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[Continued from page 24.] 

[It has happened that the division of this paper into parts has 
interrupted the sense, and I shall therefore have to ask the reader 
who would understand this page to refer agaiu to the figures on 
page 23 of this volume. 

BETWEEN the Hurricane and Toroweap faults is contained the 
U'-in-ka-ret block. It is tilted slightly toward the east and is 
fifteen miles broad. Upon it stands a group of volcanic mount­
ains, the lavas of which have risen through nssures in the 
block. Between the Toroweap and West Kaibab displacements 
is the Kan-ab' block, thirty miles broad. It appears level in 
the east-west section, but has, in common with all the other 
blocks of the sketch, a gentle dip to the north. Its cap of Car­
boniferous limestone is divided in the foreground by the canon 
of Kanab creek, and fifty miles away it passes beneath Triassic 
sandstones. The Kaibab block stands highest of all. The 
strata, which for fifteen miles run level on its summit, are flexed 
downward at both margins, on one side to the Kanab block, 
and on the other to the Marble Canon block. Its upper sur­
face is the Kaibab Plateau. The Marble Canon block is 
thirty miles broad. On the line of the section its highest 
bed is of Carboniferous age, but a few miles farther north it 
retainH a heavy bed of Trias, which rises 2000 feet higher and 
constitutes tlle Pari a Plateau. 

The features of the region pictured to which I wish espe­
cially to call attention, are: 
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First, that there are no anticlinals and no synclin[l,ls, but 
only monoclin[l,ls and faults; 

Second, that the throws of the displacements are not all on 
the same side; 

Third, that the visible portion of the earth's crust is divided 
into gre[l,t blocks, which have changed their relative and absolute 
altitudes hy thousands offeet, without losing their indiviuuality. 

The structure of this regIOn is an unusually pure example of 
a type that, with various modifications, prevails throughout 
the Plateau region, and Major Powell has t[l,ken a name from 
the locality and called it the I(aibab structure. We cannot 
study the embryology of mountains by observing the pl'Ogress 
of an individual, but it is possible, by the cOlllparison of lllany 
individuals in various stages of development, to learn some­
thing of the manner of mountain growth, and, studying the 
subject in this way, the conclusion hal' been reached that maily 
mountain ranges are built upon the plan of the Kaibab Plateau. 
The essential feature of the plan is tllC upward movement en 
masse of a great body of rock between two planes of displace­
ment. A plateau is thus produced, from which mountain forms 
are carved by the ordinary procef'ses of erosion. Evidences of 
such a plan have been found in nearly all the mountains of the 
upper basin of the Sevier River, in some of the ranges of the 
Great Basin. by Major Powell ill the Uintah range, and by Mr. 
Marvine in the Front and Meuicine Bow ranges of Colorado. 
Few of these cases are so simple as that of the Kaibab Pla­
teau. In some the block has been lifted more on one sidc than 
on the other, so as to acquire a dip; in other cases there are a 
number of blocks of different elevation in the same range; in 
yet other, the blocks are somewhat curved. 

I shall not attempt to enumerate the variations of the type, 
which arise in these several ways. The purpose of the illustra­
tion is accomplished, if I have shown that the exceptional 
exhibition, in the Plateaus, of displacements which are simple 
and eas'y of comprehension, has already led to the rec0gnition 
of a new class of mountain structures, or at least of a class so 
little known heretofore that it has not found place in the man­
uals of geolog'y. 

When the displacements of the region have all been worked 
out, it will be po~sible to construct a model which shall exhibit 
the structure of at least one hundred and fifty thousand square 
miles of the earth's crust, sbowing tbe form and position of 
each of the blocks which compose it; and I conceive that such 
a model, or an equivqlent presentation of the same material by 
some otber method, will not be inferior in value to any 
single contribution that has been made to our knowledge of 
the results of orographic movements. 
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Mountain building by el'upt£on.-The studies, which the Pla­
teaus afford in the phenomena of eruption, are scarcely less 
interesting and important than those of uplift and down throw ; 
but they have received less attention up to the present time. 
It happens that a number of extinct eruptive mountains stand 
near the canons of the Colorado River. The country about 
them has suffered and is suffering rapid denudation, and not 
only are their bases nearly free from detritus, but their flanks 
are so deeply scored, and their summits are so degraded, that 
their internal structure is exhibited. Those that are best 
known have been fOllnd to be composed chiefly of sedimentary 
strata, protected from denudation by the superior durability of 
the eruptive rocks with which the.y m'e associated. 

In the U'-in-ka-ret mountains Major Powell found a mass of 
undisturbed strata, which had been preserved from erosion by 
a mantle of lava, while the surrounding country was degraded 
more than a thousand feet. The eruptions were extended 
through a long period of time, and the successive outflows 
mantled the flanks of the surviving strata almost as thor­
onghly as they did the summit, so as to give the appearance, 
at first glance, of a range made up entirely of volcanic matter. 

In the Henry Mountains the strata are not unclisturbed, but 
have been lifted into a number of bubble-shaped domes. one 
for each individual mountain of the group_ Each dome has 
been fractured at top, and divided by fissures radiating from 
the center toward the sides, and all the fissures have been filled 
by molten rock. Moreover the strata have in many places 
cleaved apart, and lava sheets have been interleaved with them. 

