





vi PREFACE

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 task! It could not be accomplished were there not quite
definite relief zypes occurring in quite definite areas of the earth. I 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 Sea
continuing across south and central Asia to the Pacific Ocean, and the
analogous belt that surrounds the Pacific Ocean . . .). In this way I shall
come to erosion, and after that to crustal movements. It 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 movement;
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. I en-
visage it in this fashion, and I 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 cul-
minating chapter, wide and surprising vistas will appear leading towards
the causes of crustal movement. It is to this fundamental problem of
geology that I intend to devote the whole of my labours, possibly to the
end of my life.’

PREFACE vii

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 earliest 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 China 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 Direccién 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 a reconnaissance across the
whole width of the Andes.
While home on leave in 1914, war broke 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 1915, 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
4 party of students. In 1917 he added to his duties those of a Professor-
ship at the Agricultural College of Halkaly on the Sea of Marmora. But

Tecurrences of malaria, after a visit to the southern coast of Anatolia,

made a return to Germany necessary in the summer of 1918; and the
C_OnClusion of the war prevented him from getting back to Constan-
tinople. He became an unsalaried teacher (Privatdozent), with the title of
Professor, at the University of Leipzig, and had a paid lectureship in















2 INTRODUCTION

which are being not destroyed but built up. Here, 25 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 forees is lirnited
to those parts of the earth which nise above these zones of deposition.
Thus the indispensable prerequisite for attack by exogenctic 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 upstanding parts, thus
giving rise to the altimdinzl form of the carth’s surface, Leaving aside
endogenetically-cansed voleanic accumulation (which attains morphole-
gical importance only to a 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 2 matter of movement of the solid
land znd not fluctuations of sea level is this: the displacements of level
which are of morphological significance, ie. thoss which determine
present altimudinal relationships on the earth, have never been of a corre-
sponding amount everywhere on the earth’s surface, now or at any other
period®, '

The earth's surface is not only a limiting surface between different
media, nor merely & surface of section giving the desired information
about the structure of the carth’s crust; #f i a limiting surface befween
different forces sorking in opposition to ene another. Both produce dis-
placements of the rock material: the endogenetic forces displace it by
mising parts of the earth’s erust above their surrcundings, or sinking
them below these—at present it does not matter whether the direction
of the forces is vertical or otherwise, so long as they lead to vertical
displacement of level at the planetary surface; the exogenetic forees 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-
genetic 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 beisceen endogenetic and exogenstic procésses. 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, to remove any unevennesses which the ﬂldu_gcncl;il;,:
processes have created and are sull producing on the erustal surface,
Thus the earth’s surface is a field of reaction between opposing forces
and the cffectiveness of the one depends upon the preceding activity of
th .uﬂl-l:r, On all surfaces so conditioned 25 to be the scene of inter-
on between opposing and mutuvally dependent forces, there is a
tendency for a physical eguilibrium to become established. "I'his obtains
Wwhen 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 t[-.u:
endogenctic processes, when uplift and denudation, subsidence and de-
position, take place at the same rate; and not only when—as is generally
' «d—both processes have died out, and their intensity is conse-
quently zero, i
- The visible results of endogenetic and exogenetic influences at the
I : h's surface are formy of denudation on the one hand, and, on the other,
Eﬂ:rrﬁ:fﬂ.!frf depogits* 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
i saw. It is clear that very different forms develop according to
whether denudation is acting more slowly than uplift, more quickly, or
At the same rate; and so whether the ratio of the intensity of exﬂge;ﬂic
0 that of endogenetic activity works against the former or in its favour,
or whether there it a state of equilibrium. Therefore it is possible to see
plainly in the forms of denudation not merely the results of endogenetic
-1-- exogenctic transference of materal; but even more that they owe
their origin and their development to a relationship of forces, to the ratio
of intensily bettoeen exogenetic and endogenetic processes.
1" The physical charucter of the morphological problem comes out
dearly. The task before us is to find out not only the kind of formative
: 5. but also ﬂ1h-: development of the ratio of their intensities with
- to one another. None of the usual geological or specifieall
morphological methods is sufficient for the sn[ﬁtian%-:ulf this pmpsﬁ:lf't. A:;
18 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 th;,-
ubstance of morphology.

[* Bee glossary],
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2, BASIS, NATURE AND AIM
OF MORPHOLOGICAL ANALYSIS
These three elements are:
1. the exogenetic processes,
z. the end ETiE Processes,
3. the pngu&crtls duE to both, which may here be collectively called
the actual morphological features.
1t is well known that the exogenetic forees arc at work over the whole
earth, in all climates. They consist of two processes, the onset and the
course of which are fundamentaily different. The one has already been
characterised elsewhere as a process of preparation: the reduction® of rock
material, By this is to be understood all the processes which lead to 2
loosening of the solid rock texture, to disintegration of the rocky crust so
that it becomes changed into a 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 carth's crust, which determines the world distribution uf‘ru-::_k
types, is therefore just as important for morphelogy as the world distri-
bution of different clirmatic conditions. :
Rock reduction alters the composition and texture of the material. Tt
does not produce denudational forms. These do not appear until the
reduced material has been removed: only when matter has bt:lt‘:l'.l taken
away from 2 body does it change its shape. Only if it&l composition and
texture are altered does there arise what the mineralogist calls a Ifnﬁ-l:udl:n—
morph. Earth sculpiure {5 due lo exagensiic transference {:_;r'l material. T.ﬁf
sum fotal of this constitutes denudation. Rock _:E:l:i_u{:'r.mu 13 an :sar-n:nua.l
preliminary to its oceurrence; the rock matenal must have acquired a
sufficiently mobile condition before there can be transport at a]l et:[hc:
of ite own accord (spentaneous) or by the aid -::ni: some mednm. 1_‘]:1::
processes of denudation are, one and all, gravitational streams, nht:]rn_:lg
the law of gravity. Climatic conditions and type of rock influence the
details of their further course. Their effects, therefore, are of dsﬂe:gnt
magnitudes in areas of differing clirnatic nature and d:fEu-mg gl.‘-ﬂll'_'l-;:ﬂﬂ':'ll
make-up; nevertheless—and this must here be stressed in view of widely
held misconceptions—they are not of different Lypes. j
All the processes of denudation have, as gravitational sireams, 4 NON-UNI-
form character—which, as will be shown, is in contrast to the processes
of reduction. That it their fundamental property. Their commence-
ment, their course of development, take place befare our eyes. J.l'_l.ﬂ}'
can be oheerved in all their phases, and their systematic investigation

