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Climatic Controls

Introduction. Many of the materisls of the crust of the earth are not
in eguiliorium with their environment at its surface for they were either
cooled from a molten state or deposited under water: In contact with water
and air they undergo changes in both vhysical and cheinical states. The
control of the nature and rapidity of these adjustments lies in the climsate.
Je will here discuss the climates of the earth from this standpoint on1y,
considering precipitetion, together with seasonal distribution and its
disposal on reaching the ground,winds, and temperatures. We must, howvever,
not regard climate as fixed. ThroaLh geologic time changes have been verj
marked.

Iransuission of moisture. A4ll rain and snow w‘ ich falls on the earth
ultimetely coues from evaporation of “Hodies of standing water. However, iis
Jjourney tarough the atmosphere in the form of vapor may be made in two or

more simges separated by one or more .intervals during which it was
precipitated and then evenorated from the ground. The ultimate cause of
precipitation is recduction in the vepor-carr.ing cspacity of the air by
lovering its temoperature. I% is a coincidence that the vapor pressure of
water in mlliimeters of mercury at a given temperature is, within the range
orainsyily wmet with, almost exactly the same as the maximum possible numbter

of water in a cubic meter of air. There is no necessary connection
botween these two guanities. Ordinarily air doss not contain all the moisture

e L at that temmerature and the percentage of what it does contain

of imua possible is termed relotive humidity, Now, when air is cooled
ite relative humidity increases until the amount is 100 percent. The
tererature ~t which this occurs is called the dew noint, If cooled below
this temper:sture precivitation occurs. If the temperature is above freezing

H

aln or fog results. If below freszing snow crystallizes directly from the

Causes gi nrecipitation. Copling of air whieh contains M01stu1e
due nHrimarily to ascent for temperature decreases wifn elevation. Ris
a2ir is dve to (a) local hesting, (b) winds encountering a mountain ra
and (¢) winds rising over a mass of colder heavier sir. The first pricéess
accounts for both local afternoon thunder showers and the tropicel rainbel
whiech is located in the latitude of maxinum solar redintion moving with %
seasonal change in position of vertical sun roys. Precipitation on mountei
is common throughout tihe world and r“qawv es no further comment. At the
present the polar regions are pervetually frozen and cold. Cold air whieh
flaws south {north in the southern herlunh’"e) encounters the wornsr oir of
eguatorial regions. The conbact of northern and southern air is somebimes
calleC tue polar front. It ig irregular -, in outlins, associcted with
gigentic swirls termed @yclones. Within these warm, molst air rises above the
colé morthern air giving rise to grelonic nrecinitsation, now spoken of as
storms along fronts or contacts between air of different source, humidity
and temp roturs. Thoese arsas heve low ctmosphere -ressure and are often
termed lows. If, as seems probadle, in the geologic nast the poles were
wermer then now the width of the area tirough whick this belt of storms
migrates with the seasons was once smaller and the vigor of weather changes
within it was much less than now.




Winds. The belt of tronical rainfell is marked by rising currents of air,
low barometric pressure, and by absence of surface winds. The air which flows
into this belt of calms from farther north and south and, deflected by tae ro-
tation of the earth, forms the vsery constant northeast and southeast trade
winds. North and south of the trades descending currents occupy the tropics
producing another bell of calms, here associated with relatively high atmos-
pheriec pressure. At present about half the area of each hemisphere is occu-
pied by a belt of variable winds along the polar front whose prevailing diree-
tion is from the west. This is the beli of westerlies. The larger continents
in ths belt of west winds afford an exception in that the great seasonal range
of temperature in the interiors causes winds to blow inward in summer and out-
ward in winter. These temperature-controlled winds are termed monsoons.

eagonal Cistribution of precipitation. In few types of climate is precipita-
tion mniform in amount from month to month of the year. The belt of tropical
rains follows the apparent movement of the sun. In equatorial regions this
means two raliny seasons in every 12 months, but farther north and south there
is only one rainy season and the dry period is much longer and more pronounced.
This is the Savanna belt., Seasonal migration of the subtropical calms brings
dry weather to regions which at other times are either in the westerlies or

the trades. It even causes aridity I+ the Mississipni Valley whenever the
movement is uwnusually far north. In past geologic times 1% doubtless caused
deserts like the Sahara to extend much farther north than they do now. Relative
temperatures of sea and land also have an effect on seasonal changes in rain-
fall. In many places most rain falls when the land is cold. 1In regions far
from the ssa outflowing winter winds plus reduced evannration spell a winter
minimam.

Disposition of precivitation: Rain which falls on the surface of the
ground is disposed of by (a) surface runoff into streams, (b) parcolation
into the ground which may or may not emerge later from springs to join the
surface runoff, (e¢) direet evanoration from soil or free water surfaces,

(4) trenspiration from vegetation, (&) chemical combination in vegetation and
minerals. The relative amounts of each disposition is difficult to ascertain
although estimates of the first two are not particularly difficult. =Exact
determination of total precipitation on a watarshed is inexact because of the
spotty distribution of individual storms.

Porcolations Snow which melts on frozen ground must nearly all join the
surface runoff. The proportion of rain falling on unfrozen ground which ner-
colates into the soil is frequently estimated as a simple percentage of total
precipitation. Because water which enters the soil must displace air between
the mineral grains and causes physical changes in the soil it is obvious that
this is a very inexact method. ZExperiments by Horton indicated that the
initial rete of infiltration decreases rapidly at the beginning of a rain but
attains a constant rate after from half an hour to three hours, TFig. 2.

He arrivec at the empirical formulas

£y + (fo = £,) gCt
where f = rate of infilitration at any time, inches per hour, fo = initial
rate, fp 5 constant rate, e = 2.718, C : a constant factor, and t = time of
rainfall duration in hours. Physical proverties of the soil which control
entrance of rain comprise (a) texture, (b) structure, (e¢) vegetation, (d) bio-
logic structures such as burrows, (8) moisture content, and (f) condition of
soil if cultivated, sun-eracked, ete. The value of fc is attained only dur-~
ing heavy and long-continued rains thus increasing surface runoff to cause



both floods and surfoce washing. Infiltretion capacity 1s greatest in loose
sands which display a very low pronortion of surface runoff. When soil is
entirely saturated with water the rate of movement is termed by Horton
"transmission capacity". His conclusion was that such saturation is actually
attained only in the heaviest clay soils. The relation of infiltration
capacity to rainfell is wvitally important to geomorphology and more exact data
are needed for quanitative study of drainnge.

Ruanoff in relation to rate of rainfall. It is evident that whenever rain
falls at a rate less than that of infiltration no runoff is possible. From
tals it follows that no storm may ever reacih the point where there is a surplus
above infiltration on the divides. This accounts for the pauci. ty of streams
in areas of sandy soil. Rainfall rate gererally is highest in brief storms.
Various empirical formulae show this. Little used the formula;

re= 8
Tt
&

~

where r = inches per hour and t is in minutes. Other expressions co not involve
exXponents.

Retvrn of ncrcolat&q@ 3o streans. Some of the water which percolated
iut> the soil is vsed oy plants. Much is evaporated or transpired by plahts
and returned to ths vapor of the atmosvhere. BBvaporation losses in eastern
J. 3. range from about 18 to over 38 inches @ year. Correlation with
stmner temperature is approximate. In the region of low rainfall the lines of
equal loss cross lines of temperature at right angles because there is not
enough rainfall to supply potential evaporation. Some enters into chemical
combinations with minerals. The remain@er becomes ground water. MNuch of the
ground water reaches the streams either throuvgh definite springs or by
sespage into streams.

Actual strean flow. The discharzse of a stream is determined by measurement
of its cross section and mean velocity at several different water levels. A
curve is tien d

irawn to show relation between water level and discharge, When
discharges are plotted in resmect to time a very irregular curve is obtained
of waich the crests each correspond to a particular storm. The discharge
ostween storms is essentially all ground water runoff provided there is no
storage in la''es and swamps. From a study of surface and ground water

runoff in the United States it aprears that: (a) The total runoff is greatest
with the highest preeipitation. (b) Ground weter runoff is largest in regions
of porous bed rock where there is large subsurface storage. (c) Losses due %o
eveporation are more nearly constant than are other quentities.

Svamery. Climatic control of geomorphic forms is concerned chiefly with
gauses for variation in emount of runoff, intensity of rainfall, frequency of
heavy rainfall, frequency of freezing and thawing, direction and intensity of
winds, duration of frozen ground, rather than with the information given on
conventional climatic maps. Some of these features will be deseribed more fully
in later sections where their bearing is more fully explained. In this section
precipitation slone is considersd. Water which falls on the ground is disposed
of by evaporation, ineluding water itr.aspired by plants, oy soaking into the
ground- beyond the reach of subsequent evaporation, and by direct runoff. Much
of the water which enters the earth returns via springs and seepege to form the
ground weter runoff. Ground water runoff may be determined from the discharge
of streams letween storms. Its quanitative ratio to surface runoff dspends in
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part on climate but to a large extent of the geology of the watershed. Evapora-
tion loss is related both to temperature and to total precipitation. In arid
regions it disposes of almost all the precipitation.

Section 2.
Materials of the earth's surface.

Introduction. In deseribing the materials of the earth's surface for the
purpose of accounbting for the present topography the method of approach must of
necessity be different from that employed in other branches of geology. We
mast distinguish between consolidated and unconsolidated materials. The former
are rocks nnd owe their firm condition to either (a) the irregular shapeu of
constituent particles (commonly minerals) or (b) the presence of a cementing
gcompound between the particles. The shapes of particles as well as their
puvsical character determines the mechanical strength of the rocks The chem-
ieel composition and size of the particles determine the reaction of the rock to
the chemical effects of the atmosphere and water, From the standpoint of
gaomorpholsy the conventional division of rocks into igneous, sedimentary, and
pevamorphiic is aliost meaninglsss. What is important is the relative resistance
or durability of rocks to those forces which act upon them when they are at or
near the surface. PFor this reason it is to reports upon building stones that
we must Surn for information. The ordinary geologic map ignores many of the
factors »f durability, such as grain size (texture), porosity, permeability,
and sirusture, all of which by controlling both dbreaking strength and entrance
of water arc of profound influence on durability, Chemical composition, if
shown on & mep, is only one factor. Maps which indicate only-geologic age are
almost wortinlesg for geomorphic studies. Because solid rock is commonly found
beneath unconsolidated material it is often referred to as bed rock. Rocks
ars often divided into two great claﬁgeﬁ: (a) herd rocks of igneous and meta-

noyrnhic origin meinly erystelline and “soft rocks, mainly sedimentary, although
including some kinds of igneous rockss

Texture, The term texture refers to the size, or range in sizes, of indi-
vidual particles (commonly minerals) of a rock. It also ineludes their shape
and arrangement. Division of igneous rocks into coarse and fine texture is gen-
erally only quolitative and no definite standards have been set up, TFragmental
sedimentary rocks are clascified by texture., Texture has a marked influence not
only on mechanical strength but also on chemical resistance to alteration. Where
the constituent particles are large it is evident that failure of a sinzle one
either by breaking or chemical change is much more important than in the case of
a small particle of a fine-grained rock. Where the constituent minerals have
good cleavage, as do the micas and feldsvars for instance, parting along those
vlanes ol weakness extends farther in a cor 'se-grained than in a fine grained
rock. ®Such failure of a rock then allows more water to menetrate causing chem-
ical alteration. Available data also appear to indicate that fine-grained massive
igneous rocks have a higher crushing sirength than do coarse-grained rocks of
similar compogition. In general the erystalline rocks with interlocking erystals
possesses much higher mechanical ctrength than do fragmental rocks which have
been cemented together. In this connection it is well to realize that some sed-
imentary rocks, such as dolomite, are distinctly erystalline and hence have high
crushing strength. The commoner cements are silica, calcits, dolomite, and iron
oxides. In the case of cemented rocks the desree of cementation is of the first
imoortahce because it affects not only crushing strength hut also the entrance
of water. Sandstone, as shown on a geologic map, may vary from very well cemented
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with low porosity and permeability to a rock little more resistant than is loose
sand. Quartzite, or sandstone cemented by gquartz into a rock so hard that it
breaks through the original quartz grains, has very high crushing strength as
well as low porosity and permeability. Shales also vary greatly in durability
as well 28 in mechanical strength. Some have been thoroughly comoressed or have
a cementing substance. Others have a high porosity and low crushing strength.
All have low permeability because of the small size of individual openings and
ere made of minerals which are in large part resistant to chemical alteration,
Although much data is available in the literature on porosities of rocks there
is 1little on permeability except in connection with studies of underground

water and petroleum, most of which have little bearing upon conditiong which ex-
ist at the surfacs. In reference to chemical composition we must be surs to
disecriminate between true limestones made of calcite and dolomites or magnesian
limestones because of thelr difference in reaction with water,

Structure. Structure refers to the larger features of rocks, the partings
which divide them, including the attitude of such planes of division. Sedimentary
and voleanic rocks display bedding planes which are the result of interruptions
in deposition. Igneous flows are finer-grained at both top and bottom than they
are in the middle where cooling was slowest. Gas bubbles are common near the
top of = flow and make the rock much weaker than is the rest of the flow. Many
metamorpric rocks have the crystals of readily cleavable minerals such as mica
and horablend arranged parallel producing schistosity. Others have bands of
different chemical composition producing foliation. Both these factors result
in weskness of the rock along defirite planes. There are no definite standards
of comparison in regard to the distance apart of bedding planes or other planes
f weakness. The terms thick-bedded or thin-bedded are very indefinite and many
geologic descriptions ignore such information. All rocks are more or less broken
by planes which are due to earth movement. In scme localities these planes or
joints follow a more or less definite pattern in response to the foreces which
produced thems In other localities they are irregular in direetion, inclinationm,
spucing and continuiiy because caused by settling or cooling., Many lava flows,
however, show regular hexagonal columns due to contraction. Standards of compar-
ison between closely spaced jointing and widely spaced Jjoints are wanting and
many geologic reports ignore this point. In regions of disturbed sedimentary
rocks the inclination of bedding planes, the nosition and direction of folds and
faults is delineated. In making geologic maps the effect of such earth movements
on the arrangement of relatively resistant bodies of rock with consegquent shaping
of the topography is an immense aid.

&)

Uncongolidated depcsits or mantle rock. Over most of the earth's surface there
ls a voriable thickness of unconsolidatsd material above the solid bed rock. For
the most part this surficial mentle rock is due to action of the atmosphare
(weathering} on the underlying rock. (See Sec. %) In other localities, such as
some glaciated districts and the Coastal Plain of southeastern United States
sedimentary deposits have not yet become consolidated. In these localities bed
rockk lies hundreds or even thousands of feet below the surface. The mantle

rock in many places contains fragments of consolidated rocks which range from
small granules to boulders of large sizo. Mantle rocks may be mixturss with a
wide renge in size of particles or be assortad to a narrow range of grain sige;
they mey be massive (unstratified) or arranged in layers either of the same or
of different composition and texture. In some places certain layers have been
consolidated into rock. In many localities uncongolidated or semi-consolidated
materials are firmest close to the surface which is exposed to the atmosphere.
This phenomenon is dus %o evaporation of ground water leaving a cement and is
known as gcase-nardening., It is of great importance in geomorphology.




Units for description. The lack of guantitantive standards of comparison
by which spacing of Jjoints and bedding planes and grain size of igneous rocks may
be compared has been noted. Porosity is expressed in per cent of voids. It is
determinable from the difference between the density of a substance when dry and
when fully penetrated by water. Permeability is given in many different units.
In the petroleum industry the commonsst is the darey, which is meesured in cubic -

centimeters of water at a given temperature which are forced through a section
one centimeter sguare and one centimeter long by a pressure difference of one

atmosphere in one second.
inch or in kilograms ver square centimeter,

Crushing strength is given in either pounds per square
Density is for the metric system

synonymous with specific gravity, namely a comparison of weight of a specimen
in air with that submerged in water where it loses the weight of its volume of

water.

The following table vresents some data which are of interest,

Reports

on building stones also contain information on results of freezing and high
temperatures upon specimens of different kinds of rocks,

Tables of data bearing on durability of materials

Densities and porosities (Birch)

Porosity, percent Density
Dry Wet
Uncondolidated Gumbo soil 54,1 1;19 1.7
Clay J 40 40-50 .0 1.30-1.,60 1.80-2,00
Sandy Soil 5342 1.28 1.78
Loess 20.0-5% .4 0,8 =1.6 1.4~1,93
51t 49,9 1,36 1.86
Sand 30 ;0‘-’3:8 .O i 137—'1.81 1085-2014
Gravel 20.0-37 .0 1,36-2.05 1,65~-2.39
Soft Rocks
Sandstone 0.9-38.0 1.,50+~2,68 1,99-2.73
Shale 1.5-44,8 1563617 1,98=5,21
Limestone «9=37.6 LT4=2,72 2ed3=2.77
Hard rocks
Granite slight 2,567
Gavbro n 2,976
Diabase i 2.965
Ultrabasic " B 570
Crushing strengths, Icg/cm'a (Birch)
Average - Range +
"Eard Rocks
» Cranite 1480 1110~-2310
Gabbro, basalt 1800 1340~2%00
Gneiss 1560 750-1710
Juartzite 2020 1760-1180
Slate 1230 780-1550
(Buckley)
Rayolite, Berlin, Wis. 3210
Granite, fine-graihed, Montello, Wis. 3080
*  (Granite, coarse-grainsgi, Pike R., Wis, 1615
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Soft Rocks Averag - Range -+
Limestone 960 930 =260
Sandstone ZTe} 530=~17350
TUET . %10 210~210
Harble = A 1020 710~1G00
Fiagara dolomite up to 2 200 (Juﬁmley)

Arkosic sandstone, Wisconsin 240 =

Quartz-cemented sandstone, Wisconsin 830

Grain sizes of sediments (actual deposits show considerable mixture of sizes)

U.S. Bureau of Soils Wentworth
Materials mm mm
Boulders over 256
Cobbles 54256
Pebbles (gravel) over 1 4-54
Granuleg 24
Sand 0.5-1 0.0625-2.0
8ilt 0.005-.5 0.0039~-0.0525
Clay below 0.005 below 0.0039

Summsry. In the study of rocks and other materials of the erust of the earth
in relation to topograrhic forms the gualities considered are those which af~-
feet durabiliity at the surface. Some of these vroperties have been outlined
in the tahles above bul their relation to methods of alteration by weathering
is taken up in the following section.

Section 3. Weathering

Introduction., The nrocesses of weathering are all directed toward placing
the physical and mineral properties of the earth's surface into harmony with
their environment. Conditions at the surface are much different from those
under which most of the materials originated., Outstanding results of weather-
ing are {a) breaking up of solid rocks into small fragments, (b) chemical al-
teration, mainly in the direction of reduction of demsity, (c) chemical combi-
nation with water ineluding solution, and (&) the formetion of prevailingly
simpler compounds which resist further alteration. The processes of weathering
include tiaose which are purely mechanical, those which involve ghemical change,

and those dues to the presence of organismse.

Mechanical weatherine. Mechanic¢al weathering consists of reduction in
size of particles of material without the ald of chemical change. Breaking up
of rocks and minerals into small particles is also an accompenyment of chenical
alteration. A very striking feature of breaking up of materials is the enormous
increase of surface area which results. Areas are proportioned to the cube
of linear dimensions.  Thus if we break up a single particls of a given diameter
into similar shaped particles of a tenth the linear dimension the surface is
inereased a thousand fold. This rapid rate of inereese in surface prepares
the way for the agents of chemical weathering. One of the most potent of all
purely ohysical processes which resulte in breaking up of rocks and other
materigls is frost. Water which enters into pores, bedding planes, Jjoints,
gas bubbles, and other cpenings neey the surface is frozen. In many regions
freezing and thawing talke place many timees during a year, - On many mountains
it oceurs almost every day. Ixpansion of water when changed into ice is
estimated to give a mressure of about 150 tons per square foot or over a ton
to the square inche. It is true that thils pressure is well below the crushing




strength of many rocks but frost does not crush rocks. Instead it Dreaks them
by setting up tension. Tension tests are not inecluded in tables of physical
properties although some shearing tests are made. The increase of volume by
freezing is about 9 per cent and that of linear dimensions about 3 per cent.
Although this seems small the effect is cumulative beceuwse when ice melts the
water again fills the opening completely. The depth below the surface at
which freezing occurs varies widely. In southern latitudes freezing is rare
except in mountains. Coing poleward the depth of winter frost increases until
& normal of several feet is attained in middle latitudes. In the far north

ag in Siberia and Alaska the ground is permanently frozen to a great depth,
locally several hundred feet, and only the surface thaws in summer., This
frozen ground probably dates from -a time of colder climate proovably sssocliated
with continental glaciation. A second mechanical process on which most text
books lay great stress is expansion of rocks from diurnal or seasonal increase
in temperature. The following table gives some data on this subject. The
figures are for linear exvansion which is very near to a third of the wvolu-
metriec change. It is well to recall that crystals vary in rate of expansion
acegording to the internal arrangement of the atoms,

Expansion in per cent, from 20 C to 100 ©

Quartsy «08 to .14 according to direction in crystal Volume ,38
Horablende 05 to’ 406 i j " n i « 16
Caleite 17 o =,05 " " it " % .08
Orthoclase «00 %o 12 ¥ b ¥ " " o12
Steel 09 (for compabison)

Ratio of lirear expansion of rocks to temmerature change

Granites and rhyolites 84 3 x 10 =
Andesites and diorites 74 2

Basalt, gabbro, diabase 5.4;£ L
Sandstones E 2
Quartzite 1

Limestone, marble T4 4

Slates 9+ 1 x 10 -6

Thermal conductivity of common rocks in watts per centimeter per degree C
(maltiply by 239 to obtain calories [sec [em [deg.)

Granites 16 to 35 x 10 i
Diabase, basalt 14 to &% "

Gabbro 20 to %0 1
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Limestone, marble 14 to 34 x 107>

Quartzite e Tl TR

Sandstone & o4 ¥

Siate 16 %o 28 ¥

Shale 0 tedy ¥

Sand, dry 2.6 (wet up to 23) x 10 e
Clay, dry 2.4 (wet 9 to 16) x 10 e
Snow 2ol

Iee ' W™

Water 5.5 x 1077

Steel (for comprrison) 460 x 1075

Although the rates of expansion of rocks are less than those of many common met-
als thers are several weak points in the argument that temperature changes do
not breal rocks. First, rock temnerature is often much higher than adjacent

ailr temperatures and is not recorded at weather stations. Second, the low
conductivity of rock causes a much moré rapid decrease in temperature (steeper
temperature gradient) in rocks than in many other materials thus bringing

about nariied shearing stress not far below the surface, Third, the expansion

of rocks is Dest shown at jointe and other openings; if these are far apart

2 considerable tobal erpansion is ceused. Fourth, the differences in coeffi-

»
£

cient of expansion in differcnt directions in crystals causes marked shearing
girasses in them., Fifth, daily repetitions of temperature-induced shear may
readily cause failure through fatigue, Experiments on small laboratory pieces
of rock are inconclusive because of the limited total expansion and temperature
gradieat. It may be trme, however, that tempsrature changes do not break up
‘relatively smell rocks. Expansion is naturally most potent in regions of large
diurnal temperature variation, that is on mountains and in deserts.

Chemical weathering. Chemical weathering is defined as the work of any
agent which causses changos in the commosition of the molecules; it is certainly
ircorrect to limit the agencies concerned 4o purely inorganic processes. De-
teils of the subject of chemical alverstlon by the atmosphere and by water
with assocliated substances in solution are far too complex for discussion in
this connsction. What concerns geomorphology is mainly the alteration in
physical state brought about by chemical changes., As with the work of temper-
ature chaages, including rfroezing, these agents cauvse an immense increase in
surface area of nartioles. This results in speeding vp the attack of chemical
agents, Among the most active and abundant of chemical agzents we may list
water, oxygen, corbon dioxide, as well a2s acids derived either from organisms
or from the alteration of sulphides, A large mart of the chemical reactions
of weathering result in minersls wiich are simpler in chemical compositions
than they were before, less in density, and consequently in many cases lerger
in volume.
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Exfoliation. A result of weathering which is of much importance in geo-
morphology is the breaking off of concentric shells of rock, a vprocess called
exfoliation. Once regarded as dve simnly to temperature changes, perhaps aided
by surficial chemical alteration. it is now 'mown that the concentric fractures
which are best developed in massive crystalline rocks like granite, extend
too far below the surface for such an explanation. Distance betweer the part-
ings increases with depth as has been noted in many granite quarries. I% is
treu, however, tiat the rounding of boulders of erystalline rocks is in part
due to chemical attack from both sides of an angular projection. It ig now
belisved that a large part of exfoliation is due to relief of load on the rock
bocause of erocion of overlying material. It also thought the hydration of
feldspar, once ragerded as cdus to wéathering, is brouvght about during the
crystallization of the rock by the water vhich %s then pressnt. This probably
leaves the rock under stress so that freciring occurs upon lessening of the
overlying load. IMassive igneous rocks form rouaded summits on account of ex~
foliation. World-famous exfoliation domes are Sugar Losf in the harbor of
Rio de Janeiro, 3razil, Stone Mountain, Georegia, and Holf Dome in Yosemite
Valley, Calfiornia. The last named has had oune side removed by glacial actiom.

Other chemical changes., In general the igneous and metamorphic rocks are
nore susceptible to chemical alteration than are sedimentery rocks formed from
the products of previous chemical weathering. An example is shale, which,
although mechanically weak, is macde of clay minerals resulting from chemical
alteration. Zxceptions to this rule are limestones, gypsum, and salt formed
from material which was dissolved in water and are therefore relatively soluble
under weathering conditions. The last two rarely reach the surface in humid
climates. Suscentibility of silicates to weathering increases from quartsz,
through muscovite mice, orthoclase feldspar, biotite mica, alkalie plagioclase,
hornblends, augite calcium plagioclase, to olivine.

Soil formation. The word goil has been usad in different ways. Students
of soids (nedology) confine its amplication to the surficial layer, in faw
places much more than a foot deep, in which plants grow and other organisms
thrive., HMany of the older geologists, however, applied, and some still apply,
the word to the entire unconsolidated material or mantle rock which overlies
s0lid bed rock. They spoke of the transported soils of glaciated districts
‘whereas if we mean only the surface layer we must recognize that its origin
is essentially the same as in non-glaciated districts, namely alteration in
situ of broken up rocks. It is only on floodplains and dunes that we find
materisl which was made into true soil and ‘then moved to another locality.
Soil meking involves not only the inorganic vrocesses mentioned above but
also the work of organisms, 3Bacteria, moulds, fungi, etc. are very abundant
in soils. Among the minerals formed are many which aid in plant growth by
the capacity of exchanging bases, calecium for sodium for instance. Bacteria
and other organisms do 20t normally extend far below the surface because of
adverse temmerature, lack of oxygen, lack of food, and the presence of products
made by other organisms which are poisonous to them. Plants possess the power
to synthesize new chemical compounds taling the requisite materials from the
air, water, and minerals already in the soil. Oz their death the decay of
organic substances produces many chemical reagents which promote further mine
eral changes. [Minerals like quartz which are extremcly resistant to alter-
ation'form very unfavorable soil for the growth of plants.

Soil profiles. Provided that erosion by wind or water does not remove
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soil as fast as 1t forms we find a definite order of layers or horizons beneath
the surface. The norizons differ in chemical and physical nature. At the sur-
face alteration from original material is so marked that many of the older
geologists thought that they were ¢éealing with transported materials. The suc-
cession of layers is known as a goil profile and was first discriminated by
Russian scientists. The idea was widely disseminated at first that the surface
501l is determined by climate and vegetation rather than by the roek from which
it was ultimately derived. Such a view may be correct in some localities but
it must be realized that a sandstone which consisted wholly of quartz grains
could form nothing but a sandy soil regardless of climate. With soils derived
fvom shale, limestone, or igneous rocks, however, there is more truth to this
sontention. The surface layer of all soil profiles is for the most part

light colored because of removal or concealment by carbon of iron compounds.
This is callcd the A horizon. VWhere grass ls or was abundant as in prairis
soils, carbon is so abundant that ths color is black. Next below is the 3
horizon, the densest and darkest in color of the sequence. Accumulation of
very fine perticles called colloids is greatest where subsocil drainage is poor
but the soll is not entirely saturated as it is in swamps and bogs. Where
drainaze was good the fine particles were either carried elsewhere or ware
aggregated into larger ones (flocculation). The color of the B horizen is gen-
erally red, yellow, or brown, in every case brighter than either overlying or
underlying material. With poor drainage desp gray or mottled gray and yellow-
brown is characteristic. True all-year swamps show no definite profile, al-
though solution of iron compounds with deposition a few feet below is common.
Coneretions of oxides of iron and mangansse are common in or just bslow the B
horizon. Underlying is the C horizon, described by nedologists as perent
saterial. CGeologists, however, recognize that it 1ls »nart of the decomposed a7
sock or original denosits which has beon altered almost wholly by inorganie
processas. It shows leaching of soluble minsrals as well as oxidation and
other chenical changes. '

Climatic control of soil formation, In relatively humid warm climates
the prccesses of latorization, podzolization, and glsization are common, With
legs wolsture galeification, salinization, solonization, and solidigation ceeur.
In the far north under arctic counditions tundra soils are formed which are
‘somewhat similar to the bog soils of lower latitudes, but with less organic
matter. Laterization occurs in meist humid climates, Iron and aluminum oxides
accumulate under some conditions in volume and »urity of usable ores, . Silica
is dissolved. Transitional toward the cooler zones are red and yellow soils
characteristic of southeastern United States. Podzolization occurs in dense
forests of the far north where evaporation is slow. The A horizon is robbed
of silica, alumina, and iron comnounds leaving a very light colored soil knocwn
ag bleicherde or bleached carth. Such soll is very poor for ordinary crops
although it supports trees with deep roots. The iron oxides accumulate in the
B horizon forming a hardpan known as portstein. To the south where forests were
more open gray-brown podgolic scils formed., Xere the ground was less shaded
and was warmer, The B horizon has less iron oxide and breaks with a starch-
like fracture into blocks of 4 %o 1 inch across. Such soils are decidedly
more fertile for ordinary crops than are true podzols. Gleization takes place
under poor subsoil drainage conditions forming & sticky, compact, rather
light~colorad B horizon., Wherc this was formed from glacial till, sand, or
losss, 1t 1s called gumbotil, gumbosand, or gumboloess resnectively., Some of
these soils which were formed before the reglon was drailned by srosion of val-
lays are now changing into gilttil which is characteristic of better drained
localities. Salinization, solonifation, and golidization are marked by accum-
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ulation of alkaline-salts in the soil and occur only in semi-arid or orid
climatesa>*Caicification, the accumulation of calcium salts, is much more im~
portant for geomorphology. Soils where calecium carbonate has accumulated near
the surface are mown as nedocals whereass the soils of humid regions which are
being leached of that compound are termed pedalfers. The very black prairie
soils, which are so widespread in central United States, are transitional. They
are not abundant in other continents. The absence of trees has long been puzz-
ling. Over wide areas the dense subsoil is known to kill off trees in wet
yoars by excess moisture. Other areas of prairie, hovever, appear to suffer
from drought, for tree growth is confined to valleys, including steep slopes.
Oving to the marked climatic oscillations of the interior of North America it
ig entirely possible that alternations of too much water with periods of foo
little proved too much for tree growth. At the time of the coming of white

"men nrairies were losing ground to forest and were in part continued by the

Indian practice of burning the grass. Throughout the more humid prairie belt
the grass vegetation brought calcium to the surface., To the wast of the prairies
lie the chernogzem soils with more calcium, greater fertility, and less rainfell.
Progressing west toward the true deserit lie the chesnut, brown, and gray
sierozem soils with progressively decreasing precipitation. In mueh of western
Unitecd States calcium carbonate hag accumulated in the B horizon or at the
surface to such an extent that it conceals the undorlying materials and has

baen misteken for limestonc. Such an accumulation is called ealiche. HMuch

of the calcium came Irom tiie A horizon by descending water but much was

brought from below by evaporation of ascending moisture, In more arid districts,
like western Australia, crusts of iron, aluminug, and manganese oxides and
silica are recorded. Seasonal rainfall sprears to be a lorge factor in the
production of all such depositse.

Structure snd toxture of soils. Soils are in large part classified by
their texture, that is the size of particles as found by mechanical analysis.
This is determined in part by parcnt material and in part by variation of
soil-forming procesgses. Structurs, as in rocks, refers to larger features
such us plates, crumbs, granules, and prisms composed of ageregates of grains.
These arc of great importance in erosion for it is the soil which is the first
material to be affected by that process.,

Depth of mantle rock. The depth to which there is unconsolidated mantie
rock over solid bed rock is of great immortance in geomornhology. Thickness
of accumulated weathered materisl depends upon the factors which control
¢hemical and physieal weathering. In order to have deep disintegration of bed
rock it is not only necessary that it be of a type which is readily altered,
but that the agents of alteration, notatly water end dissolved gnses, be atle
to pencirate the rock to considerable depth. Under the same conditions a
guartzite should display very shallow alteration to o rubble of stones and
sand, whereas a granite should be softened to a much greater depth by reascn
of the unstable minerals which are present in it. Schists where the parallsl
arrangement of the minerals allows ready entry of water should show disinte-
gration %o a very considerable depths Very striking differences in denth of
decompositions are observed in glaciated districts where a dike of fine-grained
granite may wrecerve the glacial polish adjacent %o a deeply disintegroted
coarse-grained varisety of the same rock. In accounting for disintegration to
depths of scores or even hundresds of feet mony geologlsts have mads the error
of thinking only of the¢ contest betwenn erosion and weathering. Although it
is true that the former roemoves the products of the latter we must realize
that watsr connot benetrate deeply into the rock unless there is a force to
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ause it to move., This force can only be different in pressure or heed and is
denendent upon the relief of the country. In flat country there is no "o head

to cause deep underground circulation so that thick mantle rock could not
originata., Most instances of de«ply decompossd rocks are in regions of igneous
or metamorphic rocks which hove considerabls relief. The disintegration must
have originated with the present topography and not been inherited from a
postulated time of low roliof.

Moss movement of unconsolidated meteorials. The mentle rock or unconsol-
idated matorial at the surface of the sarth is not everywhers in a2 stable con-
ditiocn or ctate of equilibrium. HMovement either in lerge or small units takes
place undef several different conditions. Some kinds of mantle rock, such
as loess loess, will stand for a long time in ~ vertical face provided O“ly
that there is not too much moisturs and that the eighth is not above a certain
limit. Examinetion of natural sloves and the sides of artificial excavations
shows that most loose moterinls soon assume a more or less definite degree of
slopc known as the angle of repose. This slope is dependent upon the dansity,
size, and shape of the component fragments. In places the material which
descended to form this stable slope did so piece by plece. In other condi-
tions large masses moved suddently; wunder still othar physical controls mass
aovement was slowe The last is known as greep or where largely aided by
freeging and thawing solifluctions, In many loealities particularly on sloncs
the residium of weathoring rests with relatively abrupt contact upon the bo
rock, not the transition which oceurs only undsr commaratively level traets.
In some places coertain kinds of bed rock arc conesaled completely by the
weatierad nroduet of higher ground, At the contact with bed rock it is com=-
mon to find that the strata bend dovn into the material which is in motion
down hill.

~

alusg slomes. Cliffs of bed ruck, formed by any process, are exposed to
all kinds of weatheri N ;ragmauts of rock w@osn size is determined by the
nature of the bed rock,  including its Jointing and bedding, fall from time

to time end come to rest at a lower elevoation. The slone they form is termed
a balus glope. If the ¢liff is near to vertical pocks fall freely ~nd attain
a velocity equal to the sguare root of the nroduct of twice the aeceleration
of gravity multinliad by the height (v=VEEY, wierc g = gravity and f = dis~
" taned of fall). A falling stone possesses kinetic encrgy or stored work
measured by one half 1ts masy multiplied by the squere of the veslocity where
mags is welght divided by gravity. By substitution and cancellation it is
apparent thot rinetic energy welght multipliasd by fall, which is the same
as the poténtial cnergy before loosening. The stone is brought to rest by
the friction of the fragments which have already fallen. Their average size
determines the roughness of the slope. Lerge stones which do not lodge be-~
tween the othoers may roll to or Dayond the bottom of the slope before coming
to rest.s This explains why the largsst “oc‘s commonly oeccur at ths bottom of
a talvg. Thig is not beecause they fell I tur than did the othcrs. Stability
is attained when the forece of friction just balnncos the component of the
weight of the stone vhich is parallel to the surface of the talus. Becauss
these forces are nearly the same throughout the entire slope it follows that
the angle of slope must be essentially constant although perhads in some
nlaces the bottomn may anve a somewhat less degree of inclination. In this
annlysis we have assuvmed that the rock breaks into fairly large fragments
which are aot rapidly afiected by weathering after fall, In some mountains

ot
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‘talus accumuiates on top of snow, melting of which destroys the normel even
slope. In this way ridges of loose material psrallel to the foot of the cilff
are formed. Angular materials may foirm slopes of B0 degrees. The telus of
quartzite at Devils Lnke, Wisconsin, slopes at about 35 degress. Gravel comes
to rest at about 35 to 40 degress depending on the amount of sand present.
Dry sand will lie at 32 to 38 degrees, but if wet the angle is much less,

23 to 20 degrees. Slopes of clay are unstable at much less angle and faow
attain as much as 16 dogrees. These are for the most part not true talus
slopes. Talus must continue to accumilate until the entire eliff is bdburiesd
provided no debris is removed from the foot of the talus slope. Thus it
comas about that the talus does not fill an angle at the foot of a vertical
cliff but instead is & velatively thin mantle over a sloping rock surface
formed by weathering back of the cliff at the too. In the case of ridges

due to the outerop of a relatively thin’rediStant layer the tolus slopes on
opnosite sides must eventually meet. If the thickness of the hard rock is
constant and the elevetion of the bottom of the slopes about the same the
rosult will be a ridge top of very nearly the sams c¢levation., Trlus slopes
are best developed (a) where the conmstituont rock is not easily altercd by
chemical weathering and (b) in arid climates vhers chsmical alteration is
SlOW.

Solids and liguids. Beforo we can corsider the phenomena of landslides
and creep it iz neccessary %o review some of the physicnl properties of solids
and liguids. A solid is generally thought of ag a substance which under tho
conditions commonly met with at the surface of the earth will retain its
shap: indefinitely, When subjected to pressure either of 1lts own weight or an
outside foree,a solid fails by breaiing or fraciure. Generally the fractures
are inclined ot about 45 dcegrees to the line of npplication of the force. 4
liquid is a substance which must e placsd in a confining receptacle in
order to retain its shave. In this vessel it will assume a level surface
if allowed to stend undisturbed. Pressures applied to a liquid are transmitted
equally in oll direetions (Pascals principle). Yizlding to nressure is
always by flov and not by brealking. In nature no very sharp"line ezn be
drawn betwveen these two kinds of substances. The mentle rock which contains
in most places a lerge amount of finely divided soft minerals (clay) is a
good exarple. If dry, a face of moderate height may retain its shape until
broken down by weatharing. dowever, if the nressure exceeds a certain
amount , opr the time is long. or weathering does not confuse the resmli, 2z slope
may bulgze at the bottom by flow. Thae pressure and time at which such ;
movenent is noticable depsnds largely unon tae amount of water which is
present. Since the amournt of water varies from time to time it follows that
tiie physical behavior is varistle. The degres of fleidity of any substance
is termed viscosity, which is mensured by the amount of siearing stress{force}
paraliel to the immovable bottom which is required to produce differential
movement., The vnit is the noise whieh is the forcs in dynes applied to a
square centireter to produce a difference of vebeity of one centimeter per
second at a distence of one centimeter from the base.of the fluid. Visaasity
depencs to a large extent on temmreture and decreases with its rise. Water
at 20 deg, C hes 2 viseosity of 0.01 poise. It should be noted that
viscesity determines not only force required but the time rate of change in
shape. If the force and viscosity are known the time required for a given
changs in shape can be readily computed.

Lendslides. In meny pleces & slope sither of earth (mentle rock) or bed
rock which has previously been stable suddenly yielas to the force of gravity.
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This phonomenon is knovn to engineers as glope failurs. It is generally the
result of an unusuval amount of water, freezing ond thawing, or of excavation
by man. Sometimes removal of material from the foot of a slope by natursel
causes brings sbout eventual failure. Yielding is in many cases along planes
of weakness in the rock such as bedding plenes or Jjoints. In unconsolidnted
material frecture at the top of a slide is generally along a nearly vertical
plane whieh eurves outward towsard the bottom of the slope. Above this line
of brealzing the mass settles and slides outward at the foot. In the coase of
true londslides, motion is accelernted at first and is then brought to a
stanistill by friction. In the csse of the famous rock slide at Frank,
Alberta, sufficient veloclty wes attsined so that a considerable portion of
the mess sscended some distance up the opnosite side of the valley. The
topogranky left by such slides is extremely irregular with many parallel
fractures of irrsguler direction and extent. Cat-sicps in loess are of this
nature. The slide masses tilt in toward the higher ground lerving meny
undrainsd devressions along fractures, This serves to catech rain and
lubric.te the »lones of rovement, Although attempts have b3en made to anslize
the wmathematics of the curve of fracture it is not worth wkile to follow
thenm here, In the first place most, if not all, arc bassd on unproved
assumptions wirich do not toke secount of the variation in viscosity from the
reletively dry suwrface down into ths wet interior, and in the secoand place
theses slopes are not land forms.

tho moving mass behaves distincily like a fluid is known %o enginesrs as
base failure. Some of the best mown exammles are the famous Pnnana Canal
slides. In thase tha bottom of the canal which hed besn under 30 feet of
water roge ovarnight into islands. In these instences the drier upwver part
of the slide was carried along on top of the gluid base. HMathematical
annlysis apnears futile in such circumsiances. It seems, nrobebile, however,
that detniled stady of notursl slopes on the same naterial might have proved
of valus in determining a safe slope for the sides of the excavation.
Bguilibrium was attained wher the slope component of weight of the mass was
egucl to %the force of friction. Diversion of surface drainagse apnears also
to have aided in drying out the slides. Somewhat similar, bul perhaps more
remid, wovenmunt of saturcted ground oceurs during heavy rains in seani-arid
rezicis. hese are kanown as madflows. Similor flows occur in mounteains,
irncluding vhet are known s mud streanms, rock glaciers, and zarth flows.

3ase feilure. Another form of failure in which the entire lower part of

Cresp gloves. True creep is a very slov motion of visecous material
whalch noves like a liquld sven though i1t may contein meny fragrnents of hard
rock. Bach layor moves parallel to and faster then that immediately below,
altiion,ly relative -change in veloucity may in some cases be greatest aext to
the firm ved rock where most water must accumulate. This type of movement
is known as lsminar flow, Although freeszing and thawing douvbtless aid in
cersep they are not the sole cause for the process which not only extends
ferther frox the surince thau does frost action buit also occurs where there
is no frost at -~ny Fime. Watsr must be present to lower the viscosity of ¢
aentle rock. % is obvious that iie commonent of weight marallel to the
slone is the notive force for creep. It is also clear that material is
adiad vo the mantle rock mniformly in proportion. to distence from the vop of
the slope, hers designeted by the letter h., Veloecity is then proportionad
to the sine of the sngle of slope vhich st small anglses may be taken os
direcctly proportioned to slope or tangépbeol angle., Now 1f wvelocity is
constant, the thickness of moving nantle rock must increase down the slope
uniformly snd the angle of inclination be gongtant, 3But, if zs ig commonly

ne
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observed, the thickness of mantle rock is essentially constant then velocity
must increase in direct proportion to distance h. Therefore slope must be
directly proportioned to h. Total fall at distance h is equal to slope multi-
plied by h. Hencg by substitution of s:h for slope §; we arrive at the con-
clusion that f£f: h®. The necessary constant of erDOrtlonality must depend

upon the viscosity of the mantle rock. Actual velocity should follow the law
of laminar flow and be proportioned to square of depth times siope, and time
required to move a certain proportionate distance would be viscosity divided by
rroduct of force times provwortionate motion. It follows that the curve of a
‘lope which is due to creep of the mantle rock is an inverted parabola. Con=s
vexity of hilltops has long been observed and the explanation proposed above
a8 first given by Gilbert. In order to check the relisbility of the conclu-
wion recourss is taken to a well-known mathematical relation. An equation such
5 given above can also be writter:

log £ = log constant 4 n. logh

“hen plctted ca ordinary coordinate paper by loocking up the logarithms, or
“irectly on logaritiric coprdinatss, this equation is that of a straight line.
che inclination of this line is proportioned to the value of the exponent of b
and the intercept w.th the line for h 1 givzs the value of the constant. The
caution must be obsirved that most small scale tonographic maps are not accurate
enough to tes*t this itaw. It is also necessar7 to take points not too far from
the crest of - divive and not along the ends ¢ spurs where the mantle rock may
aove in eithei direction. Something should be known of the geology because
sarked changs in bec rock or veriation in thickness of the mantle rock upsets
the val-dlty of the ‘aw.

§L_ﬁ ility of creen slopes. The development of creep slopes is also re-
Ltated to removal of material at a constant rate from the foof of the slope.

II the material were not constantly removed stability would be attained and
notion vrought to a stop. Water erosion must also be minimized either dy a
cover of sod or a concentrate of stones. Removal of material may be due ei“hroar
to (a) steepaning of slope because of a change in bed rock or (b) o stream.

The ecreop slope leading down to 2 stream which is commonly observed in lime:iome
country must have developed from weathering of the rock after the valley was

first made by running water.

Solifluction. The term solifluction was originally aosplied to creen of
mentle rock in subarctic climnte where freezing is common and during the
summaer there is a constant supply of water from melting snow.

Some geologdsts seem, however, 'to have used it as a synonym for all c:-en.
In Zurope much attention has been devoted to n search for evidence of a pac:t
severe climate in regions just south of the glacial boundary, a climate sim’lia-
to that of subarctic regions today, presumably due to the presence of the
nearby continental ice. It is not clear, however, that a climate much dif’
from that of today is required to explain the observed phenomena. Similar
_efforts have been made in this country. The unglaciated part of the Baraboo
quartzite range of southern Wisconsin is almost all covered with a mantle o
angular quartzite debris mixed with clay and sand. This originally spread ous
in low slopes at the foot of the hills. In recent time small streams have
eroded this mantle, much of which is evidently residual from a former cover of
sandstone and colomite, concentrating the included boulders into "stone rivers.!
It is not clear, however, that any of these have crept to a notable extent but
the mantle from which they were formed may very well be a relic of periglacial
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climate.
Stone rings and stripes. A peculiar feature of soils in the severe climates
of high latitudes and high altitudes i: local concentration of stones into cither

gtrives running down the slopes or rud: polygon~l networks. These features are
commonly ascribed to pushing together of stones by frost action, in part altered
by solifluction. Such features are not strictly forms of topogrephy and so will

not be further discussed.,

sghnical terms.inglish geologists often employ the terms head, warp, treil,
> rock for mantle rock in which frost action is inferred as the cause

of creep. oSolifluction layers are also dzscribed.

Solution. Minerels which are commonly weathered by solution comprise car-
bonotes, sulvnates, and chlorides of the alkelies and alkaline earths. The
comnonest of theusd are caleité, dolomite, gypsum, and halite. Less abundant
g¢arbonates nre aragonite and magnesite, the formor found mainly in fossil shells,
the latter in veine. Coleite ond dolomite are almost insoluvle in pure water
but disselve readily when dissolved carbon dioxide is present; in order of de-
creasing solubility are aragonite, crlcite, dolomite, and magnesite. In cal-
cite~dolomite mixtures the calciun is seid to be dissolved at a rate about 24
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tines that of the megnesium. In the ground wanters offlalomitic—limestona ra-
ginns, however, the excess of celceium over magnesium is not nearly so great as
that. Coleite 1s present in high-ecaleium limestones most of which have a very
fine texture. These rocks sre much more soluble than are dolomites and magnesian
limestones. Iupurities which affcet solubility consist of sulvhides, mainly

of iron, iron raplocing magnesium in dolorite, elay ninerals, and chert. If

the impuritics are dissemlnnted throunghout the rock the efrfect is much less than
where thoy ore conceantrated in definite strata. If the strata of shale in a
limestone are impervious to water they oprotect the rock below from solution.

In howrizontzal strota a shale laysr may act like the roof of a house., Permeable
layers of sandstone, however, adnmit water and retein 1%, thus increasing solution.
Bolution i1s net a simmlé process. Organic acids undoubiedly ~id in solution near
to the surfnece but break down into bicarbonatss at denth. The saturation vpoint
of the uwnderground wnter is determined not only by temperaturs but also by other
substances which are oresent. For iastance sulphates appear to reduce solubility
of bicarbonntcs.

Bote of solution. The rate nt whieh the limestonass of a given region are
being dissolved ecsn be determined from the amount of groundé water runoff and the
nineralization of the uvnderground waters. Determinntions of total solids are
praferable to stetements of Lardnoss or alzalinity in which the assumption is
mede that ell the dissolved limestone is ealeimm carbonate. As the sulphates
and chlorides as well as the aluminum compounds also came from the limestone
this scems folr. Average total solids in the Yashiville Basin of Tannesses is
about U292 parts »mer million, FNiagara dolomite of Wisconsin 440 p.p.i. and Galena-
Plattevillie dolomites and limestonss of YWisconsin 400 p.p.n. Computation based
on the conditions in Tennessoee witk the assumption that the ground water runoff
is 9 inches a yesr, work out-at the removal of 214 tons of limestone from every
squrre mile per yoar, cquivalont to less than 1/1000 of a foot thickness. In
comouting the time reoquired to form a residusl maatle rock of given thickness
one muzt not lose sight of the fact that the density of the insoluble material
is probably not ovsr half that of the poreant material.

HDedepeosition of dissolved material. Much of the dissolved limestone does
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not reach the ground water at once. Solutions which enter air-filled openings
lost much of their minsral content through evaporation, temperature change and
pressure chenge. The result of deposition is the dripstone (st2lactites ard
stalasmites) which adds so much to the deauty of many cavern, Calecite cr,.«fls
E;;—thought to have formed in water-filled passages. In considering redeposition
we must also conesider the factor of mass relations by which small narticles ore
digsolved at the same time that larger ones grow. The final result of redeposi-~
tion is %o £ill up openings which are no longer used by underground drainages

Porosity ond permeability. Porosity is defined as the percentage of volume
of openings in a given volwae of rock and is determined by weighing when wet and
when dry. Permeability is the guentity of liguid which can be driven through
a unit cube of the rock in unit time under stated pressure and viscosity. (sce
ne ©). The only ecalcareous rocks which have appreciable nrimary porosity are
éhalk, oolitic limestone, csrtain crystslline limestones and dolomites, and
cornl or shell limestone. Secondary worosity consists of openings made after
the dewosition of the rock. MNost of these are cracks or Jjoints although some
are nlong bedding planes. dJointing is due only in part to regional forces; it
ig meinly the result of induration, drying, compaction, and relief of load of
overlying materiale Some secondary openings are aseribad to solution between
successive neriods of deposition (unconformities or disconformities). In gen-
eral sacondary porosity decrenses rather ranidly with depth as proved by drilling
for fresh water which is ohly rarely found in Joints at depths of over 200 f:zet
fron the surface.

o

Underground water circulation. 4As soon as a limestone emerged from the sea
the cxmosed onenings would be filled with fresh water from rain. This fresh
water is less dense (vroportion roughly 1.0 to 1.03) than is the salt water which
occupisd the onenings at first. Original splt water is often called connate,

The frash woter floats on ton of the heavier salt water and extsnds to such
depth below sea level that the column of lighter water exactly balances that of
the denser fluid. ©Such a condition is illustrated in such locelities as Florida
and the largar oceanic islands, where the land is high enough to mermit such
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w ydrostatic .ialance. I the openings do not all communicate with one
wnother, however, conditions must be extremely variable at first with no definite
~weter table., In some wlaces fresh water which is in excess of that required for
balance escapes in submarine sorings. We must bear in mind thot there can be
nelther extensive menctration of rain water nor underground flow unless suffi-
cient pressure head is avnilable, Water cannot flow through undsrground

vassages without the consummtion of energy by friction or loss of hsad. In small
openings and with low velocity the flow of water ig laminar and loss of head is
vroportioned to velocity divided by the squire of diameter of a cylindrical
passage, and velocity is directly related to head. In lorger openings flow is
turbulent, loss of head is related to square of velocity divided by diameter, and
velocity is rolated to square root of head, TFor constant volume frictional re-
sistance to laminar flow is inverse to fourth powsr of diameter, and for turbu-
lent flow to the fifth power of diameter of opening. As a general thing fresh
waters, wiose flow is concentrated in the largest and shortest available routes,
will not penetrate dsemer below the swrface than the leval of equal nressure.

It follows that extensive solution at deoth must follow upon considerable up-

lift of the land and that cavern formation camnot talte place to an important ex-
tent when the land is low and flat, As passages are cnlargsed by solution the A
shortest route to the peint of outlet is most likely to be favored. Only when
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compelled to by lack of large dircect openings will the waters tale circultous
paths which lead them far below the outlet levels, Ds these into the sea

bottom or into stream erodsd valleys. Zrosion of valleys must, therefore, pre-
cede extensive cavern formation. Exploration of some of the damsites on
limsstone along Tennessee River has disclosed indubitable solution openings down
to ebout 100 feet below the lowest known level of the river. Deep wells in
limestone regions confirm these observetions by the fact that salt water is found
below fresh water not far below the level of the valley bottoms.

Torogranhic effects of solution. In geomorphology the primary interest is
topographic effects of solution, not details of cave formation. Rain which
falls upon soluble formations can sither run off to streams or take a route
through the earth to the same outlet. We can think of the ground as a leaky
roof tarough which much of the rain penstrates insteéad of runaing down to the
gutters. Water which enters the ground soon enlarges the lines of minimun
frictional resistance. Thus intersections of two joints are enlarged into
circular tubes. The largsar openings ~long hedding nlanes are also made wider,
Solution is aided by mechanical abrasion of particles carried in the moving
water just as surface streams erode their beds. As erosion lowers the levels
of the main outlet streams bedding planes whieh are on their level are dissolved
into a commlex system of caverns whose pattern is controlled by jointing, When
the level of the stream reaches a lower permeable bedding plane the upper level
is abandoneds These different cavern levels are connectod by vertical, or near
vertical, openings called wells. In Mammoth Cave, Kentucky, some of these are
over 10 fe=2t in diameter and 200 feet high. Water enters into these wells
through depressions called gink holeg and the sides cave into them. Locally
several sinks join one another in a large encloged denression. Some sinks
reeeivl 4 discharge of a surface stream. Others which have clogged contain
ponds. Some nre cnlarged by caving of the walls. Most sinks are partly bloclked
up so that caverns are commonly entered via former outlets to streams rather
thon through sink holes, Many sinks exftend up through sandstone which overlies
the scluble rock. Among such may be mentioned many nsar Mammoth Cave, Xentucky,
and Mont Lake, near Chattanocoga, Tennessea. BSome streams have underground chan-
nels which they follow during low water with the surface course used only during
floods when the cavern is overtaxed., Oubcrops of salt and gypsum-bearing forma-—
tions in humid regions display many sink holes and extensive caving of overlying
strata., The breccias of northern Michigan are ascribed to collapse of
salt beariag strate in pre-Jevonian time.

Natural bridses. Natural bridges are abundent in some regions of limestone
bed rock. A Tow may be remmants of cavern roofs vhich collapsed at all other
pointg., Hore commonly, however, theridge is due to an underground leak through
a narrow sbvur of a8 meandering valley. A few may be dus to leakags: through a
waterfall.

Endpoint of scolution. Solution produces in many places an exitrsmely ir-
regular bed rock surface which is disclosed when the overlying residual mater-
ial is removed. This is because solution proceeds more rapidly 2long joints.
Theoretically, some arsas where the solnble rock is unfissured shéuld survive
after the remaining erea is dissolved down to a plain., Production of a plane
gurface is readily possible with weathsring by solution because attvack is dis-
tributed over the entire area with fair regularity.

Technical terms. Host of the technienl terms which have been applied
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to solution topography are of foreign derivetion. Such topography as developed
on limestone is called karst, possibly either from causse (French from galix or
lime) or from the Slavic word kras. Most of the remaining words are from the
Serbian because of the abundant literature on the limestone region northeast

of the Adriatic. In that country, Jugoslavia, there is little mantle rock; this
may be due to purity of the limestone, high relief or possibly seasonal rainfall.
Ribbed and fluted surfaces of bare rock are called karren. Chasms along en-
larged joints are termed lanies or bogaz. Vertical shafts or wells ars various-
ly called ponor, cenotes, Jjamas, or gwallow-holes. Small sink holes are dolines,
larger ones blind walleys, bournes, uvalas, or ouvalas. Very large enclosed
depressions are polje. Residual hills are hums or pgpino hills.

Sumnmery. Under vphenomsna of weathering not only the vrecesses but the re-
sulting topographic forms have been considsersd, Exfoliation which results in
the rounding of exposed rock masses which are relatively free of Jjoints is
ascribed mainly to relief of load because the overlying rock has been eroded
although the hydration of feldspar by surface weathering is also a factor. Soils
were considered because thsy play such an important role in water erosion. The
various usage of the word "soil" were explained: ongineers and some of the older
geologists use the term as a synonym for mantle rock. Although climete is a
very important control in the formation of true surficial soils parent materlal
cannot be ignored and the material termed by pedologists by that name is by no
means fres from the effascts of inorganic weathering. Topographic forms due to
weathering consist of talus slopes, landslide slopes, creep slopes, and karst
topography, the last developed upon watsr-soluble rocks. Talus slopes have a
uniform angle because material is retained on them by friction, Creep slopes,
if the moving mantle rock is of apnroximately uniform thiclkness, are shaped
like an inverted parabola. Unaltered creep slopes are fouand where water erosion
is at a minimun. ZKarst topogravhy is found in humid districts where the under-
lying rock is readily dissolved by water. They are, like creep slopes, con-
sequent upon prior erosion of stream valleys. It is improbable that solution
passages ever extend very far below the bottoms of adjacent valleys. Character-
istic features are depressions with underground drainage including lost or sunk
rivers which flow at least part of the time underground. Fatural bridges are
mainly formed by subterranean legks through rocl: spurs. Landslides, or relative-
ly sudden mass movemsats of the mantle roel, cannot always be analyzed matie-
matically because part of the moving maverial behaves as a liquid at the sanme
time the remainder acts as a solid. The slide area is left with numerous un-
drained depressions. A multitude of technical terms has been applied to dif-
ferent fsatures of karst topography, most of which appear not only unnscessary
but actually undesirable and confusing.
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ECTION 4

Major relief features of the earth

Introduction. Differences of e¢levation on the surface of the earth sre very
small compared with horizontal distances and the size of the entire earth. The
difference of level of the highest mountains and the greatest deeps of the ocean
is only about 9 miles or roughly one four-hundredth of the earth's radius. People
exaggerate hills and valleys because in ascending a slope it is necessary to do
work against the force of gravity, far more effort than to walk an equal horizontal
dictance. Looked at broadly the surface of the sarth can be divided inte
centinents and ocean basins., The line of division between these is not necsssarily
ihe present-day shoreline for along many coasts there is a broad continental sueld
vader not more than a few hundred feet of water. Beyond the shelf there is a
relatively abrupt descent to depths of many thousand feet. An average of 500
mez.surements of the continental slope given by Shepard indicates 8 fest vertical
per 100 feet horizontal (87 or about 45 degrees or 422 feet per mile). Locally,
gs off narts of eastern North America, higher figures are recorded up to 700 feet
rer mile (13 about 73 degrees) . Comparing these figures with slopes of
terrestial hills it is evident that were no wate® preseunt the continental slope
would be readily visitle and be considered a major topographic featwre. Another
important differsnce Letween continents and ocean basinsg lies in the underlying
bed rockss The former are to a large extent underlain by sedimentary rccks which
rust have originated in rather shallow water and these lie upon granitic igneous
end metamorphic rocks. With the exception of relatively smell portions the ocean
iglands are underlain almost entirely by volcanie rocks. =

Cause of elevation of continents. Many hypotheses have been advanced to ac-
t Zor the relatively abrunt descent from continents to ocean bottoms, HMany of
e theories involve assumptions as to the origin of the earth. All of them must
cectainly be rugataca as highly sveculative, except insofar as they are supported
by reasurements of the physical nature of the earth. Among other views may be
L iored tne theory that the moon was detached from the earth leaving the basin
a Pablttc Ocean. Others have tried to make out a jetrahedral peattern in the
i nts on opposite sides of the Atlantic to see if they were once joined end

~
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Gravity measurements. The earth, like all substances, a%tracts otker matter.
The force with which the earth attracts any given objeet is thie weight of ths
~atter. Since by Wewton's first law of motion force = mesgs times acceleratior we
express the attraction of the earth by the time rate of change in velocity (ac-
celeration) of an attracted object. This quantity is commonly denoted by the let-
ter g. HMass is a property of matter which is independent of attraction; mass of
a given ovject would be the same on the moon as it is on the earth and is equal to
weight divided by z. The value of g is commonly found from the period of vibration
of a nmendulum but can also bYe found by weighing the same mass at different local-
ities by means of a delicate_soring balance called a gravimeter. Average or normal
value of g is 980.565 cm/seca OF 382 feet/sec“ but this varies not only with lat~
itude, beceuse the earth is not a sphere, but with density og nearby objects, as
well as with altitude. Altitude change is about 3.086 x 10T cm sec? per meter,
The value of g is often expressed in gols which are equivalent to the force of one
dyne acting for one second on one gram mass thus imparting unit rate of accelera-
tion. Observeations have been made at sea in submarines which can avoid the effect
of waves by sinking below the surface of the water.
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Conclusions from gravity measurements. when = vrlue of g has been cbtained

at a given station it is necessary to correct it to sea level for comprrison.
Several methods of making these adjustments lLave been used all of them depending
upon severzl assumptions, none of which involvss the exact density of nearbdy
materisls. When the adjustment has been made there is almost always a discrepancy
called ar anomely whose value and sign devend upon the particular method which

was employed. The general concensus of oninion, however, is that the continents
are underlain by rocks of lower density than those beneath the ocean basins.

This can readily be undersiood when it is realized that granite is one of the
commonest ignsous rocks and that a considerable portion of every continent is

made of relatively light sedimentary rocks. The density vader continents to

depth of about 6 miles has been estimated to average close to 2.67. Continental
rocks are often emlled sial becsuse silica and alumina are abundant in them. Ob-
qervaulo?s of the value of g made in the oceans and on many oceanic. islands
indicate average density of about 3.0 desnite the presence oi a considerable thick-
ness (spve- miles?) of light deep-sea sadinents. These denser rocks are
probadly rieh in ferro-magnesian minerals such as make up gabbro and basalt; they
are of ten called sima becauss they are rich in silica and magnesia. The foregoing
inference bassd on density is confirmed by the chemical composition of voleanic
rocks of oceanic ‘slands and the mainland. This is best shown around the Pacific,
wiere with the excveniion of the southwest part, the lavas are basalt. Volcanoes

o

0of the continents ar: made cof much lighter andesite.

Zvidence of earithauske wavzs. The velocity of earthquake tremcers denends
directly on elasticity and inversely oan density. At first sight it would seem
tnat veloeity of sush waves would be less under the oceans than under continents
tub as a matter of faet elasticity inecreases more rapidly than dulvw\d, Daiy
s:ateb liat the averige velocity of two different types ol wavss is 4.3 kmfsec
B P km/sec uuder the oceans against 3,55 km/sec and 3.C8 xu/ser respectively
amier tlﬁ continents. 4&gain we may conclude that bed rock under the oceans is
] v denser than is that beneath the continents.

reory of isogstocy. The dota presented above seem to indicate that the

168 con ve regarded as floating. At a certain depih the material of the

caril is believed to offer no resistance to long-continued forces, that ig is be-

taves like a liquid. This theory is knowan as isostacy. Although provmerly in

tae Tield of struectural geology we will find o number of oecasions to refer %o

tals theory in the study of geomorphology. The idea of isostacy is also supporied

by the observed fact that devintions of aniarent from true wvertical close to the
>itoms of mountains indicnte that the rocks beneath mountains are made of

11 sater-than—-average material. This phonomenon is often called "deviation of the

plamb iine" but is actually determined by comparison of horizontal distances found

by precise triangulation with those obtained by astronomical obssrvations. The

latter depend upon level vials whose reliability is affected by attraction of the

mountains. Another proof of isostacy which is commonly prescented is the post-

glacial rise of the earth's crust which is observed in many glaciated regions,.

It is fair %o observe, howaver, that many of these rising regions are localities

of ancient rocks whlch 1ve been repeatedly elevated throughout geologic history

long before Pleistocene glaciation.

Time of adjustment. If the material of the earth behaves as a fluid under
very high pressures it must possess viscosity. In applying this wprinciple it is
=11 ta recall that gtrength or resistance to deformation is measured in relation




to ares whereas force, which is due to weight of overlying material, depends upon
volume. iow with change of linear dimensions areas increase with the square and
volumes with the cube. The value of viscosity of rocks is high, perhaps about
10°2 poisese It is possible to compute time required to cause a stated change in
linear dimension by the use of the formula:

time = 3 x viscosity

force x relative change

A-plying this to a ¢liff of rock 1200 feet high, it appecrs thet a bulge at the
hottom of one part in a million would takse 10 yQQﬂa, and of one mart in ten a
11llion years. Brosion of an area might, therefore, r1eadily be faster than change
due to isostatic rsadjustment,

Technical tormse. In reading naners on iso r the following definitions of
a change in shape (dimension or

technical terms will prove a help. Stralr is
voluwae) of a solid due to an imnressed stress o1 force. Strength »f a wolid is
nessured by the stress needed to produce a permanent change of form (usually
rupture) . DBlastic limit is measured by stress required to oroduce a strain which
is no longer directly vnroportioned to stress. Solid is any substance which po-
ssesses strength for a short period bub not necessarily for infinite time, Level
of compensation is the depth within the earth where it is inferred that pressures
are equal or hydrostatic. Blasticliy is the ability of a solid to resume its
former shape on removal of & stress. Modulug of slasticity is proportlon between
stress per unit area and change in linear dimension or stress reguired for unit
chonge; bull modulus or volume modulus anplies to change in volums, and He"r
modulus is similar to viscosity.