Don btless the intrusion of these dikes and sheets was aCCOlIl­
panied by extrusion, but none of the extruded masses appear 
to have survived the subsequent erosion. The mountains as 
they stand are simply domes of curved strata. eacb traversed 
by a plexus of cr.ystalline dikes. 

Similar in structure to the Henr'y Mountains are Navajo 
Mountain, Sierra la. Sal, and Sierra Abajo. Mount San Fran­
cisco, and perhaps Mount rraylor, are related to the Uinkarets. 
This enumeration includes but a small portion of the volcanic 
mountains of the district, and to the two types of structnre 
mentioned, several others might be addecl. But the mountains 
of the Uinkaret and Henry types are most favorabl.y situated 
for study, and at the same time diverge most widel.y in charac­
ter from those with which geologists are already familiar. 

Stratigraphy.-In the stratigraphy or the Plateaus attention 
has thus far been confined to questions th~tt are chiefly of 
local importance, but a thorough study of the phenomena 
which are accessible can hardly fail to throw light on the 
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principles of sedimentation. In the region of canons a sinO'le 
bed can be followed, upon one continuous outcrop, for h~n­
dreds of miles, and every modification that it undergoes can 
be traced step by step. Moreover, by reason of the ramifica­
tions of canons, it is frequently possible to trace a bed toward 
all points of the compass, so as to learn its changes, not merely 
along a simple line, but throughout an extended area. ,Vith 
such exposures, unconformity cannot escape detection, and the 
history of a system of sediments can be made out with a com­
pleteness that surely cannot be excelled elsewhere. 

Part II. EROSION. 

It remains to indicate the scope of the material bearing upon 
the subject of erosion, and with that intent I will discuss cer­
tain problems which the region has propounded. The first 
may be caned 

The Problem of the Oanons. 

The deep gorges which so facilitate the examination of the 
strata and of their displacements, are themselves of interest as 
monuments of erosion. To account for their existence and un­
ravel their history is to review the laws of erosion with great 
wealth of illustration. Results so extreme can have been pro· 
duced only under conditions equally extreme; and natural 
laws are often best tested and exemplified by tbe consideration 
of their operation under exceptional circumstances. Already 
the problem of the canons has been attacked, and I cannot better 
demonstrate its radical value than by presenting the present 
aspect of the case. For this purpose it is necessary to give a 
summary statement of the processes of erosion and of the con­
ditions which determine its rate. The matter is so complex 
that this cannot be done briefly without the omission of the 
less important factors, and in undertaking it I shall take the 
liberty of either disregarding or slighting all considerations 
which have not an important bearing on the problem in ques­
tion. 

In order to analyse sub-aerial erosion, we must consider 
it (A) as consisting of parts, and (B) as modified by condi­
tions. 

A. All indurated rocks and most earths are bound together 
by a force of cohesion, which must be overcome before they can 
be divided and J'emoved. The natural processes by which the 
division and removal are accomplished make up erosion. They 
are called disintegration and transportation. 

Transportation is chiefly peformed by running water. 
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Disintegration is naturally divided into two parts. So much 
of it as is accomplished by running water is called corrasion, 
and that which is not, is called weathering. 

Stated in their natural order, the three general divisiong of 
the process of erosion, are (1) weathering, (2) transportation, and 
(3) c01·rasiol1. The rocks of the general surface of the land are dis­
integrated by weathering. The material thus loosened is trans­
ported by streams to the ocean or other receptacle. In transit 
it helps to cOI",ade from the channels of the streams other ma­
terial, which joins with it to be transported to the same goal. 

(1.) In weathering the chief agents of disintegration are solu­
tion, change of temperature, the beating of rain, and vegetation. 

The gl'eat solvent of rocks is water, but it receives aid from 
some other substances, of which it becomes the vehicle, These 
substances are chiefly products of the formation and decompo­
sition of vegetable tissues. Some rocks are disintegrated by 
their complete solution, but the great majority are divided into 
grains by the solution of a portion; and fragmental rocks usu­
ally lose by solution the cement merely, and are thus reduced 
to their original, incoherent condition. 

The most rigid rocks are cracked by sudden changes of tem­
perature; and the crevices thus begun, are opened by the freez­
ing of the water within them. 'l'he coherence of the more 
porous rocks is impaired and often destroyed by the same ex­
pansive force of' freezing water. 

The beating of the rain overcomes the feeble coherence of 
earths, and assists solution and frost by detaching the particles 
which they have partially loosened. 

Plants often pry apart rocks by the growth of their roots, but 
their chief aid to erosion is by increasing the solvent power of 
percolating water. 

(2.) A portion of the water of rains flows over the surface 
and is quickly gathered into streams. A second portion is ab­
sorbed by the earth Ol' rock on which it taIls, and after a slow 
underground circulation reissues in springs. Both transport 
the products of weathering, the latter carrying dissolved min­
erals, and the former chiefly undissolved. 

Transportation is also performed by currents of air, and by 
the direct action of gravity; but in the present discussion it 
will not be necessary to consider these accessory agents. 

