region, south-
west German Scarplands, especially the Wérnitz valley above Dinkels-
bithl, and the Tauber valley with all its ramifications, etc,, above
Rothenburg), Down-valley, river action has definitely set in, as can be
seen from the appearance of water-transported material, and the occur-
rence of steeper sections of the slopes, The gradient becomes steeper,
and the valley flanks close in, becoming steeper and higher.

Examination of the material on the floor of these upper courses shows
an accumulation of unknown thickness, consisting of colloidal end-
products, undecomposed residues and tiny pieces of rock, but no
pebbles. The same oceurs on the valley flanks, still showing considerable
thickness, yet thinning upwards; there are mare pieces of rock, amongst
which pebbles are conspicuous, often well rounded (but not river-
transported). Thus not even in the valley bottoms is there any longer
direct indication of previous erosion [by water], least of all in the beha-
viour of the streams which share in the seasonal fluctuations of the water
table, and when this 15 low, may run dry in the upper reaches, The ad-
vance of the vegetation, from both sides, over the channel Marging wit-
nesscs to mass-movernient, a8 does the spreading out of the material to
form almost level plains. It is naturally a help to its movement that this
material, right at the lowest part of the valley, lies at the level of the
ground water which is lowing slowly out of the valley. Since there are
no features whatsoever of damming-up, such as are frequent in dry
regions, we must assume that the whole mass moves in the same direc-
tion, and thus, in a certain sense, forms with the ground water 3 single
gravitational stream: ‘The concourse of mass-streams of material coming
together from all the slopes; is balanced by an equivalent removal, This
removal, however, does not generally begin till the running water he-
comes more independent of foctuations in the water table, i.e. at some
place down-vulley.

Because of all this, mass-streaming must be rechoned with, as playing a
part in the shaping of valleys; and, within certain limits, even in temperate
regions it acquires the significance of heing an important factor in valley
Jormation.

G. Gotzinger has already published quite a number of observations on
corrasion over the whole surface of slopes. Similar features are nearly
always to be seen on the side walls (i.c. in the profile) of natural sections
in the lower-lying parts of the country, wherever these reach down to
solid rack. It is found that the corrasion is associated with rocks which
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are not very resistant to weathering and on those easily affected by
mechanical action.

Such results depend even more upon the inclination of the ground
than upon the character of the rock and the weight [of the moving
material] (p. 111). Even under a thick cover, corrasion comes to an end on
fairly steep slopes, since the pressure exerted by this material decreases
with an increasing angle of inclination,

Further, it has been observed that there is no corrasion in the case of
the flattish slopes, covered with a thick layer of soil, which are found in
the higher parts of the area. Only the upper horizons of the soil profile
are sufficiently reduced to migrate from the place, the lower ones follow-
ing suit when they have acquired the same degree of reduction. This is
characteristic of the region of supply. Tt is only lower down that, where
the inclination is suitable, there are signs of corrasion. These parts of the
slope are not only 2 source of rock waste, but also a region over which
material from above travels. Weight therefore increases, and capacity for
mechanical work, right down to the foot of the slope. Gradient and rock
being suitable, the most pronounced corrasion effects are found there.

Recapitulating, it may be said that vegetation is unable to prevent the
individual paths of moving particles of rock from uniting into strands of
movement, and thus cannot prevent the formation of mass-streams
(p.98).

Further, there cannot be the slightest doubt, that today as at any other
time, mass-movement is in progress on every slope. Solid matter is in-
cessantly being conveyed to the water-courses, by its own movement if it
has not previously reached them by processes which accelerate this, For
the most part, this movement takes place over the whole surface; but it
also goes linear-fashion in mass-streams, Such being the state of affairs,
it cannot be maintained that the extra-glacial regions of Central Europe
are not developing now in the same manner as they did formerly. In
these parts, the Pleistocene fluctuation of climate could cause alteration
in only two respects:

(@) Migration of material, which may indeed have been poorer in its
colloidal content at that time, went on over the whole surface or along
special Imes at the same places as now. But it was under polar conditions,
freely, not bound down by vegetation, whether there was or was not
tiaele, just as can be seen in the higher latitudes at the present day.

(b) There was 1 shift in the ratio between the amount of material
brought down and that carried away by running water, as is proved by
the occurrence of terraces in the larger valleys (though not in the head-
water regions). This shift can be put down to increase in the amount of
material arriving, or to lessening of the water content of the streams, or
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to both. So, for slopes outside the water-niet, not even a change in the
intensity of denudation during the Pleistocene period can be deduced,
with any certainty, from terraces alone.

There is much to refute the view, but not a single observed fact to
support it, that the passing of Pleistocene conditions brought to any un-
glaciated area of denudation either an interruption in rock reduction and
surface denudation or a change in direction of the latter 19,



CHAPTER V

GENERAL CHARACTERISTICS OF DENUDATION

1. RETROSFPECT
RELATIONSHIP TO CLIMATE

he foregoing survey of observations on mass-movement confirms

the tenet that it occurs in all climatic regions and on all slopes
where the gradient exceeds a minimum. In all parts of the world,
wherever slopes have more than a certain degree of steepness, individual
loosened particles move away from the bare rock. This occurrenceistoa
large extent controlled by the vigour of the vegetation: other things being
equal, such movement takes place in the tropics [only] on steeper slopes
than in the temperate zone, and here again on slopes steeper than in
regions where vegetation becomes sparse and finally absent. Below that
maximum steepness, cumulative migration takes place as either free or
bound-down mass-movement, and this continues, as fine movements, on
the very slightest gradients: therefore there is no climatic region, from the
equator to the margin of the ice caps, where sheet denudation can possibly
come to an end, so long as the mean slopes of the land exceed that minimum
gradient. As a first approximation, a value below 5° and above o has been
found. The gradient of the slopes is always greater than that of the
collecting furrows.

This featiire, common to all nass-movemaent, proves that it is independent
of climate, as had followed from our examination of the prerequinites for ity
occurrence (p. 71). It also proves that sheet denudation is not dependent upon
climate, As a matter of fact, areas of similar endogenetic development
have also, in all climatic zones, the same denudational forms. This state
of affairs has often been questioned'*: but any doubt of it is far from
according with the actual conditions as seen in every part of the world.
It follows universally and irrefutably from the fact that all processes of
denudation are gravitational streams. The same land forms must neces-
sarily develop in all climatic zones if the prevequisite conditions for deter-
mining the gradients are the same. It has become clear that these pre-
requisites are ultimately of an endogenetic nature'*®, “The part played by
the character of the rock is of course anly secondary, affecting details.
Observation has, however, shown that under corresponding endogenetic

tho
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conditions similar forms of denudation appear in different climates at a
different rate. The reason for this will be shown in a later section when
treating of the relationships between climate and denudation along lines
of permanent or intermittent rivers and rivulets.

With change of climate, the prevailing type of weathering may shift
from chemical to mechanical or vice versa; but the fact that the rock is
being reduced, the one essential for denudation, remains unchanged.
The composition of the migrating material may change, and the outward
form of its movement, from bound-down to free, or in the reverse direc-
tion; but the fact of its migration is not altered, With the disappearance
of vegetation, slopes of critical angle may turn into bare rock precipices
from which individual tiny pieces roll off to collect as seree: or, on the
other hand, rugged rocks when encroached upon by a plant covering may
become the scene of bound-down mass-movement. Bur this change no
more affects the steepness of the slopes than does their continued reduc-
tion and denudation. On steep rock faces there is no change ar all.

On the other hand, apart of course from glaciation; a change of clima-
tic conditions may lead to alteration in the reiationship between mass-
movement and mass-transport, between convevance of material to run-
ning water and its being carried away. This change must take place in the
opposite sense in different parts of the earth, as indeed happened in the
Pleistocene period. Visible transitory phenomena can, however, develop
only at those critical places where the streams of reduced material,
moving down all the land slopes, change their type of movement, i.e.
along the lines of permanent or intermittent rivers and rivulets: These
phenomena, to be discussed later, seem as if they were an interruption
in the prevailing conditions of denudation, without being so in reality.
The fact that they link up with the paths of water flowing over the sur-
face shows what it is that has been altered: neither the continuance nar
the direction of sheet denudation, but merely its quantitive ratio to the
further transport of the material by water along a persistent linegr path
in just the same direction. This may affect the result of its work in some
other way, but cannot bring about any fundamental change in the forms
of denudation.

2. THE PRINCIPLE OF FLATTENING®*
All mass-movement has this in common, that it removes material
from elevations and carries it to depressions. If these latter are not at the

[* It seems justifiable by common usage to emiploy this term (s W, Penck
does) for diminishing an sngle of gradient, although mathematically it should be

for remaoving irregularities—as of i I
reduced to the horizontal. ] as of course would oceur were all gradients
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same time decpened by an equivalent amount, the process effects a
lowering of the elevations. This necessarily means diminution of gradient,
flattening of the hill-slopes. In this case, on a given slope there comes
into play, in successive time intervals, movement of the same type and
velocity as can be observed on neighbouring slopes, similar in their
nature but different in steepness, Should deposition raise the level to-
wardls which the material is moving, this means an increase in the rate
at which the gradient is diminishing and the flattening taking place. If,
on the other hand, this level is relatively lowered, the given slope cannot
simply become steeper; but (as will be shown later in some detail) new
steeper declivities appear which replace the former ones. No part of any
surface on the earth, no matter how demnudation works upon it, can ever
thereby become as a whole steeper. It can only become flatter. The maost
important late obeyed during the development of denudational forms is this
principle of flattening.

3. THE CONCEPTS DENUDATION, CORRASION,
EROSION

The removal of small pieces, loosened from the solid rock, creates new
surfaces of attack for the destructive processes and so brings about
renewal of exposure, This effect is independent of the type of mass-trans-
port, whether it isspontaneous—mass-movement—or brought about by a
moving medium. It is common to all processes of denudation, being the
most direct result of any denudation ar all, and the necessary condition
for its continuance. Two essentially different processes are concerned in
this: transport of particles loosened by reduction, and forcible mech-
anical separation of small picces from the parent rock, In the first case,
renewil of exposure takes place at the same rate as the reduction: this is
denudation. In the second instance, exposure is renewed more rapidly
under the influence of moving material (p. 112). The processes working
in such a way are designated ‘corrasion’ and ‘erosion’.

There are some difficulties which are met when we try to distin-
guish these two concepts from one another, especially as they are not used
in a consistent manner'*®, Physically different processes work together,
each coming more or less prominently into the foreground according to
the given circumstances. Thus quickly moving material polishes and
scratches the rocky substratum. This is seen not only in the beds of run-
ning water and moving ice, but also in the tracks of rapidly moving mass
streams whether dry or wet. The process called 'corrasion’ by A,
Penck'*2 s obviously related to the rate of motion. In addition, there is
a tearing away, chizelling off, and pressing away of fragments, this being
the chief method in the case of slowly moving material. It takes place
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over the whole surface of slopes as well as along the lines of subaerial
mass streams, of running water, and at the bottom of moving ice. Other
things being equal, the intensity of this process increases with the weight
of the moving material. For both kinds of mechanical action upon the
substratum of solid rock, the conditions are best when the material is
collected into streams; it concentrates the mechanical forces along
specially favoured lines. If this concentration along lines of move-
ment is the chamcteristic feature of erosion, the furrows deepened by
subaerial mass-streams are erosion valleys, while the polishing of whole
surfaces by ice not set in valleys, e.g. ice sheets, is corrasion. But such a
definition of erosion is not satisfactory, since it does not bring out the
significance of the moving media, and it is the way in which these act
that really decides how the denudation occurs and its intensity. In parti-
cular, water, on account of being much more mobile, has a far gredter
tendency to adopt a linear course than has spontaneously moving solid
matetial. For the same reason it is able to impart its motion, which is,
other things being equal, far more rapid, to detached salid hodies. Not
only does it in this way lead to their being removed more readily from
their place of origin, but it also, in particular, increases their power of
daing work, enhancing the mechanical action upon the rocky substra-
tum. Thus, in contrast to the far slower mass-movement, polishing and
scratching are nearly always in evidence,

These differences are the determining factor in the development of
denudational forms, the sculpturing of which depends upon the relation-
ship berween what is occurring on the surface of slopes and that along
water-courses. Bearing this in mind, erosion, as generally understood
here, is the mechanical action upon a rocky substratum within the paths
of moving media and brought about by them; corrasion denotes the ani-
logous processes that come into play beneath material migrating spon-
taneously, unaffected by any moving medium. So we shall speak of
erosion by wind, water and ice; and we shall not accept A. Grund's sug-
gestion of extending the term corrasion to include the process of solution
and its results, speaking of karst lands as corrasion landscapes!®s,

4 CLASSIFICATION OF THE REGIONS
OF DENUDATION
Any particle, whether it be of water, ice or rock, adhering by its own
weight to the surface of the earth, and on an inclined substratum, tends
to move by the shortest possible route towards a near-by depression.

T? begin with, the particles are distributed all over the surfsce—falling
rain or snow, and the rock derivatives that have everywhere been
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Inasened by reduction—and at first they move along over its whole arex,
At certain places on the way, the paths of neighbouring particles unite to
form strands of movement, as can be easily followed in the case of run-
ning water and as has been shown to oceur with cumulative masses of
moving material, These form the starting points of streams which
naturally become more and more clearly defined downslope, and tend 1o
deepen their beds, [n this way all the processes by which rock waste ts
remased develop from sheet to linear processes, and then to definitely directed
courses, With this their effectiveness changes.

In the first place, transport of solid rock particles, whether spon-
taneous or brought about by minwash, can take place only when these
are completely freed from the solid rock, and never faster than the rate
of rock reduction. Such regions of pure demudation are found always on
the upper parts of slopes. Lower down, the weight of moving material
imcreases, as does the volume of water runmng off, so that in addition to
the denuding action there is more and more corrasion, or erosion, as the
case may be. As the water collects inta definite streams, erosion be-
comes more and more noticeable until it is unquestionably predominant,
although there is not an entire absence of denudation. For rock is no
more immune to reduction when in the bed of running or even trickling
water or when beneath moving ice, than it is beneath a subaerial stream
of moving rock waste. The material loosened, maybe at low water or any
other period when there is slackening or a pause in the movement, is
soon carried away. But the relationship of rock reduction to the two pro-
cesses of corrasion and erosion is very different, The intensity of corra-
sion can never exceed that of reduction to any considerable extent, since
it depends essentially upon the preliminary work done by this. Erosion,
however, can be 8o intense that no time whatever is left for rock reduc-
tion to tuke effect, This is particularly true in the case of running water, and
explains why it is so extraordinarily powerful as a sculpturing agent?®%.

Consequently it is possible to separate places where denudation pre-
dominates from those in which corrasion and erosion are more impor-
tunt. Surfaces of slopes belong to the first group, incised furrows to the
other. Transitional forms link them, since in both cases rock reduction,
transport, and mechanical attack on the rocky substratum are at work,
Mechanical attack increases downslope and is dominant in the erosion
furrows. ‘T’he zones of transition between the arcas of denudation and
those of corrasion-crosion are found on the lower parts of slopes, espe-
cially near valley heads, Down-vailey there is ever increasing concentra-
tion of rock waste and of water along the paths of movement; streams
develop, and the contrast becomes sharper between the lines of corrasion,
or of erosion {as the case may be), and the tributary surfaces of denudation.
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Even when water falls all over a surface, it 1z only exceptionally and
for short stretches that it flows as a sheet. It soon divides up into a
number of rills. So complete is this facility for moving along lines that
the regions where corrasion prevails do not entirely coincide with those
of ercsion, which stretch back beyond them into the zone where denuda-
tion predominates. The sides of the erosion furrows that are there de-
veloping form new surfaces of denudation, on which the run-off water
once more finds the requisite conditions for erosive downcutting, ete.
This dissection by valleys brings about further and further subdivision
of the areas of denudation; and, other things being equal, this increases
with the passage of time. The result, however, is not to contract the
areas undergoing denudation, but to enlarge them; since for a given area
the number of imclined surfaces becomes greater. At the same time the
network formed by the linear erosional tracks inereases in gize as it
becomes more closely meshed; and so the sum total of rock surface
affected by erosion is greater. Thus, provided there is no change in other
conditions, it necessarily follows that, for a piven district, the total amount
of denudation accomplished in unit time increases with ity subdivision (i.e.
with the increase of surface exposed to denudation).

The rate at which this subdivision progresses depends upon pre-
paratory work that differs somewhat in various regions. Continuous
vegetation impedes rainwash and incision by running water, confining
this to places where the plant cover is less vigorous or interrupted.
Therefore, in our latitudes, erosion furrows do not as a rule reach back
to the uppermost parts of slopes nor to the extreme ramifications of the
villeys. The same holds for arid regions, where the precipitation is too
slight or occurs too seldom for the erosional activity of running water to
have any lasting effect greater than that produced by mass-movement.
In both cases there develops between the district where denudation is
dominant and that where erosion prevails a zone of strongly marked
corrasion, especially in the neighbourhood of valley heads {the zone of
corrasion valleys), It is not so well developed if the vegetation is less
vigurous or sparser, for then regularly recurring precipitation, even
though scanty in amount, can act directly upon the bare soil, Semi-
humid and semi-arid lands sre the domain of rainwash and erosion by
running water; and, if the water from snow melt is included, so is the
sub-polar zone. In such regions erosion furrows usually work right back
to the valley heads and almost to the tops of slopes, unless infiltration is
in excess of run-off, as in landscapes of very low relief.
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5. BASE LEVELS OF EROSION AND
OF DENUDATION

Water can degrade only so long as it is flowing. When it ceases to flow,
erosion of the land cannot continue. Thus an absolute lower limit is put
to the removal of material by running water. "This is the base level of
erosion**", In regions sloping down continuously to the sea, this coincides
with sea level; and in regions of inland drainage coincides with what are,
for the time being, the lowest depressions of the land. Like all the ana-
logous elements which control the downward movement of gravitational
streams, the base level of erosion is not an actual surface, nor a point,
certainly not a visible form, but it is a level.

The absolute base level of erosion, as defined above, is the ultimate
but not the only level which regulates the work of running water. For the
Neckar country, the behaviour of the absolute base level of erosion, the
North Sea, seems to be of no consequence. The effect of its fluctuations
reach scarcely as far upstream as the Rhine Rift Valley. What rivers do
there is really determined by what is happening in the Rhenish Schiefer-
gebirge. Similarly, this work of rivers in the Neckar country is controlled
not by the position of the absalute base level, but primarily by move-
ments of the Odenwald block, and then next by those of the Rift Valley.
The Danubian drainage system presents exactly the same picture. The
relative rise of absolute base level at the Danube mouth is not the
governing factor for the river's work where it breaks through the Banat
Mountains; and its influence does not reach as far up as the Hungarian
Plain, let alone into the Alps. T'o take a further example, this time from
an arid region, the Abaucan-"Troya system in north-west Argentina®®’,
which ends in the Bolson of Andalgald. The behaviour of this absolute
base level of erosion has no direct influence upon the river's work in the
reachies further upstream where it breaks through the mountains, nor in
the depressions crossed by its middle and upper course (the Bolsons of
Copacabana and Fiambald respectively). What happens in these depres-
sions is of immediate importance only for rivers working on the sur-
rounding slopes, and is not the only direct influence determining the
behaviour of the Troya river which, coming from outside, breaks
through these slopes.

The controlling levels that regulate river action in the reaches immediately
upstream are associated with places where the streams leave a tectonically
uniform block, and enter an adjoining one which has undergone some different
movement, also due to endogenetic causes, These are the general or immediate
base levels of evasion. It is common for such levels to recur more than
once in the course of large rivers of the type quoted above, and all are
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ultimately able to work back to the headwater region. Thus, considering
the northern part of the Eastern Alps, the level of primary importance
for water-courses is where the Alps meet their Foreland, which has been
moved in a different fashion. The level of next importance is that of the
basin above the Danube’s first transverse break through the Carpathians,
near Pressburg [Bratislava]; then comes that of the break-through itself.
However, repercussions of the Danube’s break through the Gran
[Esztergom]-Budapest zone of uplift are not felt as far upstream as the
Alpine Foreland, but the depositional zone of the Schiittinseln [Velky
ostrov Zitn¥] lies between this and the break-through at Press-
burg.

“The only cases of coincidence between the immediate and the absolute
base levels of erosion are where the slopes of tectonically uniform blocks
drain directly to the absclute base level—as for instance on the southern
sides of the Eastern Alps, the Maritime Alps, the Ligurian Alps and the
outer slopes of the Dinaric Alps, etc., or where the slopes surrounding
basins of inland drainage do so. '

The immediate base levels of erosion are, like the absolute ones; not
fixed but fluctuate; they rise and fall in relation to the denudation areas
above them. The causes of this and the repercussions on the work of
rivers will be discussed in a later section.

The prerequisite for any work by running water is the existence of a
gradient; and so the general principle obtains that no part of a water-
course can be permanently deepened below the level of the point next to
it downstream. Thus each point is x base level of erosion not only for its
rdjoining point upstream, but for the whole reach of river upstream, and
whatever happens to it will influence the whole course of events above.
Among the infinite number of points connected in accordance with this
law, points which, ranged together, make up the lines of the drainage
net, some coincide with distinct levels which are termed lacal base levels
of erasion. These are of two types. One kind is situated where srmaller
water-courses empty into larger anes, and they mark the level down to
which—apart from the point of confluenee itself—nn part of the tribu-
tary course can be deepened, far less sink below it, These local base
levels change, on the whole, in a vertical direction only: they sink rela-
tively to their surroundings so long as erosion is tnkin;; pIm:;:. and they
rise when deposition occurs.

The second group of local base levels of crosion is found within
[otherwise] uniform stretches of a river’s course and consists of breaks of
gradient, These levels separate sections with a steeper gradient from those
above or below which possess a gentler slope. Associated with them is a
fundamental change in the intensity of river action. They are not fixed
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in position, but migrate upstream; and this, as well as their variety of
origin must be considered in detail later.

The base level of crosion is not some morphological element special,
as it were, to running water; but all gravitational streams, streams the
material of which adheres to the earth's surface by the force of gravity, have
in the dowonward direction a fixed relationship to analogous levels'**. The
effectiveness of moving ice is also regulated by a base level of erosion at
the place where the glaciers end. This is the Jower limit of ablation, or
the place where ice flowing into standing watér or into the sea is lifted
from its substratum, In such a case the base level of erosion for the ice is
submarine,

But more important than all, the course and the effects of mass-move-
ment, which next to running water takes the lion’s share in shaping the
land, are regulated by the existence of levels which correspond in their
essential character and behaviour to the base levels of erosion, and may
suitably be called base levels of denudation. Surprisingly enough this fact
has so far been completely overlooked. To clear our minds on the matter,
it seemed desirable therefore to begin by considering what is already
known about the relationships of base levels of erosion.

The major fundamental fact is that any kind of denudation over a
whole surface, by mass-movement or by rainwash, can take place only
g0 long as there is a gradient along which the rock derivatives can be
moved away. It thus directly follows that no point of a slope can be
deepened, Le. denuded, bélow the level of the actual point next below it.
Each point of a slope is base level of denudation for the whole extent of
the slope lying above it in the direction of the inclination, and its beha-
viour determines the development of the inclined land surfaces above it,
To take an example: Should there outerop on a slope a zone of rock so
resistant that compared to its surroundings of different material it is
practically undenuded, this zone forms for all further development the
level below which the slope cannot under any circumstances be denuded.
It therefore always forms the foot of a slope which is constantly losing
material, becoming denuded and consequently flartened. This resistant
zane, with regard to which the flattening occurs, is the base level of
denudation: and in the end it forms the lower margin of a slope with
such a small gradient that further denudation, whether by mass-move-
ment or ranwash, ceases.

The general base levels of denudation lic at the place where mass-move-
ment ends, and with it sheet denudation (including corrasion). This is
along the lines of perennial or intermittent streams. As these do not
mark out one level, but as infinite a number of levels as there are points
composing them, the general base levels of denudation are systems of
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curves, identical with the gradient curves of the water courses. Their rela-
tive position changes with the development of the latter. When the
absolute base level of erosion is fixed, and the water-courses on a station-
ary block have adopted their final gradient curve, the general base levels
of denudation also assume in each case a fixed, final position. They then
form the lowest possible limit below which not only can no point of the
tributary slopes be denuded, but which only their lowest edge, the foor
of the slope, can reach'?®, From every point on such a drainage net, at its
theoretical final position (Powell’'s base level of erosion), there anse
flattened slopes of a minimum gradient; and on these mass-movement—
or denudation by rainwash where the climate is suitable—is just no
longer possible. If such a set of flattish forms is called an end-peneplane,
it is perfectly obvious that it can never be an actual plane, but must be
undulating country with flattish valleys and with a general fall in the
direction of its own buse level of erosion.

The general base levels of denudation and of erosion coincide when
the surfaces that are being denuded rise directly from the erosional base
levels. At such places, since sheet denudation is directly affected by the
latter; their influence on that denudation is quite different from when it
is exerted indirectly through the drainage net. These differences become
apparent on making 4 comparson between those slopes of broad anmi-
clines which look directly towards the broad synclines and the slopes
leading down to erosional valleys within the same anticlines. "They have
often been described—in the Basin Ranges, in the Argentine, in Asia
Minor, in Central Asia, in the Balkans, etc.—and we shall return later wo
the interpretation of them.

It is not everywhere, however, that the base levels of denudation co-
incide with those of erosion and the erosional tracks. Their independence
of the latter becomes evident, for instance at those very many places in
arid regions where mass-movement, even in its last outlying portions,
does not reach as far as the lines of the intermittent streams. This same
lack of dependence, which demonstrates the functional independence of
the base levels of denudation, is especially clearly visible in scarplands.
"The development of peneplanes on the scarp summits, like that of the
broad ledges in the higher parts of the Grand Canyon (Colorado), is
related to outcrops of resistant beds of rock at a lower level, and not to
the banks of the streams incised deep down below. These are examples
of local base levels of denudation, conditioned by structure. All over the
world it is by no means uncommon to find that uplified older and flatter
landscapes are separated from their former base levels of erosion by the
interpolation of younger stecper relief. They continue to develop, not
with reference to the base levels of erosion from the influence of which
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they have definitely removed, nor yet with reference to the floors of the
rejuvenated deeply incised erosion valleys, but with reference to the
break of gradient which separates these uplifted land forms from the set
of younger ones now dissecting them.

As a general rule, local base levels of denudation arve represented by
breaks of gradient. These breaks separate different systems of slopes, the
denudation of which is related to different levels. Thus, that of the
higher, wider part of the Grand Canyon is related to the upper edge of
the steep sides of the inner canyon; and these steep slopes to the
Colorade River itself. With the break of gradient comes a change in the
angle of slope; the break divides steeper from gentler parts of the de-
clivity, and its angle is concave or convex according to whether the
steeper systems are arranged above or below it. The local base levels of
denudation thus coincide with either convex or concave elements in the
land forms; and their behaviour—like that of the analogous base levels of
erosion—varies accordingly.

From the moment it arises until it disappears, each break of gradient
forms the lower edge of a slope for which it provides the base level of
denudation. So long as it lasts, the denudation of the slope, lving above,
takes place in relation to it. ‘That is the essence of a base level of denuda-
tion. Thus this base level and the correlated slope above it are one sys-
tem. We speak of form svstems [slope units®] and say: breaks of gradient
separate different form systems [slope units]. The difference has its
visible expression in the relationships of the gradients and depends upon
the intensity of the denudation which, other things being equal, in-
creases with the inclination of the slope. The steeper the slope, the
shorter the time required to bring about the mobility necessary for
transport of the material, and the quicker the renewal of exposure (pp.
bz—72, 78, 85), i.e. on the whole, the more material removed in unit time
from the whole of the uniformly inclined surface.

[* Term used by Prof. ], Kesseli.]



CHAPTER VI

DEVELOPMENT OF SLOPES
1. GRADIENT AND FORM OF SLOPES

How local base levels of denudation come into being and disappear
is really the same question as that of the origin and development of
the slopes which, grouped and combined in many different ways, pro-
duce the denudational forms found at the earth’s surface. What has been
observed to take place, away from the actual lines of water-courses,
perennial or intermittent, and the way in which it follows definite laws
(see Chapter 111, sections 4-g) provide all the support needed to make
this absolutely clear. Rock material becomes more highly maobile the
further the process of reduction has gone (the longer it has been at
work); and it has been definitely proved that the more mobile the
material on a given slope, the less the gradient of that slope need be
before the material can onlv just move away. On gentle slopes, therefore,
the intensity of denudation is less than on steeper ones: a much longer
time must elapse before the matenial is reduced o such a degree as to
become unstable. Where lotwer horizons of the soil, forming relatively
quickly (on steep slopes), are set in motion, reniewal of exposure takes
place far more rapidly than where only the upper horizons, which take
much longer to develop, arc moving (on slopes of a proportionately
slighter inclination). What matters is [i.e. this renewal of exposure de-
pends upon] the rate of formation of the uppermost horizon of reduc-
tion, the one which is at that time lying freely exposed. Other things
being equal, its exposure is everywhere the same. On a given slope it is
the first part that can no longer hold in place, but must move off as soon
as the requisite mobility is attained. The rate at which it is formed gives
the intensity of denudation, As the topmost layer moves away, the profile
of reduction below it sinks to the same extent into the previously un-
attacked rock. On a slope of uniform gradient and equal exposure, a pro-
file of reduction is formed which shows everywhere the same develop-
ment and the same thickness. In the same time that the uppermost
horizon of that profile has taken to acquire the mobility necessary for
migration, a rock layer of the same thickness throughout has become
reduced. At the close of a further equal interval of time, a further layer
of rock, again of the same thickness and of equal thickness at every part
of the slope, passes aver into the reduced form.
130
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What has just been recapitulated holds true only on the assumption
that the character of the rock is everywhere the same. It is true for each
rock just as rock, but each behaves in a special way as regards reduction
and becoming mobile, and so, other things being equal, has an intensity
of denudation peculiar to itself. Bearing this in mind, our investigations
will be made first of all on the assumption that all the rocks have the
same character,

Denudational slopes present every degree of inclination, from those
scarcely to be distinguished from the horizontal right up to go®—
leaving aside caves and overhanging crags. Because of the limitations of
rock stability, normal gradients are less than 45°, anything steeper than
this being quite exceptional. However, these gradients are not distributed
over the globe in a haphazard fashion, but by individual regions which
are often easily recognisable as tectonic units. They have such a marked
occurrence of slopes with almost identical maximum gradients that the
average or mean of these is one of the characteristic features of that par-
ticular natural region. This long-recognised fact, which is quite indepen-
dent of the position of the climatic belt concerned and so of the type of
climate, makes it possible to speak of umiformity of relief for a district
meaning by this the total effect of the arrangement and combination of
all the slopes with approximately the same angle of inclination. Thus the
frequently used term ‘Alpine relief® is associated with the idea of the
steep land forms found in the Alps; and the less steep conditions found
in the German Highlands have provided the type for 'Highland forms’.
Since no association that can be reduced to a law exists between the
average steepness of slopes and their absolute—in addition to their rela-
tive—heights, we shall replace these terms by the purely descriptive
expressions: 'steep forms—steep relief’ for a set of land forms having
average slopes round about the maximum gradient for resistant types of
rock; 'intermediate forms—medium relief’ for those with slopes which,
as in the valleys of the German Highlands, reach a steepness approxima-
ting to that of basal slopes®; and 'flatrish forms—peneplanes't for land-
scapes with slight gradients throughout (see Plate I, illustrations 1, 2
and 3)'7. It must be borne in mind, though, that we have not gained
more than a means of making ourselves understood. For although these
three form-types are often actually to be seen as characteristic features,
-and although they can then be recognised without any ambiguity! ™, they
are yet merely types of relief chosen out of an infinite number of members
of a transitional series; round them can be grouped similar types which
it is impossible to demarcate from one another except by agreeing to take
specific limiting angles for the mean gradients,

[* See glossary; and pp. 93, 135.] [t See glossary. ]
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Within any one relief type characterised as a unit, variations in the
angle of gradient do, then, occur in individual cases; but, as has been
repeatedly stressed, these differences are due to differences in the resis-
tance and attitude of the rock'¥*. They are details fitted into the general
type without effacing it.

One great problem presented by denudational forms is the way in
which slopes of uniform gradient are associated together in definite limited
regions, The second relates to the form of the slopes (see Plate 11, illustra-
tions 1, 2 and 3). The slope profiles are convex, or concave, occurring as
continuous curves or divided up by breaks of gradient, salient or re-
entrant; or else they may be stretched out into an approximately recti-
linear course. These various forms, too, are not distributed haphazard,
but are armanged in a regular fashion. Examination of the slope profiles
on the upper parts of the German Highlands or the Scarpland pene-
planes, shows them to be concave throughout. Comparison with the
steeper slopes on their sides, i.e. those of the younger valleys dissecting
them, shows that these latter generally have convex profiles, These are
examples of a rule which is world wide in its application and indepen-
dent of any climatic peculiaritics,. Wherever a younger, steeper set of
land forms separates an older upraised landscape from its former base
level of erosion, the slopes of the older forms are always concave in pro-
file, and the younger forms dissecting the highland characteristically have
convex or straight profiles, although concave ones muy occasionally
appear. Throughout, the convex and straight profiles are associated with
zones where there has been vigorous erosion. Also, in broad outline, the
distribution of the various forms of slope follows an unmistakable
arrangement. It appears that the form associations with convex slopes
are most typically found in the two mountain belts, and that they occur
less frequently on the continental masses. Hundreds of thousands of
square kilometres on the Canadian Shield, between the Guianas and La
Plata, between the mountains of the Atlas and the Cape regions, retain
the stamp of concavity on their slopes, although otherwise these vary in
respect of steepness, Typical inselberg landscapes belang to this group,
There is nothing like it in the mountain belts. It 1s true that on the sum-
mits of the chains similar relief types, the uplifted hill country and pene-
planes already mentioned, do occur extremely frequently; but there are
mmmense spaces from which they are absent. This large-scale distribu-
tion is, naturally, not die merely to chance.

However, in the mountain belts and indeed wherever the slope corre-
sponds to the maximum gradient for the rocks concerned, conyex slopes
are replaced by what are on the whole straight profiles. They find their
purest expression in the steep relief of mountains which escaped Pleisto-
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cene glaciation, whether these are covered with tropical virgin forest or
belong to arid regions. They are also very common in the Alps. Never-
theless it must be stressed that straight slope profiles are not a peculiarity
of steep relief, but also occur with medium relief. They are the rule for
sharp V-shaped valleys of the type found incising the Muschelkalk or
the Malm of the Scarplands. They often develop in landscapes where
crests-lines are formed by the intersection of slopes; and the steeper the
slopes, the sharper the ridge crests, while with gentler slopes they are
less sharp, The Badlands are among the areas providing excellent ex-
amples of this—as also of convex and concave slopes (see Plate ITI, illus-
trations 1, 2, 3).

When two or more surfaces cut one another, lines of intersection or
points of intersection are formed. Theoretically, slopes which meet at
their upper extremities should, irrespective of their steepness, rise 10
sharp linear edges or sharply pointed peaks. In nature this is not so. On
the contrary, the zones of intersection are always blunted and broadened,
the more so the gentler the slopes concerned. This blunting and round-
ing is a characteristic of intersecting slopes: these are flattened near the
place where they meet, no matter what the shape of the remainder
whether steep or gentle, and irrespective of the type of rock and type of
climate, The flattening, however, cannot continue to an indefinite
amount. It is never very great, and is obviously dependent upon the
gradient, diminishing as the steepness increases, Consequently the
degree of sharpening of the zones of intersection most distinctly in-
creases with the gradient of the slopes that are meeting one another,

The upward rounding of convex slopes is evidently part of the con-
vexity itself,. With concave or straight slopes, on the other hand, it is
obviously an independent problem, since here the rounding-off of the
zones of intersection signifies a deviation from the given form of the
slope.

G, Gotzinger thought that in this flattening from above he could
recognise the process by which a ridge of ever-increasing breadth and
flatness was produced from 2 sharp edge'”®, and R. Gradmann in his
derivation of scarpland peneplanes starts from similar assumptions'?,
This view cannot be correct since—as Gradmann himself recognised—
it conflicts with the phenomena of valley deepening. Gotzinger has not
yet seen this difficulty, but it is shown by direct observation. A rock wall,
subjected to denudation, retreats backwards upslope, and a gentler de-
clivity, the basal slope,® is seen to form at its expense and to grow up-
slope by the same amount as the cliff vanishes'?%. If such cliffs are en-
tirely destroved, the basal slopes meet in a sharp edge, as may be excel-

* Haldenhang.
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lently seen at the Paternsattel [Forcella Lavaredo] (Drei Zinnen [Tre
Cimi di Lavaredo), Dolomites), and this forthwith experiences that
definitely limited amount of rounding which has been mentioned
above' 77, The gentler slope, that replaces the steeper one, thus develops
at the foat of the latter; and the flattening of the land progresses from
below upwards and not in the reverse direction. This fact has not
escaped G, Gotzinger in so far as the development of cliffs, i.e. steep
forms, is congerned, But in his derivation he jumps to a conclusion which
cannot be justified by observation or in any other way, taking it for
granted that, as further development occurs, the flattening all of a sudden
takes place the other way round, viz. from above downwards. If rounded
ridges did arise in that way from sharp edges, and flattish forms of con-
vex curvature from such ridges, then it would have to be assumed that
denudation was always working more rapidly on the flattish ridge sum-
mits than on their steeper flanks, This cannot possibly be expected of
Nature, as is obvious, and as was stated years ago'”™. Rounded ridges
with convex profiles, such as occur in the Wiener Wald, can never arise
from sharp edges. Only the reverse is possible. One of the objects of the
fullowing sections will be to show that this is the case.

2. FLATTENING OF SLOPES*

Coxcave Basg Levers oF Denubation

A steep slope, say a cliff of homogeneous composition and uniform
gradient, rising directly from a non-eroding river, constitutes a form
systemt [slope unit]; and its base level of denudation lies at the water
level of the river (f in the profile, figure 2). The whole surface of the cliff
has the same exposure and succumbs equally in every part to the process
of reduction. In unit time a superficial luyer of rock, of a definite thick-
ness the same everywhere, is loosened and removed. The method of
removal is that loosened particles of rock crumble away and fall down.
For this to happen the gradient must be too great to allow the little
pieces of rock, just loosened by weathering but not further comminuted
and reduced, to remain at rest. "This gradient is available for each unit of
the rock face except the lowest, which is adjacent to the base level of
denudation. At the end of time one, therefore, this alone has not been
taken away. There is no change in the steepness of the cliff, but it has
retreated from its original position £-1 (in the profile) to the position 2'-2,
Beneath it there is a ledge left. Such ledges may also appear temporarily
in the middle of the rock face as a tiny piece x breaks off. The part of the
cliff immediately sbove is then deprived of its support. It is undercut

|* See note on p. 120] [t See p. 129 for definition.)
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and further breaking away is accelerated. The ledge cannot, however,
maintain itself, for by the end of the first unit of time the layer tx below
it has also crumbled away, even before reduction of the more rapidly
exposed rock face above x (x 2) has loosened new material and prepared
it for removal.

This same process is repeated in the second unit of time. But only that
part of the rock face above the ledge ¢ 2' can be weathered back in the
allotted time; and once more the lowest particle (2'=3") is without that
same [necessary] gradient at its disposal, i.e, it has not in the interval
acquired the mobility essential for movement on the much smaller
gradient. The rock face moves into the position 3'-3, in the third unit of
time it retreats to 4'—4, and so on. If sufficiently small units are taken, we
come very near to the actual process, and the exceedingly small ledges

[
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t2', 2°-3', 34, and so on, combine to give 4 continuous slope of uni-
form gradient (¢ ¢°).

This is the basal slope,* along which the broken fragments derived
from above slacken their pace, to migrate further in free, cumulative
mass-movement, provided that conditions are suitable for their accumu-
lation (see Plate IV, illustration 1),

The following statement may therefore be made: A steep rock face left
to itself, moves back upslope, maintaining its original gradient ; and a basal
slope of lesser gradient develops at its expense. Should the cliff culminate
in a sharp edge, as is assumed for fig. 2, this edge i lowered to the same
extent as the rock face recedes; it moves from 1 to 2, then to 3, and so on.
After the tenth unit of time, the steep rock face would be gone, and in
place of the precipitous ridge there would be a lower one where the
gentler basal slopes meet. If, on the other hand, the cliff face is the scarp

* Haldenkivig.
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of a tableland, it would not disappear till after a longer interval of time, in
the figureabout thetwenty-second timeunit; and thesteep drop would then
be replaced by a gentler slope (f ¢') with the gradient of a basal slope.

After time one, the development of the cliff face is no longer related 1o
the river level ¢, but to the concave break of gradient which separates it
from the basal slope. This break of gradient is the base level of denudation
wuntil the disappearance of the receding cliff face. A new slope unit, the basal
slope, is interposed between it and the river level. The upward grooth of this
is determined by the rate at sehich the vock of the cliff face is reduced, i.e. by
the development of the steeper, higher slope unit, the special development of
wwhich was in the first instance related to the position of the river. Whatever
may happen to the basal slope, whatever fate may befall its lower end, the
development of the cliff face is unaffected by it. This has become independent
of the general base level of denudation, and what ensues is related to a newly-
farmed local base level of denudation. This itself, as time goes on, moves up-
slope, and vanishes only in the topmost parts when the higher slope unit has
been finally removed and its place taken by the next lower one.

From its first appearance, the basal slope develops independently,
since the rock on it, too, is being reduced. Here, however, the mere
loosening of pieces of rock from the general fabric is nat enough to pro-
duce denudation, as it is on the steep cliff face, A far greater degree of
reduction, ie. far greater mobility, is required for rock derivatives to
migrate on the very much smaller gradient, and for this much longer
periods of time are needed. The development of the basal slope is there-
fore very much slower; but it proceeds in the same direction as that of
the cliff face above.