Con 01“s;gn. Although the primary facts of isostocy, nemely that the higher
narts of LY earth's crust are less dense than the depressed areas, anpears weil
substentiated it is apparent that the theory has been apvlied rather too easily
tn account for pkenomens which could better be explained otherwise. At best
isostatic adjustment is a slow nrocess, one that could easily be outsiripped br
ergsion,. Many alleged instances of isostatic settling of sediments are nuch more

 likely explicable by compaction. OClays may lose 50 per cent of their originmal
volume in this way and the rumerous emergences of geosynclines during sedimerda -
tion ere awitward to explain under the idea of isostacy. Supposed recoil upon
melting of o load of relatively light ice is egually unsubstantiated, for one
night justly ask why just the last uplift of certain glaciated areas should be
blamed on melting of the ice when there were no glaciers before older uplifts.
I5 s3ems certain that isostacy should not be appealed to in order to account for
evary crustal movement!

Section 5 -~ LAITD I'CRMS DUZ TO VULOANISM

Introduction, Study of land forms which are the direct result of yulcsaism
brings us necessarily into the field of igneous geology. Alterations of primary
voleanic topogranhy dy water and ice will be postponed to later sections, and no
morg abttention givsn to volecanic processes than is nceded to expnlain the original
topography cue to eruptions.

Kinds of wvolcanic activity. The observed emergence of igmeous. rocks takes
si2ce under widely cGifferent conditions., Certain sruntions are relatively gquiet
wvhereas others are accompanied by violent explosions. Volcanic activity is char-
acteristically intermittent both in tims and in location. Some authorities




discriminate in order of increasing violence: Hawaiian, Strombolian, Vulcanian,

and Pil uan eruptions. The order is related to inecrease in viscosity of the
erunted lavas, as well as to increasing amount of gases in the molten rock. It is
not closely related to chemical composition, although in general 1t does agree
with increase in amount of silica. It anpears to be inverse to melting temperature
which are highest in rocks with least silica. Not all eruptions involve expulsion
of lava; some are merely expnlosions. Clouds of hot gas are often ejected, some of
which flow down slopes like a fluid. Declining volecanic activity includes escape
of steam,; vapor, and gases from fumaroles. Most lavas show original temperatures
of over 1000 degrees Centigrade and must therefore originate at a considerabls depth
below the surface. '

Distribution of vuleanisme Vulcanism has oceurred in many varts of the world
where there are now no active volcanoss. As a gensral thing it is associated with
movements of ths eartin's ecrust. The "ring of fire" of andesitic wvolcanoss which
lines the sghores of the Pacific Ocean occupies the site of a chain of relatively
young mountains some of them still in process of formation. Not all volcanoes,
however, occurrecd whers the rocks are disturbed. The volcanic mountains of the
Colorado Plateau broke through nearly horizontal sedimentary rocks. HMany volcenoes
occur in ocean basins where the structure of the undsrlying rocks cannot be deter-
minade

Types of volcanic ejecta. TFlows of lava which congeal on the surface are
best crystallized in the middle where cooling is slow enongh to psrmit this to take
nlacs. More ronid temuperature reduction ot top and bottom of a flow leads to
fine-grained or glassy texture. Cooling under water causes rounded blocks uvp %o
sevaral fset in diameter called pillow lava. Marine or stream deposits commonly
ovcur between flowse. The vrinkled skin of a flow is of ten called by the Hawaiian

name pahoehos and the bpgken clinker-like material is ealled szs The top of

flow contains gas bubbles which leave holes, many of them filled with minerals de-
posited by ground water; suech are termed amygadloids. In composition lavas range
with decreasing amount of silica from rhyolite and felsite through andesits to
Qgsalt and diabase. Moterial waich was greatly foamed by escaping gases is var-

iously nemec agh, clinker, pummice, and georia. In many places these fragmental

volcanic rociks were transmorted end somewhat sorted and stratified by water bsfore

I-nui deposition. Such deposits are tuff or ash beds. These are volcgdlc—sea1~
utfry rocks and are variously classified by different auvthors.

Lond forms. Followinz Cotton we will discriminate: (a) basalt eruptions in-
cluding comes, valley-floor lava fields, spatter cones, and scoria mounds, and
(b) non-basaltic eruvtions including domes and spines due to extrusion of partialliy
ﬁzl* 1ified lave, cones, fragmental cones, craters, calderas, and sxplosion craters
tside of ® nes.

i
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Forms nroduced by basalt eruptions. Basalts ars the most fluid lawvas for
their viscosity is mmeh lower than that of more sileceous rocks. Viscosity ranges
from 80 to 140 poises at 1400 C to several thousand poises at 1200 C. In contrast
andesites have a viscosity of 150 to 160,000 at 1400 C and granites have far higher
volues. HMountains built by basaltic flows consist mnainly of lavas. Some of the
vents on the Columbia Plateau formed domes with a slope of less than 100 feet wer
mile or slightly over 1 degree, a slope too low to be perceived by the unaided
#78e Wherée all lava came from a single vent inereasing viscosity with cooling as
Lewinca fnareased led to steepening of the slope. The Hawaiian mountains have
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slopes near the top of only 250 feet per mile but these increase on the flanks to
about 1000 feet per mile. In meny places the lavas came either from fissures or
from so many different vents that slopes are much confused. Very hot lavas may
have locally made veritable lakes of molten rocl. Filling of valleys with lava
led to many stream diversions. Drainage was obstructed and where lava entered
standing water it cooled s millow lsva which was very easily eroded. Notable
examples of extensive lava fields of basalt are the Columbia Plateau end the
Deccan flows of India. Before weathering, the tops of basaltic flows displayed
in many places a rony structurs with numerous small nounds. In other places tHe
leve was brolzen up by bursts of expsnding gas into the spiny cavernous surfac
known as aa. Pressure ridges un to 25 feet high are common and in some pleces
the pahoehoe sizin was broken into fields of loose blocks. At other places the
nclten lava flowed out from beneath the crust leaving lava caves. Wierc soms of
these were $o0:wide to sumport the roof colhpse left a hollow.

Spatter cozes. Where basaltic lavas were ejscted violently from small vants
& fragments wure blown into a fire fountain., Wnere the particles consealed a

spatter cone wns formed. These are common along the fissure vente of the Craters
of the Moon in the Columbia Plateaun. Few are more than 50 feat high.

Scoria mounds. Mounds up to 500 feet high composed of scoriatious basglt are
by no nmeans uncommon. CIExamples include the larger cones of the Craters of the
Moon in Idaho. The slopes range up to 35 degrees where the scoria is cozrse.
Loecal eruvtlonq on the flanks of large basaltic volcanoes formed scoria conesg.

Cornes and domes of siliceons lavas. Lavas which contain a high proosortion
of silica hove much higher viscosity than does baselt. Flows are, therefore,
thiicker and flow more slowly thsn besult although their temperature is lowsr.
hrdesite flows congeal onm slopes up to 45 degrees and these steenmen outward from
the went producing a convex nrofile. Commonly much debris breaks loose from the
taus of a flow to roll down into ~ talus below. In some places the lava is
so viscous tant instead of making = flow it simply wells up into a deme. In
othar lcealities & solidified filling of the vent is pushed out into e spine.

The famous snine of Mount Pelee, Martinique, had vertical sides. Had 1t not

hean for rapid disintegration it is thought that it would have reached an eleva-

tf:n E 2 500 teat instead of the 1000 feet actunlly attained. Well-known examples
uded comes are Puy de Dome, France, 1700 feet high, Tomichi Dome, Coloreads,

faet, and nassen Pealr, California, 3000 feet. These domeg have no ¢raters

¢re rudely eyelindrical in outline.

‘&jeltJl volcanic cones. The chief nroduct of eruptions of siliceous lavas
al. Application of the vord ash to such is misleading for they are
pruruwts of combustion. The gases which cavse so much foaming with decrease
cf nressure at and near the surface include steam, nitrogen, carbon dioxide
carbon monoxide, hylrogen, sulpbur, and chlorine. Many students of voleances have
ascribed steam to intrusion of meteoric water but the requisite mechonism is
difficult to exnlain. Volecanic geses are lsthal by reason of their high temperature
rather than their posionous ingredients. In many eruptions the gmses, accompanied
with hot ash, flowed down the side of the mountein. This phenomenon is called a
nuee ardente snd coused the gresat loss of life at St. Pierre, Martinigque, in 1902.
Lorge fragments called bombds are mixed with the finer ash which is widely spread
by wind and water, as well as by these gas flows. Some think thot the hot
gases locally reach the temmerature of fuison of ash, but not all regsrd indurated
trff (ignimbrite) as due to melting. Many large cones contain a very small per-
csu:sge of flows and are predominatsly fragmentel material. Heavy rains, in part
dve %0 rising eir currents and in part to condensation of voleanic vapor, cause
meny mud flows of ash. In Java such flows are called lahar but the use of another
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technical term in a science which is elready overburdsmned with them szems
guestionable. In some cases the water came from breaking of the side of a crater
in an ash cone. Mounds of slid material up to 50 feet high ares recorded. Cones
ars in many places so closely spaced thot they form a confused mountain range.

In other places they sre concentric, one within another.

MHothematical form of ash cones. Mony years ago attention was directed to
the beautiful symetrical curves disnlayed by isolsted ash cones. It has bean
suggested that these are related to the probability curve of the fall of debris
from 2 single vent. Others deduced a logarithmic curve based on an inferred
angle of sheor in loose material or lava. Theoreticel curves were then plotted
and shown in compsrison with actual »nrofiles. The probability curve interpretation
can be dismisssd zs ignoring: (a) inclined projection of fragmental material, (D)
effect of wind, (c) rolling and sliding of dry ash, (d) mudflows, nnd (e) the
enlargensnt of ares with distance from the vent. Taking the area of the inner-
most circles as unity each conecentric circle showing unit increase in rodius adds
an arep which inereases ipn arithmetical progression. The writer has plotted
soveral profiles on logerithmic coordinntes in oréer to deternine the exponent of
the equetion of tho-curve. It is apperent that some penks show an exponent of
ove:r 1, thet is the curve is an inverted parabola. Doubtless these are lavo cones,
Side slopes have an exponent very close to unity and are talus or slide slopes.
Lower down two different classes occur, one with exponent about .67, the other
about .4. The latter form the lowest parts of slopes and sre obviously nsh fans
an&{ffaws. The middle slopes with a higher exponent appear to be mixed flows
and fragmental matorial. It appears thet none show any relation to a shear slops,
if indeed such is possible.

Creterss The crater of a volcano is a funnel-shaped expension of the actual
aw or nock: In some places, however, the vent, instead of being roughly circular,

ig along o fissure or rifi. At the Cratars of the Moon, Idnho, a series of zones
oceurs slong s rift. In size, creters range from little more than the
disneter of the ne to huge cnlderas several miles across including several
distinet vents. The sizes of the conduits which brought lava to the surfeoee is
known wkere volvrnoes have been completely eroded away leaving only the lowo-
filled passage or wolecinic neck. The ingide slope of a crater cuts through the
ash and flow bedcing waich is exnosed except where sliding into the crater has
obgcured the rclations. Some active basnltic craters contain lskes of molten
lava wiaose lev:il varies greatly from time to time. Calderas are distinguishe
from erstsrs only by size so tiant there is no siierp distinction. Opinion has
varied on the origin of large enlderas. Some hove advocated explosions such ns
those at Karkntoa and Ketmi. Ofhers infer subsidence, basing this conclusion
on observed onaveity of large messes of older lave in the ejecta. Williams
concluded that Crater Lale, Oregon, was formed from a high peak and that about
17 n° of m~terial have been removed in the process. The last great eruption of
only o few thousand yeers sgo he tainks accounted for 10 to 12 m° of ash or about
5nm rof rock ~fter allowing for fooming and breaking. This would lesave over
10 m® unaccounted for, provided the estinote of the original mountain is corresect.
Subsidence could be explained by (o) diminution of activity and foaming up with gas,
end (b) drainnge of molten rock to othor vents: Intrusion of roek at dspth has
also been suggested bubt it is difficult to see how this would afford more space.
Many craters waleh ere no longer active contain lakes despite the high wporosity
of both flows and nsh, Few such lrnkes overflow. Bsst known in this country is
Creter Loke, Oregon about 2000 feet deep and 1000 feet below the rim, It contains
a wmber of minor cones due to sctivity after formation of the ealdera, one of
which projects to form Wiwerd Island,
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Maors. In some voleonic distriets, like the Bifel, New Zealand, ~nd Italy,
therz are large snclosed depressions with comparatively small amounts of
voleanic material; some contain lnkes. These are termed masrs end are ascribed
to voleenic explosions. In Hawaii riags of tuff enclosed craters up to several
miles wide and are ascribed to abnormally violent ﬂJectlon of fragnents. In
some regione of undisturbed sedimentary rocks there sre isoleted areas up to a
fow milss across where the stretn nre greatly dist_ bad by faulting and folding.
These areas have bean nscribed to hidden vvlconism ond termed gryptovolcanic
2lthouga no igneous dikes, hot springs, fumarole action, or mimeralization is
present to confirm the hypothesis. Topogreophicelly many form basins, altlhoungh

some displar isolrted hills of disturb=d strata Glo vers Bluff, Wiseonsin,
Eertlend, Indisnn, Wells Creelk Beosin, Tennessee are several exo rplas in the

United States

Suamnry. Land forme oroduced by vulcanism depend upon (a) n'xturg of the
rudad rocl, and (b) amount of gas and vapor includsd in it. Although the
maltlna noint of leves with a high content of silieca is actuelly 1owe* than vaat

orf darlk-colored oesic rocitzs the viscosity of the molten rock at a given temmera
ture vories in the onposite direction. 3Brgalts are the most fluld lavas. Thejy
flow out quietly with comporatively little foaming and explosive action, there-
fore making domes with rather gentle slopes. In other places they buried large
aress bonsath almost horizontal flows. On the other hend, light-colored scidie
lovas rre violently sjected nnd in large port foemed into ash and scoris. Steep-
sided cones composed largesly of frogmental material result. In some volcanoss
partiely solidfied vent—-fillings have been forced up into domes and spines.
Mnthematical study demonstrates that convex sloves of voleanic mountains resvits
from inciense of viscosity of lave with distones from the vent, even slopes are
dne ty sliding, sliglitly concave slopes to a mixture of ash with flows ané %ke
lowsst 3lopes of many voleanoes nre nudflows and washed ash. Craters and colieras
diffor only in sige. Although some Lavge calderas h“x resulted from exnlosion
mary ora p:ob““ly due to suuciﬂence consequent on diminution of foeming in the
molter reogks benerth the went. Althoush some masrs are undoubtedly due Lo 7ol--

g > explosions bthe relation of eryptovolersnic strueturss to vuleenism le open
t> guestion.

i

L&D FOFMS DUE DIRDCTLY TO EARTH MOVEMENTS AND IMPACT

Introdveciuion. It has long been observed that some of the highest portions
7 the continents are composed of marine sediments which were, however, not de~

=5 'ltC“ beneath very deep vater., That there has been a change of level of a

lousty the slevatlion of the present surface is thus readlly demonstrable, I“ al

uLe locality undsr discussion the strata are gtill essentially horizontal re-
gilonual uplift is inferrsd, but if now in attitudes in which deposition could not
occur, thea local uphesaval must be recognized. At .most localities of uplifted
marine formations the effects of subsequent erosion are apparent. The opresent
section is confined Yo land forms whers there has been little if any alteration
since local uplift, omitting topographic forms where previous earth movement
simply guided erosion by mlacing resistant materials in certain attitudes. Causes
of earth movements, either loecal or regional, will not be discussed.

Clasgificntion. Local uplifts which caused definite land forms may be di-
vif2d inte (a) folding or bending and (b) faulting or breaking of the crust of
the earthe The results on tonogravhy of impnct of extra-terrestrial objects will
also be discussed.
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Folding. liany mougtain ridges are composed of strata which dip at the same
angle as the flanks slope; these are anticlinal ridges. If our attention were
directed only to this coinecidence of din and slope we might conclude that folding
was so racent that a remnant of an original fold has been nreserved., Thais
erbneous view was often nresented to account for the remarkable anticlinal ridges
of the Jura Mountains, northwest of ths Alps. But there, as in many other
localities, careful geological study demonstrates that the mountains exist be-
couse they are orotected by a formation of rock which is more resistant to
erosion than nre the formntions beneath the valleys along the synclines. The tops
of the ridgzes do not preserve an original surface of the youngest strata de-
pesited before folding. Although mountain uplift is undoubtedly still going on
in =any locrlities at the present day, erosion is so rapid companred to uplift that
few remments of such nrimary surfaces have been discriminsnted with certainty. A
good exnmple is Dominguiz Eill, south of Los Angeles, California. Here Plaistocem
gravel dips ot the same angle as the sides of the hill and alteration by erosion
ig confined to small gullies which radinte from the crest of the anticline. At
sume localitics in that district the surface expression of an anticline is so
slight tbat it can be recognized only by the radial stream pattern. In Texos
inteusions of plastic salt into unconsolidated and semi-consolidated strota have
unhaaved hills up to 100 feet high ~nd about two miles in diameter.

Fanlting, A fault is defined as a brealk in the crust of the earth whare
oze side hns moved away from its continuntion on the other. In casss where the
final rasult is shortening the displacement is called a thrust; where expansion
r.alizd the foulting is normal or gravity. As with topographic forms resulting
from folding it is in many places difficult to tell whether what is now observed
is the direct result of the sarth movement or came about from the position in
which that niovement ploced resistant masses of materinl. In some cases escarp-
monts rasulting from faulting have been observed in procsss of formation. In
csher instances close agreement of the escarpment with the line of displacement
proves that the movement did not take place long ago. If it is possible to prove
thet faulting occurred later than a land surface, which is no¥ displaced by the
fauls, rascency of movement is safely concludad. Such is possible when a lava
flcw, #n alluvial cone, or an old erosion surface has been displaced and the
aecaviment is not much @rodeds If there are enclosed depressions on the down-
thrown sids of the fault recency is assured, for such forms could in most regions
not have been made by any other agency. Displaced stream courses, hanging
valleys, and abnormnal stream slopes may also provide similor evidence if cau~
tiously intorpreted to exclude other possible explanations. However, the char-
ncteristicnlly straicht or gently curved trace of a fault may still be vrescrved
in the outline of an escarmment after long erosion during wiich topogravhy was
shapad by the relative vositions of resistant formations. So a2lso remmants of
the original fault surface on spur ends, termed triansular facets, may be present
on old fault escarpments which are often termed fault line scarps. Slickensided

surfaces on inferred remnants of the foult surface may in some instances be dus
to landslides or mersly uncoverad by erosion of one side of a minor displacement.
Lines of hot springs, inferred to occur along the fault plane, should also be
interpretad with caution. The same remari applies to supposed discordance of the
flank of & dissected mountain range with its internal structure. Any region may
have faults of diverse ~ges so that obliterntion of tonogravhic effect on certain
faults does not sxclude the presenca of another gensration of younger movements.
Escarpments which parallcl the strike of a resistant formation are more likely
simply the result of diifersntial erosion and do not prove reecsnt faulting,.
Averph aontrast in slove between a mountain side and adjacent gravel-covered
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lowlsnds may be simply the normel contact of talus slopes with pediments or
stream-worn niane surfaces resulting from prolonged erosion, Valleys whose
origin is ascribed to faulting are termed grabens (Gorman, grave) and uplifted
blocks between narallel faults horstg. Csution is nocessary to discover waether
or not the faulting is receant for such topographic forms are readily simulated
by differentinl erosion, conditioned on the srrongement of resistant rocks by
apgicnt faulting. Apparent freshness of fault cscrroments in glaciated districts
mry readily result from glacial erosion of fractured rock along one side of an
~relent fault.

Buonples of fault blocks. Fxamples of mountains which consist of young

“foult Dlocks occur in regions of recent earth movements such as western United
otatag. dountains in the Columbia River lavas of southern Oregon have long

neea picecd in this clags and the conclusion is still unchallenged. All along
t3e cast foot of tho Sierra Mevada there is similar evidence of displacced Lava
flcws, ns well as enclosed basins which must almost certainly be due to earth
movouent in relatively recent time. The trisngular facets of the Wasateh, on the
srss siae of the CGreat Basin, appear to demonstrate young froulting which displaced
o surfoce of considerable relief. The Great Rift Valley which runs through
Prlestine, tae Red Sea, and much of eastern Africa, is associated with enclosed
decpressions of structural origin, somz of which extend for below sea level,

Imyoet craters. At a numbor of localities there nrs depressions of consid-
e: rHle size which do not anvesr to be of volecanic origin, Best known of these is

Yatzor Orator (Coon Butte), Arizona, which is three-fourths of a mile in diameter
and o0J feot deep. & rim of shattered, upturned limestone rises 160 fest nbove
the ~dj-ecent nlain of horizontal formations. Large blocks of limestone occur

art ocnly on the rim but scattered over the surrounding couniry. Sand in the bot-
tem of the plt is partly fused and a considerable amount of meteoric iron hes
bsen found, althousgh no single large mass has been uncovered by many years of
driliiage and shoft-sinking. Undisturbed rock was reached less than 1000 feot be-
0% “he bottom of the ernter and no igneous rock wns discovered anywhere. Some-
what sindll-r depressions are rewmorted in Africa, Asia, and zlscwhsere, although
non2 of them has beon explored as thoroughly. :

d
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Proce
siratain the rime of such crnters. But when we realize that meteorites have a
v-1oeity of 30 to 40 miles per sccond more than 50 times the speed of a hizh-
power rifle bullet ~nd compute their kinetic esncergy a better avpreciation of the
nhearmenn of impnet is obtained. At 40 miles wer second every gram of a moving
object would develop 494,700 calories when brought to o standstill. Although

this scems small in comparison with an estimeted 2,14 x 10™" calories par gram

for an otomic bomb it must be renlized thet a metsorite might well be vastly
larger than a bomb. Not all the encrgy of a striking meteorite would be converted
into hoeat, for mmeh would be required for pulverizing rock, for sound, and for
selisnic waves. Nevertheless it is clear that there would be enough heat to cause
a violeant explosion with probable vaporization of most, if not all, of the
celestial visitor. The exnlosion would rank as comparable to one of a high ex-
plosive rather than low-power expansion of steam nnd gas. The extreme shattering
and fusing observed at Metcor Croter as well as the upturned strata are thus ex-
plained.

sses. At first sight it may scem difficult to explain the upturned

1

o
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Carolina Bayss. Throughout o l-rge area centering about the Comstal Plain
o Sovtii Carolina there ars numerous lakes and swamps in elliptical basins up



-30-.

to half a mile acress. Not only the shape of these basins but the northwest-
southeast orientation of their longer axes is most striking. The typical basins
are surrounded by rims of sand, which somewhsat resemble lcoke beaches. Yhen
first distinguished in aerial photographs the original investigetors ascribed
these besins to impact of a vast shower of meteorites, possibly a comet. Bach
individurl meteorite was thought to hrve penctirated some distance into ths sand
before exnloding and throwing up the rim. ZFer corroboration they point to
arusually high values of terrestrial magnetism southsast of many of the Bays
{s0 called from presence of bay trees). No érilling has been done to test what
s the magnetism, Alternative hynotheses relate the ellipticity of the
orsins to rotery currents when they conteined open water. One suggestion is that
tne paeallclicnm of longer axes is accounted for by gyroscenic action of the
earih's rotation on currents set up by winds. The primory origin of the depres—
gions has been ascribed %o original irregularities of the sea bottom, to solution
w anlusble materisl in the merine sands, and teo emergence of srtesian springs.
Sure woint to transitional forms between typical slliptical bays and irregular
3olution depressions. Until test drilling has been done no final decision is
nos:ible, slthough it is true that the importence ascribed to currentg and waves
in such smell shellow basins seems ravher far-febtched,

cEuses

Svmmary. Bocause foldiag normally oceurs only at denths great enough teo

pe ralt bg iing of firm roclzg without fracture, elevations due directly to recent
£u*ﬂ+rb are rrre. An ares rspove a fold may be raised up so slowlyr that erosion
dastroys the uplift slmost as fnet e8 it forms. On the other hand, faultiug may
pe stdden ond many coxanples of new fauli scarps heve besn recorded,. Uplifted
fariltl Ylecks nay be either horizonital ar tilted. A number of eraters wiich
c
a

3
disnloy no avid of vnleanism have been recorded and, for some at 1enst, tke
of large metsorites apyenrs well sustained. A neteori
e to mentrote the atEOﬂnﬁere whlch normally protects us

bombardmnent. The origin of the Carolina Bhys h=e baen
revﬁnt wblon of any fully s@tls*fctO“v explanaticn.
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4 SECTION 7 WCRK OF RUNFING WATER

Introduction. The effects of rainfall upon the surface of the sarth is
ovident over much, if not most, of its land eres. Even in the driest climates
some rain worls is found, although it mey in some ploces date from o time when
the climate wns moistsr than it now is. smovnl of mnterisl by running water
ha 1 Locatplvud for a long time In uhh garly days of geology a violeat
wrgs corriad on s to ‘&etﬂ!r or not rivers made tie valleys in whiech they
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arge vnllayvs, Desvite the qualitative study of the phenomenn of woter

which hes been carried on for a long time, relatively few studies hew
nade Trom a quantitative strndpoint. Most of these were undartaken Dby
z gers ~nd stadents of soil erosion rether thon by geologists. Today there
s 1 g&norhlly secevted mathemnticel explenntion of srosion; mony toxt books
ignor the sudbjeect entirely amnd, if mentioned, often contain glaring errors and
misapwrahcnsions. The following discussion aims to ¢lerify what is known from
tho studics of Gilbart, Little, Horton, and others.

many
wo:,i
3T
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be
te

now '1'! 1Ld jﬁﬂ; geologists of those days ndvocated a strueturnl arigin for
1A
o1l

initions. Much of the misunderstanding between osngineers and geologists
has been due to non-uniformity in definitions of words. In order to read any of
tie worlzs intelligently it is nccessary to know the following definitions,.
Aceeleration is the time rete of change of weloeity wiich is space traveled ver
uwnit of time. ZXorce is what ceuses a mass of any substanes to undergo accelera-
tion; force = mags x acecleration. VulGCLty of running water may refer to aver-
aze or mean vealocity, V or to dbottom veloeity, Vys Work is the product of force
x distance of application. Power is the time rate of work or by substitution
force x velocity. Slone of stroams is fall in same unit of horizontal distance,
tart is the ftengert of the nngle of inclinntion from norizontal. Comnetence of a
strean relrtes eltliier to diameter or to weight of the largest particle which it
ig able to earry =t o~ estat.d veloeity and has no relation to-the quantity of
material 1% can transport or erode. Load is the actual amount which a stream
moves in unit of time under stated conditions. Qapscity is ths upper limit of

~coarse (obris wihich can be transported along the bottom of a stream under stated

conditions. Eydrsulic radiuvs is the result obtained by dividing the nrea of
cross section of a streecm channel by the length of the bottom in the some gsection .
(wetted pe erimeter); in chaunnels of great width the hydraulic radius is equivelent
to depth. volds punber is a factor by which comparisons may be made between

. streonms of differing dimencions; it consists in nultivlying a dimension (éapth or

rodins) by velocity and dividing this product by the viscosity (R=dimension x wel-
ocity) =2lways using the some system for quanities. Kinetic energy is storad
work poss S dgby o moving objecet or moss of woter expressed by the formula
% Mass 1s weight divided by the acceleration of. grevity, g. Kinetic
the m moving objeet will rsccomplish if stopped in & given distance.

J

narer of rotation, or fly-wheel effect, is stored work in a rotating
mass ¢% distence r from the qt;s of roteotion; it 1s expressed by the formula
EH =<§ nass x rat sng. velocity®, where velocity is uxpressed in randians (angles
equal to & radius on the chcuufarencc) ner second. Limpset refers to effect of a

current of water on a stationsry object by reason of kinetie energy of the water.

Iractive foree is ths force exerted on the bed of a stream by a column of water

of unit cross section, exprassed by nroduct of woight of the column mmltiplied

by thc slope, that 1s the potentinl sn. ey of the column when at the top of the

slope. Ternminal velogity of settling rofers to the linit to falling velocity of

particiﬂ" in zny mediun, suech s water, which is atteined when force of resistance
nearly e Lunlﬂ it of worticle. Archomedas princivle ig the fact that objects

submerged in a ¢la1d loose the ws ight of their volume of the fluid; objects in

wobter bave an gffoetive dsnsity which is less by one thon their density in air.
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Flow of waters Water has two, and very lilely thraee, distinet mothods of
flow: laminar or lsyer over laycr, turbulont or ediying, and ghooting or plunging,
Its bohavior with respect both to srosion =~nf transportstion of dzbris differs
greatly in thase types of flow.

Laminar flow. Laninar flow hos alriacy been discussed in connection with
movanmaens of mantle rock anéd lawva. It is present in water omnly when tha Reynolds
aumder is low and the bottom and sides of the channel ars vory smooth. It spnears
to be present close to the boundery of all kinds of flow. Theoretically the
bottommost loyor has no veloeitys Lrosion and transportation by leminer flow
in AC&]1~”“1 Velocity = constan%( dcpending on unature of the bad) x hydraulic
raGius -x slove (Vm = CR® 8).

urbulen LT flow. The major part of the flow of strenms is turbuvlent.

¢ up of lrminer flow is due %o 1ncreuue in the value of a cousle of forces,
nsuely force ef flow and resistnance of the bed. These o,rocod forces bring

about eddics or rotating masses of water whoge axes are not 211 parallel to the
bed. This disturbance is usually visible st the surface as welling up, reversed
flow, or ripnles. These rotating masses of water aid greatly in erosion and
transportation of sedimsnt but absorb rmuch lkinetic ensrgy of rotation and thus
slow cowr the mean wveloclty.

;
Moaning's formula is V= € x E?ES”/Q

y bhe constent depending uwpon the naturs

of the Dottom. For British enginesriag units thae coastent is 1.486 / n, the
latter o rovgimess factor which is generally about .04. MNaximum wvelocity is

attrined o short Cistonce below the surfoece sand nern velocity is .82 the maximum.
Bottor volocity C“nnnt be determingd directly by vorious notliods of computing

the theoretic~l voloolty ~t thoe border of lenminsr flow h-ove besn attempted. The
intensity of turbulence vnries with different conditions nnd in different perts

although cifficult of actuzl determination. One method is tc draw lines of equal
velocity in a cross section of unit length. The water is then divided into a
series of orisms whose apices are at the line of maximum velocity and whose hases
at the bottom of the stream are 2ll of unit area. The result obtained by dividing
the potential energy of each vrism (weight x slope) by the velocity zradient at
any given velocity level is called by the German name austausch or mixing coeffi-
cient., Computation thus displays the inferred intensity in different parts of

- the section which renresents the rate of energy transfer in the direction of the
bed of a stream.

of the sames cross section. It can De expressed cuantitatively in several ways

Chooting flowe. A very high velocity the surface of a stream becomes mmuch
armitated and water moves in spurts or jetse Such shooting or plunging flow is
commonly found in rapnids and waterfalls. Apparently the maximum possible velocity

f moving water is about 22 meters/sse and is fixed by the absorvtion of energy
in this type of flow.

iixed flow. At low velocity, and especially where the bed is very rough as
through grass and other wvegetation, -water obeys a law which is intermediate be-
tween laminar and turbulent flow. Exveriments with the flow of very thin sheets
gives a formula Vm = Constant D*° S° Some exneriments on actual slopes covered
with vegetation saow a variety of exponents in the relation of quantity, Q, %o
da- gk ot Ds

- firosion by runnins water. ZRunning water removes material from the bed by:
{ 1) direct lifting of loose particles by either horizontal or inclined currents
et watcr, (b) abrasion by rock particles carried in the current, (e) impact of
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larger rocks on the bottom utilizing their kinetic energy either of translation
or rotation, and (d) collapse of vapor-filled bubbles causing violent impact of
water on the bed (cavitation or water hammer). Many text books mention only the
second and third methods. One might then Jjustly ask the question as to how the
water first derived its tools! It is clexwr that most of the course of every
soream 1s ove- loose material which is nolt put irn wetion except in unusually
lrrzes floods so that it is evident ihai lucse molecsial is reslly the souree of
2est of the load. Javitation is another neticd wvhich is ofben overlooked. I%
oucurs, however, only when the velocity is over 12 reters/second, = velocity at-
taiaed in ut few localities. When it does oceur, t?e following formala epprliss.
Fressure « velority x (depsity x bulk modulus) /@
sabuting 2 x 0 o dynes/en® for the bnulk modulus ol water and unity Jor den-
tnis becomess Pressure = (1lbs/ind) = 70 x velocity (ft/sec), It is evident

d
t
repeat~d blows of this magnitude must be very destructive. ZBErosion of the
i weeur orly when force of the current as exerted at the bottom exceeds the
1esistance of the bed material to removal, This resistance consists of two dis-
tinet factors: (a) weight of narticles under water and (b) the mechanical state

of nacking. The former is rendily found but the second is not easily determined,
Mixtures of different sigzes are much harder to disrupt than is & derosit of all
the sams sized particles. Packing is very immortaat with small partiecles like
clay, Another factor is the nresence of stones which are too large for the water
té remove and which,therefare;protect finer material Dbeneath.

Force regnirad to :iove a varticle. In considering the force requirsd to
fislodge a given pariticle from its resting place ca the bed of a stream (provided
i1t is not broken from a larger particle) must be earefully distinguished from the
force raquired to kesp it in motion after it is startsd. There must be an apward
component of motion at an angle of A degrees with the bottom. Force necessary to
dirlodge a loos: marticle must then equal weight x sina A (considering only weight
uncer water). This does not take into consideration tlie resistancs due to zsete
cf packing of the bed maverial. Several different metheds of computing ithe Fforce
of the moving water which is exerted on the cxposed portion of a given particle
have been used. These comprise: (a) impact of the water which ies provertionod to
squere of bottom velocity multiplied by exwosed aren of particle, (b) tractive
force computed as prassure per unit ares commuted from weight of column of water
of mnit arsa multivlied by slope, (e) hydraulic lift due to difference in veloeity
at cifferent denths, (d) velocity gradient expressed by kinetic energy of unit
vo.ume divided by depth, and (e) intensity of turbulence as expressed by the mix-
ing coefliciént. Rubey equates the resistance to lifting to energy of flow.

welght = sine A « constant x ng x area of cross section x cos A
Simlifying and solving for radius of particle, R:
R = 3 x constant x Vab

.

R =

4 x tar A x weight

Welght is again that under water and tan & = slope, S. It follows that diameters
of particles ars proportioned to square of velocity and weight of particle moved
at given veloeity is proportioned to sixth power of velocity. This is known as
the "sixth oower law" and, although correctly stated when first worked out, hes
tesn much abused as a measure of load instead of weight of a single particle
which can be moved at given velocity (competence). The tractive force idea is “.o
find the component of waight of a column of water of unit cross section which is
vxaryed parallel to the bed. Evidently this is its weight times sine of angle of
slope. ©Since at low angles sine and tangent are nearly the same it follows that
the value of slope may bs substituted for sine in the above equation. Follow'ty
\h2 sane procedure us before and solving for R, we find:

smis s R~ 3 x constant x depth x slope

4 x tan A x density particle
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Again density is that under water. The next angle of approsech is ths fact which

3 the 1ift of an airplane wing ané many other phenomena, unamely that pres-
3 iy least where welocity is hikhest. This means that a stream where
ceases eway from the bottom shonld exert en upward foree on particles
e lifted from the bed. This exnlanation spnears to explain suspension
ather than erosion. Still another measure ni erosive force of vnit

Ol 5 employed by Little. It is well known that loss of hend (preseure) in
»ipns Jhluh carry water with turbulent flow is provo“tlgred to V“/rl@lus (or
disneter) s Anplied to streams this is translated to V /thraul ¢ radius:; in the
case of vaery wide chanﬁnlq this becomes depthe. Since death - nuant¢ty/Vclocl+y,

s
substitution yields: Force = Fpd/quantity. This mothod does not seen to have been
used by others. lue intensity of turbulence z2lso has not been widely empnloyed
as a measure of crosive forece, although it %too sesms to offer some advantages since
it explains the rate of energy transfe
Foree roqud ired to keen particles off the bsd. The force of moving water
which ig requir ed to keep particles off the bed is more readily measured than is
force nesded to start them: Particles over 1 mm diameter obey the impact
law and their dirsmeters are mronortioned to the square of the veloeity. Particles
smaller thon sbout 0.2 mm dimmeter are more subjsct to ths viscous resistance %o
settling.

Wed
Solvinz for wvelocity of suttling t
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with all waits in the meteic systen. Solving tals for radius (or diamster) it
+ill be sssn that this is }'yrcmortJ.-:m-*-q to square root of wvelocity. This relation-
ship of diameter %o settling vploclty is known as Stokes Law but it is of mors
importance in sedimentation than in studies of erosion. Particles batween -c i
and 1.0 ma dismeter obey a tr”nq;tIOﬁﬁl law in vhich an increase of one cm, 'sea
vaolocity increases the diameter of perticle which can be kept from settiing by
avouy 11 nHur cent.

]

Loss of eravrsy by streams. Every text book of physics demonstrates that
could a particle slide down a frictionless inclined plane its velocity would be
accelerated and attain the same value at the bottom of the incline that it would
ove if it had fallen through the same descent in a vertical direction. This
velocity is given by the expression

V = (2 £ x distance of fall) 1/2, fall being measured verti-
eally. If streams of water flowed without friction their velocity would conform
to this law and they could do no work on their beds. Observation demonstrates
that this is not itrue for velocity is not accelerated but instead is related to
slope. Obviously a retarding force is present and this consists partly in energy
absorbed in kinetic energy of rotation and temperature rise and partly in work
done on the bed and nertly in keering material off the bed. This resistance is
similar to that demonstrated when an object will Just move on a2 real inclined
plane, that is when the component of weight down the face of the plans just ba'~
ances the retarding force of friction. We cannot express the amouant of wor® lous
on the bed because it is impracticable to measure the other losses of energy.

It is true however, that the kinetic energy of the stream is apnwroximately ecual
to the .total retarding force.
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Problem of bottom velocity. As with laminar flow the true bottom velocity of tur-
bulent flow muss be O. It is thought that the bottommost layer is laminar flow.
Ruby %erms the veloei’y at the upper border ¢f this marginal zone the bed yvelocity.
Altrcugh 1% ‘s worscticable to measure this velocity Ruby attempts to compute its
valire, Tr*Lug supniied hy the current.moss e**al gavrzy 2onsmmed in friction on

the L2l The former is measured by weight i vabter oulllp ded b its distance of
fel. 4 given time. Distance of fall is found vy .wliiplyi.g nean velocity by
gloe Uy Sime. Density of water is unity aud ths engle of slope so small that 1t

can bz neglectad. Energs cinsumed in unit leagth is fourd by ‘th1ﬂ1TL'“ the
weiied perimeter of the chaanel by uait distance givirg erez. This s nultivlied
by Frictional force times distance through it acts in given time. Wricuional ferce
is equal to sguare cf mear velocity mmltiplied by a coefficient, and distaies is
mean velocity times time. Simplifying this equation and making necessary substi-
utions ii appears that mean frictionmal force on unit area equals weight of anit
voliume of water muitinlied by hydraulic radium times slope. Uow this is the shear-
ing ﬂnrqsb at the oed and is egqual to thickness af layer of laminer flow times vis-—
cosity. ideasoning from this premise it is concluded that the fourth power of bed
veloclsy sdaa‘ constant times square of mean velocity times hydrauvlic radivam times
slopce It is this value which should be used for computation of the impact law,.
It i1g 2leo avarent that the coefflcient of friction, which is inecluded in the con~-
stant above, 1s proporiioned to square of mean velocity times hydraulic radius
tines slope.

Methods ef transnortrtion of debris. Material which is kept off the botiom by

vertical comoonent of motion is called suspended. This material mainly obeys the
w of settling velocity where diameters of wnarticles are projortioned tc sguure
oL of velocity. Larger particles obey the immact law and their diamsters are

projyorvional %o the square of the velocitys. The particles which cannct be cua-
gen&eu rove in a series of jumps called saltation. Their nrogfiess is thosg slower
shan too aurrent but owing to their loss of weight under water they have liitle
gnergy of imoact when they returm to the bottoms Thus they do not help dillodgs
nth31 marticles into the moving water. Still larger stones ave rolled sloag ike
Dotiom &s is wroved by the rounding of water-transported pebbles. Others are pushed
or eep constantly sliding into a hole which the water excavates on the down—-stream
2d The coarser material which is not suspended for long periods of time is
¥rogsi as bed Jload, Ine division between what is bed load and what is suspended is
1t constarnt but varies with velocity of the water., Although there is a distinet
Jpp3r Limit to amount of bed load with given conditions which is termed capacity,
il Tt 1ces not aymear to ve any definite limit to the amount of suspended load.
o JJp has been recorded. Study of the Missouri River appears to indicate that
3.m% of suspended load veries with the square of the discharge. The explanation
is orobeolr an increase in turbulence with increase in volume which is aesociated
withh increase in velocity.

=
%)

T

o

Sy

=£gnedggy11g power oI a stream. Strictly speaking canacity should be dis-
tinguished from transportirs powsr of which it is the upper limit. Both quantitiecs
are measured in weight of material moved in unit width of channel in unit time
fhus both are expressed in units of power. Although many attempts have been iio
to expruss transsorting power in terms of velocity of moving water there is no
agrsement detween them. Tirst, we must realize that this quentity will be a
measure of iransportation 2nd not of erosion. Second, we find that the energy de-
voted to transportation is only a portion of the total energy of a stream. Third,
@ mueb e that the upper limit to transportation (capacity) is by no means a
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measure of the relation of power to velocity., TFourth, we must not confuse competence
with transvorting power. Fifth, if bed load is considered it is the bottom velocity
and not mean‘Vﬂlocit" which should be used. Sixth, there are other factors besides
velozity, for irssance depth or hydraulic red'ue determines the vertical velocity
graciernt 2xl, skecrnfore, the rate of trars’er T energy to the bottome. If, however,
we talze tha kinetic sresgy of 1nl® mass of waier &3 Cef sratnad by Vma AS & measiure
of fsvea. then power should be related %o T~ zni ia the sure way with bottom velo-
elly iI ws are to ccnsider crly the pars of the watsn 141 13 next to the bad loads
Rubey used a differenv methol oif appreack. Fe sialas 5 1load per wmpit of shannel
viath wulbiplied by the averzge settling rate «f thz matsriel €qﬂa1q waignht of unit
volvrs of water times square of meen velocity *1mes bydrauiic radias times slope.
I/f VS § % Vmg ¥R xS where P = terlﬂctﬂ of bed. Xow gince Vhé s 7.2 Rx 8"
hy svdstitution it ampears thai L/P H V5 ut as 7_ (settlirsz veloci ty‘ is also
proporiional Yo VL.ﬁhen L/P g Vbz or by anotner suﬁst tution it also worizs oul that L
L[E : V%, WMany cther expressions have been used which have been made up from the
iCea where force eqaals product of depth times slope. If we use
ior Tor force as V ~/ R and mulyéply by V¥, to obtain power the
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itical velocity. Observation shows that it is not correct to use total
velocity in aay foriwla for there must be a certain critical velocity before any
parbicies can be moved at all. Many of the formulas are given in 2 form where
this value of valocity is subtracted before apolying the relations given above.
The enevgy before the attainment of this wveloeity is wholly absorbed in internsl
resictance ¢f the water. It does not appear that this lost energyr canm he-simply
outainsd by subtraction for it may well be a proportion of total energy which is
not zonstant with change in wvelocity.

Overlosding. Literature about sireams abournds in the expression "over! owled".
(oasicoracion of hydravlic principles shows that no current car be overlcavedl
evern anmsntarily. Any excess load of bed moterial is dropped at once when
c¢uaditiecns for its transwort are not maintained. If attention is given to the
peaced lond there is no condition which causes overloading. 3But the material
nick 1s suspended at one velocity may become bed load at a lower velocity and
~ize verss. Streams may be underlmded becauses they cannot obtain enough debris
S namacity but they cannot be overloaded even temporarily.

ments in stredm transvortetion. The most extensive experiments in
sportation of debris were those carried out by Gilbert. Others have
~.ed out by Mavis and others at the University of Iowa and at the
exveriment station of the Army Engineers. Nevin has also made some

ients, which unlike the others who used flumes, were done with glass tubes.
Cl‘*“ri feiled to find any single variable which was related to capacity by a
simple formula. He found that with constant slope cavacity is proportioned to
abert the third power of velocity above the minimum needed for movement of the bed.
Wit beth constant denth and constant discharge the exponents were larger. Velocity
usen was mean and not bottome because of the difficulty in determining the latter,
in inverse relation to denth was suggested. The Jowa experiments gave an exponent
of velocity above minimum which varied from 3.03 to 6.24. With a depth-slope foi-
mulz. the exponent was more constant and veried from 3,09 to 3.88 after subtracti.ro
of the critical walue but the wvalue of the constant varied greatly. Nevin's o:-
werirsats related only to competence and not to load and the same may be true of
o= Vieksburg trials. Apparently little attempt has been made to consider wvelocity .
#radient as did Little., In a flume the level of maximum velocity must be depres:ed
“elow what it is in a stream and in general conditions are unlike nature, The
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The varisbility of results suggests that there are other variables wli’ch were not
given =snough weight.

Horizontal shape of stresm beds. TFew streams flow very far withcut making
a band. This fact is demonstrated by inspection of artificial canals which were
made to carry off flood waters. After a2 short time these, almost without excep—-
tion, begin to develop curves unless the walls are made of materials which cannoi
B2 removed. Slides of banks, fallen trees and brush, accumuwlation of drift-wood
ail serve to defleet the current from one bank against the other. Once started
this procesc is solf-perpetuating. It is most marked when velocity of the stremm
ig relatively low. If it is high the obstruction may ve swept away for the ensrgy
is enouzh %o keen the water in a reasonably straight course; the latsral compoaent
of motion is thean relatively small, Tals tendency to swing sideways is well Eaown
above a millpond where velocity is reduced. When a stream flows through a segment
of a eirecle slementary physics shows that the centrifugal force of unit mass is
ietermined by the square of velocity divided by radius of the curve; T = mVB/r.
Mg force is inverse to rading of curvature. How velocity of an ordinary gtrean
is, other things being equal, related to the square root of slove so that 7> 2 B.
A7 substitution we find that F = mS/r. Thus as a stream lengthens its course Dby
aaxing dends the slope is decreased and force also is decreased in direct propor—
tion. The relative amount of force exerted by a stream on its banks as commared
50 that on its bed is also related to the nature of the load which it acquired dur-
ing Jloods. If the load is coarse so thet it cannot be moved at low water then
slmost all the force may then be lateral. As bends grow into symmetrical curves
they are called meanders. Local variations in nature of the banks nrevent meanders
irom svar becoming true ssegments of circles. here is no relation bstween meander -
ing and stage of streem develonment. All that is necessary is a comparatively
Tow velocity at the time of beginning of the meanders. Many examvles of meandering
streams may be observed where the bends developed as soon as the stream started
to flow,

Cross section of stream channels. In a straight stream the line of maximum
velocity is along the center. In a curve this line is deflected toward the outside
of the bend. In a stBaight chann:l, according to the commonly accepted method of
comput~tion, thers are two zones of moximua turbulence with maximum disturbance of
ths bottoms One is on sach side of the line of maximum velocity. Since material
¢f the bod load is given a lateral component of motion from areas of maximum turbu-
~znce toward those where that nhenomenon is less marked, this tends in a straight
¢tream to deflect bed lord toward the banks and to form a minor dividing ridge in
nha middle directly under the maximum velocity. This process appears %o initiate
sané bars or gubagueous dunes which are so characteristic of streams with a
sandy bed. At low water these shoals become islands and may be an immortant fac-
o in produciang a branching or wartiglly braided vattern of channels. In a curve,
ncwever, one of the areas of high turbulence is deflegcted ngainst the outside
tankc and coubtlass accounts for erosion there which produces a cut bank. The
other 1s less marked and liss next the inside. The line of moximum transport of
ved load crosses over from the ingide bank of ons bend to ths inside of the nsxt-
£g it crosses the denth of water is less than it is next to the cut banks. Such
cncals are kmown as grossings. Observotion demonstrates that they are built wp
during floods and worn sway during low water. The relation of crossings to turiuv
-2nce is evident, as is the transport of material to the insides of bends. As
bends grow largasr they maintain about the sams width of channel. The insides are
rregressively rilled with a comnlex of narallel ridges commonly.with swamos be-
viceer. The areas just below cut banks are known as deens; these are excavated
durinz {lceds and then filled at low water. The width of a stream channel depen’s
apon i neYare of the bottoms In this connection attention should be,svev: of

‘ fdireetod to the!




ion. The tendency of a stream is to distribute its Tore: wnif uwn.y across
tae bed excopt insofar as this is disturbed by rotationel fceice. 3enks with deep

r against theu are naturally most exposcsd to erosior. Low, sheiving banks
are more apt to be built up. Cancls dredged with vertical sifes are commonly
videaod Wy Tloods at the same time that the bottom is shoaled. Saniy beds are more
veadily alitered by water than are thouse composed cof either gravel or clay., 4
streai with a sondy bed has a shallower cross section and a greater width for given
¢igenargs than has a stream whoss bottom is composed either of finer or of coarser
sarticles. Moreover, it is much more apt to be divided by shoals or sandbars. A
cenfusirg fact, however, is the varisti'ity of volume which is characteristie of
nost rivers. The channel is nn sooner adjusted to one volume then discharge
shanges exd 1t must begin all over abaln to reshape the bed. Nevertheleszs, mos?
ctireams sesm to have a low water chamnel which is sharply divided from the high-
eter flood channsl er floodplain. The chqngﬂ .8 due to the relatively infrequent
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"30ds. Moit variations in dlscharv\ can ve taken care of in the narnmal or low
v

£ize of mennders. It is evident from the most casual examination of mans
Jimh large stranms have much larger meanders than do small streams. JU can also
v noted that some valleys meander and that thess meanders sre considershiy lerger
inaw are those of streems with the game discharge whese low banks are made of soft
Met>vlal. In some places twe distinct sizes of meanders can be distinguisbed; one
large osurves of the valley, the other sunall meanders on the floedplain, Altempts

w study the sigze of meanders in »elation to that of streams hszve besen directed
70lly to ths width of the meendering ba2lt for the shapes of real meanders

~2e nobt uaiform enougn to permit of quantitative measuremsnt. Lacking data on
ﬁe;aga &ischarge, maximan als.harrﬂ, hydrauliec radiwg; or natubBe of bottom, 2il
i which vary rreqtlj up different streams, investigators measured the
Size of streams by width ¢f normal chaanel. As seen above this is not entirely
reliable for width is related both to velocity and to nrture of bYottoms From

the analysis of forces given above it is easy to see that as meanders grow largsy

A

vne force of unit mass ¢f water on the outside of the bends decrsases because both

¢f decresgse of slope and increase of radius of curvature. Therefore, unless a

sira2em 18 large in volpme, the force needed to erode ths cut bank ig atitained
nly wish emall meanddrs; only a large volume stream can make large meanders and
#3111l have force lef{ to continue erosion. HMeanders ston growing larger when the

cteral component off total forece of the stream equals the resistance of the bank
»o removal. Meanders also wear most on the downstream side so that in time they
ciravel glowly dcwns%raan, a process tarmed gsweep. Long before meanders on the
it material of g floodolain with low banks reach mazimwm size, or of mow> far
‘tyastream, they Arc likely to be eut off across the neck during a flood. This

L GeGRS does not raumove all bends from the channel so that meandering simply
“varts ovar again. For this reason floodplain meanders do not last as long as d¢
i1z bepnds of meandering valleys which are cut dowa into bed rock. Herse botih sweep
nd ruioffs are much retarded and meanders have time to srow very large.

W.dth of ‘meander beli. Jefferson's studies of width of meander belts did nof
irferiminave’ between streams of varying width. His averages were that the width
1 meander ﬁ’lt is 17.6 times taat of the stream on floodplains and 3C times ix
L. case oV meandering valleys. Bates results averaged for floodplain streams
with a Wl%ﬁﬂ of 100 feet, 16 times; streams 1000 feet wide, 12 times; streams =0
Iees wide only 11 times. XNotable variation from the overall averags of 11L.0 limes
wre ﬂcﬁh;ﬂ;g% aralicable by differsnce in bed material. For meandering valleys the
¢ghras found by Bates were much higher: 41 times, 18 times, and 17.5 times ra-.
nech.v2iy with an overall average equal to that of the largest streams. Wid:io
Jer2 sadject %o the notorous inaccuracy of the older topograrhic maps. [ ithousn
ameh ¢f ths differonce between results on flecodnlains and for meanderin: valleys




S 1ydraulic radius. On this assumption veloclty is about one third greater
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mzy be explicable from wife of the Satiser. daothey
~hengimennr s hllan mesnlerd *g In" e Ay casws have cwiiter, nan: :
gtreans, walch éirfer gren 1V'5"ow thoae of Tiooaple ek
ghigarved. A flsrencs.

reans. Where a meapdeiina
W oLlE o ncted that two siz3s o
13vF Deew btormed amisfit, and mony ettempts mwade o find the ssuse. Tie phenomenon
*2:4 been variously ascribed tu logs of velume by reason of climatic change, diver-
i headwaters, cegsantion of giscial drainage, or increase in uvaderground flow
usgh tbe valley filling. Iastarces which can be explained by th: first three
¢3ges are definitely known. Diminuniion of flew after glaciation is well dis-
?imy%d 11 ol ﬁtra1 Illinoig. The loss to underflow is ealled Lehma: luciple
tuyg i the least plausible of any. Tae discharge of 1“¢e‘pr01 Wt water
i mxgressed by the follcwing rormuial

n,,nle may ve present. Such streams

Quantity = Constant x diffsrence in head x areca of cross section
length of flow

LT

= valve of the constant varise with sirze of grains, wpacking, and +i

ol 28

igsosity. For

izh engineering units and Ylischarge in _tsfmln‘ its value at B) I, renges from
0028 in silt to 1,442 in sapd with egrains of i mm diameter, Taking tihe cross
wezeiorn of the glacial cutwash fill of Wisconsin hiver at Muscoda as 200 37
=000 feet, the head at 1.D faet per mile, and the average grain size at 0.4 mm
e sharge wotld be only 0.5E . ft3/ser. Since the lowest rscovded surface dis-
&hw“”e cf the river is 2000 fi“/sec it is evident that, evsn in this exiraocrdinar-

Ly favorable instencc, vhe unﬁprground flow is only a little over 1/4000 of the

urfase flow or entirsly negligible! In the case of the underfit Kickapoo River
% s slear that this principle cannot be of any importance whatever. Winat dcws
sount is that the outlet of this stream, which heads in the high rock hills oF
.He Driitiess Area, was blacked up by glacial outwash. Consequent upon this its
pac. was 3ilted up with reduction of grade and formation of e floodéplain in the
s t'om ¢ the old meanders which were cut irn rock. With low banks and lowered
weiocity the cause of the smali modern meanders is clearly evident.

nestrustiion of meanders. It has slready been menbtioned that cutoffs do not

1 ohemseivss destroy the tendency to meander. However, meanders may be destroyed

G2 bhe veloeity of a stream is increased. A good example of this process is the

“iasoasin Piver between Nekooga and Patenwell bridge. For several miles below the

toes raplds at Nekoosa there are merfectly-formed meandsrs with a slope of

JeBh Ft[m and an average width of about 480 feet. Abandoned meanders and meander

o LR nve that cuce the stream meandered much farther south than it now does.
iy

Budew tac meanders which still survive the slcpe is about 1.52
the ¢1ceh averages about 700 feet. BEvidently the ercosicn of the sand-
al rier at the Delle, many miles boalow, has caused en inersass in slope end
-“Cﬂ f re of valocmtyn Tt is difficult to arrive at an exact figure for chanes in
relenlty beecause in order to compute this we should know the hydraulic redius

e trere are no important tributary streams in this vart of the main river

: ghi assume shal cross sectional area is essentially constant. Assuming “Lia
the increage in width would increase the hydrauliec radius by about 25 per cen’ .
=}

vt ae o matter of fact the lncrease in velocity should decrease the arss of sthe
ticn. For this reason we will tentatively :assume that there is no ehsnaw

b ow TH o

Lo the meandsre, The exact process of destruction annears to be the develo - -
acrns ¢f catoffs which shorten the courss of tha river. Two of these are kiowa



o

4

to have been made in about 35 years. Ii tiddis case insrease °F rel.cloy destroyed
rennders beceuse the river bed is sll loose awteriai. The covrss delow the mean-
ders is not only wider but also shows a partiel wraiding with many mors irlands
end sandbars than in the slower current of the meanders. Steepening of grade of
s stream which is close to the level of bed rock wonld cause erosion of tie
marnlars to begin thus making a meandering valley.

g

Tffect of rotation of the garth. Objects on the surface of the earth are

;u};.££ to two forces. First, the attraction of gravity pulle them toward the
asntse of the earth; this force is resisted by the surface of the earth. Second,
the centri fugal acceleration due to rotation tends to make them move relatively
sraiward. The horizontal commonent of this force would make a particle move toward
the sguator beeause that is moving faster than the surface at higher latitudes.
This force is resisted by the fact that the earth is already adjusted to its ro-
tation so that the shape of the ellipsoid is just enough to counteract this force.
When we consider the relative velocity of a moving object, first moving east, then
one moviag north, an expression for forde in each of these directions is obtained.
Parts not related to rotation are neglected. The development of a formula to
express the force which tends to turn a moving object to the right in the north-
ern hemisphere and to the left in the soutliern is gquite complicated; it is best

=g lained in works on the winds. The force on unit mass in a horizontal plane is
snovi: by the following:

Force = 2 x angular vel. in radians per sec x relative velocity x sin latitude

0 ab
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17 guantities are expressed in the mctric system the fores ig in dynes. 1t 3
e equator, 258 x 10-7 dynes ot latitude 10, and 1458 x 10~ dynes at the »no
Zor comparison we may take tha centrifugal force developed on unit mass of wa
ryiiag 200 cm/sec in a circle with a radius of 1 kilometer; this figures out =
0 dyne. At latitude 70 degrees forte due to rotation of the sarth on unii mass
a* same velocity is 0.0274 dyne or about 6.6%. Since this forece is always in the
sames direction it is added to centrifugel force on right hand turns ian the northern
heniisphere and subiracted on left hand tubns. The differcnce is then double the

aa~int of the force. The force is so small, however, that it not noticeable velow
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latitude 20 degrees but probably accounts for the greater prominence of cut banlks
anc. dArifiwood in right hand turns of large streams at high latitudes.

"Longitudinal »rofiie of streams. Very few streams long flow at the same vol-
mize Vory few long rivers flow all of their course over the same kind of material,
Maat streams have tributaries and increase in volume with distance from thzs source.
The Zoregoing facts make it extramely difficult to arrive at any mathematical
foraula by which the longitudinal nrofile of a river can be expressed. Many at-
cenpts havzs been made to do this; some ended in absurdities such as convex profiles
and others ars imoossible of wractical enplication. Among the latter are equations
based on amount of wesr of p2bbles or on size of largest marticle carried. Ia order
to derive an empirical formula it is necessary to plat the nrofile on either
logarithnic or seni-logarithmic coordinstas. The writer chose a number of streams
frrm the numerous nrofiles in Water Supply Paper 44 and platted them on the former.
tempt was made to chooss only strsams which appear to be undisturbed Ddy
¢.vs*al movemsnt and to avoid those which display marked irregularities in slome.

s explained previously this type of platting derives an equation of the typs

a1l equnls constant times horizontal distance to a power which is less than uniiy.
:» following exponents were found: Wisconsin River below Portage .95; Black Rive.
sl the Fells 2923 White River, Arkansas .95. Of gtreams in drier elincts tae
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Renublican River showed .82 and the portion of the Arkansas through the High Plains
.85. The Red River of the South is abnormsl in displaying an exponent of only .55.
Turning to theoretical reasoning an analysis by Rubey of the forces involved in
stream transportation gives a relationshin between slope,settling. wvelocity, load,
quantity of water, and hydraulic radius according %o tno formulas

5 e L oad x settling velocity \2/5

wt. water x Rl/° .

s is eguivalent, other things being egual, to the slope being invarse to the cube
rout of the hydraulic radius. Such a formula nppears inapplicable in actual
tractice. Wooldridge and Morgon give a formula for stream profiles which is a
logerithm'e curve; it is equivalent %o saying that the slope is inverse to distance
froi. She source- Somewhat better results may be secured from Little's sporoach
Ee assumac. that erosive force of unit mass of water is proportioned to square of
mean velouity and inverse to hydraulic radius. In a wide shallow stream the latter
is equivalent to depth. By the use of Maonnings formula for velocity and maki
necessary substitutions it appenrs that this forece is proportioned to 41 /5 SO?TO
Q ~ gquont’ ty of water in unit width of bed. When solved for S this becomos

s > Fl0/9 q-2/9
The slope of constent foree would tncn be £ Q7/9
for a trapezojdal channel, which is somewhat like a nguu?a stream channel, of
;. S0 :13735 59710 which when solved for 7%039 is: S 107 9g- 30/225, mrom this
the .profite of uniform force is f: Q 95/225 op F: Q In order to solve any of
.thess for rall, f, in relaticn to horizontal dlstance, h, it is necessary to meke
some assumstions as o relation of average discharge to distance downstrean. T
can only be fouad where drainage dasins are of normal shape and where results 07
long-term -’ .scharge measurem:its are obtainable. On the assu87£60n that @ 3/4
the —rofilc of a trapszoidal channel becomes f = constant x h waich is not tor
from She actual cbservotions mentioned above. For thot matter the regylt of the
oth:: formula for a wide channel becomes with the same assumntion £:07/12 or F"'58
whish does not agree very well with actual determinations. Were semi-logaritamic
plasting 5o yieic a straight line then an equation with a2 variable exmoneat WO &
be shown. In such an equation the constant which is applied to the exponent repue
senss the percentage of change in each successive interval of horizontal distance.
Platting of eight outwash terraces in Wisconsin gave no sunvnort to the variable ex-
nonent equation but instead yielded a constant exmonent of about 0.7 or distinetly
lower than that of present-day streams, The explanation of the difference Irom the
existing conditions is undetermined; it might possibly be explained by +ilting.

R e e
Liighle dupiven o agnsbion

Slovws-wash or overland flow. Wiere surface runoff does not follow channels
but forms o thin sheet all over the land surface the process is called glone-wash,
overland flow, unconcentroted wash or sheet flood. This process is immortant during
both (a) initial erosion of a new land surface, and (b) in reduction of sides of
valleys.

Hydranlics of overland flow. The two »nrincipal students of overland flow are
Little and Horton. These authors used quite different lines of apjproach to the
hydraulics of the wrocess. Little's workz seems to be wholly theoretical but Hormhei
appears to have tried many actual experiments. These exweriments demonstrated
that normally overland flow is mixed, although with increase both of distance of
flow and of dewnth it becomes wholly turbulent. On a strip down a slope which is
of unit-width there is a definite relation between depth, D, discharge, 4, and
velocity, 7. Since Q = DV substitution shows that for fully turbulent flow
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Q ¢ D5/3 1/2, for purely laminar flow Q ¢ %8, ow if we use the formula for
velocity in thin sheets derived by Lewis and Xeal then Q : Dle9 5.7, The following
develooment will employ their formula instead of those used by the original authors.
It must first be realized that very thin sheets of water may flow in waves; these
are probably the result of viscosity. Water piles up until slope is locally enough
to overcome viscous resistance. Flow is then accelerated until the sheet thins

then the process starts over again. Horton felt that the waves act like a serles of
sudden blows and increase erosione.

Little's views. Little, as mentioned above, used the exn»ression which “1vgs
loss of head with turbulent flow in pipes to exnress’erosive force, namely Fi ¥ /D.
Substituting D = Q/V this bec%mes F=Y fQ. Substituting the formula 10? mixed
flow for V this becomes F : Q°/19 521/19, Solving for §, S : Fl8/2l 2l and gge
equation of a slope of uniiorm force by unit volume becomes f : ntd/2 or £ 1 0 .

Horton's views. Horton emnloyed the time~honored tractive force equation for
force on the bed under a strip of unit width: This equation is also known as the
denth-slope formula or DuBoys formula. It is simply the component of weight of
water on unit area which is marallel to the surface. Since weight is then pro-
portioned to depth, which is Q/V, 1t aspears that:

F : D=x sin A{where ﬂ.is the angle of slope in degreess

By substitution for vdlue of D and taking @ : h we find:

F:n 10/19 S--’?/19

sin A

This expression is not readily comparable with that of Little unless we assume that
for moderate slopes sin A 1 esoentlally equivalent to 7 gtan A) Making his
substitution ¥ : hl0/19 gle ?olv1ng for 8, S t This yields for
a profile of uvwniform force f : h oF i R h'l°7 or a much more concave slope than
does the other aworoacﬁ.’ In making a commarison it is desirable to realize that
Horton's formuls gives the entire notential energy whereas Little's attemnts to

determine what nart of total force is actually anplied to the bed.

Resigtance to erosion. Horton computed the forece of flow 2t the noint where
erosion begins. This was exvressed in pounds ner foote and ranges from 0,5 lb/ftz
for newly cultlvated soil to 0.5 lb/ftv on sod, a range of 10 times. Of course,
not all this force is actually exnended on the soil for much is lost in ianternal
resistance to flow, The resistance of soil to erosion was ignored by most of the
older writers. It depends upon several factors: (a) rate of infiltration, (b) phys-
ical nature of the soil, its structure as well as texture, and (e¢) kind of vegeta-
tion. Soils which have the finer particles aggregated into mellets or which
awell when wet have a high resistance to washing commared to vhat would be expected
from their mechanical analyses.

