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GEOLOGY 109
GEOMORPHOLOGY

Dimensions and competence of runnhing water. Supplement I, 1953, pe 1

Introduction: Three papers have appeared on the subject of running water
which appear to show marked progress in understanding of some problemss Two
of these not only clarify some of the basic points of the physics of streams but
also point the way to solution of many important problems of sediment transport.
The third, deals with particle size distribution on an alluvial fan.

Discharge of streams. The fundmental quantity measured by hydraulic
engineers is the discharge of streams. To find this figure they first discover
a suitable cross section of the channel. This is subdivided into segments of
known dimensions, then the average velocity of flow is found in each segment
giving its discharge and the fizal sum of the segments is the Discharge (Q)
average width of channel (w) X average depth (4), X average velocity, (%) or
Q = w.devs British engineering units are employed, cubic feet per second, and
feet. Since the discharge of all rivers varies constantly it is necessary %o
connect each actual measurment to the gavge reading of water level in the river
at that time. Most discharge determinations are read from a curve (Fig. 1)
which indicates this relationship. Next a curve (Fig. 2) must be prepared which
shows the percent of days that any given discharge is equalled or exceeded. The
mean discherge is also computed as the aritmetical average of all recorded daily
discharges. This quantity is generally larger than the median discharge which
is equalled or exceeded exactly 50% of the time.
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Inter-relations of quanities. Platting on log-log paper demonstrates,
as shown in Fig. 3, that w, d, and v are simple power functions Bf Qs ithe e
primfgxfggﬁermination. In mathematical expressions Q = wdv = aQ x cQ x k@ -
ackq From this it is evident that the sum of the exponents of Q must be
unity and the product of the mumberical constants must be the same. An average
of 20 river sections studied gave b = 0,26, f = 0.40, m = 0,34 but the values of
the constants varies much more widely than do the exponents. Evidently the
values are related to the materials of the stream beds and possible to other
factors. The limits of variation are unknown. Depth increases with discharge
faster than does width. :
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kelations of width, depth and velocity to discharge as plotted on log=log
paper, Scatter of points not ghown.

Downstream variations in channel shape. In computing the relations of
dimensions of stream channels in a downstream direction it is evident that all
comparisons must be made for a specified discharge at every station. Most of the
logwlog plats were made for mean annual discharge which occurs or is exceeded on
the average about one day in every four. 1In almost all rivers discharge increases
downstreams Some were made for flows which occur less fregquently.
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Despite the expectable "scatter!" of points when platted, there is a remarkable
agreement in results., Using the notation above, w & aQb, d = ch. and v = kQ%,
“he average values are b = €¢.5, £ = 0.4, and m = 0,1 This shows that for increase
in discharge downstream all quantities including velocity increase. Increase in
velocity is least and this quantity may Pe almost constant in some streams. Even
in the headgquaters however, the conclusion is demonstrable. It is contrary %o
what nearly everyone formerly thought and hence demands some explaination. Mg

o this we will restate Mannings formula  for yelocity of a stream with turbulen’
flow: mean velocity (v) ft/sen = 1.5 d2/3 Sz (dimensions in feet) Wote that

roughness (n)

for wide stream mean depth (d) replaces hydraulic radius (R or cross section

area divided by width.) TFrom this it may be seen that most geomorphologists

have ignored both depth of water and roughness of the bed, Together these
overcompensate for the fact seen in the field that slope of the water surface
almost everywhere decreases downstream. Slope (s) in feet per foot = 0.021Q- 0.49
on the average.

Sediment transport. Streams carry sediment in two ways, (a) as bed load
or bed-material, and (b) as in suspension or wash load. The two may change in
proportion with alterations of the stream so that what is suspended at one time
may be a portion of the bed and vice versa. The mathematical relations of the
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two are only vaguely known for there is at present no accurate method of
determining transport of material on a stream bottom: Any mechanical device to
catch such load introduces changes in the curreats which render the results
valueless. BSuspended load can be and is being measured at a number of localities.
Possibly data on the filling of reservoirs may eventually supply some of the
missing information., The following discussion is almost wholly on suspended
load.

Suspended load. Platting of the weight of suspended load in given time
against discharge of a stream shows at once (Fig. 5) that, despite scattering
of points, the amount of sediment increases with discharge as a power function witl
with an exponent between 2 and 3, thus demonstrating an increase in more than
direct proportion to discharge.
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The cause of this rapid increase is Imown only in general terms., TFactors are:
(a) infiltration rate and storage of rain in puddles is greatest at start of a
rain, (b) raindrop erosion increases with wetting of soil, (c) long duration of
rainfall increases depth of and erosion by sheet wash, (d) increase in velocity
of large streams enhances both scour of bottom and undercutting of banks, (e)
changes in channel shape during a flood are caused by the suspended load, and
(f) suspended sediment concentration may be considered as an independent
variable on which both velocity and depth depend. Despite the known alteration
of banks hj’floods, the conclusion of Leopold and Maddock is "that the observed
incresse i. sediment concentration results primarily from erosion of the water-
shed rather than from scour of the bed of the main stream in the reach where the
measurment is made." They found that there are not enough observations to
permit of direct conclusions on changes in concentration downstream.
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It appears to be slight so far as known for it 1s observed that increase in
gsediment with increase of drainage area is less for large basins than for small.
It is possible to present a graph such as Fig. 6 showing the relations of width, .
depth and velocity to total suspended sediment load.

Width, feet Fig. 6
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Widths and depths in feet. Velocity in feet/second

Ganeral conclusions. (1) If discharge and width are constant increase
in velocity means increase in total suspended sediment and a decrease in depth.
(2) With velocity constant, increase in width decreases both the suspended
sediment load and depth. (3) Both decreasing width with constant velocity and
increasing velocity at constant width increase capacity for suspended load at
constant discharge. (4) A wide river carries less suspended load than a narrow
viver with the same velocity and discharge. (5) Two rivers of equal width and
cischarge load of suspended solids is larger in that having the higher velociby,
Suspended sediment trensport with variable discharge. Due to fact that Q # wdv
vne sum of the exponents b4+ f +m must be unity as explained above. Hence if
iwo of these exponents are known the third can be computed and from this fact
some deductions may be made. First we draw Fig. 7 showing relation of suspended
sediment to velocity, width, and discharge.
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Jrom this it is possible to draw curves showing values of j, the exponent of Q

Tor suspended sediment, in terms of both b, and the ratio of m to f . The ratio
between increase of velocity with discharge and increase of depth with discharge
is, therefore, related to amount of suspended sediment. For the average cross
section of a river m/f is 0.85, b = 0.26, and j = 2,3 This is in line with the
statement that sediment concentration should decrease slightly downstream. (Tig. 8’
Ctomparisons of different river cross sections indicate that: suspended sediment
ioad varies: (1) directly with as a function of velocity, (2) directly as a
“unction of depth, (3) inversely as a function of width, (4) as a large power cf
‘relocity, and (5) as small powers of depth and width.
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Fige 9 summarizes the information by showing the comparative chenges at a
station and downstream by giving the proper slopes of the lines which display
the values of the exponents of discharge in log-log platting. We may say that
for given width and discharge increase in suspended sediment requires increase
in velocity and reduction in depth. The quantities involved are adjusted to the
nature of the drainage basin so that they are independent of the channel system.
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Bed load. Since there is little information of bed load transport in natural
streams recourse must be had to the experiments of Gilbert in wooden troughs
here restated in the C. @i S. system. Fig. 10 shows at once that the relation of
the lines of equal velocity is exactly opposite to those of Fig: 6 for suspended
sediment. Data are given for two different discharges both with same kind of
sande Tentative conclusions are! (1) with constant discharge and width increased
velocity increases both bed load and suspended sediment, (2) with constant
velocity and discharge increase of width decreases suspended load and increases
bed load, (3) broad shallow channels are needed to transport a large bed loads
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Cranges of channel form. At some geging stations measurmeats have beec
wade of changes in channel form during f.oods. Some places at the start of a
“l.oody, when concentration of suspended sediment is high, display a rise in le:el
£ the bottoms This is followed, when sediment decreases, by scour and lowering
f the beds Obviously the latter causes a lower velocity when less velocity 1=
weeded for transport. At other places erosion begins at once with the rise of dis-
rharge with high sediment concentration and later filling takes place during fzll
of water level. It has been noted that the spring floods of melted snow in
western rivers lower river beds whereas later season floods due to rain result in
fills Filling often occurs during times of increasing velocity.

Roughness of channcle At constant width and discharge it is obvious that
the product of v. 4@ must be constant. Hence any increase in velocity requires
a decrcase in depth. From the usual velocity formula it is evident that for
any increase in velocity and decrease in depth the factor (53) must increase.

- i}
The two equations: d = cqf and v = xQ® make it possible to set up anogyerrf
kP = 1.5 (ch)2/3 «¥/n  where the constants ¢ and X vary. Hence QP : Q°/3 " (s3/n)
Where § and n are copstant with discharge then m = 2/3 f or m/f = 2/3 From this
it follows that if S%/n increases with discharge m/f is more than 2/3 and when
this ratio decreases with discharge then m/f is less than 2/3. Now at a given
statian +ha average ratio of m/f is 0.85 whereas downstream this is only 0.25
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From this it appears that S%fn increases with discharge at a given station and
decreases downstreams It has also been observed that in the downstream direction
roughness (n) remains about constant so that slope must decrease to preserve the
above relations. Observation has also disclosed that an increase in suspended
load decreases channel resistance and hence increases velocity. Possibly this

is really related to decreasing turbulence. Increased values of sediment con—
centration are associated with decreased values of n. At a given station, however,
the slope does not change very much so that the alteration of n must be considerabl
with change in concentration of sediment. Changes in velocity—depth relations
might be attributed to change in sediment concentration where an increase
~iminishes the roughness, n, of the bottom. A check consists of the behavior of
jolorado River after the completion of Boulder (Hoover) Dam which caught much of
vhe sediment leaving clear water below. This is the same as a lake in the course
of a river. Alterations below the dam consist of (1) increase in depth in spite
nT a lowering of surface clevation, (2) decrease in width due to reduction of
“lood volume, (3) decrease in mean velocity, (4) increase in roughness of
hottom, apparently a result not of change in typc of material but of decrease in
suspended load, (5) reduction of bed load in the narrowed channel, (6) increase
in capacity for suspended load due to change in velocity and discharge, (7) no
appreciable ckange in slope.

Factorg of channel roughness. Channel roughness is due to (1) particie
gize, (2) bed configuration, and (3) sediment load. It is commonly observed
that the material of most stream beds diminishes in size of particles downsirezm
although from this it does not necessarily follow that decrease in slope ig
lirectly attributable to this phenomenon. Waves and ripples on the stream hed
»re very important factors in roughness, although they are not permanent.
Trereased bed roughness decreases velocity in respect to depth heace affecting the
cupacity for loads These waves or ripples vary in nature with different kirds
21 sediment. They pass with increasing discharge from smooth bottom throug!
soccessive forms into antidunes which travel upstrecam. For fixed slopc and
~igcharge decreased particle size tends to increase roughness. Bottom material
3< most 1mpotuant in the headwaters of streams where the bed consists of bowlders,

oobles, and pebbles. Under this condition, downstream decrease in size of
;artlc &g decreases roughness. The Powder River, Wyoming, has a value of i i
gravel of 037 which falls to «017 on silt farther downstream. However, in otler
treams the value of n is about the same downstream despite mariced differences
in naturc of bottom. There it must be that bottom configuration is dominant.
'z summary, it is clear that slope is the dependent factor which the stream i~
~ble to change. As noted above it is common to find at a given station th=:
suspended load of streams increases rapidly with discharge. This requires a
*vlatively rapid increase in velocity compared to depth, that is a high vaiue
of m/f. Such is accomplished primarily be an increase in the value of n which
s related to increase in concentration of suspended load. However, in a down-
stream direction load does not keep pace with discharge and the concentration
of suspecnded sediment decreases slightly. To do this depth must increase with
discharge faster than does veloclity so that the m/f ratio must be lowe Hence
a“/n must decrease downstream. With roughness about constant this can be dcne
only by decreasing the slope.

_ Graded streams. By definition a graded stroam can over a period of time
just transport the amount of sediment furnished it. Engineers have constructed
many irrigation canals which do exactly this, thet is they neither erode ror silt
ups Some rules were derived by experiment which used perimeter, P, instead of
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width and hydraulic radius, R, instead of mean depth §ediment factor, ¥, ,
is also introduced. The basic equations are: = 2,67 Q2 and Vmeanl 1 15F"Rz
Note that in the studies of Leopold and Maddock they found that w= aQz ol
(downs?§eam) 9mbining t g relations d = cQf and v = kQ® we find that
(a/c)t (vlk\ or v:a®’f, In natural streams this ratio of m to f
downstream is only 1/4 whereas in the canals it was 1/2. But we must recall that
canals for irrigation are not like streams because they loose discharge
downstream as it is dispersed into laterals. They can have no change in
gaspended sediment concentration hence the value of j cannot be above 1.0,

Db =,5and j = 1.0 this means that m/f would be 0:43 or not far from that
.zlue already given. This suggests that j must in practice be less than 1,

' sumnary, Maddock and Leopold conclude that with available data it is not
rossible to discriminate graded from ungraded sections of a river,

Lonzitudinal profile of rivers. It has long been assumed that the profile

“ a river bed is directly related to the maximum particle size of sediment in

.s bed. It has also been assumed that wear of the load results in a downstream
~eduction of vize of particles. The latter can be checked in the field, although
1t is hard to distinguish material derived from tributaries and cut banks.and rot
trought far downstream. Now if the velocity of flow really increases downstrean
iow can competence of the current be the controlling factor of river profiles*
Some have derived equations to substantiate this assumption but the issue i:
gaﬂfused by several phenomena. (1) Decrease of particle size increases rougnrace

»r promoting ripples; (2) roughness is also related to concentration of susgrrded
sediment and, (3) in practice roughness does not vary much downstream. Herce oo
SrzServe the required velocity-depth relations to transport the load the slope of
= pnormal stream must decrease downstream., ILeopold gives the empirical equsiicn
{1t slope, S = 0,021 Q"0+%9  that is slope is approximately inverse to the souare

= TR

Fig. 11
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root of discharge. We cannot, however, construct a longitudinal profile of a
river from this without knowing how the discharge varies in a downstream
4irection., This is commonly in direct proportion to drainage area not to
dictance along the channel, :
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Yertical velocity distribution. It has long been known that in rivers which
are relatively wide in proportion to depth, that is where the banks are readily
erodable, the vertical distribution of velocity is approximately oroportional to
the logamithm of distance from the bottom, z. Such being the case the rate of
increase of velocity with respect to distance from the bed is inverse (sece any
text book of Calculus). Now this ratc of c¢hange in velocity upward from the bed
determines the shoar or rate of ehergy transfer from the stream to the bottom.
Since in most streams depth increases downstream as a power function of discharge
the slope of the line representing rate of velocity (dv/d2) change near to the
bed must decrease with increase in total depth.

Fig. 12

Dopthy £bs 3 4

Vm

Velocity, ft/sec.
Inclined dashed lines show downstream decresse in shear

Laother factor is that total force on the bed is proportional to depth times
£1npes As brought out above, depth incrcascs on the average at the 4/10th
pouer of discharec whereas slope decreases at approximately the square root o
bzt quanbtity. Hence the product DS must decrease slowly downstream at about the
niys 1/10th pewer of discharge.

Summary. Although the old idea that river slopes are directly rclated tu
volocity which decreases downstresm thus decreasing competence must be abandoict,
~% L1s clear that there is 2 downstresm decreasc in comvetence. The details of
434 how this comes about are not simplec. The verticel velocity profile and
«t:22r on the bed are interrelated and devend not only on mean velocity but ale
:n Ctepth, and on roughness of bottom. This shecar also affects the intensity o
turhulence which is necessary to keep material off the bed. Downstrcam decrecose
lr. moughness may diminish both shear and turbulence desvite incresse in mean

volocity. Leopold lists the varisbles which enter into this problem: dischoree,
width, depth, velocity, slope, roughness, load, and size of particles in trans:ii.
Thase constitute eight simultaneous equations whose solution is at present im--
pcssible, Of them only the flow equation (Q=wdv) and Mannings formula for veol.o-
city are accepted by common use. The others comprise relation of load to nature
of basin, rate of prrticle size chenge dovnstrcam, width-depth ration in ro-
lation to naturc of the bed and banks, change in value of n, the roughness fac-
tor, with depth, material, discherge, snd slopc, and relation of n to sediment
concentration. The interdependence of these factors is cvident and it is clear
that the stresm is capable of adjusting its slope to fit the requirements of
the others. The cross scction of a streem is adjusted so as to equalize shear
oo both bed and benks, The form of the bed cen be changed so as to alter rough—
ness, All of these factors are rmch more complex than we were led to believe
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by the pioneer students of geonorphology who did not employ quenitative methods
even if they were correct in genersl principle.

Chango of verticle size dovmstream. As cxplsined sbove it is generally

impracticable to measure the downstrean reduction of size of perticles trans—
ported by a river. On alluvisl fons, however, 211 the debris is derived above
the apex and reasonable success has been attained in comparing the meximum par-—
ticle size with distance from the source. An srticle by Blissenbach based on
ians in Arizona shows (Fig. 13) thet despite considerable scatter a definite

Fig. 13
-7 degrees
L 6
D
- 4
P
” ’
o =7 .2
4 miles

"fter Blissenbach Dotted lines show scatter of points

catmbionsiuip doos hold. From the known fact that dismeter of pebbles is relsted
o the square of velocity of transporting water it could then be concluded ths%
sher retio of mesn depth (or hydrsulic radius) to bottom roughness must remei.

w2 sonably constant. On alluvial fans this might be expected for all the waic.
L2 (orivel from the head so thet the individusl streems on the fan do not vary

- .i~ly in size despite some loss by evaporation and perhsps by seevage. Rough
ve 17, which should decresse with smaller psrticles dowmwerd on the fan, could

2z raintained by nmore ripvles in the bed on lower slopes. The log-log. plattinrg
" _‘ng slope as directly proportion to degrees ncesured) of the diagrams pub-
~i:uhed show thet slope is spnroximetely inverse to the square root of horizontal
dl+tence from apex. Fall rust, therefore (see integral eelculus) be in propor-
1ior. to the squere root of distance from apexe. The ssme vaper also presents
scne data on relstionship of meximum particle size to angle of slope (on stecpor
gl:pe the degrecs do not correspond direetly to the technical definition of
slove which is tangent of the sngle) whic seen to confirm the determinotions

cf Fair in South Africa. In the cesec of the Black Hills terrsce gr=vels there
is rough sgreement of slope to logarithm of geometric mesn size of stones, All
of ihe above data is inconclusive for no attention has been paid to mean parti-
clr aize of entire depogit and it is known that there is much finer materisl
along with these maxirmun particles., On a table does the aversge or medium size
control the coefficient of friction?
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GOOMORPTIOLOGY

Supplement ~ Running water 1950

Eorceg rotarding strean floy. 4&s brousht out in *he bext stroan flow
in any civen portion of the course is retarded by fories vhose sun is csséne

tially cqual to that of the ourreat so that there is mo acceleration,
Folloving Cook, we nay list: :

(1) overconing viscosity by internal shearing, for the nost part raising
termerature. :n watcr this loss is apnarently slight, Viscosity is neg-
ledted in foror.las for wvelocity of turbulent flow,

(2} &.a0tic merys of rotation due to turbulence . » consideralle por—
tion, &ithous. varialle in anount; sonc of the loss is recoverced whencver
Qorrree or turbclencs is dininished, ;

(3) Transnortation of dcbris, both suspended and bod loed, th: lattor in
part due to inpeet of particlos on the bed loosenins; otherss To naintain
naterial in suspension demends a vertical component of notion at least
squal to the sottling velocity of particles concerned. Debris clso ine
creages Yiscositye.

(4) Ipresion or chonring of the shape of the beds It is with this thet
the stuly of reomoroholosy is nrimarily concerncd. Its cnerpgy denonds
rust be considerable. his is in penerel treated simply as friction io;n
tho bede '

(5) Tormation of surfance waves - a nprlisable nart of the total, excvent
perhaps when the waves first steart,

(6) Fornmation of ripoles and ridres in loose moterial on the botton.
This increoases turbulence and in leboratory cxperiments consumes & ruch
hirher amount of encrgy than in notursl streans. At high velocity ripples
disapnhear.

Wow the relative znounts of aveileble enerpy which can be devoted to
these veries in a comlox and, for the most part, unknown nanncr. The
first two listed rmst alwsys be nmet before any encrgy is aveilable for
the othors,

Power versus forces. A flowing strosn devclops 2 certoin anount of
power which is defined as force rmltinlied by velocity (P = V) or as
weight of water in o siven time rmltinlied by slope (P = WQS), wvhere W = .
unit weight of water ond Q = volune passing in unit tines It is, therefore,
possible to cormpute the anount of forec which moving at the observed velo--
city would create the observed anount of power, It is then evident that
this "fictitious" force is that component of the weirht of unit colunn of
water which is naralicl to thée bed of the stresn, Thus we have the fani-
liar DuBois equation, F = depth x slone (F = WDS), Althoush it is immos-
gible with prosent lmowledre exactly to evaluate all of the nethods of
ener¢sy dispereal, it is cloar that no single one can be changed without
affecting 21l the othersse Coolt concludes that, save »ossibly in excepticr::
circunstances, the a~ddition of a sushended load decrcases total enerpy
available for dcbris movement. Ho comneonts that Rubeyls atterpt is too
girmle to take account of 2ll feactors for his forrmlae considered only cnery
to keepﬂthis load off the botton nlus that consemed” by " friction on the
bottor.
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Trodability of soils. Despite ruch wor't by thosc interested in soil
conservotion no very definite prineiples of wide amlication have been dise
covered which serve to compere the erodability of different solls. Most
work has been done on relative ancunt of crosion with differont types of
crops which serves sirply:to reaffirn vhat hns long been known, nomely
that erosion is at a nininun wvhen the 1and is covercd by either forest or
grass. The importance of direct irmact of raincrons on barc soil has also
been prove&f’ Soils have becn shown to vary widely in easc of dispersion ine
to suspension in water. Thosc which contain slkalic cormounds rre readily
broken dowhn. Cther soils swell on wotting. The colloids in souc ranldiy
£i1l mp the volds when wet, increasing runoff, In this connecti/n it 1s
well to meniis: tha® mechanieal onalyscs tell 1littlc on the subjons 0f soil
particics or samiles hoecause a veory sirvong dispersing arent wos first %
used belore naxing Tne size segparations. Many stulents of orcaica lay
mach er hasie on tho ratio of rainfall-intensity to infiltration-rate. Son
experinents show definitely thet under conditions testoed percent af “ranctE
(Moter loss" as used by soil orosion students) inercascs with longcth cf
slope only when the rainfall-rate oxcecds a cortain velue. Vith slow rains
the oppositc nay occul. The semo renarks epnly also to soil loss neasurcd
in tons per acres Few infiltration rates have becn doternined on undis—
turned soils. Middleton considerel os factors resulating erodibility of
soilst anount of orpmnic natter, silica-sequioxide ratic and total ex—
chenrable bascs. The ratio of colloids to moisture cquivalent or dispersion
ratio is also civen., This is the ratio of silt to clay in nechenical
annlyses expressed as percents If this is less than 15 percent the soil
night bo classcd as NoN—Crosivee

Relative immortance of shoct vs chonnel erosion. Most texts treat
erosion of valleys as prinerily the resultb of chonnel cutting, althourh
the importance of slope or cshect crosion is recormized by sone outhors,
Horton’presents evidence that erosion of the slopes by wash 1s rmch nore
important quanitatively thon is chennel or bank crosion. Ile concluded that
sinece the total arca of channcls is 2 very small mortion of the entire
basin the relative irportance must heve about the sane ratios A shoet of _
water % ingh deop flowing at 1 ft./scc. will nroduce a2 surface runoff of
22,000 ft. i

[sec. fron each linear mile of stream in a basin of 100 o and a
total stresn lensth of 100 miles. If loaded to 10 percent by volune this
would in 6 hours remcve a depth of soil of nearly 1/3 inch., Ie cautions
that sore have failed to distinruish botween erosion~rate and trensporting
capecitye Once capacity is attained crosion is poverned by transporting
rate slonec. Both arc in generzl cxpressed as a nHowor of ‘runoff-intensity:
Letting anount of suspended ~ottar at a given moint by B, and distance
fron thé divide by h, then It h”, wherc n is an exponent, This quantity..
I, is equal to the sun or- interral of all erosion down to that point. The
rate of erosion at any ﬁi{sn point is then (by differential coleulus) _
proportionnl to m . 1 (- which is cquivalent to dividing by h and mul-
tinlyins by the exponent to obtain an averspe velue or rate of increasc
per unit of horigontal distence. oSxperiment indicated that the value of
n is creater than unity. Since the total depth of ecrosion at sny given
point is the nroduct of roto tines duration of flow, which is nearly cone
stant on sny given slope, the rosult is a curve which is conesve upward,.
Eorton coarried his conclusions further nointins out that the overaf;
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drainare besin is pear—shaped and that this closely anproxinatos the shape
of an excavation controlled Dy the cbove law which is cut into an inclined
plancs

(7] - : y
Knepn lists factors conbtrolling entrainnent of sedinent ast eroding
forces:z uniforn boundery shear, locel shesr fronm cddies, fluid impect, par—

ticle impact, enc increcscd buoyancy,and resisting forces agt praity,
support of adjacent particles, scchanical binding, protective surface Cooe
tingjandrrcsistance $o intcrnel or intorstitial flowa
T :
Steoob gives s.one data on silt load per sguarc nile of dra.inafe &red
of the Missow-i River and sone of its txibutaries, as well as a coomarison

of thc bed lon’ and euspend.ed lood of some of then The minirmr. is the

Femes Sser ab Sootiload, Se Ps , 1 tonSo~y the naxinnn, Bad River, Piorre,
8, D,, vich 1040 done/a™s Corputing oads in parts per nillion of water
by welsi.t the wed load variocs from a minimun of 3 in Usage River bo &

5

0
maxirmm of 2,120 in Niobrara River. Susponded load waries from 77 in los-

D3

-

ronade Rlver o 21, 120 in Wiite River. It must Mo noted that the contr
t¢ hatwoon rivers whcse basins are on fairly firm rocks and those which
drain arecas of slifhtly consolidnted moterial. Rates of suspended to bed
Tand, ey Fron 0.26 to 1 in Tiobrara River to 180.5 to 1 in Milk River,

&t

Meandering of rivors, tisecd on cxperiments by Je F. Friedkin at U. S.
Woterways Cxperinent f¢ation, Vicksbures: : .
The artificisl strean used varied fron i to 5 feet in width, 50 to 150
faet in leoncth, 0405 to 0.3 feet in depth, and had o discharge up to 0415
3 fsoc (second feet)., The concliusions were (with a few additions by tho
writens T
Mesndering is duc to defloction of the current srainst a bank locelly ine-
croaging turbulence and cousing coving. Deflection is due to " obstacless

To offect of the rotation of the enrth was observed. The only requironent

for meandering is barnk crosion. Arount of neterial thus rnede evailable to
the sirean is coverncd by nature of the bank and the sngle of attack of the
curront.

The strean channel is altered in an endeavor to carry of f this locally-
derived load and thus dring the channel into equilibriun with snount of
sedinent, Rate of bank crosion is not relnted directly to ratc of Cowre
atrean sond movenents

Sand is carried ~cross the channel to next bar on the other side dowle
stresn, thus trading sedinment fron one bank %o the other. At the bar
veloeity of current is st 2 nininune.

Rate of bhank erosion is doereoasod by increase in glope or discharge, by
inereasc in length of the strorn, by straishtening which roducos the anfic
of attack, and by ghonlinse Thus rapid streans do not meandere '

With relatively low velocity of the stream a Mend begins to forn, which
by deflecting the currant fron side %o side causes other bends Lelow which
are croded into the banlc. This is like a hall rolling down 2 trouch when
deflectod to one side. Materinl thus cerived forns bors which cross to th»
convex noints of the other Ttank vhere sand is dcposited; Thus a strean
necones o serics of deeps and bare or Crossings. Crossings are eroded at
low waters
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If tha river banks rcre very casily ercde the channol bogorios Very wide
and shellow thus muking o broidoed strenii Teoidod stroens nointelin 2
ralatively steap slope. LUAG gienisht reachos of rivers sxhibit this
charactar. e :
2ate of meandering depenls uncn the antarials of the hanks es Goos depth |
the channel, Resistent ratoriel is ~ogocinted with cCoep water and little,
a

[®]
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if enye neandering Tor bank orosicn). Hlone is loast in resistent noterialse
Seour of the deepor rorts of the Hed resulte Trom eithor decreasc in ancunt
oF

sofinent or ineronse in velocity. Deposition is due ta the conrersas
Mo curves of tho neanders are smooth in uniforn naterials nog-pal £ oenlty
of moleriel corses rrerularitiese

lHeanders 1.f: . ats «leatily downstroar 1n ariferm metarial and rwer oy
ontofng thr .ot the uaxrow weeks, Sucn are the rosul’ on non-L3° Lorn
rasor sl slov o un erék of one bendl

o s memreinre of the ncanCoers increascs with hoth siome &ad
¢ ischor see kb.ic only large rivors apke lersc neanterc.

Tenrwa of berds is Adrecily provorticnel %o disch rie end sicr2 hav wicth
of *he nosnforiug zore incresscs vith both ot lese whan direct . UHCTULON.
Leveth of Do 1¢ invorse wo angle of attack, bub wilsh incrersse ot lass
phep Givect ®aiio; tiwe the radius of lbe bonds e Cocrossod., The ongle ot
athank varics with volocity of flowe

'Sinueusity {length of the strean cormered with air

:

1ine distance down
as

valiey) is dirnctly increcscd by discharge hut ineroeascs ot less than
direct rotio ©o slopca

width of bends is linited by formotion of chutes or short circuits across
points inot to De confused with cutoffs). :

Tha +hree vorilables, dischorge conhined with channel form, snount of o

ving sead, and rote of bonk erosion nre interreinted. Incrense in slnope
i counterzcted by incresse in volocity so that o smaller chonnel with less
hydreulis rodius is required for the sane dischorrc, Complete balance of
those factors is never attoined in nature., In the velley of the Mississinid
below Oeiran, the benk material bocones nropressively finer and nore rosistony
amwmetronn. Thus slope decrooscs downstrean alons with ratc of benk erosione
Meaniering stons near Mew Orleans and depth of the channel incrcoses (GOWe
SUTEEIY,

“ate of meenfering is slowed in soft material by the wider and ghaliowor

strean chennels. A nstural river has » variable discharge and hence is
continvally changing the forn of its ted.
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Wood, Alan, The dcvelopment of hillsice slopcs: Gool. Assocs, Proce 533
128-146¢, 1942 .

Wood applies his theory to reconciliztion of the viows of Davis vs Penck,
Devis postulates uplift as sudden, Penck es gratunl, then increasing in speed,
1rst declining in rote. In this woy Penck oxplained slopes as convex shove and
concave beloWs
Jrosion of vorticel faces. Wool esmleins formation of talus (serec) by upwerd
~rowth on & recceding rock base. Io colls tho exposed and later Turicd ted
cock the FRZD FACE and the telus the CONSTANT SLOPBe. Now if the talus is
woathered it is washed cut by rain and the finest matcriol is carricd frrthest
neking tho WANING SIOPE or vwhat night be colled 2 wash slopes
Trosion of valley wollse Streesnis tond to meke velleys with vertical sides bui
weathering »rovents this from being connone Yow 4f downcutting is wapid
sesthoring neles the valloy walls conveXe then downcutting is checkel by
yasclovel talus slopes bogin to forn with waning slopes bclowse Paius will
~row wpward until all the frec frce is buried. ;
sornption of the upoer convex or waxing slonce Nornally the oripine’ sonvex
v1ley sides will be dost-oyod by velley Cocpening. But when the vallcy
onrer being deepencd repidly thon the tops of the walls ere attackec fron
Tath sides and rounded off intc & convex or WAXING elope. Rejuvinetion of the
stroen nay deepen the velley and reexpose the free slope. Vegetation dininishes
yota of erosion and the constant slope is nreserved at original angles But
woathering mey reducc anfle of the tolus nand couse sliding. Incrossed roinfall
night also cause slides, Constrnt slope noy keon its onrle as valley side is
Aroded lLocl, Alluviation of a wvalley ney bury the waning slope. Rise of sca
1ovel “uc to merine sedimentation would assist menepleination. In application
%o actusl conditions we rmst rocognize o les in ad justriente
Tour independlent factors: erosive cctivity of strcam; intensity of transpoita~
tion on slopes: material of valley sidess rate and profucts of weatheringe
Wood susports the idea of rrade of stroans. Such a strearn is not in pernenent
ecquilibriun but has developed in rolation to 2 boselevel, local or regionale
Slope is thet nceded to carry availoble debris. Both constant and waning slopes
are siso "praded! . Strean beds arc stili derraded as the load becomes finers
Tits his ideas to soil erosion, mulleyinm, badlands., In case of pediments lhe
says thot deflatiom rencves gorne of the tnlus and oririnal free face wenrs
back until entirecly destroyed Water has distributed the talus matorinl and
after its ronmoval the rock podinent noy %o orofted by sheet floods and deflom
tion, TFinal result is lover slones of sedinents and fornmation of = desort
peneplain. In tropical forest 1rndsliding of the unstable soil nantle ro-
exposes rock faces. A decp wrter teble lowers hoselevet of streams and nakes.
for norrow razorbocked ridr~es with no trexing slopes, Chalk downs heve no cons
stant slopc but convex—conceve forms due to undersrount drainacme. Solifluction
is very efficiont transportation in suitedble climate. ZRosult a very subdued

toporraphye
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Definitions of wordpencplain and Heneplang

Wooster, D 193

The peneplain, oriminally defincd Dby Davis as almost & oladi, - desif
natos the ultinate stare ronchod in a norral cycle of erosion. It repree
sents a larre lend oree that has been reduced nearly to baselevel by
ctrooms. In rearity pencplains ney not he falnost plains® but actual
nlains in the true topographic sénse of the word. Sone nay anproach

the quality of a geonetric mlonc, therefore, may be mronerly Adocirmated
~enonlanes (alnost -lanes). The final process by which a larnd nass
cormosed of rocks >f varyins strueture and comnesition is reiuced L0 &
peneplain iz nlanetion rroucht ehout by the intaral erosion of stroans-——e
Ae a rule she surfuces of oenoplains are not flot ut gently vroLlinge

‘Vonfareln, - 83

Tor,an indafinitcly loar seriod je'nt the disposal of the norrel o
rredational procoeses and agencies, renecly weathcring processes and
ctronns flowing down to the sCh, it is obvious thab such act. /ity will
¢ventually tring aoat the reduction of the highest and hroatosh '
uplifted rcgions £ty an ulsinately lowest level.