It is still being assumed that the rock is all of the same composition
and also has the same exposure.* In unit time a layer of definite thick-
ness, everywhere the same, is loosened from the basal slope. But it is
only when a multiple of that unit time has clapsed that the loosened
material is sufficiently mobile to migrate spontaneously. This occurs as
spon as there is a definite degree of reduction, i.e, a definite mobility of
the rock derivatives, corresponding to the gradient as it then is (p. 71).
In other words: if, after & certain peniod of time, the rock material
derived from the basal slope attains a certain mobility, its downward
movement on the existing gradient is inevitable. That length of time is the
unit by which the rate of development of the basal slope is measured.

At the end of the time unit just defined, a layer of rock, of a definite
thickness, the same over the whole of the basal slope, has been changed
into a sufficiently mobile form; and during that time the rock particles,
one after another, all quit their place of origin™, All, then, move down

[* Ses pp. 36, 52
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except the lowest, that adjoining the general base level of denudation (¢
in fig. 3), since it is the only one not provided with the requisite gradient
for movement. Still maintaining the same inclination, the slope now
moves from the position ¢ a to 2'~2. The same thing is repeated during a
second time interval of equal length!*®. The time available, however,
does not allow all the rock particles of the new slope 22" to migrate; for
again the lowest (2'~3') has at its disposal not the same gradient as that
for all the particles above but a smaller one, one for which the degree of
mobility so far acquired is insufficient to permit of migration along it.
The slope moves into position 3’3, and after a third unit of time it
would reach 4'-4, and so on. By making sufficiently small the dimen-
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sions considered, we came near enough to reality, and find this state of
affairs: below the basal slope there is forming a new, flattened-out slope
of gradient t #', which grows at the expense of the former, and at the
same rate as the basal slope is being denuded. After the first unit of time
(as defined above), the basal slope no longer develops with reference to
the general hase level of denudation, but with reference to the concave
break of gradient at 2’ and to that at 3', ¢* . . . &', etc., which, until it
disappears (in the diagram after time twenty), separates it from the slope
of diminishing gradiem* helow. The break of gradient is the local base
level of denudation for the basal slope, and it moves upslope from the
edge of the river.

* Abflarhmgshang.
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There is no need to trace further development in the same detail.
Below the slope of inclination ¢ ¢, another still flatter slope unit ¢ ¢
develops. This begins to form immediately the slope above it has ap-
peared, and continues to do so by the same amount as the latter retreats
from the edge of the river. Between these two there appears a fresh con-
cave break of gradient, still more obtuse, and the speed with which it
moves upslope is determined by the intensity of denudation on slope
t 1. 'The value of this is but small, on account of the slight gradient. In
the diagram (fig. 3) the youngest, flattest slope is not perceptible till after
the cighth unit of ime—see slope position ¢ IX—and even after the
twenty-seventh unit the lowest break of gradient has only reached point
1", By then, all the other local base levels of denudation, which separated
higher, steeper slope units, have disappeared.

It is now quite clear that the process obeys a law: Flattening of slopes
always takes place from below upseards. However, it is not simply a
matter of the slopes becoming fatter; but of new and ever flatter slope
units perpetually appearing at the general base level of denudation, and
growing at the expense of those above, They do this more rapidly, the
steeper these are, Finally they replace them; but up to that time they are
separated from them by concave breaks of gradient. These, until the dis-
appearance of the slope units belonging to them, act as local base levels
of denudation. They always originate at river level all along the drainage
net, at the general base level of denudation, and from there they move
upslope. The rate at which the flatter declivity extends upwards, at the
expense of the steeper slope unit above it, is determined by the rate of
denudation of the latter. The measure of this, in its turn, is that of the
rate of reduction of the rock; and is, indeed, the length of time required
for that process 1o get ready reduced material of the spectfic degree of
mobility needed, in that particular case, to make removal from the given
slope just possible—thus making migration mevitable. Since the pre-
paration of the more highly mobile material is proportional to some root
of the duration of the reducing process (p. 51), the lower, fiatter slope
units, which appear later, develop more slowly than the older steeper
ones found above them. Development is most rapid when cliff faces are
being pushed back and replaced by upward-growing basal slopes; these
latter are replaced much more slowly by the slopes of diminishing
gradient which are developing from below; and the slowest replacement
oceurs in that slope unit below which is the slope having the greatest
possible flattening and smallest gradient. This undergoes no further
denudation; and transport of material from above can take place, at most,
to but a limited extent.

To suin up: the process of flattening begins at the general base levels
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of denudation. While the position of these remains unaltered, the ever
flatter forms that are drveloping there, ane after another, maintain a con-
stant gradient as they recede. Each successive, flatter slope grows upwards
at the expense of the steeper one above it, and brings about its disappear-
ance in the case of the highest parts. Such being the development, itisin
these highest parts that the steepest forms are to be found. This is the
picture presented by the German Highlands, amongst other places. The
last ruin-like remains of rocky steep-forms are found there—in the Harz,
in the Fichtelgebirge—as granite tors in the midst of an area composed
throughout of the same kind of granite. "They are perched upon inter-
valley watersheds which belomg to the summit relief'™. Similar features
may be seen at many places in the Danube valley below Tutlingen, or
along the Elbe where it breaks through Saxon Switzerland. The light-
coloured walls of Malm limestone are confined to those slopes of the
meanders which face upstream**:. The cliffs do not come down to the
river. They are steep-forms onginally produced at places where the
river undercut its banks. But since then they have moved back from the
water, their gradient unchanged, making room for a basal slope below.
This behaviour shows that undercutting of its concave banks by the river
was not continuously effective, but suffered occasional interruption.
Traces of the recommencement of undercutting at the same places will
be further considéred below.

A result of the independent development of each individual slope unit
is that the concave base levels of denudation do not move upwards along
straight lines continuing the slopes of which they form the upper edges.
"The profile in figure 3 shows accurately the correct displacement of suc-
cessively appearing concave breaks of gradient, this having been worked
out from the particular values for angle of slope and intensity of denuda-
tion upon which the diagram is based. Other values might have been
taken without in any way altering the character of the results obtained,
It is only qualitative results with which we are here concerned. The con-
struction has been worked out completely only for the first four slope
positions, From it, the break of gradient between cliff face and basal
slope can be seen, as well as the first [sic] positions 2°, 3°, 4" . . . &', of the
[next] break of gradient. For later development, only a few slope posi-
tions huve been druwn. These show the displacement of the lower breaks
of gradient of the type 4" . . . x', =’ and +”, The slope ¢ #"" is taken as
possessing the smallest possible gradient.

After unit time, the cliff face has moved back into the position a «’,
the upward-growing basal slope has reached 2'-2, and a slope diminish-
ing gradient ¢ 2” is heginning to appear. T'he base level for the denudation
of the cliff face is sctually found not at a but somewhat lower at 2, be-
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cause of the Hattening [at the bottom] of the basal slope [as it weathers
back]. The cliff face has been extended a little downwards. After two
units of time, the position of the chiff face, the basal slope, and the slope
of diminishing gradient are " b 3, 3-3" and 3" £. The base level in ques-
tion is not at b, but at 3; and it can easily be seen that the amount b 3 by
which the cliff face has been increased in length is twice the length of @ 2.
The development of flatter and flatter slope units thus causes the suc-
cessive positions of the base levels forming their upper limits to be ar-
ranged, not on a straight line, but on an arched curve. If a line is drawn
through the points 2, 3, 4, etc., it shows the path taken by the base levels
of denudation in successive intervals of time. It is a continuous convex
eurve, This is generally true for the displacement of concave breaks of
gradient. ‘T'he curvature of the paths along which they move upslope is
flatter, the gentler the gradient of the slope units which they separate.
For the local base levels marked by the numbers 2', 3/, 4, the convex
curvature showing the path of the displacement is so slight® that—on the
small scale of the diagram—it coincides with the line ¢ ' for the first
three positions of the slope, and does not become visible before its gth-
1hth positions (¢ IX and ¢ »° XVI). The lowest break of gradient which
can develop at all, and which forms the upper edge of the slope with the
least possible gradient, is from the outset displaced along a rectilinear
path (£1), for below that slope no further slope unit of still slighter
inclination is developed. It already possesses the greatest possible degree
of flattening, and widens at the expense of all the slope units above it,
extending landwards [back from the river].

It follows that, in general: [f nathing disturbs the process of flattening,
the concave breaks of gradient are displaced not only up the cliff, but also
further and further back into it. The backeward waorking component—suhich
would be absent woere the lower parts of the slope not being flattened—be-
comes of increasing smportance as the distance from the peneral base level
of denudation increases, Thus it is more effective at the upper edge of
steep slope units than at that of flattich ones, This means that the higher,
steeper slope units can actually be preserved longer than if those
slopes below them were not becoming flatter; and they are removed
and replaced by such flatter portions of the slope only at a con-
siderably greater distance from the river than would otherwise be the
case.

If left undisturbed, a slope of any gradient whatsoever, provided it s wni-

Jorm, becomes a slope system concave in profile. In figure 3, if the cliff face

was originally of the form ¢ 1, then after three units of time it would have

become a slope system ¢ 44 ¢". Further development cun easily be seen
* [becuuse mobility is ansined more alowly the gentler the gradient. ]
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from the diagram. It holds so long as the general base level of denudation
remains constant. For more on this, see p. 151.

3. UNEQUAL EXPOSURE. ROUNDING OF HEIGHTS

T'he basal slope and, to a greater extent, the slopes of diminishing
gradient appearing below it, are not only regions for the supply of
material moving downslope, but also regions of transit for material from
above, When the general base level of denudation remains unchanged in
position, material is bound to accumulate on the widening flattened parts
of the slopes, since here the downward movement slackens. This accum-
ulation is not unlimited, however, as can be seen from spection. It is
not only that an increase in weight (p. 84 ) is associated with the accumula-
tion, but also that with length of time the material is further reduced
and so more mobile, The ratio of gradient to mobility, which is the
determining factor in the movement of rock derivatives, has on this
account the same value everywhere on a concave slope; the slighter
mobility corresponds to the greater gradient and conversely. This con-
stant ratio is inevitable and is the reason why the transport of material
conting from above is actually accomplished on the slopes of diminishing
gradient right down to that with the least. Obviously, then, on the flat-
tish parts of the slopes thicker profiles are slowed up, and on the steeper
parts thinner ones move more rapidly by way of compensation.

But the accumulation of rubble, which increases downward, brings
about innqnnlit}.r of exposure (p. 54). Even when the gradicnl 18 uniform,
rock reduction goes on mare quickly at the frecly exposed surfaces; the
mobility needed for migeation is reached more rapidly than on flattish
surfaces covered with rubhle, to whatever extent, Exposure is therefore
renewed more quickly than an the flatter slopes (p. 78). As soon as the
migrating material has accumulated to some extent, differences between
the various parts of the slope become noticeable: the upper, steeper slope
units, where there is nothing to hinder development, are differentiated
from the lower, fatter ones on which denudation is impeded. But if, in
such a case, the development of newer, ever flatter slope units should be
retarded, then the concave base levels of denudation do not recede up-
wards along the strongly curved convex paths demonstrated in the
previous section; instead, their successive positions—in profile—are ar-
ranged upon a line which becomes more and more stretched out until it
becomes approximately a straight line. This would mean that the upper,
steeper slope units would be removed whilst closer to the river, being
!.‘EF]:I':I‘.‘d by the corresponding slopes of diminishing gradient. The great
impartance of corrasion lies in the fact that it counteracts this process by
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once more accelerating denudation, which means renewal of exposure
and, with this, flattening bencath a thicker covering of soil (p. 112),

It follows that lessening of exposure on the lower parts of a slope sys-
tem does not influence the type of development; but under certain condi-
tions, ¢.g. when corrasion is absent, influences the rate of development,
It does not therefore lead to fundamental changes of form, It is different
in the case of slope units which stand up freely, intersecting in the highest
parts of the country. If within such a slope unit, exposure is greater
abave than in the parts below, more rock material is there prepared for
denudation in unit time, since reduction is penetrating the depths more
rapidly. The result is a flattening of the upper, better exposed parts of
the slope unit, and this appears as a rounding of the zones of intersection,
rounding of the heights (see Plate V1, illustration 2, and p, 78),

With the flattening of the higher parts of the slope unit, conditions
become less favourable for the migration of reduced material. Greater
mobility s required, which necessitates a longer period of reduction,
Therefore denudation is decelerated, and with this, flattening from abave
is brought to an end. This happens as soon as renewal of exposure takes
place at the same rate both on the flattened parts of the slope unit and on
the unchanged parts below. That means a balance between the slowing
up of denudational intensity below, because of soil accumulation, and
that above, due to diminished gradient (pp. 64. 65). Then in equal times,
similar amounts of rock material leave their places of origin both above
and below, But those above, on account of their better exposure, acquire
in the same period a higher degree of reduction than those below, where
the rate of reduction is retarded (p. 54). This stationary ratio marks the
limit of flattening from above, a limit which cannot be overstepped. The
amaount of flattening is thus limited, and is directly dependent upon the in-
clination of the slope, the upper parts of which are undergoing flattening.
The less the gradient, the greater the flattening; and vice versa; but its ex-
tent remains unchanged, so long as the gradient of the slope unit remains
unaltered. It is thus utterly impossible for broad rounded ridges and
from them, ultimately, fAattish forms, to be derived from sharp edges or
peaks by means of flattening from above (see pp. 133-134).

Rounding of heights attains a strongly marked development when the
gradient of the intersecting slopes is equal to or less than that of the basal
slopes. For only then is the accumulation of rubble possible. In regions
mimical to plant growth, such accumulation does not begin (other things
being equal) until the gradient is gentler than that for [climatic] belts
where the vegetation cover is continuous, This accounts for the greater
sharpness, especially in deserts, of the zones of intersection of slope units
which, if of similar steepness in a temperite climate, would clearly show
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rounding because of dissimilarity in exposure (see Plate VI, illustration
1). Where the reduced material is thoroughly removed by rain wash, as
for instance in regions of Badlands, it is most striking to find an almost
complete absence of blunting where the slopes (concave or straight)
intersect, even when the gradient is slight. Such climatically determined
differences of form become especially clear when the companison is be-
tween upstanding areas where intersecting concave slopes are of the same
average steepness. In districts of sparse vegetation these, e.g. inselbergs,
are characterised by a sharper concave curving of the foot-slopes® and
greater sharpness of the zones of intersection as contrasted with other-
wise similar upstanding areas in humid regions where the foot-slopes*
are less concave and the heights more rounded. This, however, refers
only to rocks of the same or similar character. Analogous differences can
also be found within one and the same climatic zone between upstanding
masses of very resistant rock providing little debris, and those which are
otherwise similar but composed of easily destroyed rock. In the former
case the covering of rubble is slight, other things being equal, and condi-
tions are favourable for renewal of exposure; in the latter case the reverse
holds. For the rubble cover, which causes the difference in the forms
considered above, is always the result of a quantitative ratio between the
amount of rock debris prepared and its removal.

4. STRAIGHT SLOPE PROFILES,
UNIFORM DEVELOPMENT

If the position of the general base level of denudition remains un-
changed, as was assumed in the preceding section, it means thar the
rivers are neither incising nor depositing. A river working merely as
transporting agent cannot prevent the upslope recession of a cliff that
originally rose up directly from it, nor the formation of a basal slope, nor
the development of slopes of diminishing gradient appearing in succes-
sian below that, After some time, the whole slope system—with its cliff
face above, and its slope of smallest possible gradient below—has re-
treated so far from the river that this now cuts only the loose material
that has rolled down to form the talus heap; after a further period of time
it no longer does even this. The whole slope system retreats mwards,
ever further from the edge of the river, so that the higher, steeper slope
units in the uppermost parts disappear one after another; the steeper ones
generally do this whilst they are nearer the river than is the case for the
flatter slopes that succeed them below, The slope with minimum gradient
is spreading further and further inwards between the rest of the slope

[* See glossary.]
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system and the stream. It is the only one of the slope units that is in this
way constantly gaining in area.

If the cliff face, or any other slope unit preserving an unaltered
gradient, is to remain adjacent to the general base level of denudation,
the river must erode it. In every unit of ime during which the slope unit
recedes by its characteristic amount, the river must remove that lowest
particle t @ x (in fig. 4, p. 145) which would become the starting point
for a slope of dimimshing gradient so long as the position of the general
base level of denudation remained unchanged. The river must erode
downwards at least from £ to @, or sideways from ¢ to &', and must in all
the following units of time perform the same, ever-recurring task, In
short, there must be a constant ratio betreen the intensity of the denudation
acting on the slope unit and the intensity of erovion by the stream, a ratio
characterised by the relation:

3 . . fto
to=tasin (9o -a), fromwhich fa=——— ..oiiniinnnn)
: t
or to=(ad sina from which ¢ a‘=iiT”x....,,..................{z}

where f @ =the amount of downward erosion -
1 &' =the amount of lateral erosion .t
t o=the amount of denudation (the amount of the retreat \ :::
of the slope unit) E
and  a=the angle of inclination of the slope unit.

Figure 4, from which the corresponding values and relationships can
be seen for a steep slope (A) and for a flattish slope (B), shows that this
formula can be applied to any slope unit immediately adjoining the base
level of denudation. 4 slope unit can then maintain itself with unaltered
gradient only wwhen the intensity of erosion is constant (unifurm evosion) and
proportional to the mtensity of denudation on the adjoining slope unit, Since
this increases with the angle of inclination =, which in its turn depends
as regards detail upon the character of the rock, the intensity of eresion
has a definite relation to the angle of inclination of the slope unit rising
up from the river. The flatter the adjoining slope, the less intensity of
erosion is needed to bring about equilibrium; and the limiting case is
equilibrium between 4 river which is not eroding and a slope with the
smallest possible gradient (the theoretical condition of the final surface of
truncation, the end-peneplane or Davisian peneplain®).

Equilibrium is inevitably established, however, not only when erosion
is uniform, but also between any value of the erosional intensity at a
given time, and the denudation taking place on the slope unit adjoining

* an der Endrumpfldche, dem Endrumpf oder der Penepliin von Deis,
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the river at that time, Suppose a cliff to rise up directly from a river, and
that the river is eroding with less intensity than what is needed to
balance the denudation of the cliff face. Let the mtensity, however, be
greater than that of denudation on the normal basal slope—i.e. the one
that would develop if the general base level of erosion remained in 3
fixed position (see p. 135 f.). Then obviously the cliff face could not
remain at the edge of the river, but would recede from it by characteristic
amounts; ‘The slope appearing below it would not, however, correspond
to the normal basal slope. Such (f ¢' in the profile of fig. 5) could develop,
and maintain its position at the water-course unaltered, only if the
stream were downcutting uniformly with an intensity such that its value

Fio, 4

correspanded to this equilibrium. But a greater value has been assumed
for the river's erosional intensity.

As the ¢liff ¢ w moves back in successive units of time into the posi-
tions 1', 2°, 3, ete., let us suppose that the general base level of denuda-
tion sinks from ¢ to a, and furthermore, by equal amounts to &, ¢y, etc.
On such an hypothesis, the infinitely small basal slope £, which (theoreti-
cally, but not in reality) appeared in time one, has been undercut; an
infinitely small step a,a,” has formed in the cliff. This must migrate up-
slope at the same rate as the cliff face, since it has the same inclination.
If, in time two, this latter has arrived at z2—2', then that break of slope
would be at a,e,” and would have left a new basal slope a,a, behind it.
However, this has in the meanwhile been once more undercut. The
newly appearing step in the cliff, b,b,', would have migrated to bb,' by
the end of time three, the a-step to a,a;’, the chiff face 10 3-3". The new
basal slope &, has, however, in the meantime, again been undercut

K

F.M.A,
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(€3£3"), and 50 on. Lf events took place successively in that way, 4 many-
epped basal slope would develop below the receding cliff, its mean
gradient being greater than that of the normal basal slope £ £, In the
I the successively appearing steps of undercutting have been
marked by the letters @, b, ¢, d . . . etc., and their positions reached in
successive times bear the corresponding indices. After time three, the
slope system is represented by points ey’ byby’ asay’ 3-3° (the fine lines
in the diagram).

However, in reality, river erosion and sheet denudation, over the
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whole rock wall as well as that aver the slope unit appearing below it,
happen simultancously for all the phases; and so, neither the little steps
of undercutting, nor the basal slopes ¢ ¢' below them, uctually arise, Fach
infinitely small undercutting on the part of the eroding river creates an
infinitely small slope of steep gradient, on which denudation is more
vigarous than at any other position on the growing basal slope. Thus,
from the moment of its origin, that infinitely small slope reaches up to
whit is at that instunt the base of the cliff face, swallowing up, as it were,
the gentler basal slope. In successive times this latter moves along the
same path as it would follow were there no erosion, since ity position 7s
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determined exclusively by the intensity of denudation on the cliff face itself.
If the chiff face has already nearly reached the position 1-1', there arises
at the edge of the river only the last infinitely small slope of undercutting
which by the end of unit time disappears from the foot of the wall,
which has during this same time moved to point 1. At each moment, river
erosion brings about accelerated denudation, and this is transmitted to
the upper margin of the slope umt. If we choose to consider very small
values, we come very near to the natural course of events and the deduc-
tion becomes exact: Then the infinitely small steps of the slope g,a,"1 pass
into the thickly drawn lines of the gradient a;1.

The slope that develops here is from the very outset steeper than the
normal basal slope ¢ ¢'. Assuming as before that the rock réemains of the
same charicter, it is therefore an area of greater denudational intensity;
and it is the lowering of the general base level of denudation, by the
river's erosion in unit time, which causes the increase in denudation and
determines what intensity is pussible on the slope unit rising up from the
stream. If E denotes the intensity of downward erosion, 4 the intensity
of denudation on the slope unit immediately adjoining the stream, the

general relationship that holds is: E= U%‘ ; where a represents the angle

of inclination of the slope unit under consideration. In other words: The
intensity of erosion determines the gradient of the slope unit rising up from
the river edpe, the details of the inclination then depending upon the
nature of the rock.

S50 long as the intensity of erosion remains constant, there is ane slope
unit and one only, its form and its inclination remaining always the
same, which can grow upwards from the eroding stream. Under these
circumstances, no local base levels of denudation, concave in form, can
develop. On the contrary, the slopes have straight profiles, and these are
maintained so long as the intensity of erosion remains unchanged
(assuming the character of the rock to be still the same), This is called
uniform development. Its primary characteristic is a straight profile; thus,
the slopes have a specific form, but not a specific gradient. Rather is it
trie that slopes of any gradient whatsoever—from the least possible to
the greatest which can be formed und maintained for the particular type
of rock at the place in question—imay acquire o straight profile when
uniform development sets in, provided only that the crosional intensity
keeps its corresponding value unaltered.

In figure 5 we began with a cliff face £ 22, This, if produced beyond the
diagram, would meet an analogous slope unit in the vertical line dropped
from the ridge crest [f m min the figure], Further development leads to a



148 DEVELOPMENT OF SLOPES

single concave break of gradient. As this moves upslope and shortens the
cliff from helow, the rocky aréte becomes lowered to the same vertical
extent. Between the time periods four and five, the cliff face would have
disappeared and been replaced by the slope egm; and thus the aréte would
have been replaced by a less sharp edge, the intersecting slopes being not
sa steep as previously. Up to that moment, there has been a lessening of
the vertical distance between the zone of intersection and the general
base level of denudation which is sinking uniformly, i.e. the relative
height (pp. 135-136) has been diminishing. From now on, this is
changed. The uniform straight slope is being shortened from above, at
the zone of intersection, by the same amount a5 it is being supplemented
from below at the edge of the river. In other words: regardless of the
gradient of the slopes which are meeting in the particular case, and ir-
respective of rounding of the summits—which does not interfere with
the stationary condition, but causes it (p. 142)—the zones of intersection
are lowered in unit time by the same amount as the rivers cut down. This
follows directly from the rectilinear nature of the slope profiles and the
constancy of their gradient, and can be read off at once from figure 5: the
lengths ¢;-g, (smount of erosion) and m-n (lowering of the ridge), both
between the same slope positions, are equal to one another.

If uniform development lasts sufficiently long, straight slope units are pro-
duced in every case; the steeper ones, which emerge from rapidly eroding
streams, appear after a shorter time than the flatter ones correspanding to
less intense erosion. They then hold the field alone. As soon ar this stage
has been reached, the relative heights become constant. Nothing changes in
this respect o lang as the intensity of erosion maintains a uniform absolute
value.

5. CONVEX BREAKS OF GRADIENT

Development of convex breaks of gradient might be deduced directly
from the law that the gradient of slopes is determined by the intensity of
erosion. However, we prefer once more to follow continuously the nat-
ural course of events so as to reach exact results by this somewhat
lengthy method. In arder to deal with the problem by constructing a dia-
gram, fig. 6, p. 149, is once again based upon taking definite values for
the intensity of denudation acting upon the individual slope units: any
numbers may be chosen for these values so long as merely qua!imtivr:
results are desired, and so long as they fit in with the known law that
intensity of denudation, which is equal to the rate of development of the
slope units, increases with their steepness, Differently chosen values
would alter merely the [particulur] gradients of those portions of the
slopes which are represented in the profile, and not—as we wish once
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more to stress emphatically—the fundamental results which alone
matter here.

A slope with a straight profile, rising up from a stream which is
eroding uniformly, recedes in three successive units of time from its
position m m' to £ £'. m to ¢ denotes the uniformly maintained amount of
erosion, m’ to t" the lowering of the zone of intersection by similar equal
amounts during the same periods of time. If from that time onward the
intensity of erosion increases, development can no longer continue in a
similar way; the general base level of denudation is lowered more rapidly;
but the denudation of the slope unit with its given gradient cannot be
accelerated during the same period. The balance has been upset,
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Starting from the position ¢ ¢', the slope can, and must, reach position
4,1, in time one, because of the renewal of exposure taking place on it
at a definite velocity. In the meantime, however, the general base level of
denudation has been lowered from ¢ not only to 3 but to a,, which would
be just double the amount occurring in the previous. time intervals,
‘Theoretically, therefore, there remains a small undercut declivity a0,
which separates the slope 4,1 from the general base level of denudation,
But in fact neither this nor its similar successors, shown in the diagram,
ever develop. For at every instant the river, eroding with increased force,
brings about a minute undercutting, produces a minute steep slope,
which from the moment it appears is a surface of more intense denuda-

Prependisnilnr from pidpr erest
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tion. As such, it recedes vigorously upslope and eats away the lower end
of the slope unit which is simultancously receding, but at a slower rate.
If, at the end of time one, this reaches the position 1'1, then the last of
these minute undercuttings (i.e. slopes with an inclination of maximum
gradient) has been produced st the river’s edge, and has vanished at
point 1. This point is as far as the undercutting can recede upslope in
unit time on account of the intensity of denudation peculiar to it

Thus, while the one slope unit moves in successive times from £ £ to
1'~1, 2'=2, etc., there is also a new slope unit growing up from the more
intensely eroding river. This might be considered to have ansen dis-
continuously, @s has been shown on p. 146 for an analogous case. The
newly formed slope would then be dissected by exceedingly smull steps
which one after another would reach upslope, as is illustrated by the fine
kinked line in the position ¢,5°. However, to make a sufficiently close
approach to the continuous course of nature, the discontinuities must be
taken as infinitely small. Then the very minute steps disappear in a uni
formly inclined plane (thick line) which at successive times occupies the
positions a,t, 52, 3, andsoon.

This new slope unit has a straight profile, since constant values have
been assumed for the increased intensity of erosion. It is steeper than the
slope unit above it. Therefore it is the scene of incressed denudation
and it is obvious that this is now necessanly in equilibrium with the
erosion.

Between these two slope units, 4 convex break of gradient appears. It
forms the local base level of denudation for the flatter part of the slope
lving higher up, This, until it disappears, is denuded in relation to that
break, and is uninfluenced by any further changes in the general base
level of denudation. The convex break of gradient recedes upslope, since
the steeper slope unit, being a surface with a more rapid rate of develop-
ment (intensity of denudation), retreats upwards more vigorously and
eats away that part of the slope which is above it, undercutting it and
thus preventing it from being flattened. This latter slope is displaced
only in a direction parallel to its former position; but it is continuously
shortened from below until it disappears from the parts at the highr:s‘r.
altitudes.

Thus in gﬂ"lﬂ'El: Convex breaks ﬂfg}"ﬂtﬁ!ﬂl otee their m:lgfﬂ 1o an Inerease
in the intensity of erasion®. They originate at river level all along the
drainage net, and from there they recede uprwards at a rate that i deter-
mined by the intensity of denudation of the steeper slope unit. On account of
their presence, the development of the higher, flatter slope unit becomes in-
dependent of the behaviour of the erosional channels, i.e. independent of the
base levels of erosion (see Plate IV, illustration 2, PlateV, illustration 1).
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ApprrioNaL Nortes oN THE OriGin 0F CONCAVE
Breaks oF GRADIENT

In their origin, behaviour and function, convex breaks of gradient
agree in every way with concave base levels of denudation. Both start
from the general base levels of denudation, both recede upslope, and in
both cases the rate of retreat is determined by the intensity of denudation,
which equals the rate of development of what is at that time the STEEPER
slape unit. Both are local base levels of denudation and render the de-
velopment of the respective slope units above them independent of the
behaviour of the erosional channels and of the base levels of erosion.

These analogies, and especially the fact that the change in position of
the convex as well as of the concave breaks of gradient is determined by
the rate of development of what is at that time the steeper slope unit,
make it now possible to add to what has been said about concave base
levels of denudation in aress which are composed of homogeneous
material. It is by no means only when there is a fixed base level of
denudation, as was assumed in section 2, that they arise. They do so in
every case where there is any diminution in the intensity of erosion. If this
intensity becomes zero, there is the possibility thar flattening may occur
down to the smallest possible gradient. Interruption in the lessening of
erosion, on the other hand, naturally limits the process of flattening as
well. Up to that time, viz. up to the cessation of erosion, the diminution
of gradient in each phase of the development of the erosional intensity
can only be such as to bring the intensity of denudation peculiar to that
slope into equilibrium with what is at that time the value of the intensity
of erosion (see pp. 1435, 147 and fig. 3 on p. 146). Thus the succession,
from above downward, of flatter and flatter slope units, together with
their actual inclinations, provides & picture of the kind of decrcase in
crosion that has taken place and its limit. Other things being equal, &
sharply concave curve of the slopes indicates rapid deceleration of the
erosional intensity, a concavity of less strong curvature indicates a slower
rate of deceleration (cf. with this, pp. 159-161).

6. DEVELOPMENT OF RELATIVE HEIGHT

WAXING DEVELOPMENT AND WANING DEVELOPMENT

Figures 2~ show the development of the relative altitudes. To
simplify matters, the lines along which the zones of intersection move in
successive units of time are recorded as vertical lines dropped from the
ridge crests. No account has been tuken of the rounding of heights,
When the general base level of denudation is constant, the zone of inter-
section is lowered, and with this the relative height is lessened (pp. 136~
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137, fig. 3). This decrease, however, is not the same for all phases, If the
slope positions £ 1, 2a’, 38 (in fig. 3, p. 137) are produced to cut the
vertical line through the ridge crest, the lowering in successive intervals
of time is found to be greatest, and—as can also be seen from fig. 2, p.
135—to be constant in amount, so long as it is the same steep surfaces of
intense denudation, the cliff faces, which are intersecting (positions 1-1V).
Suppose, for the scale chosen, that this lowering is 22 millimetres per
unit of time. After time three, the cliff disappears, and from then on-
wards the basal slopes meet in the highest parts of the country. The
lowering of the zone of intersection now takes place more slowly; in the
diagram, it will be only 1o millimetres between the positions IV and V,
i.e. during one unit of time, and it falls still further to 1.2 millimetres in
unit time. This amount remains constant so long as the zone of inter-
section is formed by the basal slopes—positions V to XX—and is in no
way affected by the fact that in the meantime further, flatter slope units
are developing at the edge of the river and growing upslope. After time
twenty, the basal slope has been completely replaced by the next flatter
slope unit, in which the zone of intersection now occurs. The lowering
of this is hereby further decreased—o.16 millimetres in unit ime—and
this decreased amount remains constant until the slope unit in question
has been itself removed and replaced by the one next below it with the
next degree of flattening.

If the general base level of denudation remains constant, decrease in
the relative height takes place more and more slowly. This slowing down
comes about because, in the course of development, ever flatter and
flatter slopes meet in the zones of intersection; and on these, degudation
achieves less and less in successive units of time. The lowering of the sones
of intersection depends solely upon the development of the slope units wohich
meet there, and it s determined by whatever intensity of denudation is
characteristic of these latter.

The general base level of denudation is constant only as a special case.
This can occur at the end of a series of developments which are charac-
terised by decreasing erosional intensity, i.e. there is a decrease in the
amounts by which the general base level of denudation is sinking [in
each unit of time] (p. 151). Considering any phase of the develop-
ment, &g that represented by fig. 5 (p. 146), what occurs is as follows:
So long as slopes with the gradient ¢ w intersect, the zone of intersection
is lowered by an amount proportional to the sine of the angle of inclina-
tion of the slope unit, regardless of the fact that in the meantime the
river is eroding less intensely and is allowing a flatter slope unit to de-
velop. This becomes evident if in fig. 5, p. 146, the slope positions ¢ e,
1-1", 2-2', 53", 4-4 are produced to meet the vertical line through the
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ridge crest, Until the flatter slope unit has pushed its way through and
forms the zone of intersection, this latter is lowered in each successive
unit of time by an amount greater than that by which the general base
level of denudation is sinking. The result is a decrease in relative height,
The relative height remains constant if the slopes, which intersect in the
highest parts of the country, rise in rectilinear fashion from a water-
course that is eroding with an intensity which has been decelerating but
which—it is assumed—is once more uniform.

The course of development which is due to decrease in erosional intensity
may be called WANING development. It is characterised by the occurrence
of concave breaks of gradient, concave profiles, and decreasing relative
height. In the limiting case; the erosional intensity sinks to zero; the
slopes then develop with a constant position for the general base level of
denudation, and a lower limit is set to flattening only when slopes with
the smallest possible gradient appear. As soon as these intersect on the
interfltve summits, there is naturally an end to the lowering of the zones
of intersection. With this, the lower limit has been reached for the de-
crease of relative height, This height is determined (a) by the inclination
of the slope unit which has become the sole prevailing one, viz, that with
the greatest possible degree of flattening; and () by the honzontal dist-
ance between the zone of intersection and the edge of the river, increasing
with this distance and vice versa. This process ends with cessation of all
denudation of the land, with the establishment of minimum angles of
slope and of a relative height which can be no further decreased. It is,
however, possible only when the course of waning development pro-
ceeds completely undisturbed and for an unlimited time. It is called
peneplanation of the country. Every phase, except the theoretically final
result, is characterised by a concave slope profile. That final result would
be the end-peneplane, Davis’ peneplain or ‘Fastebene' (see p. 128),

Waning development may follow from the uniform type; but it is just
as likely for the uniform type to follow it, and this is what was assumed
in the construction of fig. 5 (p. 146). The characteristics of nniform
development have already been cstablished (pp. 147-148). They are based
upon constancy in the amount of erosion produced in successive units of
time. Slopes with straight profiles develop, and as soon as these intersect
in the highest parts—but not before—the relative height also becomes
constant. Then the lowering of the zones of intersection is not only pro-
portional to the sine of the angle of inclination of the slope units which
are meeting, but also it is equal to the amount by which the general base
leve!l of denudation has sunk.

Fig, 6, p. 149, illustrates the development of the relative height as the
intensity of erosion increases. The construction in diagram A starts with
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a slope unit of uniform development. As far as position £ # of the slope,
the amounts by which the zone of intersection is lowered, and those by
which the general basc level of denudation sinks, keep pace with one
another. From that point on, it is otherwise. The river incises more
strongly, but the rate of lowering of the summit remains unchanged so
long as the zone of intersection is in the same slope unit: the relative
height increases. This goes on until the new steeper slope unit rising from
the river, which (according to the assumption) is again eroding uni-
formly though with increased intensity, has succeeded in reaching the
zone of intersectian,

The construction of diagram B can now easily be understood. It is
based an & system of slopes which is exhibiting waning development,
and which consists of ¢liff face and busal slope t I a. For the sake of

elearness, the relationship E= ﬂ:—:a has been assumed between E, the

intensity of erosion, and A, the rate of denudation of the cliff face I &
with angle of slope «. Then from the incising water-course there will
again rise a cliff face with the same gradient, assuming the character of
the rock to be homogeneous. After time one, a slope has been formed,
having the pesition 1't Hya,: a fresh cliff face 1'1 has appeared and is
separated from the receding hasal slope by a convex break of gradient
which migrates upslope at the same rate as the concave base level of
denudation at the foot of the upper cliff face. The basal slope is shortened
from below by as much as it is incressing above. Were the erosional
intensity greater, the more actively undercut lower cliff face would in-
crease upslope more strongly and shorten it from below more rapidly
than it can grow vpwards, It would be removed, the lower chiff face
would merge into the upper one as a uniform slope unit, over the whole
surface of which intensified denudation would then oceur, brought about
by accelerated caving in of the river bank due to its undercutting. Before
this condition had been reached, however, stepped cliff faces would be
visible in such a case also. These, occurring on valley slopes of homo-
geneous compasition, show that erosion has repeatedly begun and ceased
at the same places (p. 139). Excellent examples of this are to be seen in
the valley of the Danube below Tuttlingen. There it is a matter aof the
repeated action, alternating with its absence, of predominantly lateral
erosion at the undercut slopes of the valley meanders: the cliffs are not
invariably stepped, nor is the number of steps nor their altitude con-
sistently repeated at analogous places. No terraces, that could be cor-
related with these cliff steps, have been observed on the corresponding
slhip-off slopes.
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If the upper cliff face intersects a slope unit of the same type then,
according to what has been assumed for diagram B, the zone of inter-
section is lowered by the same amount as the river cuts down, until the
basal slope reaches it—see position 3'3 4. From that time on, the lower-
ing, which corresponds to the rate of denudation of the slope, goes on
very much more slowly. The river is now at the same time cutting down
with undiminished vigour, and so the relative height increases. This
behaviour is again associated with the presence of a convex break of
gradient, and once more the lowering of the ridge crest is independent
of what is happening at the river's edge, provided that the slope leading
from it 1o the ridge crest is not a single slope unit (lit. & uniform form
system). The occurrence of convex breaks of gradient and of convex slope
profiles is as necessarily bound up with increasing intensity of erosion as is
the increase in relative height. We call this waxing development.

This general statement can be made: Lowering of the zones where
slope units intersect at the tops of the slopes does not necessarily mean a
decrease of relative height, nor a lowering of the general level of the land.
The development of relative height is the story of the vertical distance be-
twween the sone of intersection and the corresponding position of the general
base level of denudation at any given moment; the lowering of the zone of
intersection is the steady decrease in the vertical distance betteeen it and a
definitely chosen fixed level, e.g. any individual position of the general base
level of denudation. Lowering of the zones of intersection is the immedi-
ate consequence of the denudation that is taking place on the intersecting
slope units; like this, it goes on steadily and comes to an end only when
denudation ceases. The amount of lowering is determined solely by the inten-
sity of the denudation on the intersecting slope units, and so is proportional
to the sines of their angles of inclination; the steeper these are, at the zones of
intersection, the greater the loering in unit time; and this is independent of
what is happening on the lotcer parts of the slopes and at the general hase
level of denudation,

Variations in the relative height, on the other hand, depend upon
differences between the behaviour of the erosion channels and that of the
yones of intersection. If the intensity of erosion diminishes, the relative
height becomes less. But this does not occur till the slope systems of con-
cave profile, i.e. those which are broken up by exclusively concave breaks
of gradient, have extended up to the topmost parts, without necessarily
affecting the rounding of heights previously considered (waning de-
velopment). If the intensity of erosion increases, so does the relative
height. But here, likewise, it i¢ not till the developing slopes, divided up
by convex breaks of gradient, have established themselves (waxing
development), And it is only in those special cases where straight slopes,
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due to a uniformly incising stream, intersect on the summits, that the
relative height remains constant. Then it does not alter any more than
does the inclination of slope, whatever it may be at that time, so long as
the intensity of erosion maintains its value, not even when the denuda-
tion and the lowering of the zones of intersection are of unlimited dura-
tion (uniform development).

7. RATES OF GROWTLH AND AREAS OF
SLOPE UNITS*

The regular upward recession of concave and of convex breaks of
gradient, in regions composed of homogeneous material, brings about a
change in area of the slope units which adjoin one another at any given
moment. Those immediately above the receding break of gradient are
shortened; those which happen at the time to be below it, spread up-
slope. This latter process is the growth of slope units. The rate of growth
varies with the intensity of denudation. Since the latter increases with
the gradient, steeper slope units grow more rapidly than flatter ones.
During their development, therefore, slope units are constantly changing
in mren; and which kind of change it is depends upan their arrangement.
Only with uniform development is there no such alteration; in that case
the slopes consist each of a single slope unit, and are uniform and not
composite. There is compensation for shortening at the zones of inter-
section by the addition of an equal amount at the general base level of
denudation; the area of the slope unit is in that case as constant as the
gradient.

But with waning development, in which the steeper parts of the slopes
are at the top, and the flutter ones below (p. 137, fig. 1), each higher
break of gradient recedes upslope more quickly than that next below it
(p. 150); and so the area of the slope unit between them increases, That
increase is not, however, unlimited, nor is it very considerable even over
long periods of time; since except between cliff and basal slope the differ-
ences of gradient between neighbouring slope units are never very great
and they become smaller, the slighter the inclination of the slope units
which join one another by concave breaks of gradient. It is only the
slope of greatest possible flattening which is continuously ncreasing its
area at the expense of all the slopes above it, since at its lower margin,
the fixed general base level of denudation, there is no flatter slope unit
appearing.