Belt of no srosion, One of Horton's major contributions to geomorpholoygy is
the reasoning that a csrtain minimum distance is required below any divide to gather
sufficient water to »ermit tha runoff to overcome the resistance of the soil to ero-
glon. In maklag such computations it is evident that the actual force exerted on
the soil is of no importance; what is found is simply .the point at which erosion
does begin. t is also evident that the width of gathering ground will vary Ddoth
with rate of rainfall and with nature of the soil, Horton computed that on a 5
degree slope plowed land with rainfall rate of 0,5 in/hr. will not be eroded for
153 feet from the divide, whereas with a rate of 2,0 in/hr the belt of no erosion
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shrinks to only &8 feet. The corresponding results for sod are 7046 feet and 1762
feet respectively. From these figures it is fair to conclude that the belt of no
erosion is a fact but that it is of little importance when the resistance of the
soil to erosion is low. When resistance is high, however, the impnortance of the
belt of no erosion is low. When resistance is high, however, the importance of

the belt of no erosion cannot be exagserated. In prairie areas it is not difficult
t¢ see that valleys do not extend to the divides. Naturally the width of the belt
varies inversely with rate of rainfall so that its effect on erosion varies with the
Zrejquency of heavy rains.

Profiles daveloped by slope wagsh. All the formulas outlined above agree in

sc far as they indicate that profiles developed by slopewash are concave upward.
Tie concen’ of the belt of no erosion shows that unless there is no vegetation such
oref les 1o not extend to the divides. The variation of width of that belt may
1eln to explair the convexity of many hilltops although this is not the only explan-
ation of vhat yphenomenon. The checking of which formula is most nearly correct
must rest upon platting of actual profiles of slopes in uniform material. Unfor-
tunabely, such nrofiles are not at present available., In many regions the lower
sl.opcs have been covered by filling of the valleys or there is too much variation
in the underlying materials. When examples are available the values of the cou-
stants of proportionality can be determined. In his analysis Little did not
assume that quantity is directly nroportioned to distance from the divide but ia-
shead used a rainfall equation quoted in the first section. 3By means of rather
comnlex algebraic anclysis he eliminated time and obtained as the exponent of a
profile of uniform force 9/11, that is a much less concave slope than do the
others., R:3asoning that through geologic time quantity is dirdctly related to
d1k+ince tJe exponent Decomes 7/9. Both of these results are for fully turbulent
f.ow. Herton also used slope distances instead of horizontal distances. On mc .-
ertte anc. low slopes this wcvld make little difference.

Tonwography due itc _slopewash. The mathematical discussion above presupnoses
the: material is removed uniformly from the area of slopewash. ZExperience shows
thet sueh is noi the case. Instead, as pointed out by Horton, many parallel rill
chunnels ~re fcimed all over the area. 3IJach goes directly down the slope. Do Lt
less minute differences in resistance is in vart resvonsible for this coancentro-
tion. Another possible cause is surface tension of the water which,would draw it
to,oather into threads. Once concentrated, erosion is magnified by the increase
in volume. Total amount of erosion also increases with distance down the slope.
Horton's figures based on experiments anpear to show that inerease in erosion is
£% a more rapid rate than his formulas indicate. Another interesting observation
iy that “n excentionally heavy rainfall the sod cover may be broken and rolled up
levving ere soil.

Formstion of valleys. Formation of volleys on a newly-formed land surface
waich is steep enough to cause slopewash erosion follows upon the original rilis.
Certain »ills bedone deeper than others. Overflow of the tiny divides causes con-
centration of water in these larger streams. This process Horton termed cross

grading. In tize it obliterates most of the original rills. Systems of tritussw:
ravines develop across the original rills. Resulting slopes alter the direction
of rills. The process is repeated until the entire area of a drainage basin has
valleys so spaced that there is no land outside the normal width of the belt ~7 zno
eroslon s found along every divide. Thus it follows that the developuent o
valleys obeys a definite mathematical law. In nature the boundaries of drainsge
hbasins are gensrally ovoid and the material is not uniform either in infiltration
cenacity or resistauce to erosion.
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Relation of streams to underground water. Temporary or intermittent streams,
which flow only during and shortly after rain or melting of snow, normally lose
some of their flow to underground water provided mantle rock and bed rock have suf-
ficient permeability. Permanent streams are supplied in the interwvals of no new
supply from slopewash or surface runoff by the disciiarge of springs. It follows
that such stre~ms can only exist below the level at which their beds intersect the
zone of saturai-on or water table. IExceptions to this rule are streams supplied by
melting snow or the drainage of a humid ares which flows through regions of less
orecipitation. Under these circumstances streams may be losing water to the ground
weber over a considerable portion of their courses. If underlying material is com—
uci3ed of fine particles causing low permeability this loss is not of very great
me. 531 tude.

Intrh:ce angles of tributary streams. Since streams normally flow direcily

“owa the 3love 7 the land rather than at an angle to it, it is obvious that the
ang.e at shich they Jjoin one another depends unon the ratio between two regional
slooes. Lf slopes are gentle and both essentially equal the entrance angle might
be o¢ almost any value. This condition is found on flat plains. Here the angles
renze from 60 to 80 degsrees except where interfered with by vegetation. In cases
where the wmalan valley lhias a low slope and the sides a moderate inclination the eu-
rence anzies ¢re abeut 60 degrees. If tributaries enter froms teep side slopes in-
L0 & gently slcning main stream the angle approaches 90 degrees.

Stream orders. Horton devised a system of stream orders which does not agree
wita that mployed by some Buropeans. The short unbranched streams next the head-
waters (f2 the most part intermittent) are the first order. Those which reecive
tri®nitaries of the first ordsr are second order streams. The same process is
cercied cn as long as necessary. In cases of doubt the stream below a junction is
proionged and the stream wit: the greater angle of entrance in reference to this
line is taken as of the lower order. If both branches are close to the same lszagth
the shorter one is of the lower order. If both branches are close to the same
hortsr one is of the lower order. The order of a stream is unchansed

Drainame density. It has long been noted that many drainage basins giffer
greatiy .n the number of streams for their area. It has commonly been thought that
th1 .- Tact is related only to climate or %o stage of development of the drainagc
sy»*em but Forten urges that the factors of infiltration capacity and width of ‘he
0z.v of nc erosion have been neglected. He expresses drainage density by divicdiag
tie total length of streams in a basin by its area in square miles. 3uth permanent
2¢ intermittent streams must be included. The reciprocal of twige the drainage
ensity gives arproximately the average length of overland flow. Stream fregusnc:
i3 compuced by cividing the area of the basin into the total number of streams of
each order.

o
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Drainage texture. Texiure of drainege is simply another word for densiiy.
Many investigators have applied the factor of infiltration to account For corrse
texture of draisage, that is a basin with relatively few streams. Althouzh his
is imvortant, a factor which has been ignored by almost evaryone is the relativ-e vo-
sistance cf both mantle rock and bed rock to erosion. Drainage basins in areas of
resistant rocks =2re characteristicelly of low density or coarse texture. This «za
be cxplaiued by the fact that it requires a large area to gather enough wate: %o
moke a valley. Areas underlain by shale or clay almost invariably have fine - ex—
“ured drainage. This factor explains the drainage pattern of Bad Lands. In some
ar2as of ceep mantle rock on hard bed rock shallow gullies display a fine texture
althoush the major valleys have coarse texture.
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Laws of drainage distribution. Horton worked out the following laws which
govern the number of streams of different orders in a dr alnnge basin. The propor-
tion between the number of streams of given order in o basin to those of the next
lower order is the bifurcation ratio. The number of streams of different orders in
a basin anproximates an inverse geometric series in which the first term is unity
and the ratio is the bifurcation ratio. The average lengths of streams in a given
.hasin approxim:tes & direct geometric series in which the first term is the average

length of stresms of the first order. Horton held that these laws, which follow
moa the principles of formation of successive tributaries, lend quantitative sup-
et to Playfalrs Law of accordant stream junctions. He laid great stress on

ai.other relation, the ratio between the stream length ratio and the bifurcation
ratio as expressing the nature of the drainage. Stream slopes were found to be in
*nverse geometric series thus relating them to different stream orders and proving
Playfairs law. To give a complete quantitative picture of a drainage basin he
iisted: drainage area, order of main stream, bifurcation ratio, stream length
ratio, and either length of main stream or average length of first order streams.
Trom this the drainage density, stream frequency, etc. can be computed. HMethods
were worked out by vhich to estimate the length of first order streams where map
data are inadecuate. The value of all this quantitative data to geomorvnhology is
yet to be demonstrated but its value in making definite commarisons is obvious.

Drainage patterns. Because streams are shown on maps which give no other

data much attention has been devoted to drainage patterns. bMost textbooks
classify these into dendritic or tree-like and rectansular or trellis. Some
authors also describe radial drainage such as that of a volcano, and ceantrivetal
as the drailnage of a basin, where streams meet at a common point. Braided stroams
disvlide and reunite repeatedly. DBranches vwhich lead water away from a main streem
ace distributaries. In resmsct to the use of the term dendritic it is evident that
the originators had in mind only the ordinary hardwood trees for all drainage pat-
terns resemble the branching of some variety of tree! As brought out above the
drainage nattern reflects relative slopes of tributaries and main streams and this
is in general a result of the geologic structure of the underlying bed rock. If
we study the variety of land surfaces on which streams originated it is really re-
arkable that there are not more distinet patterns. Branching or dendritic pal’ erns
ndizate horizontal uniformity of material. Great irregularity of »attern indicates
‘rimary surface of considerable relief such as that of the rougher phases of

.ial érift or of volcanic areas. Only streams which originated on rather g2utly
l-ping but not level surfaces wers nreceded by the slope wash grading postulated
7 Horton. In many areas such as the more level nortions of upraised sea bottom cw
~laclal rift no Hreliminary slone wash was nossible.

'mchmw-a

Relation of stream coarses to geclogy. In many areas of disturbed rocks it :s
covious that most streams are located on the outerons of the less resistant bed
rocks regordless of the position of antielines or synclines which might coneeivably
have directed the orimary drainage when the area was uplifted. The original or
consequent courses have evidently been abandoned in favor of others which are ad-
Justed to the nsture of the bed rock and its associated mantle rock. In this pro-
cess it is clear that streams which hapnened to be located on less resistant mater-
ial deepened and widened thelir valleys to such an extent that in time they obliter-
ated stroeams which were not so favorably located. The adjusted streams are termsl
subsequent. In such areas where the rock formetions vary greatly in resistance to
erorion the drairage nattern becomes rectangular. Tributaries from steep ridges

the outerop of resistant formations enter the valleys along the strike oi non-
resistant formations nearly at right angles. However, there are excentions to this
rv..2. Where a considerable thickness of similar material occurs drainage is den-
dr_tic. The subsequent streams in many nlaces cross through the ridges in water
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gaps, whose origin is in many pleces disnuted.

Valleys due to recession of falls. Falls occur vhere (a) a stream descends a
steep slope formed by another agency, (b) there is a marked change in resistmce
to erosion along either a near-vertical plane, or (c) sof't easily erodible material
occurs beneath a firm cap gock or other resistant layer. In many small falls at
the head of ravines the capping material is sod or even just B horizon of the soil
profils. Wate: which falls freely reaches a very considerable velocity, far more
than is common in streams. However, there is a limit height at which the kinetic
anergy of the water is effective in erosion. Above a few hundred feet fall the wat-
> is broksn irto drops by air resistance and hence is ineffective. This is well
i Justrated in the high falls of the Yosemite Valley, California. 1In lower falls
the descending water swirls around boulders and pebbles which aid in excavating
a plungernol beneath the falls. Plungepools are normally filled with water but
at ihe abandoned falls of the Columbia Plateau, Washington, several are sasily
observed. These depressions should not be confused with smallsr potholes made by
ratary motion of stones in sny rapid current. Excellent examples of potholes can
be szen in Interstate Park, Taylors Falls, Minnesota. They are very common along
al” swif* streams. As the crest of a falls is worn back by undermining and
failing the plungepool moves upstream. A fall normally looses height not only by
breaking off of parts of the crest but also by the steep grade required for the
s%rean in the gorge which is formed by its recession. Although excavated to the
cepth of the bottom of the plungepool, the gorge helow is shoaled by coarse debris,
in part excavated there and in part fallen from the walls. Leakes occur in abandou-
ed plungepools. In general, however, the bottom of a valley formed by fall reces-
sion has .ess slope than a valley made by the same size stream by downward erosion
aling it: entire length. A good exampoe of a valley thus formed where the falls
woic baci until entirely obliterated is the upper section of Grand Coulee,
Vasbington. The width of a gorge made by falls during their recession may vary
greatly if the discharge or material has not been uniform. A good example 1s the
gorge below Fiagara Falls. A widespot at the Whirlpool is due to intersectior i
the gorge with an old drift-filled' gorge of earlier origin. 3Energy of fall of
un’t volume is naturally constant but total amount of work varies with discharge
of the stream. This reduction botk in power and rate of recession does not in
itself leave ai;” record in the form of the gorge. But since there is generall;  a
relrtion bDetweer discharge and width of channel a shrunken stream excavates a
ne i ower gorge than does a larger one. This also is well displayed at Iliagara
en’ vitiates its value as a "geological clock" by which early geologists sough" t:
detsrmina the number of years since its formation by dividing the known modern
rate of recession into total length of the gorge.

Valleyg due to springs. Where a large soring emerges low down on a slove
the erosion is somewhat similar to that at the bottom of falls although the
amount of avaiioble energy may not be anywhere near as great. The elevation
of the valley head is fixed by the level at which water can emerge. Valleys
of this type hove been described from the Columbia Plateau where the wnters
emerge baneath Masalt flows. They are also common in the glacial drift.

Initial formation of conseguent valleys. Land surfaces originate.in ma.y
ways. An area mey be the bottom of a sea or lake now emerged from the waves,
or it may have been made by stream, glacial, or volcanic deposition. In every
case there has been a change from sedimentation in some form to erosion. This
charige is not necessarily due to uplift or to change in level of sea or lake:
it may be due to change of climate or smply to cessation of deposition. Host
theoretis reasoning has been started with the premise taat a relatively flat




=47

sea bottom was upraised rather suddenly so that no significant amount of erosion
occured during uwplift. Furthermore, it has genarally been postula ted that the
climate was humid and that the initial surface contained mcfe or less irregular—
ities so that the first drainage was imperfect. Good examples of Jjust these
c¢onditions may be observed in the lower ports of the Atlantic and Gulf Coastal
Piain, as %=1l as ¢ the [Priter glacial drifts, Examples of irregular initial
surface ars found in the rowher arsas of glacial drift, in wvoleaniec distriets,
216 in regions wherz uplift was due to faulting or folding. Two distinct
ronditions mey thur ve present: (a) the primary surface is so flat, or so
r:rm¥abla, or botl. that slopewash cannot occur, or (D) the original surface was
alnered first by ovarland wesh before valleys were formed. We have already
carsidered Horton's anproach to the formation of valleys by successive gradings
by sinpewash until there is no more area left which can be thus altered. This
view Ls supported by the observed fact that the sueccessive dividing up of a
draini.ge arca is disulayed in the bifurcation ratio. But where primary slonewag
could not occur, as on the glacial plains the origin of valleys must depend more
on chance. Concentration of watsr would then depend uvon local conditions brought
about by minor irregularitics of the surface. Original ponds and swamps would be
abundant in the interstream areas, as 1s esagily observed in glaciated districts.
But in elithoer case it is clear that concentrated water does form valleys of
consequent streams.

Alteraition of valley sides. Were erosion confined entirely to stream beds
all valleys would be of the box cenyon type with vertical sides. Examplas of such
valleys are confined to those which were formed not long ago and in which erosion
is still concerned mainly with deepening the bed because of rspid flow. ZExamples
are found in many localites where streams diverted by glacizal deposition are now
malring canyons in the bed roeclz. DBut very slight reflection shows that vertical
valley wallg would be extremely unsteble. They are altered by erosion of small
tributary valleyrs, as well 2s by sliding and creen of the sides., Some have thought
that all young valleys heve convex sides because of ths rgid lowering of the bed.
This is certainly true in some localities, especially where creep slones form
in incoherent matsrial. In many unconsolidated materials, such as most of the
glacial érift, the angle of slope is even like that of o talus slope because it
is due to sliding. Rough landslide slopes ere also common, »articularly where
ground water emerges, Reduction of valley-sides to & slone natirally exooses
then to slonevasi. Even if the areas botween streams were at first confined to
tie belt of no erosion it is clear tiet as valleys were deevened the stesp slopes

along taen would wear baclt into the formerly immune arca. In other words, the
~ slope of stebility for given matsrial ond climate must start at the stream level
and has no relation to the divides. Another factor, which must be considered
is that ths width of the belt of no erosion is variable becanse of occasional
torrential downpours. This variability of width may easily be a factor in
producing a convex divide even in areas where there is no important amount of creep.
The belt of no erosion on divides cannot be of constant width until stability is
attained along the velley sides by an equality of forse of erosion to resistance
of material to removal. OUnce this condition ig reached valley formation is
essentially complete unless disturbed vy sarth movement, change of climmte, or
he work of man.

Base level of streams, A stream vdley can be sroded no lower than the bed of
the stream into which this valley debouches, nor can any stream valley be eraded
more than a slight distancs boneath the level of the body of standirg water it

reaches, or tie level of a valley filled by stream deposits int which, in the case

~

¢f a semi-arid climate it ends its couvrse. This limitation is known as base-

Level and its effects have long been owmpreciated. The accordance of most stream
Junctions is known as Playfair's Law. There sre some excentions to this law
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where the main stream is supnlied from melting snows of the mountains or some
other more constant water supply then the local precipitation which supplies
its tributaries. Many examples of Langing valleys which have been unable to
keen pace with the deepening of the main river are present in the Grand Canyon
of tie Colorado. Another cause of discordant junctions is tilting of the land
along the direction of the main stream as is well shown in the Sierra Mountains
oi California. The velocity of the stream which flowed down the tilted surface
was inercased uad that of the tributaries which flowed at right angles was
wasffected until the main valley was deepened. Lateral motion of a stream may
:.sc cut away the lower end of a tributary.

ateral erosion of streams. Latar 11 erosion is best developed after a

. valley attaines such a grade that it is able to carry off the debris which
is broud&ﬁ $0 it by hoth trloutarle_ and slonewash. Develonment of bends and
trus meanders vhen can take place because velocity is reduced to a point where
the lateral couponent of motion is important. Most text Dooks lay much stress on
the widening of stream valleys by lateral erosion. Cut banks where the stream
swinzs arainst the bluffs ars common and doubtless account for the observed fact
the nil's adjoining a large stream are commonly steeper than those along small
tributaries. Good examples of this are present along the Upper Mississippil
vailsy axi 1eec. only in part be accounted for by glacial floods. Such erosion
crves to upset the belt of no erosion which was in former equilibrium. But

the view that ti:is is the major process of valley widening oroducing a wide
;LOOdUl 3in underlain by bed rock at slight denth is not confirmesd’ by examination
of most siream valleys of the United States. Much more common is a considerable
amount oF stresm deposits beneath the wvalley floor., ©Such are explicable by
chonge ¢: sea level, or of climate or by the indirect effects of glaciation.
Ialcral vrosioa is also limited by the factors which control the width of the
rasnder belt as previously cutlined. How far lateral erosion might exteat in
tig is problematical.

0
<«
b
@
?3’ -

m

Formation of nediments. Special conditions which apparently emhance the in-
no.vance of lateral stream erosion are present in areas where the amount of water
is not encugh, or the slope is not sufficient, for the streams to trans»ort their
loacd. %o the se.:.. These conditions appear to be most readily attained at the buses
of mountains in a semi-arid climate like that of the southwestern part of the
Basin end Range orovince. Fere the streams for the most nart never reach the
scv. Instead they are filling, or have filled, basins between the mountains which
ve s orizinally made by earth movements. 3Iven above the major areas of deposition,
i which there is at times' standing water in some places, the streams are obliged
vv the docrease of grade, aided to a small extent perhaps by evanoration, to lay
“own the ~oarser part of the load which they acquired in the mountains. They
fl-w in 2 brai’:d course on these denosits and build up their beds to such an ex-
v3.:b that shirfts of channel are of common occurrence. Under these conditions the
tateral comjonznt of force is alone present. Valleys, where they reach the foot
of the movntains, are widened, the ends of spurs, outlying elevations, and even ihe
nmourtain face l%tself are cut back Dy lateral erosion. It has been argued that
such lateral ernsion is not the major cause of pediments, as the sloping areas of
emocth bed rock thinly covered with gravel are called, because so few tyoieal
examoles of cut banks occur. As a matter of fact, it is true that mediments are
best develoned on rocks like granite or sandstone which disintegrate into material
readily moved Wy both streams and slopewash. It is, therefore, not 1o be denied
that, as the interstream areas are planed down and weathered down, slopewash fakes
an Increasingly imvortant nart in reduction of the area. This was realizec long
ago by tae geologists who hanpened to witness gheet floods. YWith the scanty vege-~
tation o7 senmi-aric regions overland wash during occasional downpours is of
graater importance in shaning the landscape than might at first be realized. Very
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slight inerease in rainfall would check it by increasing vegetation. Concurrently
the increase of rainfall should cause the main streams to erode their beds to
lower levels. dJust how arid the climaté must be to allow formation of pediments
is vicertaein and the same remark sanplies to the possible extent that they might
evertually attain.

Cycle of -rosion. The fact that erosion vprogresses through a definite gycle
w2 discovered long ago but was first widely publicized by W.M. Davis. His
situlate wos that uplift is relatively sudden compared with erosion. Erosion
“ereunon follows a definite pattern of few stream valleys at first, then more
1orough (issection, followed in the end (provided no earth movement unset con-
(..tions) by redretion of divides to a gently sloning surface called a zeneplain.
A relati~cly humid climate was assumed in order to carry out this ideal wrogres-
sicr., ©1 the »nther hand Penck suggested that in some cases uplift was much
sicwer than er-sion so that the stens outlined above need not follow« Develon=—
neut of liese soncepts by their prononents was mainly philosonhical rather than
observational. This is particularly true in respect to the endpoint of erosion.
Alsiough nany eramples can be discovered, for instance in the Coastal Plain and the
ercied ¢rift pilains, of the progressive development of valley systems with concur-
rent redaction in sur“lvlng areas of the original topogranhy until none survives,
rc «xistiug examples of nenenlains of recent formation have ever been discovered,
4All that could be poiunted out to confirm the velidity of the completion of the
syele can be clugssed as (a) worn-down areas which are inferred to have been up-
lifted and eroded since meneplaination, (b) buried peneplains now exhumed in nart,
zad {e) " .at areas with rock not far betow the surface found in semi-arid or
s2aconal iainfall esreas. Some enthusiastic students actually described as young
peeplains areas of Lzke or stream devnosits where bed rock lies at considerab.=
c“n thse It is probabie tha: such errors are in large part explicable by the emphe-
si. placsd by some geologisve on widespread vlanation by streams. Although such
lateral erosion would certainly be an important factor in completion of a peneplain
it ‘s more characteristic of a nediment. The climatic conditions under which hany
anzlent g.rface. like the pre-Cambrian peneplain of Worth America were formed .
whooly vnknown., ZIZxamnles of topography in Africa strongly suggest that season 11
rainfall cn detn sides of the equator may promote pediment formation just as wall
as Jdoes spnoracic rainall on mountains in the Creat Basin. Certainly itle numerous
exarmles of mcasdnocks with very steen sides (inselberge or island mountains) an-
7 to snggest formation by lateral erosion of streams whose level was fixed by
thetr owa denosits. Only sach a wrocess could possibly explain the stczepslopec -
‘cvvher dlgerimination of peneplains from pediments follows later in this section,
s well os 2 discussion of the identification of remnants of erosion surfaces of
iifrer=i ages in the same district.

4

Bffcct of solution on wenewnlaination. Most Aiscussions of peneplaination have
ignored the effzcts of solution. On water-soluble rocks, such as limestone, this
nrocess can werk over the entire exposed area at once. It is even effactive o
somz exteut widsr a cover of permeable rock. The resvwlt is that, unless dis.urbed
by crustai movement or change of climate, a nearly level surface is formed.

Interruniions of the cycle of erosion. Many students have justly expressed
douht that the theoretical cycle of humid erosion could ever be brought to cormle-
tion. The sedimentary record does not suggest that the lands ever remained in
the same relation to sea level for more than a fraction of the nrobable time which
skounld te required. Although we cannot now express in years the time whiech woulo
he required for perfect penenlaination of a mountain range, we are able to measure
+1LroxiuAtely the duration of the several geologic mneriods by means of the study
of atomic disintegration. The consensus of opinion is that the entire time since

tize beginning of the Cambrian is not over 500 million years. If we think of the




rate of srosion slowing down markedly toward the end of a cyecle, when the distance
through which rainfall descendsd %o the sea was small, it is not difficult to con-
clude that known geologic time is too short to permit the completion of so many
cycles as have been postulated by some. If the cycles were not as comnlete as has
been believed, then the possible number would be much inereased but it is still
evident that it cannot be large. For instance, it is thought that the Lower
Cretaceous began not more than 120 million years ago. Yet many have thought that
prior tc the Upper Cretaceous of 95 million years ago, there was not only loang
denosition of limestone, followed by earth movements, and they by a reasonably
verfect neneplain over most of the Atlantic seaboard if not all of eastern North
imerical! The eroded rocks included not only the Lower Cretaceous limestones but
also large areas of crystallines. Are we not asking too much of ordinary erosion?
Tt is true that in parts of the Arbuckle Mountains of Oklahoma a subdued surface
wes eroded across tilted and folded sediments tens of thousands of feet thick,

and then buried again within a fraction of the Pennsylvanian period. However,
this seems to have been a local and not a regional planation, possibly a pediment
sormed on roeclzs not yet comnletely lithified. In spite of this somewhat startling
gvidence it does anpear likely that most cycles of erosion could never have reached
the theoretical endpoint without interruntion by earth movement or change of sea
level. Uplifts were both those without distortion of the sea bottom and those
associated with folding. Desides these diastrophic movements we must reckon with
obstruction of drainage by vulcanism, glaciation, and landsliding as well as with
chenges in climate. When an uplift occurs it follows that erosion with the changd
baselevel will largely obliterate all record of the wnartial cycle befors.

Terracaes. ihen a river has stabilized its slope, or reached grade as many
term it, a normal feature is the formation of a wide valley floored with debris,
which, althoush in transit down the stream, must perforce be left stranded during
the intsrvals between floods. Such a devosit floors a floodplain and the thick-
ness of material above the badrock cannot be greater tham the usual flood-time
denth of the channel. When the baselevel is changed or there is a change in
climate either (a) the floodplain is built un with stream debris because the river
cannot forward its load any longer, or (b) increase of slope accelerates the rate
of erosion entrenching the stream and leaving the former Tloodylain as a terrace.
The method of uplift might be with or without warning or local irregulerity or
might be a regional uniform tilt. As mentioned above, the last would accelerate
the wvelocity of the stream all along its course nt once causing it to form a new
longitudinal profile. If an uplift without tilting, or the equivalent a change
of the amount of water in the oceans, then the new profile must grow inland
gradually. Irregular uplift would be a combination of the above conditions. The
inland limit of the new wnrofile has been termed a anickpoint and mch attention has
been directed to the finding of ooints of change of profile in a stream.
Logarithmic plotting will show at once where these occur but it is not evident
which are related to differences of geology and which to the start of a new cycle
of erosion. The example on the middle Wisconsin River cited above is clearly due
to erosion of the rock barrier at the Dells below. It is very indefinite in the
detailed profile, for the change in slone of a stream is generally very gradual.
Ageradation of a valley with debris is the converse process of terrace forma-
tion. It may be due to: (a) building of a delta at the mouth of a stream, (D)
climeiic change, (c) obstruction of a portion of a valley by earth movemsnt or
deposition, or (d) glaciation which supnlied a tremendous amount of loose material
to the stream. In and near to the glaciated regions the valleys which carried
glacial meltwaters were filled up to great denths with outwash (glacial sand and
gravel) . Logarithmic plotting of the ngq{éles of a number of outwash deposits
in Wisconsin yielded the equation £ : h'/ where fall is in feet and horizontal
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distance in miles. The constant of proportionality varies from 9 to 25 inversely
%5 the discharge of the stream. It is evident that with such a concave profile
nelring back of the ice front auntomatically changes the slope of the outwash

c¢tresms at any given point. Readjustment then forms a terrace above the new level.
Mzay strears scarried vhe oveiflow of large lakes during ice retreat and the in-

=~ sased disouzrge -zused eroson leaving terraces. The grade of many outwash de-
wozits was changed Ly the maliting of included ice masses which had been buried in
she denosits. This zhange formed many terraces. During the erosion of many out-

u denosits the srrsams were in mlaces sumerimposed across rock ridges. Until
sroded away these ¢:used wide valleys above which were later entrenched into
serrecese Other outwash terrac-s were banked against ice which on melting left
the~ high above later stresms. Deposition of outwash in the routes of glacial
drainage was so ranid that it blocked up the tributary streams which headed in ter-
ritory not glaciated ai that time. The lower parts of these vealleys at first held
lakss Hut terracing of the outwash hos in almost all places drained these. Deltas
were denosited in these temporary lakes and streams which built up their beds to
meet the new conditions were locally superimposed on rock spurs. Trout Falls,

near Camp llcCoy is of this origin. Terraces due to climatic change are perhaps the
least well understood. In general, aridity should lead to excessive slopewash which
would bring more material to the streams than they could carry away until the slope
was increased throughout their length. Zuropean geologists think of this taking
place in regions near to the continental zglaciers becouse cold decreased vegetation.
Return of more precipitation or higher temperature would increase vegetation, check
slone erosion, and cause the enlsrged streams to seek a new profile. In this case
terraces would result. Opinion has varied with diiferent geologists as to vhether
the numerous terraces and pediment levels in the southwest nart of this country were
due to change in climate or to uplift. It is orobable that study of the profiles
by methods here outlined will eventually solwve this problem. In regions of folded
rocks it seems reasonable to suggest that many terraces are due to stream entrench-
ment following upon the main stream cutting through a resistant formation.

=

Terrace tonogranhy. OSince terraces are remnants of former higher filling
in a valley, or a former wide valley adapted to a different condition of erosion,
their borders represent the edge of a new lower floodplain. Where the eroding
stream meandered it cut loops into the bank vhich are known as meander geers. Be-
tween these loops the spurs are sharp geander cusns. If, however, the stream was
not meandering, or the process of erosion continued for a very long time, such
cusns are absent. Terraces formed while the ocutwash in which they were sroded still
contained many ice fragments are now filled with kettle holes and are hard to dis-
tinguish from true ice contact terraces where one side restad against stagnant
glacial ice. Terraces formed by uplift or change in stream volume normally occur
at corresponding elevations on both sides of the vallsy. Such are called paired
terraces. Terraces due simply to lateral erosion of a shifting stream during
down cutting are unvaired. Terraces which survived because the valley filling
rested on bed rock are of ten termed rock defended. Terrace surfaces normally show
2ld stream beds which can be distinguished in asrial photographs long after they
carried sny water. Both braided and meandering patterns may easily be discerned
because of the differences in soil in the lower areas of the stream beds.

Correlation of terraces. OJorrect correlation of naired terraces is difficult,
The surfaces were never smooth ané since abandonment have been extensively altered
sy devosits from slope wash and wind work. The best way to match observations at
Jifferent points is to construct a profils down the center line of the wvalley. On
“hig correlation is rarely difficwlt. A further check is logarithmic platting which
Ziscloses any miscorrelations at once.
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Incised meanders or mesndering wvalleys. It has alresdy been mentioned that
some valleys aave meandering courses. Two distinct explanations hove been advanced
to explain this fact. PFirst, it has been suggested thot during downcutting the
lateral component of erosion caused whnt were originally minor curves to grow imnto
lorge meanders. This process would be best developed where the wvalley walls were
n2t as resistant to erosion as was the bed of the stream, which during low water
03y have been nrotected by the bed ioad dropped after the last flood. Meanders
¢l this type were namsd ingrown by Rich. Second, a stream which was meandering on
a floodplain (not necessarily on a mpeneplain, as many have supposed) night be
wnsifted and erosion reinstated. If bed rock was necar the surface, and not at
wousiderable dent!. ag on Wisconsin River, the meanders would not be destroyed but
womld become fixed between rock walls. If theses rock velley sides were sufiicient-
ly resistant thet lateral growth and downstream sweep were alike retarded then the
mearders would be sroded into the rock without much change of form. This type
was termed intreanched by Rich. As a matter of fact, both typves are often found on
the same stream, if we can believe topographic maps. The insides of the bends
arc the criterion by which they may be distingvished. The meanders which increas—
ed in size have glipoff slopes commonly veneered with gravel, whersas the cther
type have practically the same slowe on both sides. Intrenched meanders are abun—
dant in the Colorado Plateau where resistant formetions of rock lay not far below
the ancient floodplain. 3By restoration of the geology the position of the level
nrior to uplift may be made with confidence. Such meanders definitely prove up-
1ift of a region and ths ingrown tyme does nou, althouch its possibility is not
denied by taeir evidence. kMeandering valleys ars almost the sole evidence of
change in baselevel of some regions lilke the Driftless Area.

Stream patterns on floodplains. In most stream valleys there is a floodplain

which ig occupied only at tle highest levels and is in distinct contrast with

the normal low water channel. In many floodplains the border of the low water
channel is higher than tie area behind next to the valley wall. This feature is
known as a netural lsvee and the low area behind is called the back swamp. The
vattern of the main stream may be either dbraided or neandering. Braided natterns
vhere the stream branches and reunites repeatedly are best developed where rapid
ceposition is taking place. Meandering streams may occvr either on floodplains
wialch are being bnuilt up or on those that are being eroded. Natural levees due
vo flood ovarflow end checking of velocity among the trees of the shore are Dbest
developed where the floodplain is being built up, for instarnce above a dalta.
Braided streams are universal on the wpper part of outwash plains while still
form1ng, in the beds of sandy rivers at low water, below brealzs made by floods
(crevasses) through natural levees and on deltas and alluvial fans. Within the
back swamp the streams have no definite pattern but form an irregular netyoric
through the vegetation. Various explanations have been offered for the difference
between mesndering and braiding. The former is more characieristic of streams
which have flowed for sone time 2néd hence hove organized a definite channel with
few islands or ftowhsads. Braiding is anprrently sn indication of immaturity

and rapid deposition. A peculiar feature is the ending of meandering on ilississ-
ipni River not far below New Urleans and well below the first digtributaries of
the deita. 1Ir thls part of the river diffnr"nces in water level are not great.
Possibly lateral cutting is hindered by the firm clay of the natural levees.
Certainly caenges in route tc the sea have not occurred in historic time. Another
featurs of floofplains with pronounced natural levees is tributsry streams of the
Jazoo tyne where access to the main river is nrevented down to a locality where
ndercutting of the bluff is taking pnlace. ZExamples of what must certainly have
nce been this type of strecm junction before later erosion appear in the Tennessee
nd Cumberland near the Ohio, as well as where the Illincis reaches the Missigs-
'ppi.
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Deltas. Any stream which discharges into standing water is obliged to devosit
its bed load at once. The suspended load may travel far before settling. Fresh
wahor, even when muddy, is lighter than salt water and hence floats. Meltwater
ivz=n from a glacier is less dense than is the underlying water because it is coldere
Ttz coarse metorial dropned at once slides cown into foreset beds. Sand and gravel
rmoear to come to rest at a slope of about 25 degrees. This abrupt descent from

Lne nearly level top Soward the lake or sea is an excellent diagnostic featwre dy
vhich ancient deltas now far above the water may be discriminated. The mouth of one
27 the distributary streams on a delta is commonly shallow because of dewosition.

2113 passes of the HMississippi are kept open for navigetion by artificial narrowing
viih Jetties. Yhis deepening of the bottom has caused eruptions of mud called mug-
-umrs which are mechanically similar to the base-failure slides of the Panama Canal.
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Alluviel fons. The alluvial fan is the land equivalent of a delta. Change in
original slopge of the land at the foot of mountains or hills is a common cause of
denosition of the bed load which was acquired higher up the streams. Although
tynically developed in semi-orid districts, alluvial fans can be made in any climate.
Many can be so observed filling up kettles in sandy glaciated regions. Streams on
fans are braided. Variation in discharge is rapid and zreat in most regions.
Fivaporation and secpage into the norous material are often regarded as important
Tactors in deposgition, but their quantitative imwortance is yet to be demonstrated.
in California extensive water-spreading works are necessary to increase the soak-in
and conserve water which would otherwise reach the sea. Restraint of streams from
changing course to places less filled up is difficult but apnears to have accomp-
lished in some places by narrowing the channel to one whose competence and capacity
are greater than the original braided course.

Profile of alluvial fans. Platting of several alluvial fan slones east of
Los Angeles, California yielded an exvpression in which £ : h 78, This is not far
different from the equation of glacial ontwash plains in Wisconsin. However,
Aiumbein vlatted the slope of one pronounced alluwial fan in the same region and
lerived the equation: elevation =,2280 e ~+12 X yhere elevations are in feet, dis-
:ances in miles and e is 2.718., Replatting of datva by the writer failed to confirm
the general applicability of this equation, although it may be correct where the fan
is well roonded and thé water is constantly spreading out over a larger and larger
area. The lower slopes of some volcanic mountains appear to show indices of .35 to
-4 wherc the material is fine and the water from the mo'ntain is spreading out.
Alluvial fans are readily confused with roeclz-floored nediments into which they pass
upstream.

Yatural Bridges. The formation of natural bridges by sither cavern collapse
or subterranean solution channels through a meander s»ur has already besn discussed.
In insoluble roclis cutoffs have talzen place both due to leakage along a Jjoint or by
lataral erosion of a spur. Some natural bridges can only be classed as freaks of
weathering like towers which have not yet fallen into the talus beneath.

Drainage modifications. It has already been mentioned that as time goes on in
the cycle of erosion streams come to be more closely adjusted to areas where resis-—
tance to erosion is least. There is also a »nrogressive relocation of streams in
order to sscure the shortest, and therefore the steenest, raxte to the noint of
‘wscherge. This mrocess requires that certain arsas have their drainage outlet
changed. Thes method of change has often been called stream canture or stream
piracy. ~ Although indubitable examples of this nrocess have been distinguished few
have ever discussed the exact mechanism by which the {inal capture is effected. It
is easy to visualize capture by lateral srosion throush a narrow divide changing
the point at which a tributary enters the main stream:. The Greybull River,
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Wyoming, is supnosed to have Desn captured by a smaller river with a lower grade.
But when we racognize the validity of the balt of no erosion along divides it isg
hard to grasp just how the headwaters of one valley could ever wear back into
another. One would think that, unless conditions for erosion differ radically on
the two sides of the divide, it would »rove imnossible for a small intermittent
stream to0 ever reach the bed of a largs and well established river. Certainly
canture of a stream on the otiier side of a ridge due to a tilted resistant formation
anopears wellrigh imvossible unless aided by subterranean solution or shattered rock
along a fault. In every case of recession of the hecad of a ravine it is obvious
thst there must be enough gathering ground to furnish water for erosion. If the
underlying matsrial on the divide is unconsolidated, or is pervious to water, how-
ever, it is easy to see that undarground leskage would feed the lower valley long
before the actual bresk-throuzh. ILandsliding would also aid in this orocess, or

in some cases the divide might be so low that a flood in the stream above would
overflow to the lowsr course. In early days geologists freely invoked warning of
the land as aa aid to capture but with no confirmatory evidence. Many sunposed
instances of capture whers no abandoned course of the cantured stream could be dis-
covercd are of doubtful validity. Peculiar-looking stream courses may rzadily be
due to original irregularities of the surface which directed consequent streams.
Similarity of watsr snails in now sonarate streams is of doubtful validify Dbacause
migration may have been with aid of birds.

Superposition. Many stream courses which at first sight appear very psculiar
in thot they disregard geologic controls are evidently due to initiation of the
route on top of unconformable denosits now removed by erosion. This process is
known as superposition and streams of this origin may be termed superimposed.
Excellent exemples can be found of superposition on the Cambrian cover onto the pre-
Cambrian, or by the glacial cdrift onto a bad rock surface. The nprinciple of super-
vosition has now boen invoked much more widely than it once was for many of the
pider geologists seem to have been entirely too conservative in imagining the former
~=tent of now-vanished formations. Tor instance the course of the Mississiponi River
oz the flanlts of both the Wisconsin and Ozark uplifte is much more likely due to
suyerposition than to some more involvead vrocess.

Antecedence. Streams which held or n2arly held their courses against deforma-
tion of the crust beneath them arc call:d antscedent. This wrocess was much in-
voked in early days to account for structural neculiarities of certain stream courseg
Although not by any meens imrossible, 1% is clear than in many localities super-
nosition is more probable., In fact many of the older exammles, such as the Grand
Canyon of the Colorado, are now definitely known %o be due to superposition. On the
Columbia Plateau, howevar, the Great Bend of the Columbia avpnears to be a consequent
course along the edge of tho basalt flows ~ssumed before the center of the basin
sank, In other nlaces the streams of that rezion cross anticlinal ridges whose rise
could have ponded them only temporarily.

Digerimination of vpeneplains from pediments. Penenlains and psdiments have in
common the fact that they are worn-down areas of low rslief which must at ons time
in their history have been of much greater relief. It ssems unfortunate that the
idea of a plain as the endnoint of erosion in humid climate has so widely spread.
This assumption demends that either (a) resistance to erosiocn is negligible, or
(1) that geologic time is infinitely long. Because both assumptions are extremely
inorobable because of the known facts, many students of geomorphology have desired
a change. in nomsnclature. Douglas Johnson suggested change of the name of the
final erogional form to pensplane but this was also unfortunate for in geometry the
word plane is definitely defined in a way wiich makes it inapplicable for use for a
land form. ©The word surface is non-commital and we might well, wers it not too late
to change, substitute the term cld surface or end-eoint surface of humid erosion. =~ 3
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But everyone still apeaks of "sunset" and "sunrise" although they are obvious mis-
noners! Another fsctor, often overlooked, is inconstancy of climate on the earth.
When the continents were largely submerged and there were no polar ice caps the
clima%ic belts must suraly have been far different than they now are. Rainfall may
bhave been mainly confired to the equatorial belt and to mountains. Deserts may have
baer fer more extensive on the low lands than they now are. Certainly we should not
yreject the existing ciimate of localities in middle latitudes too far into the past.
For this reason it is well %tc review the known facts to discriminate between pene-
plrins as ordinarily defined aud pediments of presumably semi-arid climates and
pernaps regions of s=2asonal reinfall.

Uomperison of weneplains and pediments. Definition: a peneplaln 1s the end-
point of undisturved humid climate erosion; a pediment is a sloving erea with bed
rock near the surfoce which occurs at the foot of a mountain range. Xind of
rock: & meneplain should be formed on almost nny kind of rock; a pediment is most
rapidly formed where the bed rock breaks down into particles which are readily
washed by water, for example coarse-grained granite or sandstone. Climate: although
not stressed in original ideas it is clear that a neneplain of the type described by
the older writers must be formed in a humid climate; a pediment, judging from exist-
ing exsmples must be formed in a region where streams do not forward their load to
*1i3 sea but form alluvial fans. Yeathering: the bed rock under a peneplain should
isplay a considerable amount of chemiecal alteration, although not to great depths
as has been incorrectly assumed, because there is not enough head to cause deep
underground circulation; a pediment should display bed rock altered mainly by
mechanical processes. Topography: peneplains should have very gentle slopes leading
down to the sea level of their time of formation and display complete adjustment
of drainage to underground structure which determines dismosition of the wealler
rocks; pediments should havs a regional slone which does not sverywhere lead to sea
sevel. 3Extent: penenlains must nocessarily be of regional extent, merging gradu~
=.ly into higher land on which long-continued erosion has also left its mark; pedi-
nzats may be local, passing on one hand to areas where stream deposits accumulate,
o the other to the talus slopes of much higher land, and may occur in a stairway
of successive lovels. OSubseguent tilting: because the original surface of a true
peneplain must of necessity have been vory gentle it follows that any planed-down
area with a slope of more than a foot or two to the mile, interpreted as a pene-
plain, must have undergone subsequent tilting; but an inclined pediment is expect-
able for such areas have slopes up to many hundred feet per mile when formed.
Covering denosits: streams on a penevlain might have wide floodplains but the idea
that they necessarily aggrade the old surface on account of excess of disintegrated
material is based on erroneous premises as to weathering., The deposits of streams
would necessarily be very fine for it takes a velocity of 13 cm/sec to transport
with a maximum diameter of 1 mm and about 45 cm/sec to carry wmebbles of 10mm
dismeter, slopss which for small streams with hydraulic radius of one foot demand
0.7 ft/m and €.2 £t/m respectively, larger streams requiring less slope. Pediments,
with slopes in excess of the higher figurs quoted, would have a thin coating of
~oarse grovel. It is probable that the confusion of surfaces of deposition with
weneplaing which has heen general in the past is dus to misunderstanding on this
point. Age relations: if remains of neneplains could be found adjacent to one
another and at difierent levels the aigher must be the older; but with pediments
progressive burial of a mountain range with its own debris would assuredly reverse
*his order of surfaces and the highest might easily, although not necessarily, bg
the youngest.

Survival of remnants of more than ons srosion ecycle., As soon as the idea of the
eycle of erosion was announced enthusiastic geologists scught to apnly the new tool
to the interpratation of the geologic history of reglons where there is a long gap
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in the sedimentery record. The result of this was the description of a multitude

f erosion cycles, not only resulting in regional peneplaination bu®t also surfaces
which left immediately adjacent almost intact remnants of older cycles. Up to 14
uon ‘ncomplete cycles were renorted in one area on the basis of work with topo-
Srayale maps only. The excellent preservation of some of the old surfaces, as well
pe their extraordinsr: sumber. led inevitably to skepticism and reexamination of
ire evidence. The following discussion is intended to evaluale tkis evidence with
£ view to finding vhather or not alternative views werz overlcoked.

O
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Criteria of —es: penepleiuntion. The best proof of the existencs of ancient

peueplained areas ig the discovery of actual remnants. The strength oF this evi-
¢auce depends direcwiy upon the size and number of remmants which cotld not have
possivuly been formed vnder mresent conditions. In this connectiou it nust recog-—
nize that convex hilltcps are not reliable; rather than remnants cf an old subdued
erosicn surface they are more likely creep slopes preserved by the belt of no ero-
sion. Effect of resistant rocks in »nrotecting underlying soft material or of im-
pervious rocks in limiting solution of limestone must also be considered in evalu-—
ating these areas of geuntly sloping topography. In many areas, erosion is condi-
tioned so largely by variations of rock that cross sections drawn without geology
are entirely meaningless. Regional or local truncation of tilted or folded forina-
..oes has often been appealed to as conclusive evidence of peneplaination. Sur-
».7al of shale within minor synclines of firm sandstone on some ridges of the
apnalachalans has often been noted. In every case we must appraise the control by
rock character as well as by the character of the mantle rock developed from the
tnderlying materials. In gently inclined formations we should rather ask how it
would be possible for one area to be much higher than another regardless of the
structure. Would it be possible for part of a cue¢sta to be much higher than an ad-
iacent portion? If it were it would surely be eroded more rapidly than the lower
wart. When we consider the elevation of the crest of a ridge on a steeply inclined
~nristant formation we should ask how it would be possible for one wart of the nar-
o7 creat to be much higher than an adjacent section. Were thert such local high
points they should soon be lowersd. For a long time the even skyline has besn given
as proof of regional peneplaination followed by dissection., This evenness was de-
duced from eye observation and not from surveys. "Distance lends enchantment to
the view" is novhere better exemplified than in this connection. Vertical differ-
ences are everywhere so small compared to horizontal distances that a distance of
not many miles considerable irregularity in the skyline is invisible unless some
local slomes are unusually abrupt. Z=Eye inspection of nearby ground can alsc be mis-
leading for 2o slope of over 100 feet per mile cannot be discriminated when there
are no level or vertical objects nearby with which to make comparison. Then too,
in horizontal views of thie skyiine distant crests and divides blend together and

we tend to forget the deep valleys wihich lie between them. Viewed on a really ac~-
curate map, or in vertical aerial photogravhs, the true facts are amparent and we
see such narrow divides that they could not possibly be remnants of an ancieat sur-
face. As for maps, we must at once realize that the topogranhers, even in receat
*imes, were not allowed enough time to be able to visit ridge tops or even to send
uvheir rodmen to climb them. Surveying with a stadia rod is at best very tedious in
timbered country and mveh of the comtouring is by sketching. Reference to the
older instruction books of the U.5. Geological Survey shows that tonographers were
not eacouraged to climb high hills everywhere but to try to sketch a very large
~~ca from lover elevations. The effect of perspective leads to serious errors such
as omission of ceep velleys. A careless sketcher who works from below often re-
cords a flat-tonped ridge where in fact the divide is very narrow. It is entirely
unsafe to base conclusions as to old erosion surfaces on meaps alone unless it is
evident that the surveyor actually visited the locality. Long ago Shaler pointed
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gut that in regions of homogeneous rocks the divides are simnly the mesting point
of slopes which rise from adjacent stream valleys which are spaced fairly regulariy,
The aversge denth of valleys is determined by the slope needed to carry off the run-
0ft with its load of debris. ' The average denth of valleys is determined by the
Lope needed to carry off the runcff with its load of debris. The average slope
cf the valley sides is deternined either by resistance of the mantle rock to eros-
ion by slopewash or by the angle at which creen occurs. MNaturally the average
slope is the game on the twe sides of a ridge provided vegetation is about the same
end,follows that divides should be of roughly accordant level. This condition is
well shown in the shale areas of the Appalachian Plateau. When it is discovered
that {the average olevation oi divides is determined by the position of a rock Torma
tion, which is mors resistant to erossion than these below, the importance to be
claced on divide elevations is greatly reduced. Occurrence of regiors in walch the
sverage Adivide level is greater than in adjacent areas with a different hed rock,
the usual interpretation is that two successive peneplains were foramed of which the
older survived on more resistant rocks while the lower was being eroded or less re-
sistent maierial. As an alternative we must certainly consider the obvious fact
that aress of more registant rock, such as candstone or delomite, should normsally
hava pighsr divides than would an adjacent aresz of shale. In regions of disturbed
bed rocks with widely differing resistance to erosion the harder formations almost
“ticub exception foriridges whose eracts appear to the eye to be remnents of an
«.d erosion surface to whose level 2ll formations were once reduced. Dbut when we
ascend these ridges their tops are «lmost without exception discovered to be so
narrow that it is absurd to think ¢f them as being preserved intact. Surely every
rock whicih folls must lower them. These are simply the meeting noints of talus
slopes whose bases on the weaker formations of the wvalleys start at something the
same elevation. Naturally this makes the crests so nearly equal in elevation that
+0 the eye they appear part of a once-level plain. The forces which produce these
idges work uniformly along the entire length of the Ilanks and careful surveys
is3close a close relation of elevation of crests to geologic structure and thickness
2L the resistant formation. Could we Justly expect any other result from long con-
tinued erosion? Yeed we even assume that once there was an evening-up from which
the erssts of today were inherited by uniform degradavion? Ther if we look further,
there are lower even-crested ridges in the same ares which are formed on formations
of somewhat inferior resistance. Do we need to think of each one as a relic of a
"partial peneplain® formed by lateral erosion upon the slightly weaker rocks or ie
their presence an expected result of erosion? Some have made much of the fact that
the crests of the highest ridges of the Appalachians are lower near to the places
wnere the major streams cross them in water geps than they are farther away.
But is this %00 not an expectable result since the level of the subseguent tribu-
tery valleys to which the slopes descend lowest there? The rough accordance of
sumnit level in many mountain ranges has been questioned long ago by Daly who
suggested that it mey be due in vart to (a) isostacy which limits the height to
vhich mountains of given material can stand, (b) more rapid erosion above timber-
line, (e¢) greater glacial erosion of higher crests, and (d) upper limit of
astamorphism or of igneous intrusions. In connection with the lagt the petrograph-
ers can offer testimony and in more than one bathyolith, namely those of Idaho
and northern Wisconsin, they tell us that the originsl top was not far above the
nresent surface or crests.

L

Use of Profileg . Identification of now almost destroyed "svrfaces of erosion"
by Jjoining together ridge crests, shoulders, and topos of isolated aills as shown
on a profile drawn from maps aloane,and without gzeology shown is at best extremely
questionable. How could these possibleg be relies of an older topography. Did
erosion progress norigzontelly leaving hicher areas intact while lower ones were
worn down to baselevel? Whay should we search then, for records of old surfaces
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on the divides if those divides were able to survive? Perhaps some will now

eize on the belt of no erosion as an answer to this contradictory attitude. If so
% must De remembered that this belt applies te slopewash only, not to talus
orration, lendslides, and creep. Horton suggests that some areas where sloning
are surfaces exist on divides may have swrviving portions of the surface which
graded by slopewash prior to the formation of the valleys.

-
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Relabive speed of chonrel excavation and reduction of divides. The conceptwS
thot stream valleys are widensd to produce "local peneplains® and that subsequent
erosion caused parsllel retreat of the valley sides leaving a broad flat-hottomed
s“giley. Whis 1 v as the trenpen concept of Penck in Germany and Meyerhoff
in this country ¢ authors presupposed without anrconfirmatory evidence that
the deepening of cys is very slow in comparison to widening by lateral erosion.
Just how this agrees with the known fact that the debris from slope ratreat must
we carriesd down the valley and that its slope must be shaped to do this was not
stated. ZFurthermore, it must be realized that parallel retreat of sloves is
possible only when the resulting debris is removed from their bases. Thisg is
possible tarough (a) lateral erosion by streams or (b) the formation of pediment-
like slopes below talus slopes. It has not yst been proved that either nrogess
is adequate %o cause thig tyne of slope retreat in humid regions. A possible
condition for extensive valley widening is a roclk, such &as & coarse-grained granite,
«oich weathers rapidly in a humid elimate but is resistant to mechanical erosion.
Framination of maps fails, however, to demonstrate that there is a gradation from
s penenlain near the stream mouths to progressively less and less eroded topography
upstream. Ccnelusions that such a process cdoes occur in nature are in part due to
confusion of surfaces of aggradation with penenlains and in part to the example of
the Piedmont where the abruptness of the Blue Ridge escarpment tells definitely of
some type of structural control. This escarpment is really very youtiful for
stream captures along it tell of an unstable condition of the divide.

Effect of solubility. An excention to tlie conditions described above for the
“#wrmation of peneplains occurs when the bed rock is limestorne or otiier soluble
material. Then the processes of weathering may readily serve to destroy the
divides and oring about a true peneplain before the surrounding areas have been
completely degraded by mechanical processes. Good examples of limestone neneplains
are found in the Avppalachians,

Buried and ressurected gsurfaces. Some of the best examples of ancient
peneplains are surfaces which have besen buried under sedimentary rocks and taen
uplifted and ressurected from this cover. BExamples are the pre-Cambrian peneplain
of northern Wisconsin, Canada, end the Grand Canyon, and the pre-Cretaceous Fall
Zone peneplain of the Pledmont. These areas of former nountains were sroded under
uniknown climetic conditions and it is also possible that the streams and seas

which buried them caused considerable alteration during the process. Some of these
old surfaces display chemical weathering which has often been described as part of
an ancient residual soil which escaped erosion during burial. Such an origia

seems most unlikely although it is true that in Wisconsin the surface of tie pre-
uvambrian is much disintegrated and oxidized even where deeply buried. It seeums
much more likely that the chemical alteration is due to circulating waters. Waters
which descended through formations of different composition might easily undergo
base exchange on meeting with the feldsmars of the crystallines. The subject

will bear counsiderably more investigation. Some of the once-buried surfaces may
nch be peneplains or pediments but may e planes of marine erosion as will be
considered in the next section.

Summary of evidencegs. It seems clear to the writer that a very large part
of the evidence which has been presented to demonstrate that reliecs of several
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erosion cycles are nresent in linmited areas is either questionable or invalid.
Survival of such remnents is to be exnected in the case of pediments but not with

peneplains. Particularly objectionsble as evidence are conclusions based on map
profileg without showing geology.

Origcins of water and wind ~aps. Subsequent streams in areas of disturbed
gsedimentary rocks are readily wnderstood but the places where the main streams
cross through ridges due to thie outecrop of resistant rock formations are less
easy to account for. Four distinct explanations have been advanced by different
authors for the woter zaps of the Appalachians: (a) rearrangement of streams on
a merfect peneplain, (b) antecedence of streams to the folding, (e) stream
~apture, and (d) supervosition df streams on a now-vanished unconformable cover.

Development on a peneplain. The idea that the transverse streams of tue
Anpalachians were inberited from a perfect or super-peneplain on which tasy (2)
"lost their way" or (b) wers superimposed on & thin cover of alluvial deposits or
(¢) were diverted by tilting was once very popular. As a matter of fact it seems
theorstically impossible for such a perfect menenlain to exist, The snggestion
of a cover of mantle rock changes the hynothesis to the last one, superposition.
At the oresent time it is recosnized that if a peneplain were completed on rocks
of diverse hrrdness ths adjustment of the streams would increass in perfection
during its formation and that they could never disregard the underlying materials.
This hypothesis is now obsolete.

Antecsdent streams. It has been suggested that scme, at least, of the
Angalachien streans ere still in the aporoximate locations in which they were
when the folding of the rocks occured at the end of the Permian period, The
sediments of tixe Apnalachian geosyncline are thought to heve been derived from the
now almost-vanished content of Appalachia. The original strsams should then have
flowed northwest across the rising folds, For this resson tie sugsestion of
antececance could apnly only %o such rivers as the iew, the ¥reuch Broad, as well
as otiher headwaters of the Tennessec. It is inapplicable to most of the streams
waick crouss the hard rock ridges.

Btream capture. 1t is clear that strsan capture has occurred in ralatively

recent time along the Blue Ridge escarnment and that it is irminent in several
localities. The northern streams lilke the Potomzc and Susquehanna, which flow
direct to the Atlantic, certainly hiave the advantage of o steeper slonme than

o
has <lie Tennessee or Kanawha. But when we consider the difficulty of a small stream
working vack through a thick formation of resistant rock to reach a larger river

on soft rock on the other side the procsss avpears impossible., Conditions are
different than in the southern Blue Ridge where the rocks are reasonably uvniform.
The hypotaesis of capiture is workeble only where there is®cross fault which
shetterad the rock of the ridge. As most water gaps do not display any offset of
the ridge it would be necessary to assume in every case a fault in which movement
was parallel to the dip. If there were faulting at gans, landsliding and under-
ground leakage of water night cause capture for then there would be no necessity
for a watersied to supply a strean wiich would cut back through the ridge.
Geolorists differ greatly in conclusions as to the field evidence of faults in
water gans. OSome declare that they ars almost universal and others deny that there
ere more than a very few. Certainly many gaps in successive ridges do not line

up as they should. It seemg lilzely that sinrce the paps afford the best and most
readily accessible exvposures they have been more visited then other parts of the
mountainsg sard yet few have aver veen mapned in detail as is done in oll-nroducing
regions. The theory of canture apmears rather unlikely as a gensral cause of

gans in the Aovalacihians althougk it may be workable in some other regions,
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Supernosition. t seems strange that the theory of supervosition was so long
neglected in the Apnalachians., It hos been definitely proved in the Colorado
Plateau and for the localities where the Colorado crosses some of the Iasin Ranges,
although it will not account for the major rivers of the Columbia Plateaun. The
Constal Plain sediments are not far distant from the Appalachians and seem the
logical ansver to thelr water-gan problem. Fowever, it must be realized that it
was a long time since the cover was p esent and that it probably rested on a sur-
face of unknown but relatively low relief which lay well above the preseant ridge
tong. Sincs the erosion of the superimposing denosits there has been time enough
to cause extensive formation of subsequent valleys along the strike of non-resistant
forrations. First advocated by Johnson, there have been many objections to its
¢enersl application. It has been pointed out that many gaps are located where the
hard forastions ore unusuwally thin or make abrupt bends. Howevor, it sc.ns oy all
nmears tho best suggestion, provided the long time since erosion of the soft cover-
inz rformations is realized. The underlying ridges, which are about 100 fset high
vhei s they disampear under the Coastal Plain of Alabama, may have exerted some
influence on th: form of the original surface Jjust as differantial settling of
glacial drift is thought to have caused resxcavation of some valleys which had been
once comhlaetely filled. It must also be realized that progressive erosion into a
mountain mass must certainly uncover vertical differences in structure. This is
narticularly true where thrust faults are nresent. Streams adjusted at one level
are out of isriony with the formation when they have cut deeper.

o

Vind gaps. Wind gaps are similar to water gaps but no longer heve any stream
in them. It has been suggested thet some wind gaps were actually due to ths
meating of the hecads of ravines on opposite sides of the ridge, In answer to this,
guch ravines Go not have sufficient watershed on a narrow ridge, although they
might occur where aided by fractured rock alongz a cross fault, Many have suggested
that with gan elevations, some of which have been altered by accumulation, of

talus since cbandonement, record forner erosion levels. The idea was that uplift
of the oléd nortlal peneplain caused rapid diversion of streams leaving the gaps.
Eowever, study in Pennsylvania does not support this theory wvery well. During the
vrocese of erosion the number of water gaps has steadily declined in favor of
windgaps thus giving no supnort to their original origin by stream capture,

Generel Suwamarye. The subject of the work of running water is very complex.
Agresment has not been reached on the mathematical relations of erosion and trans-
nortation to energy of the water., On the whole, the line of aporoach used by
Little ssems to offer the best mossibilities for the computation of profiles of uni-
form force, voth for streams and for slope wash, Usc of a different formula for
relotion of velocity to depth and slone is advisable in the case of the latter, The
reasons for variation of channsl width and width of the meander belt are explained
from the standnoint of hydraulics and epvear satisfactory. Initiation of valleys
may be =zither consequent on original irregularities of a néew surface or may follow
on arimary slopewash grading as outlined by Horton. This author's discoveries of
a mathematical relation of relative numbers of streams of differsnt tymes (orders)
appears to support his contentions. The belt along divides in which not enough
water is gathered to wermit erosion by slovewash cannot be neglected, nor can be
“the factors which alter it in time, Degradation of divides is aseribed more %o
creep than to slopewash because of this belt of no srosion which survives after
stabilization of slopes to the point where resistance to erosion equels available
force of water. The endpoint of erosion under humid climate is certainly not the
penenlain of classic literature if there is vegetation to cause resistance, The
formation-of mediments as distinguished from peneplains is discussed with the con-
clusion that they are best developed in semi-arid climate and are formed chiefly
by lateral erosion. They are wash-rslones and contrast sharply with the talus
slones of adjacent higher areas. Pediments can be found forming a "stairway" of
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successive levels but similar relations are impossible with peneplains. Xowever,
the climatic conditions under which many low-relief surfaces originated is un-
known. It is pointed out that many criteria for the discrimination of ancient
dissected neneplains are invalid. Superposition ampears to be the best explana-—
tion of many water gaps and wind geps are due to diversion of streams which onece
crossed ridges of resistant rocks.

WORK OF STANDING WATER

Introduction. The work of standing water is divisible into: (a) mechanical
processss, which include both the work of waves and of currents, (b) work of
zaisms, and (¢) the nroblem of submarine valleys. It is evident that this
grouning includes some subjects which are not strictly under the general heading
bnut which appear more suitable fof discussion at this place than in any other.

B
¢

Mechanical processes.

Origin and mechanics of waves. Wind which blows over water is retarded at
the bottom by friction just as it is on land. Velocity decreases downward and
probably is O at and near actual contect with the water., This vertical wvelocity
gradient is in response to the transfer of energy from the moving air to the under-
lying water. In general, however, it does not iteself couse the water to flow as
a current. Instead it sets up rotaticnal motion of water narticles around hori-
zontal axes which are at right anglses to the direction of the wind. Waien wind
first begins to blow the radius of rotation of each marticle is small but as time
goes on a limit anpears tc be attained. Fach successive rotating narticle is
slightly out of step with the last so that the final result is a wave of oscilla-
tion. The mathematical form of such waves is that traced by a point on a radius
of a rolling circle. Of course, no real circle does roll, only the particles
and the radius of the hypothetical cirele is largerthan the actual orbit of water
particles at the surface. Xven after the wind has stopped blowing the wave pro-
gresses. It is then smooth and much simpler than when it is crinckled by a rising
wind. Ab maximum size, waves are roughly half as high in feet as the velocity of
the wind in statute miles per hour as ordinarily measured not far above the surfacg.
The velocity with which particles rotate in their orbits determines the speed with
which the wave progresses. Since particles revolve in a circle either the vertical
component of motion obeys the laws of harmonie motion. ITF we let the radius of the
rolling circle be R fset and the length of a wave from crest to crest be L feet
then L™ 2 pi R. The acceleration is that of gravity, g. Aprplying the formulas for
harmonic motion and solving for velocity in feet { second: V = (gR)%. Substitut-
ing the value of R in terms of L, V= (gL/2 »i)¥ or substituting numerical values
for the constants, V = (5.123 L)3. Solving this for length of a period, T seconds,
then L = 5,128 T<. The relation of the height of & wave above the trough, h, to
wave length, L, is not fixed but anpears to vary from 19 to 39 times. The rela-
tionshin of h to feteh or digtance that the wind blows over omen water is reported
empirically as h = 1.3 fetch? where the latter is measured in statute miles.
(Mariners use nautical miles or knots each one of which is about 1.15 land or
statute miles; tiiey also measvre depths in fathoms of 6 Feet.) One reason for
irregular results in measuring wave helghts is the fact that a violent wind blows
off the wave crests in whitecang. The smooth waves which last after the wind, or
extend outside of the area where it blows, are often called ground swell., In the
oven sea the distance through which winds blow sets a limit to height of waves of
about 50 feet.




Tnergy o7 waves. Cince wave motiorn ir open deep v~isr is a combination of
rotational motion and vertical motion waves possess two types of energy. Mathe-
matical analysis demonstrates that the two kinds are equal in amount, Only the
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discounted in that the weight was not lifted but simply shifted against friction.
Wevertheless, storm waves have been observed to hurl rocks high into the air and
the noise of moving boulders in the surf is impressive. Repeated blows of waves
do attain high pressures and may easily be associated with cavitation although
this has not been recorded. Impact of stones carried in the water on stationary
objects is a most important process of erosion. The result not only of direct
impact but also of grinding by material moved in the breakers is to undercut the
shore iT it is a cliff and the depth of water is great enough to permit waves to
recach the shore effeetively. The process of undercutting is possible because the
loosed debris is carried dback by the undertow.