Le wachonsod pencpleins in situ are nat availeble for observational study
nany of the larsctoristics of pencplains mast bo deductively inforreds

1

bYeck, pe 634
it is adnitted by nost investisntors that peneplanes ray be formed
subaocrinlly by streams, or by marine planation, or by wind nction unier
apid conditioas. Sone atibthorities rostrict the tern pencplanc to Sure
fecos doveloned »nly by strean sction, Tut in this text it refers to an
alnost flav surface produced My dcstructive forces.

Cotton, p. 20

emthe surfoce of very faint rolicf which the cycls theory requires shall
oveniually result fron the srolonged action of normal erosion on & lond
surfrece withont irterruption by further wplift or cther eafth novenents
is a peneplain.

Solisbury, De 153

It is doubiful wheother eny extonsive land arca was ¢ver WOrn down to &
perfect basc-levels “ut rroet erces have been worn down olnost to thad
lovel—— a region in this conlition is called a neneplain (alnost plain)
(pives on $11lustretion fron Carm Douglas, Wige)

Dovis, Physicel Geogranphy, De 152

It noy be imagined that, at a very lote stage of davelooment, oven tho
nosae and buttes c¢f an old ploteoun ney Ye worn owey, the whole roéion
beins thon reducod. 0 a gently rolling lowland, @ worn-down nlain, or
fplain of derudation' —a Lowlend of this kind nay be called a "penes=
plain®, becouse it is an "alnost plain® surface.

Wehster dictionery

Ploin (noun) = level lond or “road stretch of land naving fow irrocgulari--
ties of surfeces : : T
Planc (noun) = a surface, real or ineginery, in which if any two points
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ape takon, the streirht line which joins theoa lics whoily in thet surfeces
ar & surfoce any scotion of whish by o like svriecs is a steaight lines
o surfage defined corpletaly by any threce roirts not celinenr; or & SuT -

face rorc or Less soroximeting & gounetricel planee
(illustration, inclired plrne)e

Waoldridge and Morgan, p. 183 :
I the orthodox presentation of the cycle of orosion, the later stages
are cepresented as 1arrely concorred with the gredurl lowering of the
interfluves Ly atnespheric wostinge This rTrocesc is rerorded 2% COL-
tiruing lons ofter aetive velley Ceepening has coased, so tho. 4 dfeniy

to tho ebli
linit, a ro.

--ti~n 5f the strong relief of neturity, producin: in #ha
Ting wplend,; oa wiich rivers flowing with pentle crodients

el

are sepereted Ly icw swells of the surface. For cuch a surfocs Wa Me

avis

Johns?o

1916

—roroscd the torn ¥sonenlain®e

n, Ds Yo, Plzins, plancs, and - gnoplnhos, Goorrs Reve 1 3.7,

Wo rmst recopnize (L) the merfectly plene surface cf ultinete <cosion

and (2) the irperieuy Nairost —lone" surface which charactorines the
pemuttinate stames of the aovernl erosinn cyclcse

(1)
cycle
(2)

\.1 } Gor.'li_e Hl

0
ar

Taws, Jde

Lo
L

Te levsl ercsion curfaco prodneed in the wltinate stape of any
ey bo ealled a plange
The vadulating erosion surfrece of nolerate rolief Hroducecd in the

momliinate stame of any cycle noy ne enolled a peneplanee A low-reclicf
ragion of horizontel rocks weuld be erlled 2 plain.
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Supplement, 194%-50
Concavity of slopes

Introduction. Causes of convexity of hill and mountain summits have already
been discussed. It is obsocrved thet most stroens have a merlzed concave slope,
although variation in discharge, load, ané naturc of underlying mat-rial commonly
make methomatical analysis impossible . The lover sloves of fragmontel voleanic
cones, ontwash terraces, alluvial fans, and podinents also disolay concavity. With
these logarithmic plotting of profiles discloses that they obey definite laws. Tio
gereral groups occur: (a) nost pediments, outwesh plains, streams of essentially
roustant discharge with no tributerics within {he part examined, 211 have an exponent,
n. which lics between about 7/10 and 8/10,(b) the lower parts of volcanic concs and
¢one pediments display a value of n which varies from 3/10 to 5/10, with rere
examples of fall in oroportion to logarithms of distance.

Sxplanations. Three possiblc exvwlanations of the above facts arc: (a) the slove
ie one of constant croding and trensnorting force, that is a balance Jetw en erosion
and transoortation, (b) there is a difference in menner of flow of the rater in
different parts of its coursc, or (c) the slope is related to competence, that is to
the largest particles available for trensvortation.

Slone of constant force. Little ettommted to snalyze slope crosion on the
assumntion that crosive force is nroportional to V2/D, explaining that *this is the
vertical gradient of zinetic encrgy of flowing water. However, this explanation is

~v1ivalent to saying that cr031v~ force is »provortional to the slopg, for soluticrn

‘he old Chezy forrmle (V2:D,S.) for slone gives just this ﬁxjrussion. Morecover ,

ais view neglects the factor of total discharge. Although it havvens that the ox-
vonents derived both by Little, end by modification of his method, agreec rather -rcll
with those of many outwash plains and podiments the thoory rmst be rejocted. 1%
assumed a discharge per unit width vhich incressed in vrovortion to slome length and
in tho cesos where there is ennroximate sagroemont it is obvious that the bullz of tho
discharge was ascquired above the scction under study. Tpis is notebly the caso in
ircnt of & glacior end at the foot of mounteins., Horton's analysis of slope crc:?on
wead the clasnlc DuBoys dooth-slope formula (F:D.S.) and also assumed that rainf:il
wag gathered 211 tho vay dovm a slono., The reasoning here given (0.02) derivoF 7
mach lower exponcnt for a slowc of constant forceo that shown by eny obscrvations

It is clesr that the slopes under considoration cannot be oxplained as thosa of
conztant force of crosion and transportation.

Change in mannor of flow of water. Horton's exnoriments showed that in acu¢W1
zoorimont tho flow of water in thin sheets on the surfacc of the ground is neithcr
2minar nor fully turbulent. The ~xorcssion discharsc in unit wvidth, q = consta nt X

acnth 5/3 avnlies to truc turbulent flow only. It should bo 3 with laminar flo-.

«n oxveorimonts the valuc of this ecxvonent of donth varicd from 1 to 2. Although if
the botton werec truly smooth, laniner flow might occur, a2 littlc thourht will show
thet it is incaodbl:z of immortant crosion end transvortetion. If any substantial
denth is obtained turbulence rust bogin, 2 condition vhich greetly enhancee both
crogion and movomont of matorial. It is 1liely that in certain spots whers flow is
concentrated until it atteins a force considorably in oxcess of the resistance of the
bed to crosion, thore ney be = trensition fron mixoed to either fully turbulont flow
or nossibly from turbulent to shooting flow. Thws we mey have gullics (donges in
South Afries ) forned in thc othoririsc reessonely snooth surfacc of 2 »ediment or
outwash vplain., It is possible thet the »hconomene of bhreiding mey be in nart rclated
to changss in manner of flow of wetr vhore the sadiment load is 2t ites meximum
value (so—called ovorloading). We mey, therofors, conclude that nothing wvhich is
known proves the thoory of chenge in manner of flov in descending a slope although
such & change may explain gulleying. ;
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Control by comycteonce of water. Competonce is defined as the ability of wator
to transwort matorial mcasurad by eithor diametor or weight of the largest varticle.
It has been shown thet for particlss ovér 1 mm, diameter, the dismeter of the largest
particle is nrovortional to the squarc of the wator velocity and that for particlos
less than about 0.2 mm in diamcter the ratio changes to the square root of the velocity
Now with turbulent flow, is proportional to S (slone), othor things being equal.
With mized flow V2 is relatod to the 1.4 vover of the slope. 3By substitution it is
ocasy to demonstrate that the largor particle diameteor is related directly to slope
for turbulent flow and to the 1.4 vower in the casc of mixed flow. Yith small
vorticles the law is different for morc of the sodiment ie trensvorted in suspension.
By the above criteria diemetor of particles should be proportioned to the i power of
©1-90 with turbulent flow and to the 7/40 mower of slowe with mixed flow. Now it has
. 1 observed that along stroams from the Black Hilld‘sverage size of gravel stones
fs direcetly reclated to slope and it ssems 1lilely that such is generally the casc.

Somc have susgostnd that decrcescd slope dovnstresm is due to "sclective trans—
nnrtation", thet is to progressive loss of the larger.particles thus permitting a
co.siant docroase’ in'slope below that point. This could be cxplained by the faet
tL:.%, as transporting ebility of & strosm varics with discharge, the larger pebbles
are most apt to bo laft bohind during tho noxt flood, but in general the vicw scoms
nard to demonstrateo.

Anotheor sugrestion is that wear of pobblos during trensport dcercases the nced
for wclocity, so that slopc is vroportioned to sizc of largost matorial prosont a%
any given location. Stornboerg proposed 2 law of webble wear in which reduction in
weight wes assumed to be a function in vhich a constant is raiscd to a2 negative
powor in which distence is 2 factor. The usual form in which this is given is retio
0. vinal woight to originsl woight = -8R vhorc o is the woll Inown constent, a :s
¢ 1 Lthor constant dopanding on neaturc of tho roclz, end h is the distence. To compaie
Giucotors the constent a of tho oxponcnt is divided by 3. The above cquation givos
thc nereontage of wairht lost in unit distence. It has boen claimed that psbbloc
in tho Rhino River losc 1 norcont of weight per kilometor of travel. Unfortunet lv,
neither the exact mechanics of pebblc s2brasion (impact and abrasion) arc clear iu all
casos, nor is the source of 2 »Hebhle readily determined. Onc wonders just how mebbles
of ocal dorivation werc distinruishoed from thosc of distent origin! Another furtor
wt..ch scems to have boon overlookad, is thoe tondoney of some kinds of roeck, likc
siranito and sendstona, to nass abruntly from pebbles to much smeller particles.
cathoring of mobbles during trensit has also boon ignored, Although tho fact
rocognized that pobblos arc reduccd in size and woight by transportation the velicity
of any universel mathometicel law is dombtful and slopc cannot be dofined in fcrns of
4lstance in this way. It scoms likely that slovos with a very low exponent arc ail
r.aicrlein by vory fine matorisls like volecenic Mash" and cley.

d-
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An indircet ammroach to the oroblom of distance vs slope may be made by cons
ering othcor hydraulic prineivnles. It hes alrcady boen shoun that velocity of wat
is volat-d not only to slopec btut also to dcoth (or hydreuliec readius).In Hannings
forrmle the lattor quantity, D (or R) carrics a hirhor oxponent than docs slopc. In
nractice it is 2 lerger numbor, for sloowciis in most instancos of vory small nuncrical
valuo. In Horton's formula for slopc wash discharge on unit width inerocascs at a
nowvar of donth wiich is in gonoral more than unity, and is much highor than thetof
slopes. From this it mey bo concludod thet incressc in dischearge of a stresm, or in
amount of slomowash in desconding 2 slone, will in goncral necod progressivelysless
slove with incroasc of distence to talke carc of the discharge.

A somcvhat mora dafinite esvnoroach is by moans of tho Schol-litsch bed load formuls
which rclated the coarscr mat-riel carricd to tetal work of the stream in unit time by
the femiliar dopth-slope rclationshin. As checed by cxperimont bod load per unit
width = constent x slopc to 125 to 2 nowvor x oxcoss of discharge per unit width aftor
doducting discherge vor unit width nocessary for any movement to occur.
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Using common notzstions: G/lp=C .S (1.25 to 2.0) (a-q¢)
Substituting V2 for S for turbvlvnt(whor\ G = total bod load . and » = rotted porimcter
and C is & constant dopénding on naturc of metoerd al‘flo*rlusn.nb the everage value

of cxnoncnt of S (3/2) this beeoncs Gfp = C. Vi (q—qg) and substituting for q =

VD, G/P = C. ‘m (B—DO) It should bec notcd that 211 volocity forrmulas must have an
cxponant twico that using &n a denth-slope cxnrﬂssiogf Yorr if we solve the cquation
nsing 53/2 for slopc it is ovident that : _[&/p -

s e - .

\G (a-a,)

Yo we nay assumc that bed load per unit width of dhannal (G/p) remeins essentially

coustent bolowr 2 zono near to tho border of tho bolt of no ecrosion whor: crosion

?c Ains. Now if o essumc, that unit width discherge, q, inercascs in direct propor-
ion to h or horizontal distence away from the border of belt of no crosion this works

ut to S: h—2 ?3 and 'to f211, £ nt 3, since f is obteined by rultinlying everage

sionec by horigontal 6lst"pco. In goneral stroasms do not incrcessc 2t =238 hich = rate

nongured in tcrms of awverage discharge and distence from one geuging stetion to the

noxt. Reduéetion in ratu of incrceso uould then lessen the conc¢v1tv by incrcasing

tii: cxponent. If, wo assumc & very low ratce of inerossc, lilke that of streems fod

from tho nount“¢r or frOn an -iece ghoot, for instence q: nl/10 3% follows thet S:

h- 1/25 and 1 pik 15, Tho last cxponent, about .93, is not rmch higher than thot

obs~rved in pediments and outwash plains. o would cxvect thet with no inercass

in discherge neor unit width 2 streight lino unchengod slope would occur.

Anothcr apvorech might be 2long the linc of cepacity or linit of bod loeod,
Foadaro not includod in the sbove formula, which mekes load dircetly proportionac
c.ischarga.

Jonclusion. Although the foreroing discussion hrs feiled to mrovide ¢ conclus -
ve universel enswer to the wroblem of concrsvity of slope, the best solution scens
50 lie in the commetence of weter for trenshortation of the cosrser debris conci.ion-
ed by the size of nmaterial vwresent. Séve in ercepntionsl conditions it is immos<ivle
to ralate size of sveileble nmaterial to distence downstresn or downslope. Sternbergs
surposed lew is Pplainly inanpliecable in most localities. It rust also b= realined
vt hydravlie rincinles alone tend toward concevity.
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Dury, G. H., Contribution to a general theory of meandering valleys: Am. Jour,
Sei. 252: 193-224, 1954,

The paper by Dury of the University of London, England, takes up the
long-disputed ideas on underfit or misfit rivers where there are two sizes
of meanders, one of the valley and the other on a valley filling. One of
the most important lines of the new approach was the study of the valley fills
along a number of river in the south of England by means ofauger borings to
bed rock.

Older theories. Dury promptly discards the long-disproved hypothesis of
a lessened volume by reason of headwater diversion, disappearance of glacial
meltwater, diversion to underflow, erosion of the larger curves during flood
stages, and influence of different formations of bed rock during downcutting.
A1l of these are plainly inapplicable to the streams which he studied. He
also briefly dismisses Vright's idea that the meanders of rock-bound streams
grow much larger than those in alluvial deposits, as well as Bates' suggestion
of a change of meander size due to aggradation of a valley.

Description. Meanders are carefully described., The "deeps" at the outside
of bends are called swales, the shallows mainta®n the usual name of g¢rossings,
and the depositional features inside the curves are termed scrolls. is ad-
mitted that meanders may be initiated on quite steep slopes and hence are not
everywhere the result of a low stream velocity. The author's conclusion is
that "if a straight channel becomes more sinuous, the hydraulic radius and mean
velocity increase, while the wetted perimeter is reduced. Thus a deeper channel
with more stable banks can be maintained and a more efficient runoff occur than
with a straight course." The fact that meanders maintain themselves is thus
explained despite the fact that in weak rocks the entrenched meanders which .
survive in firmer rocks are missing.

Formulas. Next meanders are considered in relation to stream size. The
variables considered include width, W, depth, D, wetted perimeter P, (all in feet)
slope S, catchment area M, in mz,width of meander belt Mﬁ.and meander wave length

, (both in feet) velocity V, and discharge, Q (in ft3/sec). On the authority
of others Dury presents several empirical formulas to relate M, and }Mj to W.
Mp is from 14 to 17.38 times W and M, is 6.06 W. The relation to discharge is
= 84,7 Q2,P = 2,67 QZ. W can also be approximated by the formula W = Beta (CRM*
where R is the annual runoff in inches,M, the catchment area is in m2, and
C the runoff coefficient. Beta varies from 0.3 to 0.375. Dury had not seen
Leopold and Maddock's work on the mathematical relation of W, D, and V to Q.
They found that W = constant .0'41. It may well be doubted that any of these
equations ‘give due weight to the nature of bottom and banks of a stream in
regulating its width in relation to Q. No mention is made either of the in-
accurate maps used by some of these investigators, or the fact that some were

6)
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working with irrigation canals. Full data are tabulated for 6 streams and

9 loealities, These include m, R. C, W, observed and computed, P observed and
computed, width of filled channel We, its ratio_to tha§ of the present chan=-
nel, Q at pres?nt from the formula 573 (P/2.67)2 in £t /sec, and last rain-
fall intensity,) ,necessary to fill the larger chammels The last is derived
from a "rational formula" where Qp,. = 640 CiM where i is rainfall in inches
per hour and other quantities are g??en above. Hence i = Qﬂa /640 M, Dury
concludes that an annual rainfall of 300 to 400 inches woul ge needed to fill
the buried channels, with i equal to .20 to .33 inches ner hour. The result
could have been obtained if rainfall intensities, which now occur rather
seldom, were once much more common. 300 inches per year could fall in 900
hours at a rate of .35 inches per hour.

Discussion., Dury concluded that the change in size of meanders is due
primarily to a reduction in annual rainfall gince the Pleigtocene. He states
that it is very difficult to compute radii of curviture which may account for
neglect of the force directed against the outer bank due to a curved course.
As all text books of physics demonstrate acceleration is proportional to Vzlr
where r is the radius of curviture at the voint under consideration., Since
the formula is for acceleration, if force is desired the mass of water in the
river which affects the outer bank must be considered. Since this is the lo-
cation of greatest depth and highest turbulence, it is evident that the entire
mass passing in unit time, Q,must be considered. However, it is clear that
the force against the outer bank is only the lateral component of the total
energy of the stream., In estimating this component rate of curvature must be
considered. The formula gives this for it shows the nortion of total kinetic
energy which is necessary to kesp the water flowing in a curved path, TFrom
the formula it is also evident that the inverse relation of force to radius
is a factor which must limit the size of meanders at the point where resis-
tance of the bank to erosion equals force directed against it, Another self-
limiting factor is the obvious fact that meandering increagses the length of
a stream which at the same time decreases its slone. Now, other things being
equal, velocity of a stream is related to square root of slope. Hence for
V" we can substitute S and obtain the final result that force against outer
bank is proportioned to slope divided by radius of the curve, multiplied by

the mass of water passing unit length of bank in unit time. Although
we have definitely shown that meanders themcelves limit their size and that
only big rivers can make big meanders we are met with an apparent contradiction.
How is it that entrenched meanders which cut into bed rock are so much bigger
than floodplain meanders in relatively soft material? Before we can answer
this we must first consider three problems, TFiret, what caused the denosition
of the alluvial fill in a former rock-bound stream valley; second, what deter-
mines the wave length of meanders; and third, what effect does change in bank
material have upon dimensions of the channel with the same discharge.

Causes of valley filling, Most text books ascribe the widening of a
valley to lateral erosion of the stream when it has reached grade. If this
were true, the thickness of the alluvial fill should be small and streams with
entrenched meanders should develop wide flood plains, This condition does
exist in some places;but in most parts of the world,valley filling is due to
a change in level of the outlet of a stream, This change may arise (a) from
change in sea level, (b) filling of an enclosed basin, (c¢) deposition of
glacio~fluvial or other stream deposits at the outlet, or (d) lengthening of
a stream by delta building . A change of climate is possible, as it also
earth movement, both of which can affect the sitope of a stream. In all of the
cases outlined above,the slope of the stream is necessarily changed. The
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Kickapoo River, Wisconsin, studied by Bates, had its outlet into Wisconsin
River raised more than 150 feet by glacial outwash. Rivers of the Atlantic
Coastal Plain and the British Isles all showv drownding, Many rivers which
flow into the Great Lakes show a similar feature due to tilting of the region
which caused a rise in lake level, Thus,without any necessary change in
runoff, the slope of the valley floor is changed. Streams aggrade, or degrade,
their courses until a stable condition is reached in sediment transportation.
Streams like the Kickapoo had a comvlex Pleistocene history. The aggraded to
meet the nonding of the outlet by glacial outwash, then eroded when glacial
meltwaters removed a mart of this fill and are now aggrading apparently due

to the increased supnly of sediment since cultivation of the surrounding hills.
Streams of the Great Plains which display terraces have undergone a complex
combination of climatic changes, and tilting of the land. It is clear, there-
fore, that we must not ascribe all changes of stream slope to climatie change
alone.,

Wave length of meanders. We can consider meanders like the phenomena of
a ball rolling down a flat-bottomed trough. If the ball is started straight,
it may roll the entire length of the trough without ever striking the sides.
The higher the velocity, the more likely this is to happen. But if the motion
has a lateral component, collison is inevitable. On this happening the ball is
reflected across, strikes the other side, is again reflected and so on. The
angles of incidence and reflection alone affect the distance bhetween collisions
with the sides, the wave length. A stream behaves in much the same way except
that it cannot be reflected as sharply. The wider the stream the harder it is
to turn it. Another similie is the vibration set up in a hanging rope when
struck which forms stationary waves. Hence it is easy to understand the effort
of Nemenyi to liken meandering to some form of wave motion or rhythm. In nature,
however, variation in material of the banks plus effect of tributaries make it
difficult to determine a wave length. In the Vicksburg experiments Friedkin
does not report it but used instead, length of bends from one shoal to the next
and width of the bends, distance between line tangent to bends and parallel to
axis of stream. The first comes closer to wave length.

Effect of bank material on channel dimensions. The quantitative results
-reported by Leopold and lMaddock were derived from about 20 rivers in Western
United States and hance do not represent all conditions. In Mississippi River
it has long been noted that the finer and more compact the bank material the
straighter and deeper the channel. On the other hand the Vicksburg experiments
demonstrated that very soft erodible banks do not permit the formation of any
meanders but result in a braided course., In Dury's examples there is everywhere
a wide difference between observed channel dimensions and those computed from the
formulas used. From this it is clear that none of the formulas can be relied upon
except with the bank materials where they were derived. It is also evident that
bank materizl has a profound influence upon meander size.

Vicksburg experiments. The experiments with model streams at the Vicksburg
laboratory reported by Friedkin are almost the only ones with controlled conditions.
Friedkin reports the following:

a) Length of bends is in direct proportion to discharge.

b) Width of bends increases at less than direct proportion with increase
of discharge.
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When slope was altered with discharge constant length of bends was almost
in direct proportion to slope.

Under condition of{c) width of bends increases at less than direct pro-
portion to slope.

The initial angle of-attack, where the stream was deflected, is inverse
to length of bends. This is exactly the same as with the ball rolling
down an open trough.

Considering width of bends, the angle of attack is almost in direct pro-
portion.

Turning to increase in length of the stream compared to original airline
distance (sinuosity), the increase is almost in direct proportion to dis-
charge.

Sinuosity increases at much less than direct proportion to slope.

In 2 meandering river shoaling or deepening takes place at any given
spot depending on the relation of sand entering the area to the ability
of the stream to carry such sediment,

The slope of a river is changed with change in level of its bed to bring
about an adjustment between bank erosion and rate of sand movement.

Shape of the cross section of a channel is changed by the erodibility of
the banks; the original form makes no difference to that fixed by flow,
banks, slope, and alignment; slope is changed by cross section of channel,

There are three interrelated variables: discharge and channel form which
regulate sand transport, amount of sand to be moved, and rate of bank
erosion. No set formulas are possible. Stability involves a wide shallow
stream which neither erodes its banks nor forms meanders.

The only reason an alluvial river does not erode it bed is the load of
sand which it is carrying.

Although bank erosion causes the outside of a bend to be eroded back
deposition builds up the inside of each curve thus reducing the channel
area with sand eroded from the bend above, Width remains fairly constant.

What 1limits the size of bends is the formation of chutes across the points
en the ineides of the curves, Chutes form when a bend becomes teo sharp
and when the alignment upstream changes the direction of the current.

Variability of material on the floodplain, which is common in nature,
disturbs regular growth of meanders producing dissimilar bends.

Meanders normally move downstream (sweep) and natural cutoffs across
the neck only occur when a downstream meander is slowed up by variation
of material,

Braided streams are pften called "overloaded" and occur with steep slopes.
The tests showed the primary cause is very soft bank material.
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Three types of valleys can be distinguished: (1) resistant banks = deep
narrow channel with low slope. (2) slowly eroding banks = meandering, fairly
deep channel with fairly low slope. (3) easily eroded banks = stream with
fairly steep slope and shallow meandering channel,. (4) extremely soft banks =
braided stream with extremely high slope. Intermediate between (3) and (4) is
a stream with any straight shallow wide reacheg, islands and bars.

Applying the above to the Mississippi Valley one begins with the last allu~
viation probably associated with postglacial or lateglacial rise of sea level.
Deposition took place until the stream was able to carry its load. Sediments
decrease in particle size downstream. Subsequent development follows the above
laws. A secondary reason for the downstream decrease in slope is that less
velocity is required to transport the finer sediments (See Lieopold and Maddock,
"Dimension and competence of running water"), The easy erodibility of the
sediments in the upper part of the valley is counteracted by the wide shallow
bed of the river so that meandering is no more rapid than below. We must re-
member that natural rivers do‘ﬁave constant discharge. Adjustment to bank
conditions is never complete.’

Entrenched meanderg. With meandering valleys the problem arises as to
whether the curves follow directly those acquired on a former floodplain or
whether they have grown larger during downcutting., The latter are what Rich
termed ingrown meanders, Leaving this question aside, it is evident that with
meandering valleys we must in general have a stream bottom which is gravelly or
sandy with abundant rock outcrops. Although such bends do migrate downstream
more rapidly in soft than in resistant formations, it is clear that downward
erosion occured so rapidly that no floodplain originated. Cutoffs and chutes
could not be formed, although some cutoffs through caves are reported in the
Ozarks. Very much elongated bends are common and it has long been observed
that the ratio betweeen width of bends and width of channel is much higher than
is the case on floodplains. The gravelly nature of much of the bottom means
less easy erosion so that it may be presumed that the cross section of the streams
during erosion was on the whole much deeper in proportion to width than is the
case in soft sandy alluvium. It is also safe to assume that the slope during
erosion was considerably more than on floodplains since more and coarser load
was being transported.

Floodplain meanders. Floodplain meanders after the filling of a meandering
valley with relatively soft alluvial deposits presented an entirely different
problem to the stream. The slope was also decreased over much of ite length,
Following the laws discovered, above the bends should then be smaller and the
stream chamnel wider and shallower, the latter counteracting to some extent the
softer material of the banks. Shortening by chutes and cutoffs could occur
readily. Shallow wide reaches should be more abundant.

Conclusion. With the above listed changes in controls other than a decrease
in average discharge it is evident that Dury's conclusion of a climatic change
should not be regarded as established beyond doubt,
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In a paper by Frey and Leonard, some of the nractical problems of terrace
correlation are discussed, ZErrors include mistaking a rock terrace for a de-~
postional feature, mistaking a colluvial wash deposit from the valley wall for
a terrace of material brought down the stream, concealment of a high terrace
by toese, and confusion of terraces with flanking pediments, The effect of a
resistant bedrock formation on the grade both of stream and terraces,is also
pointed out. Dissection of old terraces by stream valleys makes it difficult
to diecriminate between vostierrace erosion and orisin=l surface irregularities
due to stream work, Miscorrelation of terraces along the stream valley ic made
possible by these chances of error,

Gilvert, G. K., The transportation of debris by rumning water: U. S. Geol,
Survey Prof, Paper 86, 1914,

Introduction. Gilbert commenced his studies of movement of material by
running water in a purely qualitative manner. When he began a study of the
movement of the debris from hydraulic mining in California mines the need for
quantitative knowledge became apparent and a study was begun at the University
of California in Berkeley. The experiments, which almost all used straight
wooden troughs, failled to discover a simple law but nevertheless are the most
elaborate ever carried out, When sand is added to water flowing in a trough,
it builds up the botbom until the slope is adjusted to that needed to transport
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the load, If the rate of feeding is not above a certain limit the bottom is
stable, but if it exceeds that limit of capacity then the bottom is built up
by the debris which cannot be carried forward. In experiments the several vari-
ables, slope, ratio of depth to width, discharge, nature of debris, and depth
can be kept constant and hence the effects separated. These variables are not
independent. We must recall two fundamental equations: discharge, Q = width
times depth times velocity .V, ?gd anning's formula where R 5 hydraulic radius
and § = slope, V = constant r2/J § ywhere the constant involves the nature of
the bottom. TFurthermore we should remember that a natural stream can adjust
the form of its cross section to the discharge and éebris in transport whereas
the trough is fixed unless the sides are changed vurposely. Flume transport
is different in that no debris was allowed to accumulate on the bottom.

Natural streams. In natural streams those which are supnlied with debris
to less than their capacity erode their beds and bedrock is erposed in places
and at certain times, these are corrading streams. When the supnly of debris
equals or exceeds capacity the stream bed is wholly composed »f this debris
although there may be some rock banks. These are rock-walled streams. Streams
which have so much available debris that the entire bed is composed of loose
material are termed alluvial., A given stream may have segmonts of its course
in different catagories, Streams adjust their beds to meet the condition im-
posed by the lozal supply of debris, This process is termed gradation. Most
alluvial streams are aggrading ard have a flood plain., Gilbert regarded mean-
dering streams as confined to low slopes which are underlain by fine material.
Most river channels curve and on a bend the deepest and swiftest water is on
the outside instead of in the middle of the channel., This develops an asymme-
tric cross section where the outside of the bend is eroding and the inside being
built up thus preserving a nearly constant width, Shoals, called crossings, are
built up diagonally across the channel from the inside of one bend to the inside
of the next., These bars are built up at highwater and eroded down at low stages
when the deep places are filled up. It is £1ood stages which perform a large
part of modification of the channel to fit the river. With change in stage go
changes in velocity and hence in the limits of competence. This is why the shoals
come to be surfaced by large particles which cannot be moved at the lower stages.
When the channel of a river is fully adjusted to discharge the same load will
be transported :a every section but the relative amounts in suspension and bed
load may change with local conditions, On the whole the ratio of mean depth to
width is much less in natural channels than in the optimum ratio for capacity
found in the experiments., A complicating feature of natural streams is the nature
of the debris supplied to them in reference to their competence. This load may
bear no relation to capacity. Suspended load influences velocity in three ways:
(1) its mass increases the mass of the stream and hence its energy, (2) suspended
varticles are alwayssettling toward the bottom and work is required to keep them
from doing this, (3) the load affects viscosity. A? e%pirical formula derived
from the experiments is that Mean velocity V = Q’2 S*~ times a constant, from
which it concluded that addition of a suspenﬁed load increases velocity slowly
with slope and inversely to the discharge. From quantitative comparison of the
work needed to keep material off the bottom with its addition of energy of the
stream it was concluded that the former is greater and hence the velocity of the
stream is retarded by suspended load, Increased viscosity also retards the
flow of the stream. Retardation by viscosity may reach 15%. Gilbert had dif-
ficulty in finding any retardation of velocity due to bed load. (tractional load).
It is possible that such is related to the load, slope and velocity. He did
find that a load influences the vertical distribution of velocity in a stream,
Gilbert concluded that there is an automatic senaration of suspended and trac-
tion loads. Were the Mississippi deprived of its bed load, he thought it would
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shoal the channel and reduce its slope until part of the load would be carried
on the bottom. On the other hand he concluded that removal of the suspended
load would increase velocity and 1ift some of the material now carried on the
bottom, Checks are difficult because of the lack of measurements of bed load.

Application of laboratory results. Slope does not enter into comnutations
at a given locality but applies to streamsover a longer distance. In nature
there is more variation than in the laboratory. Discharge must be measured to
renresent equal vhases of stream work. The nroblem is comnlicated by simultane-
ous changes in nature of material carried, as well as by changes in velocity and
competence, During low stages traction is confined to the tops of the crossings
or bars, Turning to the ratio of depth to width, this ispelated to the resistance
of the banks, In general bank resistance of a natural stream should be greater
than that of the smooth wall of the laboratory trough. In general the difficulty
in extending laboratory formulas to real streams is that they are empirical and
not rational, Models do not have the same relations between dimensions that
are present in the originals, A glaring evemple is the size of narticles used
for transportation. Gilbert simplified his experiments by using severl size
ranges of eand and fine gravel which were designated by letters. Some tects
involved mixtures. OF his sizes the three smallest, o304 mm, .374 mm, and ,508 mm
average diameter are well below the noint where competence of the current changes
from the law that linear dimensions of particles are related to the square of
velocity. It is not clear that this was recognized by Gilbert. For the sake
of simplicity it was tried to set up equations for capacity which are power
functions of some one of the variables. In each case a threshold value of that
variable at which sand movement first is noticed must be subtracted before
applying the exponent. On account of the change in competence with size of grainms
it is evident that this vprocedure would have to be changed at the critical point
of about 1 mm diameter. When slove alone was used in the above manner, the ex-
ponent varied from .93 to 2,37 and was found to be an inverse function of both
discharge and coarseness of debris. ™hen discharge was used the exponent was
from o8l %0 1.2k suggesting a nearly direct ratio, «lthough the values are an
inverse function of slope and size of debris. With fineness, K the exponent varied
from .5 to .62 suggesting a square root relationship. Values were inverse func-
tions of slope and discharge. Capacity may be made to reach 0 either by making
the stream very wide and shallow or very deep and narrow. The optimum ratio of
depth to width varied from .5 to .04 ,inverse to slope, discharge,and fineness.
Velocity, which many have thought of ‘as the sole variable, could only be measured
as mean velocity., With slove constant the average exvonent was 3.2. With con-
stant discharge it was 4,0 ,and with constant devpth, 3.7, seemingly an inverse
function of slope, d1scharge, and fineness. When a mixture of sizes was used
the movement was more free. With addition ox fisa particies= t. slarse,
the movement of the coarse was increased. In the case ufychanges in deptn,
results varied when other factors. were held constant. Wilan constant discharge
velocity increases so that cavacity is inverse to depth; However, when slope
is held constant depth is related to discharge and capacity varies with depth.
Depth is rel~ted to the .62 power of discharge. If velocity is held constant
both direct and inverse relations were found. The average, considering sign,
was ~, 54 suggesting an inverse square root relationship, but it is evident that
depth is a devendent variable and cannot be used alone in a formula. The form
ratio or ratio of denth to width has two zeros of capacity, one for a very high
value, the other for a very low value.