(3.) In corrasion the agents of disintegration are solution 
and mechanical wear. W'herever the two are combined, the 
superior efficiency of the latter is evident; and in all fields of 
rapid corrasion the part played by solution is so small that it 
may be disregarded. ' 

The mechanical wear of' stl'eams is performed by the aid of 
hard mineral fragments which are carried along by the current. 
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The effective force is that of the current; the tools are mud, 
sand, and bowlders. The most important of them is sand; it is 
chiefly by the impact and friction of grains of sand that the 
rocky beds of streams aJ'e disintegrated. 

Streams of clear water corrade their beds by solution. Muddy 
streams act partly by solution, but chiefly by attrition. 

Streams transport the combined products of corrasion and 
weathering. A part of the debris is carried in solution, and a 
part mechanically. The finest of the undissolved detritus is held 
in suspension; the coarsest is rolled along the bottom; and there 
is a gradation between the two modes. There is a constant 
comminution of all the material as it moves, and the work of 
transportation is thereby accelerated. Bowlders and pebbles, 
while they wear the stream-bed by pounding and rubbing, are 
worn still more rapidly themselves. Sand grains are worn and 
broken by the continued jostling, and their fragments join the 
suspended mud. Finally the detritus is all more or less dis­
solved by the water, the finest the most rapidly. 

In brief, (1) weathering is performed by solution; by change 
of temperature, including frost; by rain beating; and by vege­
tation. 

(2) Transportation is performed chiefly by running water. 
(3) Oorrasion is performed by solution, and by mechanical 

wear. 

00rra8ion is distinguished from weathering chiefly by in­
cluding mechanical wear among its agencies, and the import­
ance of the distinction will be apparent when we come to con­
sider how greatly and peculiarly this agency is affected by 
modifying conditions. 

In the region of canons, the progress of corrasion has out­
stripped that of weathering, and to discover what conditions 
have determined this result, is to solve the problem of the 
canons. 

B. The chief conditions which affect the rapidity of erosion 
are (1) declivity, (2) character of rock, and (3) climate. 

(1.) In general, erosion is most rapid where the slope £s steepest,­
but weathering, transportation and corrasion are affeeted in 
different ways and in different degrees. 

With increase of slupe goes increase in the velocity of run­
ning water, and with that goes increase in its power to transport 
undissolved detritus. 

The ability of a stream to corrade by solution is not notably 
enhanced by great velocity; but its ability to corrade by 
mechanical wear keeps pace with its ability to transport, or 
may even increase more rapidly. For not only does the bot-
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tom receive more blows in proportion as the quantity of tran­
sient detritus increases, but the blows acquire greater force from 
the accelemted current, and from the greater size of the mov­
ing fragments. It is necessary, however, to distinguish the 
ability to corrade from the rate of con'asion, which will be seen 
further on to depend largely on other conditions. 

Weathering is not directly influenced by slope, but it is 
reached indirectly through transportation. Solution and frost, 
the chief agents of rock decay, are both retarded by the excessive 
accumulation of disintegrated rock. Frost action ceases alto­
gether at a few feet below the surface, and solution gradually 
decreases as the zone of its activity descends and the circulation 
on which it depends becomes more sluggish. Hence the rapid 
removal of the products of weathering stimulates its action, and 
especially that portion of its action which depends upon frost. 
If, however, the power of transportation is so great as to remove 
completely the products of weathering, the work of disintegra­
tion is thereby checked; for the soil. which weathering tends to 
a(,cumulate, is a reservoir to catch rain as it reaches the earth, 
and store it up for the work of solution and frost, instead of 
letting it run off at once unused. 

In brief, a steep declivity favors transportation aad thereby 
favors corrasion. The rapid, but partial, transportation of 
weathered rock accelerates weathering; but the complete re­
moval of its pl'Oducts retards weathering. 

(2.) Other things being equal, erosion is most rapid y:hen the 
eroded rocle offers least res~'stance,. but the rocks which are most 
favorable to one portion of the process of erosion, do not neces­
sarily stand in the same relation to the others. Disintegration 
by solution depends in large part on the solubility of the 
rocks, but it proceeds most rapidly with those fragmental rocks 
of which the cement is soluble, and of which the texture is 
open. Disintegration by frost is most rapid in rocks which ab­
sorb a large percentage of water and are feebly coherent. Dis­
integration by mechanical wear is most rapid in soft rocks. 
Tran;;:portation is most favored by those rocks which yield by 
disintegration the most [inely comminuted debris 

(3.) The influence of climate upon erosion is less easy to 
formulate. The direct influences of temperature and rainfall 
are comparatively simple, but their indirect influence, through 
vegetation, is complex, and is in part opposed to the direct in­
fluence of rainfall. 

Temperature affects erosion chiefly by its changes. Where 
the mnge of temperature includes the freezing point of water, 
frost contributes its powerful aid to weathering; and it is only 
where changes are great and sudden that rocks are cracked by 
their unequal expansion or contraction. 
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An the processes of erosion are affected directly by the 
amount of rainfall, and by its distribution through the year. 
All are accelerated by its increase and retarded by its diminu­
tion. When it is concentrated in one part of the year at the 
expense of the remainder, transportation and corrasion are ac­
celerated, and weathering is retarded. 