[* Aufbereitung, See glossary.]

NATURE AKND AIM OF MORPHOLOGICAL ANALYSIS j§

“thus possible everywhere on the earth, not only qualitatively—as
a8 already been more or less fully done—bur quantitatively, a mateer
dhich so far has been hardly attempted. Here there 15 a wide feld of
mductive research, as vet unworked. And it promises results of as great
If even greater importance to morphology than those which that recent
ranch of knowledge, soil seience, has already produced with regard to
ek reduction,

All the actual morpholagical features can, like the exogenetic pro-
deases, be directly observed, and are thus an object of inductive
ieearch. However, their limits must be cxtended far more widely
han 15 customary. It is by no means enough to determine and to charae-
gnsc the forms of denudation as they actually appear in their various
smbinations; the stratizraphical relations of the correlated straia, formed
multaneously, are of just as great importance. Their thickness and the
iy in which they are deposited on the top of one another, how they are
annected with their surroundings 1n the vertical and i the horizontal
lirection, their stratification and especially their facies, reflect both the
¥pe of development in the associated area of denudation, and its dura-
on, and they supplement in essential points the history recorded there.
e position of this record in the geological time sequence depends
ptirely upon investigation of the correlated strata and their fossil con-
gnt. As a rule far too little weight 1s miven to woetkng on thas strati-
paphica] material. Because of this, our knowledge about the actual
porphological features is correspondingly scanty, ‘U'rue, we must take
-'_':- account that these are not, like denudation, for instance, subject to
gnie uniform sct of laws; but that they are peculiar to each individual
art of the crust which will have undergzone a special development of its
wn. They are individual in thetr character.

T'his individuality is cssentially dependent upon the way in which the
ftivity of the endopenetic procesres, particularly crustal movements,
fitrics from place to place. Since crustal movements cannot be directly
il d—with the exception of earthquakes—information about them
deduced from the effects they have produced. These, however, are to
¢ regarded merely as indications that crustal movements are taking
plice, and bear much the same relation to them as the sheking of a train
ies to its forward motion, The passenger, now and then looking out
rom the window of the moving train, recognises its movement by the
slting and by the shifting landscape visible outside. The geologist
seopnizes crustal movements by carthquakes and by disturbance in the
mtification of rocks. The latter shows the earliest time at which the
mstal movements took place at the piven spot, and the total amount of
hance 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 suceessive 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 stll continuing or came to an end in
times past. Yet all these have often been assumed in a perfectly arbitrary
HNATITIET.

Crustal movements cannot be observed directly, and no adequate
tectonic method is known for ascertaining their characteristics. Thus,
in studving land forms, it is not permissible to make definite assump-
tions as to their course and development, and to base morphogenetic
hypotheses upon them. Moreover, it is perfectly clear that of the three
elements—endogenstic processes, exogenetic processes, and the zctual
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 25 2 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 cstablished by cbservation, completely and
with certainty for each individuzl case. Their dependence upon one
another, in conformity with some definite law, has already been recog-
nised, and it will subsequently be further developed. The equation—to
continue the simile—permits of an unequivecal selution. Morphological
analysis is this procedure of deducing the course and development of crustal
movements from the exogeneiic proceises and the morpholagical 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 2 matter of physical geology, to which it erganically 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 3im of morphological analysis, as indicated above. Far-
reaching possibilities open up from this point. As has zlready been mere
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 2 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 u.f general geology, the causes af crustal movements. This is a
mmatter which docs 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
(@) CvcLe oF Eroston

A first attempt in the direction of morphological analysis was the
theory of the Cycle of Erosion developed by W. M. Davis. Familiarity
witl i_t 15 here assumed. The eycle theory has, it is true, a purely geo-
graphical aim, viz. the systematic description of land forms un a genetic
basis, which has been aptly called their ‘explanatory description’. Thus
there was no direct attempt to discover more about endogenetic pro-
tesses. 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-
Midered to serve the explanatory description. This totally different
Drientation of the setting of the problem does not in any way alter the
mportance for morphological analysis of the principle of the cycle con-
gept. That prineiple is the idea of develapment, in its most general sense; a
block, somehow uplifted, presents one after another, in systematic se-
fuence, forms of denudation which result from one another; and their
tonfig tation depends not only upon the denudation which is progress-
g in a definite direction, but also—as Davis himself suggested, though
fierely as a conjecture® —upon the character (the intensity) of the uplifi.
What has found its way into morphological literature as the cyele of
posion is what Davis expressly defingd 2s a special case of the gren&ra]
principle, one which was particularly suitable to demonstrate and to
gxplain the ordered development of denudational forms. It is postulated
hat a block iz rmpidly uplifted; that, during this process, no denudation
s 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
pnceived to be at rest. The forms on this block then pass threugh suc-
Eessive stages which, with increase of the interval of time since they
pussessed their supposedly oniginal form, ie. with increase of dr:vt!apf—
mental age, are characterised by decrease in the gradient of their slopes.
. 2y are arranged in a serfes of forms, which is exclusively the work of
lenudation and ends with the peneplane®, the peneplain. If a fresh up-
Mt now occurs, the steady development, dependent solely upon the
o ing of denudation, is interrupted; it begins afresh, e.g. the pene-