Currents in lakes and seas. By no means all erosion and traansportation in
lakes anc seas is accomplished by waves., Currents of water are caused by (a)
tidea, (P) winds either directly or through waves, (e) density differences due
eituer to variation in amount of sediment or in salinity, (d) entrance of fresh
water, and (&) tenverature differences. Of these tidal currents locally attain
very bigh velocity on coasts where the difference of level is large. The
great oceanic circulation owes its origin ultimately to the convergence of the
trade winds in eguatorial regions. Althouvgh much attention has been given to
currents in sedimentation it is obvious that most of them are either surficisl
or have such low velocity that they do not disturb the bottom, In shallow water
, currents along the shore are often noticei. They may be undertow which is
deflected by its relation to incoming breaking waves above. Many text books
describe an alongshore current set up by waves to which much importance in
transportation is ascribed. It is not clear, however, that such a current is
actually able to transnort sand and pebbles. It can transcort fine sediment dut
movenent of coarser material is almost wholly confinsd to the zone of breakers.

Erosion by waves. It hes already been mentioned that waves apply their
energy to erosion in a zone of very limited vertical extent. The result is
undernining of s shore. If the material is bed rock this produces gea caves
especially in weai, thin bedded layers. Where rocks are jointed, deep coves are
excavated Stacls and islands of rock survive for a time rendering the shore very
irregular. Shores of bed roclk can almost everywhere be identified on a chart
in this way. Where erosion is taking plzce in mantle rock the cliff is not verti-
cal or ovarnanging because it soon slides down to the angle of repose. If large
boulders are present they accumulate at the water's edge and serve to prevent
further erosion. Hany abandoned beaches may be recognized only by such boulder
lines. A common feature of wave-eroded coasts is hensging valleys whose lower
parts vwere cut away by the waves. The headlands undergo the most erosion because
water is generzlly deeper off them than in bays as well as because of wave
reflection toward them.

Wave terraces. Below water level the bottom is cut down to the point that
tre undertow can just carry off the debris which is not moved along the shore by
wavas which reach the coast at an angle. This subagusous feature is called a
cut terrace and may be distinguished off many abandoned shore lines. There is
commonly a slight building up of the front where material carried out across is
slid down into deener water, but no important deposits of gravel occur in this
situation. The cross section of a cut and built terrace is known as the profile
of eauilibrium end the level of its ouvter edge was thought' to be fixed by
effective wave base. It is not clcar, however, that this position is long
stationary for there is no exactly definable lower limit to wave work and the
undertow is aided by gravity.

Subaguveous rideges. A very common feature of sandy bottoms is a succession of
several parallel submerged sand ridges. Some of these are many hundreds of feet
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wide and the denth of water between them is a number of feet more than on the
crests. Some call them low and ball. The problem of origin is unsettisd. Some
think of them as due to brsaking of waves which reach the shore at right angles
and others ascriba them to erosion of parallel currents which are induccd by waves
striking the shore at an angle. The second sxplanation is weak in that it would
then be difficult to account for the numbsr of ridges or for the facf that the
sand is coarsest on the crests and not in the low places. Where currerte do occur
it is more likely that they arc the result of the ridges and not their cause.

Alonzshore transportation. The fact that material which the waves can carry
is moved along shore has already been mentioned. On any sandy beach it can easily
be seen that waves which come in at an angle carry sand and pebbles diangonally up
onto the bheach. The undertow runs directly back cown the slope so that particles
move in a zig-zag course in the direction which is Aown wind at that time. Johnson
objects thiat the nath of a particle is actually a seriess of inclined paradolas but
the distinction is unimmortant. Alongshore drift consists in many places of mater-
ial which is so coarse that it is impossible to thinlk of currents which could trans-
port it.

Depositional changes of the shioreline., Waves tend to even up a shoreline by
developing a smooth outline. The material eroded from the headlands is mainly
disposed of by movement in the zone of the breakers. Large stones obey tae impact
lew and are carrvied shoreward by waves which are more powerful than is the return-
inz undertow, which transvorts the finer particles. Many stones which have been
carried back and forth on a beach for a long time show the effect of waves , and
are tabular due to shuffling instead of turning end over end as in a current, If
a barrier or solid nier is built off a beach experience shows that one side-is
filled in and the other sroded unless storms come from both sides in equal numbers.,
The windward side is the one wiiich receives sediments. The same process may bve
seen at a natural noint. Materiel carried laterally from the end of a point does
not form a spit into deen water for that would, where above water at all, be swept
away Dy the next storm from the other side. Instead, the debris is carried along
in the breakers to a -Hoint where the bay is shallow enough to permit start of de-
position. .In most places this shoaling is associated with a minor »Hoint although
this is not necessary, Textbooks ordinarily describe this process of bridging the
bays with wave-tFansnorted sediments as due to the outward counrse of the alongshore
current but tie nrocess ontlined above appears more logical. 4As spits are built
out from both sides the bay is eventually enclosed. VWhere, however, shoal water
is »wresent only near the sides of a bay the outer end of a spit is curved bacik into
.@ hookks This is due primarily to refraction of waves and aot to deflection of cur-
rents, In many nlaces islends have been joined to the mainland, or to one another,
by such beach devosits often called tohbolos.

Many hooks are compound showing several successive ends as the entire deposit
was built out into deeper and deener water. In the lee of many islands two snits
join leaving a lagoon inside. Lagoons are also formed by the bridging off of bays
with continuous bars. Where streams entering tle lagoon are large enough btidal
difference is enough & pass is kept open to the sea.

Qffshore bars or barriers. On low, sandy coasts where the water is very shal-
low thers are sandy ridges some distance offshore. Opinion has varied as to
whether or not these were made by lateral growth of snits from distant headlands or
were thrown up in nlace by waves wiiich removed the material from the adjacent
bottoms. Some of these off Jape Hatteras are hard to account for by lateral growth
alone, although in most wmlaces this nrocess cannot be eliminated entirely. These
sandy barriers are often miscalled reefg which term generally refers to a submerged
rock outerope.
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Cuswate voints. In meny places, such as Capes Hatteras, Fear, and Canaveral,
of eastern United States, sand beaches form marked cusps. Various explanations
have been offered including eddies of ocean currents. It is more likely that they
are barriers built out to subgerged shallows from both sides.

Classification of shore lines. Many texts have defined schemes of classifi-
cation of shore lines into emergent and submergent. Others have suggested primary
and scecondary as the major basis of separation. As o matter of observation, it
is clear that all coasts of the world display phenomena of either subsidence of
the land or rise of the ocean level in the form of drowned river valleys. The only
excentions ares very recent shores due to organic growth or crustal movement.
Si:epard terms orimary those shores which are due to land forces, erosion, deltas,
lard vegetation, glacial, and volcanic processes. He calls coasts dus to wave
erceion and deposition, including that of marine organisms, gecondary. Another
sy bem of classification would be to discriminate shores on firm materials from
those on loose Geposits easily moved by waves, nlacing those due to organisms in a
third category.

Oycle of shoreline develovment. The foregoing section demonstrates why it is
futile to searfh for evidences of a gycle of shoreline development at the present
time. All merine shores and inland lske shores are demonstrably young. True,
progress has gone much farther in the same number of years where the material of
the coast can be easily moved by waves and currents, as on the sandy Atlantic Coast-
al Plain, than it has on the "stern and rock-bound coast" of New England or the
fiorded coast of Forway. The evident goal of shoreline development is as simple
an outline as possible., To meet this condition the waves are working to wear back
headlands and to fill up bays. Waien cut off from the sea the bays are filled with
detritus from the land and the deposits of organisms which live in the quiet water.
It is believed by meny that barrier beaches are a temmorary feature of the coast
line. As evidence of this occasional outcrops of meat in the seaward faces of
such bDers are cited. It is possible that some of these, at least, may not be
lagoon deposits of the present stand of land and sea but antedote the last rise of
the waters.

Endooint of marine erosion. Although we are unable to find good examples of
a cycle of marine action at present because of recent shifts in sea level and in
levsls of inland lakes we may theorize over a wossible endwoint of marine erosion.
fany have thought that mnarine erosion is self-limiting in the depth it can cut into
the land without change in sea level. This conclusion is vased upon the assumption
that the depth of the outer edge of the terrace or wave base is fixed., If such
be the case the profile of equilibrium would automatically halt shore recession at
a definite location inland, 3ut it is far from clear that either such is the case
or that relation of sea and land would remain constant long enough for the process
to operntes In fact it is not certain that the outer edge of the submarine ter-
race is really located at wave base, Granted slow lowering of this level by under-
tow current or a slight rise in sea level in respect to the land and the limit of
marine planation is greatly increased. Zspecidlly would this bhe true were the
land first brought low by either nenenlaination or pedinentation, Most pavers
written on this subjeet have been so thmoretical or made up of quotations of opin-
ions of others, which have no real meaning, that it is difficult to reach a final
opinion. Oertain it is that the ceaseless onslausht of the waves should in time
heve profound results. Moreover, waves exert more force during storms than streams
ever can. WYaves could plane down sven the hardest and most insoluble rock such as
quartzite. Mosi of the famous buried penenlains were buried under marine forma-
tions; how much dic the oncoming sea alter their surface? ZIZlevations which
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escaped the work of waves should then be steep-sided because debris was removed from
their bases. Some such have been deseribed in India. It has been often suggested
that the Piedmont Plateaun is a surface of merine plan'y tion because there are so few
monadnocks. However, the upland extends behind some of the supposed islands and does
not connect seaward with any lmown merine formation., It is more likely a pediment
formed during a by-gone time when the climate was more arid. he top of the Baraboo
juartzite range, Wisconsin, is a very gently domed plain. At places the edge -
carries boulder conglomerate. Projection of now-eroded formations appears to demon-
strate thwat it was the beach at the time of deposition of an adjacent dolomite For-
ration. It is, therefore, possible that the waves of the Ordovician sea completed
tne planation of the quartzite islands which had been monadnocks on the pre-Cambrian
peneplain over 1000 feet lower. A somewhat similar surface on quartzite has been
provad by drilling at Eartford, Wisconsin.

Pleistocene terrace problem. Many sea coasts display terraces which evidently
record former levels of the oceans in respect to the lands, Meny of the higher ter-
races, as on the Pacific Coast, are obviously deformed by subsequent orogencic move-
ments. Some of the lower ones, however, seem to be horizontal, On the Atlantic
Coastal Plain Cooke has described seven terraces which he thought to be horizontal
and of world-wide extent. Tlint has restudied the same area and concluded that
there are only three,6 of which the upper one at 160 feet is limited in extent. Many
of the supposed marine terraces he thought to be in fact stream floodplains but the
lower terraces at 25 and 90 feet might be horizontal. Most reports of marine ter-
races fail ©to discriminate between the actual level of the water and the elevation
of the cut and built terrace. ZXElevation figurés for many very over so wide a range
that exact correlation is impossible. Too little attention has been paid to the
sediments associated with the terraces. Knowledge of Pacific terraces is entirely
too fragmental to permit of correlation. Postglacial wplift of the land is def-
initely known in and near to glaciated districts making comparisons there entirely
futile. It is, therefore, too early to claim that all these terraces are horizontal
and that they record changes in amount of water in the oceans related to the with-
drawal in ice caps.: That such a nrocess toock place is certain but just which shore-
lines record interglacial intervals when this wgter was returned to the oceans is
far from assured. If the higher ones are really eustatic then it would be necessary
to assume taat either (a) the amount of ice carried over in continental glaciers in-
creased in every successive interglacial interval or (b) the floor of the ocean sank
during the Pleistocene lowering the level of the oceans. Stearns records evidence
of just such a sinking of the bottom of the southwest Pacific Ocean. But the cause
he ascirbes, namely eruption of lavas whieh they pressed the area down by their
wiight, does not appear feasible. The lava came from below and could settle no more
than to refill the voids it left. It is possible that this is not the true cause but
the facts of sinking are well substantiated,

The coral reef vproblem. The subject of the origin of coral reefs has been a
subject of discussion for more than a century. According to a recent summary by
Stearns the following facts are now established: (a) reef corals can live only in
warm clear water 1ess than 200 feet deep, (b) Wullivores serve not only to bind coral
skeletons together but also make resefs themselves, (c) vhen the Pleistocene glaciers
were large sea level was lower than now (perhaps about 260 feet in thé last glacia-
tion) (d) changes in sea level have also occurred because of alteration of the
shapes of oceanic basins, (e) many islands of the southwest Pacific are composed of
folded continental (sialic) rocks, (f) the truly oceanic or simatic islands show no
such rocks, (g) emer@ed Tertiary coral reefs are tnawn, (h) atolls do not reflect
the form of submerged volcanic craters, (i) atolls rest on a basement of non-coral
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» (J) barrier reefs require a wlatform to start their srowti, (k) growth of
s mey attain 90 feet in 1000 years, (1) a reef may be killed hy submergence

{7} = reef may be lkilled by emergenc., (n) reefs grow mainly on the outside, and

{6, ‘egoons are not the mroduct of submarine solution of calcium carbonate.

reefs occur not only along coasts of other

: reefs but alsc in isolated iclands which rise
from she aenths of the latter surround a partly or wholly en—.
vlosel. lagoon and nre I Two small atolls occur off the end of the
lorida Xeys but thev are much more abundant in the Pacific Ocean. Some of the lso-
iated islands are anown to contain a volcanie core, In the Bermufass drilling dis-
coverad voleanlc rocks although o teost over {100 feet deep on & Pacific island failed

o
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‘Theorisg of coral igland formation. Opiniong as to the formation of coral
reefe and coral islawufs have wvaried widely, Some have thought thet they grew up-
ward on top of intermitviently subsiding foundations of other origin, Others held
that shey were formed on stationary mMasements and that the lasoons wers made by
solutione Others advocated an origin on a rising foundation, others on stationary
vhelvas made by former ergsion. Daly first discussed the control of sea level by
ation , a theery which wonld maxe most reefs younger than the last ice age.
:260ly, Stearns advoented growth on amy kind of basement rising or sinking,under

sndlfthions of rising saa level from any cause. The general opinien now is that only
glacial contrel of sea level can explain the majority of reefs. The test boring put
down on Funafuti was located too clese to the outside of ths accumuiation of corel
and heneath ahout 150 feet of coral passed through only talus oubside of ar older
reef. Under the glacial control theory it hLas been claimed that volcanic islands
wave all planed down by waves to a uniform depth en which corals started to grow as
212 lce melted and slewly rdturned water to the oceans. This is thought to account

the uniformity of lagoon deoths over considerable areas. Eowever, this theory

‘tes aot execlude other conditions and both emerged and submerged atolls have Deen
descrived, It seems certain that in an area of recent wvulcanism conditions must heve
varied widelyr in different island groups. lnch of the argument is based uoon vurely
theoretical reasoning based in large part uson nantical charts which do not show ths
land areas with mueh detail. It was thoﬁrﬁu oy some that their failure to show mans
¢lifrfs on spurg of voleanic islands inside reefs militated against the glaclal con-
trol hynothesis. Since then this has bzen shown to be an error, and the glacial
alteration of sea level is recognized as an immortant factor,

Work of other organisms. A numober of other orgnnisms besides corals and
nullipores affect’ shorelines. In salt water the mangrove ftree can grow waere wave
action is not too violent. In sheltered bays various kinds of grasses and ssdges,
which are toleruht of a moderate amount of salt, o0:ild salt marshes. Salt marshes
on coasts where there is muech tide are cut up with a comnlex net of branching
channels tarough which the water runs in, then out, twice in every 24 hours. Shallow,
small fresa water lakes are the habitat of a nmumber c¢f nlents which in ftime may
£111 them up. These appear to thrive best in relatively hard water. Althougn most
aquatic weeds do not prcject far avove tie surface some verieties like the common
"bullrush" do. Remains of orgenisms aid in shoaling the water so that the shoreline
can advance. A growth of these hinders wave action and the shore behind can then
e filled in with organic denosifs. A regular succession of different lkinds of
Jiants can be made out from those which thrive only in fairly open water to those of
old marskes farthest inland ir the old lake hed. Many shallow lakes have been
entirely filled with vegetal denosiis’ since the glacisted region was first sbitled
by white men., & common feature of marshes is a moat between the vegetal growth of
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tr.e center and the high land. These are ascribed to death of vegetation, possibly
e¢iced by burning, in dryv seasons. In wet weather some of these open water areas are
lazge enough for wave action which has made faint boulder lines along the edge. The
svs L of water has no relation to that of adjacent lzkes so that the level of these
stior2 features has no beoring on former lake levels.

e
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"ntroduction. [{ lLas been known for a long time that the edge of the conti-
cental shelf and the continental slope are indented by deep, narrow depressions in
vhich the water is thousands of feet deeper than it 1s nearby. ntil the advent of
cehe sounding, however, few cf these submarine valleys had beon accuratsly delin-
cated. Sownding in deep water with a wire line entails stopping the ship and a long
delay in running out and winding in line. In the meantime drifting occurred and
vositions given oan the chart are now known to have been miles out of nlace. Echo
meaguvements may be made at full speed when it is easier to keep on course. Loca-
tions out of sight of land are now fixed by taut wire measurements, radio—acoustic
methrds, and radio bearings. ZExact knowledge of depths is now important to navi-
gators even in midocean. The result is that charts are now much more detailed than
IJ;w\h*y and that a great increase in number of submarine valleys has resulted.

Aosn of these new discoveries wer: off the coasts of the United States for this

ipe of surveying has not advanced as far in other parts of the world. One drawback
¢ tiie echo or acoustic method of sounding is that on rough bottom more than one
signal is returned and the stronges® echo may readily not be from the bottom under
Yhe ship but from an adjacent slone. In other words the results are ant to he a
generalization.

Submarine contouring. Drawing of contomrs, or lines of equal depth, beneath

r ;57 where the bottom cannot be seen is fraught with much change for error, If

cohours are simply prorated between somndings, as engineers do, the result is only
a4 vwrude generalization, If drawn with some theory of interpretation in mind the re-
sult may be simply "wishful thinking". No map is worth anything which does not show
all the available soundings. Tor the reason stated conclusions based on submarine
contours nave siown the "personal equation" to a meriked extent. Some see in them
only underwater faulting or folding, othners a few valleys similar to those on the
continents, other slid and slimped slopes, others conclude a multitude of small
ravine-lilze narallei valleys lilze the primary rills eroded by rainwash on an eartb
surface.

Description of submarine valleys. Almost 2ll submarine valleys have a steener
grade than is common on land. Few end in a delta or fan at the lower termination but
instead seem to fade out gradually into indefinable irregulerities of the ocean bot-
tom. TFew indent the continental shelf very many miles. Deiinite valleys can be
traced down to several thousand bui less than 10,000 feet below vresent sea level.

In a few casss a submerged connection to an existing stream of the adjacent continen-
can be found; most do not have this. In rare instances the submarine valley exists
inside an estuary (Congo). The sides of the valleys are known from dredging and
submarine photography %o be solid rock at many points. Current meter observations
and bdotiom samples show that they are not now the location of any uvnusual submsrine
surrents. Many velleys branch just like land valleys. All have a V—qhan d cross sect
‘=ction. Some are found on the outside of a narrow cuesta (CGeorges &).

Theories of origin. Theories of origin of submarine valleys can be divided into
tliree major classes: (a) the depressions are not valleys at all but are of tectonic
origin, (b) they are due to normal stream erosion when the continents were elevated,
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and (¢) they are due to -rocesses which excavated them below sea level., At date of
writing thers is absolutely no agreement between geologlsts on Wﬂlch theory is best.

Diastropic origin. The idea that submorine valleys are due %o earth movements
is an easy way out of the problem. Under this view the similarity to land valleys
as shown on contoured maps is "purely coincidental"., However, it is quite general-
ly agreed that the winding course of many submarine valleys, their V-cross sectionm,

ad the presence of tributaries are fatal to this explanation of most of the kmown
~alleys of the continental slope. Others have suggested that slumping and sliding
of the sc”t material on this slope, especially where it is unusually steep, might
casily accrunt “or the observed irregularities particularly betwean the desper
cenycas. Parts of the deep extensions of valleys and many irregularities of the ser
hottom in regic:s of recent disturhance are nrobably dve to earth movemcnts.

i

Lio-vation by land ri-ers. Many of the wmoints of objection to the tec’ iic
Liypothesis are z, subaerial dflgln. Hany examples are off of existing shreams, al-
shough nos conn GE¥OTuffer wvater. Coarse gravel has been found in the % ttoms of
508 can;ons down to 5000 fest depth. Canyons run directly down the continent:l
s.om2 ae rivers 'vould, and seem to be roughly related to the size of adjacent : ivers
on land. On the other hand, some canyons have no land extensions and those of
Geor.es Iank heve a ve.y small watershed. The grndes are certainly abnormall,
stesp. Tie nrincipal difficulty with the idea of origin on land is to a~count fo
“he vast shange of sea level required. In order %o avold this some hav: suggested
ttat the continental shelf was tilted up, the canyons eroded, and then it was bent

k agnis carrying them into decp water. Others have thousht that the wntire
b:dv of se iment has moved down the continental slope carrying the canycns wisth
it! Possi le causes for treaendous shifts in oceﬁnic level are (a) diastrophism in-
voi7ing part of the ocesn bottom, (b) temmorary uplift of the continents, and (:)
vasily mernified glacial control of amount of uatbr. Confirmatory svidence which
wol_d supzert cne of these stertling assumptions is lacking. Even if the modest

=

figure of 3000 feet of lowering of sea level is talzen, difficulties are still pra-

P

en Glacial sistraction of water involves not only much larger and thicker gle-
ciers than those commonly thought possible but also a great increase in salinity
of the renaining water,

Submc.cine i;igin. Geologists who were greatly impressed with the diffierl.
sueh i:ense changes in rzlation of sea fto land turned to a search for som=
prozoss wulich could erode valleys under water. Prinecipal suggestions coumprise
(o) density eurrents, (b) mudflows and landslides, (¢) submarine springs, and
(d) earthjanke waves. The first is ascribed to more muddy water than nyw on the
sontinental shelves whin glaciation lowered sea level & few hundred fees. Muldy
water 1s ueavicr than clear weoter and such underwater currents are actually k»-m,
arthough 't is admitted that they are not flowing through the canyons tocay and off
tie moutls of mmddy rivers the fresh water floats. Competency of such submar ae
currents to ercds hard rock appears open to doubt. Under-water slides lizve been
recognized in meny places, particularly aftser earthquakes. On the other hand the
toiminatic: of tie valleys inshore is unlike the basins which develop on land from
si.ding ¢rd the s are no enclosed depressions in the bottoms of the valleys o movrnds

s.1d material at their bottomse. Tribulsry valleys are hnard to accounu for bty

this idea. Landsliding may have talen place, however, and might accoun- for manv
wino.® irrezule: “ties between the eonyons. Submarine fresh water s»rings escavi: |
from permeable layers of the Coastal Plain sediments of the east coast of the
Urited States are a distinct nmosgsibility, but on the California cozst they ars not.
Navertheless, it seems imvossible for such springs to produce branching valleys in
thz way they could on lend. Certainly the fresh water should rise and its cannzivy
to dissolve the overlying material and lesave a consistent valley during retrea: of

ol
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the spring appears impossible. It has been suggested that vast waves started by

earthqualzes during the orogeny of the Tertiary washed up cnto the continental shelf.
Baklowash from these might then have eroded the canyons. Just why flow should be

concentrated in the way drainage is on land is unexplained. Intermittent occurrence
of these waves is alsoc against the idea. No current meter observations during the
assage of waves are recorded,

Summary. With worlz of waves in standing water is included fthat of currents,
organisms, and the nroblem of submarine valleys. Waves and associated currents work
toward evening up of the shoreline by destroying headlands and filling bays, the
latter process greatly aided by organic denosits in the quiet water behind a bar.

Tae mathematical relation between length of a wave and its velocity is well known but
thers is none between its height and its length. Given height and length, however,
total snargy can be commuted and checked with actual measurements. It is édifficult
to compare total energy exnended on a shore with total energy of running water on an
adjacent land area. But the quantitatiwe value of force exerted by storm waves and
the continulty of wave attack lend color to the idea that wave action is more potent
than rumning weter in completing the leveling of the land. Since wave base is not a
fixed depth waves can srode farther into the land than was once believed vossible,

so that the formation of large wave-planed surfaces cannot be denied. The level of
the oceans has varied greatly particularly because of withdrawal of water to form
glaciers. Becausc the sea is now rising upon lands all over the world the commonly
used classification of shorelines is unsatisfactory. ZFor the same reason examples of
a theoretical cycle of shoreline develonment cannot be found. The various theorises
of coral reef formation are compared and the differences found to be less striking
than their wroponents thought. It is clear that rising waters or land subsidence
rere required for most reefs but the cause is unimvortant; in some localities the
movement has uncoubtedly been tectonic but as there is other evidence of postglacial
rise of sea level glacial control cannot be ignored, The problem of origin of the
submarine valleys now found on most coasts is still unsettled for none of the

heories thue far advanced is free of fatal defeets,

Introduction. Over a large part of the surface of the earth wind is a potent
force in the making of land forms. Wind can wform erosion, transport meterial, and
build deposits. Although limited in effectiveness by vegetation in the more humid
climates it can do some work there at certain times of year. The following discuss—
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ion is based to a large extent on the book by Basnold.

Materials carried by wind. Winds reach much higher wvelocity than water ever
does yet thelr competence to move material is less, This is bacause objects do not
lose as much of the weight they would h@ve in a vacuum in air as they do in water.
Tensity of air is oglJ about 1.22 x 10 ° compared to 1,0 lor vure waters VLQCOa;tJ
is chout 0.17 x 10 ° compared to el for nure water. v ML o AT T
Hevertheless, objects falling through air reach a termlnal VsLO"lty when cone re-

istance is mroportioned to the square of linear dimension and the weight to the
cuve. For this reason terminel velocity is in a general way inverse to size of
particles. Instead of classifying materials as clay, silt, end sand it is more con-
venient in dealing with the wind to divide only into dust and sand. Distinction is
made at tie upper limit of size of marticles which are keot in the air by the turbu-
lence of ordinary winds. ZEffective upwvard currents are estimated by Bagnold at
about 1/5 of the forward velocity of ordinary winds, A wind of 5 m/sec (11 mi/hr)
will just support particles with a diameter of 0,2 mm which is a critical line of
division between dust and sand. iflost wind-blown sands do not have particles smaller
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than 0.08 mm. Average diameter of such sands is from 0.15 to 0,30 mm. Sands are
predoninantly quartz because of its abundance, hardness, and taighness.

Behavior of sand in the air., The storms which obscure the sun in dry regions
1lift mainly dust; this stays aloft for many days after the wind falls. Real sand-
storms are dust-free except at first and the sand rarely rises as much as two meters
above the surface, with clear air above. Some of the grains moved are over a mill-
imetor in diameter, Sand moves by being driven into the air by direct immact of
wind, The grains describe a parabolic trajectory and land with enough forece to dis-
lodge other grains and start them on an aerial journey. This process is not exact-
ly the same as saltation under water but is callsd by the same name. ZExperiment
proves that the grains behave just about the same as spheres with a diameter three
fourths as large. Sand also moves by surface creep, which is the motion of grains
which could not be forced off the ground although they were slightly moved by im-
pack. Grains thus moved are too heavy for the wind to raxoe off the surface. kost

sand grains are too large for true suspension.

Wind velocity, Wind dlows only in a turbulent manner, Wind velesity is rel-
ated to helgth above the ground, not direectly but to the logarithm of the heigth.
When velocities measured at different heigths are plotted on semi-logartihmic
paper a straight line gradient is displayed, which reaches the C velocity line at a
definite elevation, k, above the ground, This heigth is about 1/3Cth of the diam-
eter of the sand grains on the surface or other surface roughness. Now, as with
water, the direct force of the wind per unit area is equal to half the product of
its density multiplied by the square of its velocity at that level. The horizontal
force or drag per unit area of surface parallel to the wind is equal to the product
of density of air times the square of a quanity known as the drag velocity. Now
the drag velocity, V# is directly proportional to the rate of vertical increase of
wind velocity commared to logarithm of the heigth, that is the tangent of the slope
of velcolty lines on semi-logarithmic paper, If we measure the velocity at two
heigths, one of them 10 times the lower one, the velocity difference divided by
5.75 equals V4, 1In general terms: V# = vel, diff.[(5.75 x log-heigth diff),

This relationshivn holds for turbulent flow of all liquids and gases, Now it is
evident that whap wind passes from a smooth surface to a rough one the slope of

the grade on sé¥l-log. paner is unchanzed but the point of O velocity is raised to

a higher level, k', thus reducting the wind velocity by the same amount at all levels
It takes some Cistance over the new surface before the effect is attained at all
heigths, Velocity at any heigth, z = 5.75 V4 log (z/k!'). A rough surface is defin-
ed as one where the Reynolds number, {V# x diam, prQ1ns‘}/v1sc05ity,exceeds 3.5

Effect of sand moverent on surface wind. oand in motion alters the surface
wind., When we draw on semi-log. paper the rays for several different velocity grad-
ients all converge to a single point of O velocity at level k! which is about 1/30th
the dimension of surface roughness. When sand begins to motre the gradient lines |
cross at a new point which is not on the O velocity 1line but at a definite velocity.
This new focus is at level k! and at a velocity at which sand just begins to move.
This is termed the dynamic threshold at which sand beginsto move through immact.

The rasing of the level 1z ascribed to development of a ripnled surface. The veloc-
ity ray of the original line on which the new focus lies passes through the O
velocity point of the grade at which motion started. From these facts it is clear
that velocltj at any heigth above ground when sand 1s moving is shown by the
"equation: v = 5,75 V'i log (z/k') + V; where Vi is the threshold velocity measured
at heigth k!, and v'£ is the drag velocity when sand is moving. Ioss of momentum
from the moving ari by reason ef sand transportation may be calculated by multiply-
ing the quanity of sand, Qs, moved in unit time in unit width by the result of
dividing the® average loss of velocity of grains by their average distance of travel
1. Sine the velocity with which a grain starts its fligh ht is small it may be neg~
lected and only the final velocity, u, need be considered, TFrom this it follews
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that the drag: may be expressed as: @s x(u/l) This is equal to density x V'#z

Now it has been found that u/l closely approximates g/w where w is initial vertical
component of velocity of a grain at the beginning of _its path, and g is the acceler-
ation of gravity, hence (s x (g/w) = density x V‘ﬂz, Solving this equation for
quanity, Qs = (denﬂitg/g) xwx V£ wow making the assumption that w ¢ Vi

we can substitute for w and find that Qs = constuwnt x V4" Experiment disclosed
that about a quarter of total sand movement is not through saltation but is due to
surface creep of grains which are not struck with eno ugh force to send them into
the air. The formula for sand movement was checked by wind tunnel experiments

which yielded a const:nt of about 1,47 where value of density | & is about 1,25 x

1077 It can also be demonstrated that the quagity Vi4 can be replaced in the

equation Ly velocity at any given heigth above “the ground less the threshold vel-
ocity thus givirg the final expression:

- 7
Quaggty = constant x(excess velocity at given heith)°
A

It was also found that a wind of given velocity can drive sand faster over a hard,
imnobile surface than it can over loose sand, but no quanitative data were obtained..
M2 above aquaticons were derived for sand of one diameter of grains only but moy
be modified to meet natural conditions by alterine the constant.

fompavison of resvits for air with conditions in water., Bagnold remarks lnat
the zood :ssulte he obilained in deriving and checlzing formulas for tranamitation o
waterial Uy moving air ame not matched by those others obtained with wai-r. Tils I3
du: in part 7% difficulty of observation under water but mainly to the tremendcus::

ijer loss of weight of particles in water, As a result, the reduction of velucit)
nf a stream of water by reascn of saltation is, other things being equal, less th=~»
on3 one thousandth that which tokes place in air, The frictional drag of air on
the ground may be negle~ted Tfor it is so smnlil compared to transfer of momentum by
the sand load. In water the bed load exiranis 1little momentum and water velociiy
is regulated almost euu*rely bty the roughncss of the bobttch, Grains are sot dig—
lodged by impact under water Tut puobably by eddies of turbulent flow. Ware the
bott-m of & stream to remain smootin erosion would be much more that it achualliy ise.
Deveionment of bottom roughiness then acts as a limit to movement of sedimeant.
Than suspension of particles begins, however, the bottom becomes smooth again  Thie
aeudi tion oegins when 7 V# exceeds the average settling velocity of varticles.
dLin susp-ension is fully developed grains move along with the water like pari

Juspension in air, When V# exceeds one seventh of the falling velocity oi
grains in air it aprears that suspension replaces saltation. Since this fall.uy
veliocity is proportional to diameter over a wide range of grain siges we can w:l%t:
as a fair aporcximation: quanity = V# | grain dlaﬁ%er. Bagnold suggests that $.~
shange to cuspenalon sots in when the grain~impact’ ‘method of saltation ceases
operatd and thet thereafter we have a condition akin to sediment transportatic. i
water in which saltation is not the same as in air. :

Field experiments. Bagnold carried out extensive field experiments in I ibdia
16 caeck the feiegoing laboratory work., Here the grain sizes are more veried -ur
the surface ls nowhere trully flat. However, the checks were satisfactory.

Relazion of threshold velocity to grain size. The threshold wind velocity is
that when grain:. just begin to be dislodged from the surface. The angle at which
a grein must be raised to get away from the ground is assumed to be cloé to the
anzie of cepose of loose sand, It is possible to compute the reguired Torce in
tae same Way as for streams. Equating force to resistance %? find that :
Vt# = constipt x ( effective weight x 61am£er/ air density)? or in other words
if. other, things are equal the value of the threshold velocity, Vi#» VAriss with
the square root of grain diamsber. This relation holds only for diameters over

"X.25 mm, The constent for these and larger grains is 0.1 compared to 0.2 in waier.

When the Reynclds number, v#d/ viscosity, is less than 3.5 a greater drag is requir-
ed to set grains in motion. When the grain size is less than 0.2 mm the value of

P
v
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the constant increases and the square root law no lenger holds. 1In water the same
change is at 2 dismeter of about (6 mm, Tata Jor force needed to start small
partieles is hard to obtain but it iz not wholly because of cohesion that it is
larger. Baencld has obgserved that in aird resions with guil of fine tuxture thers
is 1ittle dust except where the syriace has teen disturbed arti’icislly. He also
calls attention to the clean semaration of loess from ¢ apd The ecritical diameters
are ir air 0.08 mm and 1n water C.2 mm. An 1mp6rtant fector 12 holdin~ down small
particles in air is thelr melsture conte:t. Another is ¢ mictur: of large and
small particles in which the former protect the latter. The impact threshold wind
ig distinguised from the {luvid threshold discussed above hecause at it the motion
of grains is maintained by the impact of falling psrticlss alons, The wind up to
the critical heligth, k', is then unchanged no ﬁatter now herd tre wind blows above
that leval. - In water thers is no correspondiing conditlon, czls the fluild threshold.
and there 1c no fixed focus oFf constant velocity.

Iand forms produced by wind. Iand forms »nroduced by wind mry be divided into
first, er~gional, and seconc, depositional, 1T, *he latter class we are here inter-
ested only in the mouals of sand known as duner an. similar large scale deposits of
0T 1Ou 55
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nd fo s som times colled deflation. Topog-—

2) hollows or basing, sometimes crlied
undercul - sand blown along the ground
ed-un lake beds or nlayss. Follows may

ided the soll 1o 1nfavorable to a cover

be crcd,* Ef the w

of vegetation. Tus 1 step is struction or reduction ¢f this protectivse
material by '"rouca'cH nis r Lhe work ran, Yind then svweeps away the under-

lying ma teixﬂl if S
most abundant where tle materizsl is sand
grates into dust. Suck are abvundarnt in
Bigz Hollow, near Teramic, Wroming, is
Some of thse hollows contain lakes w!
in denth by occumulation of pebvbles lat

readlily picked up. . Blow-—outs are

bt somz are Tound on shale which disinte—
he golorado riedmont and the Twyoning RBasin.,
fect ceep and about 3 by 9 niles 1n exteni.
er¢ is enouzh rainfall, Some are limited

¢ "*ament others by reaching

to a d bo]
moist matericl near the water table. ILafi. depressions in Iibia and ~g;nt'such
as the Qatrara Depression have beer ascrioed to wind erosion and some have applied
this theorr to many of the epclosec bagins of the Pasin and Range province of | this

country. Meny of thr.- are more likely due to earth mivement and it geems

doubtful that wind ever eroded far iatn solid rock, TUndereut cliffs or rock shelt-
ars have been ascribed to wind erosion but old Shanish in ﬂrnptionn in some of them
in-the soutlrresi indica“c that if oporative, the process is slowe The beds of

playas or temporary lakes have "been ¢ roded by the wind in mony places leaving mini-

ature mesas capwed by salts. C(racking of dried mud facilitates wind erosione

HRowever, it is 2n open guestirn whether or not tho dust is removed far enough to

not be washed back by the next rain.

_Depositionnl lan¢ forms due o wind transportation., In humid regions the majof-
sources fcr sand which %s a:nilable for wind transportaion are beaches and river
beds. Then the glacial drift was nevly deposited and glacial lakes disappeared
large areas were free fro“ vesotation and exposed to wind action. TUnder present
corditions in humid regiong *here is an evar—present contest between vegetation and
wind.  In true g*id clinntes, sush 25 in Libia, wind has the field to Iteelf provid--
ed tha rocks weathcr into maisrial which ig within the power of v-ﬁd to transnort.
There dunce reach “ull develcwmeni 1n the orz., Bagnold lists: (a) sand accumulated
barchansand long moanS, (¢) coarse-

3 t“TCtS, and (e) sand sheets,

3
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behind obstieses, (b) true Gunes divi
grained zidgt.s or packs, () gen
Rock surfaces in deseris ars ofton ca
11 the surface of gert dg gant,
Dungs of hurid dards. Sand which is blown {rom areas with no vegetation is
commonly deposited in a snort disteonce to form a ridge parallel to the source,
These ridges are often called trangverse dunes or foredunes. Because in part of
variable winé direction ~nd in port of scanty vegetntion these ridses are -very
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unstable. Their corss section is gently SlOOina toward the source and sand is

added in layers with a gentle dip to windward. *he lee facg iz made by sand which
slides down in a slip face(fdrésef bedding) at an angle of zbout 34 degrues.

Low places pr bresks in the cover of vegetation are blown out into hollows. The
erodad gani is heoped around the heads of these denressions, some of which have no
outiuto Similar accumulations are also formad on the lee sides of blow-outs in

hs of sand. OSome have called this type of dune parabolic but the name is unfor-

.te because there is no relation ot the mathematical form | by the same name.

& snen ends of the crescents vpoint toward the wind. When a groun of blow-cut

C.res starts the earlier ones are checked vhen the hollow attains its maximm possi -
i¢ denth. Witk source cut off, the dune becomes stobliized with a cover of vege-

walon., Io:el fa:lure of this siarts un the process again so that a group of dunes

iy dwm win, leaving a confused system of mouncs and hollows which &t

fmpe s apne e waolty without plan, In middle latitudes, away from the ocean

rud iarge Lukee, winds are so variabtle in direction that the irregularity of durne

toaography deficy onalysis. Zrecloged depregssions are not all blowouts byt are nads
bw axrance of tie lee faces of dupes, Ialkes are present in some depressicas, Blown

ga.d nlse zervas to heln fill the lagoons behind sand beaches. Many abu:i”oned beach
1izue are wnrked. Sy TOws of 0.1_1.’168.:
uneg of aril lanci., The largost areas of arid climate in the world are pie-

raupe those of the trade winds, There the constant wind direction leads fto the gueais
est rarfe-vion ¢f dunes, When the wind is strone sand is removed from p:idly wnox-
fmee s and occumviates fa san(r arezs, Gentle Wlﬂdo cause these patches 1 tras el
dornyind a;ﬂ the sand %o be scattered. Eddies in the strong winds conce.trate sz7..
Tn cany places sand is blown into long stripes parallel to the wind directlon.
£ tlunog are made of ypsum particles.

shado, duncs., Sandé accucc:lates in wind shadows behind obstacl-es suclh as vo:il:

c).f%s or L.shes. Shaésv dun:s which arg {rensverse to the prevailiag wind ar-

uns :2ble. ag dunes which gvew ovs too far to leeward of the protection are o - o
be “woken i particulariy by cross rinds, -le bedding of suck dunes is paralle’. i
the surfase cxeend at the lee end which has a gidp face,

Barche. dviwc, Prohaps she be:s known dune form is the crescent-sherzed Tarchum
wano:- horn: are sointed down wind. These forms are best devsloped wher: 1he sand e
ratheys 1107 ted o amouns resting or a non-gandy baserment and the winds ¢-¢ unr
¢i. = tion-i. Tre windward face is gentle and the slip face is insice thk: two .r.swme
v.i0 o» have o min:yum heigth of about 30 cms, Where barchans are closely i.aced o
:n:v;ally‘y*ote 1z examples are more complex in form than is normal, ZF..iog:
Cepression: betiven them are sometimes crlled fulji. A system of barciasasz is -
comnianly bm¢ghtﬂy offset or sa echelon., Maximum heigth of barchans is =uamb .
fest, Le entice streamlined form is slowl: moving downwind at a rate viich mayx
reach sevi:al contimeters per hour during storms. ILayers added to the 7 indwa. -
“age are Jivnl bt the s1id sand of the lee sides ig verr soft and unstatr: s,

Where the windws. 1 gide is exnosed by erosion this soft sand reaches the -urfa:.
Seif or lecusitudinal dunes. Iy the very sandy areas of Libia, Arabli, ar:
;ralia the divss arc long ridges which parallel the direction of the prevar ‘:mg
ie wind. Thizz long ridees are known ag geiftor longitudinal dunes. They
(e +0 zach 4 heigth of over 200 mecters (700 feet), a width of sgbout £ time.
G 01E ‘1, 211 a length of 100 kilometers (60 miles). The sumits havs creess
f;u_ 90 > 500 i1 ters apart or about 6 tlmrv dune heigth. The winlward sud of
1cpthud:‘~l du.i2 is zenerally broad, locally with an enclosed depr9531uﬁiand RE
G2¢ end ic sher's. There is & slip face on one or both sides and a gently slcii-
2ed p;iq,n of firﬁ sand which has hnever slid. The summits apear to te movi:
and “he eriire dune is possibly moving laterally as well as toward the lies enc.
te laterc. spacing of seif dunes is from 1 to 10 kilometers and the ccrciders

between them extend for long distances. Bwrchan dunes occur in some of them

e origin of thsese long dunes is disputed. Some demonstably occur in the 1;6 S
ovstacles. Bagnold holds that ther are dve to the alteration and congsolidaticn I
barchans oy crose winds., Tc the writer it seems rcasonable to conclude that trey

“ha M timate streamlined form of minirum friction with constant wind direction.
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In other Words,_they are extremely elongated barchnns in which the two tails have
been joined together.

Whalebacks. The whalebacks of the Libyan desert are sometimes called sand
levecs, They are from one to 3 kilometers wide and up to 300" izilometers long with
a heigth of up to 50 meters. There ars discontinuous chains of dunes on the tops,
at one side, or in a series side by side. Bagnold regards whalebacks as residue
left by migration of either one geif dune or a series of them,

Undulating tracts. The gently undulating tracts of sand in ILsbia seem to
occur where there is some rainfall and vegetation. They secm to be similar to many

sand arczas of humicd or subhumid areas where dune topography is poorly defined,

Sand sheets., The areas in Libia which are termed sand shects have a surface
37 coarse gand with some pebbles. The material below has layers of sand and pebbles
7ith fine red gowder below a depth of about 10 cm. Pebbles were derived from near-—
oy bed rock. <he sheets appear to be the result of longitudinal sand strips which
are >cotected by these pebbles. Some water action may have occured.

1oess deposits. Toward the borders of the more humid regions to the lee of
extensive dunes there are silt accumulations called loess. Notable examplesg occur
in the United States southeast of the Sand Fill district of northwestern Nebraska
where the dunes appear to be the result of past wind erosion of Tertiary alluvial
fans ot the foot of the Rocky Mountains. In China the loess lies in the lee of
large degert areas. In Eurone loess is most widespread in southern Russia. The so
<"urce, method of transportation and time of deposition of loess has long been
tisputed, Its derivation has been variously ascribed to fresh glacial drift, to
stream floodplains, and to wind erosion in deserts. Transportation and deposition
has been ascribed both to lakes, strecams and the wind, In time opinion has varied
frem interglacial arid intervals to during or imnediately after glaciation. Altho-
le loess is in many places thickest adjacent to rivers from whose beds it may
e been derived this localization of deposition might also be explained by rough,
ic. sted hilly tonogravhy which caused local still air. It is now generally thoy-
J '
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2 ul@t loess was transported and devosited by wind,although some think that the
oess of the east bluffs of the Myssissipni is the procuct of weathering of clay.
Tae arguments cannot be cdiscugsed here excent that there may be two types of loess
¢ue late~glacial or glacial in age, the other interglacial.

I, and forms due to loess. Land forms due to loess deposition are not abundant.
r1 the east bluffs of Missouri River in Iowa loess forms hills which as viewed

com the air suggest snowdrifts. Here the loess locally reaches 20C feet thick-

n38se Ip most places the loess simply forms a montle over older topogranhy of
various origins. When eroded slopes are very steep because of its hlgb permeabilit y
and the vertical cleavage whlch some ascribe to the casts of grass roots, Iand-
sliding on these slomnes gives rise to minor terraces called catsteps.

summary. <The wind is the most potent force in shaning the 1anﬂschne in truly
arid regions, even though there are some traces of water—work in meny of them.
Both barchans and seif dunes tell of uni~directional winds, the latter prchaps the
uliinate form of minimum friction between sand and wind., Barchans whose horns
point down wind should not be confused with dlow—out dunes of 'mmid regions whose
convex sides are exactly opposite. It is quite possible that conclusions on for-
cer wind directions in some localities are 180 degrees in error for this reason,
Tirection of dip of foreset bedding is a much more reliable criterion., The complex
June topography of humid regions is readily explainec by the conflict of vegetation
wiih winds of veriable direction., Wind shadow dunes occur in all regions. Whale-
tocicg and sand sheets are mainly confined t9 arid regions where wind has worked
o+ + long time with little interference from vegetation, Constructional hills of
1oczas occur on the borders of humid regions.
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WORK OF ICT

Introduction. Work of ice inecludes the land forms made by glaclers, icebergs,
and the ice of lakes. It excludes the work of ice in weathering and soil form-—
ation. The approach here is somewhat different from that used in the study of glaci-
al geology, in that it is not concerned to any great degree with the physical
nature of the deposits but is confined to processes which made land forms.

Glaciers—introduction. A glacier may be cdefined as a mass of ice which was
formed by compaction of snow and which flows, or at some time has flowed, under the
influence of gravity, that is it is drainage of precipitation in solid form, -
flaciers are subdivided into (a) valley or mountain glaciers, (b) piedmont glaciers
"nened by the joining of several valleyr glaciers at the foot of the mountains, ond
c¢) continental glnciers which cover large areas.

norigin of ice. Glacier ice ig compacted recryﬂtalllyed snov Partially
altercd snoy is often called firn and has a density of 0.72 to 0.84 # laver of no?’
less than 100 feet of this moterial is found near the surface of the source areas
of glaciers. Much more is probably present in polar regions, Firn is absent in the
lower narts of glaciers where they are wasting away. Glacial ice below the firn
contains up to 15% of included air and ite density does not exceed 0.9 in contrast
to 0.918 for ice made by freezing water. Ice crystals are hexagonal and are several
inches in diameter. ’

Physics of glacial motion. The nhysics of glacial motion have long been mis—
‘mderstood by many geologists, Near the surface where it is under light load ice
“ehaves like a so0lid and yielcs to stress mninly by fracture. TUnder heavier ﬁres—
sure ite physical behavior is like thnt of a liquid., This is no different from the
oreaomena of rock deformation excent that it occurs under liiater stress, The only
arailable determination of the viscosity of ice is 1.2 x 16° noises. Demorest, who
124 ruch worlz on this subject, states that viscosity decreases with load, Presu,-

w11y this is because pressure coauses recrystaligation with the gtructure arranged

Zn facilitate flow to relieve the stress. We would then not expect any further
shange below the depth at which this process has been completed. Ice cannot exist
% temperatures above 0 degrees C. The flow of ice is laminar. For a valley glacl -
cr with apnroxinately a semi-circular cposs section average veloecity would be given

" the following: g % density x sine slove x depth® ; )
e 32 X viscosity : Oon a slope of one deg.
zlacier 100 meters thick would then have an average velocity of about 3.5 em. per
Aoy which seems to agrec with actual observations., In such a thin glacier on a
sloping base one layer flows over thnt just below. " Foree is the component of gravit-
Ty parallel to the bottom. Rate of flow should be O at the base under thick ice
but near the terminus the thin,rigid ice might be shoved bodily over the rock.

This type of flow was termed gravitr flow by Demorest. Conditions are different in
a thick contingptal glacier, The top is rigid and is retarded vhere it reaches the
ground at the tin outer edges. Below the ice flows by reason of the difference of
L"D elevation from place to place, Since yielding cron only be o1iward the compon-
#nt of weight of 2 unit column of ice which is parnllel to the 13> is tho forece for

wtion and velocity ot depth & is shown by the fallowing formul.a:

V = g x density x sin slone x devth

v1uco$itv ;
Subetituting for a slonme of Ol degree (less than 10 feet per mile) and thielmess of
BU00 meters the result is only about 0003 cm, per day. Bottom véloecity should also
bs 7 excent near the margin of the ice, Demorest called this extrusion flow becausce
it i¢ opresent only at denth.
Ice erosion. Ice erosion is the result of friction between moving ice and the

bed, The forece of friction is egunl to the wgight of a unit column of ice mult~
iplied b" a cocfficéent which denends unon nature of underlying material and not on
rejﬂc1tv_ The power,or time rate of work of a glacier is this force multiplied by
valocity. O ther things being equal the veloecity of a valley glacier 1s relnted %o
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the square of the depth. In a continental glacier this relation does not hold for
the formula does not take into account the effect of spreading out of the ice towardd
h¥e mergins. If we reasonsed solely upon the formula for a valley glacier power

nowié be related to the cube of ice thickmess. However, this conclusion does not
the whole stery. Bottom velocity, except near the terminus,is O or close to it.
a of the energy is absorbed in 1nte*nal friction. If this loss results in preg-
nve-melting of ice followed by refreezing then no encrgy is lost. But if there is
¢ permanent melting or COnauction of heat to the surface energy is really lost.
the preatest differential velocity of ice over rock must be near to the end of a
ginzcier. Most geologists seem to think of erosion by ice as mainly due to srinding
of rock into pcwder or rock flour. The word scour is often used for this type of
woriz. A 1ittle thought will show that erogion of hard rocks in this menner would
2bsorb an enormous amount of energy, and since the work would be spread over a very
levge area of ice bottom he extremely slow. Although 1t is an undoubted fact that
rock flour is made bJ glacial action,a mich more notent form of erosion of firm
7 is removal in pieces. This process is termed plucking and occurs where plastic
ize can flow around and freeze to rock masses which have been broken by older frac-—
fures. Sueh pressure-melting and refreezing taltes place under thick ice. The
ne.ting point of ice is lowered about 1 degree ¢ for every 2100 meters derth.
Conputation shows that with the normal heat emission from the earth the bottom of
&1l thisk zlacjers must be at the pressure-controlled melting point. Under this
sordition very slight changes in pressure may change the ice from solid to liquid
and. vice versa. If cracks are presernt in the bed rock fragments are thus incorpor-
ated in the ice and move forward with it. This results in much more rapid erosion
than would otherwise be pgssible. Another mode of erosion is present in valley
zlaciers where there is a prominent crevasse called the bergschrund at the head
naxt to the mountain wall. Much neltwoter both from the ice itself and from banks,
of snow above ,enters this crack anc nd freezes. This freezing loosens many blockg of
rock whieh are then carried off by the moving ice. This process is called Sapping.
The importance ,and even the existance of glacial erosion has long been debated.
That such erosion is an imporiant process in shaping of land forms is demonstrated
by (a) the vast amount of fresh material derived from bed rock in the glacial -=" -
deposits, and (b) the unique topogrphy of meny glaciated districts. |

Depogition by ice. 1In considering ice deposition it is impracticable to sep-
arate the result of direct ice deposition from the work of meltwaters. Unstrat-
ified and unassorted moterinl direct from the ice is calld 3ill and the word drift
includes both this and associated water deposits indirectly due to glaciation.
Deposits of glacial streams consist of sond and gravel which bears in its nature the-
record of the frequent changes of volume and velocity of ice-borne streams with
floating ice. 1In areas not long vacated by glacisl ice large residual remnants were
buried in the deposits and did not melt for a considerable time.

Brosional land forms of volley ~laciers., The most strilking and characteristic
erosional land form of valley glaciers is the cirgue. ”ﬁ%e bowl—-shaped depressions
arc also known as corrie or cwm, They occur not only at "the heads of mountain
valleys but also on mountain sides and frequently are found in stariways one above
another., Cirgues are ascribed to s@ppihg in the bergschrund of small glaciers,
Another characteristic feature of glaciated mountnin vallers is & non-uniform grade
with enclosed rock basins separatec hy intervals of abnormally steep slope. Rock
basing are also present in the bottons of meny cirgues. The transverse cross sec-
tion of many glaciated valleys is notably U-sheped rather than the V-shepe of normal
stream valleys in mountnins., This phenomenon is best displayed in massive igneous
and metamorphic rocks and is enhanced by a fillin~ of gravel outwash in the bottom.
Unfortunately it has been termad catenary by some geologists, although it bears no
10 relation to the curve made by a rope or chain suspended at the ends. TInstead it
is exnlicable by the fact that the work of a glacier is spread over a wider bed tha n
that of a strean carrying the same total discharze in unit time. The coasts of
many glaciated mountainous regions such as Norway, Greenland, Pategonia, and
Alaska are indented by many long narrow bays called fiords(fgords) Many of these
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are ruch shallower at their outlet into the sen than they are inland where devths
up to 4000 feet have been recorded. Miords form a branching system which in many
places is trellis, that is adjusted to the structure of the bed rock, WMany of the
tributaries enter from hanging valleys; some of these have the lip under water and
others give rise to spectacular falls or repids. TFiords are now generally ascribed
to glacial erosion which was less effective under thin ice near the outlet thusg
leaving the threshold. Hanging valleys are also common in almost all glaciated
mountaing althoush discordant Jjunctions are by no means due only to zlaciation,

It is now quite generally recognirzed that glacial erosion on a large scale is
closely related to the amount of fracturing of the bec rock and is thus controlled
by regional structure. This was well shown by Matthes in Yosemite Valley, Califor-
nia, However, it is possible that the relationshin of glacial erosive power to

the cube of lce thickness is another important factor in the nroduction of hanging
valley junctions. A relatively minor topographic feature of glaciated walleys is
the roche mountonee, rock lmobgs with a gentle slope on the stoss side toward the
source of the ice and a steep slope on the opposite or lec end. GSome students have
ascribed these to turdulent flow of the ice but in view of its high viscosity thia
is impossible, Roche nmountonees nre readily explicnble as simply rock masses too
large to be removed by plucking which were ground down on the exposed side by the
moving ice; they have no necessary relntion to preglacial features. Roche moutonees
should ngt be confused with exfoliation domes. Many other irrocgularities of glaci-
ated valleys are doubtloss explieable by variation in amount of fracturing of the
bed roclk. -

Cvele of mountain zlacinl erosion., Attempts have been made to distinguish a
ecycle of mountain glacial erosion sinilar to the cycle of stream erosion, It is
ttws that glacial erosion varies greatlr in amount in different localities depending
upon the size and length of life of the glaciers. In some places only isolated
cirques are present wheras in other localities the headwalls have been wora back so
far th~t only narrow ridges (arcte’) are left between cirques and the higher summits
have been sharpened into horns. But what the next step would be is unknown for it
is clear thnt glaciation has been only a relatively brief episode in the history
of existing mountains. It may be presumed that if glncial erosion continued long
enough it would reduce the entire mountnin range so much that snowfall would be
decreagsed. Possibly this might lead to extinection of the glaciers. \

Depositionnl land forms of vallev glnaciers, The depositionnl land forms of
valley glnrciers are relatively smell compared to adjacent rock topography. Where

he terminus of a valley glacier remrined stationary at a position fixed by a bal-
ance between melting and forward motion a moraine was left in an arec across the
valley. Such are known ng terminal or endmoroines. Debris which fell from the
nountninsides onto the ice left lnteral moraines .Where tributary glaciers joined
the lateral moraines conlesce into mecinl moraines. Meny lakes are enclosed behind
mornines, Valley floors both within and outside the mrxinum ice limit are filled
with outwash deposits of sand And gravel, often called valleyr trains,

Zrosional 1and forms made by glncinl waters. Streanms of glacial neltwater
erode 'notches across spurs and eroded many potholes in rock. The most spectacular
featuré due to erosion by water is the seablands of Washington. A prolonged contro-
versy has been wagzed over the origin of these arens of Yevs dare basalt with many
abandoned waterfalls and only small areas of gravel, Bretz held in many papers
that the seablands were eroded simultaneously by & vast flood hundreds of feet deep.
No cause for such o flood could be found. Flint discovered that the gravel of what
Rretz ealled bars is normal outwash which is too fine to have been denosited by a
vast flood, He concluded that vallevs across the Columbia Plateau were first filled
with outwash which sloned down to Lake Lewis in the lower Columbia Valley at a grad-e
of I3 ft/m. Neither the origin nor the cause of drainhing of this lake was discev-
ered but Flint concluded that lowering of its level before the ice front was melted
back brought about a change in slope of the meltwater streams to about 20 ft./m.
This caused erosion of almost 21l of the outwash and the remnants left in the mouths
0of tributaries are what Bretz interpreted as bars, Allison has disputed Flintls
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ideas on the ground of (a) improbability of simultaneous erosion over so large an
area, (b) misinterpretation of the relation of outwash to the sediments of Lake
Lewig, (¢) the tupographic form of some of the bars which he thinks are construc-
tuonnl, and (d) presence in the lower Columbia Valley of high-level strenm-eroded
aress 2bove the lake silt., Allison gives no general theory but suggests that the
affent of iece jass in diverting the rivers has heen neglected,

Irogionai isnd forms cue to coutinental glociers., 3Iresional land forms 1eft by
u“:ﬁ inental glaciers are not as conspicipus as those formed by valley glaciers.

feot, the origin of some of them has long been disputed., In making compariscns
1% 1z well to realize that continental glaciers probcbly had much less velocity than
1o mountain ginciers which rest on steeper slopes. The latter are in motion throug h
wut almoet 211 their life wheras continental glaciers became so thin during their,
vrge that motion must have ceased throughout large areas. Some continental
slaoters do not seem to have remained in motion long enough to make an endmoraine,
I% in true that many fiord ccasts were once covered oy continental ice but an importé
227 factor in producing these deep valleys was the presence of local glaciers both
holere and after every continental ice cam. For that matter, cirgues occur in areas
wrch were covered Dy continental ice, for instance in the White Mpuntains. These
vz, 4 certainly made by loeal glaciers. Major features in the United States which
are. senerally recognized as due to erosion by continental ice are (a) the deep,
wthful, glaciated valleys of the northern Appalachian Plateau, some of which con-
an the famous Finger Iakes, (b) the bvasins of the §reat Lakes, and (c) some of the
remarkably straight escarpments of the (Great Lakes region, The Finger Iake valleys
~re so0 straight and deep, extending below sea level, that only glacial erosion can
be the cause. Cooperating processes comprise (a) erosion by meltwater from the
zdvancing ice thus lowering divides, (b) erosion by diverted streams during inter-
glacial intervals, and (¢) reversal of drninnge in preglacial time fron a south-
ward course to join the subsequent valley of the Mohewk. It has been suggested tha't
erosion was concentrated in the deeper valleys because only there was the ice thick
enough for pressure-me lting whick allowed of plucking. The Great Lakes certainly
lie in basins which are enclosed by bed rock. The nroblen is complicated by known
earth movements which anmenr to® still going on. Only a smnll part of the denth
of the deener lakesg can possibly be exnlained by dams of glacial drift., Both Lakes
Huron and Michigan are crossed by submerged cuestas on the Devonian limestones.
The deenest parts of these lakes are above Silurian salt and gypsum—bearing rocks
which must certainly have been easily erided by ice. Other bagins apnear to be all
on shnle., The east end of Iake Superior is extremely irregular but the relation to
the strmcture of the Keweenawmrn sediments and traps is unknown. It is impossible
to account for thse basins by earth movement alone althiough neither the preglacial
drainage nor the exact amount of glacial erosion can be determined at preseat.
The ~bsence of valleys across the cuestas appears to indicate that nrer1a01al val-
leys were bottomed for hisher tharn the lskes: now are. Glacisl erosion is also
indicated by the large amount of drift south of the lakes. The simple form of the
escarpments in much of the Great Lakes region tells of glacinl removal of spurs and
outliers. This seems to have been most marked where the soft rock is shale and
where the ice noved apuvroximntély pnaralleél to the escarpment. Roche moutonee hills
occur in areas of countinental glacintion,

Depositional land forms due to continental glaciers. Depositional land forms
due to continental zlacintion with associated meltwaters include moraines (both
terminal or end, recessional, and grounc), drumlins, outwash, eskers, ond crevasse
fillings. Terminal or endmoraines originated in the same way as those of valley
glaciers. Recessional moraines have been nuch misunderstood. Those due to a halt
in melting back of a front of movinz ice are very irregular in outline. Most
roraines behind the outermost or endmoraine are the result of rendvances of the ice
front to a regular smooth outline burying water deposits. Moraines made of stony
material contain much water—-sorted gravel and sond and have steep slopes. All driftt
is very wet when deposited and water caa escape from sand and gravel without caus-
ing extensive sliding. Where a large amount of clay and silt is present in the
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drift slumping lends to lor slopes. In detail many moraines consist of a complex

series of minor ridges ench along some temporary position of the ice mergin,

Many depressions are left hetween'these ridges and others, called kettles  were made

by the melting of buried ice measses. ' Clay moraines are comparatively inconspic-

ious and have few dspressions. ¢rowmd moraine ig coqpo~ed almost entirsly of $1ill

which was either deposited under tho ice or left behind when it rmelted., There the

drift is thin the present *enograu.v is & gmootned refLectlon of an older land-

scaps of some other or*gin, bﬂC“ grosional or depositional, In regions where the

clqy content of the T;ll is large’ t“e ground morsing s thick enough to cover

the rock topography Torms a nearly_level drift or till plain. Such are comron in

Iowa, Jllincis, anc’cther regions where 2 large part of “tihe bed rock is shale

which suorlied the clay to the iee. Trumling are conspicipous only 'in rather stony

drift. They are streamlined hills up to 2(CC feet high which are composed m2inly

of $112, Thealr long exes are parallel to the direction of ice movement ~nd the

stoss end is the steerer. The *1ﬂnyv are &s steep as ”et till could stand.

-q detail the ideal form is 1n meny inctances confused by fuslon of adjacent drum-

in® and by chonse of ice ¢ rectlon. Drwalineg uttained their share because they

are the form of minimum frietion for material which sccumulated in crecks in the

bottom of moving ice sone miles beck of the margin. OQutwash consiats of the depos-

its of Placial meltwater streams vhich on leaving the ice flowed over a relatively

low slope. Here they formecd a braided pattern and laid down nmueh of their load

0¢"iﬁu grevel, If the lucnlity of deposition had not been occupied by ice for

some considerable time the resultins topogranhy was a smootk wiain, But where
residual ice mosses had been left from a recent glacial invasion sediment accumu-

1ate& around and above them, eltine left a confused tonography with many kettles

which ,excent for the rnature of the mnterial resembles many terminal moraine deposits.

Such rough deposite are celled pitted outwos b and vary from isolated nits in a plain:

to areas where no trace of & depositlonsl surface iz left. The areal distribution

of such deposits is unlilzs tha% of moraines in that the longer dimensions are nore

apt to be porallel to the direcction of ice motion instead of transverse to it as

moreines are, Zskers renresent the filling of the beds of streams which flowed

between ice walls. It is hard to tell in meny conses whether these streams were in

tunnels or in crevasses whichiere omen to the sky. The gravel and sanl ridges are

discontinuous and have irregular crests., The flanks sre very steep. .In some

cases they have trrbutaries viich tell definitely that deposition took place in

dying, stagnunt ice. Crevagse fillings are narrow ridszes between kettles of pitted

outwash wlains., Loulin kames are conical hills due to gravel which was deposited

in holes which meited through the decaying ice.

Iake deposits. Glacial ice formsd the dam which anclosed meny lakes, Those
which wers shut in front of advancing ice conitained much open water although in the
glacial climate both icabergs and lake lce :mst have Toen present most of the time
thus damping wave action. During ice recession residual ice masses must also have
been present in all low mlaces go that moiv supnosed lokes were simmly narrow moats,
The land forms made ©ty glacial lakes differ litilc from the deposits of standing
water described above ancd necd no further dascrin*ic“ in some places moupds of
ti1l within lake beds heve heen reported, Some of these may heve deen due to the
overturning of iceberga.

work of lake ice. In nlidele latituces where there is a great veriation in
winter. temmeratures the lole ice c¢an exnand considerably during worn perieds when
snow has melted off the ice, Vhere shores are high the ise breals in on expansion
crack Dbut wiheireever the resistance of low shores is 1esa_tnan the gtrength of the
“ce expansion pushes vp o ridge, The coefficient of ewpension of ice is Blsiax
10> per degree centigrade or nhout 5 times that of steel. A kilometer of lce
raigsed 20 deg..C. would then expant about a ﬂate Where irce vush ridges contain
rany boulders thev cnn survive wave erosion and ~ome permanent land forms. Some
cxamples are over 2C feot high and extend To~ riles. Ice push appears 0o be
mncomnon in the far north because the laices ~re alwars covered with snow in winter
and the gpring thaw ig so rapid that the ice soon wealkens.
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Summary. The worik of ice was important over a large part of the northern
countries, Glaciers are still present in mountains even near to the equator %nd
in the not remote geolgic past were much more extensive nll over the world, “hen
continental glaciers,Klike those still present in Creelﬂnf ond. Antarctica overspread
Canada and the northorn United States. It has been duggested, however, that nany

glaciers of the present day are not survivals of these ancient ones but were formed
iﬁ the Little Ice Age which began about 4C00 years ago. Glacial erosion by pluck-
ing of previously fractured bed rock is far more important than grinding up of rock.
Sapping or frost- loosening of rock is important in the mountains., ZErosional fornms,
such as cirgues and fiords, develoned by valley zlaciers are much more consniclous
thrn ~re the results of erosion by continental glacigrs. On the other hand, the
depositional features of the continental ice and associnted nmeltwaters are far more
important than are those of the mountain ice streams. These deposits left a dis-
org(wlzed drainage system with many lokes and swamps and streams superirposed on
the oider rock tODO’erJy naking falls and rapids. TUnlike valley glaciers the con-
tinental ice cops were thinned to the point of stagnation at many times during theirr
recession., Some did not even leave ony terminal nmoraines. Others underwent many
periods of rejuvination through increase in snowfall and readvanced to make a series
of so-called recessional moraines which are really the record of counter-attacks
against the sun which fininlly reduced then to their present limits.