Weathering is favored by abundance of moisture. Frost ac­
complisbes most when the rocks are saturated; and solution, 
when there is the freest subterranean circulation. But when 
the annual rainfall is concentrated into a limited season, a larger 
share of the water fails to penetrate, and the gain from tempo­
rary flooding does not compensate for the checking of a]] solu­
tion b.y a long dry season. 

Transportation is favored by increasing water supply as 
greatly as by increasing declivity. When the volume of a 
stream increases, it becomes at the same time more rapid, and 
its transporting capacity gains by the increment to velocity as 
well as by the increment to volume. Hence the increase in 
power of transportation is more than proportional to the in­
crease of volume. 

It is due to this fact chiefly, that the transportation of a 
stream which is subject to floods is greater than it would be if 
its total water supply were evenly distributed in time. 

The indirect influence of rainfall and temperature, by means 
of vegetation, has different laws. Vegetation is intimately re­
lated to water supply. There is little or none where the annual 
precipitation is SOlan, and it is profuse where the latter is great 
and especially where the temperature is at the same time high, 
In proportion as vegetation is profuse the solvent power of per­
colating water is increased, and, on the other hand, the ground 
is sheltered from the mechanical action of rains and rills. The re­
movalof disintegrated rock is greatly impeded by the conserv­
ative power of roots and fallen leaves, and a soil is invariably 
preserved. Transportation is retarded. Weathering by solu­
tion is accelerated up to a certain point, but in the end it suf­
fers by the clogging of transportation. The work of frost is 
nearly stopped as soon as the depth of soil exceeds the limit of 
frost action. The force of rain-drops is expended on foliage_ 
Moreover a deep soil acts as a distributing reservoir for the 
water of rains, and tends to equalize the flow of streams. 

Hence the general effect of vegetation is to retard erosion; 
and since the direct effect of great rainfall is the acceleration 
of erosion, it resuits that its direct and indirect tendencies are 
in opposite directions. 

In arid regious of which the declivities are sufficient to give 
thorough drainage, the absence of vegetation is accompanied by 
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absence of soil. When a shower falls, nearly aU the water runs 
off from the bare rock, and the little that is absorbed is rapidly 
reduced by evaporation. Soluti.on becomes a slow process for 
lack of a continuous supply of water, and frost accomplishes 
its work only when it closely follows the infrequent rain. 
Thus weathering is retarded, and transportation has its work so 
concentrated by the quick gathering of showers into floods, as 
to compensate, in part at least, for the smallness of the total 
rainfall from which they deri ve their power. 

Hence in regions of small rainfall, surface degradation is 
usually limited by the slow rate of disintegration; while in re­
gions of great rainfall it is limited by the rate of transporta­
tion. There is probably an intermediate condition, with mod­
erate rainfall, in which a rate of disintegration greater than that 
of an m'id climate is balanced by a more rapid transportation 
than consists with a very moist climate, and in which the rate 
of degradation attains its maximum. 

Having examined the conditions of erosion separately, let us 
now group them in such combination as will help to an under­
standing of the canons. 

Over nearly the whole of the earth's surface there is a soil, 
and wherever this exists we know that the conditions are more 
favorable to weathering than to transportation. Hence it is 
true in general that the conditions which limit transportation 
are those which limit the general degradation of the surface. 

To understand the manner in which this limit is reached, it 
is necessary to look at the process by which the work is accom­
plished. 

Transpurtation and Comm-inution.-A stream of water flowing 
down its bed expends an amount of energy that is measured by 
the quantity of water and the vertical distance through which 
it descends. If there were no friction of the water upon its 
channel the velocity of the current would continually increase; 
but if, as is the usual case, there is no increase of velocity, then 
the whole of the energy is consumed in friction. The friction 
pl'Oduces inequalities in the motion of the water, and especially 
induces subsidiary currents more or less oblique to the general 
onward movement. Some of these subsidiary currents have an 
upward tendency, and by them is performed the chief work of 
transportation. rrhey lift small particles from the bottom and 
hold them in suspension while they move forward with the 
general current. The finest particles sink most slowly and are 
carried farthest before they fall. Larger ones are barely lifted, 
and are dropped at once. Still larger are only half lifted; that 
is, they are lifted on the side of the current and rolled over, 
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without quitting the bottom. And finally there is a limit to 
the power of every current, and the largest fragments of its 
bed are not moved at all. 

There is a definite relation between the velocity of a current 
and the size of the largest bowlder it will roll. It has been 
shown by Hopkins that the weight of the bowlder is propor­
tioned to the sixth power of the velocity. It is easily shown 
also that the weight of a suspended particle is proportioned to 
the sixth power of the velocity of the upward current that will 
prevent its sinking. But it must not be inferred that the total 
load of detritus that a stream will transport bears any such re­
lation to the rapidity of its current. The true inference is, that 
the velocitv determines the limit in coarseness of' the detritus 
that a stream can move by rolling, or can hold in suspension. 

Every particle which a stream lifts and sustains is a draft 
upon itR energy, and the measure of the draft is the weight 
(weighed in water) of the particle, multiplied by the distance it 
would sink in still water in the time during which it is sus­
pended. If, for the Rake of simplicity, we suppose the whole 
load of a stream to be of uniform particles, then the measure of 
the energy consumed in their transportation, if! their total 
weight multiplied by the distance one of them would sink in 
the time occupied in their transportation. Since fine particles 
sink more slowly than coarse, the same consumption of energy 
will convey a greater load of fine than of coarse. 