The arrangement is reversed in the case of waxing development; here
the steeper slope units lie below, the Aarter ones above. Convex breaks

{[* Sce glossury. |
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of gradient, which recede upward more quickly, form the lower margin
of each of the slope units. These, in unit time, are shortened from below
by greater amounts than the upward extensions of their top edges. All of
them thus decrease in area except the one that rises directly from the
general base level of denudation. It is inevitable that in this way slope
units vanish before they have reached the zone of intersection in the
highest parts. This is illustrated in fig. 7, which has been drawn for 13
successive positions of slopes which result from an assumed increasing
intensity of erosion. It would oceur with a slope which had been pro-
duced by first, an increase in erosional intensity, then followed by uni-
farm incision of the amount 1 to 2 in unit time, Two slope units, @ and b,
are present. A third steeper one (¢} becomes associated with them as soon
as the river incises more vigorously (from 2 to 3, then 4, 5, 6, and so on),
and a further fourth one (d), which rises up from the river when it erodes
vet more powerfully still after having reached slope position 9. That
fourth slope possesses the greatest inclination that the character of the
given rock permits.

Slope unit b is so vigorously undercut and shortened by the slope
below, that between the slope positions 12 and 13 it has been completely
eaten away und replaced by slope unit ¢, which then immediately adjoins
the much flatter slope unit . A more pranounced convex break of
gradient separates them from one another. This result would have been
achieved more quickly had the river erosion increased to greater amounts
in unit time than has heen assumed. Conditions which could obtain only
after the gth slope position in the figure would then have come about
sooner. The amount of erosion by the river in unit time is the rate or
intensity of erosion; the increase of such amounts in unit time is the
acceleration or increase of erosional intensity (conversely: the diminution
of these amounts is the decrease of intensity or deceleration of the
erosion),

The removal of intermediate slope umits by steeper omes produced later
may veeur even before those intermediate slapes have extended up to the
highest parts; and it takes place the more quickly and, other things being
equal, affects a larger area, the greater the acceleration of the erosion (see p.
160). Such a slope, therefore, no longer shows all the slope units, one
above the other, as they wete successively formed at the general base
level of denudation: but some of them are gone and have been replaced
hy more sharply convex breaks of gradient, They separate the far older
and flatter slope units from the far younger, steeper ones. This pheno-
menon is widespread: sharp breaks of gradient, the origin of which has
been explained above, always form the lower limit of upraised landscapes
with gentler slopes, and they mark the upper edge to which the younger,
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steeper slope units have worked back from the deepened erosional
channels. It is quite wrong to deduce from this a duality of uplift'ss,
Amongst many other examples of this there are the dissected peneplanes
of the Vogtland and the Rhenish Schiefergebirge, and the highland land-
scapes of the Harz and the Black Forest, etc., with their edges eaten into,
as it were. The phenomenon is most sharply marked where acceleration
of erosion has produced slope units of maximum gradient. If the water-
course in fig. 7 should finally cut down in unit time not only from g to
to; ut twice as quickly right down to 11, no steeper slopes would de-
velop, not even with a further acceleration of erosion, since the maximum
gradient had already been attained. But the slope unit  would increase

R W R o @ e A

L)

Fio. 7.

to an extraordinary amount. 'The accelerated undercutting of the higher
slope units would lead to their rapid removal (dotted slope positions
10-10', 11-11', fine figures); very soon a specially sharp convex break of
gradient would make its appearance, and here the precipitous undercut
slopes would directly adjoin a far older and flatter slope unit (fig, 8 and
Plate IV, illustration 2),

Such undercut slopes always have a straight profile. It is no longer
possible to tell from their shape whether the water-course from which
they rise has had uniform, accelerated, or decelerated erosion, whether
they belong to the type of uniform, waxing or waning development, so
long as the intensity of erosion is more than what just balances the spon-
tancous denudation on a slope of maximum gradient. [f such undercut
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slopes meet in zones of intersection, the relative height becomes con-
stant. This behaviour, then, no longer indicates uniformity of develop-
ment, a point which must be kept in mind for later investigation.

CONTINUITY OF THE CURVATURE OF SLOPES

For the accentuation of convex breaks of gradient, which takes place
on the removal of intermediate slope units, it is not necessary to pre-
suppose a sudden increase in the intensity of erosion. This has, so
far, been assumed in order to facilitate approach 1o the laws governing
slope development. Erosion may be locally accelerated in such a way as
to give the impression that the intensity increases suddenly by comparison
with the very slow processes of sheet denudation. Such a superficial im-
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pression must not, however, be allowed to tempt us to misinterpret the
essential nature of erosion, which changes its intensity only in a steady,
not in a discontinyous manner. Erosion is lowering the general base level
of denudation at every moment, i.e steadily, by a very small amount.
With increasing intensity of erosion, these very small amounts become
larger in successive units of time; with lessening intensity, they become
smaller, At every moment, therefore, very minute slope units rise up from
eroding rivers and, when the amount of erosion increases, they become
somewhat steeper in each successive unit of time, They combine in @
contimiously curved convex siope. The kind of curvature can be seen in
fig. 8 in which the continuously curved slope profiles are drawn in heavy
lines or in broken lines inserted under the corresponding slope positions
of the construction, On the left (A) the acceleration of evosion has been
taken as exuctly half that on the right (B); so that in the latter case it is
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always exactly half the time, as compared with A, which clapses before
the erosional intensity has risen to twice, three times or four times the
amount of the initial value, the same in both cases, It is only after time
eight that A has reached the same erosional intensity as B had already
attained after time four. In both cases there sppear successively the
samie number of similarly inclined slope units, but in B twice as quickly
as in A. Therefore the area of the individual slope umits—of the same
inclination—is smaller in B, and the inevitable removal of intermediate
slope units by lower and steeper ones takes place sooner than in A. In
figure 8 B this has already become visible after time four (at xJ; in A,
nothing can yet be seen of it after time cight. It is apparent that the
curvature of the slopes is more markedly convex, towards the valley incision,
the greater the acceleration of erosion, the more rapid the rate of increase in
erosional intensity,

The rounded mountain ridges found, for example, in certain parts of
the German Highlands and the Wiener Wald, are instances of upstand-
ing areas surrounded by convex slopes. In the Wiener Wald, G. Got-
yinger has made them the object of his frequently quoted investigations.
They are typical forms of waxing development '** which of necessity
arise with increasing intensity of erosion; and are not, as Gotzinger tned
to show, forms of waning development.

If in a continuously curved slope, slope units of medium gradient have
been overtaken by steeper declivities which grew up rapidly from below,
there appear, here too, markedly curved parts of the slope, which recede
upwards and take on the function of convex breaks of gradient. In par-
ticular, they are markedly visible when the acceleration of erosion has led
ta the formation of slopes of maximum gradient (p. 138).

The break of gradient ix a discontinuity in the slope; but it is brought about
by @ contimuous increase in erosional intensity. For the first time e are meet-
ing the case of a steadily acting cause producing a morphological discontinu-
ity. This result is of great importance in the evaluation of the convex
breaks of gradient that are being considered here and that play a highly
significant part among the world’s land forms. It will be referred to
again.

Just as increase of erosional intensity goes on steadily, so does de-
crease. Thus the concave profiles of waning development are also in
reality continuously curved. The same naturally applies also to those
profiles which develop when the general base level of denudation re-
mains constant, and which suffer flattening to the utmost possible
amount. For at each moment there arises here also a fresh, very minute,
slope unit of an inclination steadily becoming somewhat slighter. These
combine to form an unbroken concave slope. In fact, even the transition
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from cliff face to basal slope is no sharp nick, as can easily be seen in
mountain regions, but a more or less strongly re-entrant curve. The
only place where this cannot be clearly seen is where talus reaches up o
the foot of the ¢lilf, covers the concave trunsition between the surfaces of
denudation, and in its place allows a sharp nick to appear between the
cliff and the detrital accumulation.

8. RISE IN THE GENERAL BASE LEVEL
OF DENUDATION

Deposition by rivers brings about a relative rise in the general base
level of denudation, whether it occurs in valleys or at the edges of a
tectonically independent part of the crust where the general base level of
denudation coincides with the immediate base level of erosion (p. 128),
Similar results are brought about by a relative rise in level of standing
water to which denudation surfaces are directly tributary. Processes of
this kind will be termed, for short, elevation or rise of the general base
level of denudation. They are changes which do not induce any altera-
tion in the type and shape of the slope units connected with them. It
is not till denudation finds a continuously changing, relatively rising,
base level that these alter. The resulting features represent a special
case of waning development, naturally not that of waxing or of uniform
development. In this discussion reference may be made to the previously
drawn profiles.

The concave nick, where the surface of the alluvium, or the water
level, joins the given slope unit, is the base level of denudation, Whether
it remains as such depends on the rate at which this base level rises in
comparison with the rate of development of the adjaining slope unit. In
the case of a cliff face, the base leve! of denudation must be raised at the
same rate as this recedes, if it is continuously to adjoin a ¢liff with the
same angle of inclination as before; in the time the cliff takes 1o retreat
from ¢ 1 to a &' (fig. 3, p. 137), the base level must reach at least the level
of point a. If it lags behind, a basal slope develops above it, the lower
parts of which become buried; and even when so shortened, this separates
the cliff from the general base level of denudation, Flattening of the
basal slope cannot take place so long as the base level continues to rise at
the same rate. Slower rising would leave proportionately lurger parts of
the basal slope visible; it would be possible for its normal slope of
diminishing gradient to appear [at the bottom of it]; until, in the limiting
case, when the general base level of denudation is no longer being raised
ut all, Rattening continues undisturbed. When slope units develop more
slowly than the rate at which deposition, or the water level, is rising, they
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are buried. This obviously takes place more readily and more frequently
on slopes of gentle or moderate inclination than on steep or precipitous
slapes,

Slope units, that are being drowned, preserve their gradient only when the
rate at which the base level of denudation is rising, keeps pace with or sur-
passes the rate of growth of the respective slope units. This is made clear in
figure g A. A cliff face adjoins the river £, In successive units of time it
moves into the positions a,'a,, as'a,, t'a,, and a normal basal slope ¢ ¢*
would develop below it. But the river is aggrading, and the level of de-
position rises in the same unit of time to #,, #,, #. This, according to our
premisses, is more than the basal slope can grow upwards, and more than
the amount by which the cliff is receding. Under these circumstances,
no normal basal slope can develop; if it has already been formed, it soon
disappears under the rising floods of sediment or water, still retaining its
gradient. However, the lower parts of the cliff cannot be simply buried
in the same way, i.e. covered up whilst retaining their form and gradient,
since denudation of the cliff face and the rise of base level are at any
given moment simultaneous processes.

If, in very minute intervals of time, denudation and deposition fol-
lowed one another, then, after the first unit of ume, the cliff face would
be in position &' @;. There would be a minute basal slope ¢ 4,", but it
would be buried under the alluvium which has meanwhile risen to 1,1.
The upper surface of this is now the base level of denudation. At time
two, the cliff would be in position x a;, from 1 a new minute basal slope
1 x would have been formed, which again would be buried by the
material that had risen to £2, etc. Below this matenial, therefore, there
would be a slope with many steps (thick pecked line), removed from any
further denudation; its mean gradient would be greater than that of the
normal basal slope ¢ ¢, but less than that of the cliff, The slope which is-
actually formed and which is covered up at each moment of its upward
development is, however, not broken when the base level of denudation
is steadily rising; but because of the simultaneous working of denuda-
tion and deposition it is uniform. It is represented by the straight line
t—1-2-3 which comprises all the infinite number of steps, chosen so as to
be sufficiently small, of the type ¢ a;1. The result is valid for any slope
unit of any given gradient whatsoever: if the general base level of denuda-
liﬂﬂrimmuquftkb‘iﬁﬂ#ﬁfﬂffdfnﬁigﬂopennﬂdmfoﬂ,mtdopewﬂ
it preserved at the base level: but below it there arises, and is drowned as it
arises, a gentler slope which is more steeply inclined than that normal slope oy
diminishing gradient which is developed when the base level of demudation
remains fived.

The uniform rise of the general base level of depudation, ss here
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assumed, occurs only in special cases and for a limited time. In its
essence it is a process which is not uniform, which is accelerated at the
beginning and then decelerated towards the end. Even when the causes
continue to work in the same way, deceleration must take place, since the
denudation surfaces of the district as a whole play the part of inclined
sides to a receptacle receiving the upward growing alluvium or water.
That receptacle is wider at the top—the widening being greater the
flatter the average slope of the land concerned— and so, if the level isto
rise by the same amount in successive units of time, there must be an un-
limited increase in the supply of material filling it in. This is conceivable
in parts of the crust which are ginking uniformly, or with accelerated
movement, where the surface subjected to denudation becomes in the
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end completely covered by transgressing sediments of marine or contin-
ental origin; but it is unthinkable in regions that are in any way moving
upwards, at rest, o7 undergoing decelerated subsidence, It may be con-
sidered normal, especially in the continental areas, for a rise in the general
base level of denudation to take place with deceleration.

Fig. g B illustrates how this takes place. Suppose a cliff face to adjoin
the general base level of denudation . While it recedes in successive
periods of time (of equal length) to &, a;, @;, the base level rises at the
same time to 1), Iy, £, i.e. by ever smaller amounts, or more slowly, And
it has been assamed that, in time one, the base level of denudation rises
more quickly than the normal basal slope can grow upwards: the buried
fragment of slope £ 1 is steeper than the basal slope (as shown in fig. 9 A).
From the upper surface of deposition £,1 there arises as before a cliff
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t a;. Intime two, the rise from #, to f; just corresponds to the rate of
growth of the normal basal slope; this (1-2) is buned. Yet still there rises
out of the alluvium, ¢z, o cliff 2 4y In time three, however, the rise of
the base level of denudation has already slowed down: from the alluvium
t53 there rises the upper part of the growing basal slope (3-3"), no longer
entirely covered up, and above it the cliff (3" a,). In time four, because of
their different individual intensities of denudation, they have reached
44 and 4" a,, At that stage the general base level of denudation is rising
more rapidly than the basal slope develops (i.c. than its normal slope of
diminishing gradient grows), The part (3—4) of the slope that has been
covered up during period four, when the alluyium rose to #,, is gentler
than the basal slope but steeper than its normal slope of diminishing
gradient. This latter appears only during period five (4-3), covered hy
alluvium (#,-3), above which the basal slope (5-5') and the cliff (5'a,)
rise up. In time six there appears above the surface of the alluvium 1,6
[sic, ? £6] & fragment of the slope of diminishing gradient (6-6), no
longer covered over; und above it the basal slope (6'-6) and so on.

Slopes which are becoming buried by material accumulating twith decel-
erating growth, have a convex profile. Their curce i continuous, provided
the deposition is steady; when the general base level of denudation rises
discontinuously with panses, the slopes sre divided up by convex breaks
of gradient and so broken. Above the parts which are buried and so with-
drawn from denudation, there comes a region of progressive denudation
and flattening, and concave profiles of waning development appear.
Usually such convex slopes, developed under 4 covering,* also continue
downwards, since the deposition is, as 2 rule, linked to decrease and
cessation of erosion, i.e, to waning development. A picture of such &
complete system of slopes can be obtained by adding a concave profile at
the left hand side of point £ in fig. 9 B, a5 in the fourth position of the
slope in fig. 3, p. 137. Such profiles are specially characteristic of the low
hilly relief formed in homogeneous Devonian shales and greywacke
which are overlain by Pontian and Levantine beds in the nrighhu;:rhmd
of Constantinople [Istambul]. The valley sides, immediately ubove their
buried floors, are concave, passing up into continuously CONVeX curves
and then merging into the flattish slopes of the Thracian peneplane,
which was formerly partly submerged by the youngest horizons [of the
later beds] but only at its edges. On the peneplane, concave profiles
again predominate. The buried hilly lindscape!®® was thought die to
the preservation of youthful forms. “That is incorrect. The buried forms
which appear to be entrenched in the peneplane surfice cannot be those
which characterised the denudation landscape before and during aggra-

* Evndackung thifnge.
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dation; it presumably had steeper mean gradients and greater relutive
heights, and it was only during the transgression that the buried forms
originated from it. This is made plain by the convexity of the upper
parts of the valley sides, which might well be regarded as slopes de-
veloped under a covering. They might, however, also be interpreted gs
forms of waxing development, and there would be no difficulty ansing
from the fact that the convex slopes change downwards into concave
ones, the flanks of extremely wide trough valleys, For it will be shown
that in certain parts of rising crustal segments, it is the rule for waning
development to follow the waxing type. It would be desirable to have
fresh investigations made in the regions of the Thracian peneplane. In
that connection, attention should be drawn to the extraordinary way in
which Devonian sediments in the strata below the transgressing Neo-
gene have been worked up. A zone of soil, several metres thick, has been
found, and this (especially towards the upper margin of the buried
valleys, and so towards the heights over which the peneplane extends)
allows the underlying greywackes to pass quite gradually into the over-
lying Neogene sands and gravels, This makes it improbable that the
sinking of the Jand and the transgression associated with it occurred very
quickly, and that previously produced denudation forms were buried
intact. "The buried land appears far from being intact fi.c. it shows signs
of weathering] and this is increasingly so in its upper parts, which seems
to indicate that it is really a matter of slopes developed under a covering,
If that be proved, it would mean that there was hilly country before the
Thracian peneplane replaced it; and that this latter is therefore to be
classed as an end-peneplane or peneplain.

This is a general indication of the extraordinary importance which
the marginal zone, between the areas of deposition and denudation,
possesses for the evaluation of peneplanes. For here, if anywhere, there
is & possibility of finding a part of its previous history preserved in the
form of an earlier relief below the correlated® strata. If this preceding
stage is another peneplane, i.c. a graded transgressional surface of con-
tinental origin, then the peneplane in question can obviously not be an
end-peneplane, a penephiin, which developed from what was previously
more dissected mountainous country. These most important relations
will be considered in detail later.

9. INFLUENCE EXERTED BY ROCKS OF HETEROGENEOUS
CHARACTER UPON THE DEVELOPMENT OF SLOPES
Sa far, in our investigations into the origin and development of slopes,

it has been assumed that the rocks are of a homogeneous character.

[* See glossury.]
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The results obtained are neither altered nor limited by the influence
which has been exerted on the course of denudation by the variety found
in the composition of the earth's crust. That influence is based on the
different resistance of the various types of rock on which—uother things
being equal—the intensity of denudation depends. In each type of rock
—swhether of great or small resistance—the development of slopes follows
the same laws. But the speed vanies, and the maximum gradient for any
slope unit differs according to the prevailing character of the rock. Mare
intense denudation in & region of less resistant rocks means a swifter
rate of development and growth of the slope units; and consequently
more rapid flattening as compared with analogous processes in more
resistant surroundings. When there oceur side by side rocks, which on
account of their composition, texture, structure or bedding react differ-
ently to denudation, multiform changes of slope occur: the same angles
of slope oceur in slope units of differing stages of development; and slope
units, which have had the same duration and degree of development,
-have different gradients as well as different surface areas.

StrucTURAL Base Levers oF DENUDATION

The features of an area in which there is variation in the character of
the rock are well known. Earth sculpture leaves the strong parts standing
out from their less resistant surroundings. In fig. 10 [p. 168] the profile
illustrates the course of development and the rules that apply. It begins
with a slope unit F 1 which at the given time just touches, at point , the
outcrop of a very much more resistant rock, such s an eruptive dyke B.
For what first happens, the way in which the slope unit has developed is of
no importance. Should it result from uniform development, the baselevel
of denudation F would coincide with a water-course; in the case of waxing
development, a steeper slope FE would follow below F: in the case of
waning development there would be a gentler slope Fix below F,

In the region of rock 4, the slope unit recedes in successive periods of
time into positions shown by the numbers 2,3 and 2°,3’, ete.: in rock B,
however, it would reach only x a," on account of the lessened intensity
of denudation here—taken as one tenth of that in 4. The surface dy
xa; of B is laid bare. It is not preserved, however, since from the
moment it has been laid bare, it also is exposed to denudation. The
maximum gradient a.a;" that can be reached by rock B is realised, since
the position of rock a,'x a, is deprived of any support, i.e. is undercut.
This undercutting takes place to the same extent in any successive
moment of time, 50 long as 2 slope of the gradient and of the rate of
development of slope unit I adjoins it below in rock 4, While this, in
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time two, reaches 3’ a, and then g, in B the undercut slope must keep
its maximum gradient and move to a,ay" and aga,’, even if by itself it
would recede, not at the same rate, but more slowly through spon-
taneous denudation. The rate of development of the lowwer slope unit deter-
mines that of the slope above, whick is steeper in te more resistant material.

As to the slope above the outcrop of B: it recedes with the speed
characteristic of rock A, but in no place can it be deepened below the
outcrop of rock B which is being denuded more slowly. Below the slope
unit that receded to 2 b, in time one, there appears a slope of diminishing
gradient r b,, which in its turn is undercut during its formation by the
simultaneous shifting of the rock boundary from r to ay’, Tt can easily be
seen that the little undercut slope ay ¢5, which actually appears in time
one, is bound to have just such a gradient that denudation on it (rock A)
works at the same rate as on the steeper slope below (rock B). Above the
exposed rock of greater resistance there arises a concave profile of waming
development. In these early developmental stages, however, the concave
slope is convesly curved against the boundary of the rock outcropping
below it, and yet still above the [actual] boundary against the more
resistant rock which is giving rise to the feature as o whole. This steepen-
ing of slopes, with an approximation to steep steps following below one
another, due to more resistant types of rock, can often be seen,

The slope, originally homogeneous, has been broken by the exposure
of a body of more resistant rock. A number of breaks of gradient have
appeared which separate the newly produced slope units and act as local
base levels of denudation. In relation to these, the slope units develop
independently, In the third position of the slope they are represented by
the numbers I-V,

The breaks of gradient are of two types: the one set is associsted with
rock boundaries, In the diagram, these are labelled ay, a5, @, and so on
(type a), and a, a', a/, etc. (type @'). They do not migrate upsiope, and
do not vanish in the highest parts; but they follow the shifting of the rock
baundaries brought about by denudation, and every moment they are pro-
duced afresh at those places. We call them structural base levels of denuda-
tion, since they are connected not with the drainage net but with the structure
of the crust. They arise wherever rocks of different resistance are being laid
an:kpe,mdthqmﬁdepmdﬂﬂnfﬂmpmiﬁmmdbm#
the general base level of denudation. In function they correspond exactly
to Jocal base levels of denudation in homogeneous rock. Their arrange-
ment is always such that a convex break of gradient appears at the rock
boundary on the uphill side, and a concave break of gradient on the
downhill boundary, provided that the outcropping rock is more resis-
tant than its surroundings. 1f not, it is the other way round.
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The second type of break of gradient behaves normally: the breaks
are formed at the structural base level of denudation and from there
migrate upslope. I the character of the rocks does not change (differences
in resistance remuin unaltered, and bedding remains the same), slope
unit [ is produced, so long as a portion of slope of gradient | bounds
rock B on the lower side for a sufficiently long time. When all the slope
units above 111 have been removed in the highest parts, then only two
breaks of gradient, of types a and @', remain. These separate the three
sections 1, 11 and I11 of the slope, which keep their gradients unchanged.
"I'he gradient of the last named is of course steeper than that of the oni-

Fig, 10,

ginal unit F 1; steeper, too, than that of unit 1 which, since its develop-
ment has been unaffected, has preserved the gradient of F 1.

The base level of denudation for II1 is, hawever, constantly being
lowered, and on account of this there necessarily follows—as has been
previously shown—an intensification of denudation and consequently a
steepening of the gradient: the development of 111 is under the direct
influence of the denudartion on surface I, and so is influenced indirectly
by the rate of development of 1. In general this rule holds: The intensity
of denudation of the lower slope units is one of the factors determining the
development of thase parts of the slope ewhich are situated above them in an
area where the rocks are of other types and differ in resistance.

This explains the fact that in land forms with predominantly gentle
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slopes, e.g. peneplanes, the denudation forms are obviously and, within
certain limits, practically completely independent of the structure of the
crust. This becomes cvident when we follow up the development in fig.
1o, where it has been assumed that, after time three, slope unit 1 has
been replaced by its slope of diminishing gradient, which in its turn just
touches the part of the slope gga,' which has the maximum gradient. If
that part had its base level of denudation a, fixed, it would recede as far
as a," because of its specific intensity of denudation, and in so doing
leave a normal slope of diminishing gradient II' below. This, however,
is heing undercut during its formation by the simultaneous lowering of
the local base level of denudation from a, to a;; so it does not actually
appear, but in its place there arises the steeper slope unit 17, After time
five, this alone prevails in the region of B.

Also, the convex break of gradient of type o’ moves downwards, by
amounts that become smaller in successive times, This is of decisive
importance for what happens on the slopes above. If the base level of
denudation g, were fixed, the normal slope of diminishing gradient 11"
would be found below the slope unit receding to . Its local base level of
denudation, however, sinks to ;" at the same time, and so no surface 111"
appears, but in its place the steeper slope of diminishing gradient Yl
For the same reasons, a gentler slope section is formed below it by the
end of time six, and $0 on. It can be seen that waning development is not
fundamentally disturbed when 3 more resistant type of rock outcrops on
a slape. ‘The concave profile appears, but it is interrupted by a convex
break of gradient at the boundary between resistant rock below and less
resistant above. For waxing development an analogous statement may
be added: The convex profile is interrupted by a concave break of
gradient between less resistant rock below and more resistant above.

With waning development, flatter and flatter slope units ap proach the
rock mass B from below. Therefore flattening progresses more and more
in its neighbourhood, and so the breaks of gradient at its boundaries be-
come ever blunter. A comparison of the slope positions 3 and 7 brings
out the diminution of the feature which is interrupting the slope—
caused by the exposure of rock B. This interruption can disappear only
when the lower part of the slope (in rock ) has reached the smallest
possible gradient and therefore has been removed from further denuda-
tion. Then the fattening in rock B catches up with it. But even before
that, the distarbance in the slope may not be noticeable. This occurs
when there is little difference in the resistance of the rock materials.

Here is an important general relation: If slope units occur in rocks of
2 varied narure, the difference in gradient for a given difference in rock
resistance is greater, the steeper the mean gradient of the slopes. Since
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this mean gradient is an expression of intensity of denudation, the above
statement means: the more rapidly denudation is effected, the more
markedly apparent become differences in the character of the rock.
Adaptation of denudational form to crustal structure is a function not anly
of the duration (p. 49) but above all of the intensity of denudation. There-
fore the way in which the character of the rock causes subtle adaptations
in individual forms us, for example, in the Alps (steep relief) is to be con-
trasted with the far-reaching independence of crustal structure found in
peneplanes (flattish relicf). This independence is by no means complete,
as the above investigation shows, and as is apparent to the eye; but it
causes interruptions of gradient to become imperceptible when they are
due to small or moderate differences of resistance in the rocks. On the
othier hand, the greater differences of resistance are by no means wiped
out morphologically from peneplaned landscape, but are preserved as
convex prominences standing out where the most resistant types of rock
occur. In American literature they are termed monadnocks; (German
writings use the far better expression coined by Spethmann—FHari-
ling®,

When differences in the rock are less than has heen assumed for fig.
10, the structural base levels of denudation form more obtuse angles. To
convince oneself of this, suppose that in fig. 10 rock B (but not rock A)
possesses a slighter resistance. Then slope unit IT of maximum gradient
it less steep than in the figure; and 5o it joins the units above and below,
the steepness of which is unchanged, in more obtuse angles. This is true
for all the developmental stages in which flatter and flatter portions of
slape approach the rock boundary A-B. In a more advanced stage the
concave and convex breaks of gradient, which interrupt the slope at the
rock boundaries, become still less noticeable than in the diagram. Taking
8 certain mean gradient, e.g. that in fig. 10, the structural breaks of
gradient are more obtuse, the smaller the differences in rock material;
and when these become nil, the hreaks disappear altogether, i.e. the
slope has a uniform gradient, uninterrupted by any angle on its surface,
whether re-entrant or salient. For a given gradient of medium slope, the
adaptation of individual forms to crustal structure is more pronounced the
greater the difference in rock resistance.

Among the innumerable and varied combinations of racks of differing
resistance, one group has for long been specially noticed an account of
the conspicuous features associated with it: the alternation of layers of
different resistance in flat-bedded [i.c. unfolded] strata. They are the
prerequisite for the formation of a special type of land form, scarplands,
and secm to afford the simplest illustration of the most strict adaptation
of individual forms to the charucter of the rock. The example of scarp-
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lands which has been the most studied and commented upon is that be-
tween the Fichtelgebirge and the Black Forest. Resistant strata of Trias-
sic and Jurassic age, mostly permeable rocks with considerable cobesion
and stability, form steep escarpments of varying height and different
gradients; and between them lie widely spread, flattish landscapes, pene-
planes, extending over strata of less stability, usually impermeable and
mohile sediments, rich in clay content. Near the step below them, these
reach out on to the firm rock of the step. R, Gradmann has shown!™
that these peneplanes are no peneplains in Davis’s sense; and that the
steps are not tectonic formations arising from or coinciding with flexures
or faults, s has often been stated, though this view is in but slight accord
with the facts observed. His conception of the part which denudation
plays in fashioning scarplands is an important and far-reaching step
forward as compared with other less satisfactory explanations, He thought
that peneplanes developed from the lowering and flattening of the ridge
crests between deeply incised valleys, during u period when erosion was
at a standstill.

It is only over this concept, already considered on p. 142, that we will
here linger. A period when erosion is at a standstill implies a fixed posi-
tion for the general base level of denudation. This has been assumed in
the simplified profile of fig. 11. Above its foot ¢ rises a slope f 1 which
extends over the almost horizontally bedded strata @ and b, differing in
their powers of resistance. It has the greatest gradient possible. For sim-
plicity’s sake, it has been assumed that all the layers marked & and all
those marked 4 behave in the same way with respect to each other. How-
ever, a,, is 2 water-bearing horizon, which the higher a beds are not.

The construction must once again be based upon definite quantitative
assumptions as to the intensity of denudation. There can be free choice
of the values, without any effect upon the qualitative result. But it must
be borne in mind that, in the more resistant rocks, denudation needs a
longer time to produce a slope of diminishing gradient of specific in-
clination than in the less resistant surroundings. Thus, within a definite
period of time, the slope of diminishing gradient produced in the more
resistant beds is steeper than that on the others. The greater, therefore,
the difference shown in the angles of inclination of the slope units at the
same stage of development, the greater are the differences in resistance
that have to be assumed to exist between adjucent types of rock. A cer-
tain margin is allowable in this, but once the differences are settled, the
angles of inclination within the respective zones of rock must be kept un-
changed. The type of the resulting form of the slope does not depend
upon that choice, but only the actual gradient of the slope units com-
posing it at a definite moment of time. This latter does not concern us
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here. For the sake of clearness, the profile has been simplified in a
manner which in no way affects the result: in each space between two
rock boundaries, i.e, within cach zone of independent development,
when concave profiles appear, an infinite number of slope units has not
been drawn, nor even a great many, but only & few; and thus there seems
to be a greater difference of gradient between them than there is in
reality. Hence the concave breaks of gradient appear relatively sharp; bur
in nature there is a continuous curve and not a sharp nick at these points.

The profile can now be understood. According to assumption, the ori-
ginal position ¢ 1 has the maximum gradient in all its parts, This is
steeper in rock b than in rock a. Because of its specific intensity of denu-
dation, determined by the gradient and by the characteristics of the rock,
each of these parts of the slope would be displaced u;mlupﬁb? a definite

amount in unit time, leaving behind a normal slope of diminishing
gradient. For the a layers, these amounts may be seen in the first three
positions. For the assumed character of the rocks, these amounts are
greater than the spontaneous recession of the maximum slope in the
zones b. In the lower layer of b, this becomes visible only in pasitions
4-0; in the upper one, in positions 4-16 ((sic) ? 13-16]. A normal slupe
of diminishing gradient, however, can arise only in zone a.. i.c. the
water-bearing horizon; since, in the first place, here alone is there 1o
undercutting through the recession of a slope unit oecurring below; and,
in the second place, the development is not influenced by the layer above.
For the water content makes the rock mobile, in so far g5 it contains
colloids, thus allowing it to slide away, and the layer abave simply breaks

off to u corresponding amount. Landslides (slumping) (p. 103) brought
about in this way outstrip the spontaneous denudation occurring in the



STRUCTURAL BASE LEVELS OF DENUDATION 173

layers above a,,, and push the whole step back while maintaining its maxi-
mum gradient. There 15 deceleration as soon as the slope of diminishing
gradient ¢ x has extended up as far as the boundary between a, and b.
Along its slighter inclination the material, assuming a constant water
content, slides over a smaller area, moves more slowly and its migration
slackens. From that time on, all the slope units of maximum gradient,
occurring above, move back into the hill side, each at its own charac-
teristic rate, which for the b layers is less in unit time than before (since
there is now no powerful undercutting). The breaks of gradient asso-
ciated with the rock boundaries are displaced at a slower rate, and s0
concave partial profiles appear within the individual rock horizons, Ab-
normal conditions: may arise temporarily, if denudation works more
quickly in a zone of mobile rock and maximum gradient {(such as a,)
than in the more resistant layer (b) above it. If, however, a is deficient
in ecalloidal substances or in water content, etc., it cannot slide away
from under . In a similar way and for the same reasons as in the rela-
tionship between rock wall and basal slope (p. 140), there arises an exten-
sion of the steep slope downwards, and the sharpest concave curve is no
longer found on the rock boundary itself, but below it (zone a,, positions
5-11). This can be observed in the pediment of cuesta scarps: the less
resistant underlying beds with oversteepened surface gradient often
share in their construction.

The problem here examined is a special case of waning development.
In course of time the whole slope system becomes flatter**® and acquires
@ concave cross section. With this, the disturbance of profile caused by
petrographic differenices becomes less and less. ‘The stepping of the
slope disappears, first of all in its lower parts (see position 34). Denuda-
tion reaches its goal earliest in the neighbourhood of the general base
level of denudation; here the slope unit with the smallest possible
gradient (¢ v) appears first. Until that has reached up to the Jowest rock
boundary (between a, and §) and the undercutting of the upper stratum
ceages, there is no possibility of its formation in &. The steepest slopes
last longest in the highest parts, even if these consist of but slightly resis-
tant rocks. The gradient is then smaller than if resistant types of rock
formed the heights. Consequently it is impassible for the scarpland pene-
planes to have arisen, during @ time twhen evosion tous at a standstill, by the
flattening of the ridge crests while the steps were preserved, An extensive un-
dulating landscape of the peneplane type cannot develop out of a high
upstanding ridge crest by surface denudation slone. Instead, with
waning development a ridge crest never becomes anything but a ridge
crest, sharp-edged if steep slopes meet (see position 13; F S is the per-
pendicular dropped from the ridge), or rounded if gentler slopes
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intersect. Such would occur in a zane of but slightly resistant rock which
had reached a far advanced stage of flattening: e.g. position 22, s ' being
the perpendicular dropped from the ridge.

This brings us close to the problem offered by the cuesta landscape:
The sharpness of its scarps, of the lowest as well as of the uppermost,
demands continual renewal of the structural base levels of denudation, to
at least the extent of remaining the same, and that during the peneplana-
tion of the differences in level between the individual steps. This renewsl
can be brought about only by a network of eroding water-courses which-
are working o as at least to preserve the slopes arising from it. The
very formation of penieplanes demands the existence of a drainage net on
them, This takes over, or took over, the part of general base level of
denudation for the denudation and development of the flattish slopes
occurring where the rock had but slight resistance. But if such a drainage
net exists, or has existed, there must have been from the very first the
possibility of its development, even in the region of rocks of slight resis-
tance over which the ‘stepped peneplanes’ extend, That presupposes an
original surface on which the ‘soft’ strata outcropped between the resis-
tant layers and offered places upon which a stream system could develop.
R. Gradmann has derived the scarplands from such an original surface
(see his profile, loc. cit., p. 127), correctly, as is shown here. It is no mere
construction, nor anly a theoretical necessity; but fragments of it are still
clearly recognisable at the present day. The previous existence of a sur-
face, which cut across the outcropping members of the whole set of
strata at an acute angle and from which the scarpland was carved out, is
a fact. That surface, of course, was not a peneplain.

The existence, side by side, of scarps and of widely extending pene-
planes between them presupposes the individual parts of the drainage
net to possess different values ss general base Jevels of denudation. In
this respect there may be distinguished: (@) the main branches which
could cut through the scarp ridges, i.e. which are incised helow the out-
crops of the resistant layers in the foundation beneath the peneplane sur-
faces, and possess a direct connection with the general base level of
erosion for the ares; (b) the ramifications on the peneplanes themselves,
which erode more slowly, or not at all, above the outcrops of those
horizons by which they were once, or are still, held up. It is in relation
to them that the further modelling of the peneplanes, as well as the
recession of the final upstanding scarp fragments, takes pluce.

Thus the character of the rock, which determines not only the surfice
denudation, but even more particularly the erosion. is responsible for
the origin of peneplanes in the scarplands. Other things being equal, the
intensity of both denudation and erosion is lessened where resjstant types
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of rock oceur, and this lessening may have a far-reaching effect in a less
resistant terrain above the outcrop of the strong rock. Flattish forms,
peneplanes, are produced not only in scarplands, but also with a different
arrangement of rocks provided the strong rock lies below, the less strong
on top. When they are directly connected with the outcrops of resistant
rock (structural base levels of denudation) they are developed only at the
margins [of the less resistant beds]. Elsewhere, however, and this is the
usual case, these peneplanes are related to a drainage net (general base
level of denudation), the downcutting of which is retarded, or may in
the end be practically stopped altogether, above the place where it meets
that particular outcrop. Such structurally conditioned pencplanes may
originate at any altitude. They depend only on the arrangement of the
rocks and their properties, and are independent of the base level of ero-
sion. They are not forms belonging to an earlier state of affairs, that have
acquired their present altitude and general position in the surrounding
landscape by some definite endogenetic movement; but they are adapta-
tions of form to crustal material, and as such they are of the same age
and have the same significance as the steeper forms, developed near by
in the lower position. H. Cloos has pointed out these relationships in his
deseription of Erongo, a South-west African inselberg'*". Extensive flat-
tish Jandscapes are found above the steep outer flanks of the mountain
and the slopes of these face the source region of a stream systém which
originates in the heights, is impeded in its downcutting by resistant
tracts of rock and, below these, leaves the massif in deep, narrow gorges,

The features of adaptation are no less characteristic when the different
kinds of rock are arranged beside one another instead of one above the
other, In valleys, which cross successively rocks of different resistance, a
noticeable change in the valley cross section goes hand in hand with the
change in rock material. The less resistant the rock bounding the valley,
the less the inclination of its sides, and so the valley width seems greater.
This holds even when the intensity of erosion is the same at every place.
In what fallows no account is taken of the inconstancy of erosional inten-
sity which is found along all water-courses, e.g. as seen in the alternation
of undercut and slip-off slopes.

Far a given intensity of erosion, the sections of the slopes nsing above
the stream, in the less resistant rock a, are flatter than those in the adjoin-
ing stronger rock &, In both cases the slope units are at the same stage of
development. The differences of gradient between them depend solely
upon the differences of resistance between a and b. With increasing in-
tensity of erosion (waxing development) slopes of maximum gradient
finally appear. These are less steep in @ than in &, and therefore appear
iti @ sponer than in 5'*%, If a has already reached its maximum gradient,
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whereas b has not yet achieved ir, increasing intensity of erosion brings
about increasing undercutting, and consequently the @ slopes recede
vigorously uphill. "They intersect in the highest parts while, in 4, slopes
which are becoming still steeper develop above the stream. Convex pro-
files (in B) are then visible beside straight ones (in a), If finally the &
slopes meet in ridge crests, these—because of their greater stecpness—
are relatively higher than the ridges in the region of rock a.

The relative height is dependent on the nature of the rock material, 3
has been long known and as can be observed everywhere in areas of
heterogeneous structure, ¢.g. in the northern Limestone Alps. Wien slope
units at the same stage of development intersect in the highest parts of the
country, then, other things being equal, the relative height in less resistant
rocks is not so great as in stronger parts round about, This is particularly
clear in cases when the intersecting slopes are on the whole straight (uni-
form development and undercut slopes of maximum gradient),

With waning intensity of erosion, concave slopes appear first in rock b.
They can be seen beside the straight « slopes until erosion has been di
celerated 1o such an cxtent that even in rock 4 slopes of muximum
gradient can no longer be preserved,

With the change in rock material, changes come about not only in the
gradient of the slopes, but at certain stages of development in thetr shape also.
This is true in areas where the charscter of the rock varies, both when
the intensity of erosion is constant and when it fluctuates. Such condi-
tions obtain when the rock boundaries do not cross the stream (which
may follow a line of disturbance), or where the change of resistance to
denudation over the whole surface, associated with the rock boundaries,
does not also imply a change of resistance to erosion. In many instances
this is not the case. Very frequently, especially if there are differences in
the strength (cohesion) of rocks, the intensity of erosion is affected in o
manner analogous to that of surface denudation. It is this above all which
accounts for the often deep-seated difference found in the shape and
inclination of the slopes along streams cutting throy gh rocks of different
strength. A short reference must suffice here,

A bank of rock, which is particularly strong as compared with its sur-
roundings, may lessen the down-cutting of a stream in the whole reach
lying above, and may have a lasting influence. The adjoining area of
denudation [upstream] acquires the concave forms of waning develop-
ment, and in this way differs fundamentally from the tracts lying im-
mediately below, The less the strength of the rocks concerned, the more
progress docs waning development make in the ares where erosion is
checked (but not brought to a complete standatill), The concave slope
systems then recede far back from the edges of the rivers. This effect, in
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combination with the increased meandering which takes place in rivers
with impeded erosion, may lead to extensive removal of readily mobile
rock material. ‘The removal of the Neogene beds from the broad synclines
of western Anatolia is due chiefly to these processes. There, the hind-
rance to erosion starts at those spots where the rivers enter the border
zone of the broad synclines, which has been uplifted by tectonic move-
ments, and consists of strong crustal material.