Flume transportation, The conditions of a flume with no debris left on
the bottom may occur in segments of natural streams, This condition leads to an
increase of cavacity because rolling is more important than jumping., With such
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motion,capacity is largest for coarse particles; whereas with leaping particles,
the reverse is true. Capacity is reduced by roughness of the bottom.

riticism. It seems clear from the above that any rational formula for
capacity (1) must include several variables, possibly all of them, (2) must
consider the change in competence with size of narticles, (3) should include
the relationship to both shearing force on the bed and to degree of turbulence
resulting from that, (4) must include the form of the bed, rippled, smooth, or
antidunes, all of which occur in succession with velocity increase. BSome of
these things have been discussed in other supnlements and hence will not be
here repeated. See especially "concavity of slopes" and "Dimensions and compe-
tence of rumning water."

Little, J« M., Erosional topography and erosion, a mathematical treatment,
A. Carlisle and Company, San Francisco, 1940.

Little's book of 1940 appears to be one of the first, if not the first,
attempts to find the mechanical features of erosion and the resulting topography.
The primary apnroach of the author was to tie in erosional geomorphology with
hydraulics and hydrology. Second to this, he desired to obtain an "erosional
rating" for given slopes,s0il and cover of vegetation which would be a basis
for classification of lands for human use. Both flow in sheets and in channels
was considered. He fully recognized the compnlexity of the problem and stated
that some conclusions would have to wait for, or be modified by, the collection
of more data. Fundamental assumptions included basing "erosive power of flow"
on "some velocity to depth relationchip that is exponential" (A power function
as here defined).

Types of flow and energy of flow. Little dismisses laminar flow as having
no erosive power and little or no coarse silt transporting power. He considers
only turbulent flow and shooting (plunging) flow, which occurs when turbulence
is excessive, Little concluded that "erosive power of turbulent flow is a
function of velocity and depth and not of velocity alone," of which the exact
nature under different conditions is undknen., He assumed that the relationship
is VZ/D where the side walls of channel do not interfere. The evponent 2 was
considered tentative. V = velocity and D = depth. He realized that any attempt
to relate erosion to total force exerted on the stream bed in direction of flow
is useless because turbulent flow is needed to raise material off the bed, 1In
this he used the Schmidt comvutation of intensity of turbulence which related
it to the total potential energy of a column(or prism)of water divided by the
rate of change of velocity at the base. Since the rate of velocity change with
depth is at a maximum near the bed of a stream, it is there that turbulenge is
greatest. "Since turbulence is vpronortional to kinetic energy of flow, V /Zg,
its intensity varies as V5" Note that this evpreesion is for kinetic energy of
unit weight of water in British Engineering Units where mass is obtained by
dividing by g, the acceleration of gravity. "The influence of D on turbulence
in proximity to the bed is imverse." From this, the fact the relationship of
erosive power, B, to VZ/D was deduced. As a check it was noted that this
corresponds to loss of head in pipes but no mention was made that this is the
same ‘as slope, s, in an onen channel, The expression was to apnly to scouring
and silt transportation by both suspension and bed movement. The equation
VZ/gD = 1 was then set up with the value of unity expressing erosive power at
critical flow, the passage from ordinary turbulent flow to plunging flow. It
was concluded that in "the interaction of two materials, liquid and solid,
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V2/egD is a measure of the intensity-distribution of the internal forces which
ultimately destroy turbulent flow——without regard to what actual values are
assigned to V and D. Neglect of total pressure on the bed is accounted for
because "loss of head and internal friction (relsted to turbulence) are inde-
pendent of pressure, for the reason that viscosity and density of water are
independent of pressure,"

Turbulent flow in rectangular channels. In working out the laws of erocion
in rectangular channels with water sides, i. e. vertical sections of a wide
streagr substitution of Q (q ntity in c.f.s.) = DV yields the conclusion that

/3.18 and V = 3,18 Q1/3, Mannings formula for velocity is alse sub-
stituted with some interesting results in solving, by various simple algebraic
transformations, for the several quantities involved, Assuming that E gerOSive
power) = 1 and the roughness coefficient, n = .04, then S = ,03427 QT / whieh
may be compared with the empirical conclueion of Leopold, § = .021 Q™ 9. Also,

Q = V3/gR.

Turbulent flow in trapezoidal channels, For channels with a flat bottom
and sloping sides like many irrigation ditches, the development of formulas for
critical flow when E = 1 simply modify results by the ratio of cross sectional
area to area gf a rectangle. Little then produces the result that for n =,04,

= 4364 q-2?15 which departs widely from the observed result of Leopold.

Effect of roughness coefficient, n. By taking Mannings formula and sub-
stituting Q/D for V and solving for n, it is possible to give a formula by which
n can be found evnerimentally by sprinkling a plot of land with fixed slope.

It also appeared that B varies inversely as the 9/5 power of n,

Sheet runoff. It is with sheet runoff that the major relationship to
geomorvhology was found. Little suggested that the passage from sheet erosion
to rill formation is a "point of breakdown or failure--analogous to the failure
of any material in the testing laboratory." This he related to the attainment
of unity as the value of E. Since he was coucerned primarily with land use
practices it was then necessary to introduce a "rainfall equation" to give quanti-
ty of rainfall, He chose R (rate in inches per hour)=8 T (duratisn in minutes e
A coefficient for relation of runoff to rainfall is needed. Q (runoff) = C (fixed
coefficient) x area, 4, x rainfall rate, R, Area is a direct proportion to
horizontal distance from summity, h, C was placed at .7. By algebraf.sjzoans_
formations using formulas given previously,Li#tle arrivedat Ve, 3662 he/5 $=el
where “. is in seconds. To relate observed concave slopes of hills to such ero-
sion, Little concluded that purely convex profiles are tynical of young topo-
graphy which is the result of channel and not sheet erosion. Sheet erosion, in
conjunction with removal of material at the bottoms of the slopes by streams,
might result in uniform slopes. In older topography he observed that the common
rel~tionship is the comnound reverse curve, conve~ above and concave below,

Such regular curves develop only on homogeneous material and in nature there
are always irregularities along any slope which can prodice gulley erosion.
He concluded that the work of man in cultivating the soil has increased this
tendency and reduced the areas of uniform sheet wash.

~ Relation to coordinates of slope« In order to relate erosional power to
coordinates of a slope, it was necessary to eliminate t and to give other quan-
tities in terms of horizontal distance from divide, h, d to fall, . Now to
eliminate t, it was necessary to find two values for t1/% and then equate them.
.The first value was derived by equating two e;pressions for Q¢ Q = VB/QE is
put as equal to Q = Ch t™4 or = ,00035847h t~2 from 1 square foot, and this is
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solved for tlju which ?%?alal}ﬁgb .5 59/2 h E5, Further algebraic transformations
give V = ,3662 he/5 §3/10 ¢~ By setting V = dh/dt and multlg}{ing both
sides by dt/dh it apvears that wit¥ S constafyé ?2 33/10 dteE  dhen=2/5,
Integrating this and solving for t4 = 1,479h Now the two vaIues of

t4 are equated eliminating that term., Solving for s1 7ubst15?i§ng df/dn for S,
and multiolying both sides by ?h yie ds df = .2229 B12/11 p- Integrating,
it is clear that f = ,2724 B12/11 p9 This equation represents fall in

feet for horizontal distances in feet, a concave slope. W*is supposed te Wwe:*:i-
coh8tant se’does not enter into the result. Tables were presented for different
values of E, some of them above unity. The basic idea is that slope wash forms
the slope until the condition of constant E obtains, O is taken at «7 and n as
+0L, but the tables also show conditions for other values of these qualities.

Conclusions, Considerable discussion was devoted to the oroblem of the
proper rainfall equation but none seems to be apnlied to an average over geologic
time. No attention was given to the problem of erodibility of different sizes
of varticles or of mixtures of different sizes. Relation of fineness of parti-
cles to age of soil was also considered. Little stressed the idea that hill
slopes are formed by sheet erosion only in the later stages of the erosion cycle
starting by "gouging" at the bottoms of slopes next to streams, 014 ridges
should then be narrow and flanked with concave slopes. Little concluded that
convex slopes must have a value of E which increases away from the divide whereas
concave slopes have a constant M rating, When undisturbed by man a balance
between erosion and soil resistance was apvroached but never quite attained.

He dgsired to obtain E ratings of soils on different slopes by exveriments with
sorinkled plots rather than by physical tests of the soil, By the develop-
ment of the concave slopes of fived E rating the line of division between con~-
vex summits and concave lower slopes progresses uphill, It was recognized,
however, that some convex divides survive in quite old topography. It was
suggested that vegetation which retained rafﬁfall on divides plus laminar flow
there might account for this suggestion of Horton's "belt of no erosion." K,
total horizontal distance from divide to stream channel, must remain constant
during development of erosional topography; whereas F, the total fall, would
decrease. A ratio of F to H might expnress maturity of development. liass move-~
ment due to weight of water, swelling of soil and frost aiding gravity was
recognized but not regarded as important. It was stated that "a prominent fea-
ture of top soil occurrefice is its continuity and its vroneness to maintain a
uniform thickness on profiles." It was concluded that soil formation follows
upon the development of slopes and is not immortant in forming them, “The final
con®lusion "obviously implies that erosion has been, in general, the dominant
process in geologic denundation,'

Binstein, H., A., The bed-load function for sediment transvortation in open chan-
nel:flows, U, S. Dept. of Agriculture, Soil Conservation service, Tech, Bull.
1026, 1950.

Under the above title an attempt wans made to reexamine &n old problem,
namely the rate of transportation of the bed load in streams. This problem is
not only of scientific interest but is of great practical importance for at
presént it is difficult to predict Jjust what changes in the bed of a stream
will take nlace when one of the variables is altered by man., Such change upsets
the equilibrium of nature which adjusted the size, shape, and slope to the
amount of and variation of discharge., Iinstein's solution is evidently intended
to be a "new look" and he admits that it ie¢ not final. Although the title does



not so indicate both susvended and bed loads are considered. He admits that no
positive answer can now be given as to "what bed composition can be expected
from a known sediment load in a known flow,"

The general apvroach is highly mathematical which makes for very slow
reading., However, the main points are explained in the text except where they
were covered in previous publications. There are two nages of symbols and abbre—
viations.

From one of the earlier vapers it is stated that velocities in the downstream
direction vary with the logarithm of distance from the bed or the top of an in-
ferred layer of lamipar flow next to the bed. Hence a factor based on roughness
of the bed in introduced., The imnortance of ripnles on roughness is considered.
Turbulence is considered under the idea of three components in the three primary
directions. When Hinstein states that all of these have a 0 time average, it
ig difficult to see how there could be any net downstream velocity! He states
that velocity is variable and that a graph at a given level would show a very
irregular line, although it would not reach 0 at any time.

Suspension, The primary idea of susvension as supvort of particles by
water motion above their settling velocities is conventional. However, the
discussion of distribution of concentration of solids in reference to depth is
most unconvineing, His formulas are compler and involve the integral calculus
-and the fact seems to be ignored that turbulence must distribute susvended load
fairly well. A hypothetical erample is worked out which process takes three
pages, RBinstein's result is a tenth of whnt it should be because a decimal point
was misplaced in comvuting the dry weight of sediment in a cubic foot of water,
also his result is described as "per second foot," when it should have been per
foot of stream width. The corrected answer is 3.29 pounds per foot width. How=
ever, if we compute by Mannings formula the velocity of his hypothetical stream
as 3,5 feet per second, take the dry weight per foot as ,0642 pounds and multiply
thig by velocity, and by denth, 15 feet to obtain total sediment, the result is
3.27 pounds per foot width, It ig then obvious that we have only another example
of a "hard way to do an easy thing.,"

Bed load. Einstein then turns to the narticles which slide, roll or hop
along the bed of a stream, He works out his theory on the basis of the probability
of movement of particles of a given size with a bed load equation to show equili-
brium between particles in motion and those at rest. He then evolves the ratio
between 1ifting force and weight of varticles. This involves 2 complex formula
relating the submerged weight of a given narticle size to the hydraulic radius,
slope and souare of the velocity at the bed. From this evolves a dimensionless
figure for the intensity of transport of this given grain size. From this an
actual evample was worked out in U4 stens including an estimate of how the dif-
ferent sized particles of the real load affect the theory. Last, this bed load
is combined with the suspended load to show the total sediment discharge of the
stream., He does not tell how to check this result in the field!

Pish, H, N., Geological Investigation of the Atchafalaya Basin and the problem of
Mississippi River diversion, 1. S. Army, Corps of Engineers, Mississippi River
Commission, Waterways Exveriment Station, 1952.

Introduction. It is a well-known fact that many rivers change their courses
where they flow on an alluvial plain above a delta. Among the better known




examples may be mentioned the Rhone, Po, Ganges, Yellow (of China) and Colorado.
Although some of these events were cuite well investigated and dated, in no ease
was the wealth of detail available that Pisk had for the study of the Atchafalaya
distributary of the Miseissippi. Thousands of logs of borings, many made especi-
ally for the study, detailed maps, air photographs, and measurements of stream
discharge and sediment load were all provided. Although possibly the example may
not be typical of streams which carry a more heavy sediment load than does the
Mississippi it is thought that valuable lessons may be learned from it. The
study was undertaken to ascertain if there is serious danger that the Atchfalaya
will divert the Mississipni,leaving New Orleans without a major river,

History of the river. DFisk briefly reviews the recent history of the Missis-
sippi River as worked out by him in his 19484 report. He notes the effect of eu~
static change in sea level so that he discriminates the sediments of the last
filling from those previously laid down, eroded and weathered when the Gulf was
lower than it now is. These recent sediments are mainly of postglacial age. Fisk
devised them into the sandy substratum which ie overlain by a much finer.grained
topstratum, River scour in many places extends through the topstratum under-
mining the more coherent material. The ton stratum may be divided into: (a) de-
posits of natural levees, silt and fine sand; (b) point bar dewosits on the
insides of meander loopms which are made of sand; (c¢) ghannel fillings in abandoned
courses which arec dominantly tight clay; (d) backswamp denosits also fine clay;
and (e) deltaic deposits which are in part lacustrine and in part those of brackish
water, Material derived from the Red River may be distinguished by its ecolor from
the deposits of the Mississippi. The different tymes of deltaic devosits are
illustrated by mechanical analyses. No evidence of recent earth movement other
than that due to compaction could be demonstrated.

Pagt changes in course, , Several distinct courses of the Mississippi River,
all occunied since the filling was essentially completed are described, The
Teche-Mississippi was far to the west of the nresent course from a point well
above Vicksburg and formed a delta slightly west of south of New Orleans., Traces
of this former meandering course now form Teche Bayou. WNext the LaFourch-Missis-
sippi was diverted near the course of Red River to essentially the oresent river
courge as far south as Donaldsonville. Previously this was the course of the
Yazoo., Here the river flowed more to the south forming its delta in essentially
the same location as the Teche delta, The date of this change Fisk estimates at
300 to 400 A. D, Ne-t followed Another diversion near Vicksburg into the course
of the Yazoo which joined the earlier phase of LaFourche Migeissipni., This
second diversion of the LaFourche route is thought to have nccurred about 1000 to
1100 A. D, After this, the modern Mississiopi route was formed by a diversion
near Donaldsonville in 1100 to 1200 A. D, At first this route was more to the
north than the nresent course below New Orleans and formed the St. Bernard delta
well north of the nresent one. The nrecent route below New Orleans Fisk con-
cludes was formed about 1500 to 1600 A, D., Probably not long before white men
first saw the river. DeSoto discovered the river near Natchez in 1541 but the
mouth was not used until later. It is now forming a delta closer to deep water
than were any of the others,

edime a i R . Fisk shows that the lower Mississippi
is now anywhere nearly as highly loaded with sediment as many other rivers. At a
discharge of 1,065,000'ft3/sec. the Mississippi carries only about 871 parts per
million of sediment, The Yellow River of China carries on the average about
50,000 p.p.m. at a discharge only a fifth that of the Mississipni, although this
load may be guadrupled at times, The Colorado River carries 6,000 p.p.m. Sedi-
ment concentration is not wholly due to the hydraulic characteristics of the chan-
nel but Mainly to the contributions of tributaries,
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Cause of diversion. Diversion of a stremm naturally occurs in order to secure
a more favorable slope to the sea, which an more readily transmort the load. In
very heavily sediment~laden streams the bed may be built up so high that a break-
through of a natural levee forms a perms~ent channel, Then diversion is sudden
and the change of slope will in a short time affect the original channel above
the point of diversion. Below this vpoint the o0ld channel is rapidly blocked by
alluvial deposits. In the case of the Mississippi such break-throughs or cre-
vasses have often been observed. The original channel is not high enough above
the backswamp, which is mostly densely timbered, to make a permanent channel.
Instead sand and silt are devosited in a braided channel which is abandoned when
the flood subsides. Despite its nearness, the Mississippi has never succeeded
in breaking through to Lake Ponchatrain above New Orleans. It is evident that
here we must have a different nrocess. Long ago the meandering Mississippi inter-
gsected the course of Red River. The northern arm of this loop was soon plugged
with alluvial debris, but the south one was open. The Atchafgylaya was blocked
with a "raft" of driftwood when whitemen first navigated the river. Absence of
Indian mounds on the Atchafaylaya suggests it was not an important route prior to
thiss, The southern arm is called 01d River. The interconnection was both freed
of driftwood and dredged by white men. Instead of being an outlet of the Red,
together with its southward continuation of the Atchafgigya, it is now a distri-
butary. The diverted waters are steadily increasing in nercentage of total
Mississippi flow, Extrapolation of the curve indicates that by 1971 about 40%
of the annual flow will go through the Atchafgylaya., Then there is grave danger
of blocking of the course below with sediment leaving NWew Orleans without any
river. The Atchafaylaya channel has also been much widened and deepened by the
increased flow. The nrocess has been probably accelerated by the building of
artificial levees along the higher banks of the Atchafaylaya, but retarded by
the building of delta in Grand Lakes farther down the course. Obviously some
artificial control of the flow is urgently needed.to prevent the consumation of
this type of graduval diversion.

References
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sippi River: U.S.Army, Corps of Engineers, Waterway experiment station,19Ud,
Fisk, H., N., Fine~grained alluvial deposits and the effects on Mississippi River
activity, same, 1947,



GEOLOGY 109 »

GTOMOTPHOLOGY

"otes on waves, reafs, etc. Supplement, 1952-53, vart 4

Energy of a wave. Some features of wave work desand greater attention
sran in original manuscript. One of these is how the formulasg for the
ercy of wvaves vere derived. It is evident that wave motion involves
suth potential energy due to the position of the displaced water wnarticles
1w or lown from position of rest and kinetic energy due to the velocity
3% their motion, that is the work stored in displacing them. On zeneral
aachapical prirciples we would expect these to be equal. It may De urged,
wwever, that the motion is not confined to the surface circles of rotation
7wt dies out sradually below. IZoth derivations involve the integral
zi.lculus #nd are not 'recuired." In each two separate steps are involved,
E;“st integration of the normal functions end, second, integration of the
trigometric cuentities which are brought in by roation. 1ile will here
porform the steps separately and then obtein the final result by multi-
plying the results.

Lefinitions: w = unit weight of water (dynes/cmj or lbs/ftB);
= wave length, crest to crest; h = wave height, trough to crest;
= horizontal displacement of a particle; y = displacement of woints
w. surface above still water level; z = vertical displacement of a particl=:
= = acceleration of gravity; which must be teken into account whichever
Jrstem of units is used. Energy will be given for unit length along crest.

‘tentizl energy due to dlsplacement of surface of wave to position y =
k,/? cos 2p1x/L is Eg
(%=L { 5 = £os , .
b, = W } 4 J 2dz dx =w/2 J y- dx using above value for y th.c
: %= z =0
(B
| cos ZPIX/L dx which is L/2 + 4 sin 4pix/L Second te.w
i3 0 at both limits end multiplying by L/2 we set B, = wh2p,/16

“csomes: wh/8

“iietic energy Ek follows the formula of *sz The double integral over a
rave langth L and’wave height h is requlred. Now velocity in a circle of
sation is same botg vertlcal and horlzontal and = 2 pi z/T the square of

\“'”h is 4 pi2 z / T Now T2 & pl z / g by laws of hermonic motion.

hsnce by substitution this simplifies to z g.

= ~2=h

Now the Ey for unit of length = w/2g g g z dz g will cancel out and we
e

nave B = w/h . 22 But z° = hz/ﬁ hence Ey (unit length) = whe/16

For entire length of wave, L we must integrate the horizontal and vertical
components squared.  qpig ig the sum of sin?2 pix/L + cos? 2 pi x /L

Mazking the integration this becomes x /2 + + cos 4 pi x /L + x / 2 - % cos
4pix/L Sbustitution the limits of o and L the trigonometic terms cancel
anu the finel result is L  Multiplying result obtained above the entire result

becomes Ek = wth/lé confirming our assumption that it is equal to Ep.

Cembining the . two forms of energy total energy of a wave per unit of crest is
E = wh°L / 8 Note this is in terms of work and not of power.
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Relation of wave height to time. Most discussions of waves do not consider

length of time that the wind has been dlowing. In regions of steady winds, such

as the trades, this element is very important. It is obvious that when there are

no waves, that is when the wind first starts to blow, the transfer of energy from
w“nl to water will be at its maximum. As waves begin to roll with the wind this
=.asfer must of necessity decrease. The dilagrams given out in 1950 show the

= iaiiors. ave heights also decrease with increase of fetch for the same reason.
T eories iavolve complex mathematical formulas,  the practical importance of whic.
.4 problematical.

Turdamental fgrmuias are: V = L/T or 72 = gl/2pi where V = veloeity of trave.,

2=2pl L/gor 2 pi V/g where T is time of perii.

L: 29l Vog or gr°/ 2pi, T

Solving these to get results in seconds, feet, and land miles:

"t 3e5Tor V2= 2.23L, L= 555 V2 or 5,12 72 and T2 = 4195 Toor T & o557 5

o.zervation shown that wave height ratio to length is always less than 1/7. 'The
cLowing relationships appear well established. TFor a fetch of 11 mileg or v

> isun height is about 1.65 times the square root of the fetch in land miles.

T 2 glven wind speed wave speed increages with fetch. Maximum wave heigh® =
v uh o9 of tae wind speed in land miles, or h = 0.0344 times the square of s ced
land miles. Average maximum wave speed slightly exceeds wind speed up to a-

2 h 29 mepeh. wind speed and is less than wind speed above. Time requirer %u
«vzlop maximam height increases with wind speed. High waves can be formed %y
strong winds in less than 12 hours.  For a given fetch and wind speed wave cpecd
increases rapidly with time. There is no well-established relation between wind
soec2d and wave steepness, for the latter depends upon stage of development of the
waves. During early stages of wave development waves are short and travel at
less speed than the wind. Height of swell (old sﬁooth waves with no wind) de-

creases as swell advances.
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Roughly, waves lose a third of their height each time they travel a distance in
miles equal to their height in feet. Feriod of swell may incresse with distance
of advance although this is not proved. Vhen the speed of waves is equal to that
nf the wind, no energy is transferred.
: ractor.not considered by the students of waves is that they increase the rough-
. #3 of the surface and hence raise the height of 0 welocity of wind as found by
Bagnold., Although it is possible to treat many of the phenomena of waves by
motmenatics, 1t is well to remember that in practice variations in wind speed ani
sirection intzrcduce great irregulerities.

Reef pheromena. In the last few years it has been discovered that some
aunclient buried reefs are very productive of petroleum and hence more attentiz-
hes been given to recent reffs in order to understand them. Important papers
37 e those by Cloud and Ladd. The fact has been brought out that reefs are m=s .y
unosed of clastic particles. Some desire the substitute term bioherm to Tis
- «hricted to organic accumulations of doubtful form. The rigid framework oi =
r-+7 may be both co?als and algae and only make up a small part of the entire
cooarmlation. On the outside of the reef growth is most rapid since the susowy

tood is largeste It took nearly 200,000 soundings to map the lagoon at
.iwetol: for there are many terraces, depressions, and knobs of living coral.
- =oous foundations of reefs have been reached by drilling at Eniwetok and
. mda. At Eniwetok basalt was found in one hole at 4170 feet depth. There is
snly a few hundred feet of Pleistocene reef underlain by Tertiary limestone,
wolomite, carbonaceous clay, and silt. The oldest sediment is Eocene. On
serimada seismic work demonstrates that the boring is on the flank of a volcano.
1, lisclosed Pleistocne limestone to depth 380 feet, Miocene 380 to 590, and
Eocene 590 to 695, the top of the volcanics. The average depth to igneous rock
is about 250 feet probably because of wave erosion with lower sea level during

gleciation.
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Ladd, Tracey and Lill gave a preliminary report on the boring on Bikini which
failed to reach basement at 2556 feet. This showed Plelstocene reef to about
25 feet and Tertiary sediments below. The rock below about 1790 is Miocene.
These borings all show shallow water calcareous sediments but demonstrate that
sbsidence has been going on throughout all of Tertiary and Quaternary time. It
:ennot be due wholly to glacial control of water level although the Pleistocne
reef must have been affected by the process. Either the floor of the southwest
Pecific has sucly, or the amount of water in the oceans has increased. Platforms
on which reefs originated may be erosional, depositional, or local uplifts of the
scean floor. Iadd thinks thet ne resfs located on the rims of submerged volcanos
have been discovered. (loud uses the term table reef for small reefs without a
true lagoon.

Beach features. Shepard has presented some new terms for beach features

shown belows He desires to restrict the term bar to submerged accumlations
Oailigfet e
® . rier beach = single elongate sand ridge parallel to mainland and separated by
a lagoon.
Buorrier island = multiple ridges together with dunes.
Barrier spit = a barrier tied to mainland at one end only.
By barrier = former bay bar extending across an inlet.

turier chain = geriss of barrier islands.

i

Longshore bar = gubmerged sand ridgo or "low and-balld.ridge, or subagueous ridge.

Transverse bar = sand bar at right angles to shore line.

-

Reticulated bars = criss-cross pattern of bars inside barrier islands and in bays
seen from air only.

Sandkey or sandcay =-—-small island not parallet to shore.

Cuspate features = points 30 to 200 feet apart are caused by wave work. Lerger

ones have a ridge extending out to sea below water. These would include

the famous cuspate capes of the Atlantic coast. Similar features occur
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inside lagoons on inside of barriers. Most of these have associated shoals or
are opposite 2 cusp on the meinland with or without a connecting shoal.
Cuspate foreland = larger cuspate capes.
Cnspate Dars and sandkeys = below-water features.
/inate bars and sandkeys = crescentic bars off passes with tidal current channels
in center or at ends.

Longshore bers (subagueous bars). The Beach Erosion Board of the U. S. Army

Znhgineers offers some ideas on Longshore bars and longshore troughs (subagueous
bars or "low and ball"). The theory of origin by Evans is supported. Repeated
snndings alongs piers has shown that the positions and depths of both bars and
troughs vary with intensity of wave work. The bars form where the waves breaiz.
After plunging on the bar, where observation by the writer showed water with
ccnsiderable sand, the wave reforms and breaks again when a certain depta ir
.~zched. After several such breakings ateach'of which bars are formed, the wave
r ;eches the beach. Troughs and bars become progressively smeller and shallowsr
i approaching the shore, but their size and depth changes with height of weves.
T, ratio of depth of trough to depth on bar varies from 1.3 when mean sea level
i3 used to 1.5 vhen "mean lower low water!" is taken as datum, bu¥ otherwise no
gaverally applicable relations were found. Although it is known that material is
§“uught from both sides to build up a bar and that this building is due primerily
.> plunging breskers, the presence of longshore currents in the troughs is proved,

These carry sand to breaks through which rip currents escape, spreading the sand

on the sca bottom outride. On coasts where the depth increases rapidly offshore,
wires breal only on the beach and no ridges and troughs are formed. Keulegan.

end Trunbein showed mathematically that some seas could be so shallow that vaves
could not break anywhere and cite geological evidence of such conditions. Depth

would increase at the 4/? power of distance from shore.
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GEOMORFHOLOGY

Lefinitions of technicel terms, running water. bBased upon ustage hy Lobeck,
Vonengeln, Cotton, and others.

Abstraction= process of vslley destruction due to development of larger valleys.

Accordent= upplied to a stream which joins another without falls or rapids &%

junction, following Flayfairs Law.

Accordants aprlied to summit level of divides in hills or mountzins

hsggradation= process of filling of valleys with water-deposited sedimrats

alluvial dam= blockinz of velley by alluviel fan of tributary

Alluvizl fen= deposit msde by a streem on land; due to change in capacity; forms
segment of a cone,

4#lluviel terrace= erosion remment of valley filling,

alluvium= deposit of & stream on land other than fan form, generally meking a
floodplain,

Air pap=s wihid oapj; o8p through a ridge not occupied by a stream.

anaclinal stream= stream which flows in direction opposite to dip of rocks.

anaclinal slope= slope opposite to direction of dip of rocks.

Anastomosing= applied to streams which branch and reunite in & braided pattern.

anticonsequent= ezntecedent stream, which has survived earth moveument withoub
changing its course.

hntecedent drainage or stream= drainege which survived earth movement without
change.

anticlinal mownntain= pne . controlled by an anticline of resistant rock bub
is not necessarily due to recent folding.

anti~clinorium= compund or complex anticlinal uplift,

arroyo= valley or gulley of intermittent stream, generelly in desert climate,

Arcuate delta= delta like that of Nile with meny distributaries.

autogenetic falls= fells which is working backward by erosion of plungepool.

Backslope= slope of faultblock opposite to the faulted side,

Badlands= erees of fine-textured drainage, steep valley walls, and narrow divides,
generally little vegetetion

Bghada (Bajade)= slope due to adjoining or coalesing alluvial fans.

BaralLoo= any srea with a history and structure somewhat similar to Baraboo
district, Wiisconsin

Baselevel= level of termination of streams or that below which no stream
erosion can occur.

"B eheaded= aprlied to a stream whose headwaters have been diverted,

Betrunked= applied to stream disconnected from original main stream by drownding.
Birdsfoot delta= one with long natural levees where dist ributary channels
project into body of water; one like that of Mississippi River.
Blunting of spurs= result on spur ends of successive erosion by meandering
main streans,
B raided= applied to streams which branch and reunite repeatedly.
Buttes relatively small, steep-sided hill, generally an erosion remnant.

Cano~e~shaped= applied to mountains or valleys whose form is controlled by
pitching folas

Capture, see Piracy

Catoctin= linear monadnock; see Monzunock

Cigar-shaped= arplied to mountains whose form is due to a pitching anticline

Canyon (Carion)= narrowh, steep-siced velley

Compound stream = stresin which drains areas of different géologic structure,
o f different geomoprphic history

Composite stream= one which drains areas of different geologic structure.

Composite landsecape= one due to rejovination showing more tham one cycle
of erosion. ; '

Cone-gee alluvial fan. '
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Conopleinx form of pediment where slores radiate from a point; see pediment.

Consequent stream= stream whose course was fixed by the orginal surface of a
region; extended consequent= one whose course was extended as the shoreline
progressed seaward during uplift of land,.

Corrasion= scraping and wearing away of bedrock kﬁ' mechanical abrasion,
generally by stream action.

Cuesta= ridge with gentle slope on one side and a more abrupt declivity on the
other; due to erosion directed by presence of a relatively resistant
capping material with compargtively gentle dip.

Cutbank= slope where valley side has been undercut by lateral erosion of stream.

Cutoff meander= meender where narrow place has broken t' sough

Cutoff spur= end of spur isolated by leteral streamn erosion.

Cycle= system of development of results of a given process with increasing time

of action; with running water cycle of erosion’generally in humnid climate.

Defeated stream= stream whose course was changed byhpllft of land.

Deferred junction= Yazoo type of stream Junctlon mhere lower part of course of
tributary is turned parasllel to main stream by floodplain depesits.

Degradation= applied to erosion of land by running water; lowering of land
surface.

Delta= deposit of a stream where it enters standing water (not ancther stream).

Dendritic= applied to pattern of streams develored in uniform material; resembles
branching of comaon hasrdwood trees, oak, etc.

Denudetion= wearing down of land or erosion.

Diastrophism= uplift of ear ths crust by folding, faulting, etc.

Dip = inclination of rock units fron horizontal; direction in which rock strata
descend to lower level.

Dip slope= slope controlled by upper surface of an inclined layer of rock; the
gentler side of a cuesta.

Dissected = cut up by erosion of valleys.

Distributary= channel of stream which leads water away from main stream.

Diverter= applied to stream which has captured part of another; see piracy.

Doab= ridge remaining between eroded valleys; part of interfluve.

Drowned valley= valley which has been invaded by standing water as result of
earth movement or obstruction of drainage.

Elboﬁof capture= gbnormal gngle in course of stream ascribed to capture end
diversione

Epairogenetic= &7 pjlied to uplift foruming a continent

Eypigenetic= drainage superimposed on a buried dome structure.

Endrunpf (German)= undisturbed peneplain.

Esca™rpament= slope which cuts across layers of rock or an abrupt declivity
along a fault.

Exhumed topography= topography of land area once buried by younger material
and then uncovered by erosion,

Extended, see Consequent

Fault= displacement in rocks along a plene of slig.

Fault scarp= escarpuent due to relatively recent fauling where topography is
due directly to the movement.

Fault valley= valley whose sides are due to relatively recent faults; a graben
(German) between parallel faults.

Tault line sca™rp= escarpaent along or neer to a fault where the topography is

* due to the position of relatively resistant materials brought about by

old movement; an indirect result of feulting which may not agree with
the direction of movement of the fault.

Fault line valley= valley along a fault which is due primerily to erosion which
was conditioned by faulting including fracturing of the rock.
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Fault line scarp (or valley)= one due indirectly to faulting, i.s. to erosion
controlled by the ppsition of resistant material resulting from old faulting.

Felsenmeer (German)= srea covered by loose rocks.

Fenster (German) =“window"or srea eroded through overthrust sheet exposing rocks
beneath a thrust fault.

Flatiron = triangui«Y portion of a hogback ridge due to close spacing of valleys
which cross it.

Flood-plein = channel of a stream which is covered by water during flcods.

Flood-plain scrolls = deposits on inside of meander which fill the bend in order
to maintein normal channel width.

Fossil surface = a surface once buried by younger derosits and latc:~ uncovered by
erogion.

Foreset bedding = bedding on water-facing margin of delta formed by accuaulation
under water at angle of reypose.

Geogrephic cycle, see Cycle of erosion.

Geomorphic cycle, see Cycle of erosion

Gorge = deep narrown valley or canyon.

Gravity slope = talus slope or Haldenhang (Yerman)essentially.