[* See gloasasy.]
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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 2hove from steeper ones below.
It was possible to draw this conclusion, in such a general f-::unln, only
because the sbove-mentiened special case, chosen by Davis mainly for
didactic reasons and developed in detail on several pecazions, 1s usually
taken as the epitome of the cycle of erosion, and is guite generally
applied in this sense. Both Davis himsell® and his followers have made
and still make the tacit assumption that uplift 2nd denudation are sue-
cessive processes, whatever part of the earth is being considered; and
investigation of the natural forms and their development has been and 15
being made with the same assumptions as underlie the special case 1Ii!5—
tinguished above. There is, therefore, a contrast bn:twﬂ:*.n the ?ng}nal
forrmulation of the conception of a cycle of ercsion and its application.
Davis, in his definition, had in mind the variable mndlsirlms not only of
denudation, but of the endogenetic processes; in the up]}hcacmnl—s& far
as We can see, without exception—use is made only of the special case,
with its fized and definite, but of course arbitrarily chosen, endogenctic
assumption, And eriticism, with its justified reproach of schematizing, 13
ditected amainat the fact that the followers of the cycle theory have never
locked 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 doctring 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 alenc was 1.13!:151“-
"I'hus there seems throughout to have been a misunderstanding with
regard to the cyele of erosion: its originator meant by it something
different from what is generally understood. The way = which 'r.h_:
theory is applied, the trend of the criticism it has received, hardly perrhit
any doubt of this. Thus it is necessary to consider more FIIJEI:I:I:.-' the
application of the evele of erasion and the criticism directed aganst it.

As 2 method, the theory of the cycle of erosion introduces 2 completely
new phase in morphology. Deduction, so far used only within the frame-
work of inductive investigation, or as an excellent method of presenta-
tion, has become a means of research. Starting from an actual knowledge
of exogenetic processes, the cycle theory attempts to dr__'Llu-:}e, 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 dﬁduF-
tion, but alse the forms for cach stage; and the ideal forms arrived at in

CYCLE OF EROSION g
his way are compared with the forms found in nature. There are two
hoints in this method which must be considered critically: (g) deduc-
lion a3 a means of investigation; and (&) the facts on which the assump-
hons are based.

o begin with, it is obvious that the ideal forms, which are supposed
0 develop on a stationary block, can be deduced successfully only if
here are no gaps in cur knowledge of the essential characteristics of the
denudational processes. Should this pre-requisite not be fulfilled, the
deduction iz nothing but an attempt to find out from the land forms
lone both the endogenetic and the exogenctic conditions to which they
their origin. It is like trying to sclve an equation having three
uantitics, two of which are unknown; we can expect only doubtful
esults. The American school may be justifiably reproached with not
sonsidering it their next task to eliminate one of the unknown guantities
by systematically investigating the processes of denudation all over the
jorld. On the whole, their part in throwing light upon the exogenetic
Pprocesses has been a very modest one. Yet this is not a decisive blow to
the cycle concept. For amongst the ‘exogenetic’ assumptions made,
lhere 15 no principle which has not been venhed by rxp&rieu-:e. and

fiticism by opponents has been unable to show any mistakes in ths
f B

“Till very recent times'®, no one has even serivusly examined the
econd or ‘endogenetic’ assumption of the applied cycle of erosion,
pamely, uplifc and #hen denudation. On the contrary, morphologists of
wery achool have generally started from the same assumption as soon as
hey came to discuss the problem of the development of land forms.
Even the opponents of the Amencan school have done this, and indeed
acitly still do so, even in thosc cases when they have completely dis-
egarded any endogenetic influence on the forms of denudation, and
have done no more than consider how the individual land forms might
ave arizen purcly from the work of denudation: for instance, the wWay 1n
thich they depend upon rock material. Invariably they have started
ith a given fixed altitude for the crustal segpment considered; thar is,
hey have begun by considering uplift already completed and followed
by a period of rest.
hus, up to now, it cannot be said that there has been any really
ell-grounded criticism dirccted against the factual assumptions of the
yele of erosion.

he second point was the use of deduction as a method of morpholo-
i research—though of course 1n addition to mduction and r:ssr:ntia.]ly
ssed upen 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
erosion 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
permissible, but also imperative; unless we 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 both can and
should acquire in virtue of the character 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, but the
incompleteness and, as will presently be shown, the incorrectness of the
assumptions made. Thus opposition to the deductive method as 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 cycle of erosion.

(b) RELATIONSHIP BETWEEN ENDOGENETIC AND EXOGENETIC 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 p. 19 for what this term comprises; or glossary.]