. TECHNIQUES

Introduction. Technical nethods for the study of problems in geomorphology
are varied. In this text a method as yet in its infancy has been attempted, namely
the approach through physical controls. Either the mathematical theory is devel-
oved and then check’ against facts gath ered in the field or from maps or the reverse
firet derivation of 'a forrmla which fits the frcte followed by an analyvsis of the
mathematics of the vhysical processes involved. £ The tools used in search for data
comprise: (a) topographic mops, (b) aerial phetogravhs, (¢) profiles, and (d) block
dingrams or perspective drawings of other types.

Topographic mans. Topography of an area may be shown on maps by means of
(a) contours, (b) hachures, (c¢) shadinz, or (d) a corbination of two or more of
these methods, In this country most mans published by governmental agencies use
contours nlone, TUnfortunately, the ability to use contour mans effectively is
attained bty relatively few nersons, To many these meps have little meaning aside
fron the gpot elevotions of de_inite localities It is now evident that in the

early days of naking these maps too much was expected for too little time and travel
in the field.s ©Errors and omiscions due to failure to visit portions of the area
are glaringly apparcnt not only when the locality is visited but also in aerial
photographs, Not only arc there mistakes in form and elevation but different
streams hove been joined together., ZXEven in mans of recent dat% n field check
alrcst alwnys discloses some errors in nortions which are covered with forest or
arc remote from ronds. Many foreign mans use hachures with at nost onlvr a few
contours. Spot elevntions are given on most of these maps,  Some surveys have used
contours for gentle slopes and hachures for c¢liffs =nd steep slones. Various,
nethods of shading hnve also becn tried, some as though the light come from the
upper left corner, others with density proportioned to slope as with hnchures.
Most of thece maps are hard to read and accuracy of detail is doubtful in many
instances.

Aerial photoszraphs., Within the last 10 years most of this country has been
photographed from the air largely in connection with various "New Deal" activities.
In peace time these nhotograrhs have been made available to the nublic at reason-
oble cost. Aerial photograrhe are of three general #ypes: (o) verticals, best for
napping and determination of areas, (b) low obliques which do not show the horizon,
anrd (c) high obligues which include the horizon, Some methods of mapping use
a cobination of the first and last types, We need not here discuss either the
methods of talzing aerial photographs or the details of making maps from them. It
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is obvious that photographs record far more detail than does any map. ZExcent under
very dense timber nothing is hidden from the aerial camera., In fact the objection
is often made that photographs shoew too much confusing and unessential detail.,
Aerial photographs may be used (a) singly, in which case obliques show relief much
better than do verticals, (b) joined together into mosaics which are not true maps,,
and which can only be made from verticals, (c) examined in pairs taken from differ-
ent positions of the plane in such a way that only one is seen by each eye, that is
steieoscopically, or (d) superimposed by various methods and then examined by means
cf special glasses so that only one is seen by each eye. Both verticals and obliqu~
©3 nav be used in the two last ways, and so can pictures taken on the ground pro-
vided only that they were taken far enough apart and yet show the view at very
nearly the same size. Several types of instruments are used to enable one to see
sng pieturs with each eye. These are known as steresscopes but with practice many
ersons can disvense with all instruments and make the eyes look along parallel
iines., Various methods of attaining this method have been tried. One is to relax
w.til a single object apnears double; if an effort is mede the eyes automatically
converge so that a single object is seen. When deuble vision is attalﬂed then a
pe.iv of pihotographs can be held up with common points from 2 to 25 inches apart,
Suadenly wou will realize thnt three imeges only can be seen and thnt the central
one, where in fact two ore superimposed, is in relief. A stereoscope is essential,
however, to measure differences in elevation on verticals by comparison of distance
between common points which varies with elevation. The method of superimposed
pictures in different color, or with light polarized at right angles, produces
what is called an anaglyph. Such pictures are simply a blur until viewed through
the proper zind of glasses. Maps can be made in this way, although so far only of
1:mited areas; spot elevations or contours can be shown to give quanitative daia
on anagly.s. It is ciear that the use of aerial photographs opens up new fields
to geonmorphic study. This is particularly true where the mantle rock is thin ovd
vegetation is sparse., Then the structure of the underlying rocks is very clear,
Faults and fo0lde may be traced accurntely by the varying topographic expressicu:
and mantle rock of each kind of bed rock, Study of glacial deposits in which the
surface fo:m plays an important part is greatly facilitated by aerial photographs.
Drumlins, noraines, eskers, and outwash all stand out clearly. OQut!vash is dis-—
tinguised Zn manyv localities by the sandy soil which photographs a light color,
ﬂnd vitted outwash shows a mottled pattern with many rudely circular swamps and
takz2g, The lakes in terminal moraine are for the most part irregular in cutll‘u«
Profiles. Many students of geomorphology place rmch importance on profiles
¢r cross sections. OfF necessity, these are made from topographic maps and arc n
aore.accurate than they are, Profiles are drawn on cross section paper with iac
vertical scale considerably larger than the horizontal scale which may or may not
be the same as the map. Theyr may show only the surface along a single line, either
straight, curvec, or a series of lines at angles,or they may be of the projected
typz. If the iatter two distinct methods have been employed. Barrell in a seaich
“ir ancient marine terraces in New England, drew the crests of hills beyond the
front line of his profiles back so far thnt the result is confusing. Each sumult
wos prejected on a line at right angles to that of the section. Others have used
a strip of definite width and shown the highest elevation in this strip which is
present at right angles to the front line at every point. This is equivalent to
showing the skyline of a model of the landscape of this strip which may te a mile
v more in width. Johnson drew these profiles on cardboard, cut them out along the
line and then set up each profile vertically on a map in the location of the front
¢ »noch gurip. The result simulated a relief map. Just how this method is baiter
th»a coloring in areas of different ranges of elevation to make a layer map s
nsv2r been.clear to the present writer. Excent where the geology of large are:q: is
un.{orm any profile which does not show the underlying materials is worthless.
Aiter all, the nature of the bed rock is the predominant control of surface form
and it hardly seems possible that erosion has ever continued undisturbed until all
such control was destroyed. Profiles have generally beegﬁr&wn in order to disccver
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and correlat: " ancient, now—Cissected erosion surfaces. This quest ic one
fraught with great chance for error. Just why should an erosion surface have a
definite level? Tn recognizing one should we use hilltons or valley bottoms of
thet #imef How imch reiief should we allow? How should we guard against the
suncenselous infiuence of the horizontal lines of the cryss section paper? If

aces were whoped during uplift just what kind of cnrve must we assumey Are not
renzes o slievetion of each surface as great or grsater than the intervals
ustreen the 2rusion levels? Fow could older surfaces survive while lower ones

rore made close 2t hand uvnless or wusual conceots of origin are mistakest Andfinally;
©r- Lhe usual explanationsof aréas which are too high for a given "level" as either
¢iduals (monndnocks) or as uvpwarped areas and of areas which seem too low as
aciwarpedvarcas or due to subsequent erosion just too easyt Are not many of the
Tutvang T lineg of intersection of two peneplains more likely the result of warp-
LTie Although we should not discredit all conclusions based on profiles it appears
to accent rnay of them 'with reservations", y

Block a 08 Bloclk diagrams, perspective drswings, and perspective maps
nz2 of more ismoriance in explairing than in solving problems. They are particu-
io+ly adapted to an exposition of a theory of geomorphic history. The subjective

.

zlomuent in draving them is too great to make them an unbiased delineation of facts.
Pt repective meps are drawn on.a map by raising the pogition of elevated points

212 amount pronoriional to their heigth above datum. The vertical scale used in this
“s always greatly exaggerated. This tyre of map has been employed in the several

shwsiogravhic diagrams which hove been nublished., It helps in giving an illusion o:

Zepth to show A cross section of the underzround structure along the front edge.
True block diagrams are intended to show the relation of underground phenomena

vv surface form in a certain relatively linmited area, Vertical scale is almost
always exaggerated. pPpositions in the horizontal plane may be shown either in true
#ug sAnes towe or in isometric projection. In the former all lines which would be
parallel on ~ mnp converge to n point known as the_vanishing point. There is a
different vanighing point for cach set of marallel lines but all are located on a
straight Lorizon line. I, this tyme of drawing the scale decreases with distance
from the front., In isometric drawings lines which are at right angles on the map
are skewed to angles of 30 and 60 degrees. Distances along these lines are not
altered., Various machines have been made ag an a2id in making these dravings
becaunse the redrawing of a rp on a skewed or perspective base is laborious. All of
these are hard to construct because slidinz joints are required which must Dbe

hard to keep in adjustrnent. Relief is shown by the profiles aloung the sides aided
by shading, hachures, and raised contours. Difficulty in drawing decreases in the
order given. Drawing of hachures requires considerable practice. published dia-
grams loo- much more complex than they really nre because they were reduced in
scale by photography. The illusion of distance is enhanced by making the lines
fainter and nearer together for the same slope as the bnck of the drawing is appro-,
ached, C(Crests are generally shown by full lines. Changing of a photography to

a merspective drawing is sometimes desirable in order to bring out certain features.
The work of others should be studied with a lens before attempting to do any of this
kind of work, -

Summary. Choice of methods for study and for showing data and interpretations
in a report depends largely on expericnce, The trend is now definitely toward use
of aerial photogranhs including stcreo-pairs and stereo-triplets which ere less |,
expensive to reproduce than are anaglyphs. Well-drawn three—dimensional diagrams
are, however, of great value and are rmuch cheaper to publish than are photographs.
The practice of publishing profiles without showing the geology is to be condemned.

. GENERAL SUMMARY

In the foregoing pages the writer has atterpted to approach geomorphology from
the standpoint of what must ensue from given physical conditions rather than by
means of nurely abstract reasoning. It is truve that in nature there are many
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variations from the ideal of hornogmeneous material which must be assumed for math-
ematical onalysis. Moreover, there are many topograptic forms where more than one
process is at work at the. same tine. These frcts must be kept in m ind when eval-
uating the theoretical conclusions. It is ohvious that much nore field data must
be accumulated in order to check the theoreticrl deductions. It is better to

make original observations than to trust to even the best maps. |

A major error in the past has undoubtedly been the assumption that the present
clinate of an arca should be projected hack into the renote post. Some seen to
regard as "normalY the tyve of humid climete which is now widespread in niddle
latitudes vhere the majority of scientific workers live, But if we loek at the
relative areag of different tyves of eclimate today it is apparent that such a
classification is unreal. And when we look back to the time when there were no
polar ice cans and epicontinental seas were larger it is evident that ,aside from
mountaing an ever larger proportion of the lands must have had a semi-nrid or arid
climate during nmost of their history. For this reason caution is necessary in the
interpretation of fogsillandscapes which were long preserved under 2 covering and
only recently exhumed. “hich are true penepnlains and which are pedimentst Certain-
ly those which have a grovel cover are not peneplains in the classical sense, It
seemg ag if the emphasis that has been placed on the discrimination of remnants of
ancient pensplains was,to say the least, unvise, Iet us try rather to Ttuild up 2
foundation before we attempt this uncertain pursuit. Let us consider also the
alternative interpretaions which are possible for many of the nhenomena and not
give too rmech weight simply to renutation of proponents of some of the ideas.

The future will decide which interpretaion is correct but only after the necessary
physical data has been gathered.,

The interpretaions here preserted on the discrimination of talus and creep
slones appear well suprorted. Their applicntion to the slopes of volcano s made
of fragmental material obviously elininates some older ~ttempts at mathematical
analysis on the bais of shearing.

But so far the least succese has attended attempts at mathematical treatment
of the work of running water, It seems certain theot the gurnitative computations
of force made by many students are migleading in that they consider only total
energy instead of the small portion which is actually expended in erosion and
transportation, Pogsidly Littlel!s likening of the process to the loss of pressure
of water in flowing thorough a pipe may lead the way to ultimnte solution. In the
neantime more dnta of grades of streams on uniform material and on slopes due to
rain wash is greatly needed. Such dnta is herd to find and needs careful stydy,
In this connection attemtion should be directed to the force opposed to erosion,
resistancé of material to removnl, This factor has been igrored in the nast. The
work of H,rton on this as well as the quanitative relations of streams is a step
toward the solution of some of these irmortant nroblems. :

The present woric has added 1little to mroblems of thework of standing water
other than to point out the desirability of a new classification of shorelines.

The mechanics of the worlkk of wind are, tharks to the careful work of Bagnold,
now well in hend., ©Physical differences in the Dbehavior of wind and water are now
clear. Alr cannot absorb so much energy in kinetic energy of rotation as does
denser water. The problen of the orizin of longitudinel or seif dunes is still
unsettled, :

1, considering the work of ice,attention has been directed to the relative
importance of plucking versus grinding ol bed rock. The work of Demorest on the
ghvsics of glaciers points the way to solution of nany problems such as the true
origin of roche mountonee forms, Drumlins are now recognized as accumulations in
~racks shaped to minimize resistance to moving ice. The fact that glacio-fluvial
deposits consist of a mixture of sand, pebbles, and ice is also demonstrated,

The "value of topography in the discrimination of structure of both sedimentary
{ormations and lava flows has long been kmown, Smooth dip slopes are alsg impor-
sant in gently inclined strata. Hogback ridges where dins are steen are harder to
interpret. Overturned fclds and repeated thrust fruls offer difficulties.,

Al
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Climatic Controls : 2

Introduction. Many of the materials of the crust of the earth are not
in equilibrium with their environment at its surface for they were either
cooled from a molten state or deposited under water. In contact with water
and air they undergo changes in both physical and chemical states. The
control of the nature and rapidity of these adjustments lies in the climate.
We will here disecuss the climates of the earth from this standpoint only,
considering precipitation, together with seasonal distribution and its
disposal on reaching the ground,winds, and temperatures. We must, however,
not regard climate as fixed, Through geologic time changes have been very i
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Transmission of moisture. All rain and snow which falls on the. earth
ultimately comes from evaporation of bodies of standing wateT: “However, its
journey through the atmosphere in the form of vapor may be made in two or
more stages separated by one or more intervals during which it was
precipitated and then evaporated from the ground. The ultimate cause of
precipitation is reduction in the vapor-carrying capacity of the air by
lowering its temperature. It is a coincidence that the vapor pressure of
water in millimeters of mercury at a given temperature is, within the range
ordinerily met with, almost exactly the same as the maximum possible number
of grams of water in a cubic meter of air. There is no necessary connection
between these two quanities. Ordinarily air does not contain all the moisture
it can hold at that temperature and the percentage of what it does contain
of the maximum possible is termed relative humidity. Now, when air is cooled
its relative humidity increases until the amount is 100 percent. The
temgrature at which this occurs is called the dew point. If cooled below
“this temperature pe i n occurs. I1f the temperature is alove freezing
rain or fog results. If belﬁw freezing snow crystallizes directly from the
vapor.

Causes of precipitation. Cooling of air which contains moisture is
due primarily to ascent for temperature decreases with elevation. Rising of
air is due to (a) local heating, (b) winds encountering a mountain raﬁte
and (c) winds rising over a mass of colder heavier air. The first process
accounts for both local afternoon thunder showers and the tropical rainbelt
which is located in the latitude of maximum solar radiation moving with the
seasonal change in position -of vertical sun rays. Precipitation on mountains
is common throughout the world and requires no further comment. At the
present the poler regions are perpetually frozen and cold. Cold air which
flows south (north in the southern hemisphere) encounters the warmer air of
equatorial regions. The conPact of northern and southern air is sometimes
called the polar fromt. It is irregular '. in outline, associated with
g€igantic swirls termed Byclones. Within these warm, moist air rises above the
cold northern air giving rise to cyclonic precipitation, now spoken of as
storms along fronts or contacts between air of different source, humidity
and temps rature. These areas have low atmosphere pessure and are often
termed lows. If, as seems probable, in the geologic past the poles were
wermer than now the width of the area through which this belt of storms
Higrates with the seasons was once smaller and the vigor of weather changes
within it was much less than now.




Yinds. The belt of tropical rainfall is marked by rising currents of air,
low barometric pressure, and by absence of surface winds. The air which flows
into this belt of calms from farther north and south and, deflected by the ro-
tation of the earth, forms the very constant northeast and southeast trade
winds. Yorth and south of the trades descending currents occupy the tropics
producing another belt of calms, here associated with relatively high atmos-
pheric pressure. At present about half the area of each hemisphere is occu-

ww&Apied by a belt of variable winds along the polar front whose prevailing direc-
.q%izgiébb tion is from the west.. Thig is the bell of westerlies. The larger continents
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in the belt of west winds afford an exception in that the great seasonal range
of temperature in the interiors causes winds to blow inward in summer and out-
ward in winter. These temperature-controlled winds are termed monsoons.

Seasonal distribution of precipitation. In few types of climate is precipita-
tion uniform in amount from month to month of the year. The belt of tropical
rains follows the apparent movement of the sun. In equatorial regions this
means two rainy seasons in every 12 months, but farther north and south there
is only one rainy season and the dry period is much longer and more pronounced.
This is the Savanna belt. Seasonal migration of the subtropical calms brings
dry weather to regions which at other times are either in the westerlies or

the trades. It even causes aridity +) the Mississipni Valley whenever the
movement is uhusually far north. In past geologic times it doubtless caused

deserts like the Sahara to extend much farther north than they do now. Relative

temperatures 'of sea and land also have an effect on seasonal changes in rain-
fall In many places most rain falls when the land is cold. In regions far
from the sea outflowing winter winds plus reduced evapnration spell a winter
minimum. :

Disposition of precipitation. Rain which falls on the surface of the
ground is disposed of by (a) surface runoff into streanms, (v) percolation
into the ground which may or may not emerge later from springs to join the
surface runoff, (c¢) direct evaporation from -soil or free water surfaces,

(d) transpiration from vegetation, (8) chemical combination in vegetation and
minerals. The relative amounts of each disposition is difficult to ascertain
although estimates of the first two are not particularly difficult. Exact
determination of total precipitation on'a watershed is inexact because of the
spotty distribution of individual storms.

Percolation. Snow which melts on frozen ground must nearly all join the
surface runoff., The proportion of rain falling on unfrozen ground which per-
colates into the soil is frequently estimated as a simple percentage of total
precipitation., Because water which enters the soil must displace air between
the mineral grains and causes physical changes in the soil it is obvious that
this is a very inexact method. Experiments by Horton indicated that the
initial rate of infiltration decreases rapidly at the beginning of a rain but
attains a constant rate after from half an hour to three hours. TFig. 2.

He arrived at the empirical formula: P{ oL E Yo N
y Bt LT
C -

where f = rate of infiltration at any time, inches per hour, f, = initial
rate, fo = constant rate, e = 2.718, C = a constant factor, and t = time of
rainfall duration in hours. Physical properties of the soil which control
entrance of rain comprise (a) texture, (b) structure, (¢) vegetation, (d) bio-
logic structures such as burrows, (8) moisture content; and (f) condition of
soil if cultivated, sun-cracked, etc. The value of f, is attained only dur~
ing heavy and long-continued rains thus increasing surface runoff to cause

i frfo4-(fo = f
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both floods and surface washing. Infiltration capacity is greatest in logse
sands which display a very low proportion of surface runoff. When soil is
entirely saturated with water the rate of movement is termed by Horton
"transmission capacity. His conclusion was that such saturation is actually
attained only in the heaviest clay soils. The relation of infiltration
capacity to rainfall is vitally important to geomorphology and more exact data
are needed for quanitative study of -drainage.

Runoff in relation to rate of rainfall. It is evident that whenever rain
falls at a rate less than that of infiltration no runoff is possible. From
this it follows that no storm may ever reach the point where there is a surplus
above infiltration on the divides. This accounts for the pauei .ty of streams
in areas of sandy soil. Rainfall rate generally is highest in brief storms.

Various empirical formulae show this. Little used the formula: _*f4>' eV E P i
{')\» "‘ S ‘
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where r = inches per hour and t is in minutes. Other expressions do not involve
exponents.

Return of percola@lgg to streams. Some of the water which percolated
into the soil is used by plants. Much is evaporated or transpired by plahts
and returned to the vapor of the atmosphere Evaporatlon losses in eastern
U. S. range from about 18 to over 38 inches year. Correlation with
summer temperature is approximate. In the region of low rainfall the lines of
equal loss cross lines of temperature at right angles because there is not
enough rainfall to supply potential evaporation. Some enters into chemical
combinations with minerals. The remainfer becomes ground water. Much of the
ground water reaches the streams either through definite springs or by

/ , seepage into streams.

f L:"\V ; . "//
V/ 5’ f; Actual stream flow. The discharge of a stream is determined by measurement
z% of its cross section and mean velocity at several different water levels. A

shﬂwr' curve is then drawn to show relation between water level and discharge. When

n(ﬁépdlscharges are plotted in respect to time a very irregular curve is obtained
of which the crests each correspond to a particular storm. The discharge

V/; between storms is essentially all ground water runoff provided there is no °
storage in lakes and swamps. From a study of surface and ground water

ﬁ\$ runoff in the United States it appears that: (a) The total runoff is greatest
ith the highest precipitation. (b) Ground water runoff is largest in regions

Qﬂ"éf porous bed rock where there is large subsurface storage. (e¢) Losses due to

evaporation are more nearly constant than are other quantities.

W

/ < Summary. Climatic control of geomorphic forms is concerned chiefly with
\jGﬁx s3causes for variation in amount of runoff, intensity of rainfall, frequency of
= heavy rainfall, frequency of freezing and thawing, direction and intensity of
43 winds, duration of frozen ground, rather than with the information given on
\?L"‘\ conventional climatic maps. Some of these features will be described more fully
in later sections where their bearing is more fully explained. In this section

ﬁuﬁgts precipitation alone is considered. Water which falls on the ground is disposed
\ N of by evaporation, including water transpired by plants, by soaking into the = I
&g‘%ﬁe ground beyond the reach of subsequent evaporation, and by direct runoff. Much
- . of the water which enters the earth returns via springs and seepage to form the
v ground water runoff. Ground water runoff may be determined from the discharge

«5?%' of streams betweon storms. Its quanitative ratio to surface runoff depends in
!.‘%. {m b“ B b | o X - t‘\
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part -on climate but to a large extent of the geology of the watershed. Evapora-
tion loss is related both to temperature and to total precipitation. In arid
regions it disposes of almost all the precipitation.

Section 2. k )
Materials of the earth's surface.

Introduction. In describing the materials of the earth's surface for the
purpose of accounting for the present topography the method of approach must of
necessity be different from that employed in other branches of geology. We
must distinguish between consolidated and unconsolidated materials. The former
are rocks and owe their firm condition to either (a) the irregular shapes of
constituent particles (commonly minerals) or (b) the presence of a cementing
compound between the particles. The shapes of particles as well as their
physical character determines the mechanical strength of the rock. The chem-
ical composition and size of the particles determine the reaction of the rock to
the chemical effects of the atmosphere and water. From the standpoint of
geomorpholgy the conventional division of rocks into igneous, sedimentary, and
metamorphic is almost meaningless. What is important is the relative resistance
or durability of rocks to those forces which act upon them when they are at or
near the surface. For this reason it is to reports upon building stones that
we must turn for information. The ordinary geologic map ignores many of the
factors of durability, such as grain size (texture), porosity, permeability,
and structure, all of which by controlling both breaking strength and entrance
of water are of profound influence on durability. Chemical composition, if
shown on a map, is only one factor. Maps which indicate only geologic age are
almost worthless for geomorphic studies. Because solid rock is commonly found
beneath unconsolidated material it is often referred to as bed rock. Rocks
are often divided into two great classed (a) hard rocks of igneous and meta-
morphic origin mainly crystalline and soft rocks, mainly sedimentary, although
including some kinds of igneous rocks’s

Texture. The term texture refers to the size, or range in sigzes, of indi-
vidual particles (commonly minerals) of a rock. It also includes their shape
and arrangement. Division of igneous rocks into coarse and fine texture is gen-
erally only qualitative and no definite standards have been set up. TFragmental
sedimentary rocks are classified by texture. Texture has a marked influence not
only on mechanical strength but also on chemical resistance to alteration. Where
the constituent particles are large it is evident that failure of a single one
" either by breaking or chemical change is much more important than in the case of
a small particle of a fine-grained rock. Where the constituent minerals have
good cleavage, as do the micas and feldspars for instance, parting along those
planes of weakness extends farther in a cos-se-grained than in a fine grained
rock. Such failure of a rock then allows more water to penetrate causing chem-
ical alteration. Available data also appear to indicate that fine-grained massive
igneous rocks have a higher crushing strength than do coarse-grained rocks of
similar composition. In general the crystalline rocks with interlocking crystals
possesses much higher mechanical strength than do fragmental rocks which have
been cemented together. In this connection it is well to realize that some sed-
imentary rocks, such as dolomite, are distinctly erystalline and hence have high
crushing strength., The commoner cements are silica, caleite, dolomite, and iron
oxides. In the case of cemented rocks the degree of cementation is of the first
importance because it affects not only crushing strength but also the entrance
of water. Sandstone, as shown on a geologic map, may vary from very well cemented



with low porosity and permeability to a rock little more resistant than is loose
sand. Quartzite, or sandstone cemented by quartz into a rock so hard that it
breaks through the original quartz grains, has very high crushing strength as
well as low porosity and permeability. Shales also vary greatly in durability
as well as in mechanical strength. Some have been thoroughly compressed or have
a cementing substance. Others have a high porosity and low crushing strength.
All have low permeability because of the small size of individual openings and
are made of minerals which are in large part resistant to chemical alteration.
Although much data is available in the literature on porosities of rocks there
is 1ittle on permeability except in connection with studies of underground
water and petroleum, most of which have little bearing upon conditions which ex-
ist at the surface. In reference to chemical composition we must be sure to
diseriminate between true limestones made of calcite and dolomites or magnesian
limestones because of their difference in reaction with water.

Structure. Structure refers to the larger features of rocks, the partings
which divide them, including the attitude of such planes of division. Sedimentary
and volcanic rocks display bedding planes which are the result of interruptions
in deposition. Igneous flows are finer-grained at both top and bottom than they
are in the middle where cooling was slowest. Gas bubbles are common near the
top of a flow and make the rock much weaker than is the rest of the flow. Many
metamorphic rocks have the crystals of readily cleavable minerals such as mica
and hornblend arranged parallel producing schistosity. Others have bands of
different chemical composition producing foliation. Both these factors result
in weakness of the rock along defirnite planes. There are no definite standards
of comparison in regard to the distance apart of bedding planes or other planes
of weakness. The terms thick-bedded or thin-bedded are very indefinite and many
geologic descriptions ignore such information. All rocks are more or less broken
by planes which are due to earth movement. In some localities these planes or
Jjoints follow a more or less definite pattern in response to the forces which
produced them. In other localities they are irregular in direction, inclinationm,
spacing and continuity because caused by settling or cooling. Many lava flows,
however, show regular hexagonal columns due to contraction. Standards of compar-
ison between closely spaced jointing and widely spaced joints are wanting and
many geologic reports ignore this point. In regions of disturbed sedimentary
rocks the inclination of bedding planes, the position and direction of folds and
faults is delineated. In making geologic maps the effect of such earth movements

~on the arrangement of relatively resistant bodies of rock with consequent shaping

of the topography is an immense aid.

Unconsolidated deposits or mantle rock. Over most of the earth's surface there
is a variable thickness of unconsolidated material above the solid bed rock. For
the most part this surficial mantle rock is due to action of the atmosphere
(weathering) on the underlying rock. (See Sec. 3) 1In other localities, such as
some glaciated districts and the Coastal Plain of southeastern United States
sedimentary deposits have not yet become consolidated. In these localities bed
rock lies hundreds or even thousands of feet below the surface. The mantle

rock in many places contains fragments of consolidated rocks which range from
small granules to boulders of large size. Mantle rocks may be mixtures with a
wide range in size of particles or be assorted to a narrow range of grain sige;
they may be massive (unstratified) or arranged in 1ayers either of the same or
of different composition and texture. In some places certain layers have been
consolidated into rock. In many localities unconsolidated or semi-consolidated
materials are firmest close to the surface which is exposed to the atmosphere.
This phenomenon is due to evaporation of ground water leaving a cement and is
known as case-hardening. It is of great importance in geomorphology.
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Units for description. The lack of quantitative standards of comparison
by which spacing of joints and bedding planes and grain size of igneous rocks may
be compared has been noted. Porosity is expressed in per cent of voids. It is
determinable from the difference between the density of a substance when dry and
when fully penetrated by water. Permeability is given in many different units.
In the petroleum industry the commonest is the darcy, which is measured in cubic
centimeters of water at a given temperature which are forced through a section
one centimeter square and one centimeter long by a pressure difference of one
atmosphere in one second. Crushing strength is given in either pounds per square
inch or in kilégrams per square centimeter, Density is for the metric system
synonymous with gpecific gravity, namely a comparison of weight of a specimen
in air with that submerged in water wheré it loses the weight of its wvolume of
water. The following table presents some data which are of interest. Reports
on building stones also contain information on results of freezing and high
temperatures upon specimens of different kinds of rocks.

Tables of data bearing on durability of materials

w
Densities and porosities (Birch) o vl I
Porosity, percent Oﬁc Density
Dry Wet
Uncondolidated Gumbo soil il ‘bn 119 1.73
T e st | e i AR TS Y 1.30-1,60 1.80-2.00
Sandy Soil agq.ﬂ:‘ 53,2 1,25 1.78
Loess - 20.0-69 .4 0.8 ~1.6 1.4-1.93
Silt 49,9 1) 1.86
Sand 30.0-48.0 1.37-1.,81 1.85-2.,14
Gravel 20.0-37 .0 1.36-2.05 1,65-2.39
Soft Rocks
Sendstone oy . 049-38.0 1.60-2.68 1.99-2.73
Shale u,,tg;,;’ff} 1.5-44.8 1.56-3.17 1.92-3.21
Limestone ?.ngk' +9-37.6 1.74-2.72 2.43-2.77
Hard rocks e
Granite : slight 2,667
Gabbro W‘DMWR. I 2.976 ?“*
Diabase . L 2.965
Ultrabasic it 3,370
Crushing strengths, kg/cmz (Bireh)
Average J"d"‘.v"fta.l'lge +
Eard Rocks
Granite 5{“‘* ;_‘"W C 1480 1110-2310
Gabbro, bdasalt 1800 1340-2900
Gneiss bnﬁ.ﬂﬂ'* 1560 750-1710
Quartzite 2L 2020 1760-1180 1230
Slate 1230 780-1650 Jga
(Buckley) . =0
Rhyolite, Berlin, Wis. 3210 |

Granite, fine-graihed, Montello, Wis. 3080 Ff’“
Granite, coarse-grained, Pike R., Wis, 1615
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Soft Rocks Average - Range -+

Limestone = 960 900 2640
Sandstone Apzt;'w“jhwu 740 - 5301700
Tu_ff 210 210~210
farble . - A 1020 710-1600
Niagara dolomite up to 2 800 CBuﬁkley)

Arkosic sandstone, Wisconsin 340 -

Quartz-cemented sandstone, Wisconsin 830

Grain siges of sediments (actual deposits show considerable mixture of sizes)

U.S. Bureau of Soils Wentworth
Materials mm mm
Boulders ; over 256
Cobbles 64~256
Pebbles (gravel) over 1 4.54
Granules 2-4
Sand 0.5-1 0.0625-2.0
Bilt 0.005-.5 0.0039~0.0625
Clay below 0.005 below 0.0039

Summary. In the study of rocks and other materials of the crust of the earth
in relation to topographic forms the qualities considered are those which af-
fect durability at the surface. Some of these properties have been outlined
in the tables above but their relation to methods of alteration by weathering
is taken up in the following section. ,\

Section 3. Weathering

Introduction. The processes of weathering are all directed toward placing
the physical and mineral properties of the earth's surface into harmony with
their environment. Conditions at the surface are much different from those
under which most of the materials originated. Outstanding results of weather-
ing are (a) breaking up of solid rocks into small fragments, (b) chemical al-
teration, mainly in the direction of reduction of density, (¢) chemical combi-
nation with water including solution, and (d) the formetion of prevailingly
simpler compounds which resist further alteration. The processes of weathering
include those which are purely mechanical, those which involve chemical change,

‘and those due to the presence of organisms.

Mechanical weathering. Mechanical weathering consists of reduction in

size of particles of material without the aid of chemical change. Breaking up Yf -+
of rocks and minerals into small particles is also an accompanyment of chemical 1;
alteration. A very striking feature of breaking up of materials is the enormous \
increase of surface area which results. Areas are proportioned to the eube

of linear dimensions. Thus if we break up a single particle of a given diameter ] (vt
into similar shaped particles of a tenth the linear dimension the surface i | A
increased a th « This rapid rate of increase in surface prepares ¢ngAA¢

Mithe way for the agents 6f chemical weathering. One of the most potent of al
. purely physical processes which results in breaking up of rocks and other

! materials is frost. Water which enters into pores, bedding planes, Jjoints,

gas bubbles, and other openings near the surface is frozen. In many regions

»J,, W\ freezing and thawing take place many times during a year. On many mountains

1’\}0 N A"

(I

ylt occurs almost every day. Expansion of water when changed into ice is
‘estimated to give a pressure of about 150 toms per square foot or over a ton
to the square inch. It is true that this pressure is well below the crushing

)
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strength of many rocks but frost does not crush rocks. Instead it breaks them
by setting up tension. Tension tests are not included in tables of physical
properties although some shearing tests are made. The increase of volume by
freezing is about 9 per cent and that of linear dimensions about 3 per cent.
Although this seems small the effect is cumulative because when ice melts the
water again fills the opening completely. The depth below the surface at
which freezing occurs varies widely. In southern latitudes freezing is rare
except in mountains, Going poleward the depth of winter frost increases until
a normal of several feet is attained in middle latitudes. In the far north

as in Siberia and Alaska the ground is permanently frozen to a great depth,
locally several hundred feet, and only the surface thaws in summer. This
frozen ground probably dates from a time of colder climate probably associated
with continental glaciation. A second mechanical process on which most text
bocks lay great stress is expansion of rocks from diurnal or seasonal increase
in temperature. The following table gives some data on this subject. The
figures are for linear expansion which is very near to a third of the volu-
metric change. It is well to recall that crystals vary in rate of expansion
according to the internal arrangement of the atoms.

Expansion in per cent, from 20 C to 100 C

Quartz 08 to .14 according to direction in crystal Volume .36
Hornblende .05 to .06 u ¥ 1l It L v16
Calcite «17 to -.05 i il L i it .08
Orthoclase 00 to .12 - L L i i L o12
Steel +09 (for compaBison)

Ratio of linear expansion of rocks to temperature change

Granites and rhyolites &% i
Andesites and diorites 74 2
~Basalt, gabbro, diabase S.44 1
Sandstones 104, 2
Quartzite 8

Limestone, marble 74+ 4

Slates 94 1x 10 6

Thermal conductivity of common rocks in watts per centimeter per degree C
(multiply by .239 to obtain calories [sec [em”/deg.)

Granites 16 to 35 x 10 ~9
Diabase, basalt 14 to a3 -

Gabbro 20 to 30 L
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Limestone, marble T O
Quartzite 39 %083 "
Sandstone — 8 to 43 "
Slate V 18 to 28 o
Shale o A (VI 7o 18 2 S
Sand, dry 2.6 (wet up to 23) x 10 o
Clay, dary St Twes O 46 18 "x 10
- g e
Snow Pl ¥ 'Qﬁ% :{ ; | PR~ i
Ice .5 5100 K2 B3 St A
Water 5.5 x 10~2 LS
Steel (for comparison) 460 x 10~° :

Although the rates of expansion of rocks are less than those of many common met-
als there are several weak points in the argument that temperature changes do
not break rocks. First, rock temperature is often much higher than adjacent
air temperatures and is not recorded at weather stations. Second, the low
conductivity of rock causes a much moré rapid decrease in temperature (steeper
temperature gradient) in rocks than in many other materials thus bringing
about marked shearing stress not far below the surface, Third, the expansion
of rocks is Dest shown at joints and other openings; if these are far apart

a considerable total expansion is caused. TFourth, the differences in coeffi-
cient of expansion in different directions in crystals causes marked shearing
stresses in them. Fifth, daily repetitions of temperature-induced shear may
readily cause failure through fatigue. ZExperiments on small laboratory pieces
of rock are inconclusive because of the limited total expansion and temperature
gradient. It may be true, however, that temperature changes do not break up
relatively smell rocks. ZExpansion is naturally most potent in regions of large
diurnal temperature variation, that is on mountains and in deserts.

Chemical weathering. Chemical weathering is defined as the work of any
agent which causes changes in the composition of the molecules; it is certainly
incorrect to limit the agencies concerned to purely inorgenic processes. De-
tails of the subject of chemical alteration by the atmosphere and by water
with associated substances in solution are far too complex for discussion in
this connection. What concerns geomorphology is mainly the alteration in
physical state brought about by chemical changes. As with the work of temper-
ature changes, including freezing, these agents cause an immense increase in
surface area of particles. This results in speeding up the attack of chemical
agents. Among the most active and abundant of chemical agents we may list
water, oxygen, carbon dloxide, as well as acids derived either from organisms
or from the alteration of sulphides. A large part of the chemical reactions
of weathering result in minerals which are simpler in chemical compositions
then they were before, less in density, and consequently in many cases larger
in volume.

o
G
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Exfoliation. A result of weathering which is of much importance in geo-
morphology is the breaking off of concentric shells of rock, a process called
exfoliation. Once regarded as due simply to temperature changes, perhaps aided
by surficial chemical alteration, it is now known that the concentric fractures
which are best developed in massive crystalline rocks like granite, extend
too far below the surface for such an explanation. Distance between the part-
ings increases with depth as has been noted in many granite quarries. It is
trew, however, that the rounding of boulders of crystalline rocks is in part
due to chemical attack from both sides of an angular projection. It is now
believed that a large part of exfoliation is due to relief of load on the rock
because of erosion of overlying material. It also thought the hydration of
feldspar, once regarded as due to wéathering, is brought about during the
crystallization of the rock by the water which is then present. This probably
leaves the rock under stress so that fracturing occurs upon lessening of the
overlying load. Massive igneous rocks form rounded summits on account of ex-
foliation. World-famous exfoliation domes are Sugar Loaf in the harbor of
Rio de Janeiro, Brazil, Stone Mountain, Georgia, and Half Dome in Yosemite
Valley, Calfiornia. The last named has had one side removed by glacial actiom.

Other chemical changes. In general the igneous and metamorphic rocks are
more susceptible to chemical alteration than are sedimentary rocks formed from
the products of previous chemical weathering. An example is shale, which,
although mechanically weak, is made. of clay minerals resulting from chemical
alteration. Exceptions to this rule are limestones, gypsum, and salt formed
from material which was dissolved in water and are therefore relatively soluble
under weathering conditions. The last two rarely reach the surface in humid
climates. Susceptibility of silicates to weathering increases from quartz, /
through muscovite mica, orthoclase feldspar, biotite mica, alkalie plagioclase,'
hornblends,” augite calcium plagioclase, to olivine.’

Soil formation. The word soil has been used in different ways. Students
of soibs (Dedologx) confine its application to the surficial layer, in few
places much more than a foot deep, in which plants grow and other organisms
thrive. Many of the older geologists, however, applied, and some still apply,
the word to the entire unconsolidated material or mantle rock which overlies
solid bed rock. They spoke of the'transported soils of glaciated districts
whereas if we mean only the surface layer we must recognize that its origin
is essentially the same as in non-glaciated districts, namely alteration in
situ of broken up rocks. It is only on floodplains and dunes that we find
material which was made into true soil and then moved to another locality.
S0il making involves not only the inorganic processes mentioned above but
also the work of organisms. Bacteria, moulds, fungi, etc. are very abundant
in soils. Among the minerals formed are many which aid in plant growth by
the capacity of exchanging bases, calcium for sodium for instance. Bacteris
and other organisms do not normally extend far below the surface because of
adverse temperature, lack of oxygen, lack of food, and the presence of products
made by other organisms which are poisonous to them. Plants possess the power
to synthesize new chemical compounds taking the requisite materials from the
air, water, and minerals already in the soil. On their death the decay of
organic substances produces many chemical reagents which promote further min-
eral changes. Minerals like quartz which are extremely resistant to alter-
ation form very unfavorable soil for the growth of plants.

Soil profiles. Provided that erosion by wind or water does not remove
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soil as fast as it forms we find a definite order of layers or horizons beneath
the surface, The horizons differ in chemical and physical nature. At the sur-
face alteration from original material is so marked that many of the older
geologists thought that they were dealing with transported materials. The suc-
cession of layers is known as a soil profile and was first diseriminated by
Russian scientists. The idea was widely disseminated at first that the surface
soil is determined by climate and vegetation rather than by the rock from which
it was ultimately derived. Such a view may be correct in some localities but
it must be realized that a sandstone which consisted wholly of quartz grains
could form nothing but a sandy soil regardless of climate. With soils derived
from shale, limestone, or igneous rocks, however, there is more truth to this
contention. The surface layer of all soil profiles is for the most part

light colored because of removal or concealment by carbon of iron compounds.
This is called the A horizon. Where grass is or was abundant as in prairie
soils, carbon is so abundant that the color is black. Next below is the B
horigzon, the densest and darkest in color of the sequence. Accumulation of
very fine particles called g¢olloids is greatest where subsocil drainage is poor
but the soil is not entirely saturated as it is in swamps and bogs. Where
drainage was good the fine particles were either carried elsewhere or were
aggregated into larger ones (flocculation). The color of the B horizon is gen-
erally red, yellow, or brown, in every case brighter than either overlying or
_underlying material. With poor drainage deep gray or mottled gray and yellow-

‘brown is characteristic. True all-year swamps show no definite profile, al-

though solution of iron compounds with deposition a few feet below is common.
Concretions of oxides of iron and manganese are common in or just below the B
horizon. Underlying is the C horizon, described by pedologists as parent
material. Geologists, however, recognize that it is part of the decomposed bed
rock or original deposits which has been altered almost wholly by inorganic
processes. It shows leaching of soluble minerals as well as oxidation and
other chemical changes.,

Climatic control of soil formation, In relatively humid warm climates
the processes of laterization, podzoligation, and gleization are common. With
less moisture calcification, salinization, solonization, and solidization occur.
In the far north under arctic conditions tundra soils are formed which are
somewhat similar to the bog soils of lower latitudes, but with less organic
matter. Laterization occurs in moist humid climates. Iron and aluminum oxides
accumulate under some conditions in volume and purity of usable ores. Silica

" is dissolved. Transitional toward the cooler zones are red and yellow soils

characteristic of southeastern United States. Podzolization occurs in dense
forests of the far north where evaporation is slow. The A horizon is robbed
of siliea, alumina, and iron compounds leaving a very light colored soil known
as bleicherde or bleached earth. Such soil is very poor for ordinary crops
although it supports trees with deep roots. The iron oxides accumulate in the
B horizon forming a hardpan known as ortstein. To the south where forests were
more open gray-brown podzolic soils formed. Here the ground was less shaded
and was warmer. The B horizon has less iron oxide and breaks with a starch-
like fracture into bloeks of 4 to 1 inch across. Such soils are decidedly
more fertile for ordinary crops than are true podzols. Gleization takes place
under poor subsoil drainage conditions forming a sticky, compact, rather
light—colored B horizon. Where this was formed from glacial $ill, sand, or
loess, it is called gumbotil, gumbosand, or gumboloess respectively. Some of
these soils which were formed before the region was drained by erosion of val-
leys ‘are now changing into silttil which is characteristic of better drained
localities. Salinization, solonitation, and solidization are marked by accum-
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ulation of alkaline salts in the soil and occur only in semi-arid or arid
climates. Calcification, the accumulation of calcium salts, is much more im-
portant for geomorphology. Soils where calcium carbonate has accumulated near
the surface are known as pedocals whereas the soils of humid regions which are
being leached of that compound are termed pedalfers. The very black prairie
soils, which are so widespread in central United States, are transitional. They
are not abundant in other continents. The absence of trees has long been puzz-
ling. Over wide areas the dense subsoil is known to kill off trees in wet

years by excess moisture. Other areas of prairie, however, appear to suffer
from drought, for tree growth is confined to valleys, including steep slopes.
Owing to the marked climatic oscillations of the interior of North America it

is entirely possible that alternations of too much water with periods of too
little proved too much for tree growth. At the time of the coming of white

men prairies were losing ground to forest and were in part continued by the
Indian practice of burning the grass. Throughout the more humid prairie belt
the grass vegetation brought calcium to the surface. To the west of the prairies
lie the chernozem soils with more calcium, greater fertility, and less rainfall.
Progressing west toward the true desert lie the chesnut, brown, and gray
sierozem soils with progressively decreasing precipitation. In much of western
United States calcium carbonate has accumulated in the B horizon or at the
surface to such an extent that it conceals the underlying materials and has

been misteken for limestone. Such an accumulation is called caliche. Much

of the calcium came from the A horizon by descending water but much was

brought from below by evaporation of ascending moisture. In more arid districts,
like western Australia, crusts of iron, aluminug, and manganese oxlides and :
silica are recorded. Seasonal rainfall appears to be a large factor in the
production of all such deposits.

Structure and texture of soilg. Soils are in large part classified by
their texture, that is the size of particles as found by mechanical analysis.
This is determined in part by parent material and in part by variation of
soil-forming processes. Structure, as in rocks, refers to larger features
such as plates, crumbs, granules, and prisms composed of aggregates of grains.
These are of great importance in erosion for it is the soil which is the first
material to be affected by that process.

Depth of mantle rock. The depth to which there is unconsolidated mantle
rock over solid bed rock is of great importance in geomorphology. Thickness
of accumulated weathered material depends upon the factors which control
chemical and physical weathering. In order to have deep disintegration of bed
rock it is not only necessary that it be of a type which is readily altered,
but that the agents of alteration, notatly water and dissolved gases, be able
to penetrate the rock to considerable depth. Under the same conditions a
quartzite should display very shallow alteration to a rubble of stones and
sand, whereas a granite should be softened to a much greater depth by reason
of the unstable minerals which are present in it. Schists where the parallel
arrangement of the minerals allows ready entry of water should show disinte-
gration to a very considerable depth. Very striking differences in depth of ;
decompositions are observed in glaciated districts where a dike of fine-grained
granite may preserve the glacial polish adjacent to a deeply disintegrated
coarse-grained variety of the same rock. In accounting for disintegration to
depths of scores or even hundreds of feet many geologists have made the error
of thinking only of the contest between erosion and w@athering. Although it
is true that the former removes the products of the latter we must realize
that water cannot penetrate deeply into the rock unless there is a force to
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cause it to move. This force can only be different in pressure or head and is
dependent upon the relief of the country. In flat country there ls no head

to cause deep underground circulation so that thick mantle rock could not
originate. Most instances of deeply decomposed rocks are in regions of igneous
or metamorphic rocks which have considerable relief. The disintegration must
have originated with the present topography and not been inherited from a

_postulated time of low relief,

U kb
-4

Mass movement of unconsolidated materials. The mantle rock or unconsol-
idated material at the surface of the earth is not everywhere in a stable con-
dition or state of equilibrium. Movement either in large or small units takes
place undeP several different conditions. Some kinds of mantle rock, such
as loess Yeess, will stand for a long time in a vgrtical face provided only
that there is not too much moisture and that the &&ghth is not above a certain
limit. ZExamination of natural slopes and the sides of artificial excavations
shows that most loose materials soon assume a more or less definite degree of
slope known as the angle of repose. This slope is dependent upon the demsity,

\size, and shape of the component fragments. In places the material which

descended to form this stable slope did so piece by piece., In other condi-
tions large masses moved suddeﬂ%iy; under still other physical controls mass
movement was slows The last is
the residium of weatRering rests with relatively abrupt contact upon the bed
rock, not fhe transition which occurs only under comparatively level tracts.
In some places certain kinds of bed rock are concealed completely by the
weathered product of higher ground. At the contact with bed rock it is com~
mon to find that the strata bend down into the material which is in motion
down hill,

Talus slopes. Cliffs of bed rock, formed by any process, are exposed. to
all kinds of weathering. TFragments of rock whose size is determined by the
nature of the bed rock, including its Jointing and bedding, fall from time
to time and come to rest at a lower elevation. The slope they form is termed
a talus slovpe. If the cliff is near to vertical rocks fall freely and attain

a velocity equal to the square root of the »product of twice the acceleration vz §

of gravity multiplied by the height (vz ¥2&f, where g = gravity and f - dis-
tance of fall)e A falling stone possesses kinetic energy or stored work r. ¥,
measured by one half its masy multiplied by the square of the velocity wheré
mass is weight divided by gravity. 3By substitution and cancellation it is _ -
apparent that kinetic energy — weight multiplied by fall, which is the same
as the poténtial encrgy before loosening. The stone is brought to rest by

the friction of the fragments which have already fallen. Their average size
determines the roughness of the slope. Large stones which do not lodge be-
tween the others may roll to or beyond the bottom of the slope before coming

to rest. This explains why the largest rocks commonly. occur at the bottom of

a talus. This is not because they fell faster than did the others. Stability
is attained when the forece of friction just balances the component of the
weight of the stone which is parallel to the surface of the talus. Because
these forces are nearly the same throughout the entire slope it follows that
the angle of slope must be essentially constant although perhavps in some

places the bottom may have a somewhat less degree of inclination. In this
analysis we have assumed that the rock breaks into fairly large fragments
which are not rapidly affected by weathering after fall, In some mountains
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talus accumulates on top of snow, melting of which destroys the normal even
slope. In this way ridges of loose material parallel to the foot of the cliff
o are formed. Angular materials may form slopes of 50 degrees. The talus of
L% quartzite at Devils Lake, Wisconsin, slopes at about 35 degrees. Gravel comes
0 to rest at about 35 to 40 degrees depending on the amount of sand present.
SO . Dry sand will lie at 32 to 38 degrees, but if wet the angle is much less,
v . 28 to 25 degrees. Slopes of clay are unstable at much less angle and few
' attain as much as 16 degrees. These are for the most part not true talus
slopes. Talus must continue to accumulate until the entire cliff is buried
provided no debris is removed from the foot of the talus slope. Thus it
comes about that the talus does not fill an angle at the foot of a vertical
cliff but instead is a rslatively thin mantle over a sloping rock surface
formed by weathering back of the cliff at the fop. In the case of ridges
due to the outerop of a relatively thinﬁ%égfgiént layer the talus slopes on
opoosite sides must eventually meet. If the thickness of the hard rock is
constant and the elevation of the bottom of the slopes about the same the
result will be a ridge top of very nearly the same elevation. Talus slopes
are best developed (a) where the constituent rock is not easily altered by
chemical weathering and (b) in arid climates where chemical alteration is
slowe.

F Solids and liquids. Before we can consider the phenomena of landslides
’ \5? and creep it is necessary to review some of the physical properties of solids
“‘}3 and liguids. A solid is generally thought of as a substance which under the
‘331 conditions commonly met with at the surface of the earth will retain its

,-wg v shape indefinitely. When subjected to pressure either of its own weight or an
© !¢ outside force,a solid fails by breaking or fracture. Generally the fractures
£ lwwed YU are inclined at about 45 degrees to the line of application of the force. A
A v liquid is a substance which must be placed in a confining receptacle in
ekt o7 order to.retain its shape. In this vessel it will assume a level surface

N4 L if allowed to stand undisturbed. Pressures applied to a liquid are transmitted
R equally in all directions (Pascals principle) . Yizlding to pressure is

P pERE always by flow and not by breaking. In nature no very sharp line can be
drawn between these two kinds of substances. The mantle rock which contains
in most places a large amount of finely divided soft minerals (clay) is a
good example. If dry, a face of moderate height may retain its shape until
broken down by weathering. However, if the pressure exceeds a certain
amount , opr the time is long or weathering does not confuse the result, a slope
may bulge at the bottom by flow. The pressure and time at which such
movement is noticable depends largely upon the amount of water which is
present. Since the amount of water varies from time to time it follows that
the physical behavior is variable. The degree of fluidity of any substance
is termed viscosity, which is measured by the amount of shearing stress (force)
parallel to the immovable bottom which is required to produce differential
movement. The unit is the poise which is the force in dynes applied to a
square centimeter to produce a difference of vebcity of one centimeter per
second at a distance of one centimeter from the base of the fluid. Viscosity
depends to a large extent on temrerature and decreases with its rise. Water
at 20 deg. C has a viscosity of 0.0l poise. It should be noted that
viscesity determines not only force required but the time rate of change in
shape. If the force and viscosity are known the time required for a given
changs in shape can be readily computed.

Lan@slides. In many places a slope either of earth (mantle rock) or bed
rock which has previously been stable suddenly yields to the forece of gravity.
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This phenomenon is known to engineers as slope failure. It is generally the
result of an unusual amount of water, freezing and thawing, or of excavation
by man. Sometimes removal of material from the foot of a slope by natural
causes brings about eventual failure. Yielding is in many cases along planes
of weakness in the rock such as bedding planes or Jjoints. In unconsolidated
material fracture at the top of a slide is generally along a nearly vertical
plane which curves outward toward the bottom of the slope. Above this line
of breaking the mass settles and slides outward at the foot. In the case of
true landslides, motion is accelerated at first and is then brought to a
standstill by friction. In the case of the famous rock slide at Frank,
Alberta, sufficient velocity was attained so that a considerable portion of
the mass ascended some distance up the opposite side of the valley. The
topography left by such slides is extremely irregular with many parallelk
fractures of irrsgular direction and extent. Cat-steps in loess are of this

} nature. The slide masses tilt in toward the higher ground leaving many

undrained depressions along fractures. This serves to catch rain and
lubricwte the planes of movement. Although attempts have bden made to analize
the mathematics of the curve of fracture it is not worth while to follow

them here. In the first place most, if not all, are based on unproved
assumptions which do not take account of the variation in viscosity from the
relatively dry surface down into the wet interior, and in the second place
these slopes are not land forms.

Base failure. Another form of failure in which the entire lower part of
the moving mass behaves distinctly like a fluid is known to engineers as
base failure. Some of the best known examples are the famous Panama Canal
slides. In these the bottom of the canal which had been under 30 feet of
water rose overnight into islands. In these instances the drier upper part
of the slide was carried along on top of the gluid base. Mathemgtical
analysis appears futile in such circumstances. It seems, proballs, however,
that detailed study of natural slopes on the same material might have proved
of value in determining a safe slope for the sides of the excavation.
Equilibrium was attained when the slope component of weight of the mass was
equal to the force of friction. Diversion of surface drainage appears also
to have aided in drying out the slides. Somewhat similar, but perhaps more
rapid, movement of saturated ground occurs during heavy rains in semi-arid
regions. These are known as nudflows. Similar flows occur in mountains,
including what are known as mud streams, rock glaciers, and earth flows.

Creep sloves. True creep is a very slow motion of viscous material
which moves like a liquid even though it may contain many fragments of hard
rock. Each layer moves parallel to and faster than that immediately below,
although relative change in velocity may in some cases be greatest next to
the firm bed rock where most water must accumulate. This type of movement
is known as laminar flow. Although freezing and thawing doubtless aid in
creep they are not the sole cause for the process which not only extends
farther from the surface than does frost action but alsoc occurs where there
is no frost at any time. Water must be present to lower the viscosity of the
mantle rock. It is obvious that the component of weight parallel to the
slope is the motive force for creep. It is also clear that material is

“‘added to the mantle rock uniformly in proportion to distance from the top of

the slope, here designated by the letter h. Velocity is then proportioned
to the sine of the angle of slope which a2t small angles may be taken as
directly proportioned to slope or tangépfsof angle. Now if veloecity is
constant, the thickness of moving mantle rock must increase down the slope
uniformly and the angle of inclination be constant. But, if as is commonly
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observed, the thickness of mantle rock is essentially constant then velocity
' must increase in direct proportion to distance h. Therefore slope must be
directly provortioned to h. Total fall at distance h is equal to”ﬂizié malti- 7, ”&?d
plied by h. Henc§ by substitution of sth for slope §; we arrive at the con- 2/_
clusion that f: « The necessary constant of nroportlonality must depend
upon the visc031ty of the mantle rock. Actual velocity should follow the law
of laminar flow and be proportioned to square of depth times slope, and time
required to move a certain proportionate distance would be viscosity divided by
product of force times proportionate motion. It follows that the curve of a
slope which is due to creep of the mantle rock is an inverted parabola. Cons
vexity of hilltops has long been observed and the explanation proposed above
was first given by Gilbert. In order to check the reliability of the coneclu-
sion recourse is taken to a well-known mathematical relation, An equation such
as given above can also be written:

3 > log f = log conjstant 4+ n. logh Af- 5 4k ‘,— = _;5}}. (f!}
Ak = i:“‘d “(\ o Yy ,_i:\ | k i _- + avls T Mf Tt_:_;#h “ ﬂ‘:
When plotted on ordinary coordlnate paper by looklng up the logarithms, or . —-

directly on logarithmic coprdinates, this equation is that of a straight line.
The inclination of this line is proportioned to the value of the exponent of h
and the intercept with the line for h - 1 gives the value of the constant. The
caution must be observed that most small scale topographic maps are not accurate
enough to test this law. It is also necessary to take points not too far from
the crest of a divide and not along the ends of spurs where the mantle rock may
move in either direction. Something should be known of the geology because
marked change in bed rock or variation in thickness of the mantle rock upsets

the validity of the law,. ““?W“L ﬁ»ﬂmﬂ'

Stability of creep slopes. The development of creep slopes is also re-
lated to removal of material at a constant rate from the foof of the slope.
If the material were not constantly removed stability would be attained and
motion brought to a stop. Water erosion must also be minimized either by a
cover of sod or a concentrate of stones. Removal of material may be due either
to (a) steepening of slope because of a change in bed rock or (b) a stream.
The creep slope leading down to a stream which is commonly observed in limestone
country must have developed from weathering of the rock after the valley was
/Tirst made by running water.

Solifluction. The term solifluction was originally avplied to creep of
mentle rock in subarctic climate where freezing is common and during the
summer there is a constant supply of water from melting snow. o ﬁ4«bwp ﬁymw«n%(

Some geolog@sts seem, however, to have used it as a synonym for all creep.
In Zurope much attention has been devoted to a search for evidence of a past
severe climate in regions just south of the glacial boundary, a climate similar
to that of subarctic regions today, presumably due to the presence of the
nearby continental ice. It is not clear, however, that a c¢limate much different
from that of today is required to explain the observed phenomena. Similar
efforts have been made in this country. The unglaciated part of the Baraboo
quartzite range of southern Wisconsin is almost all covered with a mantle of
angular quartzite debris mixed with clay and sand. This originally spread out
in low slopes at the foot of the hills. In recent time small streams have
eroded this mantle, much of which is evidently residual from a former cover of
sandstone and dolomite, concentrating the included boulders into "stone rivers."
It is not clear, however, that any of these have crept to a notable extent but
the mantle from which they were formed may very well be a relic of periglacial

b
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climate.

Stone rings and stripes. A peculiar feature of soils in the severe climates
of high latitudes and high altitudes is local concentration of stones into either
stripes running down the slopes or rude polygonal networks. These features are
commonly ascribed to pushing together of stones by frost action, in part altered
by solifluction. Such features are not strictly forms of topography and so will
not be further discussed.

Technical terms.English geologists often employ the terms head, warp, trail,
and coombe rock for mantle rock in which frost action is inferred as the cause
of creep. Solifluction layers are also described.

Solution. Minerals which are commonly weathered by solution comprise car-
bonates, sulphates, and chlorides of the alkalies and alkaline earths. The
commonest of thesé are caleité, dolomite, gypsum, and halite. Less abundant
carbonates are aragonite and magnesite, the former found mainly in fossil shells,
the latter in veins. Calcite and dolomite are almost insoluble in pure watér
but dissolve readily when dissolved carbon dioxide is present; in order of de-
creasing solubility are aragonite, calcite, dolomite, and magnesite. In cal-
cite-dolomite mixtures the calcium is said to be dissolved at a rate about 24
times that of the magnesium. In the ground waters of ¢!slomitic-limestone re-
gions, however, the excess of calcium over magnesium is not nearly so great as
that. Calcite is present in high-calcium limestones ,most of which have a very
fine texture. These rocks are much more soluble than are dolomites and magnesian
limestones, Impurities which affect solubility consist of sulphides, mainly
of iron, iron replacing magnesium in dolomite, clay minerals, and chert., If
the impurities are disseminated throughout the rock the effect is much less than
where they sre concentrated in definite strata. If the strata of shale in a
limestone are impervious to water they oprotect the rock below from solution.

In horizontal strata a shale layer may act like the roof of a house. Permeable
laysrs of sandstone, however, admit water and retain it, thus inereasing solution.
Solution is not a simple process. Organic acids undoubtedly z2id in solution near
to the surface but break down into bicarbonates at depth. The saturation point
of the underground water is determined not only by temperature but also by other
substances which ars present. For instance sulphates appear to reduce solubility
of bicarbonates.

Bate of solution. The rate at which the limestones of a given region are
being dissolved can be determined from the amount of ground water runoff and the
mineralization of the underground waters. Determinations of total solids are
preferable to statements of hardness or alkalinity in which the assumption is
made that all the dissolved limestone is calcium carbonate. As the sulphates
and chlorides as well as the aluminum compounds also came from the limestone
this seems fair. Average total solids in the Nashville Basin of Tennessee is
about 329 parts per million, Niagara dolomite of Wisconsin 440 p.p.m, and Galena-
Platteville dolomites and limestones of Wisconsin 400 p.p.m. Computation based
on the conditions in Tennessee with the assumption that the ground water runoff
is 9 inches a year, work out at the removal of 214 tons of limestone from every
square mile per year, equivalent to less than 1/1000 of a foot thickness. In
computing the time required to form a residual mantle rock of given thickness
one must not lose sight of the fact that the density of the insoluble material
is probably not over half that of the parent material.

Redeposition of dissolved material. Much of the dissolved limestone does
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not reach the ground water at once. Solutions which enter air-filled openings
lost much of their mineral content through evaporation, temperature change and
pressure change. The result of deposition is the dripstone (stalactites ard
stalagmites) which adds so much to the beauty of many cavermh Calecite crj.efls
are thought to have formed in water-filled passages. In considering redeposition
we mast also consider tne factor of mass relations by which small particles are
dissolved at the same time that larger ones grow. The final result of redeposi-
tion is to fill up openings which are no longer used by underground drainage.

Porosity and permeability. Porosity is defined as the percentage of volume
of openings in a given volume of rock and is determined by weighing when wet and
when dry. Permeability is the quantity of liquid which can be driven through
a unit cube of the rock in unit time under stated pressure and viscosity. (see
p. ©). The only calcareous rocks which have appreciable primary porosity are
chalk, oolitic limestone, certain crystalline limestones and dolomites, and
coral or shell limestone. Secondary porosity consists of openings made after
the devosition of the rock. Most of these are cracks or joints although some
are along bedding planes. Jointing is due only in part to regional forces; it
is mainly the result of induration, drying, compaction, and relief of load of
overlying material. Some secondary openings are ascribed to solution between
successive periods of deposition (unconformities or disconformities). In gen-
eral secondary porosity decreases rather rapidly with depth as proved by drilling
for fresh water which is ohly rarely found in joints at depths of over 200 feet
from the surfacee.

Underground water circulation. As soon as a limestone emerged from the sea
the exposed openings would be filled with fresh water from rain. This fresh 2
water is less dense (proportion roughly 1.0 to 1.03) than is the salt water which
occupied the openings at first. Original salt water is often called connate.

# The fresh water floats on top of the heavier salt water and extends to such
4ip’depth below sea level that the column of lighter water exactly balances that of

(

the denser fluid. Such a condition is illustrated in such localities as Florida
and the larger oceanic islands, where the land is high enough to permit such

an Ggdrostatiec /ialance. If the openings do not all communicate with one
another, however, conditions must be extremely variable at first with no definite
water table. In some places fresh water which is in excess of that required for
balance escapes in submarine springs. We must bear in mind that there can be
neither extensive nenetration of rain water nor underground flow unless suffi-
cient pressure head is available. Water cannot flow through underground
vassages without the consumption of energy by frietion or -loss of head. In small
openings and with low velocity the flow of water is laminar and lose of head is
proportioned to velocity divided by the square of diameter of a cylindrical
passage, and velocity is directly related to head. In larger openings flow is

turbulent, loss of head is related to square of velocity divided by diameter, and

velocity is related to square root of head. For constant volume frictional re-
sistance to laminar flow is inverse to fourth power of diameter, and for turbu-
lent flow to the fifth power of diameter of opening. As a general thing fresh
waters, whose flow is concentrated in the largest and shortest available routes,
will not penetrate deeper below the surface than the level of equal pressure.

It follows that extensive solution at depth must follow upon considerable up-
1ift of the land and that ecavern formation cannot take place to an important ex-
tent when the land is low and flat. As passages are enlarged by solution the
shortest route to the p01nt of outlet is most likely to be favored. Only when
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compelled to by lack of large direct openings will the waters take circuitous
paths which lead them far below the outlet levels, be these into the sea

bottom or into streamweroded valleys. Erosion of valleys must, therefore, pre-
cede extensive cavern formation. ZIxploration of some of the damsites on
limestone along Tennessee River has disclosed indubitable solution openings down
to about 100 feet below the lowest known level of the river. Deep wells in
limestone regions confirm these observations by the fact that salt water is found
below fresh water not far below the level of the valley bottoms.