Again, the energy of a clear stream is entirely consumed in 
friction on its bottom; and the friction bears a dil'ect relation 
to its veloc.ity. But if detritus be added to the water, then a 
portion of its euergy is diverted to the transportation of the 
load: and this is done at the expense of the friction upon 
the bottom, and hence at the expense of velocity. As the 
energy expended in transportation increases, the velocity 
diminishes. If the detritus be composed of uniform particles, 
then we may also say that as the load increases, the velocity 
diminishes. But the diminishing velocity will finally reach a 
point at which it can barely transport particles of the given 
size, and when this point is attained, the stream has its maxi­
mum load of detritus of the given size. But fine detritus reo 
quires less velocity for its transportation than coarse, and will 
not so soon reduce the cnrrent to the limit of its efficiencv. A 
greater per cent of the total energy of the stream can hence be 
employed by fine detritus than by coarse. 

Thus the capacity of a stream for transportation is enhanced 
by comminution in two ways. Fine detritus, on the one hand, 
consumes less energy for the transportation of the same weight, 
and on the other, it can utilize a greater portion of the stream's 
energy. 
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It follows, as a corollary, that the velocity of a fully loaded 
stream depends (ceter£8 paribus) on the comminution of the rna· 
terial of the load. When a stream has its maximum load of 
fine detritus, its velocity will be less than when carrying its 
maximum load of coarse detritus j and the greater load corre· 
sponds to the less velocity. 

It follows also thata stream which is supplied with heterogene­
ous debris will select the finest. If the finest is sufficient in quan­
tity, the current will be so checked by it, that the coarser cannot 
be moved. If the finest is not sufficient, the next grade will 
be taken, and so on. 

Transportation and Declivity.-To consider now the relation 
of declivity to transportation we will assume all other conditions 
to be constant. Let us suppose that two streams have the same 
length, the same quantity of water, flow over beds of the same 
character, and are supphed to their full capacities with detritus 
of the same kind; but differ in the total amount of fall. Their 
declivities, or rates of fall, are proportional to their falls. Since 
the energy of a stream is measured by the product of its vol­
ume and its fall, the relative energies of the two stl'eams are 
proportional to their falls, and hence, proportional to their de­
clivities. The velocities of the two streams, ,depending as we 
have seen above, on the character of the detrituB which loads 
them, are the same j and hence the same amount of energy is 
consumed by each in friction on its bed. .And since the energy 
which each stream expends in transportation is the residual 
after deducting what it spends in friction from its total energy, 
it is evident that the stream with the greater declivity will not 
merely have the greater energy, but will expend a less per cent 
of it in friction and a greater per cent in transportation. 

Hence declivit.y favors transportation in a degree that is 
greater than its simple ratio. -

[There are two elements of which no account is taken in the 
preceding discussion, but which need to be mentioned to pre­
vent misapprehension, although they detract in no way from 
the conclusions. 

The fil'st is the addition which the tml1sported detl'itus makes 
to the energy of the stream. .A stream of water charged with 
detritus is at once a compound and an unstable fluid. It has 
been treated merely as an unstable fluid requiring a constant 
expenditure of energy to maintain its constitution; but looking 
at it as a compound fluid, it is plain that the energy it devel­
opes by its descent, is greater than the energy pertaining to the 
water alone, in the precise ratio of the mass of the mixture to 
the mass of the simple water. 
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The second element is the addition which the detritus makes 
to the friction of the stream. The coefficient of frictio'l"of the 
compound stream upon its bottom will always be greater than 
that of the simple stream of water, and hence for the same 
velocity a greater amount of energy will be consumed. 

It may be noted in passing, that the energy which is con· 
sumed in the friction of the detritus 011 the stream bed, accom­
plishes as part of its work the mechanical corrasion of the bed. ] 

Transportation and qual/tity of water.-The friction of a stream 
upon its bed depends on the character of' the bed, on the area 
of the imrface of contact, and on the velocity of the current. 
When the other elements are constant, the friction varies 
directly with the al'ea of contact. The area of contact d.epends 
on the length and form of the channel, and on the quantity of 
water. For streams of the same length, and same form of cross­
section, but differing in size of cross-section, the area of con­
tact varies directly as the square root of the quantity of water. 
Hence, ceteris paribus, the friction of a stream on its bed, is pro­
portioned to the square root of the quantity of water. But, as 
stated above, the total energy of a stream is proportioned direct­
ly to the quantity of water. And also, the total energy is 
equal to the energy spent in friction. plus the energy spent in. 
transportation. \Vhence it follows, that if a stream change its 
quantity of water without changing its velocity or other acci­
dents. the total energy will change at the same rate as the quan­
tity of water, th~ energy spent in friction will change at a less 
rate, and the energy remaining for transportation will change at 
a greater rate. 

It follows, ftS a corrollary, that the running water which car­
ries the debris of a district, loses power by subdivision toward 
its sources; and that, unless there is a compensating increment 
of declivity, the tributaries of a river will fail to supply it with 
the full load which jt is competent to carry. 