ENDOGENETIC AND EXOGENETIC PROCESSES g 6

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
’mhex:e no denudation, a block, however slowly it is rising, might in course
of 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

-

Aiplift, in-filling by sediments against subsidence. It is easily to be under-
#tood that an actual elevation can come into existence only if uplift does
anore work in unit time, and so is working more rapidly, than denudation;
4 hollow appears only when subsidence takes place more quickly than
Hed iment is supplied, than aggradation. This state of affairs forms the
Mubstance of the fundamental law of morphology : the modelling of the earth’s

[ the exogenetic displacement of material*®.
A brief survey of the earth’s surface shows that this ratio very often

"terial. Faults can become visible as unlevelled fault scarps, for in-

lance in the zone of the rift valleys of East and Central Africal4, only
When the formation of faults takes place more rapidly than levelling by
flenudation. Generally speaking, the origin of any outstanding elevation,
mountain mass, is bound up with the assumption that mountain
Iding is more successful, i.e. works more rapidly, than denudation.
I'hus the varied altitudinal form of the land shows that in many cases
¢ work of denudation is lagging behind the endogenetic displacement
0l material, here more, there less, or has done so in the past. The one
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stamped by crustal movement upon the face of our planet. Any change
in kind or in intensity which these movements undergo must therefore—
as has long been known—leave its traces upon the landscape.

If the intensity of denudation consistently lagged behind that of the
endogenetic movement, 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 i2 not an unchangng
one. For, like all other gravitational streams, the processes of denudation
increase in intensity with the pradient, in a definite manner to be dis-
cussed later; and the pradient increases with the increase in verficel
distance between summit and foot of the uplifted portion of the crust.
This is true provided the korizontal 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 absalute height, other things being equal, This means 2 shilt in the
relationship of the endogenetic to the exogenetic rate of working, m
favour of the latter, and an ever closer approximation to physical equili-
brium. The actual attainment of the equilibrium could be prevented
only where there was no limit to the increase in endogenetic movenment,
so that rizing 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 1s not
clearly brought out, with distinctness, till comparison is made with the
dimensions of the earth as a whole.

The above short survey shows that it is essential, when investigating
the origin and development of denudational forms as they appear st the
carth's surface, to ascertain the relationthip beteween the intensity of the
endogenetic and of the exogenctic processes, in short, between wplift
and denudation: and it is necessary to follow vut how this changes as
time goes on. None of the present methods used in morphelogy brings
us nearer to achieving this end; none even attempts to do so. The
assumption generally introduced, that uplift and denudation were suc-
cessive processes, or could at any rate be treated as such, has steed in
the way. In this respect the only difference between the cyele 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 2 notion of
which he scarcelv 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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sumption; they, moreover, have ovccasionally tried to justify the
reneral correctness and permissibility of such a course?®. It is as if they
made use of 2 device familiar in school physies, which 1s merely a make-
8l ift for presenting in a physically correct manner the resultant of pro-
tesses acting concurrently. T'his 1s a grave mistake in method.

. It is permissible to proceed in this way only in the case of uniform
ferces which, in successive units of time, produce effects that remain of
equal magnitude. If, in a diagram such 25 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
Lo ascertain this, it is sufficient to follow the events first from a to b,
then toe.

i) Tue DiFrFerentisl MeThHOD

It 15 quite different, however, when forces acting simultancously are
Mot wrdform, 1. are changing their intensities in successive units of time
and are therefore doing different amounts of werk, To find out the
Fesultant during the whele process, it 13 here necessary o folloe the
tourse of Nature continyously, as was made possible in physics, where
h problems are constantly cropping up, only by the invention of the
differential caleulus?, To make this clear, let us remind ourselves of the
problem: to find the trajectory of a missile fired horizontally from a
point o (Fig. 1). As the effect of the firing, it would reach & but at the
ame time, under the influence of the force of gravity, it would drop
down by the amount be, To find point ¢, which the projectile reaches, it
ould really be sufficient to follow events first from a to &, then from
0 £, that 15 to imagine the efects of the firing and of gravity as coming
into play successively, The trajectory, howewer, has not been found in
h way, It lies on a curve of some kind between the initial and final
points, between a and ¢, To determine it, we must find out how the
inagnitude of the operating forces alters in successive execedingly srnall
anits of time. "This can be done by plotting = diagram of forces for each
Moment, as in our figure, eg. abte, a®%® . . . a@dBc®, ete, so that the
i ltancous cffect of the forces is represented by the very minute
listances acl, a’e® . . . a™e™, ete., as if they were uniform during these
gtremely short intervals of time and took place suceessively. The error
hus made becomes infinitesimally small, if the values chosen for the
dlaeram are made infinitesimally minute; and this method, consisting of
infinite number of infinitely small variables, comes infinitely near the
ponitrugns course of Nature. This becomes clear if in our fipure the