Topogravhic effects of solution. In geomorphology the primary interest is
topographic effects of solution, not details of cave formation. Rain which
falls upon soluble formations can either run off to streams or take a route
through the earth to the same outlet. We can think of the ground as a leaky
roof through which much of the rain penetrates instéad of running down to the

ﬁ~; 1}%7 gutters.e Water which enters the ground soon enlarges the lines of minimum
¥ frietional resistance., Thus intersections of two joints are enlarged into
paAi~ 205 circular tubes. The larger openings along bedding planes are also made wider.
| Solution is aided by mechanical abrasion of particles carried in the moving
{{%«Ab&- water just as surface streams erods their beds. As erosion lowers the levels
s of the main outlet streams bedding planes which are on their level are dissolved
- into a complex system of caverns whose pattern is controlled by jointing. When
F the level of the stream reaches a lower permeable bedding plane the upper level
- is abandoned. These different cavern levels are connected by vertical, or near
fﬂvk vertical, openings called wells. In Mammoth Cave, Kentucky, some of these are
| Bt %) over 10 feet in diameter and 200 feet high. Water enters into these wells
AT through depressions called gink holes and the sides cave into them. Locally
Several sinks Join one another in a large encloged depression. Some sinks
Arg&ive 4 v2discharge of a surface streame. Others which have clogged contain
EE ponds. Some are enlarged by caving of the walls. Most sinks are partly blocked
up so that caverns are commonly entered via former outlets to streams rather
¥?,q’ than through sink holes. Many sinks extend up through sandstone which overlies
the soluble rock. Among such may be mentioned many near Mammoth Cave, Kentucky,
s and Mont Lake, near Chattanooga, Tennessee. Some streams have underground chan-
g>£ﬁi __" nels which they follow during low water with the surface course used only during

* ot~ floods when the cavern is overtaxed. Outecrops of salt and gypsum-bearing forma-
TV AN tions in humid regions display many sink holes and extensive caving of overlying
strata. The brec&igg‘of northern Michigan are ascribed to collapse of

- salt bearing strata in pre-Devonian time,

\

\ 3 A\ Natural bridses. Natural bridges are abundant in some regions of limestone
g7§§ * g bed rock. A few may be remnants of cavern roofs which collapsed at all other
W points., More commonly, however, thelridge is due to an underground leak through
] N{i\L . & narrow spur of a meandering valley. A few may be due to leakage through a

! .a_ﬁw¢h&waterfall.
& L ade, .
WY Bndpoint of solution. Solution produces in many places an extremely ir-
AL R - regular bed rock surface which is disclosed when the overlying residual mater-

ial is removed. This is because solution proceeds more rapidly along joints.

Theoretically, some areas where the soluble rock is unfissured should survive

after the remaining area is dissolved down to a plain. Production of a plane

surface is readily possible with weathering by solution because attack is dis-
tributed over the entire area with fair regularity.

Technical termg. Most of the technical terms which have been applied

9
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to solution topography are of foreign derivation., Such topography as developed
on limestone is called karst, possibly either from causse (French from galix or
lime) or from the Slavic word kras. Most of the remaining words are from the
Serbian because of the abundant literature on the limestone region northeast

of the Adriatic. In that country, Jugoslavia, there is little mantle rock; this
may be due to purity of the limestone, high relief or possibly seasonal rainfall.
Ribbed and fluted surfaces of bare rock are called karren. Chasms along en-
larged joints are termed lapies or bogaz. Vertical shafts or wells are various-
1y called ponor, cenotes, Jjamas, or gwallow-holes. Small sink holes are dolines,
larger ones blind valleys, bournes, uvalas, or ouvalas. Very large enclosed
depressions are polje. Residual hills are hums or pgpino hills.

Summary. Under phenomena of weathering not only the precesses but the re-
sulting topographic forms have been considered. Exfoliation which results in
the rounding of exposed rock masses which are relatively free of joints is
aseribed mainly to relief of load because the overlying rock has been eroded
although the hydration of feldspar by surface weathering is also a factor. Soils
were considered because they play such an important role in water erosion. The
various usage of the word "soil" were explained: engineers and some of the older
geologists use the term as a synonym for mantle rock. Although climate is a
very important control in the formation of true surficial soils parent material
cannot be ignored and the material termed by pedologists by that name is by no
means free from the effects of inorganic weathering. Topographic forms due to
weathering consist of talus slopes, landslide slopes, creep slopes, and karst
topography, the last developed upon water-soluble rocks. Talus slopes have a
uniform angle because material is retained on them by friction. Creep slopes,
if the moving mantle rock is of aporoximately uniform thickness, are shaped
like an inverted parabola. Unaltered creep slopes are found where water erosion
is at a minimum. Karst topography is found in humid districts where the under-
lying rock is readily dissolved by water. They are, like creep slopes, con-
sequent upon prior erosion of stream valleys. It is improbable that solution
passages ever extend very far below the bottoms of adjacent valleys. Character-
istic features are depressions with underground drainage including lost or sunk
rivers which flow at least part of the time underground. Natural bridges are
mainly formed by subterranean leaks through roclt spurs. Landslides, or relative-
ly sudden mass movements of the mantle rock, cannot always be analyzed mathe-
natically because part of the moving material behaves as a liquid at the same
time the remainder acts as a solid. The slide area is left with numerous un-
drained depressions. A multitude of technical terms has been applied to dif-
ferent features of karst topography, most of which appear not only unnecessary
but actually undesirable and confusing.
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»'these for fall, f, in relation to horlzontal dista , hy it is necessary to make

Republican River showed .82 and the portion of the Arkansas through the High Plains
.85. The Red River of the South is abnormel in displaying an exponent of only .55. "
Turning to theoretical reasoning an analysis by Rubey of the forces involved in

stream transportation gives a relationship between slope,settling.-velocity, load,
quantity of water, and hydraulic radius according to the formulas

-
{

8 = ;Load x settling velocity ' 2/3

J

whe water x RL/2 2

L

This is equivalent, other things being equal, to ths slope being inverse to the cube
root of the hydraulic vadius. Such a formula appears inapplicable in actual
practice. Wooldridge and Morgan give a formula for stream profiles which is a
logarithmic curve; it is equivalent to saying that the slopes is inverse to distance
from the source. Somewhat better results may be secured from Little's apoproach

He assumed that erosive force of unit mass of water is proportioned to square of
mean vplocitJ and inverse to hydraulic radius. In a wide shallow stream the latter
is equivalent to depth. By the use of Mannings formula for velocity and maki
necessary substltutlons it appears that thl% force is proportioned to %1 5 s 7TO

Q = guantity of water in unit width of bed. When solved for § this bucomas :

s

g F10/9 2/9 1% e b ,7%‘\

The slope of constant force would then be £ :Q7/9, Little e !

for a 7anezb}da1 channel, which is somewhat like a na%o 2 _%87 %m channel, ?f : W
F which when solved fir 71836 1s° S 3 F Q 2%« From this ) f
the nroflle of wniform force is f: Q : In order to solve any of | -

g ¥

rives L2 equation

.

‘some assumptions as to relation of average discharge to distance downstream. This]
can only be found where drainage basins are of normal shape and where results of mﬂ”Wf

i/} long-term discharge measurements are obtainable, On the é%su8?¥12@_tnat Q : hd
L h

the profile of a trapezoidal channel becomes f = constant x Ofwhich is not far/ &¥‘

from the actual observations mentioned above, For that matter the resylt he 58 LEE

other formula for a wide channel becomes with the same assumption f: n’? l

which does not agree very well with qctual determinations. Were scml—logarltﬁﬁ*b o 2

platting to yield a straight line then an equation with a variable exnonent would W tih desty

be shown. In such an equation the constant which is applied to the exponent repre- LE S

sents the percentage of change in each successive interval of horizontal distance. -RA¥

Platting of eight outwash terraces in Wisconsin gave no support to the variable ex- &

ponent equation but instead yielded a constant exnonent of about 0.7 or distinetly ¢ ‘,w‘*'

lower than that of present-day streams. The explanation of the difference from the q[

‘existing conditions is undetermined; it might possibly be explained by tilting. i’& 4

tw]\j,(:w\x_ 9S4 gV ,'

Slope-wash or overland flow. Where surface runoff does not follow channels

but forms & thin sheet all over the land surface the process is called slope-wagh,

overland flow, unconcentrated wash or sheet flood. This process is important during

ooth (a) initial erosion of a new land surface, and (b) in reduction of sides of

valleys.

Hydraulics of overland flow. The two principal students of overland flow are
Little and Eorton. These authors used quite different lines of apnproach to the
hydraulics of the process. Little's work seems to be wholly theoretical but Horton
appears to have tried many actual experiments. These exveriments demonstrated
that normally overland flow is mixed, although with increase both of distance of
flow and of denpth it becomes wholly turbulent., On a strip down a slope which is
of unit width there is a definite relation between depth, D, discharge, Q, and
velocity, V. Since Q = DV substitution shows that for fully turbulent flow
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Q¢ ]35/:3 1/2, for purely laminar flow Q ¢ ﬁ%S. Now if we use the formula for
velocity in thin sheets derived by Lewis and Neal then Q : D 1.9 5+7, The following
development will employ their formula instead of those used by the original authors,
It must first be realized that very thin sheets of water may flow in waves; these
are probably the result of viscosity. Water piles up until slope is locally enough
to overcome viscous resistance. Flow is then accelerated until the sheet thins;
then the process starts over again. Horton felt that the waves act like a series of
sudden blows and increase erosione.

Little's views. Little, as mentioned above, used the expression which glves
loss of head with turbulent flow in nlnes to express erosive force, namely Fi m/D.
Substituting D = /V this becomes F = v 1Q Substltutlng the for7ula fgy mixed

flow for V this becomes F : Q°/19 s21/19, " solving for S, S : F19/21 p~ and gge
equation of a slope of uniform force by unit volume becomes f ¢ h 3 2l or £ 3 n*
AA- R :’.
n+*s )
Horton's views. Horton employed the time-~honored tractive force equation for
force on the bed under a strip of unit width, This equation is also known as the
depth-slope formula or DuBoys formula. It is simply the component of weight of
water on unit area which is parallel to the surface. Since weight is then Pro= . gwer"
portioned to depth; which is Q/V, it appears that: NL‘ {:\7% .
Do ain Ay \where R is the angle of slope in degrees.; vwF* ;;kﬂ,gi
. R \; 2k t L&‘j . -‘;/l
By substitution for wvalue of D and taking Q : h we find: G h*ig;’ ef o}
: (9 = e L -/.,/ .0 +
,__ p o WI0/19 oA oy ST

This expression is not readily comparable with that of Little unless we assume that
for moderate slopes sin A_is essentially equivalent to ? gtan A) ., Making this
substitution F : h10/19 sl 371 7olv1nb for 5.9 h -5/6, This yields for
a profile of uniform force f : h or £ : h*167 or g much more concave slope than
does the other approach. In making a comparison it is desirable to realize that
Horton's formula gives the entire potential energy whereas Little's attempts to
determine what part of total force is actually aoplied to the bed.

Resistance to erosion. Horton computed the force of flow at the point where 6?;
erosion begins. This was etﬁressed in pounds per f20t2 and ranges from 0,5 lb/ft f
for newly cultivated soil tol0.5 1b/ft2 on sod, a range of 10 times. Of Aourse,
not all this force is actually expended on the soil for much is lost in internal
resistance to flow. The resistance of soil to erosion was ignored by most of the
older writers. It depends upon several factors: (a) rate of infiltration, (b) phys-
ical nature of the soil, its structure as well as texture, and (c¢) kind of vegeta-
tion. Soils which have the finer particles aggregated into pellets or which
awell when wel have a high resistance to washing compared to what would be expected
irom their mechanical analyses. ’

Belt of no erosion. One of Horton's major contributions to geomorphology is
the reasoning that a certain minimum distance is required below any divide to gather
sufficient water to permit the runoff to overcome the resistance of the soil to ero-
sion. In making such computations it is evident that the actual force exerted on
the soil is of no importance; what is found is simply the point at which erosion !
does begin. It is also evident that the width of gathering ground will vary both |
with rate of rainfall and with nature of the soil. Horton computed that on a 5 i
degree slope plowed land with rainfall rate of 0.5 in/hr. will not be eroded for |
153 feet from the divide, whereas with a rate of 2.0 in/hr the belt of no erosion L

. t‘ L' ‘. . "—T‘-'..‘h‘w fub\“‘bf
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shrinks to only %8 feet. The corresponding results for sod are 7046 feet and 1762
feet respectively. TFrom these figures it is fair to conclude that the belt of no
erosion is a fact but that it is of little importance when the resistance of the
soil to erosion is low. When resistance is high, however, the importance of the

" no_erosion is lows—When-resistance is high;—however; the—importance of
the belt of no erosion cannot be exaggerated. In prairie areas it is not difficult
to see that valleys do not extend to the divides. Naturally the width of the belt
varies inversely with rate of rainfall so that its effect on erosion varies with the

frequency of heavy rains.

Profiles developed by slope wash. All the formulas outlined above agree in
so far as they indicate that profiles developed by-slopewash are concave upward.
The concept of the belt of no erosion shows that unless there is no vegetation such
profiles do not extend to the divides. The variation of width of that belt may
help to explain the convexity of many hilltops although this is not the only explan-
ation of that phenomenon. The checking of which formula is most nearly correct
must rest upon platting of actual profiles of slopes in.uniform material. Unfor-
tunately, such profiles are not at present available. In many regions the lower
slopes have been covered by filling of the valleys or there is too much variation
in the underlying materials., When examples are available the values of the con-
stants of proportionality can be determined. In his analysis Little did not
assume that quantity is directly nroportioned to distance from the divide but in-
stead used a rainfall equation quoted in the first section. By means of rather
complex algebraic analysis he eliminated time and obtained as the exponent of a
profile of uniform force 9/11, that is a much less concave slope than do the
others. Reasoning that through geologic time quantity is dirédctly related to
distance the exponent becomes 7/9. Both of these results are for fully turbulent
flows. Horton also used slope distances instead of horizontal distances. On mod-
erave and low slopes this would make little difference.

Topography due to slopewash. The mathematical discussion above presupposes
that material is removed uniformly from the area of slopewash. ZExperience shows
that such is not the case. Instead, as pointed out by Horton, many parallel rill
channels are formed all over the area. Zach goes directly down the slope. Doubt-—
less minute differences in resistance is in part resvonsible for this concentra-
tion.  Another possible cause is surface tension of the water which would draw it
together into threads. Once concentrated, erosion is magnified by the increase
in volume. Total amount of erosion also increases with distance down the slope.
Horton's figures based on experiments anpear to show that increase in erosion is
at a more rapid rate than his formulas indicate. Another interesting observation
is that in exceptionally heavy rainfall the sod cover may be broken and rolled up
leaving bare soil.

s ‘ —_ M -=-L0 )
Formation of valleys. Formation of wvalleys on a newly-formed land surface
which is steep enough to cause slopewash erosion follows upon the original rills.
vertain rills bedome deeper than others. Overflow of the tiny divides causes con-
centration of water in these larger streams. This process Horton termed cross
grading. In time it obliterates most of the original rills. Systems of tributary
ravines develop across the original rills. Resulting slopes alter the direction
of rills. The process is repeated until the esntire area of a drainage basin has
valleys so spaced that there is no land outside the normal width of the belt of no
erosion as found along every divide. Thus it follows that the development of
valleys obeys a definite mathematical law. In nature the boundaries of drainage
basins are generally ovoid and the material is not uniform either in infiltration

capacity or, resistance to erosion. _
-
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Relation of streams to underground water. Temporary or intermittent streams,
which flow only during and shortly after rain or melting of snow, normally lose

‘some of their flow to underground water provided mantle rock and bed rock have suf-
ficient permeability. DPermanent streams are supplied in the intervals of no new
b supply from slopewash or surface runoff by the discharge of springs. It follows
]? that such streams can only exist below the level at which their beds intersect the
ff} zone of saturation or water table. Exceptions to this rule are streams supplied by
Hr*’ melting snow or the drainage of a humid area which flows through regions of less
_mrecipitation. Under these circumstances streams may be losing water to the ground
w 'Y water over a considerable portion of their courses. If underlying material is com-
posed of fine particles causing low permeability this loss is not of very great
magnitude.

() Entrance angles of tributary streams. Since streams normally flow directly
““li down the slope of the land rather than at an angle to it, it is obvious that the
g&a angle at which they Jjoin one another depends upon the ratio between two regional
/" sloves. If slopes are gentle and both essentially equal the entrance angle might
=3/ ~ be of almost any value. This condition is found on flat plains. Here the angles
/" range from 60 to 80 degrees except where interfered with by vegetation. In cases
7 ' M  where the main valley has a low slope and the sides a moderate inclination the en-
nfafyj trance angles are about 60 degrees. If tributaries enter from s teep side slopes in-
iﬁyf %o a gently sloping main stream the angle approaches 90 degrees.,F@gg

\‘—-_

1
h€>/ Stream orders. Horton devised a system of stream orders which does not agree
Vf_ [ with that employed by some Europeans. The short unbranched streams next the head-
-+ waters (for the most part intermittent) are the first order. Those which reeeive
0 “ﬁy, tributaries of the first order are second order streams. The same process 1is
1 « carried on as long as necessary. In cases of doubt the stream below a junction is
Q“r prolonged and the stream with the greater angle of entrance in reference to this

’7 line is taken as of the lower order. If both branches are close to the same length

‘GE L the shorter one is of the lower order. If both branches are close to the same
dgrAnit length ths shorter one is of the lower order. The order of a stream is unchanged

throughout its length.

Drainage density. It has long been noted that many drainage basins differ
greatly in the number of streams for their area. It has commonly been thought that
this fact is related only to climate or to stage of development of the drainage
V/V ' system but Horton urges that the factors of infiltration capacity and width of the,,, 9)
.~ telt of no erosion have been neglected. He expresses drainage density by dividing :
gﬁx the total length of streams in a basin by its area in square miles. 3Both permanent
. and intermittent streams must be included. The reciprocal of twige the drainage
thw\ ~density gives aoproximately the average length of overland flow. Stream fredquency

{"{ \ is computed by dividing the area of the basin into the total number of streams of , pi

K\,/f each order.

Drainage texture. Texture of drainage is simply another word for density.
Hany investigators have applied the factor of infiltration to account for coarse
texture of drainage, that is a basin with relatively few streams. Although this
is important, a factor which has been ignored by almost everyone is the relative re-
sistance of both mantle rock and bed rock to erosion. Drainage basins in areas of
resistant rocks are characteristically of low density or coarse texture. This can
be explained by the fact that it requires a large area to gether enough water to
make a valley. Areas underlain by shale or clay almost invarisbly have fine tex-
tured drainage. This factor explains the drainage pattern of Bad Lands. In some
areas of deep mantle rock on hard bed rock shallow gullies display a fine texture
althongh the major valleys have coarse texture.
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Laws of drainage distribution. Horton worked out the following laws which ol
govern the number of streams of different orders in a drainage basin. The propor- " : ‘5 g
tion between the number of streams of given order in a basin to those of the next e
lower order is the bifurcation ratio. The number of streams of different orders in v
a basin approximates an inverse geometric series in which the first term is unity |
and tae ratio is the bifurcation ratio. The average lengths of streams in a given .
basin approximates a direct geometric series in which the first term is the averageglﬁ ;# )
length of streams of the first order. Horton held that these laws, which follow /
upon the principles of formation of successive tributaries, lend quantitative sup- :
port to Playfairs Law of accordant stream junctions. He laid great stress on oA
another relation, the ratio between the stream length ratio and the bifurcation S
ratio as expressing the nature of the drainage. Stream slopes were found to be in L
tnverse geometric series thus relating them to different stream orders and proving
Playfairs law. To give a complete quantitative picture of a drainage basin he
listed: drainage area, order of main stream, bifurcation ratio, stream length
ratio, and either length of main stream or average length of first order streams.

From this the drainage density, stream frequency, etc. can be computed. Methods
were worked out by which to estimate the length of first order streams where map
data are inadequate. The value of all this quantitative data to geomorphology is
yet to be demonstrated but its value in making definite comparisons is obvious.

Drainacge patterns. Because streams are shown on maps which give no other
data much attention has been devoted to drainage patterns. Most textbooks
classify these into dendritic or tree-like and rectangular or trellis.’” Some
authors also describe radial drainage such as that of a volcano, and gentripetal
as the drainage of a ba51n, where streams meet at a common point. Braided streams 1/
divide and reunite repeatedly. 3Branches which lead water away from a main stream
are distributbaries.?In respect to the use of the term dendritic it is evident that
the originators had in mind only the ordinary hardwood trees for all drainage pat-
terns resemble the branching of some variety of treel As brought out above the
drainage nattern reflects relative slopes of tributaries and main streams and this
is in general a result of the geologic structure of the underlying bed rock. If
we study the variety of land surfaces on which streams originated it is really re-
markable that there are not more distinct patterns. Branching or dendritic patterns
indicate horizontal uniformity of material, Great irregularity of pattern indicates
a »nrimary surface of considerable relief such as that of the rougher phases of
glacial drift or of wvolcanic areas. Only streams which originated on rather gently

~sloping dut not level surfaces were preceded by the slope wash grading postulated

Ly Horton. In many areas such as the more level nortions of upraised sea bottom or
glacial drift no preliminary slope wash was possible.

Relation of stream courses to geology. In many areas of disturbed rocks it is
obvious that most streams are located on the outerons of the less resistant bed
rocks regordless of the nosition of anticlines or synclines which might conceivably
have directed the orimary drainage when the area was uplifted. The original or
consequent courses have evidently been abandoned in favor of others which are ad-
Justed to the nature of the bed rock and its associated mantle rock. In this pro-
cess it is clear that streams which happened to be located on less resistant mater-
ial deepened and widened their valleys to such an extent that in time they obliter-
2ted streams which were not so favorably located. The adjusted streams are termed
subsequent. In such areas where the rock formations vary greatly in resistance to
erosion the drainage pattern becomes rectangular. Tributaries from steep ridges
on the outerop of resistant formations enter the valleys along the strike of non-
resistant formations nearly at right angles. However, there are exceptions to this
rule. Where a considerable thickness of similar material occurs drainage is den-
dritic. The subsequent streams in many places cross through the ridges in water
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gaps, whose origin is in many places disputed.

Valleys due to recession of falls. Falls occur where (a) a stream descends a
steep slope formed by another agency, (b) there is a marked change in resistance
to erosion along either a near-vertical plane, or (c) soft easily erodible material
occurs beneath a firm cap gock or other resistant layer. In many small falls at
the head of ravines the capping material is sod or even just B horizon of the soil
profils. Water which falls freely reaches a very considerable velocity, far more
than is common in streams. However, there is a limit height at which the kinetie
energy of the water is effective in erosion. Above a few hundred feet fall the wat-
er is broken into drops by air resistance and hence is ineffective. This is well
illustrated in the high falls of the Yosemite Valley, California. In lower falls
the descending water swirls around boulders and pebbles which aid in excavating
a plungepool beneath the falls. DPlungepools are normally filled with water but
at the abandoned falls of the Columbia Plateau, Washington, several are easily
observed. These depressions should not be confused with smaller potholes made by
rotary wmotion of stones in any rapid current. Excellent examples of potholes can
be seen in Interstate Park, Taylors Falls, Minnesota. They are very common along
all swift streams. As the crest of a falls is worn back by undermining and
falling the plungepool moves upstream. A fall normally looses height not only by
breaking off of parts of the crest but also by the steep grade required for the
stream in the gorge which is formed by its recession. Although excavated to the
v depth of the bottom of the plungepool, the gorge below is shoaled by coarse debris,
in part excavated there and in part fallen from the walls. Lakes oceur in abandon-
ed plungepools. In general, however, the bottom of a valley formed by fall reces-
sion has less slope than a valley made by the same size stream by downward erosion
2long its entire length. A good exampde of a valley thus formed where the falls
ﬁﬁ v, | wore back until entirely obliterated is the upper section of Grand Coulee,
« . Washington. The width of a gorge made by falls during their recession may vary
o ald § greatly if the discharge or material has not been uniform. A good example is the

L'
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¥ & george below Wiagara Falls. A widespot at the Whirlpool is due to intersection of
_.“: " ~

g e'f‘the gorge with an old drift—filleé\gorge of earlier origin. ZEnergy of fall of
& ﬂg*:='unit volume is naturally constant but total amount of work varies with discharge
V" ¢/ of the stream. This reduction both in power and rate of recession does not in
'Jﬂywitself leave any record in the form of the gorge. But since there is generally a
Q‘dqﬁé relation between discharge and width of channel a shrunken stream excavates a
i ¥ narrower gorge than does a larger one. This also is well displayed at Niagara
ﬁF?x}f' and vitiates its value as a "geological clock" by which early geologists sought to
q: determine the number of years since its formation by dividing the known modern
v\ rate of recession into total length of the gorge.

Valleys due to springs. Where a large spring emerges low down on a slope
the erosion is somewhat similar to that at the bottom of falls although the
amount of available energy may not be anywhere near as great. The elevation
of the valley head is fixed by the level at which water can emerge. Valleys
of this type have been described from the Columbia Plateau where the waters i
emerge beneath basalt flows. They are also common in the glacial drift. x

Initial formation of consequent valleys. Land surfaces originate in many
ways. An area may be the bottom of a sea or lake now emerged from the waves,
or it may have been made by stream, glacial, or volcanic deposition. In every
case there has been a change from sedimentation in some form to erosion. This
change is not necessarily due to uplift or to change in level of sea or lake;
it may be due to change of climate or dmply to cessation of deposition. Most
theoretic reasoning has been started with the premise that a relatively flat
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sea bottom was upraised rather suddenly so that no significant amount of erosion
occured during uplift. Furthermore, it has generally been postula ted that the
climate was humid and that the initial surface contained more or less irregular—
ities so that the first drainage was imperfect. Good examples of just these
conditions may be observed in the lower parts of the Atlantic and Gulf Coastal
Plain, as well as on the flatter glacial drifts. ZIExamples of irregular initial
surface are found in the rougher areas of glacial drift, in volcanic districts,
and in reglons where uplift was due to faulting or folding. Two distinct
conditions may then be present: (a) the primary surface is so flat, or so
permgadble, or both, that slopewash cannot ocecur, or (b) the original surface was
altered first by overland wash before valleys were formed. We have already
econsidered Horton's approach to the formation of valleys by successive gradings

by slopewash until there is no more area left which can be thus altered. This
view is supported by the observed fact that the successive dividing up of a
drainage area is displayed in the bifurcation ratio. But where primary slopewash
could not occur,as on the glacial plains the origin of valleys must depend more
on chance, Concentration of water would then depend upon local conditions brought
about by minor irregularities of the surface. Original ponds and swamps would be
abundant in the interstream areas, as is easily observed in glaciated districts.
But in either case it is clear that concentrated water does form valleys of
consequent streams.

Alteration of valley sides. Were erosion confined entirely to stream beds
all valleys would be of the box canyon type with vertical sides. Examples of such
valleys are confined to those which were formed not long ago and in which erosion
is still concerned mainly with deepening the bed because of rapid flow. Examples
are found in many localites where streams diverted by glacial deposition are now
making canyons in the bed rock. But very slight reflection shows that vertical
valley walls would be extremely unstable. They are altered by erosion of small
tributary valleys, as well as by sliding and creep of the sides. Some have thought
that all young valleys have convex sides because of the rgid lowering of the bed.
This is certainly true in some localities, especially where ¢reep slopes form
in incoherent material. In many unconsolidated materials, such as most of the
glacial drift,  the angle of slope is even like that of a talus slope because it
is due to sliding., Rough landslide slopes are also common, particularly where
ground water emerges. Reduction of valley sides to a slope naturally exposes
\ them to slopewash.  Even if the areas between streams were at first confined to
* the belt of no erosion it is clear that as valleys were deevened the steep slopes
along them would wear back into the formerly immune area. In other words, the
slope of stability for given material and climate must start at the stream level
and has no relation to the divides. Another factor, which must be considered
is that the width of the belt of no erosion is variable because of occasional
torrential downpours. This variability of width may easily be a factor in
producing a convex divide even in areas where there is no important amount of creep.
The belt of no erosion on divides cannot be of constant width until stability is
attained along the valley sides by an equality of forge of erosion to resistance
of material to removal. Once this condition is reached valley formation is
essentially complete unless disturbed by earth movement, change of clim=te, or

he work of man.

Beose level of streams. A stream vdley can be esroded no lower than the bed of
the stream into which this valley debouches, nor can any stream valley be eroded
‘more than a slight distance beneath the level 'of the body of standing water it
reaches, or tie level of a valley filled by stream deposits in- whichjin.the case
of a semi-arid climate it ends its course. This limitation is known as base-
level and its effects have long been appreciated. The accordance of most stream
Junctions is known as Playfair's Law. There are some exceptions to this law
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where the main stream is supplied from melting snows of the mountains or some .
other more constant water supply than the local precipitation which supplies ol
its tributaries. Many examples of hanging valleys which have been unable to /7& 3’3
keep pace with the deepening of the main river are present in the Grand Canyon s
of the Colorado. Another cause of discordant junctions is tilting of the land

along the direction of the main stream as is well shown in the Sierra Mountains

of California. The velocity of the stream which flowed down the tilted surface

was increased and that of the tributaries which flowed at right angles was

unaffected until the main valley was deepened. Lateral motion of a stream may

also cut away the lower end of a tributary.

Lateral erosion of streams. Lateral erosion is best developed after a
stream valley attaines such a grade that it is able to carry off the debris which
is brought to it by both tributaries and slopewash. Development of bends and
true meanders then can take place because velocity is reduced to a point where
the lateral component of motion is important. Most text books lay much stress on
the widening of stream valleys by lateral erosion. Cut banks where the stream
swings against the bluffs are common and doubtless account for the observed fact
that hills adjoining a large stream are commonly steeper than those along small
tributaries. Good examples of this are present along the Upper Mississippi

Elvalley and need only in part be accounted for by glacial floods. Such erosion

serves to upset the belt of no erosion which was in former equilibrium. But

the view that this is the major process of valley widening producing a wide
floodplain underlain by bed rock at slight depth is not confirmed by examination
of most stream valleys of the United States. Much more common is a considerable
amount of stream deposits beneath the valley floor. Such are explicable by
change of sea level, or of climate or by the indirect effects of glaciation.
Lateral erosion is also limited by the factors which control the width of the
meander belt as previously outlined. How far lateral erosion might extent in
time is problematical.

Formation of pediments. Special conditions which apparently enhance the im-
portance of lateral stream erosion are present in -areas where the amount of water
is not enough, or the slope is not sufficient, for the streams to transport their
load to the sea. These conditions appear to be most readily attained at the bases
of mountains in a2 semi~arid climate like that of the southwestern part of the
Basin and Range province. Here the streams for the most nart never reach the
sea. Instead they are filling, or have filled, basins between the mountains which
were originally made by earth movements. ZIven above the major areas of deposition,
in which there is at times standing water in some places, the streams are obliged
by the decrease of grade, aided to a small extent perhaps by evaporation, to lay
down the coarser part of the load which they acquired in the mountains. They
flow in a braided course on these deposits and build up their beds to such an ex-
tent that shifts of channel are of common occurrence., Under these conditlons the
lateral component of force is alone present. Valleys, where they reach the foot
of the mountains, are widened, the ends of spurs, outlying elevations, and even the
mountain face itself are cut back by lateral erosion. It has been argued that
such lateral erosion is not the major cause of pediments, as the sloping areas of
smooth bed rock thinly covered with gravel are called, because so few typical
examples of cut banks occur. As a matter of fact, it is true that pediments are
best dewveloped on rocks like granite or sandstone which disintegrate into material
readily moved by both streams and slopewash. It is, therefore, not to be denied
that, as the interstream areas are planed down and weathered down, slopewash takes
an increasingly immortant part in reduction of the area. This was realized long
ago by the geologists who happened to witness sheet floods. With the scanty vege-
tation of semi-arid regions overland wash during oceasional downpours is of
greater importance. in shaping the landscape than might at first be realized. Very
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slight increase in rainfall would check it by increasing vegetation. Concurrently
the increase of rainfall should cause the main streams to erode their beds to
lower levels. Just how arid the climaté must be to allow formation of pediments
is uncertain and the same remark applies to the possible extent that they might
eventually attain.

Cycle of erosion. The fact that erosion progresses through a definite cycle
was discovered long ago but was first widely publicized by W.M. Davis. His
nostulate was that uplift is relatively sudden compared with erosion. Erosion

, thereunon follows a definite pattern of few stream valleys at first, then more

Sk shorough dissection, followed in the end (provided no earth movement upset con-

v, |« 7ditions) by reduction of divides to a gently sloping surface called a peneplain.

/" WA relatively humid climate was assumed in order to carry out this ideal progres-

¢¥ sion. On the other hand Penck suggested that in some cases uplift was much

./slower *han erosion so that the steps outlined above need not follow. Develon-

A8 ‘ment of these concepts by their prononents was mainly philosophical rather than
observational. This is particularly true in respect to the endpoint of erosion.
Although many examples can be discovered, for instance in the Coastal Plain and the
eroded drift plains, of the progressive development of valley systems with concur-
rent reduction in surviving areas of the original topography until none survives,
no existing examples of veneplains of recent formation have ever been discovered.
A1l that could be pointed out to confirm the validity of the completion of the

Y60 %l cycle can be classed as (a) worn-down areas which are inferred to have been up-
-\ o o lifted and eroded since peneplaination, (b) buried penevlains now exhumed in part,v//
W W and (c) flat areas with rock not far below the surface found in semi-arid or f+ 7/

.. A% seasonal rainfall areas. Some enthusiastic students actually described as young

© )/ peneplains areas of lake or stream deposits where bed rock lies at considerable
denths. It is probable that such errors are in large part explicable by the empha-
sis placed by some geologists on widespread planation by streams. Although such
lateral erosion would certainly be an important factor in completion of a peneplain
it is more characteristic of a pediment. The climatic conditions under which many
ancient surfaces like the pre-Cambrian peneplain of North America were formed is
wholly unknown. ZExamples of topography in Africa strongly suggest that seasonal
rainfall on both gides of the equator may promote pediment formation just as well

>Af as does sporadic rainfall on mountains in the Great Basin. Certainly the numerous
\Gi-# examples of monadnocks with very steep sides (inselberge or island mountains) ap-

R4S pear to suggest formation by lateral erosion of streams whose level was fixed by

W . their own deposits. Only such a wrocess could possibly explain the steepslopes.
Further discrimination of peneplains from pediments follows later in this section,
as well as a discussion of the identification of remnants of erosion surfaces of
differsnt ages in the same district.

P Effect of solution on penevlaination. Most discussions of peneplaination have
~‘\:ugnored the effects of solution, On water-soluble rocks, such as limestone, this
U*LL rocess can work over the entire exposed area at once. It is even effective to
b1 some extent under a cover of permeable rock. The result is that, unless disturbed

by erustal movement or change of climate, a nearly level surface is formed.

i Interruptions of the cycle of erosion. Many students have justly expressed

: doubt that the theoretical eycle of humid erosion could ever be brought to comple~
tion. The sedimentary record does not suggest that the lands ever remained in

the same relation to sea level for more than a fraction of the nrobable time which
ehould be required. Although we cannot now express in years the time which would
be required for perfect peneplaination of a mountain range, we are able to measure
approximately the duration of the several geologic neriods by means of the study
of atomic disintegration. The consensus of opinion is that the entire time since
the beginning of the Cambrian is not over 500 million years. If we think of the
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~also large areas of crystallines. Are we not asking too mueh of ordinary erosion?
¢ It is true that in parts of the Arbuckle Mountains of Oklahoma a subdued surface

rate of erosion slowing down markedly toward the end of a cycle, when the distance
through which rainfall descended to the sea was small, it is not difficult to con-
clude that known geologic time is too short to permit the completion of so many
cycles as have been postulated by some. If the cycles were not as complete as has
been believed, then the possible number would be much increased but it is still
evident that it cannot be large. ZFor instance, it is thought that the Lower
Cretaceous began not more than 120 million years ago. Yet many have thought that
prior to the Upper Cretaceous of 95 million years ago, there was not only long
denosition of limestone, followed by earth movements, and they by a reasonably
perfect peneplain over most of the Atlantic seaboard if not all of eastern North

i The eroded rocks included not only the Lower Cretaceous limestones bub

was ercded across tilted and folded sediments tens of thousands of feet thlck, \4)

© and then buried again within a fraction of the Pennsylvanian period. However,

this secms to have been a local and not a regional planation, possibly a pediment
formed on rocks not yet completely lithified. In spite of this somewhat startling
evidence it does appear likely that most cycles of erosion could never have reached
' the theoretical endpoint without interruption by earth movement or change of sea
level. Uplifts were both those without distortion of the sea bottom and those
associated with folding. Besides these diastrophic movements we must reckon with
obstruction of drainage by vulcanism, glaciation, and landsliding as well as with
changes in climate. When an uplift occurs it follows that erosion with the changd
baselevel will largely obliterate all record of the partial cycle before.

Terraces. When a river has stabiliged its slope, or reached grade as many
term it, a normdl feature is the formation of a wide valley floored with debris,
which, although in transit down the stream, must perforce be left stranded during
the intervals between floods. Such a deposit floors a floodplain and the thick-
ness of material above the bedrock cannot be greater than the usual flood-time
depth of the channel. When the baselevel is changed or there is a change in
climate either (a) the floodplain is built up with stream debris because the river
cannot forward its load any longer, or (b) increase of slope accelerates the rate
of erosion entrenching the stream and leaving the former floodplain as a terrace.
The method of uplift might be with or without warning or local irregularity or
might be a regional uniform tilt. As mentioned above, the last would accelerate
the velocity of the stream all along its course at once causing it to form a new
longitudinal profile. If an uplift without tilting, or the equivalent a change

of the amount of water in the oceans, then the new profile must grow inland
gradually. Irregular uplift would be a combination of the above conditions. The
inland limit of the new profile has been termed a nickpoint and much attention has
been directed to the finding of points of change of profile in 'a stream.
Logarithmic plotting will show at once where these occur but it is not evident
which are related to differences of geology and which to the start of a new cycle
of erosion. The example on the middle Wisconsin River cited above is clearly due
to erosion of the rock barrier at the Dells below, It is very indefinite in the
detailed profile, for the change in slope of a stream is generally very gradual.

Aggradation of a valley with debris is the converse process of terrace forma-
tion. It may be due to: (a) building of a delta at the mouth of a stream, (b)
climmiic change, (c) obstruction of a portion of a valley by earth movement or

"\ deposition, or (d) glaciation which supplied a tremendous amount of loose material

o bto the stream. In and near to the glaciated regions the valleys which carried
gla01al meltwaters were filled up to great depths with outwash (glacial sand and
A gravel) . Logarithmic plotting of the nsyfbles of a number of outwash deposits
_in Wisconsin yielded the equatlon il e where fall is in feet and horizontal
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distance in miles. The constant of proportionality varies from 2 to 25 inversely
to the discharge of the stream. It is evident that with such a concave profile
melting back of the ice front automatically changes the slope of the outwash
streams at any given point. Readjustment then forms a terrace above the new level.
Many streams carried the overflow of large lakes during ice retreat and the in-
creased discharge caused erosion leaving terraces. The grade of many outwash de-
posits was changed by the melting of included ice masses which had been buried in
the deposits. This change formed many terraces. During the erosion of many out-
wash denosits the streams were in places superimposed across rock ridges. Until
eroded away these caused wide valleys above which were later entrenched into
terraces. Other outwash terraces were banked against ice which on melting left
them high above later streams. Deposition of outwash in the routes of glacial
drainage vas so rapid that it blocked up the tributary streams which headed in ter-
ritory no% glaciated at that time. The lower parts of these valleys at first held
lakes but terracing of the outwash has in almost all places drained these. Deltas
were deposited in these temporary lakes and streams which built up their beds to
meet the new conditions were locally superimposed on rock spurs. Trout Falls,

near Camp McCoy is of this origin. Terraces due to climetic change are perhaps the
least weéll understood. In general, aridity should lead to excessive slopewash which
would bring more material to the streams than they could carry away until the slope
wvas increased throughout their length. ZBuropean geologists think of this taking
place in regions near to the continental glaciers because cold decreased vegetation.
Return of more precipitation or higher temperature would increase vegetation, check
slope erosion, and cause the enlarged streams to seek a new profile. In this case
terraces would result. Opinion has varied with different geologists as to whether
the numerous terraces and pediment levels in the southwest mart of this country were

47 due %o change in climate or to uplift. It is probable that study of the profiles

by methods here outlined will eventually solve this problem. In regions of folded
rocks 1t seems reasonable to suggest that many terraces are due to stream entrench-
ment following upon the main stream cutting through a resistant formation.

Terrace tonogranhy. Since terraces are remnants of former higher filling

in a valley, or a former wide valley adapted to a different condition of eroszon,5 Fu 9%

their borders repressnt the edge of a new lower floodplain. Where the eroding
stream meandered it cut loops into the bank which are known as meander géars. Be-
tween these loops the spurs are sharp meander cusps. If, however, the stream was

;not meandering, or the process of erosion continued for a very long time, such

cusps are absent. Terraces formed while the outwash in which they were eroded still
contained many ice fragments are now filled with kettle holes and are hard to dis-
tinguish from true ice contact terraces where one side rested against stagnant f‘f }Sf

Afglaclal ices. Terraces formed by uplift or change in stream volume normally occur

at corresponding elevations on both sides of the valley. Such are called paired
terraces. Terrates due s:.mply tpgl3 tﬁl erosion of a shifting stream during F‘{?ﬂv
down cutting are unpaired. ¥ erra ch survived because the valley filling J ?
rested on bed rock are often termed rock defended. Terrace surfaces normally show
old stream beds which can be distinguished in aerial photographs long after they
carried any water. Both braided and meandering patterns may easily be discerned
because of the differences in soil in the lower areas of the stream bedse.

Correlation of terraces. Correct correlation of paired terraces is difficult.
The surfaces were never smooth and since abandonment have been extensively altered
by deposits from slope wash and wind work. The best way to match observations at
1ifferent points is to construct a orofile down the center line of the valley. On
this correlation is rarely difficult. A further check is logarithmic platting which
discloses any miscorrelations at once.
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Incised meanders or meandering walleys. It has already been mentioned that

some valleys have meandering courses. Two distinct explanations have been advanced
to explain this fact. First, it has been suggested that during downcutting the
lateral component of erosion caused what were originally minor curves to grow into
large meanders. This process would be best developed where the valley walls were
not as resistant to erosion as was the bed of the stream, which during low water
may have been protected by the bed load dropped affer the last flood. Meanders
of this tyne were named ingrown by Rich. Second, a stream which was meandering on
(.4'a floodplain (not necessarily on a peneplain, as many have supposed) might be
~ uplifted and erosion reinstated. If bed rock was near the surface, and not at
considerable denth as on Wisconsin River, the meanders would not be destroysd but
would become fixed between rock walls. If thess rock valley sides were sufficient-
1y resistant that la teral growth and downstream sweep were alike retarded then the
meanders would be eroded into the rock without much change of form. This type
was termed intrenched by Rich. As a matter of fact, both types are often found on
y the same stream, if we can believe topographic maps. The insides of the bends
‘ &1 are the criterion by which they may be distinguished. The meanders which increas—
) ed in size have slipoff slopes commonly veneered with gravel, whereas the other
type have practically the same slove on both sides. Intrenched meanders are abun-
dant in the Colorado Plateau where resistant formations of rock lay not far below
the ancient floodplain. 3By restoration of the geology the position of the level
prior to uplift may be made with confidence. Such meanders definitely prove up-
lift of a region and the ingrown type does not, although its possibility is not
denied by their evidence. Meandering valleys are almost the sole evidence of
change in baselevel of some regions like the Driftless Area.

¢ : Stream patterns on floodplains. Im most stream valleys there is a floodplain
which is occupied only at the highest lewels and is in distinct contrast with
¢
¥

the normal low water channel. In many fleedplains the border of the low water
: channel is higher than the area behind next to %he valley wall. This feature is ) ot
ffurﬁ !nown as a patural levee and the low area behind is called the back swamp. The F*
fg}“ pattern of the main stream may be either braided or meandering. Braided patterns kﬁfv
where the stream branches and reunites repeatedly are best developed where rapid 89
(# deposition is taking place. Meandering streams may occur either on floodplains =i .
! which are being built up or on those that are being eroded. Natural levees due j8 /
A to flood overflow and checking of velocity among the trees of the shore are best

»
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f‘ﬂ developed where the floodplain is being built up, for instance above a delta.
Braided streams are universal on the upper part of outwash plains while still

Za 2 formlng, in the beds of sandy rivers at low water, below breaks made by floods

"~\@?y (crevasses) through natural levees and on deltas and alluvial fans. Within the lo
. vl back swamp the streams have no definite pattern but form an irregular network ‘{{\\w““
/| through the vegetation. Various explanations have been offered for the 41fference,
, | between meandering and braiding. The former is more characteristic of streams
~Twhich have flowed for some time and hence have organized a definite channel with
pr”}  few islands or towheads. Braiding is apperently an indication of immaturity

#° [ and rapid deposition. A_pecullar feature is the ending of meandering on HlSSlss—
iopi River not far below New Orleans and well below the first distributaries of
the, dglta. In this part of the river differences in water level are not,great.
Vﬁeﬁwff POSsibly lateral cutting is hindered by the firm clay of the natural levees.
| Certainly changes in route to the sea have not occurred in historic time. Another
/' feature of floodplains with pronounced natural levees is tributary streams of the
; - Yazoo type where access to the main river is prevented down to a localiiy where
Ny undercutting of the bluff is taking place. Examples of what must certainly have F
once been this type of stream junction before later erosion appear in the Tennessce
and Cumberland near the Ohio, as well as where the Illinois reaches the Twlss:i.ss---i'_ 10
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Deltas. Any stream which discharges into standing water is obliged to deposit
1 its bed load at once. The suspended load may travel far before settling. Fresh
&\ water, even when muddy, is lighter than salt water and hence floats. Meltwater
(j fresh from a glacier is less dense than is the underlying water because it is coldere
3§ﬁ“' The coarse material dropped at once slides down into foreset beds. Sand and gravel
1 appear to come to rest at a slope of about 25 degrees. This abrupt descent from
the nearly level top toward the lake or sea is an excellent diagnostic fedture by
which ancient deltas now far above the water may be discriminated. The mouth of one
of the distributary streams on a delta is commonly shallow because of deposition.
The passes of the Mississippi are kept open for navigation by artificial narrowing
with jetties. This deepening of the bottom has caused eruptions of mud called mud-
lumps which are mechanically similar to the base-failure slides of the Panama Canal.

Alluvial fans. The alluvial fan is the land equivalent of a delta. Change in
b original slope of the land at the foot of mountains or hills is a common cause of
4%&?7 deposition of the bed load which was acquired higher up the streams. Although
., typically developed in semi-arid districts, alluvial fans can be made in any climata.
€3£¥a/ Many can be so observed filling up kettles in sandy glaciated regions. Streams on
| fans are braided. Variation in discharge is rapid and great in most regions.
d&'x Evaporation and seepage into the porous material are often regarded as important
- factors in deposition, but their quantitative importance is yet to be demonstrated.
In California extensive water-spreading works are necessary to increase the soak-in
and conserve water which would otherwise reach the sea. Restraint of streams from

changing course to places less filled up is difficult but appears to have accomp- A’

liched in some places by narrowing the channel to one whose competence and capacity
are greater than the original braided course. - £ 1087
¥ X

{ﬁyéjgf Profile of alluvial fans. Platting of several alluvial fan slopes east of

A Los Angeles, California yielded an expression in which f ¢ h «78, This is not far
T 1 different from the equation of glacial outwash plains in Wisconsin. However,

# _ Krumbein platted the slope of one pronounced alluwial fan in the same region and
o ”xﬁderived the equation: elevation =,2280 e ~¢12 X yhere elevations are in feet, dis-
”yg;' tances in miles and e is 2.718, Replatting of data by the writer failed to confirm
} ‘the general applicability of this equation, although it may be correct where the fan
:'A_h’_' is well rounded and thé water is constantly spreading out over a larger and larger

- g area. The lower slopes of some volcanic mountains appear to show indices of .35 to

.4 where the material is fine and the water from the mountain is spreading out.
411luvial fans are readily confused with rock-floored nediments into which they pass

/}:upstream. i LA
I\Q 7/
_ Watural Bridges. The formation of natural bridges by either cavern collapse
Q‘\'};Q“ subterranean solution channels through a meander swur has already been discussed.
,:;ﬁ i{n insoluble rocks cutoffs have taken place both due to leakage along a joint or by
R&}h lateral erosion of a spur. Some natural bridges can only be classed as freaks of

weathering like towers which have not yet fallen into the talus beneath.

Drainage modifications. It has already been mentioned that as time goes on in
the eycle of erosion streams come to be more closely adjusted to areas where resis-
\b* tance to erosion is least. There is also a progressive relocation of streams in

@ order to secure the shortest, and therefore the steenest, raxte to the point of

discharge. This process requires that certain areas have their drainage outlet
changed., The method of change has often been called stream capture or stream
2 2iracye. Although indubitable examples of this process have been distinguished few
X have ever discussed the exact mechanism by which the final capture is effected. It
is easy to visualize capture by lateral erosion through a narrow divide changing
é§;%)rﬂ9 voint at which a tributary enters the main stream. The Greybull River,

“» q-jf' y %47 o g(b’
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Wyoming, is supnosed to have been captured by a smaller river with a lower grade.
But when we recognize the validity of the belt of no erosion along divides it is
hard to grasp Jjust how the headwaters of one valley could ever wear back into
another. One would think that, unless conditions for erosion differ radically on
the two sides of the divide, it would prove impossible for a small intermittent
stream to ever reach the bed of a large and well established river. Certainly
capture of a stream on the other side of a ridge due to a tilted resistant formation
appears wellnigh impossible unless aided by subterranean solution or shattered rock
along a fault. In every case of recession of the head of a ravine it is obvious
that there must be enough gathering ground to furnish water for srosion. If the
underlylng material on the divide is unconsolidated, or is pervious to water, how-
ever, it is easy to see that underground leakage would feed the lower valley long
before the actual break-through. Landsliding would also aid in this process, or
in some cases the divide might be so low that a flood in the stream above would
overflow to the lower course. In early days geologists freely invoked warping of
the land as an aid to capture but with no confirmatory evidence., Many supposed
instances of capture whers no abandoned course of the captured stream could be dis-
covered are of doubtful validity. Peculiar-looking stream courses may readily be
due to original irregularities of the surface which directed!consequent streams.
Similarity of water snails in now separate streams is of doubtful validity because
migration may have been with aid of birds.

ffﬁ Superposition. Many stream courses which at first sight appear very peculiar
“in that they disregard geologic controls are evidently due to initiation of the

¢4 rovte on top of unconformable deposits now removed by erosion. This process is

4. known as superposition and streams of this origin may be termed superimposed.

G Zxcellent examples can be found of superposition on the Cambrian cover onto the pre-

' Cambrian, or by the glaecial drift onto a bed rock surface. The principle of super-

Q?ﬁ nosition has now been invoked much more widely than it once was for many of the

older geologists seem to have been entirely too conservative in imagining the former

extent of now-vanished formations. For instance the course of the Mississippi River

on the flanks of both the Wisconsin and Ozark uplifts is much more likely due to

superposition than to some more involved process.

. tion of the crust beneath them ars called antecedent. This nrocess was much in-
e gvoked in early days to account for structural peculiarities of certain stream courseg
'gﬁyfAlthough not by any means imvossible, it is clear than in many localities super-

3

B L 4
~-{ Antecedence. Streams which held or nearly held their courses against deforma—

g position is more probable. In fact many of the older examples, such as the Grand
“}{k Canyon of the Colorado, are now definitely known to be due to superposition. On the
v\ Columbia Plateau, however, the Great Bend of the Columbia appears to be a consequent

*ourse along the edge of the basalt flows assumed before the center of the basin
sank. In other nlaces the streams of that region cross anticlinal ridges whose rise
could have ponded them only temmorarily.

Discrimination of peneplains from pediments. Peneplains and pediments have in
(¥, <ommon the fact that they are worn-down areas of low relief which must at one time
.'Ef / in their history have been of much greater relief. It scems unfortunate that the
H‘ﬁ§% idea of a plain as the endvnoint of erosion in humid climate has so widely spread.
TN\’ ' This assumption demends that either (a) resistance to erosion is negligible, or

(D) that geologic time is infinitely long. Because both assumptions are extremely
irprobablg because of the known facts, many students of geomorphology have desired

2 change in nomenclature, Douglas Johnson suggested change of the name of the

“inal erosional form to pemeplane but this was also unfortunate for in geometry the
word plane i1s definitely defined in a way which makes it inapplicable for use for a
land form. The word surface is non-commital and we might well, were it not too late
e echange, substitute the term old surface or gndnoint surface of humid erosion. =~ 3
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But evcryone still apeaks of "sunset" and "sunrise" although they are obvious mis-
nomers! . Another factor, often overlooked, is inconstancy of climate on the earth.
When the continents were largely submerged and there were no polar ice caps the
climatic belts must surely have been far different than they now are. Rainfall may
have been mainly confined to the equatorial belt and to mountains. Deserts may have
been far more extensive on the low lands than they now are. Certainly we should not
project the existing climate of localities in middle latitudes too far into the paste
For this reason it is well to review the known facts to discriminate between pene-
plains as ordinarily defined and pediments of presumably semi-arid climates and
perhaps regions of seasonal rainfall.

Comparison of veneplains and pediments. Definition: a peneplain is the end-
point of undisturbed humid climate erosion; a pediment is a sloping area with bed
rock near the surface which occurs at the foot of a mountain range.i Kind of 07
rock: a peneplain should be formed on almost any kind of rock; a pediment is most
rapidly formed where the bed rock breaks down into particles which are readily

washed by water, for example coarse-grained grsnite or sandstone. Climate: although (v

not stressed in original ideas it is clear that a peneplain of the type described by
the older writers must be formed in a humid climate; a pediment, judging from exist-
ing examples,must be formed in a region where sireams do not forward their load to
the sea but form alluvial fans.”™ Weathering: the bed rock under a peneplain should
disnlay a considerable amount of chemical alteration, although not to great depths
as has been incorrectly assumed, because there is not enough head to cause deep
underground circulation; a pediment should display bed roek altered mainly by
mechanical processes. Topography: peneplains should have very gentle slopes leading
down to the sea level of their time of formation and display complete adjustment

of drainage to underground structure which determines disposition of the weaker
rocks; pediments should have a regional slope which does not everywhere lead to sea
level., Extent: peneplains must necessarily be of regional extent, merging gradu-
ally into higher land on which long-continued erosion has also left its mark; pedi-
ments may be local, passing on one hand to areas where stream deposits accumulate,
on the other to the talus slopes of much higher land, and may occur in a siairway
of successive levels. Subsequent tilting: because the original surface of a true
peneplain must of necessity have been very gentle it follows that any planed-down
area with a slope of more than a foot or two to the mile, interpreted as a pene-
plain, must hayve undergone subsequent tilting; but an inclined pediment is expect-
able for such areas have slopes up to many hundred feet per mile when formed.
Covering deposits: streams on a peneplain might have wide floodplains but the idea
that they necessarily aggrade the old surface on account of excess of disintegrated
material is based on erroneous premises as to weathering. The deposits of streams
would necessarily be wvery fine for it takes a velocity of 13 cm/sec to transport
vith a maximum diameter of 1 mm and about 45 cm/sec to carry pebbles of 10mm
diameter, slopes which for small streams with hydraulic radius of one foot demand
0% ft/m and 8.2 ft/m respectively, larger streams requiring less slope. Pediments,
with slopes in excess of the higher figure quoted, would have a thin coating of
noarse gravel. It is probable that the confusion of surfaces of deposition with
neéneplaing which has been general in the past is due to misunderstanding on this
point. Age relations: if remains of peneplains could be found adjacent to one
another and at different levels the higher must be the older; but with pediments
progressive burial of a mountain range with its own debris would assuredly reverse
this order of surfaces and the hlghest might easily, although not necessarily, by
the youngest.

Survival of remnants of more than one erosion cycle. As soon as the idea of the
cycle of erosion was announced enthusiastic geologists sought to apply the new tool
“o the interprstation of the geologic history of regions where there is a long gap
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in the sedimentary record. The result of this was the deseription of a multitude
of erosion cycles, not only resulting in regional peneplaination but also swfaces
which left immediately adjacent almost intact remnants of older cycles. Up to 14
such incomplete cycles were reported in one area on the basis of work with topo-
graphic maps only. The excelleat preservation of some of the old surfaces, as well
as their extraordinary number. led inevitably to skepticism and reexamination of
the evidence. The following ~iscussion is intended to evaluate this evidence with
a view to finding whether or ot al'ernative views wers overlooked. :

Criteria of past peneplaination. The best proof of the sxisterce of ancient
peneplained areas is the discovery cf actual remants. The strength of this evi-
dence depends directly uvpon the size and number of remmeats which could not have
possibly been formed under present conditions. In this connection we must recog-
nize that convex killtopc are not reliable; rather than remnarts of an old subdued
erosion surface they are more likely creep slopes preserved by the belt of no ero-
31on. Effect of re31stant rouks in protecting urderljing soft materlal or of im=—
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ating these areas of gently é?gbing topography. Tn many areas, erosion is condi-
tioned so largely by variations of rock that cross sections drawn without geology
are entirely meaningless. Regional or local truncation of tilted or folded forma-
tions has often been appealed to as conclusive evidence of peneplaination. Sur-
vival of shale within minor synclines of firm sandstone on some ridges of the
inpalachaians has often been noted. In every case we must appraise the control by
rcex character as well as by the character of the mantle rock developed from the

V/ ncerlying materials. In gently inclined formations we should rather ask how it
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#-vld be possible for one area to be much higher than another regardless of the
svracture. Would it be possible for part of a cuésta to be much higher than an ad-

~ jocent portion? If it were it would surely be eroded more rapidly than the lower
~“ouriy. When we consider the elevation of the crest of a ridge on a steeply irclined
““rosistant formation we should ask how it would be possible for one vart of the nar-

row creat to be much higher than an adjacent section. Were ther such local high
points they should soon be lowered. For a long time the even skyline has been given
as proof of regional peneplaination followed by dissection., This evenness was de-
duced from eye observation and not from surveys. "Distance lends enchantment to
tlie view" is nowhere better exemplified than in this connection. Vertical differ-
encss are everywhere so small compared to horizontal distances that a distance of
not many miles considerable irregularity in the skyline is invisible unless some
Lrcal slopes are unusually abrupt. Eye inspection of nearby ground can also be mis-
lcading for a slope of over 100 feet per mile cannot be discriminated when there
are no level or vertical objects nearby with which to make comparison. Then too,
in horizontal views of the skyline distant cresis and divides blend together and

= tend to forget the deep walleys which lie between them. Viewed on a really ac-
cur~te map, or in vertical aerial photographs, the true facts are apparent and we
see such narrow divides that they could not possibly be remnants of an ancient sur-
face. As for maps, we must at once realize that the topographers, even in recent
times, were not allowed enough time to be able to visit ridge tops or even to send
tieir rodmen to climb them. Surveying with a stadia rod is a% best very tedious in
timbered country and much of the comtouring is by sketching. Reference to the
older instruction books of the U.S. Geological Survey shows that topographers were
net encouraged to climb high hills everywhere but to try to sketch a very large
area from lower elevations, The effect of perspective leads to serious errors such
as omission of deep valleys. A careless sketcher who works from below often re-
cords a flat-topped ridge where in fact the divide is very nar-ow. It is entirely
insafe to base conzlusions as to old erosion surfaces on maps alone unless it is
«vident that the surveyor actually visited the locality. Long ago Shaler pointed
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out that in regions of homogeneous rocks the divides are simply the meeting point :
of slopes which rise from adjacent stream valleys which are spaced fairly regularly.
The average depth of valleys is determined by the slope needed to carry off the run-
off with its load of debris. ' The average depth of valleys is determined by the
slope needed to carry off the runoff with its load of debris. The average slope
of the valley sides is determined either by resistance of the mantle rock to eros-
ion by slopewash or by the angle at which creep occurs. Naturally the average
slope is the same on the two sides of a ridge provided vegetation is about the same
and’follows that divides should be of roughly accordant level, This condition is
well shown in the shale areas of the Appalachian Plateau. When it is discovered
that the average elevation of divides is determined by the position of a rock forma-
tion, which is more resistant to erosion than these below, the importance to be
placed on divide elevations is greatly reduced. Occurrence of regions in which the
average divide level is greater than in adjacent areas with a different bed rock,
the usual interpretation is that two successive peneplains were formed of which the
older survived on more resistant rocks while the lower was being eroded on less re-—
sistant material. As an alternative we must certainly consider the obvious fact
that areas of more resistant rock, such as sandstone or dolomite, should normally
have higher divides than would an adjacent area of shale. In regions of disturbed
bed rocks with widely differing resistance to erosion the harder formations almost
without exception for.ridges whose crests appear to the eye to be remmants of an
old erosion surface to whose level all formations were once reduced. But when we
ascend these ridges their tops are almost without exception discovered to be so
narrow that it is absurd to think of them as being preserved intact. Surely every
rock which falls must lower them. These are simply the meeting points of talus
) slopes whose bases on the weaker formations of the valleys start at something the
M/ same elevation. Naturally this makes the crests so nmearly equal in elevation that
,b% to the eye they appear part of a once-level plain. The forces which produce these
"L' ridges work uniformly along the entire length of the flanks and careful surveys
)k Vv~ disclose a close relation of elevation of crests to geologic structure and thickness
== _ of the resistant formation. Could we justly expect any other result from long con-
5 &b i% tinued erosion? Need we even assume that once there was an evening-up from which
the crests of today were inherited by uniform degradation? Then if we look further,
there are lower even-crested ridges in the same area which are formed on formations
of somewhat inferior resistance. Do we need to think of each one as a relic of a
"partial peneplain" formed by lateral erosion upon the slightly weaker rocks or is
their presence an expected result of erosion? Some have made much of the fact that
the crests of the highest ridges of the Appalachians are lower near to the places
where the major streams cross them in water gaps than they are farther away.
But is this too not an expectable result since the level of the subsequent tribu-
w Ftary valleys to which the slopes descend lowest there? The rough accordance of
T 4 et
kD summit level in many mountain ranges has been questioned long ago by Daly who
;%*‘ﬂ suggested that it may be due in vart to (a) isostacy which limits the height to
ﬂﬁF which mountains of given material can stand, (b) more rapid erosion above timber-
}&(J y . line, (e) greater glacial erosion of higher crests, and (d) upper limit of
b.metamorphlsm or of igneous intrusions. In connection with the last the petrograph-
-~ ers can offer testimony and in more than one bathyolith, namely those of Idaho
and northern Wisconsin, they tell us that the original top was not far above the
present surface or crests.

[l Use of Profiles . Identification of now almost destroyed "surfaces of erosion"
by Jjoining together ridge crests, shoulders, and topos of isolated hills as shown
on a préfile drawn from maps alone, and without geology shown is at best extremely
3 questionable. How could these possible be relics of an older topography. Did
\ erosion progress horizontally leaving higher areas intact while lower ones were
worn down to baselevel? Why should we search then, for records of old surfaces
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on the divides if those divides were able to survive?! Perhaps some will now

seize on the belt of no erosion as an answer to this contradictory attitude. If so
it must be remembered that this belt applies to slopewash only, not to talus
formation, landslides, and creep. Horton suggests that some areas where sloping
plane surfaces exist on divides may have surviving portions of the surface which
was graded by slopewash prior to the formation of the valleys.

Relative speed of channel excavation and reduction of divides. The concept»«$
that stream valleys are widened to produce "local peneplains" and that subsequent
erosion caused parallel retreat of the valley sides leaving a broad flat-bottomed
valley. This is known as the treppen concept of Penck in Germany and Meyerhoff
in this country. These authors presupposed without anyconfirmatory evidence that
the deepening of valleys is very slow in comparison to widening by lateral erosion.
Just how this agrees with the known fact that the debris from slope retreat must
be carried down the valley and that its slope must be shaped to do this was not
stated. Furthermore, it must be realized that parallel retreat of slopes is
possible only when the resulting debris is removed from their bases. This is
possible through (a) lateral erosion by streams or (b) the formation of pediment-
like slopes below talus slopes. It has not yet been proved that either process
is adequate to cause this type of slope retreat in humid regions. A possible
condition for extensive valley widening is a rock, such as a coarse-grained granite,
which weathers rapidly in a humid climate but is resistant to mechanical erosion.
Examination of maps fails, however, to demonstrate that there is a gradation from
a peneplain near the stream mouths to progressively less and less eroded topography
upstream. Conclusions that such a process does occur in nature are in part due to
confusion of surfaces of aggradation with peneplains and in part to the example of
the Piedmont where the abruptness of the Blue Ridge escarpment tells definitely of
some type of structural control. This escarpment is really very youthful for
stream captures along it tell of an unstable condition of the divide.

Effect of solubility. An exception to the conditions described above for the
formation of peneplains occurs when the bed rock is limestone or other soluble
material. Then the processes of weathering may readily serve to destroy the
divides and bring about a true peneplain before the surrounding areas have been
completely degraded by mechanical processes. Good examples of limestone peneplains
are found in the Appalachians.

Buried and ressurected surfaces. Some of the best examples of ancient
peneplains are surfaces which have been buried under sedimentary rocks and then
uplifted and ressurected from this cover. Examples are the pre-Cambrian peneplain
of northern Wisconsin, Canada, and the Grand Canyon, and the pre-Cretaceous Fall
Zone peneplain of the Piedmont. These areas of former mountains were eroded under
unknown climatic conditions and it is also possible that the streams and seas
which buried them caused considerable alteration during the process. Some of these
old surfaces display chemical weathering which has often been desecribed as part of
an ancient residual soil which escaped erosion during burisl. Such an origin
seems most unlikely although it is true that in Wisconsin the surface of the pre-
Cambrian is much disintegrated and oxidized even where deeply buried. t seems
much more likely that the chemical alteration is due to circulating waters. Waters
which descended through formations of different composition might easily undergo
base exchange on meeting with the feldspars of the crystallines. The subject
will bear considerably more investigation. Some of the once-buried surfaces may
not be peneplains or pediments but may be planes of marine erosion as will be
considered in the next section.