It is noteworthy also, that the obstruction which vegetation 
opposes to transportation, is especially effective in that it is ap­
plied at the infinitesimal sources of streams, where the force of 
the running water is least. 

A stream which can transport debris of a given size, may be 
said to be competent to such debris. Since the maximum parti­
cles which streams are able to move are proportioned to the 
sixth powel's of their velocities, competence depends on veloc­
ity. Velocity, in turn, depends on declivity and volume, and 
(inversely) 011 load. 

In brief, the capacit.Y of a stream for transportation is greater 
for fine debris than for coarse. 
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Its capacity for the transportation of a given kind of debris 
is enlarged in more than simple ratio by increase of declivity; 
and it is enlarged in more than simple ratio by increase of vol­
ume. 

The competence of a stream for the transport of debris of a 
given fineness, is limited by a co\·\'espondent velocity. 

The rate of transportation of debris of a given fineness, may 
equal the capacity of the transporting stream, or it may be less. 
When it is lef's, it is always from the insufficiency of supply. 
The supply which is furnished by weathering is never availa­
ble unless the degree of fineness of the debris brings it within 
the competence of the stream at the point of supply. 

The chief point of supply is at the very head of the flowing 
water. The rain which falls on material that has been disin­
tegrated by weathering, begins, after it has saturated the imme­
diate surface, to flow off. But it forms a very thin sheet j its 
friction is great j its velocity is small j and it is competent to 
pick up only particles of exceeding fineness. 1£ the material is 
heterogeneous, it discriminates and leaves the coarser particles. 
As the sheet moves on, it beeomes deeper, and soon begins to 
gather itself into rills. As the deepening and eoncentration of 
water pl'Ogresses, either its capacity increases and the load of fine 
particles i.s augmented, or, if fine particles are not in sufficient 
force, its competence increases, and larger ones are lifted. In 
either case the load is augmented, and, as rill joins with rill, it 
steadily gI'OWS, until the accumulated water finally passes be­
yond the zone of disintegrated material. 

The particles which the feeble initial currents are not compe­
tent to move, have to wait either until they are subdivided by 
the agencies of weathering, or until the deepening of the chan­
nels of the rills so far increases the declivities, that the currents 
acquire the requisite velocity, or until some fiercer storm floods 
the ground with a deeper sheet of water. 

Thus rate of transportation, as well as capacity for transpor· 
tation, is favored by fineness of debris, by declivity, and by 
quantity of water. It is opposed chiefly by vegetation, which 
holds together that which is loosened by weathering, and shields 
it from the agent of transportation in the very place where that 
agent is weakest. 

When the current of a stream gradually diminishes in its 
couri'e-as, for example, in approaching the ocean-the capac­
ity for transportation also diminishes j and so soon as the 
capacity becomes less than the load, precipitation begins,-the 
coarser partides being deposited first. 

Corrasion.-If a stream has no load of detritus, it corrades 
only by solution. If it is loaded to its full capacity, it does 
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not corrade; it is on the verge between corrasion and deposi­
tion. Only with a partial load does a stream wear its bottom. 

The rapidity of mechanical corrasion depends on the hardness, 
size, and number of transient fragments, on the hardness of the 
rock-bed, and on the velocity of the stream. The blows which 
the moving fragments deal upon the stream-bed are hard, in 
proportion as the fragments are large and the current is swift. 
They are most effective when the fragments are hard and the 
bed-rock is soft. Their number is increased, up to a certain 
limit, by the increase of the load of the stream; but when the 
fragments become greatly crowded at the bottom of a stream, 
their force is partially spent among themselves, ann the bed­
rock is in the same degree protected. For this reason, and be­
cause increase of load causes retardation of current, it is prob­
able thf1t the maximum work of corrasion is performed when 
the load is far within the transporting capacity. 

The element of velocity is of double importance. since it de­
termines, not only the speed, but, to a great extent, the size of 
the pestles which grind the rocks. The coefficients upon which 
it in turn depends, namely, declivity and quantity of water, 
have the same importance in corrasion that they have in trans­
portation. 

Let us now direct our attention to the region of the canons. 
The Plateau province lay beneath the ocean up to the close 

of the Mesozoic age. In early Cenozoic time it was nearly 
covered by fresh-water lakes, and was not greatly elevated. 

In more recent epochs it has been very greatly, but unequally 
lifted, and the lakes have been dmined. The erosion which 
began with the first lifting of a part above the ocean, and ex­
tended its area as the lakes disappeared, has progressed contin­
ually to the pre~ent time. The average total uplift has been about 
12,000 feet; the mean altitude of the present"surface is about 
7,000 feet; and the difference is the mean amount of degrada­
tion. While 5,000 feet have been removed from the general 
surface, an amount greater by several thousand feet has been 
corraded by the rivers. 

The greater tl'ibutaries of the Colorado have their sources 
in elevated mountains which are well supplied with rain. Their 
courses thr . .:mgh the Plateaus traverse regions characterized by 
aridity. 