angles al'el, 203, ete,, are, as is necessary, made infimtely small;
then disappear completely in the full line axe. Since the forces are
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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, there also emerges the fact that Li_ﬂv?ugh the n:u:lhu::._u:i ﬂ._dﬂpttrr.l for
the erosion cvcle (in its applied form) is incorrect in principle, vet it
must nevertheless lead to the d.isr_-m-er'_.rlaf the correct final form common
to every one of the series of denudational forms that develop cn the
earth, provided that the method was logically correct and not based upon
faulty exogenetic assumptions. The theory of the cycle of ercsion does
satisfy both these requisites, as cannot be doubted even by its opponcnts,
Point ¢ in the diagram represents the ﬂid—penﬂplalmt,* the peneplzin,
the origin of which was made clear hg.: W. M. Davis, and 2 ht:.i_ee{:tle:,
independently, by A. Penck, both basing themselves upon d.ttmd in-
ductive ¢hservation'®, One could not, hr::we»;?r, im thas wWay ::11:_ ueeE a
single one among the infinite senes of developing Fam‘l fun_:us which are
not only possible but actually exist on the carth in the different Pﬁ
which have had various endogenetic histories, ;l'l.!mﬂﬁt everything in :
field still remains to be done by morphology. Not mi:n:ll;-.' must the :!.:11—
vestigation start at the beginning of uplift and denudation (point a); it
st take into account not oaly the simultaneous effects of cis’r_iug:n:u;
and exogenetic action, but zbove all their \I-.mablc intensities'®, For this
one mist B fo the methods of physics, and ma’z-e::! to .-awﬂ as permil a com-
tinusus follmeing of the variable quantities, that i, the differential method.
This method not onky can, but must be used in investgatmg the I:.nt:hr-
dependence between the processes of movement which take part in dE
m;d:ujng of the land. For mass-transport of croded material :l-:p:u s
upon a gradient, the factors producing which are crustal movements;
and mass-movement of denuded material depends upon & E;Esd.mnt, the
processes producing which arise from the results of ercaiony*".
This leads to the

{d) PrEsexT METHOD OF APPROACH .

The main stress iz laid upon investigating the ways in which llt[ludit-
tion works, and the preparatory processcs, the aim being to find out if
denudation follows laws which are uniformly appl_tﬂ.bh: and what EhE:Eﬂ;
are. Thus, in the first place, it is a matter of Sl.'ll.ld}'l.'llg those processes o
denudation the course of which depends directly upon the s;:]r}rﬂam
gradient of the crust and thereflore indirectly upon its movements, | hese

- .- L3 i
%1 "5[?:3.1%:.?::;::' ]nnu:-_ The suthor's distinetion between erosion aleng tthth
of 8 watercourse and denudation over = whole surface must eonstantly be b l"-":
i mind This point of difference between German 'a.nr-:l English-America
nsage was discussed by W, M. Davis, Fourn. Geol, SEXVIL (193a), p. 13.]
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fall into two categories: (o) denudational processes in which the move-
ment is spontaneous®; (8) those making use of an agent that is itself in
imotion (air, water, ice). Now group (6) includes also processes which
lepend only remotely, or not at all, upon the surface gradient, and
thich do not show any direct connection with crustal movement, Cur-
fents in standing water, particularly in the sea, zre examples of this, and
ir cutrents. In both cases, lines of movement within one and the same
medium arc caused by differences of pressure. They imprint upon the
ace of the crust features having no connection with crustal move-
ments, which have but = limited value, or none at all, for discovering
these. Hence this book does not treat of ocean currents; and the effects
0f wind are considered only in so far as they act with and influence other
b-acrial streams that are dependent upon gravity. Their work must be
distinguished from endogenetic influences, even though it is restricted
10 certain parts of the carth, and is of limited importance in these. It is
particularly over anid stretches of land, devoid of any continuous cover
Of vegetation, that wind effects are encountered; and the lowest base
el to which they can possibly extend is the surface of any accumula-
don of water. For arid regions this means, in the first place, the water
table. This is so for busins of inland drainage, the visible surface of which
forms the base level of erosion for the bordering slopes; and its position
8 determined—if not exclusively, yet in the main—by climatic condi-
tions and not by those of crustal movement. Wind may here play a
tonsiderablé part in the modelling of these slopes; not indeed directly,
8 observation shows, but indirectly through bringing the base level of
osion 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 expesed to the wind, provided
feathering has previously done its work. But even apart from these, it is
diimale which primarily conditions the denuding as well 2 the deposi-
honal activity of the wind. Nowhere indeed are the forms which it pro-
luces dominant, not even in the regions of its greatest importance; but
hey are overprinted upon the demminant forms, forms which there too
lave been created by denudativnal processes bound up with the surface
radicn,
The movement of ice and snow, and the effects produced by them,
present similar relationships. True, their movements follow the surface
radients; yet their existence is a response to climatic conditions. It is
insuitable, therefore, to use forms produced by them for the deduction
I crustal movemnents, That their origin has ne direct connection with
these is at once evident from the character of their level of reference, the
[* See p. 64.]

1 F.M, A,
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always exactly half the time, as compared with A, which elapses 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 appear successively the
same number of similarly inclined slope units, but in B twice as quickly
45 in A. ‘Therefore the area of the individual slope units—of the same
inclination—iz smaller in B, and the inevitable removal of intermediate
slope units by lower and steeper ones takes place sooner than in A. In
figure § B this has already become visible after time four (at x); in A,
nothing can yet be seen of it after time eight, It is apparent that the
curvature of the slopes 1s more markedly convex, toreards the valley inciston,
the greater the acceleration of erosion, the more rapid the rate of increase in
erosional inlensity.

The rounded mountain ridges found, for examnple, 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. Git-
zinger has made them the object of his frequently quoted investigations.
They are typical forms of waxing development 4 which of necessity
arise with increasing intensity of erosion; and are not, as Gitzinger tried
to show, forms of waning development.

Tf in a contimuously 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
to the formation of slopes of maximum gradient (p. 158).