In their origin, the ledge-like denudation terraces, A. Hettner’s Lamd-
terrassen'®, also belong here; they are associated with the courses taken
by running water (i.e they are in valleys) and with the boundaries be-
tween flat or horizontally bedded strata of different strength which the
water has laid bare. ‘The most famous example is that of the platform of
the Colorado Canyon'®%. Such terraces occur regularly in scarplands, in
close connection with the peneplanes which they continue as ledges along
the side of the deeply incised vallevs into the region of the next higher
scarp, ‘The necessary condition for the formation of denudational ter-
races is that an eroding stream should, at one and the same pluce, lay
bare, one after another, rock types of different strengths, Their further
independent development depends upon the way in which this stripping
takes place, and on the character of the rocks. Schmitthenner'®® has
recently given his attention to this in the northern part of the Black
Forest, and R, Gradmann in the scarplands (see p. 171 ).

The importance of the adaptation of denudational forms to the charac-
ter of the rocks cannot easily be overestimated; for the characteristics of
the indfvidual forms, as well as their arrangement, depend to a large
extent, as has been shown in this section, upen the nature and distribu-
tion of the rocks exposed at the earth’s surface. It will be of great im-
portance, therefore, now and always, to examine those processes which
effect the adaptation. It may also contribute to further clarification of the
processes of denudation. It must be borne in mind, however, that these
are matrers of detail, modifications, and not the fundamental laws of
denudation and land sculpture. The adaptation is only part of the feat-
ure; it obeys the general laws of denudation and presupposes the causes
which make denudation possible at the surface of the crust. This fact has
often been overlooked.

10. SUMMARY
It is now possible to give a complete survey of the origin und develop-
ment of slopes. Above streams, to whatever extent they are incising,
banks grow upwards and become valley slopes. During their formation
they are subject to denudation over the whole surface; and this, in its

effort to remove the slopes, works everywhere in the direction of
“ oA
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lessening the gradient. The smaller the amount of erosion in unit time,
the longer it takes for inclined surfaces to arise from the erosional tracks,
and the greater the chance for the simultaneously aperating denudation
10 come nearer to its goal. On the other hand: the quicker the downward
erosion of the stream, the preater the speed with which the valley sides
grow up above them, but the farther from their goal do the effects of
denudation remain. The intensity of erosion determines the gradient of the
slopes rising above the drainage net; the details of their form then depend
upon the character of the rocks concerned.

In particuiar it has been shown that along the lines of the drainage net
—the general base levels of denudation—fresh slopes of uniform gradient
are always arising; their denudation is in equilibrium with the intensity
‘of erosion and must always be so. If the latter changes, a new slope
necessarily appears with a gradient such that the above-mentioned
equilibrium is maintained. With increasing intensity of erosion, steeper
and steeper slopes arise; with decreasing intensity, they become flatter
and flatter. Between the successively formed sections of the slopes,
breaks of gradient appear, They denote the levels to which the denuta-
tion of the uniformly inclined surface above each is related; they are the
nearest (local) base levels of denudation. The surface of uniform
gradient together with its base level of denudation make up one slope
unit (i.e. form system)*.

Continuous change of erosional intensity leads to the formation every
moment of a very minute slope unit. The breaks of gradient do not be-
come visible as such, but a continuously curved slope takes the place of &
slope system composed of many slope units. It is concave with decrease
and halt of erosional intensity, and convex with its increase, continuously
convex only so long as those breaks of gradient, which subsequently
arise, have not yet appeared [see fig. 7, p. 138]. In both cases there are
limits to the formation of new slope units: the slopes can become 5
only up to & maximum value which cannot be exceeded, and which is
determined by the character of the rocks; the Hattening (diminution of
gradient) ceases with the appearance of the least possible gradient, on
which further denudation can no longer take place.

The intensity of denudation which, for rocks of the given character,
idepends upon the gradient, is specific to each slope unit and determines
its rate of development. All slope units, except those which are based
upon the interruption of a slope because of a change in rock material, are
produced at the edges of the streams of the drainege net, and it is here
that they obtain their specific gradient, Maintaining that gradient, they
shift back parallel to themselves. In sddition to this, each slope unit

[* See glossary, |
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grows upslope, and at the same time it is shortened and finally replaced
in the highest part of the slope by the next lower slope unit which is
always younger, having originated later. As a result of this behaviour the
breaks of gradient which separate them, i.c. the local hase levels of denu-
dation, move in the same direction. Any slope umit which can at the
present day be observed in the highest parts must—unless it belongs to
the above-mentioned exception—have at one time immediately adjoined
Its respective erosional track in the same manner and with the same
gradient.

The succession one above the other of slope units with different gradients
provides a sensitive means of following up the erosivnal intensity at a definite
place: a convex slope is proof of an increase in erosional intensity, a concave
Jorm proof of decrease, Changes in rock material may produce deviations
from the normal form of slope. However, these do not obliterate the
concave or convex type either everywhere, or permanently, and do not
interfere with the sureness of this diagnosis. But it must be borne in
mind that in many cases—always for waning and uniform development
—the majority of the older slope units in the highest parts have already
disappeared and been replaced by their younger successors. Even for
waxing development, preservation of the oldest slope units is by no
means the rule, Therefore, for a given area, the form of the slope does
not always record the whole of the development up to the present day,
but generally only the last phase of the erosional intensity. And 50 a
complete investigation into the facts must take into consideration further
characteristics, especially as regards the correluted deposits® and the
surfaces on which they rest.

Upon investigating the conditions associated with change in erosional
intensity and its causes, it becomes quite clear that the farm of the slope
is of putstanding importance a5 a means of dingnosis. It also helps in
deciding the often discussed question as to how the drainage net of the
German Highlands has created its present visible effect, the valleys.
There is no lack of answers. The problem arises partly hecause of the
small amount of erosion which can be proved 1o be taking place at the
present day; partly because the changes along the drainage net since
glacial times are noticeahly insignificant compared with the toral extent
of the existing valley development. From this evidence it has, on the one
hand, been deduced that erosion is working continuously but ut a rate
which might be considered infinitesimally slow as far a5 one can judge;
on the other, it has been presumed that there is variability of ermsion,
especially in view of the way in which normal conditions are interrupted
by periods of flood which occur only oceasionally but are respansible for

[*® Sec glossary.]
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practically the whole of a river’s work, Every river, at least in a temperate
climate, first of all works rapidly towards a preliminary goal; only to con-
tinue its almost completed task by merely stagnating, as at the present
day'*%. According to this view, the German Highlands should possess
the forms associated with a great acceleration of erosion, i.e. they should
be characterised by ridges of a flattened appearance, their flanks having
sharp curves down to the valley bottom; and at their abrupt foot they
should show the beginning of waning development,

Such profiles do occur, They are characteristic of the small furrows
which originated in very recent times, or are now in process of forma-
tion, on the flanks of already incised valleys. Bur an entirely different
type may be noticed alang those parts of the dminage net which have
shared, for a longer or shorter time; in the tectonic history of the mid-
German nse. Within each drainage system, zones can be very clearly
marked off according to the form of slope, which alone is being con-
sidered here. There are those in which the main amount of erosion is a
thing of the past; and these are separated from others where the gradually
increasing intensity of erosion has s present value that has never yet been
exceeded. The multiplicity of the phenomena shows the need for specific
investigations instead of incorrect generalisations.

To sum up: Any wearing away of land over its whole surfuce, if
not due to moving air or moving ice, is connected with the action of
permanent or intermittent streams. The problem of the gradient of a slape
turns out to be a question of erosional intensity. When individual regions
possess slopes with a specific mean gradient, this characterises them as
zones in which the erosional intensity hos a definite mean value. The
question then arises as to what conditions decide this. The problem of the
form of the slope has been traced back to the way in which the erosional
intensity developed with the passage of time. What must now be in-
vestigated is why this should have increased in the one set of land
regions, characterised by convex slopes, and have decreased in the other
where concave slopes predominate.

On the wwhole, it appears that the sculpturing of land forms by denudation
is fundamentally linked to the problem of intensity of evosion.



CHAPTER VII

LINKING OF SLOPES, FORM ASSOCIATIONS
AND SETS OF LAND FORMS

1. OCCURRENCE AND COMBINATION OF CONVEX
AND CONCAVE SLOPES

y itself, denudation over a whole surface can produce only concave
slopes. Differently shaped profiles appear only when erosion takes
part in the formative process. Erosion, as will be shown, is a process
which varies from place to place, and from time to time, and is limited
in space and time: on the other hand, denudation over a surface operates
everywhere and practically continuously. Hence concave profiles are
definitely the predominant ones. They are the normal type of form. How-
ever, they cannot be the original primitive type, for they arise from slopes
leading down to a drainage net that is entrenched in the crustal struc-
ture. And these slopes are not parts of an original crustal surface, such as
might be supposed to cover a rising fragment of the earth’s crust; but
they are the flanks of sharp erosional incisions. Each concave slope pre-
supposes a phase of development during which erosion set in and ad-
vanced to some maximum before coming to an end, In short: waning
development implies previous waxing development. Concave slopes
should therefore grade uprards into convex profiles. This in fact is the
usual form of slape, e.g. in the German Highlands along those valley
stretches where concave slopes rise from streams eroding at 4 diminished
rate, or that have now ceased to erode at all, provided that these slopes
have not already removed those of preceding stages, and so reached up
to the intervalley watersheds. This simple arrangement is specially
typical of reaches in the upper courses and head waters of the drainage
net found in the German Highlands and of the belts of dissected Meso-
zoic strata between them. The phenomenon is not peculiar to the Cen-
tral German Rise, but occurs all over the world and presents a definite,
general problem: what are the causes leading, at these places, 1o periods
of accelerated erosion followed by periods of decelerated ervsion?
The question is the same for the ferraces, stepped series of shelves
which here and there divide up the valley slopes and which have ori-

ginated from former valley floors. They consist of several alternating
181



182 LINKING OF SLOPES AND SETS OF LAND FORMS

concave and convex profiles one above another; and in the first place they
signify merely a repeated change from acceleration o deceleration of
erosion along the valley stretches concerned. In the region of the Central
German Rise, terraces are found chietly along the main lines of the drain-
age net. On the slopes of the Highlands they can be traced from the
heights down nearly to the deeply entrenched valley mouths. But there
they often disappear completely; and the stepped slopes which, as they
approach the valley floors, have their steps ever closer and closer to-
gether, are then replaced by uniform convex slopes or by steep slopes of
maximum inclination. Moreover, this behaviour is a general feature
where terraces occur, and shows clearly what a complicated problem is
presented. Justice is by no means done to this complexity in the usual
mterpretation given for uplifted terraces, viz.: uplift—erosion, then con-
ditions of rest, followed by a renewed jerk of uplift—erosion, ete. Such
an interpretation results from the faulty premiss: uplift, with denudation
setting in only after this has been accomplished.

Concave and convex profiles appear not only above one another but
also adjacent to each other in one and the same form association.
Wherever the valley floor is not completely occupied by the stream be-
longing to it, this change is brought about by the inconstancy of the river
meanders. They do not always touch and undercut the valley slope at
one and the same spot, but they shift the undercut slope downstream.
Where undercutting occurs, whether the erosion is solely lateral or is
combined with downward incision, slopes of maximum inclination ap-
pear, or else convex ones; close by, at those parts of the slope which the
stream just fails to touch, concave profiles develop. The occasional con-
vex profile found in valley stretches where erosion has slackened, or even
ceased, are of this type. As a concave profile is the determining morpho-
logical element in such conditions, the effect of these convex ones is
never very marked. Conversely, concave profiles are not impossible in
valley stretches where increasing erosion is in full play and convex slopes
are predominant, The dividual slope profile has a diagnostic meaning
anly for the particular place at which it occurs. It reflects the course of erosion
there, It does not, however, say anything about the development of erosion
within the whole set of land forms to which it belongs, let alone about the
development of the ewhole tectonically uniform block. In its individual parts
this may have entirely different types of denudational velicf, to ome of which
this particular profile belongs.

Thus attention miust be focussed on that type of land form which by
its constant recurrence gives the characteristic imprint to the form
association. Slope profiles are very often combined in such a way that
those sloping towards streanmis of the same type or of equal power are
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consonant with one another, and fundamentally different from those
which accompany the branches of a drainage net belonging to a different
order. Plate 11, illustration 3, shows very clearly that main slopes are
concave—obviously they are growing up from a general base level of
denudation which is falling at a diminishing rate or has already become
fixed. It further shows that they are dissected by gulleys which are
vigorously deepened whenever water runs into them, so that they are
bounded by convex curves. Here the eroding lateral tributaries contrast
with the main lines of the drainage net where erosion has ceased, This
arrangement within the form association is extremely charicteristic for
certain regions. It is, for example, found regularly along the wide-
floored main lines of the valley network in the Central German Rise (see
amongst many others, the Wupper and Salz valleys in the Mansfeld
district, the valley of the Mulde coming down from the Erzgebirge, the
Saale valley above Hof, etc.). Here concave slopes nise up from the valley
floors, and these completed slopes are the inclines on which new lateral
tributaries develop. As is worked outina later section, these side branches
are intermittent watercourses, or they may even already have become
perennial; and their immediate base level of erosion is practically fixed,
since it is the floor of the main valley which is not now being any further
deepened. They have to catch up with all the erosion already accom-
plished by the main river. They are outside any endogenetic influence,
and unlike the main rivers, they did not receive their impulse to erode
from the uplift of the block on which they flow. Instead they behave like
streams which do their work on a motionless block, with an intensity
determined by the already fixed gradient. Here, this is quite a significant
amount relatively. The downcutting of these tributary streamlets, there-
fore, attains a considerable intensity, and so convex slopes are formed,
These clear connections, however, do not really touch the problem,
which is concerned with the arrangement shown by the form associa-
tions; The convex slopes of the tributary furrows, which have frequently
developed into extensive branching systems, may give a charscteristic
appearance to whale tracts of country. As one gazes around, the most
noticeable feature is the constantly repeated rounding of convex profiles
appearing above them, and, in comparison with this, the concave slopes
of the main valley tracks fade into the background. Increasing density of
the valley net, produced by the headward recession and ramification of
tributary furrows, is obviously in full course of development here, This
is a feature not found in other regions in which there is equally pro-
nounced vertical dissection but where the concave forms of waning
development are in full possession and characterise the tributary valleys
as completely as the main ones. In such places increase in density of the
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valley net seems to have come to an end. No subardinate furrows are
developed on the completed valleys slopes, or only a very few; and here
it is not the convex slopes which predeminate, but concave profiles do so
absolutely. The core of the problem lies therefore in the question of the dis-
section into valleys and their increase in density, i.e. the development of the
valley net. In the one case, the slopes of the main valleys, on which
dissection into minor valleys begins and progresses towards the inter-
valley divides, are not very old. Their floors—the base levels of erosion
for the backward working tributary furrows—have not been in their
present positions very long, and it is only a relatively short time since
waning development began in the main valleys. In the other case,
the practically fixed positions of these main valley floors were reached
fur earlier, and did not undergo any later changes. Thus the dissec-
tion of their slopes has practically reached the intervalley divides; and
now the tributary furrows, which at one time were vigorously cutting
back; are also entirely under the sway of the waning type of develop-
ment.

In regions like that just considered, there is only one type playving any
important part in the form association, in this case the concave slope.
We may therefore speak of uniformity in the set of land forms in con-
trast to the combined or mixed features in that of the previously men-
tiofied type. One of the most noteworthy facts about the earth’s surface
is that each of these types occurs i areas that are separated from one
another,

As an instance of a type which fits in here, we may consider the Scarp-
lands, discussed in a different connection on pp. 170-1753.

2, CUESTA LANDSCAPE (SCARPLANDS)

‘I'his is not the place to go into details. Let us consider the following
general features that may be observed in south-west Germany: In the
region of the watershed between the uppermost reaches of the Danube
and the Wutach, we come across only two units. (a) The gentle uniform
eastern slope of the Black Forest, which—apart from the valleys sunk in
it—shows no division into parts except on close examination, when one
discovers a stepped effect (not, however, scarplands) which will be con-
sidered later [p. 2or]. () The Malm scarp, the continuation of the
Swabian Alb, which, as we shall see later on, is a tectonically indepen-
dent block. The outcropping Triassic-Jurassic horizons berween them
are never associated with denudation scarps, although the series of strata
poszess throughout the special character suitable for producing them.
This can easily be seen in the neighbourhood of the Wutach, which is
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eroding comparatively vigorously: the deeply sunk valley is bordered by
denudation steps, the beginnings of a scarp landscape, and they are
formed by the same stratigraphical horizons of the Upper Trias (Trochi-
tenkalk and Stubensandstein), the Lower Jurassic (Arieten- and Psilo-
notenkalk of Lias) and the Middle Jurassic (Blaukalke of the Sauzei
Zone) which immediately to the north have not yet led to scarp forma-
tion. There, apparently, the essential preliminary condition is lacking:
the uncovering and constant renewal of the structural base levels of de-
nudation by a drainage net which is eroding, or has at some time eroded,
with the rather considerable intensity typical of the Wutach or the
Neckar. Thus very old denudation forms have been preserved on the
heights between the valleys, which are not incised; and these are frag-
ments of that surface into which, further north, in the drainage busin of
the Neckar, the scarp landscape has been entrenched, and from which it
has been sculptured.

Somewhat eastward of Donaueschengen, between the slope of the
Black Farest and the edge of the Malm receding from it north-castwards,
there become noticeable—more or less clearly as the Neckar system is
approached —the first indications of scarp steps, still gently inclined
(Arieten- and Psilonotenkalk of the Lias &, to the north, in the region of
Schwenningen, in addition to the Trochitenkalk and Steinmergel bands
of the Gypskeuper and Sauzei beds). This is the entrance into the Scarp-
lands which stretch away in constantly repeated, characteristic forms
from the summits of the northern Black Forest and the Bunter Sand-
stone of the Odenwald to the distant edge of the Malm scarp bent out
far to the east, and reach beyond that, east of the Franconian Jura, up to
the edge of the Bohemian massif!**. Everywhere in this region two essen-
tially different parts of the drainage system stand opposed to one
another: (a) the main trunks with their sbundant water supply: the Main,
the Neckar, and their larger tributaries, which are entrenched in the
scarpland and so have cut through the scarp-forming horizons; while
above them, close at hand, there occur flattish form associations, often
stretching out as wide peneplanes; and (h) the ramifications, scantily sup-
plied with water, which lic on the high surfaces of such peneplanes near
the sources of the streams and thence work back towards the edge of the
next higher scarp, which they dissect into lobes. These branches end
downstream with a break of gradient in the longitudinal profile, connected
with the same stratum as gives rise to the scarp in question, and the
associated denudation surface of the ‘tread’ above it; in general, this is
more sharply pronounced, the more resistant such a scarp-forming
stratum is to mechanical action. The scarp-forming horizon of the Upper
Muschelkalk usually gives rise to the sharpest breaks of gradient of this
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kind, as well as to the peneplanes which reach over from this horizon to
the Lettenkohle and the Lower Keuper beds, and are the most extensive,
as well as the flattest, most level of their kind.

The main lines of the drainage net show the natural features of pro-
gressive downcutting, which will be dealt with in a later section. Along
eertain reaches the downcutting seems to be in full swing; in between
there are extensive stretches in which this was the case a short while ago,
geologically speaking, and will be so again as soon as the eroding sections
have worked back upstream. On the whole the valleys have slopes of
considerable mean gradient, which are convesx, straight or broken by
terraces. Usually, but not everywhere, they are joined below by concave
foot-slopes, and above them outcrop the horizons of scarp-forming strata
which have been cut through. The longitudinal and transverse profiles of
the lateral branches, originating from the above valleys, are very charac-
teristic; they gnaw gradually into the body of the intervalley divides and
they lead to a progressive lobing and disintegration of the scarp faces
overlooking the main valleys and of the peneplanes above these. Near
their mouths they huve the shape of the main valleys; they are, for in-
stance, canyon-like and accompanied by rocky walls as far as the main
valleys are so (like the valley stretches in the Malm, e.g. in the Franco-
nian Jura); up-valley they rapidly become narrower, as rapidly gain in
gradient, and are then excellent examples of sharp V-shaped valleys; all
at once, they widen out into gently sloping, shallow troughs, this taking
place as soon as the scarp-forming stratum, and the longitudinal break of
gradient associated with it, have been crossed (fig. 12, p. 187).

In such places there is an extremely sharp border line between essen-
tially different parts of the drainage net. It is far less obvious, but still
always clearly recognisable, where the headwater tributary, or indeed the
upper course of a main stream, lies on a scarp peneplane: as, for example,
the Tauber above Rothenburg. The break of gradient in the longi-
tudinal profile of the watercourses separates two sets of land forms: the
mixed ones of the valley entrenched in the scarpland, and the uniform set
on the intervalley divides, recognisable by their concave profiles, Here
the denudation forms found are the flattish relief of the peneplanes and
the medium relief forms belonging to the next higher scarp face. This
gradually recedes under the influence of denudation, a cansiderahle part
being played by slumping at the water-bearing horizons, The general
base levels of denudation for this are the courses of the neighbouring
streams belonging to the peneplane; and their local base level of erosion
lies at the outcrop of a scarp-forming stratum at the above-mentioned
break of gradient. Its level may be considered as practically fixed with
reference to all its tributary slopes; and denudation here, the develop-
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ment of the scarpland peneplanes as well as of the scarps rising up from
them, is completely removed from endogenetic influence.

Every portion of such a steep scarp is a slope ready prepared for the
development of a new watercourse, for example, along the track of a
corrasion furrow or, more often, resulting from the issue of a spring, etc.
They find a strong gradient, consequently they cut down vigorously,
invade the body of the step (as will be elaborated later [p. 188]) and so
elongate by means of headward erosion. At short intervals such sharply
V-shaped valleys, the upper continuations of the shallow flattish valley
troughs of the low relief lying in front, may be seen encroaching upon
the upstanding scarps. Most of the streams are intermittent, As a rule,
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and this is what one would expect, the eroding stretch is limited to the
hindmost section, working up into the steep scarp face. Along the greater
part of the length, down to where it runs out on to the peneplane lying
in front, there is no longer any erosion. Thus the scarp appears cut up
into lobes, eaten into, with narrow dividing spurs between streams which
are invading it from the land in front and are responsible for the lobate
effect. The development of these intervalley divides, which often jut out
like bastions, takes place in the same way as that of the outer slope of the
whole step. They in their turn are cut up into lobes by valley furrows of
a higher order which start from the streamlets just mentioned, There is
recession of all the scarp slopes which face this increasingly close net-
work of furrows eating back into them. A flattish declivity is left behind
which, in the limiting case, has the least possible gradient. This,
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together with the ever increasing density of the network of steep-sided
valleys cutting into the scarp face, dissecting it into units of smaller and
amaller orders, very often leads to the well-known breaking up of the
intervalley spurs into isolated hills which remain for a while as residuals
in front of the retreating scarp, They have concave profiles and become
lower as soon as the last remnants of the flattish form system have been
removed from them (see Plate VII, illustration 1). They may be con-
sidered classic examples of waning development. After their disappear-
ance they, too, leave an intervalley spur, bounded however by flattish
slope units and belonging to the peneplane in front of the scarp.

The structural base levels of denudation, which determine the pre-
servation of the peneplanes adjoining the scarps, are thus renewed from
two directions: First, they are affected by those powerful strands of the
drainage net, which have cur through the scarp-forming horizons and so
appear entrenched in the scarpland. They have been able to effect down-
ward erosion in every part of their course; in many parts they still, at the
present day, have power to do this, and nowhere is the possibility perm-
anently lost. Along these branches of the drainage network, erosion and
denudation for the last time retain their connection with the general base
level of erosion, and so are not withdrawn from endogenetic influences,
Dissection, disintegration and destruction of the peneplanes on the
divides between these entrenched streams work outward from them.
Thus the peneplanes or, as the case may be, the homologous flartish
forms, grow at the expense of the receding scarps rising above them.
Secondly, here, in the region unaffected by endogenetic conditions, scarps
are preserved as the typical form because of the way in which freshly
forming and ramifying furrows work back, starting from the foreland
and cutting sharply into the scarp faces. Thus, parts of the stream course
which have great erosional intensity, are perpetually invading them, at
countless places, at the same time; and these are responsible for the in-
dispensable renewal of the structural base levels of denudation.

This shows that there is an erasional history for the network of valleys
on the scarpland peneplanes; and generally this goes back farther, the
farther the parts of the valley system under consideration are removed
from the next higher step. Direct traces of this previous history, how-
ever, are as 4 rule completely wiped out by the mass-movement of rock
waste, which is considerable, corresponding to the slight resistance of
the material, for the most part rich in colloids, of which the country here
is composed. "T'he absence of stream channels from muny of the shallow
valley troughs, and even from whole branching systems of them, is an
acquired characteristic. It is due not only to the extent of the migration of
rock derivatives, highly mobile when soaked with water, but just as much
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to the nature of present erosional activity at the scarp face. For it is an
established fact that streams, which are but feeble or intermittent, erode
only at times of flood—as is to be expected. They then incise their sharp
Vs in the scarps, and so lay out the plan of the valley furrows. It is
amazing what a quantity of rock material is brought out by a single
storm from those parts of the valley-course which are farthest back and
which are usually very steep. As these eat further and further into the
body of the upstanding step, they leave behind them lengthening
stretches of lessened gradient, often entrenched far below the scarp-
forming bed so that they come to lie in a terrain of but slight resistance,
readily becoming reduced to a mobile condition. Such a pesition for the
general base levels of denudation necessarily leads to the phenomenon
first noticed by R. Gradmann, viz. the outerop of an often very thick
series of mobile strata on the immediately adjoining concave scarp-faces.
This may include the whole succession of beds lying between the level
of the scarp-forming stratum and that of the neighbouring general base
level of denudation. It appears impossible for the stream beds, thus en-
trenched in surroundings of mobile rock material, to be preserved for
any length of time once they have lost their steep gradient and when,
before that, they were used only occasionally or by what were (at times
of low water) mere narrow threads. They become closed up by material
moving down from the sides; and this often happens even before they
issue on to the peneplane in front. For they lack not only the mass of
water but also the gradient which together can produce the force neces-
sary to keep them open'®,

No part of the drainage net belonging to the scarpland peneplanes can
be deepened below the local base level of crosion. Instead, a gently con-
cave longitudinal profile is produced, which always rises gradually from
the break of gradient to the higher parts of the country. The heights of
the intervalley divides above the valley floors bear a definite relation to
the erosional curves of the drainage system, the general base levels of
denudation, They have a similar magnitude; since similarly gentle in-
clines lead up from the valley bottoms with average slopes that are simi-
lar or even the same, and intersect on the intervalley divides. For this
reason the scarpland peneplanes have a general inclination in the same
direction as their drainage lines. R. Gradmann has already drawn atten-
tion to this'®?, The scarpland peneplanes may behave in cither of two
wiys as regards the structure. In the one case they slope down in the
same direction as the dip, or at least the valleys belonging to the peneplane
drain in that direction. An example of this is afforded by the peneplane
which slopes down eastwards from the Stubensandstein edge of the
Steigerwald towards the foot of the Dogger Malm scarp of the Franco-
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nian Jura, and ends above the slopes on the left side of the Regnitz
valley, slopes which do not rise very high above the river, Starting from
here, far-reaching dissection of that peneplane has already taken place.
Following the tracks of the valley troughs that dissect it, wide trough-
like valleys invade the main body of the peneplane from the Regnitz
westward, They soon become narrower in this direction, and not far
from the scarp summit of Steigerwald, the longest and most persistent of
them may be seen to reach back in a steep curve to the break of gradient.
This separates them from their continuations, shallow trough-shaped
valleys in the high-lying and undissected peneplane. Convex slopes
characterise these uppermost steep beginnings of the entrenched valleys,
just as they do the analogous stretches of all their lateral ramifications
which are eating into those parts of the peneplane that are preserved at
the height of the intervalley divides. The high plateau above the Malm
scarp (Swabian Alb), although inclined similarly with reference to the
dip of the strata, is of quite a different type and origin and, as must be
mentioned here and specially stressed, in no way illustrates the relation-
ships under discussion.

The other kind of scarpland peneplane has a general slope in the
opposite direction to that of the bedding, since its valley network drains
that way. The residual scarpland plateaus between the Swabian Alb and
the Neckar, the main artery of the whole region, are of this type. Starting
from the deeply sunk main streams of the drainage net, dissecting tribu-
tartes from all directions invade the foundation of the pencplane, Some
of these side branches flow in the same direction as the dip and therefore
against the general slope of the peneplanes lying above the Stubensand-
stein scarp which they are dissecting (many tributaries of the Jagst,
Kocher and Murr). They were interpreted as stretches of consequent
drainage'**, If this implies that the origin of the rivers and vlleys was
due to a former flow of the water along inclined bedding planes, it must
be emphasised that the bedding planes have nothing whatever to do
with it. It is rather that the backward extension follows or has followed
an inclined water-bearing horizon to the base of the Lias; and obviously
this took place by the process of headward erosion 1o be considered
later. This seems to be notably true for the ‘retrograding’ tributaries of
the Murr and Jagst, but it can still be definitely proved only for a few
places in the basin of the Jagst since the Lias has in the meanwhile been
reduced to scattered island-like residuals. By far the greater part of the
headward erosion here took place in past times; but it has left behind
valleys which, having been eroded backwards, continue to develap,
continue to deepen and continue to elongate backwards,
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3. INSELBERG LANDSCAPES

Quite a number of the characteristic phenomena, shown in the rela-
tionship of the scarpland peneplanes to the scarp faces rising above them
are, in their development and in their appearance repeated with slight
variations in the inselberg landscapes which first became well-known
from the African examples'?”. The fundamental characteristic in their
outward appearance is the special relationship existing between the
forms of denudation worked down into the crustal structure and the pro-
Jjecting parts left between them. When an uplifted portion of the earth's
crust has been divided up vertically by denudational processes into
mountains and valleys, the elements givings its special character to that
set of land forms are the hollows, the valleys: the course they take and
their depth, the shape and gradient of their sides, determine the arrange-
ment and character of the intervalley divides, the projections lying
between them. This ceases to be true in the case of an inselberg land-
scape. Here it is the insular projections which are the striking, deter-
mining element. Obviously the remnants of the once continuous country
at a higher altitude®®®, they rise above peneplanes which have replaced
not only individual valley tracks, but whole valley systems. Indeed the
mountain flanks occasionally rise with extreme steepness above the
gently swelling peneplanes which are crossed by shallow valley troughs
and which, here and there, seem in addition to have been graded,
levelled, by subsequent alluviation, Perhaps these very conspicuous con-
trasts have diverted attention from the way in which the foot-slopes of
the inselbergs are shaped. Atany rate every observation made upon these
shows the error of the view, constantly repeated in the literature of the
subject, that there is a sharp nick where the sides of the inselberg break
off against the surrounding peneplane. Fantastic hypotheses as to the
origin of inselberg landscapes, which led to the purely speculative
notion of an aeolian origin for peneplanes in general, are partly based
upan this error®®. The slope profile of all inselbergs is concave. A continu-
ously concave curve always forms the foot-slope between the steeper
slope units of the higher parts of the mountain and the flattish slopes of
the surrounding peneplane which likewise have a concave form®®* (see
Plate V11, illustration 2 and Plate VIIT, illustration 1). The inselberg land-
scape is the characteristic landscape of waning development.

The height of the highest inselbergs above the surrounding country
indicates the minimum extent of vertical dissection which the area has
undergone by stream-cutting during the period of waxing development
which necessarily went before. Fairly often the maximum relative height,
which the present inselberg region ever attained, has been preserved
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almost unaltered to the present day. This is true, for example, wherever
the mountain summits still consist of flattish slope units. It is only when
these have been removed and steeper slope units have taken their place
that there can be more rapid lowering of the inselbergs, leading to their
ultimate demolition. In this case it is of no consequence whether the
earth's crust is at rest or in motion (see pp. 152-153). Thus it is found
that the plateau-like inselbergs of a region, even when they are not the
relics of scarplands, are all about the same height, while the pointed hills
derived from them have smaller relative heights that are individually
quite different from each other. Here the process of lowering can be
followed specially well: the lower the elevations, the gentler as a rule are
their flanks, other things being equal (see Plate VII, illustration 2).
Standing at the end of the series are gentle surface swellings ending in
sharp points—in granite country crowned by tors or piles of boulders.
When these vanish, they leave behind intervalley spurs bounded by flat-
tish slopes. These then form part of the surrounding peneplane, and are
incorporated in it.

What determines the development of inselberg landscapes is the beha-
viour of the drainage net: the weakening of its erosional intensity until it
comes fo a standstill. The cessation never takes place simultaneously
everywhere along the drainage system, but becomes noticeable first of
all along the main streams; these react in a direct manner to movements
of the general base level of erosion, and so they are also the first to give
up their erosive work when the base level has reached a fixed position
and remains there for a long time. T'o begin with, concave slope profiles
appear in the lower courses, and here also flatter slope units first begin
to work up towards the intervalley divides®°®, Here the rivers are already
widening their valleys by the increase in size of their meanders, so that
there is growth in valley breadth and the distance apart of the upper
edges of the valley, measured at right angles to its trend: the steep slope
units are moving hack from the alluvial valley bottom and below them
the slope of minimum gradient is appearing (pp. 138140, 143); whilst,
in the uppermost reaches, erosion still continues. Downcutting there is
associated with the uppermost, steep sections, which are sunk furthest
into the crustal structure. This i in accordance with a law which has
already made its appearance in connection with the scarpland areas, and
which will be treated in detail later. ‘These eroding portions work upwards
and lengthen the valley incisions, which are bounded by correspondingly
steep sides. This process must continue so long as there are any parts of
the land at all which stand up above an erosional curve of gradually in-
creasing gradient—to be defined later. Thus the eroding stretches go on
ceaselessly working back into the most centrally lying parts, and even-
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tually dissect or disintegrate them also by means of correspondingly
steep-sided valleys. The same thing happens to the intervalley spurs
belonging to the main valleys, their tributaries and the lateral branches
of these. For everywhere here the valley flanks provide steep slopes all
ready to form starting points for fresh backward working furrows, from
which again sharply V-shaped valleys, still younger and of a minor order,
originate, Thus there arise lateral branches of the second, third and x-th
degree, all without exception bounded by similarly steep slopes, since
generally speaking the eroding portions are all characterised by the same
erosional intensity. The last and youngest of this kind are the gashes that
furrow the slopes of the inzelbergs. The steepness of their sides shows
that the erosion is transmitted without loss of intensity right up to the
ultimate ramifications of the valley system®®, even when only single
branches of this remain, the greater part having already vanished, i.e.
having become valley troughs on the peneplane.

As the eroding portions, which multiply upwards, splintering as it
were into an increasing number of ramifications, work headward, the
intervalley spurs, like the central regions, become disintegrated into pro-
gressively smaller units. They become pinnately divided into ridge crests,
the 'feathers’ of which are again split up, and so on; and where ramifica-
tions meet from opposite sides, saddle-like passes develop, dividing the
crests into rows and groups of peaks. These are the nuclei of the inselbergs.
This penetration of the eroding portions into the highest, most central
parts of the country—central in relation to the lower courses of the main
streams—together with the incressing ramification, means not only that
the valley density is increased (this is by no means identical with the
river density) but also that the valley courses lengthen. And so the
eroding portions leave behind them lengthening valley sections along
which erosion is growing weaker, so that waning development begins—
and, as before, succeeds in establishing itself along the lower courses of
the main drainage lines. Just as the zone of erosion and, with it, the
whole zone in which correspondingly steep slopes are produced, spreads
from lower reaches of the main rivers towards the most central parts of
the country, so does the succeeding zone of valley widening and slopes
with concave profiles or, more shortly, the zone of waning development.
It arrives there quite independently of what may be happening in the
meanwhile to the general base levels of erosion. If these, for example, are
affected by some renewal of erosion in the water-courses, then waxing
development, with its characteristics, sets in afresh in the lower courses
and spreads up-valley along the drainage system; but that does not pre-
vent waning development from meantime reaching into the neighbour-
hood of the watersheds. However, it is clear that under such

L] F.M.A,
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circumstances waning development in the regions of the lower courses of
the streams has not been completed and cannot be simultaneously nearing
completion in the most central areas. For the steeper slope units which are
nising up from the watercourses now incising themselves imtensively,
push vigorously upwards in the direction of the intervalley divides; and
on reaching the tops of these, they swallow up the fatter concave form
associations before these have been reduced to that degree of Aattening
which it is possible to reach there (a consequence of the difference in the
intensity of denudation on steep slope units and those that are less steep;
see p. 71, and chapter V1, section 7, p. 155),

The inselberg landscapes of the continental areas, however, are charac-
terised by the fact that they exhibit form associations of twaning development
which extend over very vast areas of tectonically uniform parts of the earth's
crust; and they stretch with equal completeness from the lower courses of the
main lines of drainage, swhere the development is already complete over wide
areas, up fo the most centrally lying parts where it is nearing sts completion,
This 1mplies that the general base levels of erosion must have remained
in relatively unaltered positions throughout very long periods of time2o".
There is thus a deep-seated, fundamental difference from those zones
which show the characteristic land forms of waning development, but are
confined within exceptionally narrow limits; they are to be found on the
top of very many mountain ranges (broad folds) in mountain belts, espe-
cially in the arid and semi-arid provinces, or on the high parts of the
German Highlands and Scarplands. Here, the region of waning develop-
ment, always narrow, is everywhere separated from its present general
base leve! of erosion by a zone of steep slopes, a zone of renewed or in-
creased erosion. It 1s only exceptionally and where there are favourable
circumstances (e.g. the character of the rocks—Scarplands) that the
waning development attains its goal, peneplanation, and scarcely more
than the upper or headwater districts of the valley-net belong to its
domain.

Whenever there are valley stretches along which erosion has ceased,
the steep alope units retreat, and slopes with the least possible gradient
broaden out at their expense. The projecting intervalley SpUrs are nar-
rowed, the extremely gentle slopes merge into one another around them
and over the previously mentioned saddle-like passes; they meet in softly
curving flattish divides between the valley troughs, now become wide
and shallow. In this way the peneplane grows at the expense of the inter-
valley divides, the relics of which remain visible for 2 while as inselbergs.
These usually form a zane lying between the completed peneplane and a
central more or less continuous mountainland, It is quite analogous to
the zone of residuals which occurs in front of the retreating edge of an
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escarpment (see Plate VIIL, illustration 2). This zone of inselbergs nat-
urally appears first in those places to which the waning development
penetrated earliest. This is the case for the regions under discussion, in
the neighbourhood of the lower courses of the main lines of drainage. As
waning development spreads towards the central parts of the area, the
zone of inselbergs also advances in the same direction. Meanwhile the
inselbergs have already disappeared from the region of the lower courses;
and, in the source region, valley dissection of the continuous higher-jutting
country is gaining ground, Thus, as has been mentioned, the position of
the inselberg zone is between the central mountainland and the con-
tinuous peneplane surrounding it; and it ceases to be so only when the
central mountainland has itself become disintegrated into inselbergs.

Erosion and denudation work at a slower rate where the rocks are
resistant. Such rocks become visible as eminences above the surrounding
country when this, on account of its slighter resistance, succumbs more
quickly to the wearing-away process. It is therefore to be expected, and
has been confirmed by observation, that with waning development the
intervalley divides remain longest preserved as upstanding heights when
the district is one of strong rocks, and that the insclbergs tend to be asso-
cisted, as by preference, with such zones of more resistant rock. The
designation ‘Hdrtling’ refers to this®®®, It is, however, a mistake to think
that inselbergs must always be 'Hdrtlinge' —or ‘monadnocks’ as the
Americans call them—and such a view by no means corresponds to the
facts®, T'he inselberg type of scenery also develops on perfectly homo-
geneous crustal material, if only the necessary conditions are present for
undisturbed waning development. It is an absolutely normal link in the
series of denudstional forms through which a portion of the earth’s crust
passes if its general base levels of erosion (which may be the local ones)
remain in a relatively stable position for a long enough time. The insel-
bergs themselves are relics of the highest parts of the country, where the
steepest slope units have been longest preserved. They are relics of inter-
valley spurs, which after their disappearance leave behind further inter-
valley divides, but such as then belong to the surrounding peneplane.
This is an end-peneplane, a realisation of Davis’ peneplain,

The process of waning development is completely independent of
climate. The sole factor needed for its occurrence is the weakening
of erosion: the sole factor needed for its completion is the elimination of
endogenetic influences from the processes of denudation. These influ-
ences. would be expressed in relative fluctuations of the general base
levels of erosion, and would be propagated upwards from them, follow-
ing the drainage net. They may be absent either because the general base
levels of erosion remain for sufficiently long in a relatively fixed position;
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or because the areas subjected to waning development are separated from
the general base level of ervsion by the sufficiently slow working-back of
steeper types of land form and of breaks of gradient in the longitudinal
profile of the main streams (forming local base levels of erosion), Both
cases lead to the formation of inselberg landscapes and peneplanation of
wide stretches of country. Thus neither the genetic relations nor the ob-
served facts afford even the slightest support for the view frequently put
forward that the origin of inselberg landscapes is connected with a special
type of climate or with a change of climate. Typical inselberg landscapes
are already known to exist in almost every climatic belt. In South
America they stretch from subtropical Uruguay to the completely trop-
ical Guianas, and they are a speciality of the Brazilian shield®®s. J.
Walther describes them in North Africa at the junction of the Nubian
Desert and the Sudan (Kassala Mountains), and compares them with
those of the Coromandel coast which has its ume of drought in winter
only®®®, Even as far south as South Africa, they have long arrested the
attention of travellers in the east, west and south-west of that hot con-
tinent®®. They characterise the Deccan®™ and turn up again in Aus-
tralia. They are distinctive not of any one climate, but of the continental
masses. "Their origin, as well as their extensive development, is based
upon thé properties of those rigid crustal areas which have been long
withdrawn from the processes of mountain building. They are not found
in the mountain belts nor in the adjoining parts of the earth’s crust in-
cluded in their movements. Thir is the problem presented by the insel-
berg landscapes;

It must, however, be mentioned that in some details of their charac-
teristic features there are differences which may be traced back to clima-
tic influences. There is general agreement in stressing the sparseness of
the soil cover, not only on the slopes of the inselbergs, but also on the
peneplanes of countrics where vegetation is scantily developed or where
conditions are actually hostile to it. As F. Behrend, E. Obst, G, L.
Collies®* and more particularly H. Cloos have pointed out, this is a
consequence of the spreading out of rainwash over the whole surface, so
effecting a comparatively thorough and mapid removal of the reduced
material from even very slight slopes. 1t thus lays bare extensive denuda-
tion surfaces and keeps them continuously exposed. This, as was shown
on p. 143, reacts on the shaping of the foot-slopes of the inselbergs.
In areas where precipitation is rare, but not too rare to find a surface of
artack—especially in the semi-humid and semi-arid regions—these ac-
tually show a sharper concave curvature than in the case of inselbergs of
the same type but overgrown with a continuous cover of vegetation.
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4 PIEDMONT FLATS AND PIEDMONT BENCHLANDS
(PIEDMONT STAIRWAYS)

Though this has so far remained quite unnoticed, the forms charac-
teristic of inselberg landscapes are strikingly connected with other form
associations found upon tectonically uniform portions of the earth's
crust, when these belong to a definite type including, amongst other
examples, the German Highlands. A distinction must be made between
the form associations occurring on the heights between the valleys that
are sunk in the highland, and those of the valleys themselves. The former
only will be considered here. In some places, dissection by somewhat
recent valley furrows has already advanced so far that the old form asso-
ciations, characterised throughout by their very much more gently in-
clined slopes, have already been entirely removed from the intervalley
divides, and replaced by the steeper slope units that are working their
way up from the valley incisions. This is especially the case on the
sloping sides of the German Highlands. Yet not throughout. The com-
pletely dissected western slope of the Black Forest, disintegrated into
rugged mountain country with forms of intermediate steepness, stands
out in contrast to the eastern slope which is almost intact, especially in its.
southern sections. And in spite of the way in which valleys have pene-
trated into that side of the mountain block overlooking the Rhine, such
considerable remnants of its older form associations are still preserved on
the intervalley divides that it is possible to diagnose them and to fit them
into their place with certainty. It is the same with the western descent of
the Fichtelgebirge. What can there be seen as more or less extensive
remnants, on the heights between the deeply sunk valleys, is still visible
in continuous form on the wide-stretched northern slope, where it is
only just notched by occasional valleys and their still short, backward
working, side branches.