Summary of evidences. It seems clear to the writer that a very large part
of the evidence which has been presented to demonstrate that relics of several
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erosion cycles are present in limited areas is either questionable or invalid.
Survival of such remnants is to be expected in the case of pediments but not with
peneplains. Particularly objectionable as evidence are conclusions based on map
profiles without showing geology.

Origing of water and wind gaps. Subsequent streams in areas of disturbed
sedimentary rocks are readily understood but the places where the main streams
cross through ridges due to the outcrop of resistant rock formations are less
easy to account for. Four distinct explanations have been advanced by different
authors for the water gaps of the Appalachians: (a) rearrangement of streams on
a perfect peneplain, (b) antecedence of streams to the folding, (e) stream
capture, and (a) superposition df streams on a now-vanished unconformable cover.

Development on a peneplain. The idea that the transverse streams of the
Appalachians were inherited from a perfect or super-peneplain on which they (a2)
"lost their way" or (b) were superimposed on a thin cover of alluvial deposits or
(e) were diverted by tilting was once very popular. As a matter of fact it seems
theoretically impossible for such a perfect peneplain to exist. The suggestion
of a cover of mantle rock changes the hypothesis to the last one, superposition.
At the present time it is recognized that if a peneplain were completed on rocks
of diverse hardness the adjustment of the streams would increase in perfection
during its formetion and that they could never disregard the underlying materials.
This hypothesis is now obsolete.

Antecedent streams. It has been suggested that some, at least, of the
Appalachian streams are still in the approximate locations in which they were
when the folding of the rocks occured at the end of the Permian period. The
sediments of the Appalachian geosyncline are thought to have been derived from the
now almost-vanished content of Appalachia. The original streams should then have
flowed northwest across the rising folds. For this reason the suggestion of
antecedance could apply only to such rivers as the New, the French Broad, as well
as other headwaters of the Tennessee. It is inapplicable to most of the streams
which cross the hard rock ridges.

Stream capture. It is clear that stream capture has occurred in relatively
recent time along the Blue Ridge escarpment and that it is imminent in several
localities. The northern streams like the Potomac and Susquehanna, which flow
direct to the Atlanti'e, certainly have the advantage of a steeper slope than
has the Tennessee or Kanawha. But when we consider the difficulty of a small stream
working back through a thick formation of resistant rock to reach s larger river
on soft rock on the other side the process appears impossible. Conditions are
different than in the southern Blue Ridge where the rocks are reasonably uniform.
The hypothesis of capture is workable only where there isfcross fault which
shattered the rock of the ridge. As most water gaps do not display any offset of
the ridge it would be necessary to assume in every case a fault in which movement
was parallel to the dip. If there were faulting at gaps, landsliding and under-
ground leakage of water might cause capture for then there would be no necessity
for a watershed to supply a stream which would cut back through the ridge.
Geologists differ greatly in conclusions as to the field evidence of faults in
water gaps. Some declare that they are almost universal and others deny that there
are more than a very few. Certainly many gaps in successive ridges do not line
up as they should. It seems likely that since the gaps afford the best and most
readily accessible exposures they have been more visited than other parts of the
mountains and yet few have ever been mapned in detail as is done in oil-producing
regions. The theory of capture appears rather unlikely as a general cause of
gaps in the Appalachians although it may be workable in some other regions.
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Superposition. It seems strange that the theory of superposition was so long
neglected in the Appalachians. It has been definitely proved in the Colorado
Plateau and for the localities where the Colorado crosses some of the Basin Ranges,
although it will not account for the major rivers of the Columbia Plateau. The
Coastal Plain sediments are not far distant from the Appalachians and seem the
logical answer to their water-gap problem. However, it must be realized that it
w.as a long time since the cover was present and that it probably rested on a sur-
face of unknown but relatively low relief which lay well above the present ridge
tops. Since the erosion of the superimposing deposits there has been time enough
; to cause extensive formation of subsequent valleys along the strike of non-resistant
£ /4 formations. TFirst advocated by Johnson, there have been many objections to its
-~ ’b‘ﬁr< general application. It has been pointed out that many gaps are located where the
Sy hard formations arc unusually thin or make abrupt bends. Howevor, it scons by all
,Tiymeans the best suggestion, provided the long time since erosion of the soft cover-
‘ing formations is realized. The underlying ridges, which are about 100 feet high
where they disappear under the Coastal Plain of Alabama, may have exerted some
* influence on the form of the original surface just as differsntial settling of
-~ glacial drift is thought to have caused reexcavation of some valleys which had been
y@i’ once completely filled. It must also be realized that progressive erosion into a
mountain mass must certainly uncover vertical differences in structure. This is
particularly true where thrust faults are present. Streams adjusted at one level
are out of harmony with the formation when they have cut deeper.

Wind gaps. Wind gaps are similar to water gaps but no longer have any stresam
in them. It has Dbeen suggested that some wind gaps were actually due to the
meeting of the heads of ravines on opposite sides of the ridge. In answer to this,
guch ravines do not have sufficient watershed on a narrow ridge, although they
might occur where aided by fractured rock along a cross fault. Many have suggested
that with gap elevations, some of which have been altered by accumulation, of
talus since abandonement, record former erosion levels. The idea was that uplift
of the old partial peneplain caused rapid diversion of streams leaving the gaps.
However, study in Pennsylvania does not support this theory very well. During the
process of erosion the number of water gaps has steadily declined in favor of
windgaps thus giving no support to their original origin by stream capture.

General Summary. The subject of the work of running water is very complex.
Agreement has not been reached on the mathematical relations of erosion and trans-

- portation to energy of the water. On the whole, the line of apvroach used by
Little seems to offer the best possibilities for the computation of profiles of uni-
form force, both for streams and for slope wash. Use of a different formula for
relation of velocity to depth and slope is advisable in the case of the latter. The
reasons for variation of channel width and width of the meander belt are explained
from the standpoint of hydraulics and appear satisfactory. Initiation of valleys
may be either consequent on original irregularities of a new surface or may follow
on primary slopewash grading as outlined by Horton. This author's discoveries of
a mathematical relation of relative numbers of streams of different types (orders)
appears to support his contentions. The belt along divides in which not enough
water is gathered to permit erosion by slopewash cannot be neglected, nor can be
the factors which alter it in time. Degradation of divides is ascribed more to
creep than to slopewash because of this belt of no erosion which survives after
stabilization of slopes to the point where resistance to erosion equals available
force of water. The endpoint of erosion under humid climate is certainly not the
penenlain of classic literature if there is vegetation to cause resistances The

5ok formation 6f pediments as distinguished from peneplains is discussed with the con-
ca clusion that they are best developed in semi-arid climate and are formed chiefly
- by lateral erosion. They are wash-slopes and contrast sharply with the talus

slopes of adjacent higher areas. Pediments can be found forming a "stairway" of
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successive levels but similar relations are impossible with peneplains. However,
the climatic conditions under which many low-relief surfaces originated is un-
known. It is pointed out that many criteria for the diserimination of ancient
dissected peneplains are invalid. Superposition appears to be the best explana-
tion of many water gaps and wind geps are due to diversion of streams which onee
crossed ridges of resistant rocks.
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WORK OF STANDING WATER |

Introduction. The work of standing water is divisible into: (a) mechanical
processes, which include both the work of waves and of currents, (b) work of
srganisms, and (c) the problem of submarine valleys. It is evident that this
grouping includes some subjeects which are not strictly under the general heading
but which appear more suitable fob discussion at this place than in any other.

? Mechanical processes. : Q<

‘-"z
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Origin and mechanics of waves. Wind which blows over water is retarded at

1A the bottom by friction just as it is on land. Velocity decreases downward and

“" _ probably is O at and near actual contact with the water. This vertical velocity

by gradient is in response to the transfer of energy from the moving air to the under-

~ a# lying water., In general, however, it does not itself cause the water to flow as
. a current. Instead it sets up rotational motion of water particles around hori-
zontal axes which are at right angles to the direction of the wind. When wind
first begins to blow the radius of rotation of each particle is small but as time
goes on a limit appears to be attained. Each successive rotating particle is
slightly out of step with the last so that the final result is a wave of oscilla-
tion. The mathematical form of such waves is that traced by a point on a radius
of a rolling cirele. Of course, no real cirecle does roll, only the particles
and the radius of the hypothetical cirele is largerthan the actual orbit of water
particles at the surface. Even after the wind has stopped blowing the wave pro-
gresses., It is then smooth and much simpler than when it is crinckled by a rising
wind., At maximum size, waves are roughly half as high in feet as the velocity of
the wind in statute miles per hour as ordinarily measured not far above the surface.
The velocity with which particles rotate in their orbits determines the speed with
which the wave progresses. Since particles revolve in a circle e¥bler the vertical

~“wcomponent of motion obeys the laws of harmonic motion. If we let the radius of the
o polling circle be R feet and the length of a wave from crest to crest be L feet

“a) then L =2 pi R. The acceleration is that of gravity, g. Applying the formulas for

<\ | harmonic motion and solving for velocity in feet / second:’ V = (gR)3. Substitut- |
: ing the value of R in terms of L, V= (gL/2 pi)% or substituting numerical values
for the constants, V = (5.123 L)Z. Solving this for length of a period, T seconds,
then L = 5,123 T2, The relation of the height of & wave above the trough, h, to
wave length, L, is not fixed but anpears to vary from 19 fto 39 times. The rela-
tionship of h to feteh or digtance that the wind blows over open water is reported
empirically as h = 1.3 fetch® where the latter is measured in statute miles. nite
(Mariners use nautical miles or knots each one of which is about 1.15 land or
statute miles; they also measure depths in fathoms of 6 feet.) One reason for .
irregular results in measuring wave heights is the fact that a violent wind blows

. off the wave crests in whitecaps. The smooth waves which last after the wind, or
extend outside of the area where it blows, are often called ground swell., In the
opeh sea the distance through which winds blow sets a limit to height of waves of
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tion. BEngineers have tried several forms of dynameters with which to measure
‘J
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Energy of waves. Since wave motion in open deep water is a combination of
rotational motion and vertical motion waves possess two types of energy. DMathe-
matical analysis demonstrates that the two kinds are equal in amount. Only the
energy of rise and fall is carried forward with the progressgg of each wave butb
when a wave dashes onto a shore and the water is brought to a standstill both
types must be expended. In fact, in shallow water waves become translational mo-

.:b
either impact or both impact and pressure of waves where they strike the shore. r‘,ﬁ@b-
Results of these experiments are generally given in poinds per foot2. Now the L~ i
total theoretical energy of a wave in foot pounds (other dimensions in feet) is s
shown by the formula Energy = WLk /8 (1 - 2 ne ZBLB) or substituting 64 for W,
weight of a cubic foot of salt water, an or pi, this becomes E = 8 Lh? Lizi,,(
(1 - 4.93552 / 12). For L=200, h=12 thls is said to show an 1mpact of 2436 “ 8.
pounds/ft%  Actual records are of this order of magnitude. ,. Eeig p~'
N = s §rroovr Yy < 273 }Vvﬁ 2dis :}“ e b ™
Depth of wave action. The circular orbits of water particles are shown by
both mathematical analysis and actual observation to decrease in radius very
rapidly with depth. At a depth equal to the wave length the orbit is reduced to
1/512th. Thus one of 10 feet radius at the surface in a 400 foot wave would be
only .2 inch radius at a depth of 500 feet. It is evident that although there
is no theoretical limit to wave action its practical importance decreases e
rapidly with depth, that is its competence to disturb the bottom. For this o
reason pendulum observations are possible in a submarine a2t comparatively modest
depths. The term wave base has been applied to the effective maximum depth at
which waves can disturb a sand bottom.

Waves in shallow water. As waves of oscillation reach shallow water the
circular orbits are believed to be changed to elipses with the longer axes
parallel to the bottom. Certain it is that the top of a wave moves forward

“bodily in an entirely different way that it does in deep water. The wave is

=7 yushes up a gently sloping beach until it comes to a standstill. No definite

M
retarded at the bottom and the top breaks into a confused mass of foam which i
g uﬂm

mathematical relationship has been discovered which shows the depth at wh 1ich

waves brealr, This is probably due to the fact that the bottom water is moving

either as undertow, due to return of water from the beach, or as a current in-
duced by the tides. In shallow water waves undergo refraction just-as do light
waves in passing from one medium to another. This is due to bottom retardation
and turns the wave fronts until they are parallel to the shore. Many diagrams

/ have been shown to demonstrate that this process also tends to concentrate waves
onto neadlands._ﬂ 7%
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Other waves. Waves may also be due to (a) earthquakes, (b) tides, and (c)
differences in atmospheric pressure. Of these only the first is important in
most places. An earthquake moves a large body of water by impact producing a

_true wave of translation. Such waves are often called tidal but this is a

misnomer. They are also called by the Japanese term tsunami. Some of these
.ery destructive waves are known to have travelled 900 m.p.h. and to have risen

»ﬂ/_ over 100 feet onto the land.

Dffect of waves on the shore. Waves reaching a shore must apply nearly all
of their energy to it. Waves work much more constantly thea does running water
on Yand, The ocean is mnever still; even when smooth as gluss there is still
a surf from the swells of distant or past winds. In sppraising its efficiency,

however, it is well to realize that roclks moved by wave action are generally
submerged and hence loose the weight of their volume of water. Many
snectacular instances of large masses moved by wave action are also to be
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discounted in that the weight was not lifted but simply shifted against friction.
Wevertheless, storm waves have been observed to hurl rocks high into the air and
the noise of moving boulders in the surf is impressive. Repeated blows of waves
do attain high pressures and may easily be associated with cavitation although
this has not 'been recorded. Impact of stones carried in the water on stationary
objects is a most important process of erosion. The result not only of direct
impact but also of grinding by material moved in the breakers is to undercut the
shore if it is a cliff and the depth of water is great enough to permit waves to
reach the shore effectively. The process of undercutting is possible because the
loosed debris is carried back by the undertow.

Currents in lakes and seas. By no means all erosion and transportation in
lakes and seas is accomplished by waves. Currents of water are caused by (a)
tides, (B) winds either directly or through waves, (c¢) density differences due
either to variation in amount of sediment or in salinity, (d) entrance of fresh
water, and (e) temperature differences. Of these tidal currents locally attain
very high velocity on coasts where the difference of level is large. The
great oceanic circulation owes its origin ultimately to the convergence of the
trade winds in equatorial regions. Although much attention has been given to
currents in sedimentation it is obvious that most of them are either surficial
or have such low velocity that they do not disturb the bottom. In shallow water
e H , currents along the shore are often notical. They may be undertow which is
?Qg;; deflected by its relation to incoming breaking waves above. Many text books
I

-

describe an alongshore current set up by waves to which much importance in P
transportation is ascribed. It is not clear, however, that such a current is s
/. actually able to transport sand and pebbles. It can transvort fine sediment but
> movement of coarser material is almost wholly confined to the zone of breakers.

(e

Erosion by waves. It has already been mentioned that waves apply their
energy to erosion in a zone of very limited vertical extent. The result is
undermining of a shore. If the material is bed rock this produces sea caves
especially in weak, thin bedded layers. Where rocks are jointed, deep coves are
excavated Stacks and islands of rock survive for a time rendering the shore very
irregular. Shores of bed rock csn almost everywhere be identified on a chart

'in this way. Where erosion is taking place in mantle rock the ¢liff is not verti-
! eal or overhanging because it soon slides down to the angle of repose. If large
| boulders are present they accumulate at the water's edge and serve to prevent
further erosion. Many abandoned beaches may be recognized only by such boulder
: lines. A common feature of wave-eroded coasts is hanging valleys whose lower
ié;/' parts were cut away by the waves. The headlands undergo the most erosion because
~* water is generally deeper off them than in bays as well as because of wave
&“;;@j reflection toward them.
| po

A_':\ Aoy

" “Wave terraces. Below water level the bottom is cut down to the point that
the undertow can just carry off the debris which is not moved along the shore by
11f? waves which reach the coast at an angle. This subagueous feature is called a

' cut terrace and may be distinguished off many abandoned shore lines. There is
?J@’ commonly a slight building up of the front where material carried out across is
. .an slid down into deeper water, but no important deposits of gravel occur in this

situation.  The cross section of a cut and built terrsce is known as the profile
of equilibrium snd the level of its outer edge was thought' to be fixed by
effective wave base. It is not clear, however, that this position is long
stationary for there is no exactly definable lower limit to wave work and the
undertcw- is aided by gravity.

Subagueous ridges. A very common feature of sandy bottoms is a succession of
o, Fseverrl parallel submerged sand ridges. Some of these are many hundreds of feet
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wide and the depth of water between them is a number of feet more than on the
crests. Some call them low and ball. The problem of origin is unsettled. Some
think of them as due to breaking of waves which reach the shore at right angles
and others ascribe them to erosion of parallel currents which are induced by waves
striking the shore at an angle. The second explanation is weak in that it would
then be difficult to account for the number of ridges or for the facf that the
sand is coarsest on the crests and not in the low places. Where currents do occur
it is more likely that they are the result of the ridges and not their cause.

Alongshore transportation. The fact that material which the waves can carry
is moved along shore has already been mentioned. On any sandy beach it can easily
be seen that waves which come in at an angle carry sand and pebbles diagonally up
onto the beach. The undertow runs directly back down the slope so that particles
move in a zig-zag course in the direction which is down wind at that time. Johnson
objects that the path of a particle is actually a series of inclined parabolas but
the distinction is unimportant. Alongshore drift consists in many places of mater-
ial which is so coarse that it is impossible %o think of currents which could trans-

port it. & \ {)

DeDOSitlonal changes of the shoreline. Waves tend to even up a shoreline by
developing a smooth outline. The material eroded from the headlands is mainly
disposed of by movement in the zone of the breakers. Large stones obey the impact
law and are carried shoreward by waves which are more powerful than is the return-
ing undertow, which transports the finer particles. Many stones which have been
carried back and forth on a beach for a long time show the effect of waves , and
are tabular due to shuffling instead of turning end over end as in a current. If
a barrier or solid pier is built off a beach experience shows that one side is
filled in and the other eroded unless storms come from both sides in equal numbers.
The windward side is the one which receives sediments. The same process may De
seen at a natural point. Material carried laterally from the end of a point does
not form a gpit into deep water for that would, where above water at all, be swept
away by the next storm from the other side. Instead, the debris is carried along
in the breakers to a point where the bay is shallow enough to permit start of de-
position, In most places this shoaling is associated with a minor point although
this is not necessary. Textbooks ordinarily describe this process of bridging the
bays with wave-tPansported sediments as due to the outward course of the alongshore
current but the process outlined above appears more logical. As spits are built
out from both sides the bay is eventually enclosed. Where, however, shoal water
is present only near the sides of a bay the outer end of a spit is curved back into
a hooke This is due primarily to refraction of waves and not to deflection of cur~-
rents. In many vplaces islands have been joined to the mainland, or to one another,
by such beach deposits often called tohbolos.

Many hooks are compound showing several successive ends as the entire deposit

y:‘was built out into deeper and deeper water. In the lee of many islands two snits

join leaving a lagoon inside. Lagoons are also formed by the bridging off ,of bays
_ylth continuous bars. Where streams entering the lagoon are large enoughfiidal
" difference is enoueh a pass is kent open to the sea.

Offshore bars or barriers. On low, sandy coasts where the water is very shal-
low there are sandy ridges some distance offshore. Opinion has varied as to
whether or not these were made by lateral growth of spits from distant headlands or
were thrown up in nlace by waves which removed the material from the adjacent
bottom. Some of these off Uape Hatteras are hard to account for by lateral growth
alone, although in most places this process cannot be eliminated entirely. These
sandy barriers are often miscalled reefs which term generally refers to a submerged

rock outcrope.
s e
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Cuspate points. In many places, such as Capes Hatteras, Fear and Canaveral,

?‘,xrfﬁhof eastern United States, sand beaches form marked cusps. Various explanations
E;q{)have been offered including eddies of ocean currents. It is more likely that they
t S 4 -t : ;,-
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are barriers built out to subperged shallows from both sides. dee al f‘ﬁ-a_

) Classification of shore lines. Many texts have defined schemes of classifi-
cation of shore lines into emergent and gubmergent. Others have suggested primary

- and secondary as the major basis of separation. As a matter of observation, it

is clear that all coasts of the world display phenomena of either subsidence of
the land or rise of the ocean level in the form of drowned river valleys. The only
exceptions are very recent shores due to organic growth or crustal movement.

. Shepard terms primary those shores which are due to land forces, erosion, deltas,

"land vegetation, glacial, and volcanic processes. He calls coas%s due to wave

grosion and deposition, including that of marine organisms, secondary. Another
system of classification would be to discriminate shores on firm materials from
those on loose deposits easily moved by waves, placing those due to organisms in a

. third category.

Cycle of shoreline development. The foregoing section demonstrates why it is
futile to searfh for evidences of a cycle of shoreline development at the present
time. All marine shores and inland lake shores are demonstrably young. True,
progress has gone much farther in the same number of years where the material of
the coast can be easily moved by waves and currents, as on the sandy Atlantic Coast-
al Plain, than it has on the "stern and rock-bound coast" of New England or the
fiorded coast of Norway. The evident goal of shoreline development is as simple
an outline as possible. To meet this condition the waves are working to wear back
headlands and to fill up bays. When cut off from the sea the bays are filled with
detritus from the land and the deposits of organisms which live in the quiet water.
It is believed by many that barrier beaches are a temporary feature of the coast
line. As evidence of this occasional outcrops of peat in the seaward faces of
such bars are cited. It is possible that some of these, at least, may not be
lagoon deposits of the present stand of land and sea but antedate the last rise of
the waters.

Endpoint of marine erosion. Although we are unable to find good examples of
a cycle of marine action at present because of recent shifts in sea level and in
levels of inland lakes we may theorize over a possible endpoint of marine erosion.
Many have thought that marine erosion is self-limiting in the depth it can cut into
the land without change in sea level. This conclusion is based upon the assumption
that the depth of the outer edge of the terrace or wave base is fixed. If such
be the case the profile of equilibrium would automatically halt shore recession at
a definite location inland. But it is far from clear that either such is the case
or that relation of sea and land would remain constant long enough for the process
to operate. In fact it is not certain that the outer edge of the submarine ter-
race is really located at wave base. Granted slow lowering of this level by under-
tow current or a slight rise in sea level in respect to the land and the limit of

-marine planation is greatly increased. ZEspecially would this be true were the

land first brought low by either peneplaination or pedimentation. Most papers
written on this subject have been so theoretical or made up of quotations of opin-
ions of others, which have ho real meaning, that it is difficult to reach a final
opinion. Certain it is that the ceaseless onslaught of the waves should in time
have profound results. Moreover, waves exert more forecé during storms than streams
ever can. Waves could plane down even the hardest and most insoluble rock such as
quartzite. Most of the famous buried peneplains were buried under marine forma-
tions; how much did the oncoming sea alter their surface? Elevations which
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escaped the work of waves should then be steep-sided because debris was removed from
their bases. Some such have been described in India. It has been often suggested
that the Piedmont Plateau is a surface of marine plan’s tion because there are so few
monadnocks. However, the upland extends behind some of the supposed islands and does
not connect seaward with any known merine formation. It is more likely a pediment
formed during a by-gone time when the c¢limaté was more arid. The top of the Baraboo
quartzite range, Wisconsin, is a very gently domed plain. At places the edge -
carries boulder conglomerate. Projection of now-eroded formations appears to demon-
strate that it was the beach at the time of deposition of an adjacent dolomite for-
mation. It is, therefore, possible that the waves of the Ordovician sea completed
the planation of the quartzite islands which had been monadnocks on the pre-Cambrian
peneplain over 1000 feet lower. A somewhat similar surface on quartzite has been
proved by drilling at Hartford, Wisconsin.

Pleistocene terrace problem. Many sea coasts display terraces which evidently
record former levels of the oceans in respect to the lands. Many of the higher ter-
races, as on the Pacific Coast, are obviously deformed by subsequent orogencic move-
ments. Some of the lower ones, however, seem to be horizontal. On the Atlantic
Coastal Plain Cooke has described seven terraces which he thought to be horizontal
and of world-wide extent. ¥Flint has restudied the same area and concluded that
there are only three,of which the upper one at 160 feet is limited in extent. Many
of the supposed marine terraces he thought to be in fact stream floodplains but the
lower terraces at 25 and 90 feet might be horizontal. Most reports of marine ter-

.races fail to discriminate between the actual level of the water and the elevation

of the cut and built terrace. Elevation figur8s for many vary over so wide a range
that exact correlation is impossible. Too little attention has been paid to the
sediments associated with the terraces. Knowledge of Pacific terraces is entirely
too fragmental to permit of correlation. Postglacial uplift of the land is def-
initely known in and near to glaciated districts making comparisons there entirely
futile. It is, therefore, too early to claim that all these terraces are horizontal
and that they record changes.in amount of water in the oceans related to the with-
drawal in ice caps. That such a process took place is certain but just which shore-
lines record interglacial intervals when this wgter was returned to the oceans is
far from assured. If the higher ones are really eustatic then it would be necessary
to assume that either (a) the amount of ice carried over in continental glaciers in-
creased in every successive interglacial interval or (b) the floor of the ocean sank
during the Pleistocene lowering the level of the oceans. Stearns records evidence
of just such a sinking of the bottom of the southwest Pacific Ocean. But the cause
he aseirbes, namely eruption of lavas which they pressed the area down by their
whight, does not appear feasible. The lava came from below and could settle no more
than to refill the voids it left. It is possible that. this is not the true cause but
the facts of sinkting are well substantiated.

—  The coral reef problem. The subject of the origin of coral reefs has beéen a

subject of discussion for more than a century. According to a recent summary by
Stearns the following facts are now established: (a) reef corals can live only in
warm clear water less than 200 feet deep, (b) Nullipores serve not only to bind coral
skeletons together but also make reefs themselves, (c) when the Pleistocene glaciers
were large sea level was lower than now (perhaps about 260 feet in thé last glacia-
tion) (d) changes in sea level have also occurred because of alteration of the
shapes of oceanic basins, (e) many islands of the southwest Pacific are composed of
folded continental (sialic) rocks, (f) the truly oceanic or simatic islands show no
such rocks, (g) emerged Tertiary coral reefs are knemn, (h) atolls do not reflect
the form of submerged volcanic craters, (i) atolls rest on a basement of non-coral
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rocks, (Jj) barrier reefs require a platform to start their growth, (k) growth of
corals may attain 90 feet in 1000 years, (1) a reef may be killed by submergence

(m) a reef may be killed by emergence, (n) reefs grow mainly on the outside, and
(o) lagoons are not the product of submarine solution of calcium earbonate.

Occurrence of coral reefs. Coral reefs occur not only along coasts of other
kinds of rocks as fringing and barrier reefs but also in isolated islands which rise
from the depths of the ocean. Many of the latter surround a partly or wholly en-
closed lagoon and are known as atolls. Two small atolls occur off the end of the
Florida Keys but they are much more abundant in the Pacific Ocean. Some of the iso-
lated islands are known to contain a volcanic core. In the Bermudas drilling dis—
covered volcanic rocks although a test overilOO feet deep on a Pacific island failed
to find such. S
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Theories of coral island formation. Opinions as to the formation of coral
reefs and coral islands have varied widely. Some have thought that they grew up-
ward on top of intermittently subsiding foundations of other origin. Others held
that they were formed on stationary basements and that the lagoons were made by
solution. Others advocated an origin on a rising foundation, others on stationary

= shelves made by former erosion. Daly first fiscussed the control of sea level by

- &laciation , a theory which would make most reefs younger than the last ice age.

A }’ Recently, Stearns advocated growth on any kind of basement, rising or sinking,under

5@ J7conditions of rising sea level from any cause, The general opinion now is that only

« glacial control of sea level can explain the majority of reefs. The test boring put
down on Funafuti was located too close to the outside of the accumulation of coralf\wr
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rd}%ﬁ and beneath about 150 feet of coral passed through only talus outside of an older ° M$ﬁ?4m
i reef. Under the glacial control theory it has been claimed that volcanic islands K
-kxgasﬁwere all planed down by waves to a uniform depth on which corals started to grow as ﬁr\ﬁ
ca the ice melted and slowly réturned water to the oceans. This is thought to account vy
¢ for the uniformity of lagoon depths over considerable areas. However, this theory \gf

does not exclude other conditions and both emerged and submerged atolls have been
described. It seems certain that in an area of recent vulcanism conditions must have
varied widely in different island groups. Much of the argument is based upon purely
theoretical reasoning based in large part upon nautical charts which do not show the
land areas with much detail. It was thought by some that their failure to show many
cliffs on spurs of volcanic islands inside reefs militated against the glacial con-
trol hypothesis. Since then this has been shown to be an error, and the glacial
alteration of sea level is recognized as an important factor.

Work of other organisms. A number of other organisms besides corals and
nullipores affect shorelines. In salt water the mangrove tree can grow where wave
action is not too violent. In sheltered bays various kinds of grasses and sedges,

¢4 which are tolerant of a moderate amount of salt, build salt marshes. Salt marshes
'* on coasts where there is much tide are cut up with a complex net of branching
i v achannels through which the water runs in, then out twice in every 24 hours. Shallow,
" small fresh water lakes are the habitat of a number of plants which in time may
\Q\ fill them up. These appear to thrive best in relatively hard water. Although most
L5 aquatic weeds do not project far above the surface some varieties like the common
Ri "pbullrush" do. Remains of organisms aid in shoaling the water so that the shoreline
% can advance« A growth of these hinders wave action and the shore behind can then
P be filled in with organic depositse. 4 regular succession of different kinds of
plants can be made out from those which thrive only in fairly open water to those of
old marshes farthest inland in the old lake bed. Many shallow lakes have been
entirely filled with wvegetal denosits since the glaciated region was first sbttled
by white men. A common feature of marshes is a moat between the vegetal growth of
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.. the center and the high land. These are ascribed to death of vegetation, possibly

~aided by burning, in dry seasons. In wet weather some of these open water areas are
large enough for wave action which has made faint boulder lines along the edge. The
level of water has no relation to that of adjacent laskes so that the level of these
shore features has no bearing on former lake levels.

\_' Submarine valley »Hroblem.

I

Introduction. It has been known for a long time that the edge of the conti-
nental shelf and the continental slope are indented by deep, narrow depressions in
which the water is thousands of feet deeper than it is nearby. Until the advent of
echo sounding, however, few of these gsubmarine valleys had been accurately delin-
eated. Sounding in deep water with a wire line entails stopping the ship and a long
delay in running out and winding in line. In the meantime drifting occurred and
positions given on the chart are now known to have been miles out of place. Zcho
measurements may be made at full speed when it is easier to keep on course. Loca-
tions out of sight of land are now fixed by taut wire measurements, radio-acoustic
methods, and radio bearings. Z2Zxact knowledge of depths is now important to navi-

gators even in midocean. The result is that charts are now much more detailed than
formerly and that a great increase in number of submarine valleys has resulted.

Most of these new discoveries were off the coasts of the United States for this

type of surveying has not advanced as far in other parts of the world. One drawback
to the echo or acoustic method of sounding is that on rough bottom more than one
signal is returned and the strongest echo may readily not be from the bottom under
the ship but from an adjacent slope. In other words the results are apt to be a
generalization, :
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Submarine contouring. Drawing of contomrs, or lines of equal depth, beneath
water where the bottom cannot be seen is fraught with much change for error. If
contours are simply prorated between sonndings, as engineers do, the result is only
a crude generalization. If drawn with some theory of interpretation in mind the re-
sult may be simply "wishful thinking". No map is worth anything which does not show
all the available soundings. For the reason stated conclusions based on submarine
contours have shown the "personal equation" to a marked extent. Some see in them
only underwater faulting or folding, others a few valleys similar to those on the

P continents, other slid and slimped slopes, others conclude a multitude of small
ravine~like parallel valleys like the primary rills eroded by rainwash on an earth
surface.

Description of submarine valleys. Almost all submarine valleys have a steeper

qﬁ grade than is common on land. Few end in a delta or fan at the lower termination but
¢ ' instead seem to fade out gradually into indefinable irregularities of the ocean bot-

* tom, Few indent the continental shelf very many miles. Definite wvalleys can be
traced down to several thousand but less than 10,000 feet below present sea level,
In a few cases a submerged connection to an existing stream of the adjacent continent
can be found; most do not have this. In rare instances the submarine valley exists
inside an estuary (Congo). The sides of the valleys are known from dredging and
submarine photography to be solid roeck at many points. Current meter observations
and bottom samples show that they are not now the location of any unusual submarine
currents. Many valleys branch just like land valleys. All have a V-shaped cross secti

¢+ section. Some are found on the outside of a narrow cuesta (Georges Bank) .
<V Ay Theories of origin. Theories of origin of submarine valleys can be divided into

three major classes: (a) the depressions are not valleys at' all but are of tectonic
origin, (b) they are due to normal stream erosion when the continents were elevated,
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and (c¢) they are due to -rocesses which excavated them below sea level. At date of
writing there is absolutely no agreement between geologists on which theory is best.

Diasgtropic origin. The idea that submarine valleys are due to earth movements

is an easy way out of the problem. Under .this view the similarity to land wvalleys

: -~ as shown on contoured maps is "purely coincidental®. However, it is quite general-

j%’j- ly agreed that the winding course of many submarine valleys, their V-cross section,
and the presence of tributaries are fatal to this explanation of most of the known
valleys of the continental slope. Others have suggested that slumping and sliding
of the soft material on this slope, especially where it is unusually steep, might
easily account for the obssrved irregularities particularly between the deeper
canyons. Parts of the deep extensions of valleys and many irregularities of the sea
bottom in regions of recent disturbance are probably due to earth movements.

¥

Bxcavation by land rivers. Many of the points of objection to the tectonic
hypothesis are in subaerzal origin. Many examples are off of existing streams, al-
though not connedtd®Tuffer water. Coarse gravel has been found in the bottoms of
some canyons down to 5000 feét depth. Canyons run directly down the continental
slope as rivers would, and seem to be roughly related to the size of adjacent rivers
“on land. On the other hand, some canyons have no land extensions and those of
Georges Bank have a very small watershed., The grades are certainly abnormally
steep. The »nrincipal difficulty with the idea of origin on land is to account for
the vast change of sea level requireds In order to avoid this some have suggested
that the continental shelf was tilted up, the canyons eroded, and then it was bent
back again carrying them into deep water. Others have thought that the entire
body of sediment has moved down the continental slope carrying the canyons with
it! DPossible causes for tremendous shifts in oceanic level are (a) diastrophism in-
volving part of the ocean bottom, (b) temporary uplift of the continents, and (c)
vastly magnified glacial control of amount of water. Confirmatory evidence which
would support one of these startling assumptions is lacking, Ewven if the modest
figure of 3000 feet of lowering of sea level is taken, difficulties are still pres-—
ent. Glacial abstraction of water involves not only much larger and thicker gla-
ciers than those commonly thought possible but also a great increase in salinity
of the remaining water.

Submarine origin., Geologists who were greatly impressed with the difficulties
. of such immense changes in relation of sea to land turned to a search for some
“J process waich could erode valleys under water., Principal suggestions comprise:
i(a) density currents, (b) mudflows and landslides, (¢) submarine springs, and
/me (d) earthquake waves. The first is ascribed to more muddy water than now on the
}a @ continental shelves when glaciation lowered sea level a few hundred feet. Muddy
i water is heavier than clear water and such underwater currents are actually known,
/ although it is admitted that they are not flowing through the canyons today and off
; the mouths of muddy rivers the fresh water floats, Competency of such submarine
currents to erode hard rock appears open to doubt. Under-water slides have been
,// recognized in many places, particularly after earthquakes. On the other hand the
termination of the valleys inshore is unlike the basins which develop on land from
sliding and there are no enclosed depressions in the bottoms of the valleys or mounds o
of slid material at their bottoms. Tributary valleys are hard to account for by
this idea. Landsliding may have taken place, however, and might account for many
minor irregularities between the canyons. Submarine fresh water springs escaping
from permeable layers of the Coastal Plain sediments of the east coast of the
United States are a distinet possibility, but on the California coast they are not.
Nevertheless, it seems impossible for such springs to produce branching valleys in
the way they could on land. Certainly the fresh water should rise and its capacity
to dissolve the overlying material and leave a consistent valley during retreat of
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the spring appears impossible. It has been suggested that vast waves started by

earthquakes during the orogeny of the Tertiary washed up onto the continental shelf.
Bakkwash from these might then have eroded the canyons. Just why flow should be

concentrated in the way drainage is on land is unexplained. Intermittent occurrence
of these waves is also against the idea. No current meter observations during &he
passage of waves are recorded.

Summary. With work of waves in standing water is included fhat of currents,
organisms, and the problem of submarine valleys. Waves and associated currents work to
toward evening up of the shoreline by destroying headlands and filling bays, the
latter process greatly aided by organic deposits in the quiet water behind a bar.

The mathematical relation between length of a wave and its velocity is well known but
there is none between its height and its length. Given height and length, however,
total energy can be computed and checked with actual measurements. It is difficult
to compare total energy expended on a shore with total energy of running water on an
adjacent land area. But the quantitatiwe value of force exerted by storm waves and
the continuity of wave attack lend color to the idea that wave action is more potent
than running water in completing the leveling of the land. Since wave base is not a
fixed depth waves can erode farther into the land than was once believ&d possible,

so that the formation of large wave-planed surfaces cannot be denieds The level of
the oceans has varied greatly particularly because of withdrawal of water to form
glaciers. Because the sea is now rising upon lands all over.the world the commonly
used classification of shorelines is unsatisfactory. For the same reason examples of
a theoretical cycle of shoreline development cannot be found, The various theories
of coral reef formation are compared and the differences found to be less striking
than their proponents thought. It is clear that rising waters or land subsidence
were required for most reefs but the cause is unimportant; in some localities the
movement has undoubtedly been tectonic but as there is other evidence of postglacial
rise of sea level glacial control cannot be ignored. The problem of origin of the
submarine valleys now found on most coasts is still unsettled for none of the
theories thus far advanced is free of fatal defects.

1 WORK QOF WIND

Introduction. Over a large part of the surface of the earth wind is a potent
force in the making of land forms. Wind can wform erosion, transport material, and
build deposits. Although limited in effectiveness by vegetation in the more humid
climates it can do some work there at certain times of year. The following discuss~
ion is based to a large extent on the book by Bagnold.

Materials carried by wind. Winds reach much higher velocity than water ever
' does yet their competence to move material is less. This is because objects do not
{ lose as much of the weight they would hgve in a vacuum in air as they do in water.
Density of air is ggly about 1.22 x 10 © compared to 1.0 for pure water. Viscosjty
is about 0.17 x 10 ~ compared to GaOlfor pure water. 20" luiel.e cmubhlaivy T

"
Nevertheless, objects falling through air reach a terminal veiocity when wne re-
sistance is proportioned to the square of linear dimension and the weight to the
cube. For this reason terminal velocity is in a general way inverse to size of
_particles. Instead of classifying materials as clay, silt, and sand it is more con-
venient in dealing with the wind to divide only into dust and sand. Distinction is
made at the upper limit of size of particles which are kept in the air by the turbu~
i lence of ordinary winds. Effective upward currents are estimated by Bagnold at
Jabout 1/5 of the forward velocity of ordinary winds. A wind of 5 n/sec (11 mi/hr)
will just ‘support particles with a diameter of 0.2 mm which is a critical line of
division between dust and sand. Most wind-blown sands do not have particles smaller
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than 0.08 mm. Average diameter of such sands is from 0.15 to 0.30 mm. Sands are
predominantly quartz becauss of 1ts abundance, hardness, and taighness.

Behavior of sand in the air. The storms which cbscure the sun in dry regions
1ift mainly dust; this stays aloft for many days after the wind falls. Real sand-
storms are dust-free except at first and the sand rarely rises as much as two meters
above the surface, with clear air above. Some of the grains moved are over a mill-
imeter in diameter. Sand moves by being driven into the air by direct impact of
wind. The grains describe a parabolic trajectory and land with enough force to dis-

“lodge other grains and start them on an aerial journey. This process is not exact-

ly the same as saltation under water but is called by the same name. Experiment
proves that the grains behave just about the same as spheres with a diameter three
fourths as large. Sand also moves by surface creep, which is the motion of grainms
which could not be forced off the ground although they were slightly moved by im-
pact. Grains thus moved are too heavy for the wind to ralse of f the surface. Most
sand grains are too large for true guspension.

Wind velocity. wWind blows only in a turbulent manner. Wind vele@9ity is rel-
ated to helgth gbove the ground, not directly but to the logarithm of the heigth,
When velocities measured at different heigths are plotted on semi-logartihmic
paper a straight line gradient is displayed, which reaches the C velocity line at a
definite elevation, k, above the ground. This heigth is about 1/30th of the diam-
eter of the sand grains on the surface or other surface roughness. Now, as with

# water, the direct force of the wind per unit area is equal to half the product of
= \“ﬁits density multiplied by the square of its velocity at that level. The horizontal
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force or drag per unit area of surface parallel to the wind 1s equal to the product
of density of air times the square of a quanjty knmown as the drag velocity. Now
~the drag velocity, V# is directly proportional to the rate of vertical increase of
wind velocity compared to logarithm of the heigth, that is the tangent of the 910pe
of velgoity lines on semi-logarithmic paper, If we measure the velocity at two
heigths, one of them 10 timeg the lower one, the velocity difference divided by-'
5.75 equals V4., 1In general terms: V# = vel, diff./(5.75 x log-heigth diff). '
This relationship holds for turbulent flow of all liquids and gases. UNow it is
evident that :22& wind passes from a smooth surface to a rough one the slope of
the grade on -log. paner is unchanged but the point of C velocity is raised to

a higher level, k!, thus reducting the wind velocity by the same amount at all levels

It takes some distance over the new surface before the effect is attained at all
heigths. Velocity at any heigth, z = 5.75 V# log (z/k &;A rough surface is defin—
ed ag one where the Reynolds number,\V# x diam, gralns\ viscosity, exceeds 3.5 o s
Effect of sand movement on surface wind. Sand in motion alters the surface
wind, when we draw on semi-log. paper the rays for several different velocity grad-
ients all converge to a single point of O velocity at level W which is about 1/30th ¢
the dimension of surface roughness. When sand begins to move the gradient lines |

This new focus is at level k! and at a velocity at which sand just begins to move.

) 'This is termed the dvnamlc threshold at which sand beginsto move through impact.

The rasing of the level is ascribed to development of a ripnled surface. The veloc-
ity ray of the original line on which the new focus lies passes through the 0
velocity point of the grade’at which motion started. From these facts it is clear
that velocity at any heigth above ground when sand is moving is shown by the
equation: v = 5.75 V'§ log ¢z/k') + Vy where V, is the threshold velocity measured
at heigth k!, and V!4 is the drag velocity when sand is moving. Loss of momentum
from the moving art by reason #f sand transportation may be calculated by multiply-
ing the quanity of sand, Qs, moved in unit time in *unit width by the result of
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d:vidl the average loss of velocity of grains by their average distance of travel,

1, the velocity with which a grain starts its flight is small it may be neg-
1ected and only the final velocity, u, need be considered. From this it follews

(y vt

Nleross at a new point which is not on the 0 velocity line but at a definite velocity. V-
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that the drag may be expressed as: @s x(u/l) This is equal to density x V'#
Now it has been found that u/l closely approximates g/w where w is initial vertical
component of velocity of a grain at the beginning of its path, and g 1s the acceler=-
ation of grav1ty, hence Qs x (g/w) = density x V14, Solving this equatinn for ft*”
quanity, (density/g) x w x V!4~ Now making the assymption that w : vi$
we can substltute for w and find that Qs = constowat x V'#B Experiment disclosed
that about a quarter of total sand movement is not through saltation but is due to
surface creep of grains which are not struck with eno ugh force to send them into

he air. The formula for sand movement was checked by wind tunnel experiments
which yielded a constant of about 1.47 where value of density [/ g is about 1.25 x

1% can also be demﬂnstrated that the quarﬁty vl# can be replaced_ in the
equation by velocity at any given heigth above the ground less the threshold vel-
ocity thus giving the final expression:

WL Ganrte f e
X A

Qpa%éty constant x(excess velocity at given heith)
It was also found that a wind of given velocity can drive sand faster over a hard,
immobile surface than it can over loose sand, but no quanitative data were obtained..
The above equations were derived for sand of one diameter of grains only but may

be modified to meet natural conditions by altering the constant.

Comparison of results for air with conditions in water. Bagnold remarks that
the good results he obtained in deriving and checking formulas for transpotation of
material by moving air ame not matched by those others obtained with water. This is
due in part 7§ difficulty of observation under water but mainly to the tremendously

larger loss of weight of particles in water, As a result,the reduction of velocity

' of a stream of water by reason of saltation is, other things being equal, less than
! one one thousandth that which takes place in air. The frictional dragﬁof air on
the ground may be neglected for it is so small compared to transfer of momentum by
the sand load. In water the bed load extracts little momentum and water velocity
is regulated almost entirely by the roughness of the bottom. Grains are not dis- |
lodged by impact under water but probably by eddies of turbulent flow. Were the
bottom of a stream to remain smooth erosion would be much more that it actuwally is.
Development of bottom roughness then acts as a 1limit to movement of sediment.

Then suspension of particles begins, however, the bottom becomes smooth again, This
condition begins when 7 V# exceeds the average settling velocity of varticles.

When susp ension is fully developed grains move along with the water like part of it

J#¥=""" - guspension in air. When V# exceeds one seventh of the falling velocity of
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grains in air it appears that suspension replaces saltation. Since this falling
velocity is proportional to diameter over a wide range of grain sizes we can write
as a fair approximation: quanity = V#° / grain diaﬁ%er. Bagnold suggests that the
change to suspension sets in when the grain-impact’ method of saltation ceases to
operatd and that thereafter we have a condition akin to sediment transportation in
water in which saltation is not the same as in air,

Field experiments. Bagnold carried out extensive field experiments in I jbia
to check the foregoing laboratory work. Here the grain sizes are more varied and
the surface is nowhere trully flat., However, the checks were satisfactury.

Relation of threshold velocity to grain size. The threshold wind velocity is

- that when grains just begin to be dislodged from the surface. The angle at which
. 2 1a grain must be raised to get away from the ground is assumed to be cloe to the

angle of repose of loose sand. It is possible to compute the required Yorce in
the same way as for streams. Equating force to resistance ge find that =4
Vt£ = constat x ( effective weight x diaﬁ%er/ air density)? or in other words ‘
if other. things are equal the value of the threshold velocity, Vi#» varies with
the square root of grain diameber. This relation holds only for diameters over
~¥.25 mm. The constant for these and larger grains is 0.1 compared to 0.2 in water.
When the Reynolds number, V#d/&yiscosity, is less than 3.5 a greater drag is requir-
ed to set grains in motion, When the grain size is less than 0.2 mm the value of
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the constant increases and the square root law no longer holds. Ip water the same
change is at a diameter of about 0.6 mm. Data for force needed to start small
particles is hard to obtain but it is not wholly because of cohesion that it is
larger. Bagnold has observed that in aind regions with soil of fine texture there
is little dust except where the surface has been disturbed artificially, He also
calls attention to the clean separation of loess from sand. The critical diameters
are in air 0.08 mm and in water 0.2 mm. An impOrtant factor in holding down small
particles in air is their moisture content. Another is a mixture of large and

“small particles in which the former protect the latter, The impact threshold wind

is distinguised from the fluid threshold discussed above because at it the motion

- of grains is maintained by the impact of falling particles alone. The wind up to

the eritical heigth, k', is then unchanged no matter how hard the wind blows above
that level., In water there is no corresponding condition, only the fluid threshold.
and there is no fixed focus of constant wvelocity.

Iand forms produced by wind. Iand forms produced by wind may be divided into
first, erosional, and second, depositional. I, the latter class we are here inter-

Kfested only in the mounds of sand known as dunes and similar large scale deposits of

dust or loess.
Erosional land forms. Erosion by wind is sometimes called deflation., Topog-

cﬁ'raphlc forms made by wind erosion include: (a) hollows or basins, sometimes called
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blow—outs, (b) pillars, pinnacles and cliffs undercut by sand blown along the ground

'F%ardagg ,and (c) residual portions of dried-up lake beds or playas. Hollows may
e erode

by the wind in humid climates provided the soil ig unfavorable to a cover
of vegetation. The initial step is destruction or reduction of this protective
material by drougth, fire, or the work of man. Wind then sweeps away the under-

L-*lylng material if it is of a nature which is readily picked up. . Blow-outs are

most abundant where the material is sand but some are found on shale which disinte-
grates into dust. Such are abundant in the Colorado piedmont and the Wyoming Basin.
Big Hollow, near Iaramie, Wyoming, is 150 feet deep and about 3 by 9 miles in extenl’.
gome of thse hollows contain lakes when there is enough rainfall. Some are limited
in depth by accumulation of pebbles into a desert pavement others by reaching

moist material near the water table. ILafi.  depressions in Libia and Egypt such

as the Qatdara Depression have been ascrived to wind erosion and some have applied
this theory to many of the enclosed basins of the Basin and Range province of this
country. Many of thc.+ are more likely due to earth movement and it seems

doubtful that wind ever eroded far into solid rock. Undercut cliffs or rock shelt-
ers have been ascribed to wind erosion but 0ld Spanish inscriptions in some of them
in the southwest indicate that if operative, the process is slow. The beds of
playas or temporary lakes have been e roded by the wind in many places leaving mini-
ature mesas capped by salts. Cracking of dried mud facilitates wind erosion.
However, it is an open question whether or not the dust is removed far enough to

not be washed back by the next rain.

Depositional land forms due to wind trangportation. In humid regions the majof-
sources for sand which is available for wind transportaion are beaches and river
jpeds. When the glacial drift was newly deposited and glacial lakes disappeared
large areas were free from vegetation and exposed to wind action. Under present

“conditions in humid regions there is an ever-present contest between vegetation and

wind., In true arid climates, such as in Libia, wind has the field to itself provid--

“ed the rocks weather into material which is within the power of wind to transport.

There dunes reach full development in the erg. Bagnold lists: (2) sand accumulated

. behind obstueses, (b) true dunes divided into barchandand long mounds, (c¢) coarse-

.grained ridges or whalebacks, (d) gently undulating sand tracts, and (e) sand sheets,
“Rock surfaces in deserts are often called hammada. We mus’ r.alize that by no means

| all the surface of a desert is sand.
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Dunes of humid lands. Sand which is blown from areas with no vegetatlon is
commonly deposited in a short distance to form a ridge parallel to the source.
These ridges are often called transverse dunes or foredunes. Because in part of
variable wlnd d1rect10n and in part of scanty vegetation these ridges are very
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unstable. Their corss section is gently sloping _toward the source and sand is
added in layers with a gentle dip to windward. “he lee fac€ is made by sand which
slides down in a slip face(f6pE€€f Bédding) at an angle of about 34 degrees.
10w placesdpr breaks in the cover of vegetation are blown out into hollows., The
o eroded sand is heaped around the heads of these depressions, some of which have no
-, 187 outlet., Similar accumulations are also formed on the lee sides of blow—outs in
‘h‘nn\\plains of sand. Some have called thig type of dune parabolic but the name is unfor-
" as unate because therc is no relation gt the mathematical form by the same name.
he open ends of the crescents point’ toward the wind. When a group of blow—out
dunes starts the earlier ones are checked when the hollow attains its maximum possi -
ble depth. With source cut off, the dune becomes stabliized with a cover of vege-
taion. 1Io0cal failure of this starts up the process again so that a group of dunes
travels slowly down wind, leaving a confused system of mounds and hollows which at
first sight appear wholly without plan. In middle latitudes, away from the ocean
and large lakes, winds are so variable in direction that the irregularity of dune
topography defies analysis. Enclosed depressions are not all blowouts byt are made
by advance of the lee faces of dunes. Iakes are present in some depressions. Blown
sand also serves to help fill the lagoons behind sand beaches. Many abandoned beach
lines are marked by rows of duynes.

Dunes of arid lands., The largest areas of arid climate in the world are pre-
haps those of the trade winds, There the constant wind direction leads to the grealt
est perfection of dunes. When the wind is strong sand is removed from pebbly sur- .
faces and accumulates in sandy areas, Gentle winds cause these patches to travel
downwind and the sand to be scattered., Eddies in the strong winds concentrate sand.
In many places sand is blown into long stripes parallel to the wind direction.

Some dunes are made of gypsum particles.
Shadow dunes. Sand accurmlates in wind shadows ©behind obstacles such as rock
.~ J(]cliffs or bushes. Shadow dunes which are transverge to the prevailing wind are
77" unstable. ILong dunes which grew out too far to leeward of the protection are apt to
be broken up,particularly by cross winds. The bedding of such dunes is parallel to
the surface except at the lee end which has a glip face.

Barchan dunes. Prehaps the best kmown dune form is the crescent-shaped barchan
whose horns are pointed down wind., These forms are best developed where the sand is
rather limited in amount resting on a non-gandy basement and the winds are uni-
directional. The windward face is gentle and the slip face is inside the two horns

1402 which have a minimum heigth of about 30 em. Where barchans are closely spaced the
Lo partially protected examples are more complex in form than is normal. Enclosed
depressions between them are sometimesg called fulji. A system of barchans is most
.o, commonly slightly offset or en echelon, Maximum heigth of barchans is about 100
1"~ feet. The entire streamlined form is slowly moving downwind at a rate which may
7 reach several centimeters per hour during storms. ILayers added to the windward |
face are firm but the slid sand of the lee sides is very soft and unstable.
Where the windward side is exposed by erosion this soft sand reaches the surface.

Seif or longitudinal dunes. I, the very sandy areas of Libia, Arabia, and
Australia the dunes are long ridges which parallel the direction of the prevailing
trade wind. These long ridges are known as seiftor longitudinal dunes. They are
known to reach a heigth of over 200 meters (700 feet), a width of about 6 times
their heigth, and a length of 100 kilometers (60 miles). The summits have crests

1Y from 20 to 500 meters apart or ahout 6 times dune heigth. The windward end of a

' longitndinal dune is generally broad, locally with an enclosed depression and the

_.e= enl is shark, There is & slip face on one or both sides and a gentliy sloping

“yalb> Lasal plinth of firm sand which has never slid, The summitc apear to be moving

. npde~-ari the entire dune is possibly moving laterally as well zs foward the lee end.

ok ite lateral spacing of seif duneec is from 1 to 10 kilometers and the corridors
e tween them extend for long distances. Barchan dunes occur in some of them.
The origia of thsese long dunes is disputed. Some demonstably occur in the lee of
_batacles, Bagnold holds that they are due to the alteration and consolidation of
verchaus by cross winds., To the writer it seems reasonable to conclude that they
are the ultimate streamlined form of minimum friction with constant wind direction.
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In other words, they are extremely elongated barchans in which the two tails have
been joined together.

Whalebacks. The whalebacks of the Libyan desert are sometimes called sand
levees., They are from one to 3 kilometers wide and up to 300> kilometers long with

1160 g heigth of up to 50 meters. There are discontinuous chains of dunes on the tops,

at one side, or in a series side by side. Bagnold regards whalebacks as residue
left by migration of either one seif dune or a series of them.

Undulating tracts. The gently undulating tracts of sand in Lybia seem t¢
occur where there is some rainfall and vegetation. They seem to be similar to many
sand areas of humid or subhumid areas where dune topography is poorly defined.

Sand sheets. The areas in ILibia which are termed sand sheets have a surface
of coarse sand with some pebbles. The material below has layers of sand and pebbles

" with fine red powder below a depth of about 10 cm. Pebbles were derived from near-
by bed rock. <he sheets appear to be the result of longitudinal sand strips which
are protected by these pebbles. Some water action may have occured.

Ioegs deposits. Toward the borders of the more humid regions to the lee of
extensive dunes there are silt accumulations called loess. Notable examples occur
in the United States southeast of the Sand Hill district of northwestern Nebraska
where the dunes appear to be the result of past wind erosion of Tertiary alluvial

)¢ fans at the foot of the Rocky Mountains. In China the loess lles in the lee of

“large degert areas, In Zurope loess is most widespread in southern Russia. The so
shurce, method of transportation and time of deposition of loess has long been
disputed, Its derivation has been variously ascribed to fresh glacial drift, to
stream floodplains, and to wind erosion in deserts. Transportation and deposition
has been ascribed both to lakes, streams and the wind. In time opinion has varied
from interglacial arid intervals to during or immediately after glaciation. Altho-
ugh loess is in many places thickest adjacent to riverg from whose beds it may
have been derived this localization of deposition might also be explained by rough,
forested hilly topography which caused local still air. It is now generally thou-
ght that loess was transported and deposited by wind, although some think that the
loess of the east bluffs of the Myssissipri is the product of weathering of clay.
The arguments cannot be discussed here except that there may be two types of loess,
one late-glacial or glacial in age, the other interglacial.

I _and forms due to loess. ILand forms due to loess deposition are not abundant.
On the east bluffs of Mjssouri River in Iowa loess forms hills which as viewed
from the air suggest snowdrifts. Here the loess locally reaches 200 feet thick-
ness. Ip most places the loess simply forms a mantle over older topography of
various origins. When eroded slopes are very steep because of its high permeabilit y
and the vertical cleavage, which some ascribe to the casts of grass roots. Iand-
sliding on these slopes g1ves rise to minor terraces called catsteps.

Summary. The wind is the most potent force in shaping the landseape in truly
arid regions, even though there are some traces of water-work in many of them.
Both barchans and seif dunes tell of uni-directional winds, the latter prehaps the
vltimate form of minimum friction between sand and wind. Barchans whose horns
point down wind should not be confused with blow—out dunes of humid regions whose
convex sides are exactly opposite. It is quite possible that conclusions on for-
mer wind directions in some localities are 18C degrees in error for this reason.
Direction of dip of foreset bedding is a much more reliable criterion. he complex
dune topography of humid regions is readily explained by the conflict of vegetation
with winds of variable direction. Wind shadow dunes occur in all regions. Whale~-
backs and sand sheets are mainly confined to arid regions where wind has worked
for a long time with 1little interference from vegetation. Constructional hills of
loess occur on the borders of humid regions.
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WORK OF ICE

Int;oduction. Work of ice includes the land forms made by glaciers, icebergs,
and the ice of lakes, It excludes the work of ice in weathering and soil form=
ation. The approach here is somewhat different from that used in the study of glaci-
al geology, in that it is not concerned to any great degree with the physical
nature of the deposits but is confined to processes which made land forms.

Glaciers—introduction. A glacier may be defined as a mass of ice which was
formed by compaction of snow and which flows, or at some time has flowed, under the
influence of gravity, that is it is drainage of nrecipitation in solid form.
Glaciers are subdivided into (a) valley or mountain glaciers, (b) piedmont glaciers
fotmed by the joining of several valley glaciers at the foot of the mountains, and
(¢) continental glaciers which cover large areas.,

Origin of ice. Glacier ice is compaected recrvstalllzed snow, Partially
altered snow is often called firn and has a density of 0,72 to C.84 4 1ayer of nol'
less than 100 feet of this material is found near the surface of the source areas
of glaciers. Much more is probably present in polar regions. TFirn is absent in th e
lower parts of glaciers where they are wasting away. Glacial ice below the firn
contains up to 15% of included air and its density does not exceed 0.9 in contrast
to 0.918 for ice made by freezing water. Ice crystals are hexagonal and are several
inches in diameter, s

Physics of glacial motion. The physies of glacial motion have long been mis-—
understood by many geologists. UNear the surface where it is under light load ice
behaves like a2 solid and yields to stress mainly by fracture. Under heavier pres-
sure its physical behavior is like that of a 1liquid., This is no different from the

phenomena of rock deformation except. that it occurs under liihter stress, The only Eﬁ

available determination of the viscosity of ice is 1.2 x 10* poises. Demorest who

“,; did ruch work on this subject, states that viscosity decreases with load. Presu,-
\a
"\ %6 facilitate flow to relieve the stress. We would then not expect any further

ably this is because pressure causes recrystalization with the gtructure arranged

N change below the depth at which this process has been completed. Ice cannot exist
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{motion and velocity at depth d is shown by the fatlowing formula:

at temperatures above 0 degrees C. The flow of ice is laminar, For a valley glaci -
er with approximately a semi-circular eposs section average velocity would be gzven

by the §911°W1n€- g x density x sine slope x depth® bt ;;u-'-—- ~

ol o (82X VisCOosity On a slope of one “deg.
A glacier 100 meters thick would then have an average velocity of about 3.5 em. per
day which seems to agree with actual observations. In such a thin glacier on a
sloping base one layer flows over that just below. Force is the component of gravit-
ty parallel to the bottom. Rate of flow should be O at the base under thick ice
but near the terminus the thin,rigid ice might be shoved bodily over the rock.
This type of flow was termed gravity flow by Demorest. Conditions are different in

a thick continental glacier. The top is rigid and is retarded where it reaches the Vo2~

ground at the tin outer edges. Below the ice flows by reason of the difference of
top elevation from place to place. Since yvielding can only be outward the compon-
ent of weight of a unit column of ice which is parallel to the top is the force for
3 &
;Tgx, ;f v £ x density x sin slope x deptﬁq” 8 u,ﬂkg\‘pfri §: -
'1 , LY viscogity < fulin p G AT T e e
;ubstltutlng for a Slone of Ol degree (less than 10 feet per mile) and thickness of
000 meters the result is only about .q&ﬁszcm. per day. Bottom vélocity should also
te U »xcept near the margin of the ices *flemorest called this extrusion flow becausee
it i¢ present only at depth.

Jce erosion. JIce erosion is the result of friction between moving ice and the
t2d., The force of friction is equal to the wesght of a unit column of ice mult-
ir'ied by a coeffickent which denends upon nature of underlying material and not on
va eotly, The power,or time rate of work of a glacier is this force multiplied by
ve.oclity, O ther things being equal the velocity of a valley glacier is related to
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the square of the depth. In a continental glacier this relation does not hold for
f}qfthe formula does not take into account the effect of spreading out of the ice towardd
© 7 hte margins. If we reasonsed solely upon the formula for a valley glacier power
should be related to the cube of ice thikkness. However, this conclusion does not
tell the whole story. Bottom velocity, except near the terminus,is O or close to it.
Much of the energy is absorbed in internal friction. If this loss results in preg-
sure-melting of ice followed by refreezing then no energy is lost. But if there is
some permanent melting or conduction of heat to the surface energy is really lost.
The greatest differential velocity of ice over rock must be near to the end of a
glacier., MOst geologists seem to think of erosion by ice as mainly due to grinding
of rock into powder or rock flour., The word scour is often used for this type of
work. A little thought will show that erosion of hard rocks in this manner would
absorb an enormous amount of energy, and since the work would be spread over a very
large area of ice bottom be extremely slow. Although it is an undoubted fact that
much rock flour is made by glacial action a much more potent form of erosion of firm
rock is removal in pieces., This process is termed plucking and occurs where plastic
i/ .ice can flow around and freeze to rock masses which have been broken by older frac—
€71  ures. Such pressure-melting and refreezing takes place under thick ice. The
A melting point of ice is lowered about 1 degree ¢ for every 2100 meters depth.
nfg Computation shows that with the normal heat emission from the earth the bottom of
A all thick glacjers must be at the pressure-controlled melting point. Under this
condition very slight changes in pressure may change the ice from solid to liquid
and vice versa. If cracks are present in the bed rock fragments are thus incorpor-
ated in the ice and move forward with it. This results in much more rapid erosion
than would otherwise be pgssible. Another mode of erosion is present in valley
glaciers where there is a prominent crevasse called the bergschrund at the head
next to the mountain wall. Much meltwater both from the ice itself,and from banks
of snow abdve‘enters this crack and freezes. This freezing loosens many blocks of
rock which are then carried off by the moving ice, This process is called §apring.
The importance jand even the existance,of glacial erosion has long been debated,
That such erosion is an important process in shaping of land forms is demonstrated
by (a) the vast amount of fresh material derived from bed rock in the glacial ‘& A
deposits, and (b) the unique topogrphy of many glaciated districts.