Grede= profile or slope of a stream which is (on average) adjusted to transport
available sediment with existing volume of water, the lewest point adjdsted
1o rselével = a profile of equilibrium.

Gulley = small young or new valley.

Haldenhang (German) = surface of bedrock beneesth a graivty or constant angle
talus slogpe.

Hanging valley = tributary velley without accordent junction to main valley,
isee with falls or repids at junction; also applied to valleys which end
above level of a body of stending water,

Headward erosion = gzrewth of a stream valley toward a divide or due to recession
of a falls,

Helicoidel flow = assuned spirel course of line of maximum velocity in bends of
a stream so as to stay near the outside banks.

Hogback = ridge formed by erosion on boti sides of & resistant tabuiar body of 3 .
rock with dip steeper than in a cuestaj; may be interrupted by valleys or
offset by faulting.

H omoclinal = monoclinel with dip in one direction only.

Horst = earea between two normal faults which has either been raised or not

: lowered.

Incised meanders = meandering valley with rock bluffs.
Inface = side of a cue;ta opjosite to direction of dip = escarpmente
Ingrown meander = mecander withrock bluffs which has grown larger during erosion.
Internittent stream = one which carries running wster only part of the time.
Intrenched meanders = meandering stream eroded into bedrock by downward extension
only so that slopes on both sides of bends are about equal.
Inherited drainage = superimposed or epigenetic drainege derived from =z cover
over an older topograrhy.
Inlier = area of older bedrock surrounded by younger formations. 3
Inner lowland = ares at foot of a cusesta from which covering resistat formatiom
has been removed; generally on the inland side of a cuesta of doastal
rlein with seaward dip.
Inselberge = island-like mountain with gbrup sides rising from lowland,
" generally from a pediment; a form of monadnock.
Tnsequent stream = one whose course was fixed by obscure factors; often used
¢ pr FfRensequent,

Interfluve = surviving ares of original surface left between eroded valleys.
Integrated drainage = streams joined as a result of growth in semi-erid climate,
a result of filling of original depressions in surface.
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Interscigion, stream = result of lsteral stream erosion reaching enother stream or
another portion of same stream.

Interrupted stream -~ one vwhich is intermitte*’only in certain seguents other than
only at head; aue to veriation in capacity of underlying matericl te tﬁgnport
ground water flowe

Inverted drainage = change from synclinel to anticlinal stream courses.

Involution = complex folding of bedrock.

Kopje = butte. term mainly used in South «frica.
Krentz = escarpment, term umséd mainly in Pouth africa.

Lehma nns principle = shrinkage of & river by loss of flow to underground course
in its own deposits resulting in decresed size of mesnders

Levee, see natural levee. i

Lounderback-= f:nlt block with beckslope covered by lave; naaed from studies by
Louderbe ck on origin of mountain ranges of Great Basin.

Metched = terraces at same level on both sides of stream valley= peired terrace,
due to erosion of valley filling.

Mature = applied to fully develojed streams or drainage petterns; less commonly
used for other geomorphic features.

lleender br seandering = regular Sjﬂutrlcal bends in course of stream.

eander belt = width of arecea 6f mesndering along a stream.

lsander core = end of a spur inside a meander which hes been cutofﬁgt the narrow
neck of intrenched meander.

Meander cusp = point projecting into a2 valley between two meanders which have
been eroded into the bank; see meancer spur,

Meancer scar = cutbank of curved outline formed where a meander undercuts side
of velleys sometimes called meander scarpe

Meander spur = meander cusl, above.

Mendip = inlier

Mesa = hill with flat top due to survivel of original surface or a registant. body
of rock.

Misfit = applied to meanders of floodplain which are smaller then meanders of the
valley wells, often called underfit.

Monednock = unreduced elevetion on peneplain presumauly due to greater ressistance
of its bed rock than in surrounding area; erman: hirt linge, restberge,
fernlinge.

Monoclinel = dip only in one direction; ap;lied to monoclinal mountains.

llorvan = llna of intercoction of two peneplains due to tilting of land between
their formation.

tural levee= higher part of = floodplain zlong tenks of the stream.

isck = parrow part of & meander spur.

Niek, see nickpoint

wizkpoint = point of change in slope of a stream at upper terminaticn of & new
o nd steeper profile due tc uplift of the land; German knickpunkt

{ » = cut bznk of meander, s meander ucar.

ioseguent = strema which flows opposite to direction of dip, e tributary of a
subsequent stream developed on outcrop of & weak meterizl.

swogenic = applied t.: movements of earths crust forming mountains.

oogency = mountain vorming.

verfit = term applisd to n river which is too large for its vellev

Grbow: = ~npplied to lake in cutorf section of meander.

~aired = epplied to terraces st seme level on two siaes of velley due to erosior;
see matched terraces
vanplein = plane sloping scaward which was made by leteral stream_planatlon«
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Pediment = sloping plane underlsin st shallow derth by bearock znd occuring at
foot of & mountain range in semi-zrid climete; ascribed to lateral streanm
erosicn plus slope wesh; may have a thin cover of stream sediments.

Peneplain (peneplane) = theoretical end-product of cycle of erosicn where the
stream divides have been greatly or entirely removed leaving a plain-like
surface., Yermen: festebene, rumpfl¥che, endrumpf.

Piracy = diversion of part of znother stream by headwater erosion of mejor stream;
stream carture, drainage adjustment.

Pitch = inclinstion of fold along its axis.

Plangtion = erosion or degradation of the land.

Plcteou = elevated region with feirly equal summit levels, generzlly nearly
horizontal sedimentary rocks or lava flows.

Pleyfeirs Lew = fact that most stresms join a larger one at same level without
fells or rerids.

Plungepool = basin excavated by debris below a falls.

Pothole = hole in bedrock caused by swirling water in repidsg not to be confused
with kettle hole.

Prima"rrumpf = slightly uplifted peneplain, an area always old because erosion
kert Puce with uplift (German).

kadial drainage = streams which lead away from a centrel point.

Raft lake = lake due to obstruction of stresm by driftwood.

hein-wash = slope wash

Regrading = erosion to a rough profile by removael of mantle rock.

kejuvination = effect of uplift of land upon erosion.

helief = difference in local elevations, say from valley bottom to divide.

hepose, angle of = angle at which loose granu.iar material comes To rest; can
also be ap;lied to equilibrin in other slopes.

kesequent = stream flowing down—dfﬁ elthough not a consequent.

hegrrrected = surface unocvered by erosion of later cover.

Rectengular = trellis drainsge pattern.

Kock city = area of roughiy rectanguler blocks of resistent rock westherd out
along joints.

Kock-defended terrece = erosion remnent of terrace of stream deposits preserved
on bed rocks.

Rock fan = form of pediment superficially resembling alluvial fan.

Kock terrace = shelf on hillside due to presence of luyer of resistant rock.

Saltation = movement of bed load of stream in series of jumps.

Scaryp = escarpmont due either to erosion or to faulting.

Scroll, megnder = traces of old meanders, see meander scroll.

Slipoff slope = slope of end of s pur inside bend of meandering velley, result of
enlargement of meander radius during downward erosionj present with
ingrown meanders.

Steppe = a"rid plein in interior of continent as in “iberia.

Strath = wide valley, generally epplied to floor of a wide vazlley later trenched
by erosion.

Sirath terrace = strath which extends across divides of minor drainage, often
celled an incipient penerlsin or :reded erosion surface.

Strath valley = abandoned wide velley now higher than adjacent stresms.

Suballuvial bench = Laws on's term for rock floor adjacent to mountains in arid
climete. )

Subsequent stream = one whose valley wes formed subsequent -* uplift by reason of
relative weakness of underlying materiel; also subsequent valley.

Superimposed (superposed) = effect of streaam courses of a now largely ercded cover
wich once concealed underlying meterials.

Suspension = method of transpcrt of meterisl in weter where it is kept from
gsettling by upwerd currents or turbulence.

Sweep = downstresm component of motion of meanders due to greater force on banks
w hich face the current.
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Synelinal mountain = mountein -in which rocks hzve synclinzl structure.

Tepee butte = smell hill with conical form; resistant material at top covers only
smzll greas

Terrece = shusf on valley side, zny origin.

Texture = density of streams per unit of creaj; may be computed either on length or
nunber of streams; slso termed drainage density or stream frequency.

Trellis drainage = rectangular stream pazttern due to prsence of lonz parallel
ridzes of resistant rock whose abrupt sides ceause large junction engle of

tributearies.

Treppen(German) = steps or terraces forming a stairway; ascribed to sucessive .
uplifts. =

Turbulence = mixing or rotaetion flow of weter (also applies to other fluids and to
gases). i

Turf = sod.

Two-story valley = valley within a strath or a valley in a larger valley; called
by some two-cycle valley.

Undercut = ercsion at bottom of cut bank.

Underfit = river too smell for velley; also aspplied to small meanders in bottom
of & meandering velley.

Unzka = kind of monadnock or group of monadnocks.

Undeflow = underground flow of = stream through the earth.

Uniclinal = shift of stream course down dip.

Vele = lowland between cuestas.
Voleenic neck = surviving igneous rock in conduit of volceno laid bare by erosions

Wadi = dry river course rarely flooded (arabic).

Vater gap = valley of stream through a ridge of more resistant rock than elsewhere.
%Wind gap = sbandoned water gap o¥ a low point in a divide, of any origin.

Wold = cuesta

Yzzoo type of stream = one whose junction with mein stream is diverted by natural
levee of latter.



GTOLOGY *109
WF-%J"\);'* 1949 5
S P
Supplement, 1949-50 ﬂwﬂhunuhlﬁso
— Concavity of slopes 107r4L|9§l

_Introdvection, Causecs of convexity of hill and mountain summits have already
boen discussed. It is obsorved thet most stroems have a merlzed concave slope,
although variation in discharge, load, and naturc of underlying mat-rial commonly
make mathematieal analysis impossible . The lover sloves of fragmentel voleenic
cones, outwvash terraces, alluvial fans, and podinents also disnlay concavity. With
these logarithmic plotting of profiles discloses that thoyr obey definite laws. Two
general groups occur: (o) most vediments, outwesh plains, stresms of essontially
constant discharge with no tributerics within the part exanlned 21l have an cxponent,

n, vhich lics betwoon about 7/10 and 8/10,(b) the lover parts of voleanic conocs end
some vediments disvlay a value of n which variss fron 3/10 to 5/10, with rere
examnles of fgll in owrovortion to logarithms of distence.

G20 I0RPHOLOGY

Zxplanations. Three possibloe axnlenetions of the above facts arc: (a) the slove
is one of constant crodimg and trensworting forcce, that is a balance betwoon erosion
and trensoortation, (b) there is 2 difference in menner of flow of the rator in
difforent perts of its coursc, or (¢) tho slope is related to competenec, thet is to
the largest vnerticles aveailable for trensvortation,

Slove of ‘constent forece., Little attemmted to snalyzec slooe crosion on tho
assumntion that crosive force is mrovortionel to V2 /D,y explaining thet this is the
vertieal gradient of *inetiec cncrgy of floving wator. Howevor, this cxplanation is
eguivalent to saying that "r031vu forco is vnrovortional to the slonb for solutlon
of the old Chozy formule (V2:D, ,S.) for slome gives just this cxorcssion. Moro
this viecw neglects the fector of totel discharge., Although it henoens that thc Ol
ponents derived both by Little, and by nodification of his nethod, agrcc rather well
with those of many outwash plains and wediments the thoory rmst be rejeoeteds It
assumed & discharge por unit width +thich inercesed in oronortion to slone length and
in the ccsos where thore is 2nnroximate agrecment it is obvious that the bull: of the
dischargo was scouired above the scction under study. Typis is notebly the casec in
front of a glacicr 2nd at the foot of mountzins., Eorton's analysis of slope crosion
used the cles ic DuSoys covtheslove formula (FiD.S.) and 21so assumed thet rainfell
was gathored 211 the way dom a slonc, The reasoning hore given (v.42) derives a
mach lower oxponcnt for & slomc of constant forco thet shovm by any obscrvations,

I% is cleer that the slopes uvnder consideration cannot be oxnlainced es thoso of
censtant forcc of crosion and transportation,

Change in menncr of flow of wator, Horton's cxnoriments showred that in actual
exooriment the flow of wator in thin shcets on the surface of the ground is neither
laminar nor fully turbulent. The sxnwression discharse in unit width, g = constant X
donth 5/3 esonlies to truc turd uleont flow only. It should be 3 with laminar flow.

In oxverinments the valuc of this exponcnt of donth vericd from 1 to 2, Although if
the botton werc truly smooth, laniner floir might occur, a2 littlc thourht will show
thet it is incavabl: of immortant crosion ond transvortstion, If any substantial
denth is obtaincd turbulence rust bogin, 2 condition which groetly enhonces both i
erosion and movoment of matorial. It is 1i'-ely thet in cortain snots vhor~ flow is
concentrated until it sttains 2 forcoe consideorably in cxcess of the resistance of the
bed to ecrosion, thore ney be 2 trensition from nixed to eithor fully turbulont flow
'r mo8eibly fron turbulent to shooting flowry Tws e mey heve gullics (donres in
1nth Afriea ) forred in tho othorrisc rossons’ily smooth surfoecc of £ oedinont or
vesh vlain, It is possible thet the ohonomens of broiding may be in mart rclated
changos in mannoer of flow of et v whorc tho sodinont load is ot ite mexirm
e (so—ealled overloeding). e mey, thorofora, conclude thet nothing vhich is
»m proves the thoorr of chenge in manner of flov in deseending a slope although
*h a chenge may exmlain gulloyinge
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Control by comictonce of water. Competence is defined s the ability of water
to trensnort matorial mecasurad by eithor diameotor or treight of the largest varticle.
It has boon shown thet for particles owér 1 mm, diameter, the dismetor of the largest
particle is vroportiopal to the squarc of the water velocity and that for particles
less than about 0.2 mm in diamcter the ratio changes to the square root of the velocity
Jow with turbulent flow, is proportional to S (slove), other things being cqual.
“ith mixed flow V2 is related to the 1.U vover of thc slope. 3y substitution it is
casy to demonstrate that the larger vparticle diametor is related direectly to slope
for turbulent flow and to the l.4 pmower in tho casc of mixed flow. Yith small
warticles the lawv is different for more of the sediment is trensvorted in suspension.
37 the above critorie diemetor of particles should be proportioned to the % power of
3.co7 with turbulent flow and to the 7/40 vmowor of slpng with mixed flow. Now it has
hoon coserved that along strcams from the Blach: Hills.everage sizc of gravel stones
is d.oroetiy rolatoed to slope and it ssems 1likely that such is gcnerally the casc.

Jomc have supgostnad thet deercesed slope dovnstreem is due to "sclective trans—
portaition", thet is to nrogrossive loss of the larger .partiéles thus permitting a
constant docrease’ in slope below that point. This could dbe expleined by the fect
that, as transporting ability of e stroem varics with discharge, the larger pebbles
arc most apt to bo loft bohind durings the next flood, but in general the view sooms
hard to domonstraic,

Another sugrestion is that woar of pcbblos during trensport dcercascs the nced
for veclocity, so that slopc is vroportioncd to size of largest meaterial preosont at
any given location. Stornberg provoscd £ law of webble roar in which reduction in
weight wes assumed to be a2 function in which 2 constant is raiscd to a nogative
nower in which distence is 2 factor. The nsual form in which this is given is ratio
of final woight to original woisht = 080 yhors o is the woll lmown constant, a is
enotacr constant deponding on naturc of the roclz, and h is the distence. To comparc
édlamciors the constent a of the coxponent is divided by 3. The above cquation gives
the noreontage of weirht lost in unit distance., It has boen clainmed that pebbles
in the Rhinc River lose 1 porcent of weight por kilometor of travel. Unfortunately,
neither tho cxact mochanics of pebble abrasion (impact and ebrasion) arc clear in all
cascs, nor is the source of a mebhle roadily detormined. Onc vondors just how pebbles
of local dorivation weors distinruished from thosc of distent origin! Another factor
which scoms to have boon overlooksd, is the tondoney of some kinds of rocl, like
granite and sendstonc, to mass abruntly from pebbles to much smellor particles.
Tecthering of nobbles during: transit has also boon ignored, Although the fact is
rocognizod that pobblos arc roduced in size and weight by transportation the validity
of &ny universel mathomaticel law is doubtful and slopc cannot be defined in torms of
distance in this way. It scoms likely thet slovwos with a veory low exponent are all
underlein by vory fine matorisls like voleznic "ash" and cley.

An indiroct emmroach to the nroblom of distance ve slovc may be madc by consid-
cring othcr hydrsulic prineivles. It has alrcady boen shown that veloeity of water
is rolatd not only to slopc but 2lso to dooth (or hydreulic redius).In Mannings
formule the lattor cuantity, D (or R) carrics a highor crponent than doos slopc. In
practico 1t is a lerger numbor, for slooells in mest instancos of wvory small numcrical
veltos - In Horton's formula for slomoc wash discharge on unit width inercascs at a

| porrer of donth which is in gencrel morc than unity, and is much higher than thet of
' slorc. Fronm this it mey bo concluded thet incroesc in discherge of & strosm, or in
| amount of slovowash in dosconding o slope, will in goncral necod progressively loss

| slopo with incroasc of distence to tale eerc of the dischargo.

A soncwhat morce definitc soproach is by mcens of the Scholxlitsch bed load formule
which reclated the coarsor matoriel carriocd to tetel worlr of the stream in unit time b
tho familisr docoth-slopec relationshine As chocled by experiment bod lo2d per unit
width = constant x slopc to 1.25 to 2 nowor x oxcoss of discharge por unit width after
dedueting discherge nor unit width nccessery for any movement to occur.
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Using cormmon notetigns: G/p=C .S (1.25 to 2.0) (E;dé)

Substituting T2 for § for turbnlent(mhoro G = total bod load . and » = wottod porimcter
and C is 2 constent dopénding on naturc of mator}al)flow using the avcrage value'
of cxnonent of § = (3/2),this bocomos G/p = €.V~ (3-a¢) and substituting for q =
VD, Gf/p = C.V; (B-Dy). It should be notod that 211 volocity forfulas must have an
cxponent twico thet using in a depth-slope ciorossiop ¥owr if we solve the cquation
using 53/2 for slope it is ovident that _[G/p 273

\p(q»qo)
Tow wo may sssumc that bod load per unit width of channcl (G/p) romeins cssontially
constent bolowr 2 zone near to the border of the bslt of no erosion whor: crosion D
berins. Mow if wo essume, that unit width discherge, q, incrcascs in direct propor-
tion to h or Lorizontal distence mway from the border of bolt of no crosion this works
out to S5: h~%/J and to fally £3 hl/3, since f is obteined by multiolying everage -
slopec by horizontsl distence. In goneral stroems do not inercasc 2% o2s high a rate
neasured in torms of eveorage discherge and distence from onc gauging station to the
noxt. Roduetion in ratec of increcasc would then lessen the concevity by inercasing
the oxponcnt. If, wo assume 2 very low ratc of incrosse, like that of stroems fed
from the mountains or from an ico shozt, for instence gt hl/10 5% follows thet S:
n-1/15 ana £1 n2H/15, The lest cxponent, about .93, is not much higher then thet
obs~rved in pediments 2nd outwash plains. e would cxocet thet with no incrocasc
in discharge vor unit width 2 streight linc unchenged slope would ocecur.

Another apoorach might be 2long tho linc of capacity or linit of bed loed, &
foaturs not inecludod in the above formule, which mees load dircetly proportional
to discharge.

Conclusion. Although the foregoing discussion hrs feiled to mrovide # conelus-
ive universzl answer to the vnroblem of concrvity of slope, the best solution seems
to lie in the cometence of weter for trenshortation of the cosrser debris condition-
ed by the size of naterial wvresent. ODave in erceptionsl conditions it is imvossible
to relete size of aveilable naterial to distance downstreen or downslope. Sternbergs
supposed lew is Plainly inapmnliceble in most localities. It rmst also be realized
that hydraulic »rincinles alone tend toward concavity.
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GEOMORPEOLOGY =
Supnlement: Concepts of the endpoint of the cycle of erosion 1951

Introduction, The following is intended to clarify some of the material
in the text, It includes neither all discussions nor the discrimination of
now-dissected surfaces. The definitions of the word "veneplain" or "peneplane"
given in another supplement show that the endpoint of the cycle of erosion has
never been defined very clearly and that wide differences of opinion exist in
just vhat is included, For instance Howard states: "The term peneplane is
valuable, because it may be applied to any broad degradational surface of low
relief even though its exact orizin has not been determined,-—----~-The term
peneplanation signifies the reduction of a region to low relief without stating
the »rocess or nrocesses involved.," These views probably reflect the later
opinions of Douglas Johnson for they coincide with those expressed by Lobeck,
However, the majority of writers obviously do not use as broad a definition but
stick rmech more closely to the idea that the peneplain is the final product of
a cycle of erosion under a so-called "normal" climate, Such a view, which
seems to asgree with those of Davis, who first introduced the term peneplain,
although not the idea of reduction to base-level, involves the corallaries that:
() no enrth movement intervened to interrupt the cycle during the long neried
necessary for even partial comnletion, (b) interstrean areas were reduced to the
aphrozimate level of the streams nainly by mass movement of the mantle rock aided
by slope wash, (c) static conditions prevailed for so long a time that re= -
gistance of the weathered mantle to erosion can be neglected, (d) the climate was
hunid and chemical decomposition was more rapid than the removal of the products
of weathering by erosion, (e) the summite of the divides should become convex
upward and, (f) the valley bottoms should become nearly flat by aggradation with
excess debris which could not be removed, Some held that the great amount of
sediment eroded would in time roise sea level and thus increase aggradation of the
valleys as those of coastal regions are now being filled as a consequence of the
increase of water in the oceans because of melting of glaciers.

Zxaimles of Peneplainse. The only areas in humid lands which really apnroach
the theoretical peneplzin are located either on soft clays and shales, or on
limestone. Some enthusiasts used as examples for students Pleistocene outwash
»lains and lake beds, as well as floodplains of large rivers. Many maps purport-
ing to show "old age'" topvozraphy have now been shown to have been crudely surveyed
with o very large contour interval, 3y no means should we either use such
inaccurate maps or confuse depositional with eroslonal forms., Depositicnal
tovograshy simply does not belong in the erosion cycle, True undissected
surfaces due to erosion bevelinz the zéologic formations have been recorded only
(a) in regions which have climates far different from that postulated by the
ploneers and () Dbeneath a cover of later sediments,

Objections to the meneplain hynothesgis, In 1933 Crickmay ventured to
suggest that "the fruitful conception of the 'cycle of erosion! carried with
it into general currency certain ideas which rest on no real foundation,——---
—-Geogranhic old age and neueplanation rest oia nothing but pure deduction by
a fev———and a blind acquiescence by the rest of uvg~———-m—- only blindness could
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prevent us from seeing some serious inconsistencies——-" Along with the total
failure to find uneroded remnants of true penenlains he particularly noted

the reported series or stairways of erosional levels in the same area, as well

as the sharp outlines of meny supvwosed monadnocks., In the last he mlght well
have included the tyne Mount Monadnoeck, Iew Famnshire., Criclmay proposed that
divides were removed wrimarily by lateral stream erosion and stated that "a
normal floodplain is underlain everywhere at shallow denth by planed bed-rock,
The alluvium is & mere carpet---" This endvoint of broad floodplains only
slightly aggroded and separated by steep~sided remnants of divides he nomed a
nanplain, Absence of many modern vanplains was explained by recent rise of the
continents, Crickmay held that peneplanation or panplanation should start with
the lower parts of rivers and grow laterally inland, Under his view stairways

of erosional remnants are the expected results of successive uplirts., EHe
recognized panfans and pediments in arid regions. Crickmay's view seem not to
have received much recognition,possibly because the concent of nediments and
nedinlanetion has since come to the front, King (1949) remarks "The development
of a single true 'venevnlain'® involves of necessity the complete destruction of all
its forerunners—--" 1Iinstead of the ‘'normal cycle! concept, the idea of
lpediplanation!, invelving the extensive retreat of hill-slopes and the survival
of »laned remnants of earlier cycles unon upetanding topographic masses, has been
advanced as the mode of conbtinental nlonation.! Xinzg concluded that the true
nenenlainjoccur only in a humid climate, whereas mannlains could cccur only in
savanna and semi-arid climates, He also mentions the "etchplains" of trownical
regions made by erosion of the decomposed rocl: along valleys leaving it in full
thickness under the steew—~sided divides., Pediplaned surfaces he ascribes to
arid and steppe climates., They are assoclated with surface accumlations of
silica,. aluminum oxide, and iron oxide, This process iavolves the
parallel retreat of slopes, plus removal of debris of weathering by sheet wash,
and carries as a corallary the idea that the present distribution of climmtes has
not always been present, King in fact ventured to sugcest that most of the
erosional bevels of the entire world are due to pediplanation, a theory tied in
with the brealup of continents which has not been widely accented in the northern
hemisphere,

Development of the vediment concept. The following outline of the
development of the pediment conczpt does not include all workers but aims simply
i0 give the general growth of the idea. In 1800 Gilbert described the sloping
rock surfaces around the Henry Mountains, Utah, and ascribed them to lateral
erosion by streams., EHe did not explain the nediment terraces. The base level of
these streams was fixed by local conditions, This same idea has been followed
by meny ever since. In 1897, however, McGee described the sheet floods of
southwestern United States, Paige, in 1912, described rock mediments and ascribed
them to a combination of lateral erosion and interstream degradation, ZIawson's
elaborate treatment of desert topogra-hy in 1915 recognized the retreat of
nmountain slopes whose inclination denends wron the size of the boulders in the
talus., He concluded that with a rising base level due to filling of structurel
basins the rock surface beneath the alluvial cover should be convex upward, This
surface was termed the "sub~alluvial bench", In 1919 Jutson described sheet flocds
in Australia but ascribed little erosive action tothem. In 1922 and 1925 3Bryan
elaborated on Lawson's ideas, In 1931 Blaclwelder endorsed lateral erosion of
weathered rock by streams as the major pnrocess of formation of pediments., Johnson
in 1931 and 1932 followed up this view, In 1935 Rich revived the theory of slope
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wash working on a surface composed of weathered rock, The available water shaped
this surface to a slope on which it could remove the debris formed by weathering.
If, however, the material transported came from another source than local
disintegration, only a thin veneer of transported debris was left., The degree of
slope denends upon the size of particles which must be transported, Rich concluded
that lateral erosion by definite streams "is not necessary for the production of
rock fans and pediments though in meny instances it contributes notably toward
their formation." The origin of pediments along the foot of a retreating
escarpment was also discussed, Miasting and sheetwash, in conjunction with the
blanketing effect of alluvial debris, are the essential factors, required for the
production of rock fans and vpediments., Iateral corrasion by streems 1s not
necessary.," "Drainage diversions and the dissection of abandoned fans and
pediments are normal----They do not recuire-—-—diastropic or climatic changes."
Meld, however, reaffirmed the lateral erosion theory. Davis argved in a paper
published in 1930 that absence of cut—~banks at the borders of the mountains
adjacent to pediments favors sheet floods rather than lateral stream erosion,
Howard in 1942 strongly supported lateral stream erosion stressing the work of
smal) tributaries and correctly stating that desert streams are braided rather than
meandering, A serles of papers from 1948 to 1950 by Fing and Fair on phenomena

in South Afriea give important ideas, They were the first to employ Voodls
classification of slones and included much quanitative slone data, TFair noted
that in the arid portion of Tatal the slope of talus is related to average size of
boulders and that the angle of slope decreases with weathering of the lower part of
the talus meking more or less of a transition to pediments below, The change is
from 14 degrees to 4 degrees inclination., The nediments are eroded on shale and
debris is moved by sheetwash., The major processes are weathering and removal

of the mantle by sheetwash at a rate closely equal to that of its formation., Near
the divides infiltration, aided by evavporation, prevents erosion suggesting
Hortonl!s "belt of no erosion', The slope difference at the top of the pediment
was ascribed to change in the volume-load relation, Parallel retreat of slopes

is present only where there is a hard can rock, Sheetwash slopes are concave,

o lateral erosion of streams was recosnized,

King classified the different types of erosion bevels according to climate
as outlined above, and concluded that pediplenation is more rapid than penew
planation as he interprets the term. Although it should lead to concawe slopes
the divides may be rounded by weatherinz into something more like the theoretical
menenlain, In a paper of 1949 on the pediment landform Fing concluded that it is
"adapted to and moulded by shecet—~flow" and that the unper limit is fired by the
change from turbulent flow in ravines to laminar shect-flow, The concavity of
slope 1s classified as that of water erosion, He declares that pediments are
"Possibly the most important of all land forms," "It is the fundamental form to
which most, if not all, subaerial landscapes tend to be reduced, the world over,!
The retreat of escarpments is essential to the process and the pediment, on which
erosion is at a minimum, is the resvlt of thunderstorm type of rainfall, ZErosion
of escarpments is donepy  a multitude of gullics on their faces,

Summary., (1) Pediment formation can begin only where thc original slome of
the land is greater than that necessary for water to remove the products of
weathering., Such slopes include normal valley sidcs, fault blocks and sides of
folds (either anticlinal or momoclinal) (2) Original slowes in cvery case soon
became of the constant or talus type, which means that in horizoatal rocls there

mist be 2 resistant can rock, (3) In order to maintain a constant rctreat of the
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talus the rock material must weather into particles which can be carried away
by slopewash, Rocks which mect this condition include granite or other coarse-
grained igneous and metamorphic rocks, sandstone, and some kinds of shales, In
all of these the passage from large talus blocks to granular material is abrupt.
(4) Retreat of the escarmment is maintained along a fairly definite line without
mich deen dissection by valleys by a combination of undermining by wveathering,
end erosion by minor ravines including streams which descend throuvgh the talus,
The heads of the larger streams may in time retreat clear through the escarpment
zad coalesce with valleys on the other sides. Such cols are called pediment
DaSSes, and in many cascs have a convex divide, The two sides may not accord in
.evel, but join with a steep slope, Thus an elevated mass is transformed into a
grouwn of isolated remnants, (5) There is a relatively abrupt change in slope
at the foot of the talus, to the geatler inclination of the nediment, but true
cut banks appear to be rare, (6) The slope of the pediment is that on which
the available water can remove the narticles nroduced by weathering at the
apnroximate rate of nroduction by weathering of the talus blocks. It exceeds
10 degrees in many localities, (7) Ability of water to remove debris is
facilitated both by sparse vegetation and by sudden downpours or cloudbursts,
hence an arid or semi-arid climate is required for pediment formation. This
checlts with the surface accumulation of oxides and carbonates, (8) Obliteration
of divides on the pediment is in part due to lateral erosion by braided rills, in
part to erosion by sheet floods, both facilitated by QQggumechanical decomposition
of the bed rock, but sheet floods cannot form until other forces have prenvared a
smooth surface for them. Some observers report that shallow sheet floods have
clear water and laminar (or mixed) flow and hence accommlish little erosion.
(9) lost pediments have a cover of a few feet of debris in process of transit.
A rising baselevel may increase the thiclmess to more than the denth to which
floods disturb the material, A falling level minimizes the thiclmess of the
mantles Thickness may also be related to climatic changes which altered both the
rate of supply and the amount of rainfall, (10) The angle of slope of a pediment
must considerably exceed the theoretical slope of a peneplain where thorough
chemical decay is believed to occur., (11) Filling of a structural basin below
the pediment may pnroceced at the same time as erosion closer to the escarpment
forming a pediplain (12) The concavity of slope of normal »ediments is related
to the laws of water transport. It is in part exnlicable by increase in denth
and amount of flow and in part to decrease in mean diameter of the load by wear
and weathering, The slone is probably not related to the size of the largest
pebbles, for these required a only very small part of the emergy of the water.
" Plumleys observation on the terrace gravels of the Black Hills was incorrectly
stated in another supplement, It is a rough apporoximation to the "phi mean 51ze"
which is defincd as the logarithm to base 2 of the geometric mean size,.
(Geometric mean of n quenitics is the nth root of their product,) Observations
on some outwash plains in Misconsin showed a decrease in geometric mean size of
the sampled portions at a rate less than the decrease in slope. A solution of
this »nroblem is yet to be reached.
(13) The end point of pediment development, which is not exhibited in the Basin
and Range Province, inveolves disappearance of most of the residual highlands,
Sites of former high places would be merked by convex domes, although the lower
slopes should still be concave., Bed rock would be close the surface and not much
altered by chemical weathering, If we postulate a former wide extent of arid
clinates many old erosion surfaces may be exnlained as pediments or nediplains,
This would account for series of erosion terraces which cannot be ascribed to
penenlanation,
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GEOLOGY 109 GEOMPRPHOLOGY Supplements, 1952, parto 5
Carolina Bay Problem, 1952 W@

The Carolina Bays could have been cemried either by purely terrestr %ﬂﬂJr a %

forces, such as waves, currents of air or water, by solution by ground wat Jb

or by extra—ierresirial meteorite impact. WModern coverage with air pnoto#ravhy
aemonstrates many things which were previously unlncwn or merely surmised.

oula
Facts. (1) Typical ibays" occur only in the Coastal Plain and are absent :::3

both in the adjacent sea bottom amd Piedmont, (2) Bays occur from Florida t (
Kaw Jersey but are most abundant in the-Carolinas, (3) The total number oftjﬁ”¢
walle-formed elliptical bays is estimated at about a half million, (4) The
Lounded outline is iess regular in regions underlain by limestone. (5) Most

bays have a unstra+1 ied sand rim which 1s besgt developed around the south-
EﬂSt end, (&) Orientation ¢f long axes of bays varies only slightly and
shanges are gradual between different regionsz, (7) Many bays overlap one an—
vsher or hav: more thon one rim, (8) Most bays are filled with peat which
is thiclest{15 to 20 feet)ioward the ST end; this peat is underlain by lake
ik {9 On’y a few springs occur in bays, (10)‘Bays are equally well
‘.eveloped in all rezions suggesting the sams age. (11) Fo similar basins
ageur anywhere else in the world,

The theoiy of Uouglas Johnson puts its orimary emphesis on solution by
artesian springs, “ut there is no relation between bay distribution and
either ground water circulation or presence of permeable or soluble rockse
The lack of any relation ito a Jjoint pattern 1s also evident. There is no
relation of bays o rock structure and no noticeable difference of age of
hays in different locrlities, The theory apmears to exaggerate both the
actual amount of rising ground water and its ability to dissolve material,
The superimposed theory of wind and wave action in sin¥holes to explain the
sand rims fails to talke into account the rim distribution which does not
agree with the Imown SW direction of winds. The irportance of water currents
in such relatively small and shallow lakes also seems decidedly exaggerated.
vompare the 'slight amount of such work in most lakes of glacial origin.
Overlan of one bay on another ig also hard to explain by Johnson's theory.
The evidence of filling of a lake with peat does not agree with the idea of
subsidence due to sclution.