{g) Tue Harz

But little has been preserved of the former northern and southern
slopes of the Harz mountains; more, proportionately, of its summit. The
flattish forms of this join with a sharp break of gradient the steep slope
units originating from the valley courses (of the Oder valley and Bode
valley type) that invade far up into the body of the mountain mass. The
breaks of gradient here are just as sharp as those which have arisen from
the numerous and often short, sharply V-shaped valleys at the actual
edge of the mountain mass. Convex slope profiles are characteristic of
the entrenched valleys which, at the mountain edge, are so close together
that their steep slopes have already met on the intervalley spurs. Thus,
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the ancient land forms of the summit are narrowed down—having been
already removed from the edges of the highland mass; hence the impres-
sion of mountains which they give; and it is only between the larger
valleys, standing well spaced from each other, that the summit landscape
extends as fur as the edge of the massif.

The land forms of the summit are characterised by the concave slope
profiles of waning development, except for occasional sharp V-shaped
valleys (of very recent origin) which reach up the sides of the inselbergs.
This holds throughout, being true also for all the side branchings of the
valley network. The general form is an undulating peneplane, traversed
by very wide shallow valley-troughs. Above it there rises a still continu-
ous group of mountains, relatively steep-sided—the Brocken, with its
associated summits—as well as several lower, not very steep elevations,
which may be adjudged 1o be of the nature of Harthinge (Auerberg,
fiear Stolberg, i typical; & volcanic stump of Permian quartz por-
phyry)®*% Some of these latter show an unmistakable connection with
definite types of rock (Achtermannshéhe is of metamorphic rocks of the
grunite contact halo; Schalke, south of Goslar, and the high ridge of Acker
as far us Bruchberg, are of Kahleberg quartzite of Lower Devonian age).
However, this adaptation to rock material decides merely the delimita-
tion of such heights, not their relative altitude; for similar rocks and
zones. of resistant material likewise take part in the composition of the
surrounding peneplane. Furthermore, this peneplane extends over parts
of the massif of Brocken granite, which also forms the core of the central
highland—here there is absolutely no connection between upstanding
parts and the character of the rock—and it extends right over the Bode
granite stock, Yet granite is by no means a specially resistant rock!

The central mountainland of the Harz does not owe its existence to
-any particularly resistant type of rock; it is not & group of monadnocks of
resistant rock, but higher standing country dissected by valleys. Its inter-
valley spurs are associated with zones of strong rock, where these outcrop at
or siightly above the existing mean level of the intervalley divides™s, The
same is true for the peneplane, the resistant monadnocks of which lie at
another level, and naturally have a smaller relative height and flarer
modelling than those of the central mountinland. Tn general: the charar-
ter of the rock; and the way in which forms are adapted to it, does wot deter-
mine their mean relative height, but does decide the arrangement of the
miervalley divides, And wonadnocks of resistant rock, ie, isoluted eleva-
tions, project above them only when the outcrop of the more resistant tvpe of
rock occurs b or just above the existing general level of the intervalley
divides, a level echich has been determined by other circumstances.

On the north side of the central mountainland the peneplane is only
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narrow; but it 1s extremely clearly developed (in this case on the Brocken
granite, on its metamorphic aurcole, and on the Kahleberg quartzite).
Southwards it occupies a wider space. Towards the east, it stretches out
evenly over the mountain mass from its southern to its northern edge.
Thus the land-form character is the same as that found in the inselberg
landscapes of continental regions, and the arrangement similar. How-
ever, not only is there the absence of a seénse of spaciousness but, above
all, of the characteristic signs which, in inselberg landscapes, force upon
one the conclusion that the general base level of erosion has remained
fixed for a long period of time: viz. the completion of waning dt:vclnp-
ment in the regions of the lower courses and at the same time its carrying
through into the headwater regions. Only the latter can be observed in
the German Highlands and in the Harz, it is only the headwaters of the
drainage system that belong w the highland landscapes. The lower
courses, on the contrary, leave the mountain areas in deeply incised
valleys, thus indicating that at the mountain edge the general base levels
of erosion do not remain in & relatively fixed position.

The history of the valleys shows that this evidently has always been
so. By following up any of the deep valleys that are working further and
further into the mountain mass, 4 zone is reached, at a varying distance
from its edge, where the gradient rapidly increases and the steep convex
slopes approach close together. Above this, a break of gradient in the
longitudinal profile must be crossed. This denotes the spot up to which
the latest and relatively youngest eroding section has worked back. The
valley continues upstream with a gentle gradient, a greater width and a
slighter depth—now bordered by concave foot-slopes into which the
convex curves of the upper valley slopes pass downwards—until a fresh
zone of increased gradient, increased narrowness, and again convex con-
verging slopes lead to a higher-lying break of gradient. Then one finds
oneself in a still wider, shallower trough-valley, the concave slopes of
which, however, change as before into convex curves towards the upper
parts. In this way, by steps becoming ever lower and gentler, steps
which are expressed us an alternation from steeper to lesser gradients,
the wide shallow valley-troughs of the peneplane are reiched. Their
flattish slopes are concave and widely opened-out. The concavity, here
too, does not reach up to the divides between the valley-troughs, but
gives place in that direction to 3 convex curvature which, for all the flat-
ness of the slope units, cannot be overlooked* %,

The type of valley just described, which is constantly repeated, but
which, however, comes out distinctly only in the valleys of older origin,
is characterised by having several breaks in its gradient. These separite
from one another stretches of river-bed, which are concave in form, but
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which join together to give a curve that 1s, on the whole, convex. The
vertical intervals between any two breaks of gradient generally become
smaller from below upwards. In this direction the sections of steeper
gradient become shorter and less steep so that it is the peculiarity of con-
cave portions of the profile to have smaller mean gradients the higher the
valley to which they belong (shown diagrammatically in fig. 13). The
uppermost member of the system is a valley-trough, frequently without
any stream, on the peneplane itself.

Thus eroding sections of various ages, which can have originated only
one after another at the general base level of erosion, move upstream,
behind one another, along one and the same valley furrow, The point, up
to which each of those portions has cut back, up to which each has
carried into the body of the mountain mass a deepening and steepening
of valley and slopes respectively, is visible in the form of a break of

# Dreaky af prafient rw tha Longinuadinal profily 2=3 Tramuerse proiiey By Prucplane Ry Modium relief

Fio. 13,

gradient®*, There is no difficulty in recognising that the eroding sec-
tions, which follow one another downstream from the upper reaches,
represent not only a simple series as regards age, but g series of increas-
ing erosion, increasing valley deepening and increasing steepness of the
valley slopes. This development begins with the formation of valley-
troughs on the peneplane, a conclusion permitted by actual observation.
The slope profiles of these prove beyond doubt that the flattish forms of
the peneplane have not been derived from the flattening of once higher,
steeper elevations, but conversely, that their forerunners had even
gentler slope units which are still preserved on the watersheds between
the valley-troughs. These latter are therefore very ancient stages of the
valley history which has been trending towards dissection, Consequently
the peneplane, in spite of the agreement of its form-characteristics in
many of their features with an end-peneplane like that of the widely
spreading inselberg landscapes found in continental regions, cannot
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however be one. It does not, like these landscapes, replace higher pro-
jecting parts of the country, now vanished. And, in addition, in spite of 4
formal similarity, the central mountainland of the Harz is not analogous
to such relics of a higher surface as are found in inselberg landscapes. For
it never had the wide extent which is today an intrinsic property of the
pencplane. However, this does indeed widen at the expense of the
mountainland, which it penetrates in the form of valley floors, as soon as
waning development sets in there. This has come about not because the
general base level of erosion remained in a state of relative rest, bt
because the central mountainland has been separated from that base level
of erosion by the insertion of more steeply inclined eroding portions
along the courses of its main arteries of drainage. Since the first, oldest
system of breaks of gradient arose in the longitudinal profile of the
streams, the further denudation and development of peneplane and
mountainland, and dissection of this latter, have taken place in relation
to those breaks of gradient, uninfluenced by the behaviour of the general
base level of erosion. These are local base levels of erosion for all tribu-
tary streams and slopes and, as will be shown later, they do not experi-
ence any relative lowering, Their first appearance, therefore, signifies
the change-over to waning development, which has, since then, been the
predominant type in the sculpturing of summit landscapes, and will con-
tinue to be so until their destruction by backward working dissection.

For that type of peneplane which, like the high country of the Harz, sur-
rounds a central mountainland, toe will use the term piedmant flats.

A preliminary survey of the Black Forest and the Fichtelgebirge shows
that here, too, there is a central mountainland disintegrated into indi-
vidual domeshaped hills and surrounded by a peneplane. Since both ele-
ments are composed of the same rocks, there is no question of Hartlinge,
and so it seems as if the conclusion might be drawn that those highland
landscapes, above their dissecting valleys, consist of a central mountain-
lind and a piedmont flat, Indeed the history of the valleys and the
development of the slopes prove quite clearly that the peneplanes are of
the same type as in the Harz and are not end-peneplanes, However,
closer investigation reveals the new and surprising fact that it is not a
single peneplane which covers the summits and slapes of the highlands
in question, but that here there are several peneplanes of the tame type
recurring step-fike one above another. Such an arvangement may be called a
piedmont staireway [or piedmont benchlands],
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(f) PIEDMONT BENCHLANDS

This type can be studied particularly well in the Fichtelgebirge and on
its northern slope. Only the main features will be given here, details
being omitted*?,

The central mountainland consists of a widely extending group of
individual elevations, only loosely connected with one another, which are
grouped around the headwaters of the Eger and Résluu. It is advanced
far towards the western edge of the Bohemian massif, and towards this
edge relatively short, deeply dissected slopes lead down, to end abruptly
abave the marginal fault. Reference will be made in another connection
to this marginal zone, in which the relutively unmoved Mesozoic fore-
land is lying right up against the underlying pre-Mesozoic structure that
has been powerfully uplifted and is rising even more vigorously at the
present duy. To the north, east, and south, on the contrary, the land falls
away only very slowly, after the manner of the gentle slopes of a flattish
dome, the axis of which culminates in the Fichtelgebirge and is con-
tinued north-eastward in the Erzgebirge.

Two different types of land forms occur amongst the elevations of the
central mountainland: (1) Those with sharpened crests which, when they
are composed of the Fichtelgebirge granite, frequently end in tors sur-
mounting flanks of concave curvature (the type of Kosseine, Rudolf-
stein, Grosser Waldstein, Hoher Matzen; and (2) dome-shaped mountarns,
the most striking characteristic of which is the convex rounding thst
appears above the concave slopes and leads aover to wide-stretching,
almost level surfaces crossed, in the summit region, by extraordinarily
shallow troughs. These dome-shaped mountains belong to two indepen-
dent levels; the lower one (at sbout 870 to goo metres above sea-level:
the ridges between Grosser and Kleiner Waldstein, Hochhaide, Platte,
the western extension of the Ochsenkopl) is separated from the upper
(Ochsenkopf, Schneeberg over 950 metres) by a zone of rather steep,
convex slopes and remarkably steep valley furrows, The flat surfaces at
both levels possess each its own system of valley troughs showing a very
slight gradient, "These are the uppermost parts of valleys which, on the
slopes, are V-shaped, steep-sided and becoming deeper, in general terms
the highest ramifications of all of the whole valley system. ‘Thus there
can be no doubt whatever that the surfaces are not isolated fattish land
forms, but fragments of a flattish form association. Those at the goo
metre level occur all round the land which projects above that height.
The accordance of altitudes, buf in especial the Fmitation both upwards
and dovoneards by the same zones of convex systems of slopes, vohich separate
them from corresponding levels of flattish form associations above and belors,
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* make it certain that the fragments of flattish relief occurring at the same
height are parts of one and the same peneplane (P;in fig. 14).

But it is not, after all, the highest and oldest peneplane of the moun-
tain mass. The highest domes, Ochsenkopf and Schneeberg, have in
their turn considerable relics of a higher one from which isolated tors—
insignificant but clearly recognisable remnants of @ mountainland once
rising above it—project above the fattish intervalley spurs that belong
to it. The record of the history of these mountains begins, therefore, with
the features of almost completed waning development which are 1o be
found at the summit of the highest and oldest elevations. What is pre-
served of the peneplane has the characteristics of an end-peneplane (P,
in fig. 14), which has spread at the expense of some sort of mountainland.
Of this lutter only a few rather steep slope units remain. Nothing has
been preserved to show the waxing development which must have pre-
ceded the waning development that is continuing to the present day in
this oldest part of the mountain mass,

Similar conditions are found at the lower level. The peneplane Py at
one time uninterruptedly surrounded a ‘central mountainland’, of which
only the highest elevations still bear relatively restricted remains of the
oldest flattish relief (P,). The lower peripheral elevations no longer show
anything of this, Here the steep concave slopes rising up from the Py
surface already intersect in sharpened crests (e.z. Kosseine); or else—in
the closer vicinity of the highest projections—what remains of it are
merely isolated rather steep slope units on the top of the flattish inter-
valley spurs of the Py surface: the granite tors®®. This means that the
waning development, which started from the P, surface, has been aimost
completed in the peripheral region of what was once the central moun-
tainland, but in the innermost part of it is still a considerable distance

‘The progress of the waning development is associated with shallow,
but fairly steep-sided erosion furrows, which reach back up the slopes of
the dome-shaped mountains and debouch on to the P, surface, this being
their nearcst level of reference. In addition to them, there is a consider-
able number of larger, deeper, and more steep-sided valleys, V-shaped
in cross-section, which start from different yet always Jower levels of
reference (local base levels of erosion); and it 1s quite clear that they cut
back more vigorously the lower the altitude of their reference level.
Valley courses, which have dissected the P, surface also into separate
fragments, act as such levels; and naturally they could become the start-
ing point of these V-shaped valleys only after they themselves had
worked right back to the most central part of the mountain mass*®. In
the region of the upper courses of the Eger and Réslau, two such levels
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can, in the main, be observed. These are [1], the very broad, undulating
heights with an exceptionally level appearance, found between the sunk
valleys of the Eger, Roslau and their tributaries, and [2] these valleys
themselves. The tops of the intervalley divides have their own system of
exceedingly shallow, often swampy and peaty valley troughs, and keep at
an even height throughout (on the average 670 metres), They are broad
fragments of a uniform peneplane which extends over granite, gneiss
and quartz phyllite indifferently. In the Kessel von Wunsiedel, framed
round by the central mountainland, it has a gentle general slope fram the
foot of Schneeberg (slightly over 700 metres) eastward to about 630
metres; and low Hartlinge (felsite porphyry of Thierstein) and relatively
recent outpourings of basalt project here and there above it. The wide
trough-valleys of the Eger-Roslau system are sunk into this Py surface
(fig. 14); their most recent lateral branches, bordered by convex slopes,
are working back to the intervalley spurs and effecting their progressive
disintegration.

In the form of wide valleys the Py surface leads between upstanding
parts of the central mountainland in the Markt Redwitz district south-
wards into the region of the Naab, westward over Weissenstadt-Gefrees
to that of the Main, and northwards between Kornberg and Waldstein
to the Saale ares; and it is thus in uninterrupted connection with the ex-
tensive north and south slopes of the mountain mass, This connection is
not destroyed nor rendered unrecognisable by the fact that very much
narrower, vounger valley furrows are sunk in the above-mentioned gaps.

North of the central mountainland the peneplane Py is the dominating
form element. Characterised throughout by a uniform flatush surface,
made slightly undulating by valley troughs, it goes on from the edge of
the central mountainland, where its intervalley divides reach approxi-
mately 700 metres, over the Miinchberger massif of gneiss and the
surrounding Palacozoic outcrops of the Frankenwald and Vogtland north-
wards as far as the Schiinberg-Mehltheuer-Syrau district to the narth of
Hof, where its intervalley divides lic at a mean altitude of only 360
mietres. It has a general slope northwards, and ends in the district named
as a multilobate edge (a 2one of steeper convex slopes); while, lying in
front of this, groups of hills and inselbergs, cut out from the peneplane,
witness to its once far greater extension northwards. We shall refer later
to this and to its present state of dissection into valleys.

The P, peneplane not only borders the high parts of the central
mountainland which carry the flartish relief P, but trenches upon this
in the form of valleys. It thus denotes a level from which there onginated
the first definitely established dissection of the higher parts of the land
by valleys. The dissection of the P, surface into separate fragments goes
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back to these far distant times and has been in continuous progress right
from the beginning up to the present day. It has been brought about by
waning development. Concave slopes lead up from the P, surface, where
it borders on higher rising country. They already intersect in sharpened
crests, crowned by crags, in places where the side valleys debouching on
to the P, surface are sufficiently close together (Hoher Matzen, Epprecht-
stein); here and there, the higher parts of the country have already been
completely removed, except for crags. Mention must be made of the low
block-like summits, crags and boulder heaps set upon the intervalley
divides of the P, surface as found, for instance, on the heights between the
entrenched valleys of the Eger-Réslau system®, Here, too, the Py sur-
face directly adjoins the main mass of the highest elevations, on the
flanks of which (cast side of Schneeberg) particularly steep concave
slopes (with a sharp convex break of gradient) lead up to & highland
which correspands to the upper level of crags (about 880 metres) [P, in
fig. 14].

We can now recognise the following general relationships: each pene-
plane of piedmont benchlands continues in the form of valley-foors into
the regions rising up above it. Each lower peneplane is thus the level at
which dissection starts for the zones where the upper surface is a higher
peneplane. Every lower peneplane must therefore in its origin be younger
than the next higher one, and the highest parts of the country are also
the oldest areas of denudation. Dissection by valleys is a consequence of
erosive incision. At the present day—and apparently always—this is
associated with the steeper slopes which connect two peneplane levels. It
i8 there that convex valley-side profiles and convex longitudinal profiles
occur in the headward cutting tributary valleys. In short, the peneplane
levels are separated from one another by zones of convexity. The erod-
ing portions that are working backwards find their searest reference level
an the next lower peneplane, on to which they debouch (leaving out of
consideration the younger valley courses that are already dissecting that
surface). The eroding sections leave behind them zones of decelerating
or of completed erosion. The waning development starts, therefore, on
each lower peneplane, and spreads upslope from it. Predmont benchlands
are thus characterised by zonal alternations of the features of waxing de-
velopment (convexity) and of waning development (concavity), as they have
been followed through in what has been said above. With such an arrange-
ment, therefore, each peneplane is in fact related to the one next above it
in the same way as u piedmont flat 1o its central mountainland., Just as in
such a system of waning development, the central mountainland dis-
appears along its edges, and the piedmont flat spreads at its expense, so
does each peneplane of a piedmont stairway spread at the expense of the
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next higher peneplane step. This latter 12 progressively disintegrated
into a mountainland by the invading valleys, and the watersheds between
these valleys become incréasingly notched and dissected, till finally
nothing is left of them but inselbergs. These, therefore, are always to be
found in a zone in front of the lobate edge of each peneplane step, and
their height accords well with that of the step or is lower. ‘This may be
particularly well seen in the northern sections of the Fichtelgebirge (and
Erzgebirge) slopes. As soon as the conditions for waning development
occur on-a penéplane (viz. separation from its own general base level of
erosion), each one of the whole piedmont series spreads in consequence
towards the higher and older regions; at the same time, it 1s narrowed
down by the next lower step, is disintegrated into a2 mountainland of
accordant height, and finally removed. Thus each piedmont flat has a
part lying towards the higher country (& proximal part), which has the
characteristics of an end-peneplane. This is the part which grows so long
as anything remains of it and of the land rising up above it.

It can readily be understood that the downrght ‘eating up' of the
peneplane, by the step next below it, must have reached the maximum
amount at the places where denudation, in the form of waning develop-
ment, has been acting longest (counting night up to the present day).
This is the case for the highest and oldest parts of the area: of the P,
surface in general, only such fragments still remain as correspond to the
proximal part, which has the nature of an end-peneplane, Of the Py sur-
face, there are substantially larger remnants and the greater part of them
lies outside the zane of crags (Waldstein nidges—Kornberg, and western
foreland of Ochsenkopf and Schneeberg), It is at least unlikely that they
are of the nature of end-peneplanes. By far the greatest pan of the P,
surface is of just the same type as the Harz peneplane, in view of its
analogous features. This is undoubtedly the case in the region of the
Miinchberger gneiss™.

The lobed northern edge of the Py flat (north-west of Plauen, Vogt-
land) rises less sharply than the upper steps. Extremely wide trough-
shaped valleys invade its domain there®™?, and dissect it into no less wide
intervalley spurs. However, in the region considered, these no longer
exhibit an undamaged peneplane; but they are in their turn dissected by
the shallow trough-shaped tributary and headwater ramifications of those
villeys into a disturbed hummocky landscape, the summits of which at
first reach almost to the height of the Py surface (about 560 metres),
becoming, however, noticeably lower to the north, In this direction there
is a complete breaking down into inselbergs, which look as if they stood
on the intervalley divides of a lncer peneplane (P, in fig. 14), North of
the nurrow inselberg zone, this extends unbroken and absolutely flar=s,
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disappearing under the Tertiary and then under the Pleistocene materials
of the lowland embayment of Leipzig.

The arrangement is again characteristic: the P, surface continues, in
the form of valley floors, into the step on the top of which the higher
peneplane extends, and in front of which there is a relutively narrow strip
set with inselbergs, The two peneplanes are separated from each other
by a zone of steeper convex slopes which are nevertheless not so high
and are noticeably less steep than the analogous zones between the
higher peneplane levels (PP, P.-P)).

Peneplane Py, also, has a general slope down towards the north
Near the edge of the step next above it, there are the intervalley divides
belonging to that surface at a height of about 500 metres, at 450 metres
or less in the neighbourhood of Zeulenroda-Naitschau™?, sinking down
northwards to 4oo metres {south of Triptis and Weida) and further to
350 metres (north of Triptis) and 300 metres (around Weida), Here,
where the Elster, Weids and Auma unite, the peneplane is preserved
only in narrowed fragments on the heights between the shallow valley
system entrenched in it. But it can be clearly recognised, and that not
only on account of the system of valley-troughs which is peculiar to i,
but particularly by the aid of the Tertiary beds, which transgress from
the north as far as that *%, The peneplane in this belt passes from the
folded Palaeozoics (Cambrian to Kulm) over the Zechstein on to the
Lower and Middle Bunter sandstone.

The Tertiary beds which transgress farthest southwards over the P,
surface belong to the upper stage of the continental Lower Oligocene.
The lower division of this (which may, however, already be of Eocene
age) did not stretch out so far. It, therefore, does not appear on the
mountain slope till a slightly more northerly latitude has been reached:
and in the area where it is best developed, the lowland embayment of
Leipzig, consists of clays, fine sands (or quartzite) and intercalated seams
of brown coal. By contrast, the further-reaching upper division is charac-
terised by the coarser facies associated with proximity to the mountain
mass; it consists of fluviatile sands and gravels, the composition of which
points to long continued transport (not necessarily from a great distance).
Its lower surface i anything but a plain. Apart from the slight inequali-
tics which result from the mantling of the system of valley troughs be-
longing to peneplane Py, one can notice a gentle sinking of the surface of
transgression at both sides (not, however, tectonically conditioned) to-
wards the valley of the Elster near Weida and south of it; an old, very
wide and shallow valley course, into which the Elster and its meanders
have been sunk, has been filled in by Oligocene material. Within this
valley track and a few of its side branches (e.g. near Netzschikau) the
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Tertiary penetrates far southwards to Olsnitz, south of Plaven; and
there, on a very pronounced ledge on the valley side, high above the
Elster, it reaches to more than 4oo metres above sea level®3, It is this
valley track, the most important, the largest and therefore also the deep-
est, still followed at the present day by the Elster, which belongs to
peneplane P, and from it has invaded the higher region to the south®*,

This situation is significant for deciding the uge of the peneplanes. If,
where the exposures preserved in this area scem to justify it, one dates
the peneplane P, as of Lower Oligocene age, then it 1s quite clear that
such an age can apply only to the P, surface and to some former stages of
the valley dissection of the higher parts; the higher pencplanes which
occur there must, on the other hand, be in every case older—and in parts
substantially older—so far as thetr origin 1s concerned®™, This latter must
be stressed, since we have recognised that every peneplane helonging to
a piedmont stairway, any peneplane at all above which higher land rises,
is continuing to grow, up to the present day, and must go on growing
until the higher upstanding parts vanish, however far back its first
appearance may reach, Therefore even extremely ancient peneplanes of
this kind always possess parts which have a geologically recent origin.
Though their existence can be established, they cannot, however, be
distinguished from the older parts.

Before looking for further evidence as to the date of formation of the
peneplanes, let us cast a glance at the present dissection by valleys, the
history of which adds substantially to the picture so far gained of the
piedmont stairway. All its steps are sharply incised by valleys, younger
in origin than those cutting through the peneplane levels bounding them
at either side [i.e. top and bottom]. The arrangement and characteristics
of the peneplanes are preserved intact and uneffaced only in those parts
of the watershed regions between the muin valleys which are far from
the streams themselves (in this case the Saale and the Elster). Side
branches from these push upwards towards the main intervalley divides,
and disintegrate the peneplane steps on them in the same manner 4s can
be observed at the frontal edges of the peneplunes, This is happening
not only today, but has been happening all the time from the moment
when one of the mam watercourses began to cut through the individual
peneplane levels, Thus along the main valleys the features, including the
forms, of valley dissection are analogous to those at the corresponding
level on the frontal edges of the piedmont flats. Here and there it is pos-
sible to identify them, since dissection by valleys follows certain rules, in
the same way as has been already shown for the Harz, Identical stages of
valley dissection have not only concordance of form, in longitudinal and
transverse profile. They are also separated from stages, both above and below,

o
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which have forms concordani with one another, by similar convex fragments
of slape or zones of slope (in the valley cross-section), and by similar convex
breaks of gradient (in the longitudinal profile). The most reliable starting
point for the investigation is the uniform level established for a particular
peneplane.

Following the main valleys upstream, one quite usually comes to
zones of decreasing valley depth, increasing valley width and diminished
gradient of the valley slopes, "T'he same arrangement is found in all the
‘side valleys, so that their headwater branches have absolutely the same
charucter as the headwater reaches of the main rivers. They show the
oldest, earliest stages of valley dissection; at their lower ends appear later
stages with greater depths and especially with steeper side slopes. These
have not worked so far upstream, and they are separated from the first
group and from one another by breaks of gradient, steeper reaches of
backworking crosion. Along the main valleys, and along those tributaries
very plentifully supplied with water, these breaks of gradient hardly ever
occur, and have never been established with certainty, The reasans for
this will later be found to lie in the mass of water and in the length of the
stretches of valley along which the gradients and the differences of
gradient are distributed. Entry on older stages of stream dissection is
here revealed primarily by the lessening of the gradient and of the height
of the valley flunks, even when these rize directly from the down-cutting
stream. On the other hand, in the shorter side branches, the breaks of
gradient are developed very clearly; the loors of the older stages of valley
dissection—now cut into by headward erosion—can often be traced as
terraces close to the headwater region, i.e, in the ares of the very early
phases of the valley history. For the whole valley system the rule applies
that eroding portions are steeper and have a greater difference in altitude
between any two breaks of gradient, the lower the level to which they
belong, i.e. the later they have arisen at the hase level of erosion. The
system is based upon the valley troughs of the peneplane in the same
characteristic way as in the Harz. Thur it it quite certain that the parts of
the piedmont flats which lie outside the zones of crags or inselbergs, as the
case may be, are not end-peneplanes,

"This applics especially to the extensive surfaces of the P, and P, levels.
The fattish and often streamless valley troughs of the P, surface have
exceptionally flat and broad valley troughs, of somewhat greater depth,
sunk in them. And it 18 only at this level, which may be called for short
the T, stage, that the narrower, vet still always very wide, trough-
shaped valleys work back into the slope towurds the main valleys and
towards the northern edge of the step. These valleys debouch on to the

P, surface and so represent its continuation into the region of higher
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land (*T, valleys’). The T, valleys are an intermediate stage of develop-
ment which intervenes between the formation of the Py surface and the
slightly lower P, surface. And indeed, if the convex and concave frag-
ments of slope are attentively followed along the course of the valley in
question, it is seen that this is really only the most important of reveral
intermediate stages, for which an exit on to the corresponding piedmont
flat (which must lie above Py) has not been observed (fig. 15). On both
sides of the Saale valley above Hof, right up to the foot of the central
mountainland, there are T, valleys, which have caused far-reaching dis-
section of the peneplane{P,), converting it into a hummocky landscape,
and near the main valley almost into an inselberg landscape (see the pro-
file of fig. 14 on p. 204). And the same stage is reached in the region of
the headwaters of the Eger and Raslau at the edge of the highest inner-
most parts of the country. The final ramifications of the whole of the
valley system entrenched in the P, surface belong to this intermediate
stage, Below it the narrower trough-shaped valleys follow as the next
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stage in valley dissection, everywhere well developed and well defined.
On account of this arrangement, it is with the similarly-shaped T, valleys
that they can alone be identificd™*. From the Sasle, which near Hof has
already cut down below this level, steeper stretches of valley are working
back: and in their lower courses these approach close to one another.
The landscape around Hof owes its characteristics to these convex slopes
in the younger V-shaped valleys***. In the Saale valley itself, the bottom
of which is entrenched below the Ty level, there is nothing to indicate
that its present condition could have been brought about in any way
other than the backward working of a uniform portion of the stream with
increased erosional intensity: from the moist alluvial valley-bottom, con-
vex alopes rise up above the concave foot-slopes. Yet if the correspond-
ing side branches are followed upstream, 2 whole series of imermediate
stages, arranged one behind another, is to be found there. All are sunk in
the hottoms of T, valleys; upwards they pass into these, downwards they
are characterised by increasing depth, increasing stecpness of the slopes,
and decressing width, and they also merge into one another. The
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‘intermediate stages', as these observations clearly show, are not separated
phases in the process of dissection, but members of a continuous developmental
series; and this points to the steady nature of the course of the natural events.

This is also shown by the "intermediate stages” lying between the Py
and P, surfaces. They result from the steady action of erosion, which
began at the level of the P, surface. In the longitudinal profile of the
backward-working valley branches, the intermediate stages are to be
found arranged one behind the other, In cross-section they are revealed
even more clearly and may be more easily recognised in the slope units of
decreasing gradient which follow one above the other in the comtinuously
convex curve of the slopes. These begin from the above-mentioned steep-
est slope unit produced by the act of erosion and pass upwards gradually
into the flattish forms of the dissected peneplane. It is not only along all
the valleys sunk in the P, region that this convexity is found; but it
peenurs also along the whole multilobate and incised edge of the P, sur-
face (its end in the direction sloping away from the mountain mass), and
in particular at the inselbergs which lie in front of that edge, These are
characterised throughout by foot-slopes of concave curvature, above
which follows a section of the slope with the maximum possible gradient
having the same inclination everywhere. Abgve this lic convex slopes
decreasing in gradient up to the flattish, often almost level, summit (see
figs. 14 and 15). The magnitude of the difference in gradient between the
flanks and the summit surface, which is sometimes of considerable ex-
tent, makes it impossible for this convexity to have originated from the
rounding of 4 sharp edge. Indeed there is as yet no sharp edge at all, i.e.
the concave slopes of the flanks do not yet actually intersect at the tops of
the inselbergs considered; but the top is formed by a remnant of the flat-
tish forms which, under the circumstances, can belong only to the dis-
sected piedmont flat. Below this there follow in order the siope units of
the "intermediate stages', which are characterised by increasing steepness
—phases of increasing erosion; below that again, as far as the P, surface,
by decreasing gradient—phases of weakening erosion.

Now it has already been emphasised that the inselbergs rapidly
dimimish in height with their distance from the P, step. In the light of
the features established, it follows that this cannot be a matter of lower-
ing by denudation, since that cannot begin until the concave slopes have
intersected at the top of the lull. But nbedously the P, level approaches the
level of the Py surface in the direction of the general siope of the mountain
mass. Both converge in the zone of the inselbergs and originally passed over
into one another (see fig. 16, p. 214), This relationship of piedmont flats
to one another cun be traced between all the lower steps of piedmont
benchlands; it i found on the northern slope of the Erzgebirge,
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especially clearly in the Black Forest, to the piedmont benchlands of
which we shall return in another connection, and elsewhere'=%, On the
other hand, it cannot be traced between the higher steps—not because
the same relationship did not exist there, e.g. between Py and Py, between
P, and P, of the Fichtelgebirge, but because denudation has already
destroved the connection to a far greater extent: the central regions of
piedmont benchlands are always zones in which denudation, in the
direction of waning development, has already been going on very much
longer than in the periphenil parts. Thus, in these central parts the pene-
planes have already extended considerably at the expense of the step
above, and they have even been much shortened themselves by the level
next below. The original boundary zones between the piedmont Hats,
the only places where decisive ohservations are possible, have thus com-
pletely disappeared. It cannot even be established with certainty
whether, between the still existing levels, there once lay intermediate
levels of piedmont flats, which since then have been removed by the
energetic upward working of the valleys and stecp slopes cutting back
from the lower peneplanes. At all events, the fact that the scarps between
the oldest and highest peneplanes are steeper, higher and sharper than in
the periphernl younger parts of the mountain slopes, points in this
direction®

Thaus it becomes evident that the scarps between the peneplanes ure
not an original feature, nor are they in any way connected with previously
formed scarps; but they are the result of a definite process of denudation,
viz. of dissection into valleys, commencing at a lower level of the pene-
plane, which is not an end-peneplane. In this way eroding portions work
back at many places into the region undergoing dissection by valleys,
and carry right into it slope units of increasing steepness. The steepest
of them, which corresponds to the maximuimn erosional intensity reached
in the given case, is also that which develops the most rapidly. It is the
most vigorous in working upslope, extends at the expense of its flatter
predecessors, and so becames the decisive factor for the mean gradient
of slope found on the flanks of all the valleys, side branches and ramifica-
tions. These are therefore uniform in character, are bounded by slopes
having the same average gradient, and preserve this fundamental trait
even after waning development has set in. For, on the one hand, the
slope units retreat from the lines of the drainage net, preserving their
gradient meanwhile; and, on the other, fresh V-shaped erosional valleys
arise on the flanks of the already developed and widening valleys. In
these new valleys, the same erosional maximum is reached as is charac-
teristic of the process of dissection, so long as there are still steeper slopes
leading to land which stands up higher, If side branches meet, they
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detach some ‘complex’ or other from the region which is undergoing dis-
integration. Both valley branches and detached fragments are bounded
by valley slopes of a definite average steepness. The complex that has
been separated off forms inselbergs, and the equally steep slope of the
opposite side becomes 3 part of the scarp face which separates the dis-
sected peneplane from the lower piedmont flat. The scarps between the
various peneplane levels of a piedmont statrway are valley slopes or have
ariginated from such slopes. This explains the character they bear through-
oul: the drvision into lobes, with everywhere the same average steepness, and
espectally the way in which their nature and trend are completely indepen-
dent of the character of the rocks. This last most eonspicuous characteristic
st be particularly stressed.

Since the dissection and the waning development achieve their end
soonest st the edge of the higher region which is suffering disintegration,
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the original border zone between the higher and lower piedmont flats is
also the first to be destroyed and removed. Its place is taken by the zone
of inselbergs, and the part of the lower peneplane that is spreading up-
wards, and possesses the character of an end-peneplane (fig. 16), If ata
later stage of development, this spreading part of the lower surface has—
50 to say—consumed the upper peneplane to such an extent that there
remains only the proximal part of the latter with its end-peneplane
character (like P and P, in the Fichtelgebirge), then they are end-pene-
planes that can be observed rising step-like above one another. It is the
only case of this kind which can possibly occur anywhere on the earth.
It can be produced only from a piedmont stairway, And so we are
brought nearer to the problem which this presents.

The origin of a peneplane is like the origin of the flartish slopes which
stretch from the floors of valleys to their intervalley divides. Flattsh
slopes are associated with those reaches of streamns where the erosion is
sufficiently slow, or, in the limiting case, absent, They meet so as to give
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flattish relief, i.c. form a peneplane, where the whole drainage net of a
denudation area is characterised by an intensity of erosion with values
which lie between zero and a definite upper limit, and remain at this
value, This occurs, and can occur only, when this condition applies also
to the main watercourses, viz. when the streams directly tributary to the
general base level at the edge of a tectonically uniform segment of the
earth’s crust—e.g. one which has heen moved uniformly—have been
sufficiently long without the occurrence of any cause leading to a rise in
their erosional intensity above the afore-mentioned limit, In the history
of any part of the earth's crust, which is exposed to denudation and is
still actually undergoing it, erosional intensities between zero and a
(small) upper limiting value appear twice in those reaches of streams
which are directly tributary to the general base level of erosion—and it is
they alone which matter: (1) at the beginning of each period of erosion,
and (2) at its close. Or, to summarise it more exactly: at the onset of the
causes which compel running water to erode, and at their cessation. The
end-peneplane is composed of the combination of flattish slopes which
occurs as erosion comes to an end. The course of its formation is charac-
terised by progressive Aattening, and is expressed by the appearance of
characteristic features, [t has, on the contrary, been established for pied-
mont flats, that they are not end-peneplanes, but that their development
is in the opposite direction, that of progressive steepening of slopes. This
indicates, not that erosion has gradually died down to an intensity of
zero; but that, on the other hand, there has been an increase from #zero to
the limiting value, beyond which one can no longer speak of a peneplane
as such, but only of its dissection. Peneplanes of this kind have been
called primary peneplanes®™. Their origin can be defined in a general
way as being due to the first onset of the causes of the erosion, causes
acting in such a way that their intensity increases sufficiently slowly from
zéro in the direction of that upper limiting value which has been so
repeatedly mentioned.

The problem of piedmont benchlands can therefore be referred back
to the causes of the erosion, the variations of their onset in space and
time, and the differing degree of their effects. These causes always come
into play for the first time in one zone after another, each zone in turn
having been pushed ever further down the mountain slope; and erosion,
as it began, obviously found only slowly the opportunity for increasing
its intensity. On the other hand, upwards from this peripheral zone,
there are simultaneously to be found the causes of the increased erosion,
and these follow after one another into several zones lying each one above
and behind the other. For each mdividual one of them it can be estab-
lished that erosional intensity increases to a definite maximum. The
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valley’s history shows that these successive maxima become greater. In
our example this is valid right up to the present day for the sharp V-
shaped valleys which eut through the Oligocene beds and the relief
covered in by them.

The transgression of the Lower Oligocene on to the peneplane of the
P, level does not, however, prove it to be of Lower Oligocene age. That
becomes evident [rom the outerops east of Leipzig, where there has been
a slightly stronger mising of the general slope of the mountain mass, so
that its northern edge appears pushed farther out towards the North
German Plam than in the Elster region, Lower portions of the piedmont
stairway have been disclosed in the region of the Mulde. On the divides
between the present valleys, which are not sunk particularly deep, there
appear wide stretches of flattish landscape, portions of a uniform pene-
plane, dissected merely by those valleys in which the P, level can be
recognized with certainty. But the old peneplane is preserved intact anly
beneath the still existing remains of the transgressing Oligocene, Where
this has been removed, there has not been a simple re-exposure of the Py
surface, but some alteration of its form—the change, however, being
kept within narrow limits, The system of valley troughs, going back to
the Oligocene, continues in a similar manner in the stripped substruc-
ture. In other words: the flattish post-Oligocene valleys transmit them-
selves, as it were, to the substructure which bore the P, surface with its
own valley net, sometimes taking a different course, We must therefore
start from the form associations buried beneath the Tertiary.