Deposition by ice. 1In considering ice deposition it is impracticable to sep~
arate the result of direct ice deposition from the work of meltwaters. Unstrat-
ified and umassorted material direct from the ice is calld till and the word drift
includes both this and associated water deposits indirectly due to glaciation.
Deposits of glacial streams consist of sand and gravel which bears in its nature the:
record of the frequent changes of volume and velocity of ice-borne streams with
floating ice. In areas not long vacated by glacial ice large residval remnants were

v, buried in the deposits and did not melt for a considerable time.
Erosional land forms of valley glaciers. The most afriking and characteristice
@ “\erosional land form of valley glaciers is the cirgue. Tq§e bowl—-shaped depressions
& are also lmown as corrie or cwm. They occur not only at the heads of mountain,
Qﬁnh‘valleys but also on mountain sides and frequently are found in stariways one above
another. (Cirques are ascribed to s2ppifig in the bergschrund of small glaciers.
Another characteristic feature of glaciated mountain valleys is a non-uniform grade
with enclosed rock basins separated by intervals of abnormally steep slope. Rock
basins are also present in the bottoms of many ecirques. The transverse cross sec~
tion of meny glaciated valleys is notably U-shaped rather than the V-shape of normal
ztream valleys in mountains., This phenomenon is best displayed in massive igneous
urd matamorphic rocks and is enhanced by a filling of gravel outwash in the bottom,
/Ur.tortunately it has been termed catenary by some geologists although it bears no
/ ne relation to the curve made by a rope or chain suspended at the ends. Instead it
@’h iz explicable by the fact that the work of a glacier is spread over a wider bed tha n
'Y that of a gtreanm carrying the same total discharge in unit time. The coasts of
" | 1aw g aniated mountainous regions such as Norway, Greenland, Pategonia, and
L12:ka are indented by many long narrow bays called fiords(fjords). Many of these

\
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are much shallower at their outlet into the sea than they are inland where depths
up to 4000 feet have been recorded., TFiords form a branching system which in many
places is trellis, that is adjusted to the structure of the bed rock. Many of the
tributaries enter from hanging valleys; some of these have the lip under water and
others give rise to speetacular falls or rapids. PFiords are now generally ascribed
to glacial erosion which was less effective under thin ice near the outlet thus
leaving the threshold. Hanging valleys are also common in almost all glaciated
mountains although discordant junctions are by no means due only to glaciation.
It is now quite generally recognized that glacial erosion on a large scale is
clogely related to the amount of fracturing of the bed rock and is thus controlled
by regional structure. This was well shown by Matthes in Yosemite Valley, Califor-
nia., However, if{ is possidble that the relationship of glacial erosive power to
the cube of ice thickness is another important factor in the production of hanging
valley junctions. A relatively minor topographic feature of glaciated valleys is
the roche moumtonee, rock knobs with a gentle slope on the stoss gide toward the
V&C source of the ice and a steep slope on the opposite or lee end. Some students have
ascribed these to turbulent flow of the ice but in view of its high viscosity thia
E is impossible. Roche mougEOnees are readily explicable as simply rock masses too
Jnlarge to be removed by plucking which were ground down on the exposed side by the
JWNQ*ﬁ moving ice; they have no necessary relation to preglaecial features. HRoche moutonees
should not be confused with exfoliation domes. Many other irregularities of glaci-
ated valleys are doubtless explicable by variation in amount of fracturing of the
bed rock. ; :
Cycle of mountain glacial erosion. Attempts have been made to distinguish a
cycle of mountain glacial erosion similar to the cycle of stream erosion. It is
: ttwe that glacial erosion varies greatly in amount in different localities depending
¢ | upon the size and length of life of the glaciers., In some places only isolated
«j\V"CIrques are present wheras in other localities the headwalls have been worn back so
) far that only narrow ridges (arctgg are left between cirques and the higher summits
have been sharpened into horns. But what the next step would be is unknown for it
is clear that glaciation has been only a relatively brief episode in the history
of existing mountains. It may be presumed that if glocial erosion continued long
enough it would reduce the entire mountain range so much that snowfall would be
decreased, Possibly this might lead to extinction of the glaciers.
Depositional land forms of valley glaciers. The depositional land forms of
valley glaciers are relatively smnll compared to adjacent rock topography. Where
~ the terminus of a valley glacier remained stationary at a position fixed by a bal-
ance between melting and forward motion a moraine was left in an arc across the
§@\ valley. Such are known as terminal or endmoraines. Debris which fell from the
\ ﬂountﬁlngldes onto the ice left 11tera1 moraines .Where tributary glaciers jolined
the lateral moraines coalesee into medial moraines. Many lakes are enclosed behind
moraines. Valley floors both within and outside the maximum ice limit are filled
with outwash deposits of sand and gravel, often called valley trains. ‘
Erogional land forms made by glacial waters. Streams of glacial meltwater
eroﬁe410tches across spurs and eroded many potholes in rock. The most spectacular

ﬁﬁﬁ feature due to erosion by water is the scablands of Washington. A prolonged contro-
U versy has been waged over the origin of these areas of Y»v+ bare basalt with many

‘abandoned waterfalls and only small areas of gravel, Bretz held in many papers
that the seablands were eroded simultaneously by a vast flood hundreds of feet deep.
{JN\NO cause for such a flood could be found. Flint discovered that the gravel of what
rretz called bars is normal outwash which is too fine to have been deposited by a
vas: flood, He concluded that valleys across the Columbia plateau were first filled
with outwash which sloped down to Lake lLewis in the lower Columbia Valley at a gradee
of 03 ft/m. Neither the origin nor the cause of draining of this lake was discov-
erzc. but Flint concluded that lowering of its level before the ice front was melted
Pack s-ought about a change in slope of the meltwater streams to about PC ft. [m.
Thi: c:used erosion of almost ail of the outwash and the remnants left in the mouths
¢f wri.vtaries are what Bretz interpreted as bars., Allison has disputed Flinils
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ideas on the ground of (a) improbability of simultaneous erosion over so large an
area, (b) misinterpretation of the relation of outwash to the sediments of ILake
Lewis, (c¢) the topographic form of some of the bars which he thinks are construc-
tional, and (d) presence in the lower Columbia Valley of high-level stream-eroded
areasg above the lake silt., Allison gives no general theory but suggests that the
effect of ice jams in diverting the rivers has been neglected.

Erosional land forms due to continental glaciers. Erosional land forms left by
conkinental glaciers are not as conspicinus as those formed by valley glaciers..
In fact, the origin of séme of them has long been disputed. In making comparisons
it is well to realize that cOntinental glaciers probably had much less velocity than
do mountain glaciers which rest on steeper slopes. The latter are in motion throug h
out almost all their life wheras continental glaciers became so thin during their,
wastage that motion must have ceased throughout large areas, Some continental
glaciers do not seem to have remained in mdotion long enough to make an endmoraine,
It is true that many fiord coasts were once covered by continental ice but an importé
ant factor in producing these deep valleys was the presence of local glacigrs both
before and after every continental ice cap. Yor that matter, cirques occur in areas
which were covered by continental ice, for instance in the White Mjuntains. These
were certainly made by local glaciers. Major features in the United States which
are generally recognized as due to erosion by continental ice are (a) the deep,
youthful, glaciated valleys of the northern Appalachian Plateau, seme of which con-
tain the famous Finger Iakes, (b) the bBasins of the ereat lakes, and (c) some of the
remarkably straight escarpments of the great lLakes region., The Finger Iake valleys
are so straight and deep, extending below sea level, that only glacial erosion can
be the cause., Cooperating processes comprise (a) erosion by meltwater from the
advaneing ice thus lowering divides, (b) erosion by diverted streams during Inter-
glacial intervals, and (c) reversal of drainage in preglacial time from a south-
ward course to join the subsequent valley of the Mohawk. It has been suggested tha't
erosion was concentrated in the deeper valleys because only there was the ice thick
enough for pressure-me”lting which allowed of plucking. The great Iakes certainly
lie in basins which are enclosed by bed rock. The problem is complicated by known
earth movements which aprear tot still going on. Only a small part of the depth
of the deeper lakes can possibly be explained by doms of glacial drift. DBoth Lakes
Huron and Michigan are crossed by submerged cuestas on the Devonian limestones.
The deepest parts of these lakes are above Silurian salt and gypsum-bearing rocks
which must certainly have been easily erided by ice. Other basins appear to be all
on shale. The east end of Lake Superior is extremely irregular but the relation to
the structure of the Keweenawan sediments and traps is unknown., It is impossible
to account for thse basins by earth movement alone although neither the preglacial
drainage nor the exact amount of glacial erosion can be determined at present.
The absence of valleys across the cuestas appears to indicate that preglacial val-
leys were bottomed far higher than the lakess now are, Glacial erosion is also
indicated by the large amount of drift south of the lakes, The simple form 8f" the

'H escarpments in much of the Great Lakes region tells of glacial removal of spurs and

outliers. This seems to have been most marked where the soft rock is shale and
where the ice moved approximatély parallél to the escarpment. Roche moutonee hills
occur in areas of continental glaciation. -
Depositional land forms due to continental glaciers. Depositional land forms
due to continental glaciation with assoclated meltwaters include moraines (both £
terminal or end, recessional, and ground), drumlins, | outwash, eskers, and crevasse [ “
2i{1lipgs.. Terminal or endmoraines originated in the \samé way as those of valley

i glacierss Recessional moraines have been much misunderstood, Those due to a halt

irn melting back of a front of moving ice are very irregular in outline. Most
moraines behind the outermost or endmoraine are the result of readvances of the ice
front to a regular smooth outline burying water deposits. Moraines made of stony

‘materinl contain much water—sorted gravel and sand and have steep slopes. All driftd

fe ver: wet when deposited and water can escape from sand and gravel without caus-~
ing exvensive sliding. Where a large amount of clay and silt is present in the

7
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drift slumping leads to low slopes. In detail many moraines consist of a complex
series of minor ridges each along some temporary position of the ice margin.,

Many depressions are left between these ridges and others,called kettles ,were made
by the melting of buried ice masses., Clay moraines are comparatively inconspic-
ious and have few depressions. Ground moraine is composed almost entirely of til1l
which was either deposited under the ice or left behind when it melted. TWhere the
drift is thin the present topography is a smoothed reflection of an older land-
ecape of some other origin, either erosional or depositional, 1In regions where the
clay content of the4ill is 1argéﬁ%£e ground moraine (% thick enough to cover
the rock t0pographyf orms a nearly level drift or till plain. Such are common in

Iowa, Illinois, and’bther regions where a large part of the bed rock is shale Rpar, 40/

which supplied the clay to the ice. Drumlins are conspicibus only in rather stony
drift. They are streamlined hills up to 20C feet high which are composed mainly
of till. Their long mxes are parallel to the direction of ice movement and the
stoss end is the steeper. The flanks are as steep as wet till could stand.

In detail the ideal form is in many instances confused by fusion of adjacent drum—
lin¢ and by change of ice direction. Drumlins attained their shape because they

are the form of minimum friction for material which accumulated in eracks in the
__bottom of moving ice some miles back of the margin./ Outwash consists of the depos-

its of glacial meltwater streams which on leaving the ice flowed over a relatively
logr lope. Here they formed a braided pattern and laid down much ¢of their load

ofhh gravel, If the locality of deposition had not been occupied by ice for

some considerable time the resulting topography was a smooth plain. But where
residual ice masses had been left from a recent glacial invasion sediment accumu-
lated around and above them. Melting left a confused topography with many kettles
which except for the nature of the material resembles many terminal moraine deposits.
Such rough deposits are called pitted outwash and vary from isolated pits in a plainn

" to areas where no trace of a depositional surface is left. The areal distribution

of such depogits is unlike that of moraines in that the longer dimensions are more
apt to be parallel to the direction of ice motion instead of transverse to it as
moraines are., Eskers represent the filling of the beds of streams which flowed
between ice walls. It is hard to tell in many cases whether these gtreams were in
tunnels or in crevasses whichwere open to the sky. The gravel and sand ridges are
discontinuous and have irregular crests. The flanks are very steep. In some

cases they have tributaries which tell definitely that deposition took place in
dying, stagnant ice. Crevasse fillings are narrow ridges between kettles of pitted
outwash plains. Moulin kames are conical hills due to gravel which was deposited
in holes which melted through the decaying ice.

Iake deposits. Glacial ice formed the dam which enclosed many lakes. Those
which were shut in front of advancing ice contained much open water although in the
glacial climate both icebergs and lake ice must have been present most of the time
thus damping wave action. During ice recession residual ice masses must also have
been present in all low places so0 that many supvposed lakes were simply narrow moats.
The land forms made by glacial lakes differ little from the deposits of standing
water described above and need no further description, In some places mowids of
till within lake beds have been reported. Some of these may have been due to the
overturnine of dcebergge o0 5 .

Tork of lake ice. In middle latitudes where there is a great variation in
winter temperatures the lake ice can expand considerably during warm periods when
snow has melted off the ice. Where shores are high the ice breaks in an expansion
crack but whereever the resistance of low shores is less than the strength of the
ice expansion pusheé up a ridge. The coefficient of expansion of ice is 50.7 x
107° per degree centigrade or about 5 times that of steel. A kilometer of ice
raised 20 deg. C. would then expand about a meter. Where ice push ridges contain

J~ many boulders they can survive wave erosion and become permfnent land forms. Some

e;;amples are over 20 feet high and extend for miles, Ice push appears to be
uncommon in the far north because the lakes are always covered with snow in winter
ané¢ ire spring thaw is so rapid that the ice soon weakens.
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Summary. The work of ice was important over a large part of the northern
countries., Glaciers are still present in mountains even near to the equator and
in the not remote geolgic past were much more extensive all over the world. hen
continental glaciers,6like those still present in Greé}and and Antarctica, overspread
Canada and the northern United gtates. It has been suggested, however, that many
glaciers of the present day are not survivals of these ancient ones but were formed
in the Ljttle Ice Age which began about 4000 years ago. Glacial erosion by pluck-
ing of previously fractured bed rock is far more important than grinding up of rock.
Sapping or frost- loosening of rock is important in the mountains. Erosional forms,
such as cirques and fiords, developed by valley glaciers are much more conspicious
than are the results of erosion by continental glaciers, Op the other hand, the
depositional features of the continental ice and associated meltwaters are far more
important than are those of the mountain ice streams., These deposits left a dis-
organized drainage system with many lakes and swamps and streams superimposed on
the older rock topography making falls and rapids. Unlike valley glaciers the con-
tinental ice caps were thinned to the point of stagnation at many times during theirr
recession. Some did not even leave any terminal moraines. Others underwent many
periods of rejuvination through increase in snowfall and readvanced to make a series
of so—ecalled recessional moraines which are really the record of counter-attacks
against the sun which finially reduced them to their present limits.

_TECHENIQUES

Introduction. Technical methods for the study of problems in geomorphology
are varied, In this text a method as yet in its infancy has been attempted, namely
the approach through physical controls, Either the mathematical theory 1is devel-
oped and then check‘éga1nst facts gathered in the field or from maps or the reverse
first derivation of'a formula which fits the facts followed by an analysis of the
mathematics of the vhysical processes involved. K The tools used in search for data
comprise: (a) topographic maps, (b) aerial phetographs, (c) profiles, and (d) block
diagrams or perspective drawings of other types.

Topographic maps. Topography of an area may be shown on maps by means of
(a) contours, (b) hachures, (¢) shading, or (d) a combination of two or more of
these methods. In this country most maps published by governmental agencies use
contours alone, Unfortunately, the ability to use contour maps effectively is
attained by relatively few persons. ' To many these meps have little meaning aside
from the spot elevations of definite localities. It is now evident that in the
early days of making these maps too much was expected for too little time and travel
in the field. Errors and omissions due to failure to visit portions of the area
are glaringly apparent not only when the locality is visited but also in aerial
photographs. Not only are there mistakes in form and elevation but different
streams have been joined together. Even in maps of recent dat2 a field check
almost always discloses some errors in portions which are covered with forest or
are remote from roads. Many foreign maps use hachures with at most onlr a few
contours. Spot elevations are given on most of thése maps. Some surveys have used
contours for gentle slopes and hachures for cliffs s=nd steep slopes. Various,
nethods of shading have also been tried, some as though the light came from the
upper left corner, others with density proportioned to slope as with hachures.

Most of these maps are hard to read and accuracy of detail is doubtful in many
instances.

Aerial photographs. Within the last 10 years most of this country has been
photographed from the air largely in connection with various "New Deal" activities.
In peace time these photographs have been made available to the public at reason-
able cost. Aerial photographs are of three general iypes: (a) verticals, best for
mepping and determination of areas, (b) low obliques which do not show the horizon,
and (c) high obliques which include the horizon., Some methods of mapping use
a e¢obination of the first and last types. We need not here discuss either the
metnods of taking aerial photographs or the details of making maps from them. It
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is obvious that photographs record far more detail than does any map. Excent under
very dense timber nothing is hidden from the aerial camera. In fact the objection
is often made that photographs show too much confusing and unessential detail.
Aerial photographs may be used (a) singly, in which case obliques show relief much
better than do vertiecals, (b) joined together into mosaics which are not true maps,,
and which can only be made from verticals, (c) examined in pairs teken from differ-—
ent positions of the plane in such a way that only one is seen by each eye, that is
stereoscopically, or (d) superimposed by various methods and then examined by means
of special glasses so that only one is seen by each eye. Both verticals and obliqu=
es may be used in the two last ways, and so can pictures taken on the ground pro-
vided only that they were taken far enough apart and yet show the view at very
nearly the same size. Several types of instruments are used to enable one to see
one picture with each eye. These are known as gtereoscopes but with practice many
persons can dispense with all instruments and make the eyes look along parallel
lines. Various methods of attaining this method have been tried. One is to relax
until a single object appears double; if an effort is made the eyes automatically
converge so that a single object is seen. When double vision is attained then a
pair of photographs can be held up with common points from 2 to 2% inches apart,
Suddenly you will realize that three images only can be seen and that the central
one, where in fact two are superimposed, is in relief. A stereoscope is essential,
however, to measure differences in elevation on verticals by comparison of distance
between common points which varies with elevation. The method ef superimposed
pictures in different color, or with light polarized at right angles, produces
what is called an anaglyph. Such pictures are simply a blur until viewed through
the proper kind of glasses. Maps can be made in this way, although so far only of
limited areas; spot elevations or contours can be shown to give quanitative data
on anaglyphs. It is clear that the use of aerial photographs opens up new fields
to geomorphic study. This is particularly true where the mantle rock is thin and
vegetation is sparse. Then the structure of the underlying rocks is very clear.,
Faults and folded may be traced accurately by the varying topographic expression
and mantle rock of each kind of bed rock. Study of glacial deposits in which the
surface form plays an important part is greatly facilitated by aerial photographs.
Drumlins, moraines, eskers, and outwash all stand out clearly. Outt!sash is dis-
tinguised in many localities by the sandy soil which photographs a light color,,
and pitted outwash shows a mottled pattern with many rudely circular swamps and
lakes, The lakes in terminal moraine are for the most part irregular in outline.
Profiles. Many students of geomorphology place much importanece on profiles
or cross sections, Of necessity, these are made from topographic maps and are no
more accurate than they are, Profiles are drawn on cross section paper with the
vertical scale considerably larger than the horizontal scale which may or may not
be the same as the map. They may show only the surface along a single line, either
~straight, curved, or a series of lines at angles,or they may be of the projected
type. If the latter two distinct methods have been empleyed. Barrell in a search
for ancient marine terraces in New England, drew the crests of hills beyond the
‘front line of his profiles back so far that the result is confusing. BEach summit
was prejected on a line at right angles to that of the section. @thers have used
a strip of definite width and shown the highest elevation in this strip which is
present &t right angles to the front line at every point. This is equivalent to
showing the skyline of a model of the landscape of this strip which may be a mile
or more in width. Johnson drew these profiles on cardboard, cut them out along the
line and then set up each profile vertically on a map in the location of the front
of each strip. The result simulated a relief map. Just how this method ie better
than coloring in areas of different ranges of elevation to make a layer map has
never been clear to the present writer. Except where the geology of large areas is
uniform any profile which does not show the underlying materials is worthless. <~
After all, the nature of the bed rock is the predominant control of surface form
and it hardly seems possible that erosion has ever continued undisturbed until all
guch control was destroyed. Pprofiles have generally beeggrawn in order to discover
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and correlaty " ancient, now-dissected erosion surfaces. This quest is one
fraught with great chance for error. Just why should an erosion surface have a
definite level?! In recognizing one should we use hilltens or valley bottoms of
that timey How much relief should we allow? How should we guard against the
subconscious influence of the horizontal lines of the cryss section papery If
surfaces were warped during uplift just what kind of curve rmust we assume? Are not
the ranges of elevation of each surfaee as great or greater than the intervals
between the erosion levels? How could older surfaces survive while lower ones
were made close at hand unless or usual concepts of origin are mistakes? Andfinally;-
are the usual explanationﬁpf areas which are too high for a given "level" as either
residuals (monadhocks) or as upwarped areas and of areas which seem too low as
dowwarped“areas or due to subsequent erosion just too easyy Are not many of the
morvans - T lines of intersection of two peneplains more likely the result of warp-
ing? Although we should not discredit all conclusions based on prgfiles it appears
wise to accept may of them "with reservations'.

Elock diagrams. Block diagrams, perspective drawings, and .perspective maps
are of more importance in explaining than in solving problems., They are particu- |
larly adapted to an exposition of a theory of geomorphic history. The subjective
element in drawing them is too great to make them an unbiased delineation of facts.
Perspective maps are drawn on, ,a map by raising the position of elevated points
an amount proportional to their heigth above datum. The vertical scale used in this
is always greatly exaggerated., This type of map has been employed in the several
physiographic diagrams which have been published. It helps in giving an illusion of:
depth to show a cross section of the underground structure along the front edge.

True block diagrams are intended to show the relation of underground phenomena

to surface form in a certain relatively limited area. Vertical scale is almost
always exaggerated. positions in the horizontal plane may be shown either in true
mer e beee or in isometric projection. In the former all lines which would be
parallel on a map converge to a point known as the vanisghing point. There is a
different vanishing point for each set of narallel lines but all are located on a
straight horizon line. I, this type of drawing the scale decreases with distance
from the front, In isometric drawings lines which are at right angles on the map
are skewed to angles of 30 and 60 degrees. Distances along these lines are not
altered, Various machines have been made as an aid in making these drawings
because the redrawing of a mp on a skewed or perspective base is laborious. A4ll of
these are hard to construct because sliding joints are required which must be
hard to keep in adjustment. Relief is shown by the profiles along the sides aided
by shading, hachures, and raised contours. Difficulty in drawing decreases in the
order given, Drawing of hachures requires considerable practice. published dia-
grams look much more complex than they really are because they were reduced in
scale by photography. The illusion of distance is enhanced by making the lines
fainter and nearer together for the same slope as the back of the drawing is appro-.
ached. Crests are generally shown by full lines. Changing of a photography to
a perspective drawing is sometimes desirable in order to bring out certain features.
The work of others should be studied with a lens before attempting to do any of this
kind of work, :

Summary. Choice of methods for study and for showing data and interpretations
in a report depends largely on experience, The trend is now definitely toward use
of aerial photggraphs including stereo—pairs and gtereo~triplets which are less
expensive to reproduce than are anaglyphs. Well-drawn three-dimensional diagrams
are, however, of great value and are much cheaper to publish than are photographs.
The practice of publishing profiles without showing the geology is to be condemned.

GENERAL SUMMARY

In the foregoing pages the writer has attempted to approach geomorphology from
the standpoint of what must ensue from given physical conditions rather than by
means of purely abstract reasoning. It is true that in nature there are many
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variations from the ideal of homogeneous material which must be assumed for math-
ematical analysis. Moreover, there are many topographjc forms where more than one
process is at work at the same time. These facts must be kept in m ind when eval-
vating the theoretical conclusions. It is obvious that much more field data must
be accumulated in order to check the theoretical deductions. It is better to
make original observations than to trust to even the best maps. .

A major error in the past has undoubtedly been the assumption that the present
climate of an area should be projected back into the remote past. Some seem to
regard as "normal" the type of humid climate which is now widespread in middle
latitudes where the majority of scientific workers live. But if we losk at the
relative areas of different types of climate today it is apparent that such a
classification is unreal, And when we look back to the time when there were no
polar ice caps and epicontinental seas were larger it is evident that ,aside from
mountains an ever larger proportion of the lands must have had a semi-arid or arid
climate during most of their history. For this reason caution is necessary in the
interpretation of fossillandscapes which were long preserved under & covering and
only recently exhumed. Which are true peneplains and which are pediments? Certain-
1y those which have a gravel cover are not peneplains in the classical sense. It
seems as if the emphasis that has been placed on the discrimination of remnants of
ancient peneplains was ,to say the least, unwise. Iet us try rather to build up a
foundation before we attempt this uncertain pursuit. ILet us consider also the
alternative interpretaions which are possible for many of the phenomena and not
give too much weight simply to reputation of proponents of some of the ideas.

The future will decide which interpretagan is correct but only after the necessary
physical data has gathered,

The interpretajons here presented on the discrimination of talus ani creep
slopes appear well supported. Their application to the slopes of volcano s made
of fragmental material obviously eliminates some older attempts at mathematical
analysis on the bdais of shearing.

But so far the least success has attended attempts at mathematical treatment
of the work of running water., It seems certain that the qusnitative computations
of force made by many students are misleading in that they consider only total
energy instead of the small portion which is actually expended in erosion and
transportation. Possibly Little's likening of the process to the loss of pressure
of water in flowing thorough a pipe may lead the way to ultimate solution. In the
meantime more data of grades of streams on uniform material and on slopes due to
rain wash is greatly needed., Such data is hard to find and needs careful study,
In this connection attemtion should be directed to the force opposed to erosion,
resistancé of material to removal. This factor has been ignored in the past. The
work of H,rton on this,as well as the quanitative relations of streams is a step
toward the solution of some of these imwortant problems. 1

The present Work has added little to problems of thewrk of standing water
other than t o point out the desimability of a new classification of shorelines.

The mechanics of the work of wind are, thanks to the careful work of Begnold, .
now well in hand. Physical differences in the behavior of wind and water are now
clear, Air cannot absorb so much energy in kinetic emergy of rotation as does
denser water. The problem of the origin of longitudinal or seif dumes is still
unsettled, :

In considering the work of ice,attention has been directed to the relative
importance of plucking versus grinding of bed rock., The work of Demorest on the
physics of glaciers points the way to solution of many problems such as the true
orizin of roche mountonee forms, Drumlins are now recognized as accumulations in
cracks shaped to minimize resistance to moving ice. The fact that glacio-fluvial
deposits consist of a mixture of sand, pebbles, and ice is also demonstrated.

The value of topegraphy in the discrimination of structure of both sedimentary
formations and lava flows has long been known, Smooth dip slopes are alsg impor-
tant in gentlv inclined strata. Hogback ridges where dips are steep are harder to
interpret. 0verturned/£plds and repeated thrust fauls offer difficulties.



-

>

Fig- 69, Po 44‘

Entrance angles of tributaty
streams. Horton concludes
that cosine of thie angle is
|~ nmeasured by ration of slopes
® g (tangent of angles) of main
i stream aivided by slope of tributary.
In this diagrams this ratio is very small
and the junction anglo is almos% 90 degrees.

sontours.

This relationship is common in trellis
type of dreinage pattern. Slopes shown by

Strezas on slojes ere et 90 deg. to contours. G. S. 4. B. 563 349
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! Fig. 68, p. 44
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| Entrance angles of strezas
i ),/’ where the difference in slogpes
i is not great gives angles of
60 to 80 deg rees. This relation=
ship is found in so-called denaritic .
drainage gatterns.
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; Fiz. 81, pe. 47

Lowering of the stream level
from 1 to 2 would reduce
width of "belt of no erosion"
by increass e of slope. Width
of this belt also varies with
intensity of rainfall. The
net result of both factors is
to round off the uprer slopes
into convex profiles like

t hose due to creeg.

Belt of
no erosion

¥ize 82, pu A
Lowerin oé"the streaa 1bed
more rapidly than slore wash
can shape the velley side
should cause a sonvex profile
s shown above. he lower
Strea§04pouna 's lope olght to he
formed later when the stream

is not lowering 1ts bed so
rapidly.




Horton. (p. 303) By platting the
logarithms of these quantities it
appears that both follow geomet-
ric progression at left the
bifurcation ratio is raised to

N
Fig. 70, p. 44
See G. S. ae B. Part of bas™in of Hiwassee Rs,
56: 297 Georgia, showing Horton's
systen of streaa orders. Bed
rock is schist, but the drain-
age is "dendritic" or “branch-
X : work", Horton starts with
TN unbranched strez.as which are
“‘j\ . : first order., Streaas which
L) f : “me s Tl aere joined by these are second
: = 3 '\\ “:?:‘-' order but the nuabering is ca;{ied
; <j1f%”f'1'\\ SERE through to their headwaters. ~ isrst
.'\_‘ N sk ? order streaas are dotted in this mep.
= \_-\ S \T“ L Third order streaus have one or acre
«% T e o347 ™ 0. " gecond oruer tributaries anu so one each
S :?S]': CRo ol L .L:—f'wi ., higher order being kert up to the head.
P B e ;5\$;:-7\ ‘., Horton says that the nuiber of streaas of
S TSR S ;/& L Ny * next to the highest oruer determines the
SRR NS it Tk o _ ' . . Dbifureebion ratio but in his computations he
VQ.\C'°/, Vs 3 e’ ol 7 did Wot always follow this rule exachlve
! "Tﬁ\@f' ,;i_ _;A“\xﬂ G'fg%' The nuaber , length, and sverage length of
e A s ¢ '\ eamsh order is shown in the #eble.
: TR G e g Orcder No. Length avel.
i -u\i / i : 1 146 72z 0.49a2
e B . dmilon g " 3 Al 1498
s S
= :“}f/f"./ Drainege dquity = 2.06 2 z %i:g ié?g
Be ey i ; e ; = niles
7 i - R ﬁ‘ ! Pig. Tl ha M L
: S R 8 e T e S
EQLF_L,_;_“%__j_”,__ ;_ i i i j{ /: ’LZO Mathematical reletions of number
iy 2 e iagns of ‘streams of each order and
\ ¢ By ; s Ef :/ 1j i average length of each order after
T

vowers which are found by subtract-

ing t he number of streaa order

from the order of the highest order

streaw in the basine Horton used

for this wvalue 3,45, 3.0, and 3.15
. respectively for the three strsams
or the Hiwaeeeiwhich
i was added to the original diegram,
| the figure appears to be about 3.45

gt the left.

The. relation of streaa lengths
follows a similar rule where the
strezi lengt h ratio is used. This
is founc froa acburl ratie of
lengths of two successive orderss
It is reised o a power which is
one less then the order and nulti-
rlied by the length of first order
streamms. Horton gives velues of
2,70, 2.85, end 2,92 for first
three at left. The Hiwazsee should
have @bout 2.62 Shown at right.
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Fige 735 ra 45

Initial stage in formetion of rill
*Valleys by natural consentration of
slope or sheet washs One rill in the
, center develored faster than the others
wh1oh successively joined it until
%+ he diagonal civides, in lower pary of
the area developeds Jhen the land
above these was worn down until it
gloped to the one central valley.

he idea is Horton's but drawing is
Bodified,

'_' - _m’__‘_-’n——_’.—-*\ o
7 _Belt qf ne-grosion, Fig, T4y pe 45
\3\ \\ AN /L' ,’,r 4 new set of rills developed on this
R B \‘ 7/ Sl gently sloping surfaoe on both sides

of the main strea ms. <*he central one
on each side absorbed the drainage of
4he others and there are now two

' 4ributaries to the main streeam.

Note development of belt of no erosion
along the lateral divides.

Belt of no eroslon : ) hig. 15+ pe 45

M : The process outlined for ¥Fig, 74 hes
¥ now divided up the areas tributary to
the two new streams and led to formatiom
of four new tributaries, Belts of no
erosion were thus formed along the new
dividess Horton held that this progesa
of subdiviision of drainage areas would
“continue until the area of no erosion
(excert in exceptional storms) embraced
all the interstred m spacess ~he pro=-
cess was held to explain the observed .
fuct that. the nuuber of streams of
each order follows & n inverse geomet~
ric }rogression. In the diagraus {which

do not complete the process \we have in increasing order
of stremus, 1, 2, 4. *he bifurcation retio is 2.

It seems probable that such strea m development would occur aainly on regions
with some original slope. It is not readily observed in most areas of young
drainage such as the glacial, alluvial, and marinelp%%ns of the United States.
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\qf
M
\ \ \ Fig. 72, . 45
i 100 2 :
\ \ : N Horton's diagram showing
\ e \ 80 average slope of different
\ i 5 | 60 orders of s treesms in feet
g U | per mile. a.rough geomet=
| \ f ' ’40 ric progression is shown by
| A platting logariths of slopes.
5 = \ This relationshiy” wes cited
i i By \ as lending quanitative
57 { \ 5’20 sup; ort to Playfairs Law.
P ‘\ 4 Ge S+ da Be 563 295
ot
ReaE T -
Fig. 101, ps 52
Lateral growth cf a meander
L of upper Wisconsin River during
v N : : : i .
b its erosion into a delta deposited

P e -_— - |% in Glacial Lake Wisconsin. Note the
"‘—'I—-l-—-——‘ = L | 1" braided pattern of the stream when flowing

i I t { + ' |Bed rock H - on top of the delta. evidence of downsiream

; gweo p of ueanders, and the ucander scers separ-
sLel by & Letp cusps. Orown from a n serial photograih.
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5 e A e Network stream pattern in
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foe s ol % P e =] dry land is on natural levees.
S tale B T S e e e ) 71 Russell, &¢ & Py Gs 231 1218
- i ol e e —_
# P l ~
S - - B Bad o R
Pl S % b |
SR 8 N5
% it s
> s 1% N
e b \
4 & z 5 el — T E .
(k\\ TN £ ade
; 3 Zg B LA g iy Sy ) = 1
A = 7 S X —u @
‘ ST e e R 2 e T \\ F‘— = N
; pila T2 7 e -~ }
e i e e e o~ JJ m;.g e L e \’J ] &
_______ e Ty = i |




10

A

£} _; }l |
100 niles TR n A -

i

Figt 106’ Fe 53 e . & :

Profiles of alluvial fans and
pedinents froas topographic meyps.
Pletting of horizontel distance and
fall to loz scale uemcnstrates a
very close agreement altnough parts

2z 100

of a few e§a4yles depart from the
averages his aey be due to earth
novement of toc erosion. #versge
value n = 0.79 which sgreeas
well with Little's profile of
uniform erosive forces It is much
igherthan for outwash plains.
‘he constant ranges froa 107 to

%39, also higher then for outwashe
10 miles
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~. Benson

e
Cucamcnga, Cals i~
. L AR

Frofiles on linear scale with
{ wvertical exaggerated 17.5 times:
Most examples from arizona mays.
Note irregularity in those froa
i Benson wuadrangle. Uprer parts
of California examples were also
1000 feet not in agreement with
the aversge although
extension cf the curve fits with
points of origin et mouths of
canysns. Meny pcints of origin
had to be chosen at top of the
reguler slope.

“~~__ Camelsback B = 47 C = 224

.8 = 200
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gig. 123, Fe 62

hefraction of waves on
straight shoreline. Aafter
Munk and Traylor, J. G. 55:
3+ Depth contours dotted,
wave crests solid, lines
normal to waves are called
orthozonals. 4s waves enter
s hallow water the eircular
orbits of perticles of water
change into ellipses. This
slows the wave and causes
refraction in the same way
that light is affected when
it pesses from & medium with
a given velocity to one with
a different velocity. The
orthogonals bound areas of
s constant energye.

LI
N

FPige 122, 14 62

Velocity of undertow for
weves of different periods and
unit heigth. after Beach
Erosion goard. Feriods in
seconus, depths in feet,
heizths in feet, velocities
in feet per seconds <o obtain
velocities for larger waves
multiply by square of wave
heigth in feet. kesults
should be compered with ®ig.
51 +to find sizes of material
which can be transported.
( Note: this figure is in
Brit”ish “ngineering units,
the other in the metric
system. )

50 ft depth



T g% Kefraction of waves on coasts with
‘ﬂ > 7 l.—41 different forms of bottoms after
o i 2 = (7| Munk and Traylor. Dexrth contours

X N / dotted, wave fronts and orthogonals
A solid. Vhere the last diverge
energy is spread over a wider area
and surf is lower. he reverse
occurs where they cohverges Deep
water near shore produces a minimum
eree of weve work. ‘he converse
occurs where a shoal extends seca-
ward as in the lower diasgram.

5 £ Beach

Convergence of waves over a shoal
may result in building out the shore
into a cuspate caje. See Fig. 136.
Energy of a wave in dee} water is
wholly potential and is shown by
1/8 of product of unit weight of
wzter times square of heigth. In
the breakers both potential and :lﬂkﬁ'
kinetic energy are exerted followin
the foruulas
Beech E= J( 4 de}th.he15th)%
3
where W = unit wes g ht of weter and
1l = wave length. Depth of bresking

higtlk of breekers.

Figl 125, Pe 64

Transportation of material
on beach in zone of break-
ers. Each wave carries sand
and pebbles up in the direction of

its advance. he returning undertow

'iSénﬁf e T 5 moves it directly down the slope. *hus
= o meterial is advanced downwind along the beach.

hls proces s sppears to be much more imgortant than currents offshnre.
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Figo 128, Fe 63

200° 400' 600 800 1000°
EN'“I§r~l9—ﬂ‘p ' | Subaqueous ridggs efter Evans,
e .1 Je G, 488 490 Vhy some cell
T e — these "low and ball" is not
= 450 known., Examples frou Lake Mich-
m——— 7 7 = * | igan, Averages: feet from
.‘,.'.;?T?ﬁ?“77;Q?TifTiT?Tﬁrfffﬁ\jgi‘,qwf'fﬂFjg%ﬁ‘ shore, feect ge}th, 237, 4.13

~' 602, 8; 1094, 12, Distances
s eem to have a ratio of 1, 2%, 5; uderths about o7 power o. distances Emerged
ridges of this kind could cause serious error in determining former weter levels.
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SN g cA e e ee 2 et Hwame! intenrretedion of ouwrrente
B e . : — = in breckers above subacueous
o ’,\_ ' ridges. Observetion shows that
/' S R 2 on o
o ~ - - waves bresk over each ridge and
5 W T\ AN 3 5‘——.—:_—:_ By, . '\I thet intervals decrease toward
= SRS e e . .| shore. Relation to size of waves
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Fig. 136, 1. 65

Cape Canaveral, *lorida after
oast Chart 161. Contour
®interval 20 feet. Such capes
have commonly been ascribed
to currents but association
with shoals strongly suggests
that wave refraction is an
iaportent factore Much of the
ury land is comjosed of dunes

Fig. 135, . 64

Cross sections
barrier ridges
Vertical scale exaggerated

X 792 Dotted lines is projec=-
tion of averzge slope of sea
bottom outside t"he barrier,
Only in the las™t (from Texas)
does this line reach the inner
side of t"he legoon. In this
case the barrier might have

of offishore
after Johnsone

~bebn built by trdnskortalon along shore; all others were thrown up from the sea.



Fi,. 137, 1. 66

'})

Happy Hill, near Borg boo, UWis.

|
jﬁ showing jossible levels of
. .'| ancient sarine planetion.
. T The lover terrace corresponds
.| to t ae Freirie du Chien
5 <0 oTewl il doloaite, the Rijhest to the

Pl e ine P 1ptteville dolomite., Both

have conglone s snruira. Vertical ssmle exagjeraoted about 5 tiaes.

Fiz. 138, 1 0L

e O s C i3 ! ] .
e ' A . sdeal ulagraas showing stages
s Tl i % drwelopment of atolls on
R a¢ !iznic end enticlinal struc-
St e e tures, letter still too deep
- fe e ity Jcr coral growth.
Ao
ST £ . “le voleano hes sunk and the
J,,f”f,- S oy s sl e e A4 articline risen so that both
e e SV e o R are capped by atolls.
ey o e = e : IR = |
S et e B W N O M b S e N e S E e
s Pl e R S e :
Z

Sea level hzs fallen due to

slzeiation. o beach terrace

nas becn eroded into the left

atell and t he atoll.et right
nse heen truncated by wave uc-
tion,

Sea level has risen in an inter~
.lazial interva 1 so that new
atclis heve formed on both
shcals,

/ﬁj;kﬁfixgsf'\ x]/;/” : ﬁf;ﬁ\ _| During the following ;laciation
I S BB e T TR e N [P e 0 1 i
A g Vo T -~ the level of the sea is low.

‘ .“ ‘-. e i

s Pk /4?i’1 ihe left ztoll is row emerzed
iy and thut at right hes been

truncated.

Fresent conditions are inter-

meliate vetween zlacial and
inter lacial. The 1ft atoll
is stili hi:h and a new one
has fcraed at right.

Viagrams adegted froa Stearus, a. J. 5. 244, 253, 257.
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$4:5:-339 > 617

Stuges in srowth of fringing and
barrier reefs, afier Stearns,
d. Je. S, 2443 25 9

Luergence of old reefs due to

glecial lowering of sea level.

foraetior of new reefs.

i e e ye 227l higher thun present in
Bod meni b Sl 5 kb t:f'lac1&l interval, New
| . G h"-? see Ur Porneds
"';_“— P = - - - (TR - i mres s - e "
o
S
T e e s s e Sl e T e ek SR
o - Lo B2 A E
Bed raock o },' St .
| e L
4
S (A e e
i \\\ o Fice 160, pe 67
o i N ; - ____\\ \_.\ \\\ o T ; < 2 s
& e iR \ \ ke thnivetok &toll , Marshall Ids.
- e e e "\ \ ':c( : ';E wften l‘-luu'en‘h, Ge Se ae Be 573
. , ‘\\ i 5 '?.5 W 747, Conmtour intervzl 500
T % i fathons= 3000 ft . Only :
}\\ oS AL { part of the recf rises sbove
Son U i AN N N | high tide level. Section
T s Gt e A\ | a=p drawn froa contours with
\ \\\“, & A\ | 1 | probable geolog y added froa
/ X i i E s geophysical exploration at
/ A e SR i Bikini atoll, This discloed
L ol a2 zone to de,th 2000' with
\ LR A ik foodd velocity 7000 ft/sec.; this is
% s "Q?“-\ Foog 4 { coral. Underlying is 3500 to
& e S b 11000* with veloeity 11,000
s S T A e ; i ft./sec.; this amay be fregment-
o AR gk e N ! el volcanic materizl. B elow
f:' e ¢ Y1\l 4nat velecity is 17,000 £t/see
SR G —m e e e o myujerehily in volcunic rocks.
)
; i A
da l‘iiw B PSR -‘E
,{;_thﬁ__%—_::::j:::*;ﬁ:\h ‘ Yabitin dppTEs iy 2
::ZZI::::j;,w<§f?ﬁ.;,’/Lf;\s:::—:r~ T, erticcl znu horizontal scales
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Figo 1411 Fe 67

Salt marsh behind barrier
beach, New Jersey. after
Chart 123« The coaplex
stream pattern is due to
tidal flow except in the
case of mainland drainage.
This tidal flow also keers
oren the break in the
barrier,

Fig. 142, p. 68

Echo sounding with super-
sonic vibrations.

ver rough bottom more
than one signal may be
returnea. Motion of the
ship prevents very close
beaming of signalse

e = i e 10 miles
\\\\\\ e “HME\\\\H\\:iintinentgl slope
f\\_ﬁ__ 3 '96"
‘\\\5.5” 5 : :
wnsem C ANYON
s _3:'

500 fathoms -

el

.

1 T e - s B <
WILIINGTON Cat Yo =i St o

Figs. 146, r o 68. Aafter Veatch ena 3uith, Spece Fub. 7: 16 Longitudinel profiles
of two submarine canyons of Atlantic coaste. Note high and irregular grades.



Figs 143, p. 68

Edze of part of continental
shelf, atlantic coast., After
Veatch and Suith, G. S, 4.
Srec. Fub. T: 76

Conteurs drawn mechanically
frem soundings (not shown).
Contour interval = 100 fathoms
or 600 feet.

10 miles

R

-
#
tl
™
-
S

i “ v i
P e :
’/ / / \‘ : / {{ / /
AU S SO S s | e B e B eSS o
it -_,.3_;;*;"' \77/ e "
]\ Tt ;) \:": :‘\:—:’/ ’.f‘ L G .'..L;:. 144, e 68
Fibgens T
| i‘ ‘;j§;g~“\‘a<fpy- The same area as in Fig., 143
/,j i \Q§§§:;1*:L} ‘ obut contours were drawn with
e g G e the idea that the continental
Mg iy f;t;ijfjkij\>{?\$::' slope was gullied by land
i z T P N )\g\\ﬁ strsuns when sea level was
',,‘;f\\)ity\\\_ Q,z" o low. Contour interval same.
ot
=3
¥ A e Gee S Fig. 145, p. o8
/ R g un ﬂ After Jones; Geogr. Jour. 97
S Spstes S I A test from ancther area.
:?\h/"’fiﬂ‘ﬁ’-;¢4~k\\ e Y \ 1800 fl Dashed lines from Veatch's een-
T Jenes S \WWeet l tours; dotted line from Jene's

mechanicel centours; solid line

ey e ::\'\JTw\,r\/d from a new line of seundings

e S, run across eslder lines,
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Fi:,' 148, Fe 70

Fallin, velocijy of different sizes
o f grains in air, Aafter Begnold, p.l.
Redrawn to eompare with Fi_ ., 51.

-lis with water the resistance to fall-

ing produces a terminal velocity.
Kelationship of air resistance to size

_»of particle is not uniform but varies

with dismeter . Bagnold places the
diameter of 0.2 mm as the line of
division between sand and dust which

-3is much more rezdily sustained in ei

Diameter of sand grains ig irorortio
al to square of velocity, samne as in
weter.

10’5 mn dianeter

10 100 m/geg veloeity

m

Fig, 149, p. 71

Vertical distribution of wind
velocities platted to ordinary
250&19. After Bagnold, p. 48

e

//// Two examples shown,

1

8 m/sec,
ir Surface

10 Ciile

N1
(%]

Vertical distribution of wind

,//’/ velocities pletted to semi~log.

scale. Note t"hat both examples

now form straight lines which
meet at a definite distance above
. the ground, ‘k k = 1/30 dian.

Vi=6 -

-~ of sand grains on surface.
B\agnold rates foree of wind by .l

quantity Vi whigh is result of 7 ire]
dividing tan of angle made by U

line with the vertical by 5.75
Hrag on unit areas = density .Vy

ol

<03 Velocity st heigth z = 5.75
Vire log z/k lin am./sec,‘E
also Vi = (drag/density)®

+01 :
""" After Bagnold p. 49

«003 cn
8 u/secc velocity



~10 cm.

Figc 151, Pe 71

Shange in condition after
movement of send begins,

after B agnold, p. 60
Broken lines show wind vel=

at heigth k. However, above
a certain valwe of Vi, here

..1

%

hold.

«01

ocity rises %o k' which lies
at the threshold velocity V
The new borderline is celle
impact or dynemic threshold.

i Vi becomes V' ebove this *
' 8/m/sec velocity N

2001 1 iect threshold’s diam.?

IT tons

¥ig. 152;'ps T2

Average flow of dune sand in

quents = 5:2 x 10-4(v_vt)

!6/

12

16

%8 m/sec.

!
:

(log

z=log k'

Eaa

T log -2

}ig.

D3 o T2

B egnold's proof of substitu-
tion of velcity in excess of
thres hold velocity (vz-vt)
et & given heigth for V% .

log k! |
Vs (vz-vt)/ 5:?5(105

z—

bl I
or 0.174f(log z/k* )(V -V, )
Since thé first term is a con-

For 2 = 1 aeter, k' = 1 ¢cn

>~

Llog k
2

the yalue is 6.58 x 107%

ocities with no send moving.
Point of no velocity is than

22  there is & slight surface
aovement ; this border velocity
is the fluid or shatic thredt®
After sand movement is
maintained by lapsct of fell-
ing grains the level of 0 vel~

metric tons/ meter width/ hour
in relution to wind at 1 meter
| heigsh, Computed fron foraule

-3 log k')

(At M

stant for given values of z and
k' the substitution can be made.



* y 7 — 48 Vi,
lufd ,/’/
l //// 5e Fig. 154, . T3
it t Ioppct -
1 ////_J/// ¥ P Relation of fluid and impact
40 . sty - ey
: \ e g L threshold in zir to size of grains
\ ; = V1€(’ 4 & lso relation of fluid threshold
\ < A Tuager ; ;
2 g 30 in weter to velocity in ca/sec.
f P " after Begnold, pp. 86-89
7 Rl B SRR ol e S oy Dianeters in square root scale.
’h,/f*‘“‘}" ol ®  Note departures of both fluid
!/ | i thresholds in air anu weter from
i | g 10 the squere root relationship when
,/z/, i | i saall particles are considered.
§ i el i | i i
T i G
L4 A el 4 26 i 1 R e e 3.0 mm
o i e
/ £ r/ A .\ s < ,,r :‘, ;_d,;’. 7 A:‘; =
2 > o~ : - /’ & -,/ i : =T '. : e ;
/50, AR re e
gy g ot 7 T Bovedune elong e besch with a
'/, = : 2 = : ' : T s 3 - - & 5 ?9-&-9._.___. % o =

jortion blown out throuzh local
«estruction of vegetetion.

Fiz. 160, p. 74

Blowout dune foraed by wind
gxczvetion in a loesl area where
vegetetion was destroyed.
after forustion such dunes can
be extended into longitudinal ridges nany
miles long. These resemble seif dunes.
Erosion mey be checked by scecumulation of
rebbles in the blowout.

Fig, 161 , 1+ T4

T "~ Wind shadow June in les of
e bresk in escarpment. Such dwnes zre
broken by cross winus and pess into

bercnsn dunes,

B_azrchen or crescenti dune
with steep face downwind., This
tyre of dune foris only where winds
///-keeg to only one direction and there is no

vegetation, '%hey are rare in humid lands.
In most instuncés they occur where amount of
sand is small,




Fig- 164, Le 74

Seif or longitudinal dunes.
after amerial p hotograrh by
Macdigen, Geogr. Rrw,. 263 211
e Such dunes, which here urend NNW are
o -~ rarzllel to direction of preveiling wind,
‘g)’/-fhey 1robubly represent the endpoint of dune

; e e @ffi"mation with unidirectionsl winds.
S oS s sl S e 3011 P
S i LA el e e, =
e = e = : : Low oblique aerizl photo. of
- s seif dunes in sustralie,
R = = : o Herc the long riugzes end at
&3 : _ g fuot of a nountein redge.

Looking NE. Madigzn, »e0gre
Heve 263 221 %

o B3
“’__. 5 i _— = = X ‘- “AA-: £ :_ 5 ‘__— = Fiéc —169, l.'- 75
% B - g B e Hizsh oblique zerisl view of
(3 Rt e e TN s o7 = 2 =
A e e e P PR AT AT - loess hills on esst bluffs of
= R ay, o S ol ey - 23 - 7 13 - e i
e S o e ?\;\frﬁxj*ﬁkhrﬁj - IfissTouri R%ver, Iow ge nf?er
- e i e : gy R Iowa Geologiczl Survey, Fleis..
L b T ) ™ ——— b - Yo : »
- 5 5.\7\ e e ==_7] of lowes 166. Meny of thse
g Sac T hills huve been considerazbly
oz BT MET = ~~| eroded and their siles have
e sy e s slunred into get steis.
PUEETEE » LT
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hours. After Horton, G. S. &s B. 563 307
The rate would never rea™ch O in most soils.
Driving out of air from the pores of the
soil is an important factor.

2 hours

e e
——

big' 39 Pe 3
i

{ Surfzee runoff {“\\\\\\Mﬂ/// \guy’”\\\h
: S R e e T

l,..,,l_ i . o e

Grounu water runoff l

R

‘Ma reh T april May

lq==ﬁ~u~e«?::T“Esﬂ-afij\Ehtaﬁﬁ;g—m__ﬁ_qg/f::““vuﬂjn‘— s

tJune ! July i ¥

Yischarge in ft-3/s"ec (setond feet) of Kickapoo River, Wisconein, for part of
1937, a” fter U. §. G. 8, water Sup. Faper 825. BSee also Fig, 4. CGround water
runoff frou springs and storage in strean bed is estinated as that below dotted
line., Note irregularity of flooc discharge; this is charaeter istic of most rivers.
ot present these floods bring down wuuch debris froa the adjacent hillse Much of
this is deposited on the high-weter channel floor or floodplain. Some also -
accunulates in the low-water channel. This channsl meanders in small loops.
The entire valley of +the Kicajoo clso meenjers 1in some sections of its courses.
Thus we have two distinct s izes of uieanuers in the same stroma, one large and
rock bo und, the other sme: 1l and on & flood rlain of loose materials. Thus
the Kickapoo is an uncer”fit strean.

e



T et 2
Runoff, sur. grd,wath_‘___}_i}_vaporat_j_._on :
b e - ! Tennessee R, “ha ttanoge, Tenn,

| Miami K, Daybon, Ohio

= " | Bleek R., Neillsville, Wis.

feps "i:iim m;::rLaCrosse R., Salen, Wis.

: 3 o aea -i-“ _w““__m_*___“T:J_jKickapoo Rs, Gays Mills, Wis.
ORI e e o Rl Sl
e e T el i, e
X T T esissippi R., Keokuk, Iowa
I T eedidng s, e
ERTESENER T

felative purerrbase of suiegce ~upolif, ground woter ruroll cnd evaporaztion in

e ~

L =~
tyvpicel streama. go-p e e Xy At 3 5
YEpsCE 8I704, .ane sgns expressed in érchoes of Sotil precipitztions

R T L T e
e St
?iﬂi:_ W_——““——w_i 51,0" Bleck ( hard rock)
Pl e r T D ) 3008 Liliesses
L i e
R 75 gt g Y

AR e s 23. 6 Mississipri
il 7] 22,2"Minnzsots

Eu“*_“—_”“““_"'dﬁ.S?@d

Fig, 4, p. 3 helotion of surface runoff. ground water runoff znd eveporation
in typicel rivers of thc United 3tatese U. S5» Geol. Purvey Water Supply Paper
772. In &ll basirs evavcration is the lergest items This includes water uscd
by vegetztion and in cheuical coabination of weathering. Most soil evaporation
takes plcce when the zir is dry and surfacc runoff occurs immediately after
roin begins when air is moist. N ote relatively low values for ground water
runoff in the herd rock basins of Black end Yellow hivers.
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Frs oniag e A s Relation of depth of

B \ i \? <N Shpost westhering to topography.
Ko N P e S e Under low ground there is not
oo o Byl A £ enough pressure to cause

; s 7" _2 " B ed rock (permiable) | waters to go far below the

surface unless o deep path
is the only o ne possible.

Wieter tahle shown by dottedi ilue
-
! y D1afs
' Fige 15, pe-13
EE i Yorces involved in talus slypes
e The component of weight of a rock

waich is along the average slope
s balancéd by friction. Kocks
which ere larger than average are
not re.arded as much by irregu-
laviftitas of © he slope and 80 may
vell 2t sens distance from the
bzae 37 the even slope. Note
tha™ waelihsoring back of the cliff
nascs Hhe talue a relatively thin
venesy crii 5 bed rocke.

o .

D

47
o

In tne tﬂ¢tr sown weathering of
r“ g;ld the telus £ '2gaents has not
al*erud “he criginal slopes

Figo l?, Fe 15

B |
'
7 _ - | La ndslides in wave-cut cliff
2 e CFe of chalk overlying clay and
e oy, - = V A= - l'.«r;o-l d - ft 'L' rd
e o S / o e = | ‘L‘Sanuf g tad §16 93 & er wa
In /}f'! Chal el he oo A Mhe {ieee of  fracture culve
o e By e e e tward. Engineers ususll
Mt 8 Se AL ‘\ - = =7 =0 e ..,lg'l — e Ou wer B e 8 Suc y
e A e W o e - SR 5
,.,_Q:_‘;-Q-:_ = ,*8'_3,-—-' e e e o e L Tredt Ahen A5 gochiona of
E. sro iR e e el Tt L DR oF e g plindere withe horlzongal
G Sz : == : W ———————  @xes above and outside the

siid mass, Such analysis
cacnot be exsci, o slay 1 on setureted with weter must behave as a fluid
wherss the chulk 4s & solid Note ponds between the siid blocks which serve to
inbricete the pia nos of %;iuknga Lowest block is in the sea and will be removed
by wa ve work.,



e dBopt SUA60% 1000k

i |
204 ‘ 1 } |
i i i
40 \ |
60+ *
. , |
! i
1 £ 101 :
| 4
404 |
| 1
F |
! |
80 i
i
0 i AN
i TR
TS \
A Log plat X
o | log £ = log constant # n'log h
: slope of line shows n, the
% exgonent. Constarts not
03 determined
Taneg - \
: WO e 1000 °
i "‘i\ “\ [
l :\z .\“ I
a0 aal
E \‘1\_\\ \‘.\\ |
f ‘\\ :
: £ lri,____ e N“\ “.\
i i NN
i R
| | N
i lt \.\ ks
| !
: 1 |
, | 1_ |
100 i e R ek i 1004 i

Fig, 20, pe 1O
Me themetical anglysis of creep slopes, sovituwestern wisconsin.

Unper lefts profiles with vertical scale x § It is known that in most of these
slopes the mantle rock is essentielly uniform in thickness. Most of the area
ve3 originally grassiend {prairie) and close to the divides there was very litile |
o lteration by running water. The profile of stebility is then determined by
rraepe The original slope wus probebly uevc]O}bd by alierstion of sides of stream
valleys by weathering.which reschec its meximuia close to the steeper slope thus
rounding off the cornsr ond preparing t he way for creep which extends beyond the

z one of slope wash and talus foruation: Gince material is added to the moving
manile or clay and store a 11 the way down the slope its velocity must increase
progressively away from the divide is the ihiekness is constante Force producing -
motion is the componzsnt of weight elong the sliope. OSlope must slso increase in
rroportion to Jistsnce, kh, from the divide, ¥all, f, must then be related t o

the s quare of distanre from the divide f3 n? e s shown elthﬁg by algebra or by
integration of sloye and horizontal distances df/uh =h fih

Average exponent of the 9 slopes shown is 1. 75 ‘ !
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-Pigs 28, pe 18
Fresh underground water floating
on salt connate water.
8:1.0 =2 B 4. 1.03 to reach
hydrostatic balance

Fig. 22, Pe 18
Circulation of underground
water through joints and bedding
plenes of linestone, The paths
which offer least resistance 1o
flow are followed and enlarged
by solution. Only connate selt
water occurs b elow the lowest

paths of flow of fresh water

Fig. 29, p, 21

Continental shelf of eastern
North Americe. after Ewing,
G. S« As B. 48: 804 )
Width about 190 miles

Fig. 30, pe 24
Maune Loa, & basalt cone

Figo 35, Fe 26
Iits Hood, andesitic voleano

Measurements of fzll, f, from
gummit

Fujiyame, ash cone
f in meters

2000 meters

Vesuvius

2000
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. Figo 35, Te 26, cont.
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“‘ Figo 46, Le 30
Y _
o B ays 7 m. south of Mullins, S. C.
S ‘\. after nerial photograph published
& 2 by Johnson. Sznay ridges are
e Cifficult to me p becuus e all
; t surrounding soil is sandy,
~les e are t he Beys (these are all

transformed to swanp) scars of
exploding meteorites or are they
derressions of zny origin which
have. been, smoothed by wave action
in lekes?
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white Osk B dy/
._I,,‘,‘;..\ o _:/'

4 : ¥
s ey ~o
" One mile \\ D
Fig, 4%, pe 30 : | \
lle"gnetic survey near s~ome B eys of North Caroline, after }
McCzajbell, Jours Geol., 53: 67. Conte urof 250 megnetic units,

High & is thought to be releted to a Bey to N U, outsiue of map.

High B is south of White Osk B uy, high C in the sane direet”ion from'the umnesnmed
baye D is reported cs e "nigh” but contouring of originel map :ekes it a low,

Is the wesnetisn releted to burfed fruments of ameteorits or to megnetic minerals
cither in the sediments of tue Comstzl Flein or in the turied herd rocks, Bk e
very unlikely thet it is cue to lionite as suggested by Johnsons Such surveys:

s hould be extendecd over larger iress and checked by urilling on highs.

e o

e _71‘ Fig. 46, pe 32
_—J/ : Lzainar flow of water, one layer ove r the next below,
/._J- totzl deyth S = slope (tangent of angle of slope)
// velocity 2z = depth to any roint zbove bottom.
g v = change in velocity for slight change in depth, dz

o=t
ot

u = viscositys wdv
S s el Ty 4 =
RS AT iy u.uv/uz = é.aé[u,uv = Bsd2eS by integration from 0 to D d4:
::;,:::’ 3 surfece V = D% § / Pu ( stream of grest width) F=2:9
o, ///7 ! Turbulert flow of weter +1ich oncurs cs velocity and
e ~\ ; \\\K thickness exceed a certain velu.. Then hottomn friction
Vi Ry sebs vy eduizs which absorb mwvel. of the wnergy in

| kinztis eunerzy of rotation wuhus slowing down the stream.
i SR = A = arce of .ross section F = wested perimgeter

; £ =ta cogificient: V.2 veldlity w = wadzht of unit
TR : R S 5 as
gaw:#ivvoluﬂe of sater 8 = slors 4&/p = R or hydraulie radius
,ﬁ- Force ucwnstreaa = A_.w.§ (in unit length)
~ ) hesistance = fop.w.V° Equate these ani solve for V2
= end substitute K for Aff V2 =R.S /£ (hspe
2 : Experiment s hows thét velue of f depends partly on
"“_;,,,f : neture of bottom and }art}y OE/Q, hence a better formula

is Mennings: V = coeff.k2/3, e v,

7 4

e

(&)

K /2

wy

A



>V botton = Fige 49, r. 32
o o *7'-/'"“\,m___J&- Force neeued to staert a sphere
k T Pl.R .V— , by elevating along & line at

(:j}rf)f ,*;* | angle a._ Weight unuer water=
\75

4/3 piekledeg c= coefflicient
&

R = radius of perticle and
column of water. d = density in

TN T et eir less 1 (density of water)
4/ Ll.R sdegeBina = capie R2.v% cos &
?vert ~ical comp .)= force of water solving for R = 3 coV2
an"KTHTE
or diaaeter of particle is proportioned to square of botton velocity.
o o R O st L Y
! czz;“‘ﬂT““”%‘*“7*~*-E}ffe’ S = tan of zngle
% ! e e e o Fig, 50, p. 33
| [ % ; Linﬁs of equgl ) i*% Different methous of express-
| ‘-E_j? P el e S | ing energy of & s?reaﬁ.
; 1lift,” h“;g D e o e L g (2) Component of weight of a
f Ny e column of weter of unit area=
1 e i- / i B T e l uelth,\D4.31n angle of slope.
oL | $ist e e S 3 | Since with low angles sin and
om0 S ol s l ten are neerly the szne this
/ "““‘m~=~;;_;;_;;%‘;_;__ = becones Do& for weight of unit
== vyoluue of water is unity
! {unless we use absolute units in
! which it is.equal to g.)
\L, (v) Hyuraulic 1lift or venturi prinecijle, TWhen wzter in & pipe enters
e saeller aiameter its velwesty is increesed. By the jrinecijle of conservation of
momentwn this is done by re.uction of lrcssurn sgainst the siue wall, The lines of
equal velocities shown cbove s houl. exert an upwerd component of force thus rais-

ing meteriel in the s$rcan,
(c) Consiuering the seme unit coluwan of water as in (a ) it ic evident thut its
force uOWnSBreha is opposeu by the product of its kinetic energy tines a coefficent.,
e« 5 =1V Now in g ipe carrying weter wit h turbulent flow there is a loes
of pressure(hez.) per unit of length which is equivilent to the uescent of a stream
in unit length or slope, Solving the above for § we find § = f.Vz/D
This is the force per unit of cepth or verticzl gredient of kinetic energy and was
used by Little &s & measure of erssive force of running weter.
~ (u) Socue have trieu to _ive a aezsure of intensity of turbulence by te k1n5 prisns
with ajeces st line of aexioua velocity, siues nor.ael to lines of equal velocities,

and Dbases on boti~ou of streca of unit areas The intensity st any depth, 2z, is
equal to force of jrisa ub“ve\by ue;theslope foraula)divided by rate of eha™nge of
velocity with de;th (uv/az Esults cre interesting but not convincing,
S e
= e OSBRI
; e Figs, 534 £ 35
S “_._—‘—-—..
; ot e e Orposed forees in a streaa of
i Opyoseu forces = friction — b
i b xigs ¢ T——.. water. As with a bloek sliding
tzn bi +c *nc ic energy ; : { wown an inclined plane iV is
turou 62 ; incredilnd ; Foree dgunstresn = | possible to ediust the sloje so
i i aekadedab i ol weight of water in { thet there is no acceleration,
:? t:rlui of £ bfu : §%§CC unit length of crcss ’ e
|V 18 re tt.\_wt.. e Wrilite section._S | e "<U--,<;».,_;_ g QoA o
i S Fps AT F = 4,5 {or Dss for uvnid : v o (
- i i { RS U R S
e I urbo.e 3 P I T ¥, P
e 2 i VR S .-' ; {n - ¢ o
e 23 ! ix ok \
for unit length: Bl o 08 | | whandert ]

resistance = coefficient, ;e unit mt..\z‘“““* — o
or for unit ares(with unit we ight = 1)t eoeffe.V?



401 volocity cu/sec 10 108
|' rd / 310.21.1
2 / /l ji&“:}.- 51, 1. 34
u : D 2 ] / | helation of welocity of wster

to erosion, transportation and
sedimentation of particles with
different diamaeters, D. after
Nevtn, Ge 5o 4 B ’ 5?‘ 674
ydan  Note thet for D 1 mu up the
. kinetic energy of tpe water is
the mejor fzctor, or D less
- than zbout o2:am visgosity is
/ doainant, there is a gradual
. change in the trunsition region,
| BROSION | 4y curye for start of erosion
\ X |1 i8 eifficult to araw for so
99 ueh depenus upon the degree
ﬂf packing of the small sizes of
aacterial, .
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A i hotctional component of force in
& ecurveg¢d or .ueandering strean,

hud us of curve,= r 9lore &5

F= iN%/r 4s Vi 8% then Fs m.S/r
Growth ceases when F = resistence of
benk to ercsions Only z large strean

can atke a large meanderes Increase of length
by decrecsing S zlso serves to set & limit.

\-.._

Distribution of veloeity and
| inferred intensity of turbulence
5| in (=) straight and (b) curved
= gtrea ng.
() Intznsity of turbulence is rate
of “ransfer of energy. Hence
sedient s hould move away from
the Cotted areas . This expleins
r] erosion of cut benks g nd trane .
f for to insiues of bends and may
elso exjlain start of send bars
in wicdle of a stream, prehaps
the bezinning of braiding wherc
wecunuletion of deposits is
rapid.

o AT { } \1 I Fig. 56 x
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Profiles of rivers on log plate.

- Bhiprews, Mississippi below Keokuk,
arkansas in Great Pisins, kepublican,
North ana “outh Plette in Grest Plains,
hed of south, waite (arkansas),Wisgop
lfost have straight line grades in the
portions platted, the only signific-
ant depertures being North Flatte .8,
Republican .85, and ked .5. The
low grede of the lzct hes long been w»
noted. lost rivers have tco much

varistion in geology to peruit study.

Gonstants very greatly, frou 1.0 to

31.6 for streaas with straight line

grades and froa 25,1 to 3242 for the

curved slopes. The highest is for

the Republicen kiver wiiich lies all
in the Great Plains.

Fig, 62, p. 40

Profiles of outwasn terraces on log.
pleb. Streans include B lack,
Chiprewa, Euzu Claire of Marathon Co.,

Rock, Upper and Lower “isconsin all

in and near Wisconsin. *or comper-

ison the mgin terrace of the Lower
wisconsin is also shown. Exponents

of outwas h terraces vary from .55 to

o85 and average 0.68 Constants

vary froa 6.6 to 31.6 epparently
inversely to size of streem vhich is
releteu to length of ice front whieh
it drained. *he terresce was due %o
erosion by drainage froa a much
lon.er ice front through two glacial
lekes, It is aliost a straight line
sloje like that of rresent river and
hzs g consta nt of only l.9
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