The suggestion of Grant that the springs were submarine and were fre—
quented by great sheoals of fish which swam around in circles seems entirely
too far—-fetcheds One bay is 7 miles long. DBesides it would not account for
the sand rims,

" Proutyls revised meteoritic hypothesis is based mainly unon the shock
wave or compression cone which occurs with bedies moving through the air at
supersonic speed, Impact of a vast shower of meteorites(a comet) would
thus account for the formation of so meny elongated craters in the sand of the
Coastal Plain and not in adjacent firmer material, Many meteorites have
beer discovered in the Piedmont 4o the northwests, This idea also explains
the striking perfection of outline, the marked parallel orientation, the
overlaps, and the sand rims. Two checks have been presented. First the
shapes of the bays agree with small craters formed in finc send overlying
clay by high-velocity rifle bullets fired at an anzle of 30 to 35 degrees
to the surface, Second, magnetometer work has disclosed many local Phighsgi
nearly south of and distant from the rims by about the length of the short
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axis of the bay adjacent, Magnetic work is confused by linear magnetin 71hPe8 3 7
highs due to basement(pre-Cretaceous)rocks, by the great number of bays JZJ‘&TZ,/@ﬁa
in some districts, and the gifficulty in making readings in swamps on,
unstable peats The highs do not check either in strength or position
with the idea of redeposition .of iron oxide from solution of the bayss
TAimonite is not strongly magnetic., Fiwsl proof of the presence of metale
1ic iron under the magnetic highs can only be established by test drilling,
A survey by air-borns magnetometer might also De of value since it would
not be affected by ground conditionss

O . BT T o Citirbon g ol o florpleere— eriden el
seferences (since the booix by Douglas Johnson) ATS 250 ", 263'_27@)’ 195

Carolina Bays, 2

irant, Chapmsn, A bilological explanation of the Cprolina Bays: Scientific
Monthly €18 4&2-450, 1945

e Camppbell, . C., A gecnagnetic survey of some Bladen County, North
Crrolina, "Carolina Bays": Journal of Geology 533 66-67, 1945

felton, F. A,, The Uarolina Bays: Journal of Geology 58% 128-134, 1950

Schreiver, William, On the origin of the Carolina Payst American Geophyeical
Union Traas. 32 87-95, 1951

Prouty, W, ¥,, Carolina Bays and their origin: Geol. Soc. Am, Bulletin 63:
167224, 1952

Technicél terms suggested by Bryan (see next section on permafrost)
Pergelisol = permafrost or permanently frozen ground
s1lisol = surface zone thawed in summer, %he "active layer"
Intergelisol = transition zone at bottom of mollisol, thawed at times

above
Psbetisol = unfrazen ground/gi%hin,or below the pergelisol or frozen ground
Congelifraction = frost-splitting of rocks
Congeliturkation = frost action including frost-heavié and mass movement of the
active layer or mollisol e
Congeliturbate = disturbed material of active layer or mollisol
Cryopedology = sclence or study of intensive frost action, frozen greund, etc.
Gryoplanation=/process of leveling of topography under frozen ground conditions,
similar to peneplantion is warmer climato

Pergelisol table = top of pergelisol
Subgelisol = unfrozen ground below the frozen zone

Supragelisol = zone .above the pergelisol

Pergelation = process of forming peraanently frozen ground at any time.



Permafrost In Relation to Land Forms
par 1, p. 3

Introduction: Permafrost or perennially frozen ground is important to land
forms in its effect on (&) weathering ¢ (b) erosion, (c¢) ground water circulation,
and (d) formation of relief both by the freezing and the melting of icee Although
known for many years attention has been devoted to this problem recently because
of its effects on the workd of man. Criteria for its recognition from surface
indications are, therefcre, important. Attention has also been given to the former
distribution of permafrost, which has left a record in land forms.

Origin--Sources of heat: The surface of the earth obtains heat by (a) direct
solar radiation, (b) conduction from the air, (c) conduction from the interior
heat of the globe, and (d) from latent heat set free by condensation of atmospheric
moistures. Study of (o) has been based upon known rates of downward increase
of temperature in drill holes and mines combined with laboratory determinations of
the conductivity cf the materials of the crustes It is generally Dbelieved that the
rate of heat transmission from the interior of the earth is very slow; probably
less than 0.2 caloriesjcm®/dsy., Average conductivity for rocks is generally given
es about 340 cal/em*/day/deg. 8., for ice &s 457, snow as about 43 and water as 118.
In other words, the conductivity of solid ice is much above that of water or rocks
Conductivity of mantle rock or permigble materials is greatly affected by the
presence of either ice or water, parcvicularly if the latter is movinge The low
rate of heat escape from the earth is due to the prevailingly low temperature
gradient. Although the conductivity of air is very low, about 1 percent of ice,
its specific heat (+237) is relatively high, almost half that of icet.502)s This
property makes it possible for warm winds and rain to contribute much heat to the
eatkh by conduction. Direct solar radiation decreases with latitude because of the
low angle of the sun's rays to the horizon but although the very long days somewhat
compensate for the short northern summer. Direct radiation may contribute several
hundred calories to a square centimeter per day. Formation of fog may contribute
mich heate

Loss of heat: Heat is lost from the ground by (a) conduction into the air and
(b) radiation. Loss of heat is impeded by both snow cover and a mat of wegetation.
Both have very low conductivity and serve to keep out heat from the sun. 3But doth
are good radiators and promote loss of heat to the air when the ground is the
warmer of the two. In the Arctic strong winds keep snow from accumulating to great
depths by concentrating it into local drifts, whose summer melting is the source
. of streams of water. In most northern lands snowfall is not heavy. 1In order to
have freezing of the ground it is necessary first to have moisture present, for
dry materials cannot be frozen. Second, the temperature of the ground must be
reduced to below the freezing point of water for some eonsiderable time. High winds
low air temperature, and gocd conditions for radiation from the earth all faver
deep freeaing. Whether or not bare ground freezes more quickly than areas with a
matt of frozen mosses is debatable. The depth to which frost extends probably
increases at less than direct ratio to the duration of low temperatures. If the
summer thaw reaches only to a slbght depth,the next winter, which is much longer
than the summer, will add frost so that the congealed layer exteds deeper and
deeper with time. Ice is a better conductor than dry rock or eatthe Permafrost
has been reported up to nearly 2000 feet deep. Ice occurs in irregular masses,
sheets, wedges, and grariuies.Wedges narrow downward and may extend 30 geet below

the surfaces. For ground temperature observations see figures 1 and 2, p. T

Summer thaw: Depth to which thawing occurs in the short Arctic summers depends
upon ile (a) absorption of radiant heat from the sun, and (b) conducbivity of the
ground. The matt of tundra vegetation is a good insulator. The Pmperm gbility of
the permafrost retains much water in the thawed layer. The prevailingly glight
rainfall the the Arctic slows down meltinge Summer ground conditionssare then like
hose of more southerly latitudes during a dry spring when melting of the frost is
very slow due Lo lack of warm raine.
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Refreezingt Vhen colder temperatures return in the fall a new frost layer
forms on top of the melted zone. This thickens until it merges with the perma-
frost below. ZLocally ground water is trapped between two layers of frost. Fig. 3,
$ Distribution of permafrost: Permafrost is widespread in northern Worth
America and in Siberia, as well as on some high mountains. .Approaching more mild
climates from either the Arctic or from the mountains, the permafrost becomes
morce and more patchy arnd shailower. Bven in far northerly latitudes there is no
permafrost under thick glaciers or adjacent to large rivers and the sea.

Tonosrephic effects! The topgraphic effects of permafrost may be divided into
(a) those due directly to the ice and (b) those caused by the thawed or lactive!
layer of sumner. Frost heaving is belicved to form hills ( "pingos!") up to 600
fect across andé 230 feet high. These occur chlefly in fine—grained lake sediments.
They contain radiating ice veins. Peat mounds with a core of ice do not excced
25 fect highe One of the most prominent features which is readily seen in air
photos, is the polygonal pattern due to mclting of the tops of ice wedges. These
display treaches up tc 2 feeb deep:. The diameter of the polygons is for the most
part only a fow fect although a maximum of 600 feet is recordod. The shape varics
wicely and is rectangular on a slope. The best examples occur in fine-grained
sediments and poorly drained areas. On rociy ground they grade into store nets on
flat areas and stone strives on hillsides. The pattern of polygeons is etchec into
the lower side of ice on. ponds until that exceeds half a foot in thickness. In
the centers the polygonal areas may be either depresscd and covered with a mizture
of ice and peat or elevated forming low mounds. This sccond condition is thought
to be an older stage of development. When small streams form on an areca of cracks
they are angular in course interrupted by small pools due to ice melting.in the
centers of the polygons ('beaded streams'"). The form of the cracks is thought to
be similar to the contraction which formed columnar basalt or mudcracks. However,
it is much larger units. The thawed or active layer is eguivalent mechanically
to thin mantle roclk overlying impermeable massive bed rock. The confining of
ground water to such a thin zone makes for extensive mogss movement with folding,
contortion, and considerable chemicel weathering due to the abundant organic
acids and high mineralization. Some regard the abundant silt of Alasla as a
product of this weathering. Results of soil flow are also visible in leaning
trees ( "drunlken forest!"), and lobate waves on hillsides. The minimum slope
showing then is above 5 degrees. TFinal result should be rounded convex hills
coverad by a mantle of frosi-weathered rocks. ZFinal production of a M"peneplain!®
‘is probliematical. Vhere thawing is deeper or complete "thermokarst" topography
with sinlzholes, dry valleys, cracks, and depresscd arecas is very prominent.
ave-in lakes!" are abundant in some areas underlain by silt and their outline
in altercd by wave work. South—facing slopes and the margins of sandy terraces
show little frozen ground. Sinec most water comes from the south—facing slopes
valleys ars asymmetric. The sides of terraces next to the hills arc eroded pro—
cucing a slant down toward the margin of each terrace. Vegetation gives a clue
to the depth to frost. Black spruce and tamaracl: may indicate as littlec as 2
fect, paper birch from 3 to & feot, poplar and balsam over 6 feot, willow and
aspen 10 feet or nore, vhite spruce 1 foot for each 10 fect of height. Much of
the permzfrost melts once the vegetation is reomoved suggosting it is a survival

of past climatc. See figure 3, p. T

Past permafrost: Wherc the permafrost has melted completely along the south
‘margins of the prescnt arcas and on the lower slopes of mountains somc evidence

of it& formor prescnce is left. Although the treonches may be filled with silt,
gand, or gravel a cross scction will display them. Some geologists have suggested
that ccrtain goil mounds, such as the Mima mounds of the outwash plainsg of the
Pugct Soand region, are relics of permafrost. In the Matanuska Valley of Alaska
irrcgular hunmoclzs arc left when the frost melts as a result of cultivation of the

ground,
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Caution in intcrpretation of melted pcrmafrost: Dospite the fact that climate
has indubitably changed in much of the world, certain cautions arc noccssary in the
scarch for former permafrost phenomena. Many have assumed that of neccessity the
"'periglacial! climate was much colder near to the margins of the coatinental
glaciers than it now is. Gronting that air drainage from the high contincntal
ice caps might bring about mary periods of cold winds, it is feir to rccall that
duc to the large amoun®t of hoat necded to melt ice glaciers could (and still do)
terminate in climates wiaere growhbh is impossible. Moreover, descending winds arc
warncd by comprcssion. To melt a glacier must requirc a warmer climate than
required for permafrost, Such a conclusion may, howcver, apply only to the condi-
tions which led to the flna‘ melting of a glacicr, aot to the climate during its
growth. However, climatc favorablc to hcavy smowfall is unfavorable to production
of permafrost. Let us also recall that much mass movement perhaps forming cracls
as will as folds of glacial drift undouttedly vook placc beoecausc cf the high water
content when first deposited. Besides; mass movement of manbtle rock undoubtedly
takes placc without the aid of urdcrlving impermecable permafrest. Relics of ice
wedges may also be confused with weathering along the courses of former troc roots,
or cracks duc to mass movement of mantle rock. Certainly ncither 211 masscs of
crept material nor talus deposits demand the former prescnce of permafroste The
"stone rivers! around Baraboo, Wisconsin. arc thn resvlt of present—day crosion
by water from mclting srow rcemoving the finer meterial from the residual mantle
above the impermecablc guartzite. A few, vaich are higher in the ceater than at the
margins,might, hovever, be true Mrock giaciors'. - But vhen we find that the snow
now lasts longer among the rocks than elsowhore docs this idea demand a much
differcent climatce? Possibly the mantle of rociks and clay might have crept more
rapidly when the climate was wetter then now, but the impervious quartzitc bed
rock could have talken the place of frozen ground. Tho hypothesis of permafrost
origin of the mounds in Washington coes not fit well with éither the marinc climate
of today or their localization on well-draincd sand and gravel outwash. Somcwhat
similar mounds in Olxlahoma and othor southern states have been cxplained by the
hypoethesis of former drying rather than of permafrost. Supposcé lcoavulutions”
in the surfacc of outwash plains in Illinois might bec duc to ground water work
during scil formation. Some found in sand and gravel in northoastern Wisconsin
arc ]r>3u certainly duc to shove by a glacier which left so little till that
the soili-making proccsscs have rondercd it now unrccognizable. The "mettled ground”
of the pame raglon cccurs in red glacial till which appears to overlie older end-
morainss. The mettling is due to small knolls and ridges which show out in the
air ﬁvu.rgrapn« Decause th’ “lgh oots photograth a lighter tone than do the

damper hol 1rw=‘ It ae “henomenun o compaction of an irregular
thicknsss of red glesia: l i+h a high centent of silt and clay. We must keep
in maad the :act thet the coandition which in vormafrost regions lasts all summers:

occurs almost every ~n“‘"c n leower latitudes and uhat in certain snowlsss
winters Zfrocgt panetiates tc consicerable depths.

Sae p. 2 for Wey to technical terms suggested by Bryan.
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SUBMARINE CAWYOQIl PROBLEM, 1952 part 1, p. 8

Sinee the original text was written there have been several important develop-
mente in the submarine canyon problems TFirst: funds have been available for much
more deep water sounding both for navigation and for scientific interests Second:
rethods of taking cores of unconsoldiated sea=bottom materials have been much im—
previed. Third: movement of water due to the increase of density by sediment con~
ten® have been observed and studied. Fourth: several deep drill holes have been
pui down on coral islands.

Soundingss

Recenrt sounding errediticns, using the acoustic method, have extedded some of
the submarine cenyons scores cof mhles from where first observed into very deep
water. For instance, the Hudson canyon has been traced about 200 miles cut to sea,
and according to newspaper reports, a recent voyage demonstrated a system of suo-
merged valleys in the North Atlantic comparable in size to the Mississippi systens
These velleys in the ocean bottom are by no means as spectacular as those in the
contvinental slofic and are possibly more like channels of rivers on a floodplain
in being bordered b y ridges which are larger and more massive than any natural
levees on land. Heverthelesg, they are distinet channels unquestionably due to
scme kind of flowing water. Besgides the channels many flat—topped submarine moun-
tains (guyo%s) have been discovered. There is little regularity in the depth cf
water above thesea

Sediments?

The deposits off the Hudson canyon have been most fully described although
scattered cores have been taken over a wide area. On both sides of the Hudson
channel there is an extensive sand deposit with some associatved layers of gray
calcareous clay. In the chaaonel itself there is gravel with peﬂies up to 15 mm
diameter., The sand is very well sorted bLut ids otherwise much the same a5 the sand
on the ccniinental shelf. Interbedded witn the sand are layers of normal red ncn—
calcareous deep-sea clays. The pebbles can be matehed with rocks which outcrop in
the stesp cices of the cenyon. Opinion seems to now be trending to gurf-zone
ercsion of the continental shalf and final desposition of clastic sediments at the
foet of tue continental slope.

Density currents: ;

Studies of sedimeniation in reservoirs have demonstrated that the mud—laden
water which enters at %the Iead sinks to the bottor and flows along it to the dam.
The rate of flow has heen wmscgured and seems to £it with a modified fomof the
formula for turbalent ilow in open channels. The Chezy formula has been modified
by introducing the ezcesy of density of the water above unity and by chaaging the
constant. Measured veiccities in the low~gradient bed of Lake Mead, in the
Colorade River Valley. :zirongly suzsest the possibility that similar currents in
the gteepiy-gloving subnarine canysas could readily evode the bottom thus adding
to thsly welocitys. Treenckss with merginal ridges due to sinking muddy water have
long ‘teen known in laks Jensva, Switzerland.

Evidence of subsidence of ocean bottom:

ir rexend years very deep drill holes were put down on several atolls of the
southwss% Pacifice On Bikini shallow water deposits occur to a depth of over 2500
feet. on Snivetok volcanic rock is encountered below 4100 feet. These tests
dsmonstrabe that the ccean bottom has actually been subsiding but the age of the
lever marine deposits runs back to early Tertiary . Whatever the cause, the
crange of sea level has been very &low (see section on coral reefs), The flat-—
topp:a peaks found in deep water, 3000 to 6000 feet, whose form suggests wave-
1 70dsd volcanoes, are in line with this concliusions

vater springs emerging from permiable formations of the Coastal Plain is now
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thoroughly discredited, because first, it disregards physical principles and second,
the presence of canyons in impermeable rocks. TFresh water would rise directly to
the sufface and could not make a canyons

Density current theory:

The failure to demonstrate marked density or other currents in existing canyons
of tue continental slope is explained away by two suggestions. Daly originally
proposed that during the moderately lower sea level of glacial times much more
sediment was carried over the edge of the continental shelf than is now the cases
This suggestion is supported by distribution of coarse sediments out to the margin
of the skelf in many localitiess Oz the California coast it has been suggested that
alangshore transportation of wave—derived material is blocked at certain headlands.
If . in such locations, the slope of the bottom is steep enough, a canyon is ercdied
by a cdescending density curreats A further suggestion is that earthquakes loosefied
mush sediment causing density currents down previously formed depressions. Under
the density current theory no great change of sea level is required for ths forma-
tion of submarine canycns. The sards and gravels now at great depths were thus
transporied from nearer the surface and interbedded with normal deep water depositse.
Currente which spread out from the major channels depcsited adjacent ridges.

Emcrgence theory:

Altrongh the density current idea has gained much support in recent years,
adfocetes of great emergence of the lands have nct been idle, ILandes proposed a
theory tiai. with a periodically shrinking earth, the ocean bottoms of heavy sima
skould subside firste As a major cause of such sinking, he suggested the solld-
ifications of basalt magma to solid rock with a very large volume decrease. He
dbhought that the lands of lighter sial would not sink at once but that when they
did horizenial commressisn wauld result. Such merked contraction is ceriainly not
proved by ; Imewisdige of the physicel stae of the earthis interior, but, if
such £ process ig possivle, no distinet limit could be set on the depth ¥o which
the scean ievel receeded without loss of waters

reseny

i
A

Jompromige view:

Shepard offered a compromise view which is intended to avoid some of the above
difficultiess He thoueght that the shoreward portions of the canyons, down to pee-
haps only 100cfieet depih, were eroded by streams during continental uplifts, not
necessarily all at the same %ime. This is the cnly portion which has been examined
Tty diving, phoiogrepiw, and detailed sounding. ke lower extensions of canyons,
which are extremely sieep in slope and irregular in grade with few, if any, trib-
usaries, are charagszhble to density currents. This applies with especial force to
the very lsiest parsis which are not canyons but troughs. There is no définite
lower 1$mil %o canveons with a series of deltas as there should be were land eleva-
tion alone the caise. Sume submarine valleys could then lead into enclosed depzmss—
icas in the ccesn votioms Sume cauyons might be very old in time of first erosion,
“zen 7illed with sediments, oul later reopeded by slides of the soft materiale If
way be added that some migrs have originally have been tectonic in origin with only
superficial alteration by serogion. Some of the Pacific coast canyons seem to be in
part cut into very young sediments, Sedimentation and mass movement of deposits
has besu orserved in the hezds of some of theses
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Quantitative e:ranination of erosion topography

Quantitative exemination of land forms is relatively new, partly because no
attention vas paid in the past to such mezsurements, but also to the inaccuraste
toposra-hic meps formerly available. One of the simmler problems is that considered
by Smith, the quantitative reappraigﬁl of some of Horton's work on stream or drainag
density ead stream frequency. (DA="X and Ts“l where A=area, L-length, N=number)

It was recognized that these two quentities, length of streams ver unit area (Dd)
and number of streams ver unit area (Fs) are interrelated. atural regulatory
factors nmust bDe: climate, including rainfall intensity and vezetation, resistance
of uncerlying roci: or soil, infillration capacity, relief, and stage of development
of the {rainaze system. Investigation was long hamnered because the smaller or
first orcer streams were omitted on most maps. Smith failed to find all small
streams even on the more recent large scale maps and hence used the maximum number
of crenulations shown in & contour which lies in the middle of a slope around an
individual basin divided by the length of the divide in miles. (/P vhere P=
‘perimeter) He calls the result stream texture. He obtained a weighted mean value
by using the area of the total region measured. This is the sum of all individual
basinsg multiplied by area of each basin x total number of streams per mile of
perimeter divided by total ares.

Smith su rested that a value to Tp below 4.0 is "coarse;!" 2 value between 4 and 10
is '"medium" 22d one over 10.0 is "fine" texture.

He found in different areas and climates a range from 2.1 to 17.83. He com—
pared the drainase density total (L/A) with texture (I7/P) and found that within
the natural limits of uncertainty for the 54 areas examined, the former is just
about 5/3 the latter. (Da=1l.657(§)1.115)

Strahler made an extensive stucy of slopes and noted that the middle of most
hillsicCes is a straight line, although the divides are rounded. Concavity at
the bhase he found was only present where material had accumulated through either
slides or slopewash. The general immression of concavity he declared vas an optical
illusion C:ie to viewing spurs which do not trend in the direction of maximum de-
clivity. e found that slovne angle is essentially a constant under given relief
and roc!: cheracter. Sloves represent a steady rate of removal of debris in relation
to rate of supflyﬁ It is related to grade of the channels which remove the material
from the uvottous of the slopes. This is a condition of ecuilidbrium in wvhet is
known as an open system" in which there is a dissipation of emerzy. Ia this systern
potential ener .y of position 1s treansformed into kinetic ener:y of moving water
and debris. The supply of energy must diminish as the relief is lowered by long
erosion so that the topograpiic forms must change with time. The slomes are actual
where several rocesses of alteration are present, thus distinguished from theo-
reticszl slopes cue to one method of formetion only.

Profiles vere messuredcirectly down the steepest slopes from the divides.
Only valley wall slopes which led dovn to a channel were mezsured. Divide slopes
were not considered. Measurement was made with Abney level or Brunton commpass.
It was found that men measurements on the newer scales of 1:28000 or 1:25000 are
satisfactory wvhere drainage texture is suitable end that as few as 25 readings
will give = satisfactory mean valuei? o meps gave gcod results with very fine-
textured drainage. All results were averazed and con:zidered from the statistical
standpoint to find the expectable error. It was found that within a given area
where the Del rocl:, soil, vegetation, climeste, and stage of erosional cevelojpnment
are similar the slopes are-closely the seme. The result is related to drainsge
density, relief, and slope-profile curvature, that is the relative area of convex
compared to "constant slopes." Since length of slopes between adjacent channels
is twice the drainage density it follows that, neglecting convex divides, the
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tangent of slopc is approzimately twice the relief multiplied by the é%alnage

denstiy., tan 5 = 2VDg, where V = relief, and Dy = drainage density. He
also found that there is a close relationship betwcen slopes of valley sides and
those of the adjacent stream channels. 5S¢ = channel slope and 5. = ground
slope, the ratio being Sc/Sé. Strecam slopes were obtained from maps. The ratio
was found by plotting on log-log paper and varies from about 0.2 for low slopes
to about 0.5 with higher slopes, following the general equation; ground slope =
3.98 x chamnel slope 0.8 (Sg = 3.98 S Q.8).

Strahler suggested the following tentative classifications: (1) High-
cabcsion slopes where the underlying material is dense clay or rocks such as
granite, schist or gneiss. Slopes rfnze from 40 to over 50 degrecs. Mass move-
ment of mantle rock is common in these areass
(2! Ropose slopes where the rock debris is loose fragments or talus (Wood's
constant slopcj, sometimes called gravity slopes. Average slope is 30 to 35
degrecs,

(3) Slopes reduccd by wash and crcep in arcas wherc channel gradients are lows
Here material lies at less than the angle of rcposce These have been termed
wash slopes and range downward from 20 degrees to about 13 degrees.

Some studics included differences due to sompass direction 6f slope, which
is reflected in effect on vegetation and soil., Although the appearance of the
glopes differs considerably, actual measurment disclosed very ncarly the same
angles The old question of parallel retrecat versus decrcasing angle was also
considereds The corrclation of stream slope with hillside slope expounded above
definitely supvorts the latter concept. The only cxception is there a slope has
recently been undercut at the basc thus maintaining a constant slope angle.

A much more elaborate system of bapographic eomparisons has been devised
by Strahler consisting of arca-altitude relations, the distribution of mass within
a given drainage basine. A cumulative curve is prepared. It is evident that
ratios arc percentage or dimensionless numberse In preparing this curve the datum
point is take at the junction of the stream which drains the basin under study
with another strecam. Two ratios are computed: (1) , the area between a glven
contour and the divide to A, the total area of the basin (abscissa) and (2) ratio
of height of contour to total height of basin (ordinate). These figures must
vary from 1. to 0.0 and the resulting curve must pass through both the upper
left hand and lower right hand corners of the diagram.(x & 0, y =/0 and x = 1.0,

y = 0.) After plotting and drawing in the curve the volume above basc elevation
is found by integration. Total volume = sume of segments (or slices) between
successive contours times contour interval, or in mathematical terms, the
intergral betveen base and summit elevations of a.dh. Both sides arec then divided
by the total areca, A, and by the total difference of clevation, H.

Proportion of
total basin
height

Figure 1 (after Strahler) -
a = area of slice A = toal basin
area
h = elevation of slice above lowest
part of basin
: H = total difference of elevation
\ in basin

0 X
Proportion of total basin
area
Now in tho diagram x = a/A and y = h/HE. Dimensions arc climinated and the ratio
of volume to product of H times A becomes the intergral of x/dy. Such an inter-
gral cannot be dotermined by mathematical means but it is the ratio of arca under
the curve to mwea of entire square and can be measured on the diagram. Strahler,

however, uscs an approximate formula which he says conforms fairly well. Since



3= P&rt 24 Pe 3
this equation does not express any definite principle it is here omitted.s It was
used to draw a mumber of families of curves with different shapes end position of
the point of inflection, the change in direction of curvature. This point does
have morphological significance because it measures the position where the rate
of decreasc of mass with altitude changes from increasing to decreasing. The
rclation of the hypsometric curve to actual slope of the ground is not simple be-
cause it was built up on area, and not on lengths of contours at different
elevationss A formula to take care of this problem involves measurment .of length
of longest contour and of the contour where slope is desired, a method obviously
much more cumbersome than that of finding slopes directly from the spacing of the
contourse Applications of Strahler's method to the geomorphic cycle appear to
cffer promige. In the early, youthful, or "inequllibrium" stage of development
£ valleys the curve is high showing a large percentage of material yet to be
ctoded (high value of the integral). Figure 2.

\\\“‘-—~&_

—

Figure 2 (after Strahler)

h/H Fercentage curve of area and
altitude for area in stage of
youth or "inequilibrium" show~
ing large amount of material
not yet eroded.

a /A

Maturity or Yequilibrium! shows roughly half (perhaps 40% to 60%) of the original
st111l to be removed and the curve 1s 5 shapeds Figures 3 and 4, below.

Figure 3 Figure 4 (both after Strahler)

Maturity or'equilibrium|”

Curve of area whero
stage of erosion

only a few isolated
hills survive
"MoTnadnock stage"

Wo corrclation between the hypsometric curves and either bifurcation or length
ratios of streams could be distinguished. There is a marked rclation between
strecam lengths and texture of drainages Basins in ncarly horizontal formations,

whose recsistance to erosion varies widely, have medified curves. Regions largely

reduced to a2 plain have a strongly concave curve with a small amount of uneroded
material.
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Figure 5 (after Chespman) Slope orient-
ation diagram with contours of slope
abundance at 2% and 10% only. Other
disgrams show slope frequency of dir-
ection, average slopes, etc. North
2zt left in original diagram.

Strahler has modified Horton's system of giving strcam orders. First
awder strecams arc unbranched, normally dry channels. Second order is only that
w1t of & strcoam below the junction of two first order channels. A third order
susream is below the Jjunction of any two sccond order strecams. This method removes
tre element of judgment and insures that a basin can have only one strcam of the
wighest orders

Chapman presents a method for analysis of topography called the statisti-
o1 slope orientation diagram. This diagram is similar to the petrofabric dia-
gram showing oricntation of mineral grains within a rock. Slopes mezgarcd in
tsth amount and strike at many places on a map are plotted around a center or
pulo. This brings out the predominant direction of slopes and ignores altitude,
25 the same time eliminating the effect of minor or unimportant features of the
iandscape. Dejcerminations may be made either along parallel traverses across
the map or at corners of a rectangular grid. An ordinary slope scale is used 1o
find the slopes from contour spacing. The diagram is a projection of a hemi-
¢dlere. OSince most points will fall within the 30 degree line plotting is ro~
latively ocasy for angle is almost directily proporticral to distance. A system
o7 dots at varying compass direcctions and distances from the pole rosults.

Tor contouring relative distribution of dots a hole or circle whosc area is Jjust
one percont of the total arca of thc hemisphere is moved over the diagram and the
numbers of dots witin counted at interscctions of a dsfinite grid pattera.
Marking the numbor at cach place contours are then drawn in the uaual menner
unsing a contour interval cxpressed in percent. The resulting diagram is intend-
ed to bring out precdominant slope angles and slope strikes of the areas The
method is no more accurate then the map on which measurments were bascd plus
" inhercnt errors in doing this laborious task.

After some of the involved methods outline above it may be & rclief to
turn to an a’w: st ~forgotten attemt by ThorRon to appraisc evidences of cycles
of erosion in a quanitative manner. The arca he sclected lies in Virginia and
West Virginia. The evidences used by former students of the arca included
summit lcvels and ridge crests on which most place great importance. Long
erosion in a region of diversc roclks ought to produce summit elevations at
varying levels dcpending upon both rock character and distance from drainage
lincse Summit maxima may occur a scveral different altitudes, hencc any pro-—
ponderance of summit levels docs not prove past penepanation. Thompson pro-—
parcd a curve with clevation horizontal and ordinates proportioned to area of
summits at the scveral elcvations. See Figure 6, next page
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Figure 6 (after
l Thompson)

Iy Number of summits ab
[ 1 different elevations
- in two quadrangles
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Although the older maps werc not accurate this nevertheless gave a general
picture vhich it checks with ncwer largc scale maps. Tables with number at
each level vere also prepared showing the geological formations on which tho
summits occure Since there is a maximum number and arca of summits at inter-
mediate altituies the cornclusion could be drawn that this is eithor an
intermediate level of peneplanation or clse a normal cffect of prolonged
erosion in diverse rockse A similar study was directed to the ridgo crosts,
finding that ridge tops occur at many lcvels. Possibly some of the highest
major ridges are remnants of an cast-sloping orosion surface, but, if so, the
lower ridges have been varyingly rcducced from that states Therc is no rclation
between altitude of the ridge crosts and notchcse Some of the highest ridges
are very lknobby whercas zome low ridges show even crestse Side slopes of the
ridges were also studied but results indicate 1little. Elevations of ridge
crests on the flanks of croded anticlincs suggest that crosion has been
continuous sincec the resistant formation was breached. Eypsographic curves
were also drawn wherce clevation is platted against areae Following Woolridge
and Morgan it is stated that a region should show a concave curve if crosion
has boon coastant. 014 planation surfaces or platforms should causc convex
irrcgulariticss

The curves for the three gquadrangles arc similar in showing (Fig. 7) a

Figure 7 (after Thompson)
Area-gltitude curves for three
— 4000 quadrangles. Compare with
Strahler's curves which use no
dimensions but are simply
percentage distribution.

The preponderance of elevation

A at intermediate levels is showa

e S by the "shélf" at level of the
— 2000 \‘“\aﬂmxﬁm "Harrisburg" surfacee

Area
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bulge at middlc elevations which was thought to indicatec an imperfect planation
in the weak rocks of thc valleys enly, the Harrisburg’ surfacce In conclusion
it was dccided that cvidonce for ag@hmmit pencplain is very wealk but that
for a halt in crosion at an intermediate level is good. The unreliability
of many of thc commonly-uscd criteria for past poncplanation is emphasized.
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Some principles of soils mechanics important to geology and geomorpholozys

Introduction. Soil mechanics is a branch 6f engineering which has to do
with those physical properties of unconsolidated materials which are important
in engineering operations. The term "soil" is here employed in the sense of all
martle rocl: regardless of depth or origin. '"Mechanics! refers to the resistance
of these materials to either fracture or compaction (settling or consolidation.)
Frecture or other movement of the material is termed "failure®. It is evident
that the properties are related to several geomorphic® processes, for instance
the slumping of wet glacial drift, and land forms due to mass movement of uncon-
solidated material. Moreover, the engineering determinations are a valuable
tool in the description, correlation, and history of*the surficial materials of
the eartis Since geologists are frequently consulted in relation to engineering
problems in subsidence, excavating, and mining it is very important to under-
stand these relatively new tests and physical measurements.

Geolosical descriptions. In the past geologists have to a large extent
ignored physicel propercies of unconsolidated materials. Their descripuions
have been almost entirely origin, particle~size distribution, mass chemical
analysis, and to some extent mineralogys It is evident that origin is too
general to furaish much help in most problems. The second is known as mechan—
ical anelysis and consists in screen separation of the particles down to a
diameter of about 0.07 mms The smaller diameters after dissociation by use of
a strong alimlie are placed in suspension in water. Use is made of the known
rates of settling and the density of the mixture to find relative proportions
of different grades. Results of such analyses are presented in various kinds
of diagreams. Prior to the development of X~ray examination and the electron
microscove, mass chemical analysis was the only possible tool for examination
of the sub-microscopic particles., Attempts to apportion the elements reported
by the chemist into minerals were most uncertain. Now the mineralogy, shapes,
and arrangenent of the small particles is much better known. Their diameters
are often expressed in microns or thousandths of a millimeter. The shapes of
those smeller than about 2 microns cannot be seen with the ordinary microscope.
Most of the smaell particles are flaky and are lumped together as clay minerslse
Particles smaller then 0.1 micron are termed colloids and possesses peculiar
properties vhich, together with those of other small particles, influence the
physical nature of the entire mass to an extent out of proportion to their
quantity. One of these properties of colloids is a negative electric charge
which attracts the hydrogen of water molecules. The resulting layers of adsorbed
water contein the long of electrolytes. These nroducts of dissociation of
molecules react with one another causing the phenomenon of base exchange.