From the Elster region, the P, level can be followed into that of the
Mulde as a uniform peneplane, It extends from the Variscan folds of
the old Palacozoics, south of Gera, over the remains of the transgress-
ing Zechstein and Bunter Sandstone which are preserved there, on to
the Rotliegende of the Erzgebirge basin, und goes over the Granulitge-
birge and its metamorphic aureole which consists for the most part of
Cambrian schists. Associated with these is a series of Hirtlinge forming
broad humps. Northwards it enters the extensive area of quartz por-
phyry in north-west Saxony, Here, too, it has a general slope downwards
to the north; for the intervalley divides at the edge of the Granulitge-
birge have on the average an altitude of 270 metres (individual Hirtlinge,
such as the Rochlitzer Berg of quartz porphyry tuff, rise above that to
350 metres). whilst northwards in the region of Rochlitz and Mutzschen,
they are only round about 220-230 metres™™,

In the middle of the quartz porphyry district, in an irregulur zone
running on the whole in a north-casterly direction, the evenness of the
rolling Py surface is lost; it disintegrates into a hummocky landacape
with domes of accordant heighs, and finally into an excellently developed



Huhburger Mountai

Horizantal

5

PIEDMONT HENCHLANDS 217

230 1 urerige altitules (in wetrer) of ihe fndividunl levels in the sectinmt comcerned

.P'. .Pilmlw-'_ﬂﬂ'f dplliﬂﬂ

= Intermediate level. Py Valleys belonging 1o the P, urface. 6 Latwert valley lovel, wunk in the flocrr of the Py vallevs

P, .17

zone of inselbergs. When the lower
surface of the Oligocene is mapped,
the following features appear®®* (fig.
17): the Lower Oligocene has been
removed, except for scanty remnants,
from the broad shallow valley troughs
that belong to the P, surface®*.
Trough-shaped valleys, slightly nar-
rower and with somewhat steeper
sides, are sunk in these troughs; and
these often still contain a rather thick
serics of Olipocene beds with rem-
nants of brown coal, These break up
the peneplane into hill country with
low rounded heights. In front of i,
these shallow trough-shaped valleys
unite into & sort of predmont inter-
mediate level invading the P, region,
which is but slightlv higher, in the
form of extremely wide valley courses;
while in front of the P region it forms
a broad continuous platform, and
further to the north surrounds the
inselbergs belonging to the P, level
(of the type of Kolmberg near
Trebsen, Hohburger Mountains,
Oschatzer-Kolmberg, etc.), In the
same direction as the slope of the
mountain mass, that is, in a general
northward direction, the intermedinte
level sinks from about 2oo metres in
the south to about 180 metres north
of the town of Grimma and 150
metres north of Wurzen.

Sunk in the slight valley troughs
of the intermediate level are trough-
shaped valleys of considerable size
and great width filled in some places
with thick Dligmen: deposits. They
are already visible in the neighbour-
hood of the piedmont flat P, (the
height of the valley floor being about
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170~ 180 metres), where they unite in themselves the little valleys coming
down from the intermediate level, and may be traced as continuous
features westwards and northwards, In the last named direction they
visibly dissect the intermediate level into smaller complexes and break
up this too into inselbergs. North of Wurzen, in the Hohburger Moun-
tains, nothing but these are to be found. They are characterised by wide
summit flats, relics of the Hattish forms of the intermediate level. They
rise about 30-40 metres above the battoms of Oligocene-filled valleys,
which, there, are still only ahout 120130 metres above sea level, and
group themselves ardund the last of the inselbergs originating from the
P, surface, In this way they indicate that the latter had for a very long
time been surrounded by a piedmont-like fragment of the intermediate
level; which also, however, had been undergoing dissection up 10 the
time of the Lower Oligocene transgression and had become completely
broken down®*%,

The valleys in question belong to a lower main level, which we may
distinguish as Py; and it can be inferred that it extends as a continuous
piedmont Hat, slightly northwards and westwards of the region con-
sidered, into the basement beds of the North German Plain. This is
indicated by the extraordinary width of the surfaces helonging to it which
are still visible, overlain by Oligocene beds, and penetrate from north
and west in between the inselbergs; it is only further up that they narrow
to the size of individual valley courses of slight depth but noticeable
width. It is further indicated by the coronet of scattered inselbergs
which stand up above the plain, or have been found by boring, and
accompany the northward-dropping edge of the mountain slope. Before
this finally sinks below the Pleistocene deposits of the plain, one becomes
aware of the outliers of a yet lower level, valley courses which are sunk
in the valleys of the F', Jevel. In the Mulde region this lowest pre-Oligo-
cene valley-level is clearly to be seen as far as the junction of the two
branches of the Mulde near Grossbothen, There it lies at an altitude of
ahout 150 metres. Downstream it is best exhibited north-east of Grimma
(near Bahren), where the floor of the valley belonging to the Py level has:
been broken up by various side branches into a miniature inselberg land-
scape (the height above sea level being about 135 metres), Further north-
wards the same valley course leads down into an’ extraordinarily wide
valley, which seems to reach into the mountain slope from the west. It is
filled 1o a considerable depth with Oligocene deposits, overlain by
Pleistocene material, and near Wurzen the altitude of a valley floor may
scarcely reach more than 100 metres. All other connected festures are
mantled by deposits.

We have here a quite characteristic zone of disintegration between
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two peneplane levels of a piedmont stairway: inselberg zone, dissected
regton, scarp, lie one behind the other in the direction of the mountain
ascent, The lower upward-spreading penepline invades the higher
region in the form of valleys. This relationship holds not only between
the main levels P, and P, but also between these and the intermediate
levels—of which only one has been described in detail, though there
seem to be a number of them®%—and between the individual ones of the
intermediate levels, Old levels are separated from one another by zones
of convex slopes and can thus be distinguished. At present all levels are
inclined downwards to the north, all are characterised throughout by the
concave forms of waning development, and the Lower Oligocene trans-
gresses over them all. ‘This shows that the transgression of the Lower
Oligocene is not only later than the time of origin of the P, surface, but
later than the beginning of the phase of dissection by valleys, and so
later than the time when the valleys of the lower Py level came into exis-
tence. It is also later than the long-continued periods when this level was
spreading at the expense of the next higher one (P,). For the Lower Oli-
gocene overlies those parts of the Py surface which possess the charac-
teristics of an end-peneplane and which surround the inselbergs of the
P, level as a wide flat. The transgression of the Lower Oligocene, the
lower horizons of which, containing brown coal, presumably pass down
into the Upper Eocene, did not begin until the early stages of the diz-
section of the Py level o valleys had reached back into the proximal
part of the surface. Thus the origin of the lowest piedmont flat that can
be recognised (P;) is pushed back into the Eocene, and quite obviously
into it older divisions, The P, surface is older still. A lower age limit is
provided for it from the fact that it extends back over the Cenomanian,
as may be seen a little to the north and west of Freiberg in Saxony*™, As
far as this, the Saxon Upper Cretaceous encroaches from the north-east
with the lowest horizons so far known (basal conglomerate, and above
that the Credneria stage and the Lower Quader); it appears to follow a
shallow downfolding of the basement, subsequent further warping down
of which does not seem impossible. In that region anly scanty remains of
the Cenomanian transgression are present, on the tops of the existing
intervalley divides; the flatush relief, which is extraordinarily widely
developed and preserved, here stretches out indifferently over it as well
as over the crystalline basement and the Palacozoie cover of the neigh-
bouring Granulitgebirge, The identity of this peneplane with the P,
level rests not only on its continuous and unbroken connection with this
same surface in the area of the Granulitgebirge—undergoing alteration
of form in the same way as well as to the same extent (see p. 216)—but it
becomes especially evident from the fact that on the one as on the other
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remains of the Lower Oligncene transgression are still found. In parti-
cular they occur even on some of the residuals of the Cenomanian itself**S,

The undersurface of the Cenomantan transgression is on the whole un-
dulating, and in detail, oo, it 1s not perfectly even, but has trifling flat-
tish' unevennesses; consequently there are frequent local fluctuations in
the thickness and facies of the lowest Cenomanian horizon, and the out-
crop of the transgressing surface with its almost horizontal arrangement
of the beds is only approximately like that of the autcrop of a horizontal
bedding plane.

The arrangement of the facies, however, uniformly shows this funda-
mental feature: towards the south-west the clayey-sandy facies of
material deposited at a distance from the highland changes into one of a
sandy conglomerate. In the Freiberg district, the basal conglomerate
ingreases westwards and south-west by approximately the same amount
as the overlying Quader is diminished***. Obviously the outermost edge
of the Cenomaniun transgression is near there; and not far to the west
and south-west was the ares of contemporaneous denudation rising
above it. At the present day there is found in that direction, beyond 2
wide stretch of the higher part of the P, surface that is free from Ceno-
manian deposits, a scarp leading up to the higher peneplane level; and
in front of this there is no dearth of inselbergs helonging to it*49,

[t is highly probable that the higher peneplane, which from its whole
position can be identified with the P, level, continues under the Ceno-
manian transgression, The gently undulating lower surface of this shows
red weathering extending deep into the crystalline rocks®®, Tt is a sur-
face of subaerial denudation, not of marine abrasion: and its relatively
graded condition places the matter bevond doubt that it is a pre-Ceno-
manian or Lower Cenomanian peneplane. From its position with regard
to the higher land in the south-west, from the relationship in which it
stands to the P, surface, and from the facies of the transgressing beds, it
seems by no means impossible, but rather very probable, that it repre-
sents in fact the peripheral parts of the P, surface. After a lowering of
the marginal zone of the highland slope had brought it below sea-level,
the crustal strip with its load of sediment became, on re-emergence; the
place for the development of the P, surface, just as did the analogous
sections of the highland slope, at the sume altitude, which lay further to
the west. These have been found to be connected in the same manner
with the rest of the highland, but not 1o have experienced the Cenn-
manian interlude of flooding by the sea. The diagrammatic profile of
fig. 18 shows the relationships which are considered 1o be possible, and
even probable, here.

In any case, it is only a period of time corresponding to that of the
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uppermost Cretaceous deposits, or at most to that of the oldest beds of
the Eocene, which can be considered for the origin of the Py surface, the
dissection of which has been recognised as commencing at latest in the
Eocene period. The origin of the Py surface falls, with a high degree of
probability, into the Cenomanian period. Itis clear, then, that the upper-
most and oldest treads of the piedmont stairway, Py and Py, as far as
their origin is concerned, date far back into the Mesozoic era. There is
nathing mare to go upon, yet it is definitely not too risky to assert that in
the Fichtelgebirge there are form associations which origmated in the same
way (ot at the same place—see pp. 208-209) during the Jurassic period,
and which since then have developed further, preserving their character the
whole time,

The Upper Cretaceous and Lower Oligocene transgressions are not
events that are peculiar to the course of development of the mountain
mass, belonging to it organically as normal phases of development; but
they are episodes which interrupted the normal development of the peri-
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pheral parts of the mountain block and have their origin in & course of
development which is peculiar 1o the part of the earth’s crust which
bounds it on the north, the area of sedimentation. The following facts
show that this area is on the whole characterised by a constant tendency
to sink, which it has retained all through the Mesozoic-Tertiary periods,
during which the Central German Rise may be siid to have appeared,
right up to the present day: the completeness of the predominantly
marine succession from the T'rias to the Neogene, the thickness of the
Pleistocene deposits, the low levels to which they descend, and the exis-
tence of areas now covered by the seas which are 1o be found between
the Central German Rise and the North European zones of uplift (in
part very old). This is not the place for going into the history, very
varied in its detail, of what has befallen the different parts of this great
area of sedimentation, which has nevertheless preserved the fundamental
characteristics mentioned above. It is reflected in the extent of marine
sediments and their continental equivalents, which fluctuated within
wide limits in the facies of the beds and in the position, varying in detail,
of the boundary zone between sedimentation and the area of denudation.
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This boundary zone migrated to and fro, according as the area of sub-
sidence increased snd again diminished in size at the expense of the
adjoining region of elevation to the south, the Central German Rise, i.e.
accarding to whether the condition of subsidence spread out beyond its
own proper sphere or again became more closely restricted to it. Thus
the transgression of the Cenomanian over the peripherul parts of the
mountain slope (treated above) was not the result of a subsidence of the
whaole body of the highland; but it was due to gradual inclusion of a part
of the marginal zone of the uplifi-denudation area within the region of
subsidence-sedimentation, which was temporarily growing in width.
This process is recorded in the way the Cretaceous horizons transgress
over each other from the Lower Cretaceous to a maximum in the Ceno=
manian®t?, and in the retrogression of the sea and presumably also of
sedimentation to the north and north-west in Danian times,

The Lower Oligocene transgression represents a similar sort of beha-
Viour. The marine Eocene, i.tlﬂl.llﬁ.l'lg the Huﬂnni:m, sooms to have been
still entirely confined to the northern or rather north-western edge of the
North German Plain. Subsidence and flooding by the sea advanced in
the Lower Oligocene period as far as the region of Magdeburg, in mid-
Oligocene times as far as Leipzig; by the Upper Oligocene period the sea
had moved back again to the north and in Miccene times was restricted
to the north-western part of the Plain, This is, however, established only
for the advance and recession of the sea and not for the sedimentation
as a whole, since this still continued in the form of a continental facies
far south of what was at that time the coast. Within a transgressing area
of deposition, the coustline merely denotes the boundary on one side of
which the intensity of subsidence has exceeded (or just balanced) the
intensity of sedimentation, whilst on the other side conditions are
reversed. If, in order to make out the course and total extent of the spread-
ing crustal subsidence; the bounding edge between transgressing forma-
tion and area of denudation is followed, there is found a similar ebb and
flow fram Eocenc to Miocene, but no strict parallelism with the shifting
of the sea-shore. This, in Bartonian times, lay across the northern parts
of the present Plain; and the lacustrine equivalents stretched as far as the
neighbourhood of Magdeburg. In the Lower Oligocene, the coast passed
over these and moved up to this same district, and continental equiv-
alents covered the peripheral parts of the highland slope up to the level
of the P, surface, indicating how far the crustal subsidence reached at its
maximum. In mid-Oligocene times, however, the maximum extent of
the sea went to just the same parts of the highland slope; and movement
in the direction associated with emergence of the highland had again
established itself, denudation—interrupted by the afore-mentioned
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transgression—having already begun again. This is made clear not only
by the absence of the continental equivalent of the marine mid-Oligo-
cene beds south of the region of its occurrence—later denudution might
also account for this ahsence—but especially by the unconformity which
can hére and there be traced between the continental Lower Oligocene
(or perhaps Eocene) and the marine Middle Oligocene®*®, "T'his latter
rests upon & denudation surface at the margin of the highland slope.

It becomes very clear that the transgressions are ramifications of pro-

cesses which have their origin in the subsiding area of continuous sedi-
mentation, and so of conformable bedding, and belong genetically fo #t.
This area is separated from the neighbouring crustal segment of con-
tinuous denudation (and so of elevation) by a zone of transgressions and
unconformable bedding, i.e. of crustal variations, This arrangement is
repeatedly found; indeed it is the normal thing all over the surface of the
earth.
The warping down of the peripheral parts of the highland slope*4 in
the Cenomanian, and especially in the Lower Oligocene, occurred in
such a way that the transgressing beds left the existing land forms intact,
and simply buried them, Itis not possible to detect any development of
slopes beneath a cover, Obviously this is to be explained by the extra-
ordinarily flat nature of the land in Cretaceous and early Tertiary times;
8o that with even small amounts of subsidence in unit time, the trans-
gression and its deposits could spread, and indeed were forced to spread,
not only over great areas but also with relative rapidity. The material of
the transgressing beds is to be correlated with denudational processes
in the regions that stand up higher. It cannot be said that the Ceno-
manian and the overlying Cretaceous horizons together with the Lower
Oligocene are strata which can be correlated with the formation or origin
of a definite set of land forms; but they are corvelated with the epochs eon-
cerned in the further development of the given form associations which, as
the investigation into the piedmont benchlands has shown, continues to
the present day and has remained unaltered in its direction: progressive
dissection by vallevs and breaking down of the scarps between the pied-
mont flats, with the growth and extension of these flats at the expense of
those next above them, There is no need to follow here the further de-
velopment of the highland slope as upwarping recurred at the peripherul
parts, which had been covered by the Oligocene sediments, as the over-
lapping deposits were gradually removed, as their under surface became
transformed, and as the sharply V-shaped valleys—which even at the
present day sare found at the lowest parts of the slope—began to appear.

There has not yet been enough investigation to provide a world pic-
ture of the distribution of piedmont flats and piedmont benchlands, Tt is
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in the nature of the case, and may be deduced with certainty from the
present observations, that this is by no means a phenomenon confined to
the German Highlands. The characteristic arrangement of piedmont
benchlands may be recognised, amongst other [places], in the Atlantic
slope of the Appalachians, Only the general outlines are known®5, We
will pass over the interpretations of the features so far given since
throughout they are based on the fundamental assumption that the cycle
of erosion is applicable, and will consider only the features themselves.
The highest and oldest of the known levels*** is formed by mountainous
country which adjoins the main body of the southern Appalachians, and
is in a far advanced state of breaking down into inselbergs and groups of
similar residual hills. Its relationship to the surrounding peneplane—
which once strerched continuously over the Appalachians and is still
preserved in North Carolina as fragments of considerable extent—is that
of a central mountainland to its piedmont flat. From the accordance
shown by the summit heights of its upstanding parts, Willis concluded
that these represent the remains of a higher, completely dissected, pene-
plane level. This conclusion is fully justified by the flattish form associa-
tions still to some extent preserved on the convex curves of the mountain
topat,

Ii!I‘!m: younger school of morphologists believes that monadnocks of
resistant rock can be recognised here all over the area,

The surrounding peneplane is generally ascribed to the Cretaceous
age. In any case it originated in pre-Neocomian times, It extended uni-
formly over the Appalachians; and their crests are at this level where
fragments of the actusl peneplane are not still preserved. The Cumber-
land platean and the high-level platform of New England are considered
to belong to it***, A second central mountainland, analogous to that of
North Carolina, projects above it in New Hampshire, Its continuation is
found in the under surface of the transgressing Lower Cretaceous beds
of continental facies (Potomac, Upper Jurassic to Neocomian), the out-
crop of which surrounds the Appalachians as an arc on the east and south
in the Atlantic coast region. "T'his under surface is not even, but has the
undulating relief characteristic of a peneplane. Between its appearance
at the surface and the continuation on the mountain tops, there is a gap
which is occupied by the ‘piedmont plateau’, a third, yet lower, pene-
plane level. It is the orginal type of piedmont flat. Reaching away over
the upper edges of the Cretaceous transgression (Neocomian to Seno-
nian), it goes inland over the crystalline mass of the eastern Appalachian
forelund and the blocks of continental Trias let down into it; itapproaches
the mountains, which rise above it in a pronounced scarp; and continues
into them in the form of wide valley floors. The scarp between the two
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peneplanes is developed in a particularly impressive manner in the
southern Appalachians. Well preserved, extensive relics of the Creta-
ceous (more accurately pre-Neocomanian) peneplane—the Blue Moun-
tain plateau—end in a sharply convex break of gradient above the high
scarp with its concave curvature, from which long intervalley spurs,
crowned by inselbergs, gradually sink down towards the lower ‘piedmont
plateau’ %, Rarely are the characters of a piedmont benchland SCArp
more clearly noticeable than here!

Up till now, the peneplanes at these various levels, and throughout
their whole extent, have been considered as end-peneplanes, as [Davi-
sian] peneplaing; but only very vague notions prevail as to their origin,
since attention was never directed to the core of the problem, the de-
velopment of slopes. Nor has investigation of the Appalachian pene-
planes ever gone beyond the statement of hypotheses sbout the mode of
origin of peneplanes in general: uplift of an area, and subsequent denuda-
tion which achieves its ultimate aim, peneplanation, on a block which is
considered to be at rest. Under such circumstances, the step-like repetition
of peneplanes presented insuperabile difficulties of interpretation, and it
remained & complete enigma. In his explanation CI. Lebling (loe. cit.)
assumed that the scarp between piedmont plateau and 'Cretaceous’ pene-
plane was a receding fault scarp; thus he maintains that both levels are
one and the same peneplane which have come to be at different altitudes
on account of the throw of the fault. Not only can this working hypo-
thesis be dispensed with, but it in no way accords with the geological
facts.

To begin with, the fault in question has not been established. No
throw cuts across the Cretaceous-Tertiary strata which loop round the
southern end of the mountains transversely to the Appalachian strike.
The strike faolts in the piedmont plateau appear throughout 1o be of
pre-Neocomian age. Hence Lebling assumes further thut the fault peters
out southwards, However, the lobed scarp does not end in the direction
mentioned, but borders the Appalachians along the whole of the eastern
and southern slopes. 1ts highest part is at the latitude of the central moun-
tainland of North Carolina, and becomes lower 1o the north and 1o the
south. Hence no other conclusion can be drawn bur that the conditions,
which led to the creation of a particularly high central mountainland,
continued to operate in the same arca and permitted the development
of a specially great difference in level between the two lower peneplanes,
Apparently this has been continuing right into the most recent period,
since in this same area the Appalachian rivers were again able to incise
particularly deep V-shaped vallevs in the piedmont pluteau. At the lati.
tude of the central mountainland the differences in altitude berween

¥ F.MG A,
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all the denudation levels appears to be greater than farther to the north
or to the south,

Finally W. M. Davis, dealing with New Jersey, published his con-
clusive research on the relationship of the piedmont plateau to the
‘Cretaceous’ peneplane. There the gently undulating lower surface of
the Cretaceous passes over the crystalline material, with the Triassic
blocks downfaulted into it and the beds of diabase trap intercalated in
the Trias. Inland, these same diabase layers rise up as lines of heights
above the piedmont flat, which is capped by the uppermost beds of the
Cretaceous, gain in height north and north-westwards, and reach the
level of those parts of the ‘Cretaceous’ peneplane which are still pre-
served there®*%. Thus they play the part of inselbergs which lie in front
of the margin of the higher peneplane level, stand up above the lower
and (as has been shown) younger piedmont level, and make it possible
to establish here and there that the higher surface plunges beneath the
Cretaceous transgression.

The geological age of the piedmont plateau is given as Tertiary, It
was probably formed in the early Tertiary, during the phase of retro-
gression between the marine transgressions of the Senonian and the
Miocene®s!, Here is repeated the phenomenon which has been treated in
muore detail for the slope of the Erzgebirge: the area of continuous denu-
dation (the Appalachians) is separated from one of continuous deposi-
tion, in the Atlantic Ocean, by a zone of oscillation—of transgressions
and retrogressions; for in the Cretaceous-Tertiary series, which was laid
over the edge of the present continent, not only did the facies change
from continental to marine, and back again, but there are gaps, uncon-
formities due to erosion, which, as one goes inlund, comprse ever longer
intervals of time. Conditions of bedding make it clear that here, 100, the
processes concerned are fundamentally connected, not with the region
of uplift, but with the properties of the adjoining area of subsidence. The
strata dip seawards and the gradient is greater, the older they are, By
way of contrast, there is the upwarping of the ‘Cretaceous’ peneplane®®,
The direction of movement does not alter, either in the area of uplift and
denudation, or in that of subsidence and deposition; but the latter area in-
creases and diminishes in size during the periods of time considered, "This
halds true right up to the present time, during which the peripberal
parts of the piedmont plateau, till then undergoing dissection, have sub-
sided together with the sharply V-shaped erosional furrows (e.g. Hudson
submarine channel), far below sea level.

Observations on Scandinavia are also avuilable; and these indicate
that, just as in the Appalachians, the present actively progressing dis-
section has affected a system of peneplanes, arranged in steps one above
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another, grouped round a central mountainland in the south of Norway,
According to Reusch, the ancient upper surface at the summit of the
Scandinavian Shield is called palaeic, and is to be considered a relic of
the Caledonian Mountains®*®?, Ahlmann was able to distinguish on this
surface a central mountainland and a peripheral peneplane. It cannot have
been till late Tertiary times that this palaeic area was pushed up, and
exposed to dissection by valleys which started from a lower peneplane
level, the ‘strandflat’. This surface, considered by H, Reusch, J, H. L.
Vogt, E. Richter, F. Nansen and others to be a formation due to marine
abrasion, by A. G, Hagbom to be a [Davisian] peneplain merely modi-
fied and further levelled by this, bears inselbergs which become in-
creasingly important northwards and sometimes have abruptly rising
flanks (Lofoten). It is thus, in fact, extraordinarily like a piedmont flat,
and in its turn has been sharply cut into by erosion furrows dating from
pre-glacial times**!, There is much here which still needs to be eluci-
dated. The absence of correlated® strata means that not only is the dating
of individual form associations at present absolutely uncertain, but is
also a hindrance o any sure judgment on their type and connections.
However, Ahlmann's investigations lead one to expect that the pre-
glacial land forms of Scandinavia will turn out to be a piedmont stairway
of asymetrical shape and of widely extending dimensions.

As far ns one ean judge from the observations available, and as far as
the literature on the subject gives any information, piedmont benchlands
of the kind described have been found so far only outside the mountain
belts. However, knowledge of the actual land forms of the earth is still
too slight for us to see any more in this than the expression of our present
state of knowledge; yet it may be more than a mere impression that these
piedmont stairways are typical of the regions of uplift outside the zones:
of instability. Support is lent to this view by comparing the features
known 1o occur in the denudational areas of the mountain belts. But
here again knowledge is at present restricted to the main outlines, since
it is only in a few scattered spots that studies have been made in any
considerahle detail.

5. BROAD FOLDS
Peneplanes have been found in the mountain belts in great numbers
and in various combinations with other form associations***. They have
here excited particular attention; all the same, until recently thc}: stub-
bornly resisted any attempt o provide a satisfactory explanation. The
reason for this is easily seen: so long as the theoretically deduced mode of
origin for end-pencplanes, or [Davisian] peneplains, was ascribed to all
[* i.e. correlated with the denudation by containing its debris. ]
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peneplanes without distinction, the occurrence of such flattish form
associations in the zones of instability had to remain a complete enigma,
For, as far as our knowledge of them goes, these belts have not the funda-
mental prerequisite for the development of end-peneplanes: ‘tectonic
rest’, i.c. long persisting absence of movement in the earth’s crust. Thus,
explanations about them are very diverse and have to make extensive use
of various working hypotheses, which are sometimes found to be in
striking contrast to morphological facts and even more to gealogical ones.
We must come back to this. At present the primary consideration is a
description of the actual features, In view of the great gaps in our know-
ledge of the configuration of important parts of the mountain belts, any
attempt at this might appear hopeless. But numerous isolated observa-
tions, spread over most diversified zones of the mountain belts, focussed
at several places into more detailed investigation, already make it pos-
sible to recognise with perfect clearness that not only are definite types
of form associations constantly recurring, but that their combination in a
definite manner is ohviously typical of vast areas. We will limit ourselves
to characterising those types of relief.

(a) The Alps

This is difficult in mountain ranges like the Alps, where the set of land
forms has been transformed by Pleistocene glaciation; for, though the
extent of the remodelling is not known accurately, it must in any case
have been considerable. Moreover, it has masked the connection be-
tween the pre-glacial form associations and their correlated deposits.
Furthermore, although it is possible to observe these beds in the fore-
land and even as far as the outer parts of the mountains themselves, yet
even for such a relatively recent part of the history of the development of
land forms in the Alps, the relations have been interrupted by the con-
tinuance of folding into the early Tertiary, the strata of the foreland
being also involved. This advance outward of the crustal movement has
added new peripheral zones to the mountain area. According to Alb,
Heim***, these zones are characterised in Switzerland by a certain corre-
spondence between the surface form and the structure (anticlinal crests,
synclinal valleys) in contrast to the inner parts of the mountainous region.
Similar features are to be observed in the southern limestone belt of the
Eastern Alps, The south Alpine rivers, east of the Adige, traverse the
maore recently added portions in deeply scored antecedent valleys and
gorges. From these there rise steep slopes which are convex upwards and
pass into intermediate or even fluttish relief forms on the summits of
those chains which have not been much broken up into individual peaks.
Such well-marked forms of waxing development are not unknown in the
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interior of the Alps, in spite of these parts being far more completely
broken down into peaks and ridge crests. They are here arranged longi-
tudinally, following the trend of the mountain chains, and the absolute
altitude of the intervalley divides remains considerably less than that of
the sharp ridges and peaks belonging to the belts of higher mountains at
each side. In contrast to these latter, which may be called ridge zones,
the former appear as depressions, They are followed by the great longi-
tudinal valleys of the Alps, such as the Rosanna, Inn, Salzach, Enns,
Puster, Save, Rhone, etc. valleys®*?, Newly discovered relationships of
the glacial deposits lying within these longitudinal valley tracks in the
Eastern Alps make it probable that, in relation to the high zones border-
ing them, they are strips of crustal subsidence (left behind [in the general
‘movement]). For some of them, this character has been traced back®*® as
far as the Lower Pliocene (Gail-Drau valley), Middle Miocene (Mur-
Miirz) and Oligocene (Save, Enns [7]*), and in the majority of cases
probably reaches far back into the Tertiary.

Here the characters of the pre-glacial land forms glimmer through a
veil of glacial remodelling, so that there is no longer full scope for views
as to their nature. What has already been established above shows that,
before the Pleistocene glaciation, the Alps were not characterised merely
by steep relief or by intermediate forms over their whaole extent®*®; but
that, as today, there were zones arranged parallel to the strike of the
mountains where steep slopes, leading up from flat valley bottoms to
high ridges (steep relief) alternated with others in which convex slopes,
arched strongly upwards, met in intervalley divides with a lower average
height. This latter type is met with at the outskirts of the mountains and,
within them, along the longitudinal valley furrows.

However, the profiles of the steep slopes in the above-mentioned ridge
zones are not everywhere of the straight-line type, and this can be
specially well seen on the projecting spurs. This is true even above the
uppermost limit of glacial rounding, a limit which can be recognised
with certainty from specific features (striations, erratics, ete,). There,
too, convexity of profile is very often quite characteristic. Into those
convex profiles the forms of the glacial period have been notched as con-
cave sections of the profile. They are subordinate to the former, creating
discontinuities or breaks in them, but not obliterating them, and thus
prove that they are developments imprinted later upon the landscape. In
the region of the cirques, it 15 these which make the discontinuities;

the valley tracks, it is the sharp V-shaped valleys above the

shoulders of the glacial troughs. The case is similar in the main valleys;

but the breaks are far less distinet, and relics of the pre-glacial valley
* W, Penck's [7].
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fAoors have been recognised in them here and there. On the other hand,
sometimes it is merely a matter of fragments of slope and convex breaks
of gradient which form component parts of the general convexity of
profile. Projections and re-entrants which are structurally conditioned
are not being considered here. That location [on the general convexity)
and the fact that, even after allowing for the deepening due to glacial
action; they are often at a really great height above the bottom of the
valley, permits one to recognise, in these interruptions and breaks of
gradient, features that are not only pre-Pleistocene creations, but un-
doubtedly of very ancient origin*®, Perhaps there is an inner [? genetic]
relationship with the “Ecken’ [steps on the intervalley spurs] which J.
Sélch has studied in the Eastern Alps®®.

The pre-glacial land forms of the Alps bear the imprint of waxing develop-
ment, which has been ‘overprinted', but not completely obliternted, by
glacial remodelling. The forerunners of the steep slopes—the association
of which is the essential factor determining the nature of Alpine relief
(steep reliefy—were slopes of slighter inclination. ‘They have been pre-
served towards the tops of the intervalley divides in the zones of the
longitudinal valleys as well as in the zones of the higher ridges, although
to avery different extent in the two. Observation of the form of the slope
confirms the conclusion which, as 1 have already stressed above, follows
from the facies of the Tertiary strata of the foreland, from the Stampian
to the Sarmatian stage: the grain increases in coarseness from below up-
wards: and the conglomerate facies, which indicates proximity to the
mountain border, generally extends further north-westwards into the
foreland in the higher horizons than it does in the lower divisions
(furthest in the Vindobonian). This proves that on the whole there was a
general increase of the gradients in the Alpine region during the Oligo-
cene and Miocene, and therefore an increase in their altitudinal model-
ling®%, "The mountains have been increasing in height from the earlier
'1':rﬁnr_'!r peﬁﬂ{.’lﬂ- to the time of the Pleistocens glnci.aﬂnn‘ and the in-
clinations of the longitudinal profiles and flanks of their valleys have
been becoming steeper. This last condition sccounts for the narrowing
of the valley cross-sections downstream, the lessening of the distance be-
tween the upper edges of the valleys, which we were also able 1o establish
in the same way for the valleys of the German Highlands. In the Alps
this is seen most clearly wherever glacial remodelling has not completely
removed the convex profiles®™™.

It must be stressed that the difference in the form of the slopes and in
the altitude of the intervalley ridges, as found in the zones of the langi-
tudinal valleys and the ridge zones, has not the slightest connection with
the character of the rock. The same Hauptdolomit and Wettersteinkalk
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which compose the high, sharp-edged ridges and pyramidal peaks of the
Lechtal Alps and east of it, form rounded bosses (‘Rundlinge’) along the
furrow of the Inn valley. These bosses are preserved in many places, and
are characterised by a lower altitude, similar, however, amongst them-
selves. The various crystalline rocks of the Silvretta and Otztal nappes
outerop south of that longitudinal valley zone to form the steep flanks of
soaring knife-edged crests; but within it they give rise to rounded ridges
with flattish summits keeping to about the same level as the previously
mentioned ridges of Triassic limestone and dolomite, etc. This arrange-
ment is the more conspicuous because elsewhere in the Alps the adapta-
tion of éndividual forms to rock material is extremely close, as is to be
expected in regions of great denudational intensity (steep relief). That
adaptation is most clearly expressed in the arrangement of the final
branchings of the valleys and of the furrows working up the sopes. These
follow zones of less resistant rocks and make them apparent by the
course of each section of the valley, by the gradient of the individual
slopes, and by the relative height of the individual intervalley spurs, but
not by the shape of the slopes. Within a zone of ridges the rather gentler
slopes, which meet in lower ridges, are associated with mobile types of
rock (e.g. the Liassic Fleckenmergel) as contrasted with the adjacent
more resistant limestone or dolomite (see Plate IX, illustration 1). But
they are sharp-edged, and not rounded ridges with convex profiles. It is
not, therefore, difference in rock resistance which leads to the develop-
ment of the two different types of form that are to be met with in the
ridge zones and longitudinal valley zones of the Alps.

A further feature that is independent of glacial remodelling is the uni-
formity of the summit levels. This proves to be independent not only of
the folded structure but also, within wide limits, of the nature of the
rock. A. Penck has termed this the gipfelflur and has shown that, so far as
it is a matter of Alpine conditions, it cannot well be the heritage of an
hypothetical peneplane which once stretched over the Alps and out of
which the present relief might be supposed to have been sculptured
later®s”. On the contrary, the gipfelflur shows a notable connection with
the distribution of slope form. If one thinks of it as a surface which is
tangential to the peaks and to the summits of the intervalley divides, that
surface does not form a simple arch, including the whole mountain sys-
tem from north to south: but it has in cross-section the form of an arch
with undulating curves or one compounded of undulations. In the region
of each ridge zone, it swings up as a wave crest, and it sinks like a wave
trough along each zone of longitudinal valleys. The downwarping of the
gipfelflur coincides with those strips of the mountain system in which very
flat slope units are still to some extent preserved on the tops of the intervalley
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divides, these being the very ancient forerunners of the steep valley flanks;
the upward swings of the gipfelftur coincide with equally elongated and
narrow portions where nothing can new be seen of such former flattish pre-
cursors of the steep slopes. But that these were here also, though at a much
greater height above sea level than within the zone of longitudinal
valleys, is proved beyond question by the convexity which can still be
established for the profiles of the slopes.

The Alpine gipfelftur shows gentle curvature up and down, not only
in its eross-section but in its longitudinal section as well. This is directly
visible to an observer turning his gaze to the distant mountains from
somewhere in the Black Forest or on the southern siope of the Swabian
Alb, There the gradual upswingings of the gipfelfiur appear clearly
above the glaciated massifs and groups of peaks bounded by lines of
longitudinal and transverse valleys, Very often the names given stress
the fact that these groups are units (Bernese Alps, Titlis-Dammastock,
Tédi group, Silvretta group, Bemnina group, Ortler group, Otztal Alps,
etc.). In between, the gipfelflur sinks down, and most of the grear trans-
verse valleys, and the low gaps forming passes, are sunk in these areas of
depression. Another very conspicuous feature is clearly connected with
the arrangement of the gipfelflur: strict as may seem the adaptation of
mndividual forms to rock materials, the course of the matn Alpine valleys fs
on the whole independent of the structure of the folds and nappes, and it is
from these valleys that the complete disintegration of the whole moun-
tain. system into the well-known sea of peaks has taken its start. Alb.
Heim sees in this an inheritance (epigenesis) derived from the ‘oldest,
first tectonic lines on the upper surface of the rising mountain mass'. He
assumes that the course of the principal valleys was, in the main, deter-
mined by the earliest processes of folding and nappe formation: and that
this course was maintained right through the Insubrian phase of the
folding, in u mountain aystem which might be considered as completed
by that time. A subordinate part in directing the waterways is also
assigned to later dislocations, again considering only those phenomena
associated with the folding of strata and the formation of nappes***, This
interpretation is based on the assumption—uwhich has yet to be proved—
that folding of strata and nappe formation produce a surface gradient
which allows water to flow and erode and thus directs its work. So far all
that has been established is that the lines of the principal Alpine valleys
are independent of the internal structure, On the other hand, a conse-
quence of the recent establishment of this fact has beer to draw atten-

tion to other relationships: the longitudinal valleys are incised in the depres-

lmm affmg the strike of the gipfelfiur, the transverse valleys usually where
ity sinkangs run transversely to the mountain system, In addition, there are
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transverse valleys which are antecedent in their nature, especially in the
marginal zones of the mountain region (see p. 228); and those for which
it is impossible to decide whether antecedence or backward working
erosion has determined their course, The problems which crop up here
involve questions of erosion and of the associated development of slopes.
This is obvious as regards the origin of the gipfelffur, which is nothing
but the result of complete dissection by valleys, and the arrangement of
their main lines. It applies also to the up and down undulation of the
gipfelflur, which cannot well be the result of later warping, since its
risings and fallings—following some definite law and independent of the
nature of the rock material—are associated with the occurrence and
preservation of different form types. These latter indicate that the causes
of erosion were and are different in the zones of depression from those
where the gipfelfiur rises.

In the north. in the foreland, 4 peneplane adjoins the Alpine system of
pre-glacial form-associations. Of post-Sarmatian origin, it also cuts
across the Neogene strata of the foreland, and forms the slightly uneven
surface, with only gentle slopes, which underlies the early Pleistocene
outwash gravels (first Iee Age). The relation of the penepline to the
motmtains is similar to that of a piedmont flat to its associated mountain-
land. However, without further information, it is not possible to draw a
parallel between the pre-glacial peneplane of the Alpine Foreland and a
piedmont flat such as has been considered in earlier sections. An essen-
tial characteristic of the latter was its close connection with the fand
rising up above it: both are superficial portions of one and the same zone
of uplift, both belong to a crustal segment which is an endogenetic unit.
This is not true for the pre-Pleistocene peneplane of the Alpine Fore-
land. Tt extends over a part of the crust which has always been moved in
a different way from the neighbouring Alps. Until the Upper Miocene
period, it was sinking relatively, and was an area of deposition for the
material removed from the mountains which were simultaneously rising.
Even at the present day, it still behaves in a fundamentally different
manner from the Alps, as is shown here and there by the different charac-
ter of the erosional incisions. The Alps and their foreland are, as regards
their endogenetic type, two different portions of the earth’s crust, and so
the peneplane in question is not of the usual piedmont type.

Piedmont flats are, nevertheless, by no means altogether absent from
the Alpine region itself. Their existence has been established in the east-
ern part which, in contrast to the west, is characterised throughout by
more extensive preservation—on the watersheds between the deeply
sunk valleys—of older form associations. In part, this is obviously due to
a different course of endogenetic development; the decreasing influence
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of glaciation towards the eastern edge of the mountains certainly also
plays a part; but the occurrence of massive and extensive Mesozoic lime-
stone deposits seems to be of outstanding significance. These, like per-
meable limestone in general, tend to preserve the forms of denudation—
other things being equal—and are fess easily dissected into valleys, Thus,
on the limestone plateaus of the northern and the southern Caleareous
Alps, ancient form associations of the intermediate form type still occur,
to some extent, over wide areas. They are not peneplanes, but moun-
tainous country, which possesses thronghout the concave slope profile of
waning development and has its limits fixed by gharp breaks of slope at
the steep declivities of the deep valleys that reach up into it®®s,

In the north, the series of limestone plateaus extends from the Inn to
where the mountains descend to the Vienna Basin, The ancient land
forms on their summits are evervwhere of the same type. The general
gradient, directed northwards towards the foreland, is unmistakable: and
in this direction the differences in altitude lessen o that medium relief
approximates to fattish relief, to a peneplane. Furthermore, along the
valley ways of most of the limestone plateaus, there are found pebbles of
central Alpine origin, which show that watercourses flowing towards
the foreland crossed the zone of the nappes of the Calcareous Alps and
liclped to form the valleys within the plateau areas®™, Because of these
uniform features the view is held that form associations on the heights of
the various limestone plateaus are parts of a single uniform region of
similar origin everywhere, both as regards type and age, and were form-
erly at one and the same original level, Their present very varied altitude
is to be traced in part to later additional dislocation®®?. That is, how-
ever, true only for individual cases. G. Gotuinger, who has made the
most detailed study of the plateau surfaces in the northern Calcareous
Alps, stresses the remarkable independence of their set of land forms not
only with respect to fold and nappe structure but also to later faulting3%®,

In addition, it has only rarely been possible to find, between adjoining
plateau surfaces at different levels, faults or flexires in the stratification
to which the variations in altitude could be traced. On the other hand,
F. F. Hahn established for the Saalach region (Salzburg Calcareous
Alps) two different levels, independent of one another, at which the
limestone plateay lands were to be found. These plateaus exhibit a con-
siderable degree of mountain relief, the wide valley floors of which have
been partly preserved as planated surfaces, Ina southerly group of lime-
stone plateaus (Kaisergehirge as far as Tennengebirge and Ubergossene
Alm), these show a general rise southwards from 13001750 metres or
more (on the Untersberg near Salzburg) to about 2600-2800 metres (on
the Ubergossene Alm), The summits of the peaks (of moderate height)
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behave in a similur way. In the northern group, however, the planated
surfaces are about 1500 metres, the heights of the summits fairly regu-
larly round about 1700 metres. “That is the lower level. In two places it
reaches as an embayment far southwards into the zone of the higher
limestone plateaus { Lantengebirge, Kirchberg-Kalkstein) and so is inter-
locked with the higher level, just like two peneplanes of a piedmont stair-
way and not as if depressed by fault or flexure. Apart from these two
embayments, the two levels are spacally quite distant from one another
and are separated by a low-lying belt in which nowadays the Saalach is
incised. It is of just the same type as the previously mentioned “longi-
tudinal valley zones'; but it has a north-castward trend and has a pro-
nounced gradient which is to be recognised by the remnants of planated
surfaces preserved on the intervalley divides (from 1500 metres in the
south-west to about 1000 metres in the north-east)**®,

The depression is not a fault dislocation nor o down-faulted trough,
by which fragments of older form associations might have subsided with
respect to the plateau zone rising up above it on both sides; but its origin
is a8 ancient as these themselves. It was already in existence before the
close of early Tertiary times, as follows from the down-faulting of the
brow of the Berchtesgaden nappe which occurred at that time and
which coincides with the line of the Saalach. It also proves to be a strip
which was being left behind (sinking relatively), with respect to which
the northward bounding plateau zone (the lower of the two plateau
levels) moved upwards. This process had been recorded in the position
of beds of the Carnian horizon. From its position, its arrangement and
its characteristics, the Saalach depression can be compared only with a
downwarped strip of the gipfelflur. The plateau zones on either side,
however, fall into the class of ridge zones of the high arched gipfelflur
previously discussed. It thus seems all the more probable that on the
high limestone plateaus there formerly existed, and have been preserved
to # considerable extent, the less inclined slope units which must ence
have been also present elsewhere in the zones of ndges, but have by
now been replaced by their steeper successors,

Should confirmation be found elsewhere for the relationships here
indicated, then the plateau regions must be given a status of greater in-
dependence than hitherto. They are not to be considered as relics of a
relicf which extended uniformly over the slopes of the mountain system,
as a single unit from the northern margin of the Alps right up to their
crest. Rather, they appear to be fragments of a set of land forms peculiar
to the individual wave-like or range-like upswingings of the mountain
system, which are arranged, on the whole, parallel to its strike.