The break of gradient is a discontinutty in the shope; but it is brought abeut
by @ continuous increase i erasional intensity. For the first time te are mecl=
ing the case of a steadily acling cause productng 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 ameng the world’s land forms. Tt will be referred to
again.

Just as increase of erosional intemsity 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 peneral 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 c].i_.lf I:LI:I:_ to basal slope is no sharp nick, as can casily be seen in
mountan regions, but a more or less strongly re-eur_ra_u{cun'c '-1']_113
enly place where this cannot be clearly seen is where talus rw.ches:u to
the foot of the eliff, covers the concave transition between the surface:l; of

denudation, and in its place allows i
: , and a sharp nick to appear between th
eliff and the detrital accumulation. 2 ;

3. RISE IN THE GENERAL BASE LEVEL
B2 yaikian OF DENUDATION
eposition by rivers brings about a relative rise i

level of denudation, w]1$ It OCCUrs in :-'Ial?::?:tu:nafjiegﬁ:;ﬂ b?e
vectonically independent part of the crust where the general basegf;r:l u:
denudation coincides with the immediate base level of ercsion (p. 128

Similar results are brought about by a relative rise in level of 55.;.11{ :Ir
waler 1y which denudstion surfaces are directly tributary Pms:ﬁmﬁ-
this kind will be termed, for short, elevation or nse of th.;; eneral b :

h.:“:l .ﬂf denudation, T'hey are changes which do not :i.ﬂdutf:m al 7
tion in the type and shape of the slope units connected with Ftht:ml_
15 not till denudation finds a continuously changing, relatively ri o,
base level Tl.hat these alter. The r'l::SLllT.:iIlg- features I:E!pr&i:n.t ':1; IET-:I--::“iElr
;;ls.—; i::i wanm;—__} l:lt'-'t..‘].ﬂftmtnt.. naturally not that of waxing or of I.:III.lPﬁJ.I.'m
dr;:j:};:;-:&.}tc_s n this discussion reference may be made to the previously

The concave nick, where the surface of the alluvi

level, joins the given slope unit, is the base level of u:a:ﬂ:ﬁc;:a ﬂ";rt:h“'ﬁitﬁi‘
it remains as f'“':h depends on the rate at which this base lcm:e[ ﬁs.i:g]::r
comparison with the rate of development of the adjoining slepe unit :;!1
the case of a ¢liff face, the base level of denudation must he mPLscd I .T_hu
SArme rate as _this. recedes, if it is r_-untinucruﬂ:,' to adjoin a cliff 1,-,.1:7;: tht
same angle of inEli:mﬁmJ as before; in the time the eliff takes to r -E
from t1tna -:aj (f1z. 3, p- 137), the base level must reach at least T,hn:lm-dt
of pc-m:t a. 1f it lags behind, a basal slope develops above it, the luli: ’

parts of which become buned; and even when soshortened thissu -ﬂ:
the cliff from the general base level of denudation, F]a{l:uin th{m;a
basal slope cannot take place so long as the base level continues E.- Tis ¥
the same rate. Slower rising would leave proportionately larser b
ﬂ:.u: .h}.lsi]. slope visible; it would be possible for its normal FH g
diminishing gradient to appear [at the bottom of it]; until, in the ]]:mp-: &
caze, when the general base level of denudation is no 1-|:|:|.1’ r bei =
at all, flattening continues undisturbed. When slope unifh:: deu';?fprﬁﬁ

slowly than the rate at which il i
) depozition, or the water level, is rising, th-ﬂ:.-'

FoML A,
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this mean gradient is an expression of intensity of denudation, the above
statemnent means: the more rapidly denudation iz effected, the more
markedly apparent become differences in the character of the rock.
Adaptation of denudational form to crustal structure is a function not oxly
of the duration (p. 49) but abore all of the intensity of denudation. There-
fore the way in which the character of the rock causes subtle adaptations
mn individual forms as, for example, in the Alps (steep relief) is to be con-
trasted with the far-reaching independence of crustal structure found in
penieplanes (fatush reliet). This independence i by no means complete,
a5 the above investigation shows, and as 15 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
other hand, the greater differences of resistance are by no means wiped
out morphelogically from peneplaned landscape, but are preserved as
convex prominences standing out where the most resistant types of rock
eccur. In American literature they are termed monadnocks; German
writings use the far better expression coined by Spethmann—Hdére-
EI'JEJ.J-F_

When differences in the rock are less than has been assumed for fig.
12, the structural base levels of denudztion form more obtuse angles, e
convince oneself of this, suppose that in fig. 10 rock B (but not rock )
possesses a slighter resistance. Then slope unit 1T of maximuem gradient
15 less steep than in the figure; and o it joins the units above and below,
the steepness of which is unchanged, in more obtuse angles. T'his is true
for all the developmental stages in which flatter and flatter portions of
slope approach the rock boundary A-B. In 2 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
2 certain mean gradient, e.g. that in fig. 1o, the structural breaks of
gradient are more obtuse, the smaller the differences in rock matenal;
and when these become nil, the breaks disappear altogether, ie. the
tlope has 2 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 farms to crustal structure &5 more pronounced the
greater the difference in rock resistance.