Much of the void space between small particles is filled with adsorbed substancess
Both colesion end plasticity are properties due to colloids and the physical
arrangement of the small minerals varies widely with the state of congolidation
due to pressurec. = ;

Soils mechenics determinationss It is evident that the ordinary geologicael
description of a2 mantle rock vhich contains a large proportion of fine particles
leaves much to be desired in knowledge of its physical nature. For this reason
engineers have used a wide variety of other determinations. Those most commonly
measured cormprise: (a) bulk density or unit weight (in gm/em3 or 1bs./ft3);
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(b) voids in percent of volume of solids; (c) water content in percent of dry
weight; (d) Atterburg limits which consist of plastic limit or percent of

water of dry weight, at which crumbling ceases, liguid limit or percent of

water of dry weight at which flow begins under specified conditions, and plagtic—
ity index or difference of these two; permeability or rate of water movement
through the material under specified conditions as a coefficicnt; ghear strength
under standard conditions (gm/ecm2); unconfined cormressive strength similar to
vhe measuremcnt on firmer meterial (gm/cmz); cohesion determined from compression
with sices under pressure (gm/cmz); compression rate as tested with force applied
to cne end of a cylinder; aud precompression limits an cstimate of apparent
compression (kg/em2 or tors/in.2) of the material earlier in its history, or
pricr to being bdrought to the surface., (In reports of these tests it is impor-
taat to note that kg/cmz is almost exactly equal to short tons/in.z)

Plesticizy. Ve do not necd here to detail the arbitrevy standards which
have boen set up to malke plasticity measurements but their relation to the origin
of the clays is important to geology. When liguid limit is plotted against
plasticity index on ordinary coordinates all regsults oy the same kind of clay
from tlie standpoint of ceigin fall either on or closs to a straight line, The
alope of lince for cifierent clays does not vary much (Figu 1)s Clays which

i 704 Plastisity index

L 60

. Flgure 1 Relation of liguid
50 limit to plasticity index.
Kedrawn from Casagrands
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.30 of dry weignt.
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- 10
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o 10 20 30 40 50 b0 To 80 go 1007 liquid limit

contain sodium require much morc woter to become plastic than those with min-
crals containing calcium or hydrogen. It is also to be noted that in ligquid
limits we have an approzimetion to the point at which clays become similar to
liquidse Consideradble difficulty is found in duplicating these tests and
different laboratories do not always agree.

Strength testss Long ago the strength of unconsolidated material was
ocxpresscd by Coulombs equation; shcering force = cohesion plus force times the
tengent of the Bngle of internal friction". S = c+p tan phi. In the case
of a sand vhich is dry and shows no cohesion the angle phi is the angle of
repose at which the material will rest. This anglec is about 34 degrees in dry
sand with angular grains and slightly less when the sand is below waters As
in a talus, the sand is held together by internal friction. When a finer
material than sand is below water the value of p 1s reduced by the amount of

L geg
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pressure of the water. Unconfined compressive strength is rcadily measured on
a cyllnﬁer of cohesive meterial. It ranges in clays from..25 to about 4.0
kg/cm + The values of cohesion ard of phl are not so easily determined.

Some tests have been made by finding the force necded to break a cylinder of
undisturbed material by sliding one half cf a containing box over the other.
Another method is to enclose the specimon in water-tight flexible cover. It
is then immersed in a liquid which can be put under pressure before foree is
applied to one ende Pore water may or may not be allowed to escape from the
container. Pressure is applicd until the specimen fails. This type of test
is knowvn as triaxiale. The coanfining force or pressure is plotted on the
herizontal linc of Figs 2. The veluce of the force at failurc then lics to the
gm/om?
Fig., 2 Determination

of "angle of internal
friction" or phi and
cohesion by use of tri-
axial test and Mohr
circlese
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right. The distance between is halved and a cirelc drawn passing through both
points. This is known as the Mohr circle of stress, If the procecedurc is
repeated vith enother specimen of samec material and larger stresses a sccond
circle can be édrawn. Thon a line is drawn tangent to both circles. Its slope
from the horizontal then detecrmines the valuc of phi and the distance of its
interscction with a vertical linec through the origin at lcft measures the valuc
of cohecsion. NHowever, a commonly used value of shearing strength for soft

wet clay is helf the unconfincd comnressive strengths. Specimens must be from
cores, ot cuttings,

Compression. The phenomena of compression arc mrasurcd by placing a short
scetion of undisturbed core in & circular ring., Opportunity for escapc of
water is wrovided at the bottom and pressure is applicd at the top., At first
the rate of dimcnsion change is rapid, then it slows up and, if the test is
carried on far cmough, would cventually ccasc. (Fig. 3). Howcver, it is custo-
mary to plot percentage of voids against logarithm of pressurc as in Figs 4.
This calargemecnt of the horizontal scale for small forces changes the curve
so that the first part has a gentle slope which on increasing pressure changes
to a straight line. Under this condition, rate of change of voids is inverse
to pressurce This linc may be extended upward in the diagrem until it inter—
sccts the horizontal line representing the cstimated original void ratio.
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Rocompression. If after reaching tho straight linc portion of the graph
pressure is gradually reduced the sample expands, although the original pore
space ratio is not attained. ZRccompression then gives a curve (3) which has
been displaced to the left when the straight portion is reached (Fige 4). It
has beecn cleimed that the characteristics of this cur ¢ enable the discovery
of the point at which pressure was reduced in the first experiment, The
procccdurc for finding an carlier streces is to first draw a tangoent to the com~
vression {or recompression) curve at the point of minimum radius as estimated
by eyee A horizontal line is then drawn through the point of tangency. (Figs 5)

The angle between these two lincs is bisected and the line from point of tangency
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extended until it intersects the extension of the straight portion of the
curve. A straight vertical line through thc point is supposced to be the Yorig—
iral " pressure or stressas also termed the preconsolidation stress.

Precompression stress. Somc investigators have usecd the above method %o
cstimate the amount of pressure that a clay once sustained prior to cither
crosion of overlying material or melting of glacial icece A load of wator has
no cffeet on precompression of a clay which it enterss If the method were
aiways roliable it would afford a valuable tool to the geologiste. Unfortun~—
ately, a very similar cffect results from drying of a clay. Note that in the
figurce the straight portion of the final compression curve is extended upward
until it mcets a horizontal line drawn at the lovel of an assumed "original
void ratio". Another line parallel to the final curve is also drawn vhich
is supposed to be the maximum possible position of a curve if the specimen
had becon compressed when in its original condition prior to the deposition of
any overburden. This also is cxtonded until it intersccts the line or original
void ratios. The differonce of pressurc read on this line between this and the
actual recompression ( or compression) curve is then recorded as the "range of
precompression stress. A mark is often placed to indicate the '"probable value',
as found in Fig. 5. It has beoon stated that this mcthod oftcn gives too small
a thiclmess of eroded materiale. In samples taken from tost holes or pits it
may be checled with the load which rested on the specimen before it was brought
to the surfaces A marked consistent departure of the values of precompression
stress from actuzl load is ncvertheless a proof of cither erosion of overlying
material or former dryinge The value of this range is in a scnsc a measurc of
the amount of compaction which the material has undergonc. However, it scems
as if it is bascd on too many cstimates to ever be an cxact determingtion.

Failurc of slopes. Onc of the ever—-present problems of enginecrs is how
high and how stecep is it safc to lecave the side of an cxcavation in unconsoli~
dated matcrial. Geologists arc interested in this problem in comsidering the
natural rcduction of slope of valley sides and the attainment of equilibrium
in slopcse Ve mast recognige at the outsct that the physical conditions within
a bank of "eoil" may vary greatly by roason not only of its original chemical
and mech@nical male-up but also because of subscquent changes, for instance by
weathering or percolation of water. ZEngincers use a number of different assump-—
tions as to the strength of meterials and the amount of pressure which tends to
collapsc a slopce. Onc of these is that the shearing strength of cohercat
material in a2 bank is half the uanconfined compressive strength. Fige 6 shovs

@A
/// \\\\\\ Figure 6. Adapted from

7 Kaye. Center, C, and radius
/// of circle must be assumed.
; Total force tending to move

K /// -/ .-. -] the segment to right of vert-

__g____Bj7z/' Sand i :)ﬁ’f{;: ical line is its weight acting
i Sk e on arm R Resting force is
-CIéy_ : - = weight o% other segment on arm
‘_///ﬂ — plus shear resistance on
'}éé%dy'EE&Y,T:;'m tﬁe erc within the bank. Unit

e =B weight and shear strength of
sl e each material must be found,

v also length of circle in each,
Factor -of safety is resting moment divided by disturbing moment. This allows a
nomparison of results with different centers and radii. The methed effords little
hslp in study of netursl slopes because of the assumptions. Physical conditions

vionin the bank may change with time and amount of water.
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1
the computation by which the strength of a bank is determined. Here beth the
radius of a circle and location of its centcr arc . assumcd. Then scveral
circles arc drawn with various changes in both thesc conditions. The moments
of forcc duc to weight of material which-causes failurc and that which resists
i% arc rcadily computcd from mass density (unit weight) in a scetion of unit
width. . The shear strength along the sssumed circle of sliding 1s then computed
far the differont types of maicrial cut by that circlc. The total resisting
foreo is then comparced with that which might causc failurce. The ratio of the
two is the "factor of safety! and fthc structurc is designed to kecop this as
grcat as . is cconomical. It is cvident that such analysis is not of much value
ta» the goologist. It ignores all natural plancs of wcakncss such as shrinlkage
crn.2ks in claye. TFig. 7 prescnts a somewhat differont analysis of the forces in
a vertizcal slice of unconsolidated material of uniform physical state. Total

Topof havlc o

‘ Figure 7.
d 4 different approach to stability of a vertical
bank of unconsolidated msterial or "soil".
Unit volumes of material are shown in three
different positions, It is evident that if
physical conditions are uniform the total
weight increases downward in direct proportion
to distance of each point from she top of the
bank. The components of total weight whish
are directed toward the foot of the bank are
shown., The problem is complicated by cracks
within the bank., In the field it is eviden*
that these probably determine the (distante
back from the face at which a slice will shear
and slide on a curve, Often a number of such
slices fall before stability is reached. Motion
below the foot of & bank very likely indicates
a downward decrease in shear strength so thst
the lower part of the slope behaves like a fluid.

. &
—————————— ,t >
Base ofdbelk ;0 al weight of small volume

weight incroascs dircetly with the height but only that component which is
dirccted to tho foot of the slope is important. As long as this does not cxcced
the shearing strength on a curved surface the bank is safc. Since the angle
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of the forcc is inversc to height of the bank a curve of distance back from the
face proportioned to the logarithm of distance below top of bank should rcsult.
The unlmown feature of this analysis is the factors which control the distance
back from the top of thc bank at which breaking starts. Possibly this is
rclated to drying and to shrinkage cracks in clay. It is here assumed that
shearing incoherent material has no relation to the angle phi and can take
place in any direction. An involved derivation used in most text books of

scll mechanics arrives at the conclusion that the safc height of a bank is four
times the shecar strength divided by the unit woights. Taliing an unconfincd
compressive strongth at 1000 gm/em® and a unit weight of 2 gmfcm3 this figurcs
out at &4 x 500 /2 or 1000 em (10 meters) as the safc height of a vertical facos
Under the view taken above, the pressurc on a squars cm at depth of 1000 cm
would be 2 kg/cm® (horizontal) and the componcnt on a surfacc inclined about

45 dogrecs would be half this per square contimctor which is twice the assumed
shear streongthe. As a matter of actual ficld conditions thc problem in many
cascs defics analysis for the prescnce of water in the pores of a clay may
greatly roduce its strongth and the amount of such water may vary widely.
Besides this, the above analysis negleets the fact that the shear strength is
not surpasscd throughout half of the probable surfacc of failuroc,

Conclusion. The subjcet of soil meochanics offers an important ficld for
the advancement of knowledge of the nature of unconsolidated materials but
considerable study, cspccially from the gecological standpoint, is still ro—
quirede. The cxisting statc of knowledge of '"preo-—compressed! clays leaves
much to be désired. Fig. 8 is somc data on an actual test hole where foundations
scttling had becn cxcossive with geological interprctations. (Next page)

Refercnces

Athy, L. F., Density, porostiy and compaction of scdimentary rocks: Am. Assocs
Pote Gecols Bull. 14: 1~24, 1930

Casagrande, A., Determination of the prc-consolidation load and its practical
significance: Int. Conferonce Soil Mechanies II, 3: 60-63, 1936

Jongs, 0« Ts, The compaction of muddy scéimecnts: Geol. Soc. London Quart. Jour.
100~137-160, 1944

Kayc, Cs A., Principles of soil mechanics as viewed by a gcologist: Trask,
P. D., Applicd scdimentation: 93-112, 1950

Romingor, J. ¥., and Rutlcdge, P. C., Usc of so0il mcchanics in corrclation
and intorprctation of lalc Agassiz scdiments: Jour. Geol. 60: 160-180, 1952

Skcmpten, A. ., Hotes on the compressibiltiy of clays: Geol. Soc. London Quart.
Jour. 100%¢ 119-136, 1944

Terzaghi, K., and Peek, R. B., Soil mcchanics in onginecring practice, 1948

Van Burlclow, Anastasia, Anglc of rcposc and angle of sliding friction:
Gools Soce. Am. Bull. 56: 669-708, 1945

Varnes, De J., Rclation of landslides to scdimentary featurcs: Trask, Pe De,
Applicd scdimentation: 229-246, 1950



Figure 8 Soil mechanics determinations in test hole on Jones Iﬁ&ggdj, Ds 8
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Totes on waves, reefs, ecte. Supplement , 1952~53,(§§E§:§:}

Bnergy of a wave. Some features of wave work demand greater attention
than in original manuscript. One of these is how the formulas for the
energy of waves were derived. It is evident that wave motion iavolves
both potential energy due to the position of the displaced water particles
up or down from position of rest and kinetic energy due to the velocity
of their motion, that is the work stored in displacing thems On general
mechanical principles we would expect these to be equal. It may be urged,
hovever, that the motion is not confined to the surface circles of rotation
but dies out gradually velow. Ioth derivetions involve the integral
calculus #nd are not "recuired." In each two separate steps are involved,
first integration of the normal functions and, second, integration of the
trigometric cuantities which are brought in by roation. Ve will here
perform the steps sevarately and then obtain the final result by multi-
plying the results.

Definitions: w = unit weight of water (dvnes/cmd or 1bs/ft°);
L = wyave length, crest to crest; h = wave heirht, trough to crest;
= horizontal displacement of a nartlcle y = displacement of points
on surface above still water level; z = vertical displacement of a particle;
g = acceleration of gravity; which must be taken into account whichever
system of units is used. Energy will be given for unit length along crest.

Fotential energy due to displacement of surface of wave to position y =
h/2 cos 2pix/L is Eg ;

_fx::L f"(’z ==y :
Bo=w & : j R dz dx =w/2 j’yz dx using above value for y this
) x= z =
WREs il S e
ecomess W / ) s cos 2p1x/L dx which is L/2 + i sin 4pix/L Second term
is 0 at both limits and multiplying by L/2 we get E = wth/16

Kinetic energy Ek follows the formula of ~mV2 The double integral over a
wave 1ength L and’wave height h is requlred. Now velocity in a circle of
rotation is same bota vertlcal and horlzontal and = 2 pi z/T the square of
which is 4 pi? z / T Now T2_ 4 pi2 z / g by laws of harmonic motion.
hence by substitution this simplifies to z g.

" z=h
Now the Ey for unit of length = w/2g’j g z dz g will cancel out and we

: z ==y
have E, = w/4 22 But z2 = b /4 hence Ey (unit length) = h2/16

For entire length of wave, L we must integrate the horizontal and vertical
components squared.  Thig is the sum of sin®2 pix/L + cos? 2 pi x /L

Making the integration this becomes x /2 + 4 cos 4 pi x /L # x / 2 = § cos

4.pi x /L  Shustitution the limits of o and L the trigomometic terms cancel
and the final result is L  Multiplying result obtained above the entire resuit

becomes Ek = wth/l6 confirming our assumption that it is equal to Ep.

Combining the . two forms of energy total energy of a wave per unit of crest is
E = whL / 8 Note this is in terms of work and not of power.
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Relation of wave height to time. Most discussions of waves do not consider

length of time that the wind has been blowing. In regions of steady winds, such
as the trades, this element is very important. It is obvious that when there are
no waves, that is when the wind first starts to blow, the transfer of energy from
wind to water will be at its maximum. As waves begin to roll with the wind this
transfer must of necessity decrease. The diagrams given out in 1950 show the
relations. Vave heights also decrease with increase of fetch for the same reason.
Theories involve complex mathematical formulas, the practical importance of which
is problematical.

Fundamental formulas are: V = L/T or 72 = glL/2pi where V = veloeity of travel,
L=2npi Vz/g or gTz/ opi, T2 = 2 pi L/g or 2 pi V/g where T is time of period.
Solving these to get results in seconds, feet, and land miles:!

V= 3057 or V2= 2.23 &, L = +555 V2 or 5,12 T2 and T2 = ,195 Lor T = +346 V.
Observation shown that wave height ratio to length is always less than 1/%.. The
following relationships appear well established. For a fetch of 11 miles or more
maximurn height is about 1.65 times the square root of the fetch in land miles.
For a given wind speed wave speed increases with fetch. Maximum wave height is
about .9 of the wind speed in land miles, or h = 0.0344 times bthe square of speed
"in land miles. Average maximum wave speed slightly exceeds wind speed up to a-—
bout 29 mep.h. wind speed and is less than wind speed above. Time required to
develop maximum height increases with wind speed. High waves can be formed by
strong winds in less than 12 hours. JFor a given fetch and wind speed wave speed
increases rapidly with time. There is no well-established relation between wind
speed and wave steepness, for the latter depends upon stage of development of the
waves. During early stages of wave development waves are short and travel at
less speed than the wind. Height of swell (01ld smooth waves with no wind) de—

creases8 as swell advances.
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Roughly, waves lose a third of their height each time they travel a distance in
miles equal to their height in feet. Period of swell may increase with distance
of advance although this is not proved. 'hen the speed of waves is equal to that
of the wind, no energy is transferred.
A factor not considered by the students of waves 1s that they increase the rough—
ress of the surface and hence raise the height of 0 velocity of wind as found by
Bagnold. Although it is possible to treat many of the phenomena of ﬁaves by
mathematics, it is well to remember that in practice variations in wind speed and
direction introduce great irregularities.

Reef phenomena. In the last few years it has been discovered that some

ancient buried reefs are very productive of petroleum and hence more attention
has been given to recent reffs in order to understand them. Important papers
are those by Cloud and Ladd. The fact has been brought out that reefs are mainly
compogsed of clastic particles. Some desire the substitute term bioherm to be
restricted to organic accumulations of doubtful form. The rigid framework of a
ree’ may be both corals and algae and only make up a small part of the entire
accumalation. On the outside of the reef growth is most rapid since the supply
of food is largest. It took nearly 200,000 soundings to map the lagoon at

. Eniwetok for there are many terraces, depressions, and knobs of living coral.
Igneous foundations of reefs have been reached by drilling at Eniwetok and
Bermudae. At Eniwvetok basalt was found in one hole at 4170 feet depth. There is
only a few hundred fest of Pleistocene reef underlain by Tertiary limestone,
dolomite, carbonscecus clay, and silt. The oldest sediment is FEocene. On
Bermuda seismic work demonstrates that the boring is on the flank of a volcanoe.
It disclosed Pleistocne limestone to depth 380 feet, Miocene 380 to 590, and
Eocene 590 to 695, the top of the volcanics. The average depth to igneous rock
is éfout 250 feet probably because of wave erosion with lower sea level during

glaciatione.

»
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Ladd, Tracey and Lill gave a preliminary report on the boring on Bikini which
failed to reach basement at 2556 feet. This showed Pleistocene reef to about
25 feet and Tertiary sediments belows The rock below about 1790 is Miocene.
These borings all show shallow water calcareous sediments but demonstrate that
subsidence has been going on throughout all of Tertiary and Quaternary time. It
cannot be due wholly to glacial control of water level although the Pleistocne
reef must have been affected by the process. Either the floor of the southwest
Pacific has sucly, or the amount of water in the oceans has increased. Platforms
on which reefs originated may be erosional, depositional, or local uplifts of the
ocean floore. ILadd thinks that no reefs located on the rims of submerged volcanos
have been discovered. Cloud uses the term table reef for small reefs without a
true lagoone

Beach features. Shepard has presented some new terms for beach features

as shown belows He desires to restrict the term bar to submerged accurmlations

only. . = . o

Pariier beach — single elongate sand ridge parallel to mainland and separated by
a lagoone.

Barrier island = multiple ridges together with dunes.

Barrier spit = a barrier tied to mainland at one end only.

Bay barrier 1 former bay bar extending across an inlet.

Barrier chain = series of barrier islands.

Iongshore bar % submerged sand ridge or '"low and-balld¥.ridge, or subaqueous ridge.

Transverse bar ** sand bar at right angles to shore line.

Reticulated bars = criss—cross pattern of bars inside barrier islands and in bays
seen from air only.

Sandkey or sandcay =—small island not parallef to shore.

Gugpate features = points 30 to 200 feet apart are caused by wave work. ILarger
ones have a ridge extending out to sea below water. These would include

the famous cuspate capes of the Atlantic coast. Similar features occur
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inside lagoons on inside of barriers. Most of these have associated shoals or
are opposite 2 cusp on the meinland with or without a connecting shoal.
Cuspate foreland = larger cuspate capes.
Cuspate bars and sandkeys = below-water features.
Lunate bars and sandkeys = crescentic bars off passes with tidal current channels
in center or at ends.

Tongzshore bars (subagueous bars). The Beach Erosion Board of the U. S. Army

Engineers offers some ideas on Longshore bars and longshore troughs (subaqueous
bars or "low end ball"). The theory of origin by Evans is supported. Repeated
soundings along piers has shown that the positions and depths of both bars and
trou@hs vary with intensity of wave worl. The bars form where the waves Dbreal.
After plunging on the bar, where observation by the writer showed water with
considerable sand, the wave reforms and breaks again when a certain depth is
reached. After several such brealitings atea£h‘of which bars are formed, the wave
reaches the beach. Troughs and bars become progressively smaller and shallower
in aporoaching the shore, but their size and depth changes with height of waves.
The ratio of depth of trough to depth on bar varies f?om 1.3 when mean sea level
is used to 1.5 when 'mean lower low water" is taken as datum, bu¥ otherwvise no
generally applicable relations were found. Although it is known that material is
brought from both sides to build up a bar and that this building is due primarily
to plunging brealers, the presence of longshore currents in the troughs is proved.

T"hese carry sand to breaks through which rip currents escape, spreading the sand

on the sea bottom nuiride, On coasts where the depth increases rapidly offshore,
waves breal: only on the beach and no ridges and troughs are formed. Keulegan.

and Irunbein showed mathematically that some seas could be so shallow that waves
could not break anywhere and cite geological evidence of such conditions. Depth

would increase at the 4/7 power of distance from shore.
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Dimensions and competence of running water. Supplement I, 1953, p« 1
Introduction, Three papers have appeared on the subject of running water
which appear to show marked progress in understanding of some problems, Two
of these not only clarify some of the basic points of the physics of streams but

also point the way to solution of many important problems of sediment transport.
The third, deals with particle size distribution on an alluvial fan.

Discharge of streams. The fundmental quantity measured by hydraulic
engineers is the discharge of streams. To find this figure they first discover
a suitable cross section of the channel, This is subdivided into segments of
known dimensions, then the average velocity of flow is found in each segment
giving its discharge and the final sum of the segments is the Discharge (Q) =
average width of channel (W) X average depth (d), X average velocity, (%) or
Q = wedev. British engineering units are employed, cubic feet per second, and
feet. BSince the discharge of all rivers varies constantly it is necessary to
connect each actual measurment to the gatge reading of water level in the river
at that time. Most discharge determinations are read from a curve (Fig. 1)
which indicates this relationship. Next a curve (Fig. 2) must be prepared which
shows the percent of days that any given discharge is equalled or exceeded. The
mean discherge is also computed as the aritmetical average of all recorded daily

discharges. This quantity is generally larger than the median discharge which
is equalled or exceeded exactly 50% of the time.
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Inter-relations of quanities. Platting on log—-log paper demonstrates,
as shown in Fig. 3, that w, d, and v are simple power functions Bf Q, the .
prim?ﬁfo%Sermination. In mathematical expressions Q = wdv = aQ x cQ” x k§ -
ackQ From this it is evident that the sum of the exponents of Q must be
unity and the product of the numberical constants must be the same. An average
of 20 river sections studied gave b = 0.26, f = 0.40, m = 0,34 but the values of
the constants varies much more widely than do the exponents. Evidently the
values are related to the materials of the stream beds and possible to other
factors. The limits of variation are unknown. Depth increases with discharge
faster than does width.

Fig. 3
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Downstream variationg in channel shape. In computing the relations of
dimensions of stream channels in a downstream direction it is evident that all
comparisons must be made for a specified discharge at every station. Most of the
log—-log plats were made for mean annual discharge which occurs or is exceeded on
the average about one day in every four. In almost all rivers discharge increases
downstream. Some were made for flows which occur less frequently.
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Despite the expectable "scatter! of points when platted, there is a remarkable
agreement in results. .Using the notation above, w = aqb, d= ch, and v = kQ¥,

the average values are b = 0.5, f = 0.4, and m = 0.1 - This shows that for increaée

in discharge downstream all quantities including velocity increase., Increase in

velocity is least and this gquantity may be almost constant in some streams. Even

in the headguaters however, the conclusion is demonstrable. It is contrary to
what nearly everyone formerly thought and hence demands some explaination. To
do this we will restate Mannings formula for yelocity of a stream with turbulent
flow: mean velocity (v) ft/sen = 1,5 d2/3 S 3 (ginonsone 10 feet) Note that

roughness (n)

for wide stream mean depth (d) replaces hydraulic radius (R or cross section
area divided by width.) From this it may be seen that most geomorphologists
have ignored both depth of water and roughness of the bed. Together these

overcompensate for the fact seen in the field that slope of the water surface

almost everywhere decreases downstream. Slope (s) in feet per foot = 0.021Q~ 0.4%

on the averages.

Sediment transport. Streams carry sediment in two ways, (a) as bed load
or bed-material, and (b) as in suspension or wash load. The two may change in
proportion with alterations of the stream so that what is suspended at one time
may be a portion of the bed and vice versa. The mathematical relations of the
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two are only vaguely known for tliere s at present no accurate method of
determining transport of material on a stream bottom. Any mechanical device to
catch such load introduces changes in the clirrsnts which render the results
valuelesss. Suspended load can be and is being measured at a number of localities.
Posgibly data on the filling of reservoirs may eventually supply some of the
missing information. The following discussion is almost wholly on suspended
load.

Suspended load. Platting of the weight of suspended load in given time
against discharge of a stream shows at once (Fig. 5) that, despite scattering
of pointgs the amount of sediment increases with discharge as a power function with
with an exponent between 2 and 3, thus demonstrating an increase in more than
direct proportion to discharge.

Figo 5
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The cause of this rapid increase is known only in general terms. ZFactors are:
(a) infiltration rate and storage of rain in puddles is greatest at start of a
rain, (b) raindrop erosion increases with wetting of soil, (c¢) long duration of
rainfall increases depth of and erosion by sheet wash, (d) increase in velocity
of large streams enhances both scour of bottom and undercutting of banks, (e)
changes in channel shape during a flood are caused by the suspended load, and
(f) suspended sediment concentration may be considered as an independent
variable on which both velocity and depth depend. Despite the known alteration
of banks hf‘floods, the conclusion of Leopold and Maddock is "that the observed
incresse i. sediment concentration results primarily from erosion of the water-
shed rather than from scour of the bed of the main stream in the reach where the
measurment is made.!" They found that there are not enough observations to
permit of direct conclusions on changes in concentration downstream.
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It appears to be slight sc far as known for it is observed that increase in
gediment with increase of drainage area is less for large basins than for small.
It is possible to present a graph such as Fig. 6 showing the relations of width,.
depth and velocity to total suspended sediment load.
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b lr = oot =l 5, 5
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Suspended sediment load, tons/day
Widths and depths in feet. Velocity in feet/second

General conclusions. (1) If discharge and width are constant increase
in velocity means increase in total susvmended sediment and a decrease in depth.
(2) With velocity constant, increase in width decreases both the suspended
sediment load and depth. (3) Both decreasing width with constant velocity and
increasing velocity at constant width increase capacity for suspended load at
constant discharge. (4) A wide river carries less suspended load than a narrow
river with the same velocity and discharge. (5) Two rivers of equal width and
discharge load of suspended solids ¥ larger in that having the higher velocity.
Suspended sediment transport with variable discharge Due to fact that Q = wdv
the sum of the exponents b 4+f +m must be unity as explained above. Hence if
two of these exponents are known the third can be computed and from this fact
some deductions may be made. TFirst we draw Fig. 7 showing relation of suspended
sediment -to velocity, width, and discharge.

%width, feet Tige 7
400 5 -
~2.£t*sec.

200 557 : e 3 4 5\ 6\

1.5 ft/sec) g : b .

100 : 558 o

™~ e \‘x\ \\\\\\\ .

50 o R o 2

100 S 1000 10000 106000 1000000

Sugspended sedimment load, tons/day s
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cu.ft/sec,; dashed lines toward left are for 500 cu.ft./sec.
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#rom this it is possible to draw curves showing values of Jj, the exponent of Q

for suspended sediment, in terms of both b, and the ratio of m to £ . The ratio
between increase of velocity with discharge and increase of depth with discharge
g, therefore, related to amount of suspended sediment. For the average cross
section of a river m/f is 0.85, b = 6,26, and j = 2.3 This is in line with the
statement that sediment concentration should decrease slightly downstream. (Fig. 8
Gomparisong of different river cross sections indicate that: suspended sediment
load varies: (1) directly wish as a function of velocity, (2) directly as a
function of depth, (3) inversely as a function of width, (4) as a large power of
velocity, and (5) as small powers of depth and width.
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Fige 9 summarizes the information by showing the comparative changes at a
station and downstream by giving the proper slopes of the lines which display
the values of the exponents of discharge in log-log plattings We may say that
for given width and discharge increase in suspended sediment requires increase
in velocity and reduction in depths The quantities involved are adjusted to the
nature of the drainage basin so that they are independent of the channel gystem,
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Bed load. Since there is little information of bed load transport in natural
gtreams recourse must be had to the experiments of Gilbert in wooden troughs
here restated in the C, G. 5. system. Fig. 10 shows at once that the relation of
the lines of equal velocity is exactly opposite to those of Fig. 6 for suspended
sedimeni. Daila arc given for two difTerent discharges Loth with same kiad of
sande Tentative conclusions are: (1) with constant discharge and width increased
velocity increases both bed load and suspended sediment, (2) with constant
velocity and discharge increase of width decreases suspended load and increases
bed load, (3) broad shallow channels are neecded to transport a large bed load.
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Changes of channel form. At some gaging stations measurments have been
mede of changes in channel form during f.oods. Some places at the start of a
flood, when concentration of suspended sediment is high, display a rise in level
of the bottoms  This is followed, when sediment decreases, by scour and lowering
of the beds Obviously the latter causes a lcwer velocity when less velocity is
needed for transport. At other places erosion begins at once with the rise of dis-
charge with high sediment concentration and later filling takes place during fall
of water level. It has been noted that the spring floods of melted snow in
western rivers lower river beds whereas later season floods due to rain result in
fi1lls ZFilling often occurs during times of increasing velocity.

Roughness of channel. At constant width and discharge it is obvious that
the product of v. d must be constant. Hence any increase in velocity requires
a decrease in depth. From the usual velocity formula it is evident that for
any increase in velocity and decrease in depth the factor (S%) miet increase.

ol
The two equations: 4 = cQﬁ and v = XQ™® make it possible to set up ano%?erkf
kO™ = 1.5 (ch)2/3 S%fn where the constants ¢ and X vary. Hence QB : Q°/3 " (si/a
Where § and n are constant with discharge then m = 2/3 f or m/f = 2/3 From this
it follows that if S5%/n increases with discharge m/f is more than 2/3 and when
this ratio decreases with discharge then m/f is less than 2/3. Now at a given
station the average ratio of m/f is 0.85 whereas downstream this is only 0.25
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From this it appears that Sﬁ&l increases with discharge at a given station and
decreases downstream. It has also been observed that in the downstream direction
roughness (n) remains about constant so that slope must decrease to preserve the
above relations. Observation has also disclosed that an increase in suspended
load decreases channel resistance and hence increases velocity. Possibly this

is really related to decreasing turbulences. Increased values of sediment con—
centration are assoclated with decreased values of n. At a given station, however,
the slope does not change very much so that the alteration of n must be considerabl
with change in concentration of sediment. Changes in velocity—depth relations
might be attributed to change in sediment concentration where an increase
diminishes the roughness, n, of the bottome A check consists of the behavior of
Colorado River after the completion of Boulder (Hoover) Dam which caught much of
the sediment leaving clear water below. This is the same as a lake in the course
of a river. Alterations below the dam consist of (1) increase in depth in spite
of a lowering of surface elevation, {2) decrease in width due to reduction of
flood volume, (3) decrease in mean velocity, (4) increase in roughness of
bottom, apparently a result not of change in type of material but of decrease in
suspended load, (5) reduction of bed load in the narrowed channel, (6) increase
in capacity for suspended load due to change in velocity and discharge, (7) no
appreciable change in slope.

Factors of chamnel roughness. Channel roughness is due to (1) particle
size, (2) bed configuration, and (3) sediment load. It is commonly observed
that the material of most stream beds diminishes in size of particles downstream
although from this it does not necessarily follow that decrease in slope is
directly attributable to this phenomenon. Waves and ripples on the stream bed
are very important factors in roughness, although they are not permanent.
Increased bed roughness decreases velocity in respect to depth hence affecting the
capacity for loads These waves or ripples vary in nature with different kinds
of sediments They pass with increasing discharge from smooth bottom through
successive forms into antiduneg which travel upstream. For fixed slopc and
discharge decreased particle size tends to increase roughness. Bottom material
is most important in the headwaters of streams where the bed consists of boulders,
cobbles, and pebbles. Under this condition, downstream decrease in size of
particles decreases roughness. The Powder River, Wyoming, has a value of n on
gravel of 087 which falls to «0l7 on silt farther downstream. However, in other
streams the value of n is about the same downstream despite marked differences
in naturc of bottom. There it must be that bottom configuration is dominant.