On the uplands which border the canons the supply of water 
is so small and the declivity is so great that weathering is less 
favored than transportation. No soil accumulates; vegetation 
is scant j and, for the lack of these, weathering is reduced to a 
minimum. The degradation of the sul'face is limited by the 
retarded weathering. 
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In the canons corrasion is favored by a quantity of water which 
belongs to the mountain sources of the streams and not to the 
plateaus which they divide. It is favored by a great declivity 
of bed, for which it is indebted to the magnitude and recency 
of the uplift. It is favored by a moderate supply of debris, 
always sufficient for the work of excavation, but not so great 
as to' consume the entire energy of the current. 

The contrast between the degradation of the upland and the 
cutting of the water ways is strongest where the rocks are best 
fitted to resist disintegration. The river;; sink their channels 
into the land in a harmonious and interdependent system, and 
cannot exeavate soft beds more deeply than hard. But the 
only downward limit to the degradation of the tables is the 
level of the draining river system; and the varying retardation 
which it suffers from the resistance of different rocks, is ex­
pressed in the varying height of the canon walls. 

A second problem which has arisen in the study of the ero­
sion of the Plateaus may be called 

The Problem of Waterfalls. 

Where rivers descend a slope that is terraced by the alterna­
tion of hard and soft strata, they are apt to leap from the edges 
of the hard beds in waterfalls. But the Colorado, notwith­
standing the structure of its bed presents the most favorable 
conditions, makes no leap. At the head of Marble Canon, for 
instance, the river crosses a great bed of limestone, lying nearly 
level and underlaid by a great bed of' friable sandstone. The 
limestone resists all erosive agents as strongly as does the Niag­
ara limestone, and the sandstone yields to them as easily as 
does the Niagara shale. But, instead of plunging from one to 
the other in a great cataract, the Colorado cuts the two with 
nearly equal grade of channel. Its average descent in the hard 
rock is ten feet to the mile, and in the soft, less than five feet. 

It is evident that for the production of waterfalls some con­
dition is involved beside that of the constitution of the rock­
system which the stream traverses,-some condition that per­
tains to the constitution of' the stream itself Such a condition 
is to be found in the relation of corrasion to transportation. 

Let us suppose that a stream, endowed with a constant sup­
ply of water, is at some point continuously supplied with as 
great a load as it is capable of carrying. For so great a dis­
tance as its velocity remains the same, it will neither corrade 
nor deposit, but will leave the grade of its bed unchanged. But 
if in its progress it reaches a place where a less declivity of bed 
gives a diminished velocitv, its capacity for transportation will 
become less than the load, and part of the load will be depos-
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ited. Or if in its progress it reaches a place where a greater 
declivity of bed gives an increased velocity, the capacity for 
transportation will become greater than the load, and there will 
be corrasion of the bed. In this way a stream, which has a 
supply of debt'is equal to its capacity. tends to build up the 
gentler slopes of its bed and cut away the steeper. It tends to 
establish a single, uniform grade. 

Let us now suppose that the stream, after having obliterated 
aU the inequalities of the grade of its bed, loses nearly the 
whole of its load. Its velocity is at once accelerated and corra­
sion begins through its whole length. Since the stream has 
the same declivity, and consequently the same velocity, at all 
points, its capacity for corrasion is everywhere the same. Its 
rate of corrasion, however, will depend on the character of its 
bed. Where the rock is hard, corrasion will be less rapid than 
where it is soft, and there will result inequalities of grade. But 
so soon as there is inequality of grade, there is inequality of 
velocity, and inequality of capacity for corrasion: and where 
hard rocks have produced declivities, there. the capacity for 
corrasion will be increased. rl'he differentiation will proceed 
until the capacity for corrasion is everywhere proportioned to 
the resistance, and no farther,~that is, until there is an equilib­
rium of action. 

In general, we may say that a stream tends to equa1ize its 
work in all parts of its course. Its power inheres in its fall, 
and each foot of fall has the same power. When its work is to 
corrade and the resistance is unequal, it concentrates its energy 
where the resistance is great, by crowding many feet of descent 
into a small space; and diffuses it, where the resistance is 
small, by using but a small fall in a long distance. When its 
work is to transport, the resistance is constant, and tbe fall is 
evenly distributed by a uniform grade. When its work in­
cludes both transportation and cOrl'asion: as is the usual case, 
its grades are somewhat unequal; and the inequality is greatest 
when the loael is least. 

The condition of the Colorado in respect to load, is midway 
between that of the Niagara and that of the Platte. 

The water of the Niagara is nearly devoid of load. The lake of 
which it is the outlet gathers the detritus of all tributary 
streams, and only on the occasion of a great storm yields a 
small portion of it to the Niagara. The work of transportation 
is at a minimum, and the differentiation of slope dependent on 
rock structure reaches its maximum in a cataract. 

The water of the Platte is supplied with all the load it can 
move. Major Powell, who bas made a careful study of this 
river, ascribes its peculiar character to the fact that it flows 
through a region of unconsolidated strata. Its mean declivity 
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is as great as that of the Colorado, and it would have carved 
canons of imposing depth, if only the material of its banks were 
sufficiently coherent to stand in walls. As it is, the loose sands 
of the bordering pluins are washed and blown into the river, 
and, its energy being consumed in their transportation, the cor­
rasion of its channel can proceed no faster than the general 
degradation of the plai.n. Having little work to perform be­
side the transpOl'tation of its load, it maintains an almost un· 
varied slope from the foot of the mountains to its mouth. 