Among the innumerable and varied combinations of rocks of differing
resistance, one group has for long been specially notieed on aceount of
the conspicuous features associated with it: the alternation of layers of
different resistance in flat-bedded [ie. unfolded] strazz. They are the
prerequisite for the formation of a special tvpe of land form, searplands,
and seem to afford the simplest illustration of the most strict adaptation
of individual forms to the character 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 cohesion
and stability, form steep escarpments of varving height and different
gradients; and between them lie widely spread, flattish landscapes, pene-
plzoes, extending over strata of less stability, usually impermeable and
mobile sediments, rich in clay content. Near the step below them, these
rezch out on to the firm reck of the step. K. Gradmann has chownl#?
that these peneplanes are no peneplaing in Davis's sense; and that the
steps are not tectonde formations ansing from or coinciding with flexures
or faults, as bes often been stated, though this view is in but slight accord
with the faces 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
erests between deeply incised valleys, during a period when ercsion was
at a standstill.

It is only over this concept, already considered on p. 142, that we will
here linger. A period when erosion 1s 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 £ 1 which
extends over the almost horizontally bedded strata @ and b, differing in
their powers of resistance. It has the greateat gradient possible. For sim-
plicity’s sake, it has been assumed that all the layers marked a and all
those marked & behave in the same way with respect to each other. How-
ever, g, is a water-bearing horizon, which the higher a beds are not.

‘T'he construction must ence again be based upon definite quantitative
assumptions as to the intensity of denudation. There can be free cheice
of the values, without any effect upon the qualitative result. But it must
be bome 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 adjacent types of rock, A cer-
tain margin i3 allewable in this, but ence 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
upen that choice, but only the actual gradient of the slope units com-
posing it at a defimte moment of time, This latter does not concern us
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intersect. Such would eccur in a zone of but slightly resistant rock which
had reached a far advanced stage of flattening: e.2. position 22, 5 5" being
the perpendicular dropped from the odge.

This brings us close to the problem offered by the cuesta fandscape,
The sharpness of its scarps, of the lowest as well as of the uppenmost,
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 renewal
can be brought about only by a network of eroding water—courses which
are working so as at least to preserve the slopes arising from it The
very formation of peneplanes demands the existence of a drainage net on
them. ‘This takes over, or tock 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. ait,, p. 127), correctly, as is shown here. It is no mere
construction, nor only 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 peneplzin,

'I'he 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 as general base levels of denudation. In
this respect there may be distinguished: (@) the main branches which
could cut through the scarp fdges, L.e. which are incised below the out-
crops of the resistant layers in the foundation beneath the peneplanc sur-
faces, and possess a direct connection with the general baze level of
erusion for the area; (5) the ramifications on the peneplines themselves,
which crode mere slowly, or not at all, shove 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 searp fragments, takes place.

Thus the character of the rock, which determines not enly the surface
denudation, but even more particularly the erosion, is responsible for
the origin of peneplanes in the scarplands. Other things being equal, the
intenzity of both denudation and erosion is lessened where resistant types
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of rock occur, and this lessening may have a far-reaching effect in a less
resistant terrain above the outcrop of the strong rock. Flattish forms,
pencplanes, are produced not only in scarplands, but also with a different
arrangement of recks provided the strong rock lies below, the less strong
on top. When they are directly connected with the vuterops of resistant
rock (structural base levels of denudation) they are developed only at the
marging [of the less resistant beds]. Elsewhere, however, and this is the
wgual case, these peneplanes are related to a dramage 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 outerop. Such structurally conditioned peneplanes may
onginate at any alatude. They depend only on the arrangement of the
rocks and their propertics, and are independent of the base level of ero-
sion. They are not formns belonging to an earlier state of affairs, that have
acguired their present altitude and general position in the surrounding
iandscape by some definite endogenetic movement; but they are adapta-
tons of form to crustal material, and as such they are of the same age
znd have the same significance as the steeper forms, developed near by
in the lower position. H. Cloos has pointed cut these relationships in his
description of Erongo, a South-west African inselberg?®®. Extencive flat-
tish landscapes zre found above the steep outer flanks of the mountain
and the slopes of these face the source region of a stream system which
orginates in the heizhts, is impeded in its downcutting by resistant
tracts of rock and, below these, leaves the massif in deep, narrow ZOTEes.

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 o the valley width seems preater.
This holds even when the intensity of erosion is the same at every E:-lm:e.
In what follows no account is taken of the inconstancy of ercsional inten-
sity which 1s found along all water-courses, e.g. s seen in the alternation
of undercut and slip-off slopes.

For a given intensity of erosion, the sections of the slopes nsing sbhove
the stream, in the less resistant rock g, are flatter than these in the adjoin-
ing stronger rock b, 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 & With increasing in-
tensity of erosion (waxing development) E»lul:l-:& of maximum gradimt
finally appear. These are less steep in a than in &, and therefore appear
in @ sponer than in 59, If ¢ has already reached its maximuom gradient,
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whereas & has not yet achieved it, increazing intensity of erozion brings
about inereasing undercutting, and consequently the a slopes recede
vigorously uphill. ‘They intersect in the highest parts while, in b, slopes
which are becoming still steeper develop above the stream, Convex pro-
files (in &) are then visible beside straight ones (in a). If finally the b
slopes meet i ndge crests, these—because of their greater steepness—
are relatively higher than the ridges in the region of rock a.

The relative height 1s dependent on the nature of the rock material, as
has been long known and as can be observed everywhere in areas of
heterogeneous structure, e.g. in the northern Limestone Alps, When slope
units at the same stage of development infersect in the highest paris of the
couniry, then, other things being equal, the relative height in less resistani
rocks 15 not 59 great as in stronger parts round abowt. This iz 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 a slopes until erosion has been de-
celerated to such an extent that even in rock a slopes of maximum
gradient can no longer be preserved.