In summary, it is clear that slope is the dependent factor which the stream is
able to change. As noted above it is commen to find at a given station that
suspended load of streams increases rapidly with discharge., This requires a
relatively rapid increase in velocity compzred to depth, that is a high value
of m/f. Such is accomplished primarily be an increase in the value of n which
is related to increase in concentration of suspended load. However, in a down-
stream direction load does not keep pace with discharge and the concentration
of suspended sediment decreases slightly. To do this depth must increase with
djscharge faster than does velocity so that the m/f ratio must be lows Hence
s?/n must decrease downstream. With roughness about constant this can be done
only by decreasing the slopes

Graded streams. By definition a graded stream can over a period of time
just transport the amount of sediment furnished it. ZEngineers have constructed
many irrigation canals which do exactly this, that is they neither erode ror silt
upe Some rules were derived by experiment which used perimeter, P, instead of
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width and hydraulic radius, R, instead of mean depth A §ediment factor, ¥, , ,
is also introduced, The ba51c equations are: = 2,67 Q@2 and vmeanl— 1 15F_R§.
Note that in the studies of Leopold and Naddock they found that w= aQz S
(downsy§eam) 9mbining the relations d = cqf and v = XQ® we find that

(a/e)t (v’k\ 2 op v:d®' L, In natural streams this ratio of m to f
downstream is only 1/4 whereas in the canals it was 1/2. But we must recall that
canals for irrigation are not like streams because they loose discharge
downstream as it is dispersed into laterals, They can have no change in
suspended sediment concentration hence the value of j cannot be above 1.0.

If b= .5and j = 1.0 this means that m/f would be 8.43 or not far from that
value already given, This suggests that j must in practice be less than 1.

In summary, Maddock and Leopold conclude that with available data it is not
possible to discriminate graded from ungraded sections of a river,

Iongitudinal profile of rivers. It has long been assumed that the profile
of a river bed is directly related to the maximum particle size of sediment in
its bed. It has also been assumed that wear of the load results in a downstream
reduction of size of particles. The latter can be checked in the field, although
it iz kard to distinouish material derived from *tributarles ard cut tarks.anéd not
brought far dowunstrea., Now if tae veliccity of fiow really increases cownstream
how can competence of the current be the controlling factor of river profiles?
Some have derived equations to substantiate this assumption but the issue is
confused by several phanomena (1) Decrease of particle size increases roughness
Uy prumosing rippies; (2) wovelpzass 16 also raicted t: concentrallup of sugpenied
sediment and, (3) in practice roughness does not vary much downstream. Hence to
preserve the required velocity-depth relations to transport the load the slope of
a normal stream must decrease downstream, ILeopold gives the empirical equation
that slope, S = 0.021 QTO.MQ, that is slope is approximately inverse to the square

i PO
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root of discharge. We cannot, however, construct a longitudinal profile of a
river from this without knowing how the discharge varies in a downstream

direction, This is commonly in direct proportion to drainage area not to
distance alcng the channel,
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Vertical welocity distribution. It has long been known that in rivers which
are relatively wide in proportion to depth, that is where the banks are readily
erodable, the vertical distribution of veloclty is approximately vproportional to
the logarithm of distance from the bottom, z. Such being the case the rate of
increase of velocity with respect to distance from the bed is inverse (sec any
text book of Calculus). Now this rate of change in velocity upward from the bed
determines the shear or rate of energy transfor from the stream to the bottom,
Since in most streams depth increases downstream as a power function of discharge
the slope of the line representing rate of velocity (dv/dZ) change near to the
bed must decrease with increase in total depth.

g, 12
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o 1

Velocity, ft/sec.
Inclined dashed lines show downstream decrease in shear

Another factor is that total force on the bed is proportional to depth times
slope. As brought out above, depth incrcascs on the average at the &/10th

power of discharge whereas slope Gecreases a’ approximately the square root of
that quantity. Hence the nroduct DS must dcerease slowly downstream at about the

minus 1/10th power of discherge.

Summary. Although the old idea that river slopes are directly rclated to
velocity which decreases downstresm thus decrcasing competence must be abandoned,
it is clear that there is a downstreoem decre :ise in comvetence. The details of
Just how this comes about are not simple. Th~= verticel velocity profiic and
shcar on the bed are interrelsted and depend 1ot only on mean velocity but also
on depth, and on roughness of bottom. This sheoar also affects the intensity of
turbulence which is neocessary to keep material off the bed. Downstrean decrease
in youghness may diminish both shear and turbulence despite increeso in mean
velocity. ILeopold lists the veriables which enter into this problem: discharge,
width, depth, velocity, slope, roughness, load, and size of particles in transit.
These constitute eight simultaneous equations whose solution is at present im-
possible, Of them only the flow equation (Q=wdv) and Mannings formula for velo-
city are accopted by common use. The others comprise relation of load to nature
of basin, rate of perticle size chenge dovmstroam, width~depth ration in re-
lation to naturc of the bed and banks, change in value of n, the roughness fac-
tor, with depth, materisl, discherge, and slope, and relation of n to sedimens
concentrations The interdevendence of thesc factors is cvident and it is clear
that the stresm is canable of adjusting its slope to fit the requirements of
the others. The cross scetion of 2 stream is adjusted so as to equalize shear
on both bed and banks, The form of the bed cen be changed so as to slter rough--
ness, All of thesc factors are rmuch more complex than we were led to believe
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by the pioneer students of geomorphology who did not employ quenitative methods
even if they were correct in general principle,

Change of perticle size dovmstream. As explained sbove it is generally
impracticable to measure the downstrean rgdupﬁion of size of particles trans-—
ported by a river. On 2lluvial fans, however, 211 the debris is derived above
the apex and reasonable success has been attained in comparing the maxirum par—
ticle size with distance from the source. An article by Blissenbach based on
fans in Arizona shows (Fig. 13) that despite considerasble scatter a definite

Figo 13
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4 miles
After Blissenbach Dotted lines show scatter of points

relationship does hold., From the known fact that dismeter of pebbles is related
to the square of velocity of transporting wator it could then be concluded thet
the rotio of mean depth (or hydrsulic radius) to bottom roughness must remain
reasonably constant, On alluvial fans this i:ight be expected for all <he water
is derived from the head so thet the individual stresms on the fan do rot vary
widely in size despite some loss by evaporatisn and perhsps by seevege. Rough-
ness, which should decresse with smaller peruicles dowmward on the fan, could

be maintained by more ripvoles in the bed on Zower slopes. The log-log. platting
(using slope as directly proportion to degrces neasured) of the diagrans pub-
lished show thet slope is apnroximetely inverse to the squere root of horizontal
distance from apex. Fall rmust, therefore (sce integral crlculus) be in propor-
tion to the squeore root of distance from apex, The seme vaper also presents
sone data on relationship of meximum particle size to angle of slope (on steeper
slope the degrees do not correspond dircetly o the technical definition of
slope which is tangent of the angle) whic seem to confirm the determinstions

of Fair in South Africa. In the case of the Black Hills terrace grevels there
is rough sgreenent of slope to logarithm of geometric mean size of stones, A
of the above data is inconclusive for no attention has been psid to mean parui--
cle size of entire depogit and it is known that there is much finer material
along with these maxirmn particles. On a $=bte does the average or mediunm size
control the coefficient of friction? Calan
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Submerine cenyon problem, cont., 1952 Supplement III, 1953, p.l
Introduction. Since the supplement on the problem of submarine canyons
appeared some important papers have been published and it is desirable to add
some material which was omitted previously. Progress has been mainly along two
lines: (a) sugzestions that canyons are of more than one origin, and (D)
tracing of canyons into the deeper parts of the ocean.

Hypothesecs. Iuenen has suggested that submarine canyons may be divided into
two great classes: (a) true drowned valleys, the Corsican type, and (b) troughs
due to density currents, the New England type. In addition, it is recognized
that drowned valleys may have been clogged with marine sediment and then reexca-
vated and/or extended by density currents. This history can be regardecd as in a
way a transition between the two mejor divisions. The author presents charts
which show the difference between the submarine extensions of land valleys on
coasts where there has been relatively recent orogeny. Although theoretically the
drowned valleys should terminate in submerged deltas that fact is hard to prove,
and it is possible that slides and density currents may have obliterated or alter-
ed them beyond recognition as suggested by Shepard. Shepard &lso suggested that
the continental shelf between valleys may have been built up with sediments dur-
ing the time that the valleys were kept open by slides and density currents. Ve
must not lose sight of the strong probability that there are tectonic depreossions
on the continéntal shelf in regions of mountain building, 4nd last we must al-
ways give due weight to the Mpersénal cquation® in the drawing of submarine con-
tours, as well as to the limitations of acoustic sounding.

Wew Encland type of canyons. Huenen lists the major characteristic of .
canyons of the New England type which cannot possibly be regarded as the sub-
merged extensions of land valleys. In brief these are: (a) V cross—section
with sides sloping at about 22%; (b) straight course down the continental slope;
(c) course locally different inside the edge of the shelf; (d) widely rounded
curves; (ec) continuous seaward slope of bottom; (f) stecnest grades near head
with decrcase outward; (g) with rare exception, no break in slope at the conti-
nental terrace border; (h) no abrupt falls; (i) accordant tributaries; (j) all
eanyons extend clear down the continental slope and some have been traced far
out to sea; (k) canyons are not connected with submerged river channels on the
continental shelf. In considering origin of thesc cenyons Kuenen rejects Shepard's
idea of building up of the continental shelf betwecen canyons because there 1s
no change in side slopo to indicate a difference in sediments. He thinks a very

" great amount of deepening by submarine currents woudd be neceded to eliminate such
a feeture. Origin by density currents is therefore concluded. (Figure 1).
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Two tyres of submerine valleys after Kuenen, Left, = submerged land valley, the
upper part of which is still sbove water. This is the Corsicen type« Lower
tefmination should be & submerged delte but this could have been oblitersted by
slides and density current erosion, Righi, conditions on Georres Bank, off New
England, Here the top of the bank is = submerged cuesta but ihe valley on its
seaward slope hes nothing to do with land valleys. 1t wes eroded by density
eurrents when the level of the sea wes lower thaen it now is.
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Proof of density currcnts. 4s noted in the former supplement one of the
wealkest points of the density current hypothesis, originally proposed by Daly,
is that it is cxtremely difficult to find such penomena actually at worlks Daly
concluded that their maximum activity ies a thing of the past because low glacial
sea levels furnished rugh more sediment which flowed down the continental slope
than is nov the cases It is well to note that this is entirely in line with
recent theorics of the origin of the continental shelf which shows indubitable
evidence of a lower scea level. It is suggested that the observed demsity cure
rents in freshwater lakes and rescrvoirs are not a fair comparisén because of
the gentle grades and the presence of concurrent sedimentation from water whiéh,
in the ‘casec of glacial:meltwaters, floated on top of the lake by reason of the
temperature differences The channels on delta fronts are more of the levec
type end are not truc canyons. Sliding mgy have taken place, for instance, on
the delta of the Migsissippi.

The Grand Banks earthquake. It is to phenomena which followed upon the
earthqualze on the Grand Banks of Newfounddand in 1929 that advocates of density
currently meinly turn for evidencc. The quake occurred on 18 Nove, 1929, at
2032 hours G«CsT. Instantly six cables in water from 900 to 10800 feet decep
broke, but for 13 hours 17 minutcs thereafter there was an orderly sequence of
brecake of other cables at progressively greater distances from the epicentery
to about 375 miles. The velocity of the force which brought about these delayed
breaks can easily be computed and compared with the known slope of the ocean

bottoms (Tigure 2).
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The affectcd arca broadencd with distance and the velocity decrcased from 63
miles per hour to about 14 miles per hour at the last cable. Every cable broke
in at least two places 100 miles or morc apart. The cable between the breaks
was in all cascs either buricd or carried away so far that it could not be re—
covercd. Although most geologists at first considered the cause of breaking to
be faulting, the opinion of Heozen and Ewing is that it was the transformation
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of a landslide to a turbidity current. In this connection we may note that the
broalting strength of a new submarine cable is about 12 short tons and its weight
under water is about 1.3 short tons per mile. The neccssity of assuming a more
powerful force than lack of support due to erosion of the bottom is evident.

In maling repairs to the cables "sharp sand and small pebbles! were dredged up
in about 16800 feet of water. FKuenen showed that with existing formulas the
size and velocity of the inferred density current are credible.

Midoccan canyons. A recent pudblication by Ewing and his a®sociates gives
mich more data on canyons in decep water than was available only a few ycars ago.
They state "In recent yecars exploration has revealed that the canyons do not
cnd at the base of the continental slope but continue acress the continental
risc to the abyssal pleins of the ocean floore. Studies of the sediments from
the floors, walls and secaward extremitics of these canyons——-have proved that
powerful turbidity currents have repeatcdly carricd large volumes of sediment
through the canyons and depositcd them in well-sorted beds on the abyssal
plains”. One of the canyons has been definitely tracod for nearly 1400 land
milcs and it may cxtend for more than 2800 milese ©Stcop sides and flat floors
are indicated by the ¢ross scctions with a depth below the adjacent occan
bottom of 60 to 600 feet. The longitudinal slope is from 2.5 to 5 feet per
mile. Maximum recorded depth to the bottom of the channcl is about 16500 foect.
The mid—Atlantic channcl crosses the Southeast Newfoundland Ridge in a narrow
gap. It is not certain that its end has yot becon reacheds "In general the
cores indicated that the turbidity currcnts depositing sand and silt in the
canyon feathcered out on the banks. The burial of thesc sands and silts by over
a mcter of clay and silty clay would indicate that the last major turbidity
current probably occured in Wisconsin time." '"Faulting offers no explanations
of the scdiment relations or the stream-like longitudinal profile so casily
cexplained by turbidity currcntse" The evidence of thesc channcls and their
assbciated scdiments scoms to present 2 very much morce formidable case for the
reallty of turbidity currents than was cven dreamed of when the theory was
first advanceds Prcservation of topographic forms with little alteration in
the normally quict realm of thc occan depthe can roadily be understoods
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GEOLOGY 169
GEOMORPHOLOGY
Supplements, 1953, part II
Pediplanation vs peneplanation, —

Introduction, Although the subject of final stages in denudation by run—
ning water has been covered in previous supplemenvs, data which has appeared
in the past year offer further food for though on this extremely important
problem. Before begioning a discussion, however, it 1s well to repeat that
the definition of the word pcneplain (peneplane of Johnson) is far from uni-
form among students of geomorphology. This makes it extremely difficult to
argue about either processzs or end results, Iet us here return to the ori-
ginnl ideas and neglect later attempts to change the definition to one which
is s0 broad as to be almos: meaningless,

"Wormal climate" One of the often unwritten but necessary conditions
for the origin of a penenlain (under the original meaning) is the so~called
"normal climate®, in other words a climate similar to that of northeastern
North America and nortiwestern Hurope where temperatures are moderate, rain-
fall well distributed seasonally, vegetation abundant, and chemical decom-
position of the material of the earth's surface well developed. True, this
climate is that in which a very large part of the civilized inhabitants of
the world dwell, but from the areal standpoint it is certainly not that of
the main portion of the prescnt lands. We must look at a globe and not at a
Mercator projection map to form an intelligent opiniom on this point, Besides
this fact, we xust recognize the strong possibility that the present distri-
bution of climatbtes was not a permanent femature during the history of the earth,
Evidence to prore this is not easy to obtain and resic invgsly upon inference,
S0il profiles are not nuach help for many are not more than a few thousand years
0ld. Morine deposits offer even less aid except insofar as they demonsirate
wind ani current divections. Hence we must turn to continental deposits and
evaporites, With them the influence ot wvow-eroded mountain chaing must be
evaluated. Besides this, many geologists offer the t

time-honored excuse of
moveme =t Of e ither or both poles and continents. Whatever might be the cor—
rect conclusiou on this debatable subject for the older geological periods,
consiierable evidence bas been presented to demonstrate that the hypothesis

of charges in latiftud: must be rejected for the Tertlary and Quaternary, Dis—
tribution of plants and of glaciation substantiate this. Tae occurence of
glaciation alone proves tuat elimatic changes of the firs! magnitude took
rlace . at that time. Toe inter Tertiary 1s notable for tha immense alluvial
deposits of Western United States which must have been leid down under a de—
cldely different climate than now prevails in the same riace., It has often
been suggested with considerable assurance than the preser dsy wind and cli-
matic bulws glill show the effects of the Pleistocene glaciation becavuse of sur~
viving : dcecvs, BSuch being the case 1t 1s best to forget aboul such a thing
as a "norma.' climate and to reamlize that much more of the globe may hase once
been semi-arid. We should then reject the idea that either aridity or semi~
aridity is & "eclimatic accident!',

Climatic control of debris removal. Fig. 1 shows cross sections of slopes
in arid, semi-arid, humid, and sub-arctic climates, All but the last have in
common the presence of enough rain to remove more or less completely the debris
formed by weathering. In the truly arid environment weathering is almost
wholly mechsnical, WhPn it does rain the water is nol enough in amount or dur—
ation vl flow to remove $hz dso~is cf weathering from the area but instead it
accuriiates in alluvial fans axzd filling of enclosed basins. Both chemical
atong2s and restraint by vegetaition are at a minirmum. Resistant crusts of chsm-
i 221 origin are formed. In a semi-arid region some chemieal weathering is pre
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Cross sections of valleys in different climates
FIG. 1

sent but vegetation is not important. Enough rainfall occurs to keep the debris.
shed from steep slopes moving toward the sea or other base level, Much debris
is water—born, the only proviso being that the particle size distribution be
within the competence of rumning water, In a humid land, however, chemical
alteration of the bed rock is very important. Although the average particle size
is thus reduced, the presence of vegetation slows down removal, Mass movement
is, however, very important, Slow erosion is especially conspicious where grass
is present for all experiments demonstrate that it 1s by all means the most
effective of all vegetation in restraining erosion. In a region of perpetually
frozen ground the net result is to make all bed rocks and mantle rock alike into
-a solid, massive material., The seasonally thawed or "active! layer of the hills
is moved 1n large part by mass movement to the streams.

Changes in climate., Due to the indubitadle fact that climates change at any
given locality 1t is expectable that we should find the characteristic climatic
landscapes superimposed one upon another. Many believe thai adjacent to the
Pleistocene ice sheets vast areas were once frozen, Consideration of the heat
requirements for melting of ice show that such could have been possible only
during the advancing stages of the glaciers, if indeed it ever affected areas of
marine climate. However, changes in amount of rainfall and vegetation can be and
have been detected. Pluvial periods with more rain than at present have been
postulated by many geologists in areas which are now semi-arid. Students of scils
have also noted past climatic changes, particularly near to major lines of
divisiou due to climatic coutrol, In this discussion, however, we will mainly
cencern ourselves with the later stages of erosion, the production of surfaces
of low relief late in the progress of erosion.
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Davis! idea of the peneplain., Fig. 2 shows two contrasted theories of the

retreat of slopes. W. M. Davis held that the slopes on the sides of a stream

FIG, 2 Two ideas on slope retreav
constantly diminish in angle threughout the "eycle of erosion". Little attention
was paid to details of just how material was removed from low slopes and less to
tne conclusion that a balance must ultimately be attained between the force
available to remove material and the resistance of that material to erosion,
Fig, 3 shows the original concept of the peneplain where it was concluded that

Note survival of the ridge on
hard sendstone, the thick layer of mantle rock and the wide floodplain. The last
is what epperently led some of the later students to include depositional areas
with peneplains. Note convex divides with any possible concave slopes buried under
floodplain deposits.

the streams would no longer be able to remove the debris of weathering as fast as
it formed and would hence form extensive floodplains., A deep mantle of
disintegrated rock was assumed to be present all over the area and residual
elevations or monadnocks were left only where the bed rock was particularly
obdurate to weathering and erosion. Elsewhere rounded convex divides should merge
into the falts of the floodplains. The pre-Cambrian surface of Canada and
north—~central United States appears to fit fairly well with this concept,
although we must recognize that it has been buried by marine sediments and later
exhumed., There monadnocks are confined to extremely resistant materials,
quartzite, hard iron formation, and fine-grained igneous rocks, Between these,
slopes are in many places very low and divides are inconspicious. Bed rock is
disintegrated to considerable depths not only in exposed areas but also where

the cover of later rocks still persists.
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Objections to the peneplain hypothesis, Other than buried and resurrected
surfaccs such as mentioned abore, very subdued erosion topography 1s observable
only on soft shales and on limzstones where it is greatly aided by solution.

The whole idea tha® a thick mantle of weathered material would form on surfaces
of low reiief ignores the head necessary %> force waher far below the surface.
Absence of a deep residual mantie on the pre-Clambrian is generally ascribed to
glaciation and it is tiue that in the lightiy glaciated or unglaclated
pre--Cambrian of central Wisconsin the mantles rock locally sxceeds 140 feet in
thickness in schist. The problem remains, however, to wlat exient was this due
to chemical reaction by gzcund water while still buried, For tkat matter, how
ruch eresion was caused by luec waves and currents of the sea which transgressed
this surface long ago! Other objections are of a more theoretical nature, Just
how could debris be removed on very low slopes? Monadnocks should be rcunded
and grade into the adjacent landscape save perhaps where difference in bed rock
geology is abrupt. A very serious otjection lies in the apparent presence of

0ld subdued surfaces near together and separated by a steep escarpments, Are
these all explicable by differences in bed rock geology? Or is there something
radically wrong in the hypothesis of origin of subdued erosion surfaces? Why did
not the process that made the younger surface obliterate all thcee of older
levels? Horton held that under his hydrophysical approach there must be "a
definite end point for both stream and valley development." This point would be
reached when the area between the streams is all within the belt of no erosion.
Indeed Horton held that "most of the observed gradation of divides takes piace
before the streams which are separated by the given divide are developed——in other
words, the terrain where the divide is lecated is graded in advance at a tinme
when sheet erosion is taking place along or across the line which subsequently
becores the divide." He rejected entirely the idea that divides are graded down
indefinitely. Horton also stated "The ultimate surface of erosion within a

nain basin boundary is neither 'almost a plane, as the prefix 'pene! impiies, nor
is it uswally as close to being a plane as was the original surface area from
which it has been derived. It seems better to call it a 'base surface! generaily
concave upward except along divides". Horton appears to have assumed soft
naterial to considerable depths.

Parpllel retreat of slopes. The theory that slopes do not lessen with time
but retreat parallel to themselves after the initial formation was first preseunted
by Penck and is shown on the left side of Fig. 2. This view requires the
formation of a gently sloping surface between the foot of the steep slope and
the channel of the adjacent stream. Material derived from the wearing back of
the steeper slopes nust be transported across this area by running water. This
was the concept of the pediment, an idea also put forward by Gilbert from his
observations in the senmi-arid western part of this country. Davis did at one
tire write a paper oa rock floors in which something of this theory was
recognized although he rejected the idea of parallel retreat of slopes.,

Strahler's equilibrium theory., Strahler used a statistical analysis of
certain measurements in California and concluded that slopes lessen to a point
where the adjacent streams can just remove the debris shed by weathering and fed
into then by slopewash and mass novement. He found that {hese slopes have the
sane angle from top to bottom, It is apparent, hewever, that the area in the
Coast Range probably represents a very early stage in the cycle of erosion,
possibly prior to stabilization of slopes in relation to kinds of rock debris,
each of which probably has a distinctive particle size distribution,
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Wond's classification of siopes. Allan Wood's discrimination of types of
hillside slopes into tae u=sxing {convex), free face (outersp), constant (talus or
\gravity), and waning oncave) was sumsarized in an esrlier supplement (Fig. L),
i Vaxing o coorax slope

\

Free face or outcrop

Constent, telus or gravity slop: (rock fragments)

Waning or pediment slope

FIG® 4 Classification of hillside slopes after Vood.

Examples of each are found in almost all climates, although some may be absent at
ary given locality. We will first consider the methods by which each is formed
and altered.

Convex or waxing slope. Formation of a rounded edge or convex surfece
on hill tops is not due to one process alone. It implies a removal of material
toward lower ground at a rate which increases downshope. As pointed out by Pavis
long ago a sharp angle tetween original surface and hillside, such as is formed
early in the cycle of erpsion, is vulnerable since it is attacked by the agentis ot
weatherirg from two sides. Once weathered, removal may occur either by slopewasr
or mass movement, Variation in intensity of rainfall causes the boundary of
Horton's "belt of no erosion" to fluctuate in position., This should result in
rounding off the corner, King has a similar idea for he states: "as the volume of
water increases with distance from the crest of the slope and its speed downhill
increases with the steepening declivity, there comes a stage where modification
of the surface under the action of rumming water exceeds the modification due to
soil creep. This is the end of the waxing slope." Soil creep is favored by this
rounding off of the cornmer, by rock which weathers into 2 mantle which has low
viscosity when wet, and by the presence of a restraining cover of sod or other
vegetation which minimizes sheet wash, In the White River Badlands of South
Dakota it has long been notedngggﬂqggvex divides occur only on the weaker layers.

{"| |1 FIG. 5 Convex divides in White Rivhr
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Wherever firm material is present the divides are jagged and narrow, Convex
divides are, then, best favei:oed in humid lands with weak bed rock and

abundant protectins veg:“aticr. Rock exposures, other ikan large boulders moved
from their originai posdiion, wre.rare.in lsue contex iivpes., However, convex
slopes are not of universal oc: urrence.

Free face or outcrop. In the zone of the free face or rock outcrop it is
evident that the debris of weathering derived from avore must be moving with
much greater speed than it does near the hill summit. Acutal outerops can occur
only where the bed rock is fairly resistant to weathering and are best developed
in regions of horizontal strata, particularly where the resistance of different
layers varies considerably. In the latter case there may be more than one such
line of exposure. The actual type of rock forming outcrops varies with climate.
In semi~arid regions we even find that gypsum, which is water soluble, is
exposed because of its mechanical resistance. In very humid regions sandstone,
quartzite, or fine-grained igneous rocks are common ledge-makers. Where slope
development is reaching its endpoint, due either to a long time or to the
weakness of the underlying material to both wenthering and erosion the free face
may be absent. Obviously this is most common where relief is low,

Talus, debris slope, or constant slope. Since the free face or outerop i¢
exposed to the elements it sheds fragments of rock. The size distribution of
these depends upon bedding and Jjointing which is in turn an inherent feature of
the type of rock. These fragments roll, slide, or fall into the slope below
which is varyingly described as talus, scree, debris slope, or constant slope.
The mechanics of this zone, which in many localities has a constant declivity,
have been previously discussed. However, the fact that with most rocks and im
~ nost climates talus fragments disintegrate through weathering. The resulting
finer material may be retained between the larger rocks for a time because of
their protection and the restraint of vegetation., If there is enough moisture.
and clay has been formed, mass movement of the talus is possible, ILandslides
may then reveal the sloping surface of only slightly weathered bed rock which
is the underlying basement of these slopes. This may reduce the slope of the
lower part of the talus. If removal of material both thus and by rill erosion
is not fast enough the free face above will be buried and talus formation will
cease. Rill erosion is more probable than unconfined slope wash because the
steep slope promotes high turbulence with associated channel erosion. It is
the view of King that in South Africa such erosion is enough to cause retrcat
of the face of a hill so that the burial of the outcrop is postponed and the
entire slope retreats at a constant angle, that detcrmined by the size of rock
fragments. Some talus slopcs arc interrupted by ledges where resistant form
ations have not been buried and by projecting butresses of bed rock which is
more resistant than adjacent material. Rock outcrops may, therefore, be found
in some places within this zone. Material which is removed from the talus only
when its particle size is within that which can be transported by water on the
available gradient, but it is evident that running water will be unable to
dcerease the angle of the entire slope because of the protection afforded by
the larger rock fragments. To wear back a talus slope to a significant distance
must involve weathering and crosion of its bed rock floov.

Waning or pediment slopcs In many localities vallcy filling has obscured
and’ buried everything bclow thc talus slope. This is the case throughout the
Driftlcss Arca of the Upper Mississippi Vallcy and the causc is valloy filling
conscquent upon ncarby glaciations In the Coastal Plain a recont risc of sca
level has had the same cffect and in much of the western part of the United
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Statcs climatie change has intcorferrod with tho normal development of hill
slopcse. In many places slopes are undereut by streams of considerable sizo
which also prevents the formation of a concave lower slopce I% is in somi-
arid rcgions of sparse vegetation that thosc slopes arc best observed and
many of them were at first confused with the somewhat similar form of coalesgemw
ing alluvial fans. Where typically developed these slopes are underlain by
rocks which readily disintegrate to partlicles within the range of water move-
mente Thoy have a thin vencer, locally absent at the top, of water-—trans—
ported detritus which rests upon relatively fresh bed rocks The surface is
scarrcd with rill marks which grade into 1ess abundant ravines (dongas of
South Africa)s. It is the problem of just how these smooth surfaces doveloped
which is not yet solved to the satisfaction of everyonc. Suggestions include
(a) lateral erosion by streams which are at local bBaselevel fixed by a balance
between erosion and deposition, for many grade into depositional slopes
downhill; (b) erosion by many rills similar to those described from the talus
slopes; and (c) crosion by shect or slope wash including the sheet floods of
McGees Iiing has gone out onte such slopes during rains to observe what actually
happense Higgins has dug trenches across little pediments and filled them
with a different sand to cheek on rills vs. shecet washe In rains of moderate
inte: sity Iing found only cleszr water in the shcet flood close to the upper
limit of the slopes. This disclosed laminar flow by having a depresscd
surface above obstacles. Just how such flow, which was not eroding or trans—
porting meterial,could shape the pediment was a problem. Material eroded

in the talus above must in this case have been deposited temporarily at or
near its lower border. However, later studies showed that farther downslope
and in heavier rains turbulent sediment-transporting flow is present,
although deen floods Yike those described by McGec were not observed. It

is obvious that to have sheet flow there must first be a smooth surface on
which the water can spread out. Xing explains this by the multitude of

small rivulets which descend the talus. He rejects the idca of lateral
strcam Tosion largely becausc thc great escarpments of South Africa arc
parallcl to the coast, do not extend far up riverse He thinks of thom as
originally as great monoclines which erosion has worn back parallel to them—
selves through several geologic periods at a rate of one foot in 150 to 300
years. He also rejects the stroam erosion hypothesis because of the compar—
atively straight and lovel bases of the escarpments. However, this view doocs
not socem to meet all observed conditions. The lateral cxtension of pedi~
mented surfaces joining $ate a pediplain with only small residual, stecp—
gided hills rising above it implies rccession of valley sides. In other
areces it is ovident that pediments have formed along fault searps. MWMovecover,
some form of channel erosion would seem a prerequisite for preparing the
ground for widesprecad sheet floods. Possibly Horton's theory of rill grading

FIG. 6 After King Steep-sided
o ) residuals of granite rising from
A3 S smooth pediment which has a thin
; - 7~ _|grass covers Slopes of hills erc
- s g8 : — |talus blocks. Similer residuale
; 3 s, are common in The Great Plains.
From nhotographe Eas% of FPie~
tersburg, Transvaal
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FIGe 7 After vhotograph by Fair published by King. The river has no real

flooq plein but pediments rise gently to the steep~sided residuals of andstone
and dolerite (beasalt). No convex hilltops cen be distinguished but the concavity
of the pediment is plainly shown, Vegetation appeers to be scanty brush,
pessibly some thin gresse The Karroo, South Aftricsa.

is the key. DBbut when all is said and done the reality of these roci—cut
slopes must be admitted. They do not fit in with the old concept of penc-
plains. They could explain preservation of rcmnants of more than one
crosion cycle in adjacent hills for on top of the remnants crosion is very
slowe They do not require for formation a very arid climate and might
occur in somewhat modified form in humid regions unless deeply buried by
crept mantle rock. They explain the apparent youthfulncss of the mountains
of the Basin and Range province despite the width of valleys, a fact which
puzzled carly students of that areae.

Form of pediment cross section. Pediments have a characteristic conecave
cross section leading down from the more or less level, abrupt upper limit
either to streams or to an slluvial fill in the center of the adjacent
valley. 'ide stream spacing may be a factor in pcdiment formation. The
sharpness of the upper contact is best developed in hard rocks. In wecak
rocks this contact is a gradational curve. The various causes of the con-
cavity due to running water have been explainecd in a previous supplemente
The matter is not simple and is unlike conditions on alluvial fans for rain
falls all across the pediment slope.giving increased depth down slope with
consequent decrcase in shearing forcee Indeced, it has been declared that
pediment slopes are formed in order to facilitate disposition of sudden
heavy downpours which arc common in semi-srid regions. As pediments join
at divides the divide is commonly abrupt and angular rather than rounded,
slthough both forms may occur apparently depending upon the resistance of
the bed rocke The best—doveloped pediment profiles occur where the bed rock
is granite rather than soft sediments such as shalc or limestone. Residual
elevations within a pediment or pediplain (arca of coalescing pediments)
characteristically have concave sidess Mount Monadnock, New Hampshire, riscs
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in this fashion from adjacent uplands of the same kind of rock. However,
this area was glaciated and a basal mantle of decomposed rock might have
been eroded by the ice or the base might have becn eroded by waves. 4 feature
of pediment slopes is that gullies (dongas of South Africa) occur entirely

on them rather than on higher slopes locally extending to the upper borders
Some change to low alluvial fans below. It is thought that these ravines

are due to local concentrations of the sheet flow which set up more turbulent
flow which causes erosion. Some arec certeinly due to disturbance of the
ground by farming. Rock outcrops occur in the walls of such gullies, at the
hcad of the slope of pediments, and in small isolatcd M"islands! or residualse
The only cause of convex profiles in pedimented areas is erosion at an
accelerating rate due to later uplift, or to climatic chenge toward greatcr
humiditye. In this connection we may ask if erosion surfaces which bevel thu
bed rock and yet show decp weathering are (a) pediments developed in humid
climates or (b) pediments which have been altered by a change of climatee
Since the theory of pedimentation can oxplain the occurence of secveral diff--
erent lovels in the same region it opens up many new possibilities in interp-
retations Could it be that the Pledmont Plateau of southeastern United
States is a pediment whose surface was later ecroded by a morc humid climate
possibly associated with uplift? Such a view would explain the anomaly of
stream capture slong the youthful divide of the Blue Ridge to the northwest,
features which secm impossible under the peneplain hypothesis. The convex
divides of the Piedmont together with deep disintegration of the bed rock
would be more reccnt than the original bevel. Widespread graveis of late
Tertiary age in the Coastal Plain scemingly support this view. The Harris-
burg terrace, which is so conspicious throughout the entire Appalachian
region, would then be correlated with the Piedmont and possibly also the
Highland Rim surface west of the high platcaus. Many will object to this
suggestion because it seems to imply a marked climatic change, but just how
much of a change is debatable. Perhaps only enough to affect the vegetation
cover to a moderate extoent. Turning to the Rockies, it i1s obvious that the
upland surfaccs are truc pediments correlated with alluvial filling of
adjacent lowlands. Climstic change, possibly associated with, or due to,
uplift; has removed much of the fill but a rcmnant persists in the Gang
Plank west of Cheyenne, Wyoming. Surely, it is inappropriate to call the
upland surface a peneplain if we stick to the original meaning of that word.
Some in the Uinta Mountains have in part been described as pediments. Througiui-
out the Great Plains many of the residual hills have steep congave sides
which appear to demonstrate pedimentatione.