This would not necessarily imply a different age for the plateau lands,
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There are, however, some indications of difference in age, notably be-
tween the plateau flats of the Fore Alps and those of the High Alps. An
early Miocene or pre-Miocene age has been ascribed to both, since in
the Vienna Basin shore lines of the Pontic Sea have been cut into the
steep faces of such limestone plateaus, implying that at that time the
platean lands were already dissected by deep valleys incisions, and were
separated by steeper slope units from what was then their base level of
erosion. A further proof of age is that the sea level of the second Mediter-
rannean and of the Sarmatian Seas apparently lay at a lower level than
that of the Pontian Séa. From this it is concluded that in Middle and
Upper Miocene times the plateau surfaces at first lay quite high above
the base level of erosion and cannot have been first formed at that period.
They had already undergone dissection, a process which must have begun
in the Lower Miocene at latest®™®, Thus a first approximation would
give a pre-Miocene, presumably Oligocene, age for the origin of the
plateau country in the High Calcareous Alps®™. However, some of the
plateau regions of the Fore Alps, similar except for lying at a lower level,
may be younger. Thus N. Krebs draws attention to thick gravels which
in the Hausruck (north of the Calecareous Alps in Upper Austria) overlie
the upper freshwater Molasse beds, and to the fact that the level at
which they were deposited rises rapidly southwards, and seems to con-
tinue into the plateau surfaces of the zone of the Fore Alps®™, This
would make those surfaces of approximately Pontic age, so that they
might be considered as fragments belonging t a more recent addition
to the main mountain mass, Something similar may possibly be true
for the Saalach district, where the lower, peripherally lying plateau level
is without doubt more recent than the higher one of the High Calcareous
Alps. The present state of knowledge does not allow us to carry our con-
jectures further.

In the southern Calcarcous Alps simular mestone plateaus appear
with relics of ancient landscapes preserved on their summits. The plat-
eaus of the Dolomites (Heilig Kreuz, Tofana, Sella, Pala, etc.) and of
their eastern continuation as far as the Julian Alps, are more or less com-
parable to the zones of the High Alps in the north, and they occupy a
higher position. On the marginal chains south of the Val Sugana-
Bellunese lines, the plateaus are lower and correspond to a zone of Fore
Alps. ‘There is no connection between the two groups. Indeed they are
separated from one another by the trough region of the Val Sugana and
the Bellunese basin, synclinal arcas, complex in their detailed structure,
and the western one, at least, already evident in the Lower Miocene
(marine Lower Miocene, from Barco to Pieve Tesino). Both have re-
mained as longitudinal valley zones of relative subsidence (left behind in
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the raising); and they separate, as more youthful additions, the marginal
chains (Folgaria—Sette Communi—Venetian Alps, approximately as far
as the Cellina) from the main trunk. Thus the hilly landscape of theirsum-
mit regions appears to be an independent development belonging to the
tops of individual mountain chains, analogous to the ancient landscapes
which we shall meet with on the summits of many broad folds, and not
merely lower levels which dovetail into the higher one of the Dolomite
plateau. Those sssociations of slope units, flattish or of medium gradient,
found on the summits of the marginal chains, are the forerunners of the
steep slopes which work upwards into their flanks and from the ante-
cedent transverse valleys. The origin is of early Miocene date, if not
older (first appearance of marginal chains), The further development
into a lively-looking hummocky hill-country, its present character, may
fall within the Miocene period; the separation from its base level of
erosion, by the upward growth of steep slopes, within the Pliocene™?,
The plateau surfuces of the Dolomites have not yet been investigated.
Like the northern High Alpine zone they are mountainous country with
wide valleys, framed by concavely rising flanks which, towards the upper
part, often curve again into convex bosses and higher plateau fragments.
"This similarity of character points to a similarity in the development of
the plateau country of the northern and southern Caleareous Alps, but
in no way to simultaneity in their development. So far no evidence what-
ever is known for the geological age of the developmental intervals seen
in the forms of the plateau surfaces, i.e. the period of waxing develop-
ment and the subsequent one of waning development, on to the separa-
tion of summit regions from their base levels of erosion (so far as the
commencements of the two last-named processes do not coincide).

(b) EAsTERN SLOPE OF THE ALPS AND IT5
BOUNDARY AGAINST TiE KARST

More is known of the connecting link between the Julian Alps and
the Karst, along which the Pannonian-Adriatic watershed has lain since
Eocene times. The high Julian Alps, south of the zone of the long-
tudinal valley of the Save, end eastwards in the impressive mountain
fragment which surrounds the Waochein [Bohinj] in an arcuate form on
the west and south. From Triglav to Kim it has the character of a plateau
and bears considerable relics of ancient mountainous country (Triglav-
Krn), These have a quite recogmisable general slope towards the south
and south-east, from over 2500 metres (with peaks mising over 2800
metres: Triglav) to slightly over 1800 metres; and they break off precipit-
ously on all sides towards deeply sunk valleys. Between the headward.
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working tributaries of the Wocheiner Save [Bohinjska Sava], Bata,
Selzachtal [Sel¥ka Dol] and Pollandtal [Poljanki Dol], the plateau
surfaces have already been removed, and are only just indicated by
mountain ranges of corresponding height (the mountain chains of
Hradica-Schwarzenberg  [Rodica-Pasjs  Rav] and  Porzen-Blegas)
[Poljanc-Blegat]™

This is the highest level so far discriminated. It rises above a second
lower level which has the character of a peneplane. This is continued as
& piedmont flat into the valley floors of the higher level, and shows a
general slope castward, on the average from 1560 to 1300 metres, This
lower, slightly hummocky surface belongs entirely to the Save region, It
extends over the heights around the Wocheiner See [Bohinjsko Jesaro],
so filling up the concave part of the previously mentioned festoon of the
High Julian Alps, and continues as the Pokljuka and Jelovka plateaus®™,
A third level is formed by broad areas of planation widening out to
plateau surfaces, which are sunk like vallevs into the second level and
end above the line of the Save at an altitude of about 1000 metres. ‘They
are followed by the present deeply incised valleys of the Rotwein
[Radorna Sava] and Wocheiner Save [Bohinjska Sava).

Sufficient observations have not yet been made for the dating of these
three elements geologically. The following points have been established:
the Wochein [Bohinj] is a synclinal region in which, as in the Save em-
bayment (longitudinal valley zone), marine Middle Oligocene has been
depasited on a sinking substratum, with lacustrine Upper Oligocene
aver it. The facies of these beds*" show continuous subsidence in con-
trast to the surrounding parts of the area, These bear the plateay land-
scapes of the first level, Hence its origin cannot be later than pre-Middle
Oligocene and perhaps goes back to Eocene. Its development, 1.e. the
wearing away by valleys (producing a hummocky landscape) may per-
haps be correluted with the Wocheiner Oligocene. The second level
(Jelovka surface) is younger, since it apparently goes over Oligocene of
the Waochein which, in the meantime, had been again disturbed: and it
may be considered that the strata 1o be correlated with the formation of
that piedmont flat are to be sought in the Mediterranean beds (especially
the Lower Miocene) of the Save embayment. For the third level it
might be possible to arrive at an approximate determination of the age
if there were confirmation of what is so far only probable, though prob-
able in a high degree: that it is the continuation, as valley forms, into
higher rising ground of the peneplane which, as an exceptionally flat
formation, extends over a great part of the mountain ares between
Trieste and the Save. This surface directly adjoins the same outliers of
the Julian High Alps (Blegai range) just as the surface of the second level
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(Jelovka plateau) does on their northern side, It is, however, rather
severely dissected in the region of the Pélland valley. Both stand in the
relation of piedmont flats to one and the sume narrow fragment of the
main watershed, but lie at very different heights at the edge of the two
mountainlands to which they belong: the peneplane to the south of the
Blegat range has an altitude of about 1000 metres, which is exactly that
to be expected for the piedmont flat at the exits of the wide valley features
of the third level mentioned above, It is worth noticing that this pied-
mont flat i$ by no means peculiar to the Adriatic mountuin slopes, but
extends over all the tectonic elements and rock types into the Save region
and even farther. It is the main peneplane of the transitional region be-
tween Alps and Karst, and, after the termination of the Julian High Alps
in the Blega range, itself carries the main Adriatic-Pannonian watershed
running south-eastwards. Thus it is most highly probable that the valleys
af the third level, which F. Kossmat observed in the Save region, do not
in fact debouch on to it. We therefore consider the main peneplune to be
the third level.

On the Adriatic side it has been dislocated by unlevelled fractures,
parallel to the Dinaric strike, and broken up into narrow strips which are
in general inclined north-westwards towards the Italian lowland. Hence
the individual portions along the meridian of Trieste have very different
latitudes. From the fact that, as the throw of the faults disappears south-
eastwards, so do the steps between the peneplane fragments, F. Kossmat
has been able to prove that it is not a matier of various peneplane levels,
but of dislocated parts of one and the same surface.

The main fragment is the T'ernovaner Wald [Selva di Tarnova], Here
the surface rises from an average of 700 metres in the west 10 goo metres
in the east, and over 1000 metres in the north-gast. It is warped into the
shape of a saddle, as is scen from the course of the transverse valley of
Cepovan which has now become functionless™? and the downfaulted
blacks of the Veitsberg plateau, in the north, and in the south the coastal
Karst near Trieste—further broken up by strike faults—correspond to
the troughs on the two sides. The peneplane with its regular height (Soo-
yoo metres) and graded condition encroaches on to the Birnbaumer
Wald [Selva di Piro] with its totally different structure, there extending
over, amongst other features, the famous window of Grafenbrunn (Cre-
taceous material over Eocene flysch, south of Adelsberg [Postumia]);
and it can be followed, shsolutely homogencous, at a constant altitude
over the wide area surrounding the Laibacher Moos [Ljubljana Moor].
In the trough region of the Save district, characterised by the appearance
of Oligocene-Miocene beds, F. Kossmat sees its continuation in the
extensive hill country at the same moderate height, east of Ljubljana as
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far as the Sann [Sana] (wide elevations of goo-1000 metres). This
country is penetrated by synclines striking east-west, of Upper Oligo-
cene and Mediterranean, above which lie Sarmatian beds, the "Save
folds’ sunk as narrow bands between wide anticlinal zones that are almost
devoid of Tertiary material. Here a tumbled-looking denudation relief,
obviously of complicated structure, extends over Palacozoics and folded
Trias. Taking that as a peneplane and equating it to our third level,
Kossmat reaches a definite conclugion as to the age of that level: on the
one hand the peneplane goes over the steeply infolded Sarmatian strata,
on the other hand these are overlain at various places by transgressing
Congeria beds of Pontian age. From these facts he deduces a Pontian age
for the peneplane®®,

However, the relations seem to be by no means so simple. From F.
Teller's survey™™, it follows that even by Middle Oligocene times the
marine beds extended not only over a folded basement, but over a relief
which, in the longitudinal valley zone (Save region), may have been
graded almost to a peneplane, though in the region rising north of this
to the Steiner Alps [Kamingki Alpi] it was highly uneven, in fact moun-
tainous®*®, This was still true in even greater measure for the lacustrine
Upper Oligocene transgression. Any future morphological analytical in-
veatigation of the region must certainly take into account the possibility
that relics of the Oligocene land surface®® may be preserved on the anti-
clines of the Save folds and that they may have merely suffered undula-
tory deformation, but not been destroyed, in the process of folding. The
same is true for the Miocene transgression and the form associations
covered in by it. The Miocene, commencing with a coarse transgres-
sional facies, extends over the older substratum and over the denuded
remnants of the Upper Oligocene Sotzka strata. On the map (Cilli-
Ratschach [Celje-Radece] sheet) these latter are confined to narrow
-synclinal zones into which later the whole conformahle Miocene se-
quence was also downfolded (locally marine Aguitanian, usually manne
Lower Miocene to Sarmatian overstepping it). Two conclusions follow
from this: () The undulatory deformation was already in progress before
and during the uppermost Oligocene and the Lower Miocene. Along the
line of troughs, the latter overlaps the Upper Oligocene, which is pre-
served there only, and it extends over the anticlines from which the Upper
Oligocene had already been stripped. (b) The denudation surface at the
base of the Miocene does not coincide with the upper surface of the pre-
Upper Oligocene times. On the anticlines it must somehow or other
have been sunk into the latter, been lowered into jt (or replaced it); in
the troughs it goes between (Aquitanian beds), Miocene beds and
Sotzka beds, and so here it lies above the Oligocene surface, Hence rem-
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nants of Miocene land-formo elements are to be expected on the broad
anticlines also.

For the time being, no more accurate information can be given as o
their nature, The following features may be pointed out, Away from the
entrenched valleys, the anticlinal zones of the Save folds show nothing in
the way of peneplane, Instead there is a knobbly-locking upland of
broad flattish domes, the altitudes of which, with all their individual
differences, show = systematic drop in the direction of the synclines on
each side and where the folds die out. They thus in a way reflect the
anticlinal structure. It is probable that these flattish slope mits on
the tops of the small convex domes will turn out to be fragments belong-
ing to a single flattish (almost completely dissected) surface, which is
bent down towards the synclinal tracts. While the tops of the domes on
the summits of the anticlinal zones now lie between goo and 1000
metres, and even reach 1200 metres, the lower surface of the marine
Miocene beds in the same region, even where relatively little disturbed,
¢.g. north-west of Ratschach, still does not reach to 750 metres (the
maximum sltitude so far observed). It seems to follow from the whole
arrangement that in the antichnal regioms the Miocene there found a
relief already considerably dissected, and filled up the valleys before it
flooded over the heights. One might almost perceive, in the above-mien-
tioned hummochy surface, relies of Oligocene origin (in the form, for
instance, of a peneplane warped anticlinally}); and, m the buried valleys,
remnants of the Lower Miocene relief 1o which the flatter form associa-
tions of the anticlinal flanks and the courses of the synclines (i.e. the pene-
plane-like lower surface of the Miocene) correspond.

At any rate this much is now clear: in the region of the Save folds no
uniform peneplane is present, which could be considered as the direct
continuation of surfaces at a similar altitude, whether those in the north
(Steiner Alps [Kamintki Alpi]) or in the south (High Karst). These last
are more likely to be rising or uplifted pans of the mountain system,
which are equivalent, not to the individual Save folds, but to the whole
synclinal region (zone of longitudinal valleys) within which the Save
folds oceur 28 a special deformation.

In particular, the explanation here cannot be that of a peneplane
which bevels the Neogene synclines. A lower denudation level is de-
veloped, on the Neogene of the Save folds, at a height of about 500
metres; sinking eastward and westward it yet remains at a considerable
height above the present valley level. It is characterised by lines of
entrenched valleys, which are by no meaus confined to the Neogene
but extend on to various tectonic and petrographic zones (Palacozoics,

Trias) as an independent level. This valley level is of Pontian age,
qQ F.MOAL
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a8 is proved by the penetration into it of unfolded Congeria beds near
Lichtenwald.

Thus, in the area under consideration, there is nothing to go upaon for
dating the main peneplane of the coastal High Karst. For the time being
the commonly accepted generalised date—Miocene®®—cannot be veri-
fied and more sharply defined. The origin of the third level is certainly
liater than the main Oligocene folding.

Thus we are still very far from any exact knowledge of the geological
interval which lies between the times of formation of the denudation
levels treated here, from their inception until they were separated from
their base levels of erosion by the intercalation of steeper and younger
slope units, i.e. until they began to be dissected. But this one thing is
certain: in the boundary zone between the Alps and the Karst, there
occur at several levels, one above another, ancient form associations, of
subdued modelling, sometimes of a most symmetrical character, which
are connected with one another after the manner of piedmaont flats, The
approximate time of their formation is between the Eocene and the
Upper Miocene, 2 short interval of time compared with the rate at which
denudation can work, & time during which continuous and vigorous
crustal movements were occurring. In view of this, it is surprising that
no doubt has been cast on the correctness of the assumption that all these
peneplanes, and peneplanated fragments, developed as typical end-
peneplanes, [Davisian] peneplains, during pauses in tectonic activity,
The desire to find these has often had the effect of prejudging the issue
as regards establishing them. This is especially true of the adjoining
areas to the south-east, the Dinaric Karst, where are to be found the most
nearly graded peneplanes known anywhere. In parts they have been
shown to belong to different levels: like true piedmont flats the lower
ones cantinue as valley forms into the higher ones®™®3, Bur gs regards the
level fragments on the summits of the various chains, separated by strike
depressions containing series of polyes together with lacustrine deposits
of various ages, the identification is quite uncertain. The tectonic con-
structions invented to fit it seem to have absolutely no foundation®*$,
The intervals of tectonic repose which the ‘peneplanation’ of the whole
mountain area demanded, and which were accordingly found, could not
possibly have been anything but so short that whole mountainous
regions must have melted away, like butter in the sun, for them to have
reached the condition of an end-peneplane in that time, Neither at the
boundary between Alps and Karst, nor in the Dinaric Mountains, isita
matter of trisc end-pencplancs, but of a primary peneplane, The pied-
mont fats, widespread in both cases; fall into the same category. The
trend of their development, from the moment of their inception on-



BROAD FOLDE: E, ALPINE SLOPE AND KARST Z43

wards, is the same as has been found to be characteristic of piedmont
flats. The manner in which their development in the Karst was carried
out was, of course, somewhat different, being determined by the special
processes of denudation associated with a termin of soluble limestone.
Yet even in the Karst, piedmont flats grow at the expense of land rising
above them, and in their turn become shortened from below by the
growth of lower flats. This is the way in which the steps have been
formed between the peneplane levels (or planation levels) in the Dinaric
Mountains, steps which have long attracted special attention on account
of the grandeur of their scale**®. Their slopes rise up concavely from the
lower flats and pass over as convex curves or, with a sharp convex break
of gradient, into the higher fragmentary levels, The flight of steps begins
at, and progresses from, the valley-ways which cut into these surfaces
and divide them into lobes. The valleys debouch on to the piedmont flats
where they find their nearest base levels of erosion®™, As A, Penck had
recognized and A. Grund, O. Maull®™ and others later worked out in
more detail, the enlarging surfaces thus not only have an inclination
which corresponds to the direction of the drainage, but are directly con-
nected with individual main watercourses. The intervalley divides be-
tween the backward cutting tributaries become narrower, and dis-
integrate into inselbergs which rise above the peneplaned surfaces
(‘mosors’ of A. Penck*). They are excellently developed, like all the
other characteristic features due to the extension of piedmont flats in the
boundary region between the Alps and the Karst; and they have been
studied here by N. Krebs and ¥, Kossmat. In groups and singly, they
rise to an average of 400 to 500 metres above the chief graded peneplune
(third level) and by the same amount on its faulted fragments. They
usually still show flattish tops, and south-eastwards they gradually merge
into a higher plateau surface (Mrzovee, Goljak, Nanos, Javornik, etc.).
They are the relics of an older peneplane level, which has been preserved
in such extensive fragments in the direction of the Schneeberg [M.
Nevoso] of Carniola [Slovenia] that the flat character of its relief can be
readily perceived. The south-eastern Tschitschenboden [Monti dei
Vena] also belongs here. The altitude of this highly disintegrated sur-
face corresponds perfectly with that of the second level on the eastern
slope of the Julian Alps. The two may be identified with one another,
since both lie on the same strip of mountainland between the same down-
faulted areas (Save zone and Adria). The Schneeberg [M. Nevoso] of
Carniola [Slovenia] rises like an inselberg above the second level of the
coastal High Karst. It is the north-western outlier of a group of emin-

[* A. Penck, Gaomarphologicthe Studien e Bomien wund der Hersegoming
{Zeitschr. deutsch. und Bat. Alpenv. XXXI, 1000).]
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ences which seems to have a yet greater significance in the neighbouring
Croatian Karst, and by its age and pesition appears to belong to the first
level of the Julian Alps. This inselberg zone extends on one and the
same crustal strip from the extremity of the Julian Alps south-eastwards
along the strike of the mountains; F. Kossmat is correct in assuming it to
be the fragments, already reduced to a minimum, of the earlier Adriatic-
Pannonian watershed.

On glancing back, we find the Alps to consist of an arch which is
diversificd slong its strike by upswingings like wave crests and depres-
sions like wave troughs. This form 1s reflected in the course tuken by the
absolute heights at which the gipfelfiur is maintained. This is a character
which, as will be shown, is of outstanding importunce for diagnosis. The
whole wave system, as the Alpine arching may be termed in a purely
descriptive sense, is furrowed by valleys and extensively disintegrated
into ridge crests and individual peaks, the wave crests being equivalent
to the ridge zones just as the wave troughs form the zones of the longi-
tudinal valleys. This disintegration becomes noticeably less towards the
eastern end of the mountain system, 48 expressed in the older, gentler
form associations on the intervalley divides of the High Calcarcous Alps
(which correspond to the zone of ridges). Three further sets of features
must be painted out, which become more and more marked in the eastern
part of each mountain group and at the eastern end of the Alps them-
selves:

(&) As the absolute height of the gipfelfiur (discounting the above-
mentioned wave-like manner in which it is divided} diminishes towards
the northern and southern edges of a cross section through the ridge
crests, 8o also it lessens in an eastward direction along the trend of the
mountains, Together with this, even on the summits of the centrally-
lying ridge zones, flattish and intermediate form E5S0CIatioNs appear ¢ver
better preserved and extended more widely, forerunners of the stecp
slopes belonging to the present sharply V-shaped valleys. As yet these
have been little studied, though they have often been naticed#4s (e.g.
Bachergebirge, Saualpe, the northern end of the embayment of Graz,
ete.); and their analogy with the plateaus of the Caleareous Alpine zones
has been rightly stressed. They are their equivalent in developmental
history, but whether this is also the case as regards time is still un-
known®**, In its main features, this whole configuration is independent
of the fold and nuppe structure as well as of the character of the rock!?®,

(8) Not only does the mountain arching, taken as a whole, sink east-
wards, but also in this direction its undulations become ever sharper,
and this can be recognised as 1 tectonic characteristic. The origin of the
zones of longitudinal valleys has here proved to be. in parts, very
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ancient, By mid-Tertiary, and locally early Tertiary, they were in being,
4s may be scen from the intercalation in them of strata of corresponding
age. These can be correlated with the progressive denudation of the
accompanying ranges. The beds are not parts of a uniform nappe which
was once more brought down into the troughs of the longitudinal valley
zones, depressed or faulted into them and so preserved there; but they
invade zones which were sinking, relatively, and were thus becoming
areas of sedimentation. Moreover, they do not lie on the floor of an
hypothetical syncline, but mantle a denudational relief which the zones
of the longitudinal valleys had preserved, a relief which therefore had, as
it were, been carved in the floor of an hypothetical syncline. Crustal
movement, continuing right up to the present day, has distorted the
invading Tertiary beds, and has caused their further relative subsidence
(partly through frulting). Aside from this, what can be observed near the
end of the mountain system is a repeated alternation of sedimentation
and denudation, shown especially clearly in the area of the Save longi-
tudinal valley zone. Here, according to investigations made by F, Teller
and F. Kossmat, the following stratigraphical development is to be
found (see p. 240):
Above a surface of denudation (wnconformity), marine Mid-Oligo-
cene (corresponding to the Castel Gamberto strata) here follows the
folded Palacozoics and T'rias, It is 4 littoral facies.

Unconformity—surface of denudation,
Lacustaine Upper Oligocene with Cyrena semistriata, Cerithium
margaritaceum, Anthracotherium magmom (Sotzka beds corresponding
more or less to the lower freshwater Molasse of the Alpine Foreland),

Unconformity.
Marine Aquitanian (limestane with Lepidocyelina); locally restricted,
i.e. lying in the hollows of the relief; sbove it there follows conform-
ably and stretching far out?*:
Burdigalian | which extend westward a considerably shorter distance
Helvetian }in the synclinal region of the Save than do the Sotuka
Sarmatian | beds (e.g. not so far as the Wochein [Bohinj] trough).

Unconformity.
Pontian. Pebbles and Congeria beds. The transgression extends only
as far as the outer edge of the Save folds.

Denudation surface.
Levantine. The transgression no longer extends to the edge of the
mountains,
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There is on the whole a retrogression, 4 moving outwards of the
spheres of sedimentation, a swelling out of the area of denudation. The
process has not, however, been continuous, but has run a periodic
course, interrupted by transgressions of a secondary order.

(€) The backward and forward oscillation of tite area of Tertiary sedi-
mentation is no peculiarity of the Save embayment, but is characteristic
of the whole zone within which the Alps plunge eastwards into the
Pannonian Plam. Although, according to what is at present known, the
exposures nowhere indicate so great an age in the Tertiary sequence as
in southern Styria and northern Carniola; vet from the detailed investiga-
tions of W. Petraschek, J. Slch, A. Winkler, V. Hilber, A, Aigner and
others***, the following may be considered an assured general resalt: i
the eastern marginal region of the Alpine arching, a zone of unconformities
separates the mountamous district in the twest from the area of continuous
sedimentation 1n the east. 'This applies above all to the sections of the
Tertiary with which we are here concerned, those up to and including
the Levantine. Thus exactly the same phenomenon is repeated as that
which was also observed at the edge of zones of uplift in the region of
the contmental massifs (pp. 223, 226).

{c) ANATOLIA

In spite of the considerable disturbance by folding which has affected
beds as late as the Upper Miocene Sarmatian in the east part of the
Eastern Alps, it is evident that their great wave-like undulations along
the strike are comparable with the tectonic type of broad folds. The
earliest account of the form and development of broad fold structure
comes from Anatolia®?,

Considering origin and armngement, two regions are to be distin-
guished there: (a) the western part of the peninsula within the Tauro-
Dinaric festoon, and (#) the festoon itself.

(a) The western and north-western broad folds are characterised by
the way in which their course (E-W) is entirely independent of the
atructure of the folded strata. In these latter, it has so far been possible
to distinguish fold features, possibly of pre-Cambrian, certainly of Palae-
vzoic age (apparently fwo late Palaeozoic phases), pre-Cretaceous to
Lower Cretaceous, Lower Eocene and (posthumous) Oligocene.

(£) In the festoon, the strike of the broad folds coincides with that of
the folded strata, which are of Eocene age in an inner zone and of
approximately Mid-Oligocene in an outer zone (referring here only to
the Western and Lycian Taurus), There are indications that even at that
time folds, which had just arisen or were arising, and rock slices, col-
lected into fasces, emerged as individual ranges, i.e. as anticlines of a
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major order, which shed their debris into adjoining troughs of a similar
order. For the main part, however, in both areas the formation of broad
folds, of their present extent and appearance, falls into the subsequent
period, lasting from the Upper Oligocene to the present day, and there
is nothing to show that the movement is yet at an end.

The strata to be correlated* with the hroad folding, are found to be
mainly, but not exclusively, in the synclinal areas, the broad troughs.
As far as is known at present, they do not correspond everywhere to an
equally long interval of time within the Tertiary period. In individual
regions the oldest beds so far recognized are equivalent to the Aqui-
tanian; the Mediterranean stages (Burdigalian, Helvetian) have been
traced locally; Sarmatian equivalents seem to be more generally distri-
buted. Pontian strata denote a climax in the regional distribution of the
Anatolian Neogene, which seems only locally to pass up into the Levan-
tine®™,

The author was the first to make continuous investigation into the
petrographic facies and the bedding, over a major part of the area of the
peninsuli. These show that Neogene deposits were laid down in areas of
relative subsidence?*®. ‘These, however, did not everywhere, nor durning
all the divisions of the Tertiary that are concerned, coincide with the
present synclinal zones. In Miocene, even as far as into Pontian times,
they occupied a greater area. In course of time the number of mountain
ranges with an east-west strike has increased by the arising of new anti-
clines out of the broad troughs, Thus the regions of deposition not only
become divided up, but their area more and more diminished. The
ranges, therefore, are of different types. Those of earlier origin were
never covered by Neogene, Instead, this lies against their flanks with a
mountain-foot facies of coarse clastic material. "This facies passes into
fine-grained calcareous marl as the interior of the trough is approached
(e.g. the marine Lower and Middle Miocene of the Lycian ranges; the
Neogene, presumably going back to the Lower Miocene, on either side
of the Bithynian Olympus, etc.). Distortion of these and later deposits
indicates continuation of the arching. The younger chains, on the other
hand, formerly lying right underneath these same Tertiary strata, arched
them up into anticlines as they rose, and for the most part they became
rid of them through contemporaneous denudation. In the troughs on
cither side, the correlated strata were deposited as younger Neogene
beds. The mountain-foot facies is turned towards [lies at the edge of]
ranges of earlicr as well as of more recent origin; and everywhere, or at
any rute along the margins of the latter, it transgresses unconformably
over the older, disturbed Neogene.

[* See glossary.]
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The unconformities within the Neogene sequence are not at the same
stratigraphical level either regionally or along the edges of the individual
chains. They cannot, therefore, without further evidence, be used in
determining the age of the group of strata lying above or below. Rather,
they denote the appearing of new ranges at different periods for each
case (unconformities of the first order); or else they occur in conjunction
with continued movements executed by one and the same range (oscil-
lations of the axis type, to be treated later). Occasionally these uncon-
formities of the second order are repeated in several storeys one above
another, and they indicate a continuance of the movement on account of
which the strata just deposited were continually being disturbed, dragged
(even folded), exposed to denudation at the edges, and immediately
covered up again by younger beds of the series. These are local marginal
phenomena. Investigations by Oppenheim, however, lead one to sup-
pose that the above-mentioned unconformities of the first order occur
most frequently between the Middle Miocene and the Pontian beds.
“T'his would mean that the Upper Miocene was already a period of inten-
sified broad folding, as indeed the author has proved to be the case for
the succeeding periods of the Levantine up to the present day.

Thus Neogene facics and bedding not only give detailed information
as to the development of the whole system of chaing, but make clear the
anticlinal character of the ranges and the s:.*ns:liml. nature of the longi-
tudinal, strike, depressions. The camplications in the stratification do
not mask this fact. They are due to the fact that the Tertiary strata,
especially the younger divisions (Pontian-Levantine) at the edges of the
chains, ooded over a diversified hummocky mountain relief, and here—
particularly in the old buried valleys—have frequently suffered peculiar
disturbances by a process of dragging, which is suggestive of a large-
scale settling down accompanied by much faulting. Further, it must be
mentioned that the broad folding reacted on the strata filling the troughs
not only in the sense of dragging them along, but at certain places it has
even folded them. The conditions under which the folding occurred have
not yet been elucidated. All that is certain is that the older Neogene
horizons appear in general to be more strongly pushed together thm the
younger ones. Yet they are by no means folded everywhere, just as the
Pontian and Levantine equivalents are not entirely without folding.
From this it can be deduced with certainty that tangential forces came
into play, which however could not have been situated outside the sys-
tem of broad folding, but only within 112, Finally the fact must be
pointed out that longitudinal faulis occur along the strike of the broad
fold system towards the west, Le. in the direction in which there is
generally an increase in the amplitude of the broad folds (viz. in the



BROAD FOLDS: ANATOLIA 249

difference of altitude between the crest line of the ranges and the Neo-
gene-covered floor of the troughs), The connection between the develop-
ment of faults and the increase in the amplitudes is unmistakable, and
impresses the observer who follows up the fault systems from the west
towards the high land of the interior: the faults, for the greater part,
peter out in that direction; the ranges, comparable to horsts in the west,
become fault-free anticlines; the depressions which, according to A.
Philippson, frequently have the form of downfaulted troughs there, be-
come synclines. Ranges and depressions do not disappear, but the
majority of the longitudinal faults do so**7.

The differences in origin of the ranges are paturally parailelied by
diversity in their outward shape. The Bithymian or Mysian Olympus, the
Keshish Dagh [Ulu dag] of the Turks, may be briefly considered as being
typical of a range trending slmost east-west and of a somewhat early
origin®*". Several levels stand out sharply from one another. The highest
and oldest (I), on the summit of the range, is hill country of subdued
relief, its slopes consistently concave in profile, with wide trough-like
valleys, the floors of which are at about 2200 metres above sea level,
while the peaks rise to 2500 metres, It extends but a slight distance east
to west, along the strike, and is then replaced by a blunt ridge where
younger, steeper slopes meet. These are identical with those®® leading
down by convex curves (convex above) to the next lower level; and on
the north side of the range, they end below in the so-called ‘upper
terrace’. This surface 11 fringes the highest central mountainland as an
undulating piedmont flat, stretches of it being dissected, in no trifling
manner, with some of its shallow valleys still ending upon the terrace
itsel*. It is bounded on the lower side by further steep slopes, giving
a sharply convex break of gradient, aud its edge has obviously been
already worked back considerably. In some places these slopes belong 10
the steep relief which has developed upwards from the present day,
sharply incised valleys on the mountain flanks {north-east section of the
mountains); but in others they end below in undulating surfaces dis-
tinguished by a shallow valley-system of their own. These surfaces pene-
trate into the upper region as valleys and are preserved in broad frag-
ments (IT1) on the intervalley divides of the north-western section of the
motntains. The so-called ‘lower terrace’ belongs here. It is actually a
lower piedmont flat. Like the higher one (I1), it shows the following
peculiarities:

1. Along the meridian of the central mountainlancd (1) it is not yet in
existence, or has already been replaced by a more recent steep relief;
westwards its width increases in proportion as the central mountainland
becomes lower and disappears, Where thia has come to an end a8 a
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narrow crest along the strike of the range, surface 11 now extends over
the correspondingly lower summit (about 2000 metres). There it is dis-
sected, especially by valleys which open out on to surface TI1; but on the
ridges between them, as well as on the broad domes on the tops of the
ranges, fragments of it are well preserved.

2. Both piedmont flats are strongly warped, in a direction transverse
to the strike of the mountains. “This follows, for one thing, from the great
inclination of the remnants still preserved intact, which far exceeds the
original gradients; and also, more especially, from the fact that new,
steep-walled, sharply V-shaped valleys are incised into the area of de-
formel relief and are confined o it. At their lower ends these finish above
that convex break of gradient up to which the most recent steep relief
has reached, working up from the mountain foot. It is perfectly clear
that those sharply V-shaped valleys are not caused by the general up-
ward movement of the whole mange, to which in the last resort the above-
mentioned steep relief owes its existence. They have arisen because of a
steepening of the old form associations, due to warping which has been
continuing for a long time. For surface 111, this warping is two-sided,
i.¢. anticlinal. The whole forms a group of features often met in regions
of broad folding.

At the margin of the range, surface I11 reaches away on to the steeply
tilted Neogene beds; with a lessening of its general gradient it enters the
broad syncline of Brusa-Abuliond [Bursa-Apulyont] (‘Little Phrygia')
lying in front of it and, there, stretches over the slightly disturbed Neo-
gene filling as an exceptionally extensive peneplane. Valleys are incised
in it; and along the major water-courses they nccasionally widen out into
broadly excavated lowlands. The bordering steep slopes, which are rela-
tively low, are morphological equivalents of the high rugged steep relief
found in the region of the ranges. In that region, steep relief nowadays
charucterises the deeply-scored lower courses of all rivers coming from
the interior, as well as the stretches of antecedent transverse gorges, and
consistently forms the lower parts of the flank of the chain where this
shows the highest uplifts. The present-day valleys, which give rise to the
steep relief, form a fourth—the most recent—main level (IV) which is
broken by terraces into a succession of several stages (intermediate
levels). ‘These are of no special interest at the moment.

There are thus piedmont benchlands present. The number snd
arrangement of the constituent parts bear a relation to the height of the
chain, They are warped transversely to its strike. On comparing the
Keshish Dagh (i.e. the high eastern part of the extensive anticline in the
south of Little Phrygia) with its lower westward continuation, the follow-
ing features are apparent. The number of steps between independent
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denudation levels is greater in the Keshish Dagh than in the west. The
‘treads’ are generally narrower the lower they lie. Along the strike of the
range they widen with its reduction in height. At the same time the
number of levels decreases, the highest being the first to disappear; and
there [ Keshish Dagh) the uppermost piedmont flat passes westward into a
summit plane, There steep relief has already developed upwards from the
most recent erosion furrows into a uniform flight of steep slopes which
constitute the mountain side (Bursa district [of the Keshish Dagh]); to
the west [of Bursa and of the Keshish Dagh] no such flight of steep slopes
has vet appeared. The steep relief is just as steep, but extends only up to
a much lower altitude, and seems on the whole confined to the valleys
themselves, It becomes evident that the causes of increased erosion are
present to a different extent in the two sections. That is only part of the
problem. The direction in which the piedmont flats stretch out [? and
increase in number) indicates that in which the first onset of erosion
appeared (see p. 215), In other words, they denote the direction in which
the zone of denudation is growing, i.e. increasing in arex. The existing
arrangement shows that in process of time the range must have grown
in width and in length, to a very varied extent, however. ‘The increase in
width is restricted, and evidently soon reached its limits: surface 111 is
narrower than surface I1—its extension over the neighbouring depres-
sion cannot be considered, since this is connected with the character of
the syncline and not with that of the broad anticline—and none of the
terrace levels belonging to the steep relief unites at the margin of the
range with a lower, what we might call, piedmont-like levelled surface;
they are limited to the zone of steep relief (and indeed converge towards
the mountain foot)*9L, On the whole, the chain has grown in length, a fact
which is illustrated in a specially impressive way by the antecedent trans-
verse gorges of the streams coming from the interior. Formerly they
flowed round the highest (in its time the sole) mountain region, the
Keshish Dagh; but later, they were forced to become antecedent by
elongation of the broad anticline (Ulfer Chai). Transverse 1o its strike,
the conditions leading to crosion appeared in the course of time, fo an
increased extent everywhere: the angle of slope systematically steepens
from the summit to the foot of the range. Its grototh in height is connected
with this. The distunce has become greater between level I and what was,
in successive periods, the level of the adjacent area of accumulation. The
required comparative levels are represented by [1] the upper edge of
the Neogene transgression, now at the high level to which it has been
lifted by deformation; [2] the gravels, which are at any mte pre-Pleis-
tocene. These lie considerably lower, transgress over surface 111, and
are occasionally found at the edge of the broad syncline; [3] the present
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day surface of deposition. The character of the forms and their arrange-
ment also teach the same lesson. 1If, of the three dimensions of an anti-
cline, its extension along the strike is designated as length, its height as
amplitude, and its breadth as phase, the state of affairs may be form-
ulated thus: with continued growth in length and in amplitude, the range in
question has NoT continued to incréase in phase in the same way,

At the present time it is not vet possible to date these elements geclo-
gically with any certainty; for neither the divisions of the correlated
strata nor their ages are known exactly. P. Oppenheim, who worked on
A. Philippson’s collection, making use of his stratigraphical observa-
tions?™, takes the caleareous Nevgene beds of Little Phrygia to be the
equivalent of the Miocene, possibly even of early Miocene; and con-
siders the gravels trunsgressing over them to be possibly Pontian.
Fuccini, however, ascribes this age to the calcareous beds of Sultan-
shehr, which occur in a southerly embayment of the Little Phrygian
Neogene belt™®. Late Tertiary strata approach Olympus mainly as a
mountain-foot facies of sandy conglomerate; the calcareous formations
above it have not so far yielded any fossils. They may be of Miocene age,
in the widest sense of the word, up to as [ar as the Pontian stage. I take
the transgressing gravels to be younger, probably Levantine. In that case,
surface ITI might be of Levantine origin, the piedmont surface 1T would
then belong to some Miocene stage, and the heights (1) might even be
considered an early Tertiary, perhaps Oligocene, relic?®™, The western
continuation of the Keshish Dagh belongs to the type of more recent
broad anticline, such as is shown in its simplest form by the coastal range
between Little Phrygia and the Sea of Marmora®*, As a rule only three
main levels of successive onigin can be distinguished in these. An upper-
most one extends along the tops of the convexly rounded summits, Flat-
tish slope systems are frequently still preserved over great areas of these,
belonging to old form associations which have been subsequently dis-
sected. These lattér show that the gipfelflur, which has been developed
in the meantime, possesses an inherited and not a newly acquired charuc-
ter*™. In the coastal range, this element [of form] appears only on
isolated upswingings of the mountain mass, arranged as brachyanticlines
along the strike of the chain, like a string of pearls, and separated from
one another by extremely wide depressions in the crest of the range. A
large part of these latter still consists entirely of Neogene beds, com-
posed of sandy marl, conglomeratic in the lower horizons. There is well
developed anticlinal bedding®®. The trend of the mountains coincides
with the strike of the strata. As is indicated by residual remains, the
higher upswingings of the mountain mass, now almost entirely free from
late Tertiary strata, were also originally completely covered by them,
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They are archings up of the substratum of the Neogene, and the course
of the gipfelfiur exactly reflects the brachyanticlinal bedding in the
atrataiye,

T'he next lower level is given by the floors of the valleys which invade
the upraised parts of the mountains and debouch at the edge of the broad
undulating peneplane. This piedmont flat passes over from the sub-
structure on to distorted Neogene beds. In a manner analogous to sur-
face 111, it extends on the one hand over the Iater Tertiary of the ad-
jacent broad syncline, and on the other over the wide depressions between
the brachyanticlines. Here it can be seen clearly how the upswingings of
the mountains, by elongation along their strike, grew together into a
single range of uniform appearance. The lowest level occurs on the Aoors
of the valleys dissecting the peneplane. These are wide and shallow in
the region of the broad synclines (where there is excavation and fresh
aggradation, conversion into swamps); narrow, deeper, and with steeper
walls in the zones between the brachyanticlines, more precipitous and
deeper still in these themselves.