With the change in rock material, changes come about not only in the
gm.ﬁfﬁﬂ! -ﬂflﬁ-l! ﬂr.'llpflr baed el cerlain stages of development in their shape alwo.
This 15 true in areas where the character of the rock vares, both when
the intensity of ercsion is constant and when it fuctuates. 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 15 not the case. Very frequently, especially if there are differences in
the strength (cohesion) of rocks, the intenzity of erosion is affected in a
franner analu:ngt:-us. 1o that of surface denudation. Tt is this ahove all which
accounts for the often deep-seated difference found in the shape and
inclination of the slopes along streams cutting through 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 whaole reach
lving above, and may have a lasting influence. The adjeining area of
denudation [upstreamn] 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 does waning development make in the area where ercsion is
checked (but not brought to 2 complete standstill). 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 nvers
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 €rosion starts at those spots where the nivers enter the border
zone of the bread synclines, which has been uplifted by tectonic move-
ments, and consists of strong crustal matenal.

In their origin, the ledge-like denudation terraces, A. Hettner's Land-
terrassent®l, also belong here; they are associated with the courses taken
by running water (i.c they are in valleys) and with the boundanes be-
tween flat or horizontally bedded strata of different strength which the
water has laid bare, “The most fameus example is that of the platform of
the Colorado Canyon!®. Such terraces oceur regularly in searplands, in
close connection with the peneplanes which they continue as ledges along
the side of the deeply incised valleys 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 place, 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 K. GGradmann in the scarplands (gee p. 191 ff}

The impertance of the adaptation of denudational forms to the charae-
ter of the rocks cannoet easily be overestimated; for the characteristics of
the tndividual forms, as well as their arrangement, depend 1o a large
extent, 22 has been shown in this section, upon the nature and distribu-
tion of the rocks exposed at the earth's surface. It will be of great 1m-
portance, therefore, now and always, to examine those processes which
effect the adaptation. It may also contribute to further clanfication of the
processes of denudation, 1t must be borne in mind, however, that these
arc matters of detail, moedifications, and not the fundamental laws of
denudation and land sculpture. The adaptation 15 enly 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 overlocked,

1o. SUMMARY
It iz now possible to give a complete survey of the orgin and develop-
ment of slopes. Above streams, to whatever extent they are masing,
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
M F.M. A
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lessening the gradient. The smaller the amount of erozion in unit time,
the longer it takes for inclined surfaces to arise from the ercsional tracks,
and the greater the chance for the simultaneously operating denudation
to come nearer 1o its goal. On the other hand: the quicker the downward
crosion of the stream, the greater the speed with which the valley sides
grow up above them, but the farther from their goal do the effects of
denudation remain. The intensiy 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 particular it has been shown that along the lines of the drainage net
—the general base Ievels of denudation—fresh slopes of uniform gradient
are always arising; their denudation is in equilibrium with the intensity
of crosion and must always be so. If the latter changes, a new slope
ne-:ﬂs-sﬂ.lily appears with a gradicnt such that the above-mentioned
equilibrium is maintained. With i increasing intensity of erosion, steeper
and steeper slopes arise; with I:iﬁ.rtajmg 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 denuda-
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)®.

Centinuous change of ercsional intensity leads to the formation every
moment of 2 very minute slope unit. The breaks of gradient do not be-
come visible as such, but a continuously curved slope takes the place of 2
slope system composed of many slope units, It is concave with decrease
and halt of erosional intensity, and convex with its increase, continuouely
convex only 20 long as thuse breaks of gradient, which subsequently
arise, have not yet appeared [see fig. 7, p. 158]. In both cases there are
lirmits to the formation of new slope units: the slopes can become steeper
only up to a maximum value which cannot be exceeded, and which is
determined by the character of the rocks; the flattening (diminution of
gradient) ceases with the appearance of the least posaible gradient, on
which further denudation ean no longer take place,

The intensity of denudation which, for rocks of the given character,
depends upen 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 drainage net, and it is here
that they obtain their specific gradient. Maintaining that gradient, they
shift back parallel to themselves, In addition tw this, each slope unit

[*® Sec 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 scparate them, i.e. the local base levels of denu-
dation, move in the same direction. Any slope unit which can at the
present day be observed in the highest parts must—unless it belongs to
the above-mmentioned exception—have at one time immediately adjoined
its respective erosional track in the same manner and with the same
aradient.

The succession one above the other of slape unils wilh dijferent pradients
provides a sensitive means of follncing wp the erosional intensity at a definite
place! a convex slope is proof of an increase in erostonal fntensity, 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 ether 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 1s by no
means the rule, Therefore, for 2 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 ercsional intensity. And so a
complete investization into the facts must take into consideration further
characteristics, :apcciﬂly as regards the correlated depozits® and the
surfaces on which they rest,

Upon investigating the conditions associated with change in crosional
intensity and its causes, it becomes guite clear that the form of the slope
15 of outstanding impertance as a means of diagnosis. 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 13 no lack of answers. 'The problem arises partly because of the
small amount of erozion which can be proved to be taking place at the
present day; partly because the changes along the drainage net zince
glacial times are noticeably insignificant compared with the total extent
of the existing valley development. From this evidence it has, on the onc
hand, been deduced that eresion is working continuously but at a rate
which might be considered infinitesimally slow as far as one can judge;
on the other, it has been presumed that there is variability of erosion,
especially in view of the way in which normal conditions are interrupted
by perivds of flood which occur enly eecasionally but are responsible for

[* See glossary.]
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