In that portion of t,he Oolorado which is contained in the 
Plateau province, the load consumes a share of the energy of 
the s1;ream and leaves to corrasion the remainder. The slopes 
of the stl'eam-bed al'e varied, but not so greatly as those of the 
Niagara. Where the bed-rock is soft, the declivity is small. 
Where it is hard, the declivity is relatively great ~ but in the 
toughest hornblende rock the mean angle of slope does not ex­
ceed three degrees. 

The Problem of Inconsequent Drainage. 

There is a third problem of erosion now under investigation 
in the Plateaus that pl'Omises results of vaille and novelty. It 
was propounded by Major Powell, and is set forth on page 162, 
et seq., of his" Exploration of the Colorado River." The q ues­
tion to be answered is: What is the relation of the drainage 
system of the Plateaus to the s'ystem of displacements? How 
far is it consequent, how far antecedent) how far super-imposed? 

If a series of sediments, accumulated in an ocean or lake, be 
subjected to a system of displacements while still under water, 
and then be converted to dry land by elevation en masse, or by 
the retirement of the water, the rains which fall on it will in­
augurate a drainage system perfectly conformable with the 
system of displacements. Streams will rise along the crest of 
each anticlinal, will flow from it in the direction of the steepest 
dip, will unite in the synclinals, and will follow them length­
wise. The axiR of each synclinal will be marked bv a water­
course; the axis of each" anticlinal by a watershed~ Such a 
system is said to be consequent on the structure. 

If, however, u system of displacements affect a rock series 
after the series has become continental, it will have already ac­
quired a system of waterways, and, unless the displacements 
are produced with unusual rapidity, the waters will not be 
diverted from their accustomed ways. The effect of local ele­
vation will be to stimulate local corJ'asion, and each river that 
crosses an uplifted block will, inch by inch as the block rises, 
deepen its channel and valorously maintain its original course. 
It will result that the directions of the drainage lines will be 
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independent of the displacements. Such a drainage system is 
said to be antecedent to the structure. 

There is one other case. Suppose a rock series that has been 
folded and eroded, to be again submerged, and to receive a new 
accumulation of unconforming sediments. Suppose further, 
that it once more emerges, and that the new sediments are 
eroded from its surface. Then the drainage system will have 
been given by the form of the upper surface of the superior 
strata, but will be independent of the structure of the inferior 
series into which it will descend vertically as the erosion pro· 
gresses. Such a drainage system is said to be supe1··imposp.d 
upon the structure of the older series of strata. 

A large share of the drainage of the Plateaus is not conse· 
quent. How much is super·imposed, and how much ante· 
cedent remains to be determined. With the solution of the 
p:oblem are involved the determinati?n of the antiquity and 
hIstory of the Green and Colorado RlVcrs, and the physical 
history of the great Tertiary lakes; and we may hope that from 
its discussion will result the establishment of laws, by the aid 
of which it shall be possible, in other regions, to dedu:Je facts of 
geological ~istory from an examination of the relation of struc· 
ture to drall1age. 

Summary. 

The eXtJosure of the rock structure in the Colorado Plateau 
province IS exceptionally tborough. Soil and vegetation ob· 
struct the view less than in other lands, and deep canons exhibit 
natural sections in many directions. 

The rock structure i's simple but not the simplest. The 
strata have been displaced, but their displacement is so little 
complex that it can be clearly determined in kind and amount. 

In virtue of the simplicity of structure and continuity of ex· 
posure, the geologist does not have to put fragmentary data 
together and grope for the general facts of which they form 
part, but is able to see all the parts combined in nature in visi· 
ble wboles. Nothing need be left for doubtful interpretation 
wbere everything can be seen; and with the facts of structure 
conspicuous and beyond question, the mind is left free to search 
for causes. 

The facilities for the study of single, simple displacements, 
isolated from otber phenomena of the same order, are equalled 
by those for the study of eruptive mountains which are at once 
simple, isolated, and diRsected by erosion. 

To the student of stratigl'aphy are oft'el'ed continuous expos· 
ures of great length. 

To the student of erosion are exhibited the most distin· 
guished monuments of its action; and he is given an opportu· 
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nit.Y to partially isolate certain of the conditions which con­
trol the rapidity of erosi ve action, by viewing their influence 
where that influence is at a maximum. 

No attempt has been made in this brief review to indicate 
the entire range of the subjects that will interest the geological 
student of the region. It was proposed rather to call attention 
to those categories of phenomena which give gl'eatest promise 
of affording contributions to the body of principles which con­
stitute the science of geology,-as distinguished from the phe­
nomena which will merely enlarge the body of facts upon which 
its established principles are based. rrhe progress of geological 
exploration has compassed so small a fraction of the earth's sur­
face that the aspect of the science is modified, in greater or less 
degree, by the addition of each important mass of facts; and 
when the contribution from the Plateaus shall have been made, 
I am confident that its record will find a place in the history ot' 
geological progress. 

Already the field has yielded to its students results which 
are new to them, and which are probably new to the world of 
science. Among them are a type of uplifted mountains, a 
type of eruptive mountains, a theor.Y of waterfalls, and a classi­
fication of drainage systems_ 