Apart from dissection of the systems by the latest formed of the steep
V-shaped valleys, the broad anticlines of recent origin present a picture
of central mountainland and surrounding piedmont flat. Both are
stretched out in the direction of the strike of the mountains, and the
forms of medium relief belonging to the centrul mountainland have their
slopes characterised by conves profiles, Thus a contrast is evoked be-
tween the general concavity of the older form associations out of which
the mountainland has been carved, and the forms of the still higher
levels which are ta be seen on the ranges, or portions of ranges, of earlier
origin. Compared with these earlier chains, the broad anticlines of simple
morphological structure, which appeared later within the broad fold
system, seem to be more numerous. The same is perhaps also true for
Macedonia, that part of the Dinarids in which F. Kossmat is inclined to
think that it is mainly the younger type which he can recognise®®®,
Further detailed investigation will undoubtedly reveal ranges older in
origin—and of more than one age—and as the correlated Tertiary beds
are extensively preserved, it will be possible, by means of their strati-
graphical sequence, to determine the various [denudational] elements
geologically. Isolated observations made by J. Cviji¢ seemn to me to point
in this direction. They are, however, too meagre and disconnected to
allow of a definite judgment®'®, O, Maull's research in the Peloponnese
and central Greece provides additional facts™!. On the whole, sufficient
abservations are available on the facies, arrangement and stratification of
the Tertiary beds, spread out over the basins and longitudinal depres-
sions, to remove any doubt as to the broad fold character of the
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Balko-Greek Dinarids: And I consider it probable that the morphologi-
cal differences noticed between the inner and the marginal parts of the
mountains m the north-westward continuation towards the Alps, are
differences between older broad folding—of varied ages—and that of

mare recent origin®*,

(d) Tue Axpme Sysvem oF MousTtaixy Rances

We turn to observations that have been made in the Andine system of
mountain ranges. The chief characteristic is the alternation of more or less
closely ranged chains and depressions, known in North American litera-
ture as ‘basin range structure’, from its prorotype in the west of the
United States of America. Since the classic researches of Gilbert™,
whose interpretation was accepted and carried further by J. C. Diller,
Powell, Dutton, etc., strike faulting has been taken to be the essential
tectonic element concerned. These faults are considered to have divided
the mountain mass into long narrow strips, which have been displaced
relative to one another in such a way that the upraised horst-like strips,
or the raised edges of blocks that are merely tilted, became mountain
ranges. The depressions are considered to be either the hollows left
between tilted blocks or to be fault troughs, The altitudinal configuration
of the chains is thus attributed to vertical displacement. Hence a direct
relationship is assumed between the height of a mange and the throw of
the fault; the drop on one side of a range or on both, as the case may be,

as an unlevelled fault scarp. It is considered comparable to the
Quaternary faults which cross various mountain basins longitudinally as
unlevelled fault faces, though of smaller displacement, and may have
been produced by earthquakes®' 4,

Like other systems of mountain chains, the Cordillera (of the Amer-
ican continents] has many places where strike faults, sometimes with an
extraordinarily great throw, have in fact been discovered; as in the Basin
Ranges, the Pampean sierras of the Argentine, and elsewhere. Thus their
significance in mountain building cannor be doubted. But it has not by
any means been geologically proved to be the rule for the ranges to be
bounded by faults—even in those parts where a geological survey has
actually been made. This state of affairs, and more particularly the exis-
tence of ranges where it is known for certain that the structure is un-
faulted, show that faults do not play that part in mountain building
which has been ascribed to them. This has, indeed, been deemed such a
firmly established fact, that often enough their existence has been taken
for granted without any attempt to prove it, or even without troubling
further about it when the evidence was negative. Instead, morphological
eriteria have long been used as evidence that faults probably exist, in
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areas difficult of access for geological examination. And W. M, Davis
attemnpted to develop further this theory about faults, on the basis of the
cycle theory™*, Since then, steep drops in the mountain flanks on the
side towards the supposed fault, facet-like surfaces which there truncate
the mountain spurs at the foot of the range and are interpreted as prac-
tically unaltered portions of the actual fault plane, together with erosion
valleys, sharply V-shaped in cross section, which persist till they de-
bouch at the mountain edge, are taken to be irrefutable proof, without
any possibility of misinterpretation, of the faulted nature of the margin
of the range®*, Nevertheless, such a possibility must be admitted in the
case of the features just described. Flexure of parts of an upper surface,
without any faulting, leads to morphalogical modifications which are
similar to dislocation by faulting. It is just in regions of broad folds that
this can quite well be seen; and it constitutes 3 problem, the general
solution of which can be found only if it is treated as a case of slope
development.

On the other hand, little attention has been paid to the fact that strike
faults of great throw, actually established as present in regions of moun-
tain ranges or near their base, do not as a rule appear as unlevelled fault
scarps and do not form boundaries between various types of relief, as
might be expected if they separated crustal strips cach having a funda-
mentally different sort of movement and so a different endogenetic
origin. In this case, no dislocation is visible in the development of the
relief features in the way that there is along the western marginal fault of
the Fichtelgebirge. But, apart from differences due to rock materials, the
steep, medium, or flattish relief—as the case may be—usually passes in
the same manner and unbroken over the line of disturbance®”’. The
faults are not indeed the prime conditioning element in the formation of
the ranges, but under certain conditions they appear to accompany this,
being incidental to the occurrence of a main movement consisting of an
undulatory bending of the crust, viz. warping into broad folds. C. King
recognised this fifty years ago for the Basin Ranges®* and recently C. L.
Baker has emphasised it*!?. There are features which prove these con-
nections, such as the anticlinal attitude of the correlated® strata at the
edges of the chains, where typical unconformities appear between stages
of differing age, and a similar attitude for the covering beds which still
occasionally arch over the summits of the ranges*% These have not
escaped the notice of either older or more recent observers in the North
American Cordillera. But it appears that the theory of tilted blocks has
diverted attention from any other evaluation of what has been observed.
In addition, exposures of that kind [i.e. showing the attitude of the beds]

[* See glossary.]
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do not appear to be at all frequent in the Basin Ranges and their con-
tinuation; and connected sets of correlated strata are rarely developed
Lo &ny great extent.

Some parts of the Argentine Andes afford further insight into this
matter. Correlated strata from the Upper Cretaceous to the present day
have been preserved, particularly in the north-western and northern
Pampean Sierras. In part, these lie in front of the block of the Puna de
Atacama on its east side; in part, southwards, they are separated from it,
and then form a belt in which they nise like islands from the central
Argentine plains as north-south ranges in front of the High Cordillera®®.
With the help of these, it has here been possible to reveal the broad fold
nature of the 'basin range structure™*2, The morphological investigation
s still in its first stages, Special attention may be called to the following
points:

The easternmost member of the Pampean sierras is the complex of the
Sierra de Cordoba, emerging isolated and meridian-wise from the Pam-
pa, divided up in the same direction by several depressions. The earliest
observers described the individual parts of the mountains as high
plateaus, and called special attention to the asymmetrical nature of the
ranges™*: steep drops westwards as contrasted with gentler eastern
slopes. These eastern slopes are formed, as is now known, by fairly level
peneplanes, which lead down, with a slight eastward tilt, fram the two
main ranges, the Sierra Comechingones—Sierra Grande and the parallel
one, reaching further northwards, of the Sierra Chica, These are being
scored by precipitously incised valleys. Over a good part of the west sides
of the ranges, on the other hand, pencplanes are absent; instead, the
noticeably steeper western slopes appear to be disintegrated into a deeply
digsected steep relief. This gives the impression of steep breakings
away**4. Closer examination, however, reveals the following facts: the
greatest descent of the Sierma de Cordoba, from the general crest line to
the plain lying at its foot on the west, amounts to a maximum of 2060
metres. (latitude of the Pampa de Achala); further south (Sierra de
Comechingones) to about 1400 metres; generally averaging about 1000
metres. But these differences in altitude correspond to an average hori-
zontal distance of 10 to 15 kilometres from the summit of the chain to its
foot. This means a slope with a mean gradient of 5° (maximum about
11"). That is not what could be called a steep drop to 4 marginal fault, as
has been assumed just st that place and shown in g profile with exag-
gerated vertical scale®®s, Nor can faults along the mountain base be de-
duced from the steep relief into which the slopes in question are broken
up; nor from the scarps, dissected by valleys and lobate in form which,
s Schmieder was able to show, exist between the various peneplane and
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denudation levels, The first feature, the steep relief, merely indicates the
full effect of vigorous downward ervsion on the shorter and therefore
steeper western slope, in contrast to the eastern side of the mountain
which, because its slope is longer and gentler, is correspondingly further
from equally complete dissection. But to judge from the precipitous
nature of the valleys sunk in it, downcutting must be working with
approximately the same intensity in it as well. Vast fragments of pene-
plane still extend over the divides between those valleys. The second
feature [that of the scarps] is obviously equivalent to the peneplane steps
which we have already learnt to recognise in the most diverse parts of the
world. On the west side of the Sierra Chica I saw an extraordinarily well
developed piedmont flat encroaching valley-like into the higher part of
the range; and the same may be assumed for the other similar scarps
which Schmieder discovered, though there are no ebservations available
upon this point which 1s of decisive importance.

Thus there does not lurk within the above-mentioned morphological
features that indication of faulting desired and ascribed to them, faulting
thit was held responsible for the delimitation of the mountain mass and
its meridian-wise division after the manner of tilted blocks, There is no
proof of its existence. Nevertheless, faults play an important part in the
interpretation offered for the results so far observed. The peneplanes
appearing at different levels are interpreted as fragments of a single sur-
face dislocated by faulting; and here, us well as on the other ranges of the
Pampean sierras, they are considered to be the re-exposed Palseozoic
peneplane on which the continental Gondwana series (the ‘Paganzo’
beds, principally of Permian and 'I'riassic age) have transgressed over the
old folded substratum***. This looks like simple transference of the doc-
trine, long held in Germany, according to which the peneplanes occur-
ring on the summits of the German Highlands were bared portions of
the Permian land surface. There, however, it was long ago demonstrated
that conditions did not exist for such surface stripping; that further, the
peneplanes to be observed today do not coincide with portions of late
Palaeozoic or early Triassic surfaces, but cut across them; and finally
that the Permian land surface had a mountainous character and was not
a peneplane. Peneplaned surfaces occur only in the very limited zone of
early Triassic denudation. We shall come back to this point later. In

tina, no close investigation has ever been made of the nature of the
lower surface of the Gondwana series. It has, however, become known
in the meantime thut there are quite considerable variations in thickness
within the Gondwana beds; on account of which—as G, Bodenbender's
excellent investigations in La Rioja have shown—rocks belonging to
quite different systems (Permian, "T'riassic and even Rhaetic) transgress

" EALA,
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directly on to the old folded basement. It therefore follows that the lower
surface of the Paganzo strata is no plain, no peneplane, but mountainous
in relief, with differences in elevation of several hundred metres®™,
Further, at several places, also in the Sierra de Cordoba®*, it is possible
to follow directly the passage of the present peneplane from the crystal-
line basement on to the denuded remnants of the Gondwana-Paganzo
beds. Thus there can be no doubt that the above-mentioned inter-
pretation is erroneous. ‘The present land surface cuts across the Permo-
Triassic one; where it is on crystalline rocks, it lies below it by an un-
known amount; where on the Gondwana beds, it lies above it. Like those
of the German Highlands, the peneplanes of the Pampean sierras are fresh
creations, which are causally comnected with the history of the formation of
the Andine ranges.

According to the observations so far available, the highest and oldest
levels are confined to the Sierra Grande®®", and are found in that part
called the Sierra de Achala (fig. 19). According to Schmieder, this part

Achale ——ep
Focho e fhuea
T e 3 000 e g valiaye
into steep relief
Fig. 19,

of the mountains bears a peneplane lying between the altitudes of 2200
metres (in the west) and 2100 metres (in the east), and has inselbergs
rising above it. These latter are the remnants of a central mountainland
which has by now been completely disintegrated. Judging from the mar-
ginal position of the inselbergs, it formed the watershed, which seems to
have been pushed far towards the west even in early times. Concave
profiles of waning development characterise the mountain sides, and the
cross sections of the valley troughs in the surrounding peneplane. This
latter is a typical piedmont flat; the fragments of it today visible may
perhaps already correspond entirely to the proximal zone, and have the
character of an end-peneplane. It forms a strip approximately 6o kilo-
metres long, extending along the strike of the mountains, and only 4 to 8
kilometres broad (IT in the figure); and to the north, south and east it is
separated by a zone of convex slopes, about 500 metres high, from the
next level below it, the most extensive, main peneplane level of the
mountain mass. The scarp is not, on the whole, very steep®®. It is dis-
sected into valleys, and so has a somewhat lobate outline; and there seems
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to be no lack of inselbergs lying in front of it and rising to its height,
especially on the north side. The valleys, which cut sharply into it, run
out on to the peneplane lying in front, which can thus also be recognised
as a picdmont flat (IIT in figure), It, too, is extensively developed along
the strike and on the eastern slope of the range, but not on the west. On
that side the slope, broken down into steep relief, sinks to the narrow
depression of Nono, with a north-south trend and its Aloor at about goo
metres altitude. It separates the Sierra Grande from a secondary adjoin-
ing range (Sierra de Pocho) lying in front of it to the west. According to
Schmieder, this latter also bears a peneplane which lies at an altitude of
about 1000 metres, is said to have an upcurved western edge, and to sink
northward beneath the Pampa. The relationships are still uncertain, and
for want of correlated strata the connections with the levels of the main
range to the east cannot be identified.

The Sierra Chica is no different. This range, which has an eastward
sloping peneplane on its summit, is, on the west, inclined more steeply
towards the depression separating it from the Sierra Grande. Following
this depression northwards one comes, near Capilla del Monte, to the
district where the excellently developed piedmont flat already mentioned
lies in front of the west flank of the Sierra Chica. This surface sinks
north-westwards beneath the Pampa, and as it does so the valleys eroded
into it visibly decrease in depth; and so it seems that the same surface
which extends over the northern end of the Sierra Grande, sinking in
that latitude, is arched up here. At all events, this place offers the possi-
bility of finding out how the various peneplane levels in the individual
parts of the mountains are related as regards position, and the periods of
their respective development. By this means, further morphological re-
search will be able to start from the fact that the depressions between the
ranges, in so far as they come within the region of denudation, bear pene-
planes more or less dissected by valleys, just like the broad troughs in
Anatolia. Evidently these function as piedmont flats to both of the ranges
bordering them and to both at the same time.

Nothing is known as to the geological age of these clements. At the
western foot of the Sierra Chica, in the neighbourhood of the piedmont
flat, which he called ‘foreland’, E. Richmann found sands, laminated
clay, and marl, which he considered to be the equivalents of G. Boden-
bender's Upper Cretaceous Los-Llanos beds, a formation occurring at
the edge of the Pampean sierras in Central Argentine®™, Conglomerates
were found abave these, and they were considered as possibly belonging
to the Tertiary ‘Calchaqui beds'. 'These strata, like the Gondwana series
resting on them, are supposed to have once completely covered the
present Sierra Chica®®, Quartz-porphry, a rock which occurs only in
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the northernmost range of the system, the Sierra del Norte??, plays a
part in their composition; and this seems to stamp the strata in question
as correlated with that range and as being deposited at a time when there
was as yet no Sierra Chica. Further investigation is still needed. What
has been discovered about the facies, bedding and correlation of the
Cretaceous-Tertiary sediments, derived from the neighbouring sierras
to the north-west, justifies the assumption that surface forms of early
Tertiary origin, if not even of Upper Cretaceous, may be found in the
Sierra de Cordoba also.

The mountains form a system of several north-south ranges, which
sometimesreplace one another, sometimes are separated from one another
by depressions. Morphologically, as far as present knowledge goes, the
chains represent a type which is in many ways similar to the German
Highlands or the Appalachians, and deviates from what we have so far
learnt in broad folds and from what will be shown later. The deviation
consists in this, that piedmont flats occur which, just as in the German
Highlands, extend not only along the strike of the mountains but also at
right angles to it, Bearing in mind the symptomatic significance of pied-
mont flats in the interpretation of the development of zones of uplift,
this means that the ranges of the Sierra de Cordoba have grown mainly
n length but also considerably in breadth. It is certain, however, that
this growth has not occurred to the same extent in both directions, ‘The
considerable extension, to the north, south and east, of the second as well
as of the third level in the Sierra Grande shows that this range has evi-
dently been growing from early times in these directions, but not every-
where westward: no recognisable piedmont flats lie at the foor of the
Sierra de Comechingones and the Sierra de Pocho on the west side. This
might in fact indicate the presence of a fault which had originated at
these places during some stage or other in the development of the ranges.
Thereafter it separated the rising block from the neighbouring area which
did not move but remained at the lower level: and thus it limited, to-
wards the west, the growth of the range, i.e. the further extension of the
region of uplift and denudation. Of course this has not proved the exis-
tence of longitudinal faults! (see p. 270).

From the geologico-tectonic point of view it must be stressed that the
Sierra de Cordoba lacks not only that degree of uplift which is shown
structurilly by the deformation in the sedimentary cover and morpholo-
gically by the amplitude, but is also without any trace of folding in the
covering strata; in addition there is an absence of great overthrusts asso-
ciated with dislocations along the strike, such as characteristically appear
in the west and north-west of the high ranges welded on to the main
mountain mass of the Andes, It has been shown that there, at an earlier
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stage of the broad folding, those structural elements were still lacking
and the ranges had less amplitude®*t, The Sierra de Cordoba today
represents this stage. "That is by no means the same as saying that it must
have risen later; but up to the present it has not arrived at that further
advanced stage of broad folding which today characterises the ranges at
the southern margin of the Puna. There now follows the conclusion
reached above, which showed the Sierra de Cordoba as the type which
with growing amplitude fncreases in length and in phase,

In the parts of the mountain mass suhich adjoin the High Cordillera and
the Puna de Atacama and are attached to them, dislocations along the
strike outcrop as the chamctenstic structwral elements over wide
stretches of the younger sections of the Andine mountain formations.
They are often in the nature of overthrusts, and in that case they hade
towards the west in the western parts of the system of ranges, towards
the east in the eastern parts. At the boundary of the two zones there
occurs a broad syncline, overthrust from both sides, the Bolson of S,
Maria or the Calchaqgui Valley (Pravinee of Catamarca)®®®, West of this,
all the mountain ranges are directed wowards the high region of the Puna
and penetrate from the south into the high country, imparting to it the
same north-south seriation which is characteristic of the Pampean
sierras to the south of it. With that entry, the overthrustings and faults
come to an end, without any exceptions so far as can be seen at present.
The mountain ranges ¢ross the nse of the Puna as unfaulted anticlines:
The termination of the faults, however, is not accompanied by any
alteration in the orographical behaviour of the ranges, nor in that of
other structural features or in their morphological character; this applies
even to details, so that here it is evident in the most impressive way how
insignificant a part strike faulting plays in determining the altitudinal
configuration and the set of land forms. On the other hand, the most
abrupt morphological changes take place where the mountain ranges
encounter the edge of the highland. "This usually takes place without any
essential change in the absolute altitude. But the relative heights in the
Puna are about 1500 to 2000 metres less than to the east and south of it,
since its longitudinal depressions, the broad synclines, do not lie as low
as the bolsons between the Pampean sierras, but ar a greater absolute
altitude. This means that there is today a considerable difference in alti-
tude between the general base levels of erosion on the two sides of the
Puna edge. And by following the morphological development of the
ranges, it can be seen that there has been no fundamental difference in
this respect at earlier stages in the formation of the Andine mountains.
Thus, in the areas considered, the fype of configuration of the mountain
chains differs sccording as to whether they belong to the Puna or to the
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Pampean sierras. For both regions there is remarkable uniformity within
themselves.

The broad folds to the south and east of the Puna form high ranges.
Their summit levels average between 4000 and 5000 metres and oceca-
sionally exceed 6000 metres. The aggraded floors of the neighbouring
bolsons fie at about 1000 metres or less in the southern sections, at 2000
metres towards the edge of the Puna. In spite of these majestic altitudes
and differences in altitude, there is very little to be noted in the way of
disintegration into a sea of Alpine peaks such as may be observed on the
high chains which are situated in a moister climate and, in addition, have
experienced considerable Pleistocene glaciation (the High Cordillera
further south, the Eastern Cordillera of Bolivia and Peru, etc.), The
broad folds of north-west Argentina meet the beholder like a wall, with
an even crest-line apparently unnotched, This impression is produced
by the preservation of very ancient form associations with but shallow
dissection—forms of medium relief or peneplanes—on the summits of
the ranges that are earlier in origin. As a rule these ranges also rise to &
dominating height and have a great width (see Plate X, illustration 1).
On the other hand, on the flanks, nothing more could be desired in the
way of jaggedness, i.e. of having been broken up into a rocky steep relief;
and this feature continues down to the base of the ranges, and the parts
where, towards their ends, they gradually become lower until they
plunge beneath the alluvium of the lowlands. The steep slopes of the
flanks already meet in sharp edges and pointed peaks, and these are
arranged 50 as to give a distinct gipfelfiur, such as usually characterises,
over a wide area, the plunging ends of the ranges (see Plate X, illustra-
tion 2), This reproduces or simulates their anticlinal form: i.e. a surface
tangential to the sharp edges would have the form of a pitching anticline.
Ranges which have proved to be of later origin show the same breaking up
into a steep relief, but show it over their whole extent, OF the less rugged
precursors of the steep forms, either nothing at all has been seen here, or
merely scanty relics which have the character of forms of medium relief,
never of peneplanes. Instead, the convexity of the steep slopes is often
developed in a quite classical manner (see Plate VI, illustration 2, and
fig. 20). The form associations of the latter type are in sharp contrast to
the steep reliefl which is found on the straight slopes of maximum
gradient. These two form-types appear in separated areas: either the
zone of steep relief for the time being belongs wholly to one or the other,
or else both forms occur next to each other within one and the same
zone of steep relief; but even then each is characteristic of a high-lying
zone well marked-off from that of the other. Thus, the lower parts of the
castern slope of the north-south range Cerro Negro—San Salvador,
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which separates the basins of Tinogasta and Andagald (Province of Cata-
marca) from one another, is characterised by steep convex declivities; on
the other hand, in the higher parts—the summit region of the range—
straight-line slopes, of maximum inclination throughout, are equally
typical (see Plate VI, illustration 2), Further, the intervalley divides of
the two zones belong to different levels; the rounded ones of the ‘convex
zone', to use a more concise expression, fall short by quite a considerable
amount of the level reached by the sharp edges in the crest region. A sur-
face tangential to those rounded intervalley divides would not indeed
give the appearance of a peneplane, but would be uneven, with humps;
yet everywhere it is closely adjoining the foot of the straight steep slopes
which lead from it right up to the sharp edges of the crest regrion, This
arrangement is peculiar to a definite type of the ranges of more recent
origin (fig. 20, A z), in contrast to the other type in which the dominant
steep slopes are exclusively of maximum gradient (fig. 20, A 1)*®, Smee
the other conditions (climate, rock materials) are similar, the difference
between the two surface forms here developed can, in general, be due
only to this; that in the one case the causes tending to produce siopes of
maximum gradient have not been in operation for so long as in the
second case: so that there the convex forerunners hiave not vet been re-
placed by the slopes of maximum gradient which ultimately appeared.
Or, in other words: the causes leading to an inerease in the intensity of
erosion, up to the value for which slopes of maximum gradient are
bound to appear, have existed for different lengths of time in the one
place and in the other, i.e. have made themselves felt for periods of
different lengths as reckoned from the present time,

One can only fitly speak of a gipfelflur when the mountain masses
have been broken up into peaks and sharp edges by incision of steep
relief forms, and when slopes of maximum gradient meet in such edges.
They have straight profiles (see Plate IX, illustration 2). However, in
this case, uniformity of development cannot be deduced from this fact.
For slopes of maximum inclination develop when the intensity of erosion
has increased to a definite limiting value®™. They retain the same gradi-
ent and shape even when the mtensity of erosion increases further to
beyond that limiting value; and they remain unchanged in form so long
as the intensity of erosion is beyond that limit, whether it is increasing at
that place, or decreasing again (see p, 158). Slopes of maximum gradient
muay therefore be # normal part of waxing development as well as of
waning development. Their straight-line profile only simulates uniform-
ity of development. In reality, however, the only conclusion that it is
permissible to drww as to the course of erosional intensity is that it has at
least reached the limiting value concerned and so must at all events be
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very great, The slope development is, so to say, prendo-tniform when it
imprints its mark upon the steep relief of the ranges and helps to deter-
mine the position and shape of the gipfelflur. This latter has no direct
dependence upon the conditions associated with the preceding relief,
which has been replaced by steep relief forms, On the older ranges,
which still bear on their summits fragments of such older and gentler
land forms, it may be observed that the gipfelfiur does not lie at the level
of the earlier relief which has since been removed; nor does it continue
unbroken the line of its remaining parts in the direction of the slope or
of the strike of the mountains; but on the contrary it is offset from this
by a somewhat noticeable jump in altitude. The surface tangential to the
peaks and sharp edges does nof therefore in this case appear to be a relic
of an otherwise completely vanished former relief. Still less, as has often
been rashly concluded for similar cases in other parts of the world, does
an unlevelled fault line separate it from remnants of this other relief,
lying at a higher altitude and still preserved. But its position is directly
dependent only upon the character of the sharp V-shaped valleys and of
the rock. Its relative height is greater, the greater the inclination of the
steep slopes, with maximum gradient, which intersect at that height, and
—as A, Penck has explained—the greater the average distance betwen
adjacent erosional furrows. Its absolute altitude, on the other hand, is
subject to the general laws concerning absolute heights, which will not
be treated till a later section®®®,

The Sierra de Fiambald (Province of Catamarca) is a range which has
all the characteristic features of the older type of broad fold. 1t enters the
Puna about latitude 27°S,, and its greatest altitude, exceeding 5000
metres (the "Tolar" or "El Volcan'), is here. The granitic heights show
surface forms with exceedingly gentle slopes which shelve down with
convex curvature to the wide high-lying valleys which surround them.
Tors are superposed upon the flattish relief. It 15 a case of the diminishing
remains of a peneplane which has replaced a more elevated landscape of
unknown form and extent (I in fig. 2o B), like what has been noticed on
the dome-shaped mountains of the Fichtelgebirge [p. 214]. From the
further developmental history it myst be concluded that this relic of an
end-peneplane has developed from a piedmont flat. As for the rest, it
has been already completely replaced by an intermediate type of relief,
the broad trough valleys of which are incised in it to a depth of about 500
metres. The land forms (11 in fig. 20 B; ¢f. Plate 11, illustration 3) bear
throughout the features of waning development. It has but a slight ex-
tension at right angles to the strike of the mountains (and that mainly
westward, not eastward); along the strike it forms an elongated zone
which (next to ) occupies the highest parts of the range, The zone is
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_surrounded on all sides by a strip of country more deeply divided-up into
rounded eminences; their steeper talus-graded slopes have convex forms,
and lead down to high-lying valleys which are comparatively deeper and
narrower. Near the higher parts of the country they are often still quite
narrow; towards the periphery they have widened out showing alluvial
floors and concave foot-slopes®®®. It can be seen how waning develop-
ment is beginning to penetrate from the outer part. This periphery is
everywhere sharply delineated; there is a break of gradient the line of
which, like the contour lines, forms a re-entrant angle along the valleys—
the longitudinal profile of which experiences a sudden interruption—
and a projecting angle along the ridge crest where it separates the system
of gentler slopes above from the rugged rock slopes below (see Plate 1V,
illustration 2). The rocky steep relief of the mountain sides and at the
ends of the ranges reaches up to the break of gradient. This occurs at an
altitude of about 3500 metres.

The characteristics of the relief above the break are, as has been men-
tioned, those of waxing development. However, as the mantle of rock
waste indicates, its slopes are still far removed from the maximum
gradient, This waxing development has been interrupted by the appear-
ance of the break of gradient, i.e. by the increase of erosional intensity to
the value at which slopes of maximum inclination arose, first at the
general base level of erosion, then spreading briskly upwards. The relief
type of convex slopes (111 in fig. 20 B) forms a narrow strip on both sides
of II along the downward slopes of the range: also for considerable
distances it covers the summit when, on account of the gradual diminu-
tion in height towards the end of the range, I1 has disappeared in this
direction (southwards). Below the peaks of the mountainland 111, wide
flattish ridges and rounded summits spread out. Their heights are
similar; and as a rule they do not occur above the level at which the
valley bottoms (not the peaks) of relief type I1 would be found by re-
constructing earlier conditions. The first mentioned of these features
indicates that there can never have been higher, more steeply inclined
country in place of the flattish dome-like heights—flattish forerunners of
the steeper slapes below; the second makes it fairly certain that these
heights are the last remnants of a piedmont flat, of which the valley-like
protrusions into the older region appear in the wide valley bottoms of
relief type IT%4e,

On other ranges of similar age these relationships are still preserved
intact, as for example on the broad anticline which lies in front of the
Puna to the esst, forming in those latitudes the eastern marginal range
of the whole mountain system (Aconquija Range—Cerros de los Ani-
mas}. Starting from its western foot in the Calchaqui Valley (see p. 261),



BROAD FOLDS: THE ANDINE RANGES Eﬁ?

the break of gradient, its line running irregularly in and out, is to be
found above the zone of steep relief (corresponding in form to IV in the
Sierra de Fiambald, fig. 20 B) within which the eastward hading mar-
ginal overthrust outcrops?'’. Above that is a deeply dissected medium
relief which has convex slopes mantled with waste and concave foot-
slopes (corresponding to our relief type 111). A break of gradient,
scarcely less sharply developed, separates this form association from the
relief of mountain heights above (alto mufieco) corresponding in form to
our type I1. This extends alike over craggy granite (see Plate V, illustra-
tion 2) and granitic gneiss, and over andesitic lavas and breccias which
show no crags; while near the western edge of the broad mountain sum-
mit it extends across a strike dislocation which in places brings the old
granite on to the top of the young andesite, On the broad main water-
shed, and between the rather wide and deep valleys of relief type 11, there
are now preserved extensive fragments of a peneplane (corresponding to
I) set with low tors, Tt continues far southwards, along the strike of the
range, as far as the northern edge of a series of high peaks superimposed
on it, extending over a length of many kilometres. These are elevated
more than 500 metres above the pencplane, and end southwards in the
Nevado Aconquija (over 5300 metres), Corries are sunk in the line of
slopes by which the series of peaks sinks rowards peneplane I lying in
front of them on the north. Here it is evident that this is a piedmont flat.
On the east it is bounded almost at once by steep slopes rising preci-
pitously from the depression.

This type of configuration recurs in all the ranges of earlier origin,
even though the arrangement and division of the relief stages may vary
in detail from one instance to another, It must be especially emphasised
that the form associations which have been classified above into four
well-marked main stages, appear, on more detailed investigation, to be
susceptible throughout of further division and subdivision. However,
leaving aside that and other details, the broad folds of earlier origin have
a fundamental morphological pattern which is quite ususlly given by
the following arrangement of form associations from above downwards:
(@) a peneplane which is preserved as more or less extensive remnants,
and in locally circumscribed places surrounds a central mountainland,
oeccasionally reduced to small relics (tors); (b) medium relief on all the
slopes leading down from it; (¢) steep relief on the flanks and the
plunging ends right down to the bottom of the runges. These three main
stages ure all elongated in the direction of the trend of the mountain
ranges; at right angles to it, so far as they are present, they are limited to
NArrow strips.

It must specially be noted: a central mountainland, in the relationship
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deseribed above, occurs only on the oldest ranges, and marks those parts
of the broad folds which were the first to appear. Hence it is met with on
by no means all the ranges; and its original extent, as well as that now
found, is always far less than the present extension of the ranges. As a
ritle there i= far-reaching dissection of this central mountainland, which
is characterised throughout by forms of waning development, and has
aften broken down into inselbergs. At many places, however, its indi-
vidual summits (which are then rounded in a broadly convex fashion)
bear more or less extensive remnants of an older higher peneplane. Ex-
amples are found on the Nevado Famatina, over boco metres high, as
well as on the Cerro Palca (5300 metres), an analogous elevation in the
northern section of the Famatina Range; and apparently also on the
Nevado Aconquija. As far as is at present known, these are the oldest
form associations which occur on the broad folds of the region.

The peneplane (relief type I) has the character of a piedmont flat, or
[else] is the summit peneplane of ranges, or parts of ranges, of corre-
spondingly later origin. Its nature has been shown to be that of a primary
peneplane. [CE p. 2ro and pp. 213-215,] Itis very significant that in every
case so far investigated the medium relief (type II-111), occupying
the slopes on both sides of the ranges, has suffered powerful and easily
recognisable warping. A characteristic of it, which can have only one
meaning, 15 what has been called the ‘upper gorge zone': sharply
incised, steep, ervsional ravines, which are alien forms traversing
the medium relief of the mountain flank which is otherwise smoothed
and rounded; they are not outlines of the young steep relief (IV) but
end high above that. Indeed they peter out on surfaces which mark
# level of accumulation and belong both by age and mode of arigin
to thie medium relief. These surfaces are thus, o0 to say, old bolson
floors which are now rised high up, dragged up at the edges of the
ranges, tilted, and often already worn down to terraces by the en-
croachment from below of steep relief (IV)?42,

That the upwarping, or more accurately doming, of the broad anti-
clines above the neighbouring depressions persisted, throughout the
stage during which the steep relief was developing, is shown by the con-
vergence towards the mountain foot of even the youngest of the terraces
of uplift.

The succession of form associations, arranged from above downwards,
in the manner just mentioned, obviously corresponds to a time sequence:
the highest, uppermost, of them were also those to originate the earliest;
the lower ones appeared later, one after another in the same sequence in
which they are nowadays to be met, adjoining each other, from sbove
downwards. T'he form associations were therefore termed stages of relief:
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they are successive stages in the development of the older ranges. The
characteristic feature of the general trend of development is increase in
the angle of slope (flattish relief—medium relicf—steep relief). With the
appearance of ever steeper slope units and slope systems, convex breaks
of gradient developed; and this meant that the form associations which
at any given moment lay above them, were separated from the general
base level of erosion, and were pushed into a course of waning develop-
ment. Since then this type of development has dominated the course of
denudation within these form associations, up to the present day.
Naturally it has now gone furthest within thar form association which
has been longest subject to its action, that is within the oldest and high-
est stage of relicf: little more is preserved of the fattish relief which once
covered the central mountainland. The surrounding piedmont surface
(1) has continuously widened at its expense, and has broken up the dis-
trict rising above it into inselbergs and tors, either at its margin or all
over it. Relief 11 is already almost everywhere marked by concave slopes
and wide valley troughs; these, however, still form a uniform set of con-
nected valley courses. In relief type 11T the commencement of waning
development is just noticeable, while it is entirely absent from the steep
refief type IV.

If one compares the earlier stages of development with the later ones,
a further very characteristic circumstance comes to light. The central
mountainland has been surrounded on all sides by the piedmont flat (1),
especially extensive along the trends of the ranges. "['his state of affairs
betokens. that the ranges of earlier origin originally increased their
length and their phase as they grew in height, This is the stage which is
still represented today in the Sierra de Cordoba, which s as it were ina
primitive state compared with the high ranges of the Puna edge. Further,
it can scarcely be doubted that relief type 111, in so far as it forms the
summit of the ranges lengthwise along their trend, has resulted from a
more youthful lower piedmont flat. So far, however, the same cannot be
said with certainty of the very narrow strips of the same form association
on both flanks of the ranges. The initial forms of steep relief IV, which
have been preserved in many places, are of the medium relief type with
convex slopes (like 111} and not remnants of a peneplane. Thus, if relief
HI on the flanks of the ranges has arisen from a piedmont flat, this
already covered approximately the same zones as the steep relief IV
occupies; and this steep relicf was sculptured out of it by way of relief 111,
And finally: in front of the deeply dissected steep relief IV, along the
mountain foot, there are alluvial cones but no young piedmont flats,
except for such as belong, not to the growing broad anticline; but to the
adjacent broad syncline moving into the region of denudation (Anatolian
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type). Thus younger and lower piedmont flats cannat be detected on the
flanks of the earlier ranges; and this is not only because the structure has
been thoroughly dissected by erosion, but because here, in the last
phases of development, they did not form at all. It must be particularly
stressed that this fact has nothing whatever to do with the existence of longi-
tudinal faults. 'The western edge of the Sierra de Fiambala has no faults,
and there is just as little indication of young piedmont flats there as on
the edges of other ranges of similar age. This is s0, whether, like the east
side of the Famatina Range in its northern section, they lack that kind of
longitudinal disturbance, or whether they have such faults, which then
outerop within the zone of steep relief (western margin of the Aconquija
Range, eastern margin of the Famatina Range in its southern section,
ete.), or continue—or are presumed to do so—along the foot of the
mountain range beneath the alluvial deposits of the neighbouring de-
pression. Instead, the form associations present on the mountain flanks
show the above-mentioned warping. This makes it perfectly certain that,
during the later stages of their development, the earlier ranges increased as
before in length and amplitude BUT NO LONGER INCREARED IN PHASE. [n-
stead, there occurs warping of the existing zones of denudation and of the
form zomes. This statement does not hold in its entirety for the more
recent and most recent ranges, The arrangement of the zone of steep
convex slopes and of the straight slopes of maximum inclination, on the
ranges of the type of San Salvador, has been mentioned (p. 263, fig.
20, A 2). It indicates the former existence of a piedmont flat (or of some
other form association equivalent in function) from which the zone of
steep convex slopes must have arisen. The youngest piedmont flats are in
fact often to be observed at the edges of such ranges, as is excellently
seen, for example, on the west side of the Salvador Range. The surface
concerned is narrow, it lies in front of the mountain foot proper, and
here it is sharply incised by streams; thus it has already been uplifted
and tilted. Hence the remaining fragments are in the form of terraces
which plunge down beneath the alluvial deposits of the adjoining de-
pression, and converge towards other lower members of the terraces due
to uplift. It is not a matter of dissected alluvial fans, but of rock surfaces.
Also they are not connected with the mouths of individual valleys, but
follow along the edge of ranges concerned for some considerable dis-
tance, If they are cut into by streams which flow along these ranges, they
then turn a steeply broken-off face to the adjoining lowland. Amongst
other places this may be seen along the margin of the rugged rocky range
of Carrizal, which together with several other secondary ranges, of a
similarly low order of magnitude; forms a mountain bridge from the
Sierra el Ambato (Catamarca) to the Sierra Velasco (La Rioja), and so
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closes in the Bolson of Andagald on the south. There occurs here not
only one such longitudinal terrace, but several, one above the other,
similar to what has also been noticed by 0. Schmieder on the slope of
the Sierra de Cordoba that goes down towards the depression of Nono43,
Certainly the formation of these marginal or longitudinal terraces, as
they may be called, is closely connected with river activity; but in origin
they are fundamentally different from valley terraces. The stream flow~
ing along the range lengthwise produces the terrace scarps, the marginal
brows of the rocky surfaces, but not the terrace surfaces themselves,
These are, rather, results of the denudation effected by the waters flow-
ing from the range and so are tributary to their respective paths [not to
the main longitudinal streams]. They testify that the area of denudation
has moved out from the former foot of the range towards the neighbour-
ing region of deposition, that the range has increased in phase. They are
piedmont flats, or, as the case may be, piedmont benchlands on a small
scale,

Comparing the two types of younger ranges leads to the recognition of
an advanced stage of development in that which possesses piedmont flats
as contrasted with the youngest ranges which have no such surfaces and
so0 have not yet begun to increase in phase. The drawing of attention to
the ‘not yet' is justified by the armngement of form associations which is
quite different in the younger chains from that in those which originated
earlier and are no longer increasing in phase. These older ranges show
the form association of convex slopes above the zone of steep relief at the
mountain foot; the younger ones show it below the steep relief, at the
mountain foot itself. These are deep-seated distinctions, which denote a
quite different course of development in the two cases®**. They touch
the core of the problem, which has now been illustrated from different
aspects: the way in which the ranges have grown, and the causes which
have led to their growth,

The similarity in the formation and arrangement of the form associa-
tions on the various ranges proves similarity in development, but by no
means indicates simultaneity in the stages of development which possess
the corresponding shapes. This is usually assumed for the peneplanes on
the tops of the chains. They have been observed in all sorts of places in
the mountain girdles; they are very widely distributed in Central Asia,
on the ranges of the mountain systems which form a broad belt round
the Tarim Basin, in the Pamirs, and s0 on, in the most varied regions of
the North and 