Summarye. The following tablec, adapted from King shows the differences
between vhet may be inferred as characteristics of peneplains (under the.
original Davis view) and those of pediplains. We must note that pencplains
arc infereonces, whereas pediplains may be actually observed in the ficlde
Morcover, it scems doubtful that there can be any sharp line of division
on the basis of either climate or kind of rock. King declares that the
peneplain,as originally defined, is an "imaginary landform', so that it may
be that decbate is futile. The exact method of formation of the theorectical
peneplain is only vagucly described in the literature and is not backed by
actual obscrvation. A factor in comparison, which King suggests, is chat
the mantle of grass which so offcctively restrains erosion and makc: for
convex divides was not prescnt prior to the middle Tertiery. Indeed. others
have suggested that vegetatrion on the lands was absent in the earlier
geologic periods, and that erosion was then everywhere like that of scmi-arid
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last page
regions of today.
Pencplain (Davis, theoretical) Podiplain (observational)
Broad flood plains. Narrow flood plains.
Convex or subdued divides with Divides sharp with concave slopes
much crecp of a deep mantle. on both sides, locally convex over
a narrow widthe
Residuals gentle and convexs Residuals sharp with concave sidos
except where top is very weal rock.
Lower slopcs only, concaves Dominantly concave slopcs, except
on very weak rocke
Origin by slopc flattening. Origin by scarp retreat and podi--
mentation by running waters
Origin destroyed all older surfacess Several levels may be prosent in
one Zocality.
Mantle rock due only to weathering Mantle rock thin, and water—trans—
and creepe ported.
Bed rock decply weathercd(?) Bed rock fresh.
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GZOMORPHOLOGY \_~
Flow of ice, continued Supplement, 1952-53, éég%i%} P

Introduction, The subject of the physics of the flow of glaciers has received
much attention in recent years. A large portion of the results are scattered in
mhblications which are not readily accessible to American students and many are in
other languages than Tnglish, However, a series of papers on phases of the svb ject
appeared in the Journal of Geology of 1051 and in all numbers of the British Jourzeld
of Glaciology. Results of these researches are not all harmonious and the following
is an attempt to offer suggestions on the meaning of these differences. Tield
investization has been earried on chiefly in Switzerland but also in Alasla, Baffin
Land, Horwey, etc. Ve cannot here summarize all this highly technical data, but
a mwwmber of nroblems can now be outlined. Chief of these on which there is much
ﬂJl¢brence of opinion, we may list: (a) is exbrusion flow as postulated by Demorest
a fact, (b) to what e tent is melting and refreezing a factor both in motion and in
glacial erosion, (c) does ice flow like a plastic substance where the "coefficient
of viscosity" is a function of applied force, (d) how is the crystal strveture of
ice related to flow, and (e) is the flow of ice due to just one process or to a
combination in varying proportions depending uvon conditions which prevail at
certaln places and certain times in varying relations,

Ixtrusion flow, The hypothesis of extrusion flow of ice at denth was
promilgated by the late liax Demorest and adopted by a few other American students.
It geems to have met with considerable slepticism abroad, particularly with

ritish glacialists, Here we must note that glaciology, the study of the physics
of glaciers, is not identical with glacial geology which is primarily the study of
glacial and glacioagueocuvs sedimentation and the resulting land forms, One of the
basic concepts of the hypothesis of extrusive flow is that the viscosity of ice
decreases with load so that the basal portion of a thick glacier is more fluid than
ths vpper rortion. This upper rigid portion obe}s the laws of golid rather than
thoge of fluid mechonics. Its thicknegs would then measure the threshold stress
where the change tales place. Ilow the existance of such a transition is
abundantly supported by experiments with both metals and the softer rocls. The
disagreement seems to rest mainly on the problem of whether or not the velocity
of motion of thick ice increases downward or upward. It 1s well recognized then

in mountain or &lpine glaciers (also termed valley glacierﬂ) the increase is
upwerd, although it is concluded that the surficial rigid ice which breal:s into
~crevasses ridss aiang on the more mobile bottom ice. In deriving the formulas
for velocity baseld upon analogy to laminar flow of a fluid integration is carried
ori from bettom up with a maximum toward the top of the ice just below the rigid
zone, However, in the case of extrusion flow it would be necessary to reverse the
computabion anu integrate downward from this point thus placing the mezirum velocity
near to or at the bottom of the ice. Avpparently 1t is this reversal of rate of
increase plus difficulty in seeing why the surficial rigid ice does not travel
alonz on top of the more fluid zone which has led to doubts. In the very nature
of thingu extrusion flow is an invisible phenomenon. Obviously the best practical
check 1s to drill a deep hole in a glacier and find out from reveated surveys
where velocity is at a maximum. Such holes have been made in relatively thin
alpine glaciers but the comwletion of one in a thicl polar glacier has been
delayed by drilling difficulties in very cold ice, It has long been recognized
that the upper portion of a moving glacier yields by breaking into crevasses, The
problem is whether or not crevassed areas are the only parts of continental glaciers
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which move., This ovninion is still widely held but it is asserted that ib would
be difficult to account for the observed discharge of ice from Greenland glaciers
and some other thick jice masses without a deep—seated flow bensath unbroken ice,
It may also be argued thet glacial erosion of the deep basins of the Great Lales
and Finger Ilalies of New York would be hard to explain if motion of the continental
glacier were confined to a marginal zone. A similar remark could also be made in
respect to the long distances of transport of some glacial erratics. Demorest
explained the failure of the top central zone of a continental glacier to move

by his idea of obstructed flow. Under this theory the greater resistance of the
rigid ice, which descends to the gurface at the margin of the ice sheet, would
restrain any tendency of the surificial ice and firn to move out of the central
area, It is not due to cohesiord for ice yields readily to tension. It seems

Lo the present writer that this is perhaps the greatest objection to the idea

of extrusion flow which is otherwise a valid working hypothesis.

Freezing and thawing due to pressure, Many criticisms have been urged against
pressure—~controlled melting followed by refreezing, The process would seem &
prerequisite to extensive glacial plucking of bed rock, which very slight
consideration of energy recuirements shows must indubitably have been much more
important than grinding from the cuanitative standpoint in the glacial erosion
of hard rocks. Fortunately for the argument pressure melting and refreezing are
easily demonstrated in ice which is at the melting point. One can press two ice
cubes together in the hand and they stay frozen upon release. In the time-honored
syperiment of the passing of a weighted wire through a block of ice, it is evident
that the energy of the falling weights furnishes the requisite 80 calories of heat
absorbed in melting a gram of ice, Above the wire the opening freezes shut and each
gram shovld set free the same amount of heat which was required to melt its With
the slow motion of the wire this heat 1g dissipated into the adjacent ice and to
the atmosphere thus representing the final disposition of the available enrergy.

The change in »ressure is just sufficient to permit this heat exchange, ITow within
a thick glacler which is in motion we must give thought to the fact that the net
Pressure on any given point is not only the weilght of the column of ice and firn
above but is in fact the resultant of this force and that of motion. Iven if the
weight does not change, a very slight alteration in rate of motion must
indubitably affect the net pressure at a given point. Turning to the hypothetical
temperature cwure of a thick glacier whose top is in a cold climate, Fig, 1, 1949-
—~52, it seemr irpossible to think that a very large portion of the deeper parts of
a continental zglaclercan bert any other temperature than the pressure~controlled
-melting poini. Any possible extension of the lmown pertion of the near—surface
curve must intersect the melting curve because ice cannot exist above that
temperature. The writer veutures to suggest that pressure melting and refreezing
is a vital process nov only in glacial plucking but also in glacial motion. liay
it not well be that the thiclmess of the cold ice near the surface is an important
control in extrusion I{low and hence in stagnation of 2 decaying ice sheet which
thinned to the point that there was no thick basal zone at the melting point? Such
a case could occur vhere the climate is cold. On the other hand the lower southern
margins of a continental glacier must have behaved like temperate glaciers which
are often at the melting point throughout. lay not these be the location of a
different type of flow, perhaps similar to Demorest!s gravity flow of valley

Fig, 1 shows temperature curve of a temperate glacier (next page)
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glaciers? Could not the difference between extrusion and gravity flow be thus
explained? Before leaving the subjcct of glacial plucking, attention may be
directed to the necessity of assuming that crevices are present in the bed rock,
It is btrue that most water wells in granite are dry if no crevices are found
within about 200 feet of the surface. But dry crevices have been found at much
greater depths a2nd there seems no neoessary limit to the depth at which shearing
may tale place along faults. If holes may be drilled to depths of over 20,00C
feet in sedimentary rocks we certainly cannot set a dowvnward 1imit to open cracks
in hard crystallines. Another factor which must not be neglected is that erosion
lizhtens the load on creviced rock, If the erosion merely replaces rock with
density about 2.6 with ice at density below 0.9 we have still furnished a reason
- for cracks to open up and admit plastic ice or water which freezes into ice,

Viscosity of ice. Almost all physicists now admit that the coefficient of
viscosity of ice is not 2 constant as it is in a true licuid, In fact some desire
that the term be abandoned in favor of another. Most measurements agree that
velocity of strain is a power function of stress, with an exponent variously given
from 2 to slightly over 4, It is sugzested that the value of the exponent is a
function of both temperature and nature of the ice. Glen conducted some carefully

controlled experiments by stretching ice crystals at mean temperature of 1.5 c
and arrived at the expression:
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strain rate (in years) = 0,0074 stress (bars) , 1 bar = 10 dymes/en”,
Threshold stress is about 1 bar corresponding to a thickness of 11 meters of ice,
much less than the postulated value given before., Observations in tunnels have also

Strain
|/ | Fige 2 (1left)
100 | 8train rste in
/ cm/yr vs stress
/ in bars after : =
Glen Log-log I [ Velocity cm/day* 10
/ plat showing » e
10 ; value of expon~ | s
: ent, n. g =
1 }/
i 5 ) ) (1 10 i3 i [l ). L}
S "/ Stress in kg/cm?
4 ; Fige. 3 OStrsin-stress relations in
: drill hole through a Swiss glacier
after Perutz Although top 50 m of ice
did not behave as a fluid value of the
- = 1 !lOAEStress threshold stress is low.

been made by measuring the rate of contraction of the sides, Very similar results
with a threshold value of slightly over 10 meters of ice are reported by LicCall,
Haefell alsgo describes measurements on rate of tunnel contraction as well as by
direct determinations of the rate at which a metal ball was intruded intc the ice.
Calculations based on the former gave results for viscosity ranging from 8 to

i S5 X101 poise, decreasing toward the interior of the ice. He remarlks "The tests
with the sinking ball confirm the importance of pressure melting in glacier flow.
Owing to local pressure concentrations the fluidity and thus the deformation of the

-ice 1s locally increased." Fye gives the formula for force F at depth é on slome S
with unit weight of ice w, wass

F=wds$s (on unit area)

B:f in‘tegration the difference of tij UelOCit}' (UO: and bottom velocity (U } of
v b
a F,‘ldCier with total thickl}ess Ddse

Us = Uy = 12 go,

Plma )

B is a constant. TNote that ¥/B = reciprocal of the coefficient of viscosity. With
strain rate cm/year and force in bers (within the range of 0.8 to 5.5 bars)
B =162 and n = 4,1 but the internal physical state of the ice and the temperature



o pars 55 ps 5

cause changes in these values. It is worthwhile to compare the above formula for
velocity with thet derived for laminar flow of a true liquid, Bader suggests that
viscosity is controlled by temperature, stress, grain size, grain shape and grain
orientation. It is to be noted that some authorities now admit a distinct bottom
velocity in an alpine glacier, a fact of great importance to glacial erosion
hatever the process by which that goes on,

Crystal structure of ice. Iuch worl has been done on the crystal structure

af ice both in the field and in the laboratory. e can mention here only the

~pers by Bader, Rigsby, and Bjerrum, the last of which apparently made use of
nb Z-TaY e ”he large 51ze of some of the individual crystals is remarzknble for
v measure meny inches across, 3ader remarks: "it is difficult to visualize
aring along tortuous grain bounderies as an important factor in grain
sfarmation, Fevertheless there is a marked preferred orientation or schistose
ﬁtructure although it is voorly developed compared to that of a mica schist.
Dead ice, vhich is no longer moving, has larger crystals than living, moving ice
which contains bubbles of air and water. Bjerrum ascribes nlasticity wholly to
zriding on planes perpendicular to the optic axes of the crystals. Rate of
¢iriding is rejated directly to temperature. Threshold stress was estimated at
about 5 kgfcn which corresponds roughly to about 55 meters of ice. He also
crlcuwlates the heat of sublimation of ice at 675 cal./gm. In conclusion it seems
that nothing has been discovered to contradict former conclusions on ice flow by
reerystallization or crystal gliding except that the threshold stresses are
decidedly less than that postulated by some older students of the subject,

b
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Conclusion, In conclusion of the subject of glacial flow it apnears to be
well esleblished that a number of processes must occur either at once or under
somevhat different physical conditions. We may summarize that motion can be by:
(a) mechanical shear, (b) pressure melting and refreezing, and (c) recrystals
Lization or gliding, The dominance of any one process is certainly related to
temperature, total stress, rate of stress change, and physical maleup of the ice
in amount of air bubbles and possibly the amount of water—soluble salts in water
bubbles, Nothing which has been discovered prohibits the occurrence of extrusion
flow at desth, although it must be admitted that such a theory offers certain
mechanical difficulties. It is in fact possible to set up a theory of motion of
both valley and continental glaciers by repeated gravity slicing along n‘apes
which dip outwa=d from the center or source. (See section on soil mechanics)

Lewis suggested such an explanation in cirque glaciers by a method of sliding
which strongiy resembles the hypothetical analysis used by engineers to establish
the safety of the side of an artificial excavation. Such a theory of rotational
sliding has beea combined with yield by flow rather than by fracture. Some
positive evidence to support its reality has been collected from motion of the ice
in the sides of tunnele and from the dip of apparent shear planes in the ice which
are difficult to explain as bedding or accumulation planes, However, licCall found
that (a) ice movement near to terminus of a cirque glacier has & mrled upward
component, (b) motion of basal layers is not always in the same vertical or
horizonta 1 direction as that near the surface, (e) there is no effective over—
~thrusting as demanded by the theory of rotatlonal glip, (d) ice is quasi-viscous
and (e) there is no evidence that debris is being ralsed into the ice from the ice
bottoms See Fig. 4 on next page.
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Figs 4 Cross section of a glacier after McCall.
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Tiye made a theoretical analysis of the changes from normal laminar flow such as
pastulated by Demorest as unobstrusted gravity flow into two phases: (a) extending
flow on a convex bed where there is a marked slope of lines of shear downhill at a
sz eater angle than the slope of either the bed or the top of the ice, and

(t) compressive flow on a concave bed where the lines of shear slope upward

. . % Fig. 5 after Nye
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and direction of shearing. -
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at a greater angle than the slope of the glacier, he latter is Demorests!
obstructed gravity flow, a conclusion checked by Iye's statement that the former
is characteristic of the accumilation area and the latter of the terminus of a
glacier, The figure here given explains the phenomena by the aid of the strain
-ellipsoid and Fye's mathematical analysis may better be omitted. But the
observations in ice tunnels seems to show very definitely that ice flow is
rredominantly due to shear within crystals and to a considerable extent to
pressure melting and refreezing in all areas where the ice is just at the melting
point, In considering the threshold stresses outlined above it is well to recall
that such were given in meters of ice with density of 0.9 thus giving a much lower
figure than the actual overburden of snow and firn, In this connection it is also
clear that actual mcpursments of the depth of crevasses in the brittle surface
ice have almost everywhere shown that previous estimates of depth were far too
great, The difficulty in finding the bodies of persons who, like Demorest,
perished by falling into crevasses may be due to very soft snow in the bottom.
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e s e lSurface Thickness down to solid ice unknown in accumulation
area, Ice mainly too cold to flow

30t _ _ . — No differential flow noted in Melispina Glacier above 300 ft.
+500
Ice always below melting point to estimated 2000 feet in
~ 1000 a true polar glaciero Flow by gliding possible
Fluidity increases with depth.
2000 — — = — —1| Depth of this line depends upon mean air temperature of
' top, and conductivity of ice, Gradient measured only
near top in Greenland.
Zone where ice is at pressure-controlled melting point.
Flow by gliding important but local pressure melting and
~4000 refreezing can occurs This is zone of maximum fluidity

(minimum coefficient of viscosity)s Demorest held that
the zones above cannot move and that hence velocity must
increase downward giving extrusion flows No observations
display this conclusion and the major difficulty with the
view is how the surface zones could remain immobile.
—4000 That fluidity increases with depth is not important,

Figure 6 (top part not to scale)
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Tig., 6 is an attempt to define the zones of a polar glacier in which the

.ifferent processes of flow should be dominant, In concluding this centroversial
subject we may recall that science thrives by the introduction of new idecs and
hypotheses. Some of them may be false, but nevertheless they compell us to
overhaul our knowlege and to complete our proofs, Unfortunntely, many students

of science, who ought to have known better and admitted ignorance, evade the areas
where their personal knowledge was lacking. Witness the many prophecies of the
imminent exheustion of all petroleum resources, the condemnation of certain
little—lmown areas before testing, the conclusion that a mechine heavier than air
could not fly, thot atomic energy could not be relessed, and that holes could only
be drilled to a modest depth until filled by reek . flow. Let us beware of falling
into the attibtude that what we do not observe or do not lImow about does not exist,

Temperature in the bergschrund, An long argument has been waged as to the
presence of freeze and thaw within the bergschrund due to actual air temperature
change or to the entry of meltwater from above, Recently some actunl observations
show, as might well be expected from the presence of so much ice, that air
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Fige 7 after Battle and Lewis
Temperatures measured in a bergschrund Note that the melting point is never
exceeded although no very low freezing temperatures were observed. Melting

does not occur every day.
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temperature rarely if ever attains more than 0 ¢, (32°F,) Higher temperatures
during the days outside are evidently due to winds which do not penetrate
rnderground, Thus the melt water hypothesis of Lewis appenrs to be well
substanticteds Fig. T above
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Postscripts Just as the above was being completed
Sherp published the results of a 1000 foot hole in
the Malispina Glacier, Alaska, This test was drilled
by the thermal method and the hole was lost at about
half the estimated depth of the glacier by reason of.
failure of the apparatuses Absolute geographic posit-
ion of the hole cannot be found because of the distance
to fixed landmarks, hence the deformation shown in a
year is only the net change of inclination which does

1 not exceed 6 feet. No change was found above depth

300 feets No evidence of extrusion flow was found.

400 |— =5 It is difficult to see what would keep the surface

! ice from moving, This is a piedmont and not a true

il continental glacier and the hole is not in an area

of acoumulation.

e 8 0 £ G RS Sharp, Re Pus, Deformation of bore hole in Malispina
Glacier, Alaskas Geol. Soce. Am. Bull., 643 97-100, 1953
\L_ See alsos Gerrard, J. A. F., Perutz, M. Fs, and Roche,
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| Andre, Measurment of the velocity distiribution along
= a vertical line through a glacier: koyal Soc. Proces

A 2133 546-558, 1952
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Fige 8 after Sharpe Deformation of a test hole in
Malispina Glacier, Alaskas. Distances in feet

800 \.

900 (’ sy




-0

Selected Peferences

Baler, Zenri, Introduction to ice petrofabrics: Jour. Geol. 59: 519-536,
1953

Battle, V. .. B., and Lewis, Y. V., Temperature observations in
bergschrunds and their relationship to cirque eresion:

Jour. Geol. 59: 537-545, 1951

bjerrun, leils, Structure snd mroverties of ice: Science 115:

365-390, 1952
Suchanan, J. Y., Ice and its nature, 1908

Carol, Eons, The formetion of roches moutonees: Jour. Glac. 1:

57-59+ 1987

Chamberlin, I. T., Instrumental work on the nature of glacier motion:
Jour. Geol. 3%: 1-30, 1928

Chanberlin, F. T., Glacier movement as typical rock deformation:
Jour. Geol. 44: 93-104, 1936

Chamberlin, T. C., A contribution to the theory of glacier motion:
Univ., Chicago Dec. Pub. 9: 196-200, 1G04

Clarl:, &. M., and Lewis, ¥. V., Rotationzl movement in circue aznd
valley glaciers: Jour. Geol. 59: 5t6-566, 1951

Demorest, Max, Ice flowage as revealed by glacier striae: Jour.

GCeol. 46: 700-725, 1938,

Deimorest, Max, Glacier thinning curing deglaciation: glacier regimens
and ice movement within glaciers: Am. Jour. Sci. 2zLO:
29-66, 1942

Derorest, liax, Ice sheets: 3eol. Soc. Am. Bull. 54: 363-400, 1943

Ingeln, 0. D. von, The motion of glaciers: Science 80: 401-403,

1934; 81: 459-461, 1935

Sinisvalder, Richard, Some commernts on glacier flow: dJour. Glac. 1:
383-326, 1950

Gibson, G. I'. and Dyson, J. L., Grinell Glacier, Glacial National
Parl:, lontana: Ceol. Soc. Am. Bull. 50: 681-696, 19239

Glea, ¢. V., Experiments on the deformetion of ice: Jour. Glac. 2!
111-114, 1952

Hoefeli, Tobert, The development of snov and glacier research in
Switzerlend: Jour. Glac. 1: 192-201, 1948

Haefeli, Pobert, Some observations on glacier flow: Jour. Glac. 1t
496~500, 1951

ﬁ‘w-.@.\j WMMMM s 3‘6 33;7)5-73{‘153./
ngﬁﬂqugrnmcb¢k TR RN et ¢M7A¢=~4 7‘“{)
Yoo, 3.4, syi SH-566, 15T



Faefeli, Tobert, Observations on the quasi-viscous behaviour of
ice in a tunnel in the Z!'Mutt Glacier: Jour. Glac. 2!
9L-99, 1952

Hawlzes, Leonard, Some notes on the structure and flow of ice:
Geol. Mag. 67 115-123, 1930

Hill, 7., & mathematical theory of vlasticity, 1950

Holmes, C. D., CGlacial erosion in a dissected plateand' Am. Jour.
Set. 2% 2AP=232, 1937

Leightoa, F. B., Ogives of the east twin glacier, Alaska, their
nature and origin: Jour. Geol. 59: 578-589, 1951

Levis, W. V., Glacier movement bv rotational slipping: Ceogr. Ann.

31: 146-158, 1949

liecCell, J. G., The internal structure of a circue glacier, repvort
on studies of enzlacisl movements and temperatures:
Jours Glacs 21 122-136, 1952

Matsuyama, Motonou, On some. physicel properties of ice: Jour. Geol.
28: B27-631, 1920

Mercanton, P. I., The growth of the glacier grain: Jour. Glac. 1:

394, 1950

Moss, Dobert, The physics of an ice cap: Geogr. Jour. 92:
211-z31, 1938

Yadai, A.; Plasticity, 1931

Nizery, A., Ahelectrothermic rig for the boring of zlaciers:
Am. Geophy. Union Trans. 32: 66~72, 1951

Wye, J+. F., The flow of slaciers and ice~-sheets as 2 problem in
plasticity, Royal Soc. Proc. A207: 554-572, 1951

iye, J« F., The mechanics of glacier flow: Jour. Glac. 2: 82-93,
1952

Nye, J+ T., A comparison between the theoretical and the measured
long profile of the Untersar Glacier: Jour. Glac. 2@
103-107, 1952

liye, J« Fo, A method of calculatin: the thickness of the ice-sheets!
Wature 169: 529, 1952

Peruts, M. F., Direct measurement of the velocity distribution in
a vertical profile through a glacier: Jour. Glac. 1

382-383, 1950

Perutz, M. F., Glaciology~-the flow of glaciers, The Observatory 70:

6h-65, 1950

Perutz, M. F., and Seligman, G. A., A crystallographic investigation

Lesa N P - B/ew«u g :!'Wfé/ﬁu.. 2 MF7-422,155¢



of glacier structure and the mechanism of glacier flow:
Royal Soc. London Proc. Al7z: 335-36C, 1939

Reid, H. F., The mechanics of glaciers: Jour. Geol. 4: 912-928,

1896

Penaud, A. A., A contriution to the study of the glacier grain:
Jour. Glac. 1: 3z2-324, 1949

Pigsby, G. P., Orystal fabric studies on Emmons Glacier, Mount
Painier, Yashington: Jour. Geol. 59: 590-598, 1951

szssell, I. C., The influence of debris on the flow of glaciers:
Jour. Geol. 3: 823-832, 1895

Selignan, Cerald, The structure of a temmerate glacier: Geogr.

Jour. 97: 295-317, 1941

Seligman, Cerald, Extrusion flow in glaciers: Jour. Glac. 13

Seligman, Cerald, The zrowth of the glacier crystal: Jour. Glac. 1
254~266, 1949

Sharp, TP. P., The constitution of valley glaciers: Jour. Geol. 1:
174-175, 182-189, 1949

Sherp, Re P., Thermal regimen of firn on upper Seward Glacier,
Tukon Territory: Jour. Glac. 1: 476-487, 1951

Sharp, R. P., Features of the firnm on Upver Seward glacier, St. Elias
liountains, Canada: Jour. Geol. 59: 599-621, 1951

Shepard, T« P., Origin of the Great Lalwes basins: Jour. Geol. U5:

76-88, 1937

Tarr, R. S. and Zngeln, 0. D. von, Experimental studies of ice
vith reference to glacier structure and motion: Zeitschrept
fur Oletscherimde 3: C1-129, 1915

Thwoites, I. T., Geonorphology of the basin of Lake Michigan:
ichigan Aced. Sci. Popers 33: 243-251, 1949

Vard, V. H., The glaciological studies of the Baffin Islend
expedition, 1950: Jour. Glac. 2: 115-121, 1952




GEOLOGY 109

GEOMORPHOLOGY

Penck, Walther, Morphological Analysis of Supplements, 1954, Part I
T.and Forms, MacMillan and Co., London, 1953.

Introduction: The above work by Walther Penck has at last been
translated into English., Its fame rests upon the challenge it presented to
th> hypotheses of W. M, Davis in presenting a different version of the relation
Lecween uplift and erosion, including application of this to the explanation
+f different forms of slopes, and by that the history of uplifted areas.
Cn seccount of the difficulty of reading from the original German, Penck's views
rppear to have oceen in many cases misinterpreted. The text is still difficult
1¢ veac 2ven in the excellent translation of Hella Czech and Katherine C. Bos-
well. Thne following is an attempt to relate the conclusions of this controver-
sial work. published after the death of the author, to some more recent ideas,

E;Huarx_ﬁgproach: Penck's primary approach is the relation in time
tieen crustzl vplift and erosion. Davis and most of his followers presentce’
the cgcle of ercsior as alteration of a surface rather suddenly upraised and
and then subjected to erosion under climatic conditions similar to those of the
hetter populatza porticns of the globe. Such a view Penck held to be inadequate.
He stated that thz surface form of the earth is the net result of the conflict
between forces vhich cause elevation and those which bring about degradation.
These he felt could nct be separated in time and the topography resulting from
{rom erosicn must be explained on the basis of the ratic between these opposed
processes. He also called attention to the importance of study of the eroded
materials which were deposited concurrently with the erosion. "The physical
character of the morphological problem ccmes out clearly. The task befcre us
is to find out not only the kind of formative processes, but also the ratics
of their intensities with respect to one anether. None of the usual geologiczl
cr specifically morphological methods is sufficient for the scolution of this
problem., As is now self-evident, it requires the application of the methods cf
physics." (p. 3) Penck's application of physics involves what he terms the
differential method -r study of the progress of a process by considering small
increments, each developed in a time unit. He states that this is like the
methods of differential calculus (p. 13) but it should not be assumed that
soluticns were attained by use of higher mathematics. Instead, many drawings
were used which are rather difficult to comprehend and almost impossible to
reproduce by mimeograph. Penck's discussion of processes of weathering is, for
the most part, in accordance with present day knowledge. He stressed the
increase in mobility of the weathered material due to the formation of clay
minerals and colloids. This refers to mass movement and not tc ease cof water
erosion. Penck's renewal of exposure means the downward growth of the zone of
weathering as material is removed abeve.

0]
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Mass-movement. Remcval of material from slopes was regarded by Penck
as due almost wholly to mass movement, the material being thus fed into the
water courses. He uses the term denudation for lowering of slopes between
such channels by removal of weathered debris, and erosion for the work of running
water in them. Intensity of denudation is the term given to quantity of broken
up material removed in unit time., Penck did not accept the explanation of
"Block Seas" or boulder trains as products of a periglacial climate, pointing
out that he had found the same phenomenon in Uruguay and Brazil. He related
them to the kind of rock and a gradient of 15 to 30 degrees. Resistance to
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denudation comprises cobesion, friction, and the roots of plants. Methods of
movement are listed as: Free, including dry rubble on slopes of only 2 or 3
degrees; Slumping, which may occur on forest or grass-ccvared slopes, and
Soliflucition which is flow of material above frozen ground. Penck regarded

the stone rivers of the Falkland Islands as similar to those of the Baraboo
District, Wisconsin: concentration of stcnes due to erosion of the finer material
between them. Bound-down movement could occur even beneath a cover of wvegetaticn,
Corrasion is the term applied tc wearing of the substratum by mass movement of
devris. Penck ascribed the smooth upper parts of walleys which lack &finite
waler courses to this process. The present writer has observed that on fairly
ctoep slopes there is almost everywhere 2 sharp contact between the mantle rock
¢ «l the bed rock instead of the transition or gradation described in most text
borks. But novhere has he observed any sign of marked wear of the bed rock
surface, although in many instances there is a bending down of the layers of

tne weakoned bad rock. Penck nowhere mentions the cenditions necessary for
removal of debris which is produced uniformly over an entire slope. Gilbert
long ago deduced that with a reasonably uniform thickness of mantle rcck this
rwtessitates a downslope increase of gradient thus leading to convexity.
Coavexity of tals type may be observed in many localities cf this country, for
inatance all over ths Driftless Area of the Upper Mississippi Valley and the
Findmont Plateau. Penck differs with others in minimizing the effect of climete
en land forms. Despite his travels in Asia Minor and in Argentina he concluded
that there is no fundamental difference in land forms in humid and arid areas.
F= thought that corrasion by moving mantle rock is more important where vegeta-
iotion, aridity, or a high rate of infiltraticn of rainfall impeded ercsion by

1 caning water,

Formation of slopes. Perhaps ncthing in Penck's work has been more
consistently misunderstocd than his treatment of slope formation. One of his
cardinal principles is that slopes decrease in gradient with time unless renewe-l
by erosion by running water. He might well have included wave work and earth
morement but these do not seem to be mentiocned. He classified slopes into
straight, convex, and concave and set out tco use the associaticn of these types
in certain regicns to decipher their geomorphic history. He also mentioned
that slopes of a certain inclination appear to be associated with definite
regions.

For his first analysis Penck chose a walley wall where the stream at the
base is neither deepening nor filling its bed because it can exactly take care
of the debris furnished to it. A diagram then demonstrates-that, as the cliff
or rock face is weathered away, a talus accumulates below. This talus protects
the underlying rock so that as the cutcrop is weathered back there develops a
sub-talus rock slope termed Halenhang, The final result is the formation of
a slope at a less angle than the cliff above. The face of the cliff keeps the.
same inclination as it retreats umtil the talus.slope finially meets that of
the next 27jcining valley forming a sharp divide not rounded to any material
extent. The next step in formation is that the older basal part of this-talus
slope weathers. By this weathering it acquires mcbility and begins mass move-
ment which reduces its slope. In time this lower slope extends farther-and
farther back reducing the slope of the valley side. Thus was propounded the
law that slopes flatten from below upward until the final result would be such
low slopes that mass movement would not be-able to pergist. Eventually this
would lead to what Penck terms the end-peggplain“(Endrumpf),.the same as the
peneplain of Davis, but Penck deduced ccncave slopes and sharp divides. To
the present writer it is difficult to see just how Penck allowed either for
the increase in volume of the talus over that of the rock in place or for the
volume changes arising from weathering. In one place he states that the thick-
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ness of mantle rock diminishes uphill, which would increase the rate of denudation
cf the divides. It must be realized that this rctreat of cliffs or free-face

of Wood at constant slope has been confused by several authors 2s the retreat

of talus or "gravity" slopes. This is a fundamental error, as was the claim by
eome that the lower slopes are pediments where running water is important. No
gnch statements can be found in the translaticn,

The second case considered was when the intensity of erosion was increasing
o> waxing and the river therefore deepening its bed., Similar analysis disclosed
tirt this leads to a convex slepe. It was conc ludez that such began at river
lorel and worked upward because of the higher rate oi denudation of the steeper
s:.o8. -he higher, and gentler slopes were then left undisturbed and are inde-

» dent =% the base level of erosion. Ccnversely, concave slopes were regarded
: the recult of decreasing or waning activity of ercsion, although they can b2
Cormed with 2 svationary baselevel. To the present writer the major weakness cor
8 peinstakiag analysis is that it ignores slope wash and rill erosion, prtting
. slcpe formation the result of talus formaticn and mass movement.

‘“m!‘ iy i*3
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Effect of variation in rock resistance. Penck described the scarplands
oL g ermay whe.'s thers are alternating permeable resistant formations with inter-
¢ #ading tapermenile soft strata. The result is a series of terraces. Penck
gorribed the flattish areas on the soft strata as "peneplains" developed by the
control of the 1xcal baselevels due to the outcrepping resistant formations. e
sp

»cifically states that such "peneplains" are simply areas of low slopes and
=+ not peneplains in the sense that the term was used by Davis.

prdiaher lgfelbergs are concave they are the product of waning erosion with a
constant base level, He denies that they are characteristic of any particular
clinate cr type of rock. They are not monadnocks of very resistant rock masses.
He ~oncedes that in arid climates the basal slopes are more concave than else-
wn-rg., .t is not clear how he explained removal of material at the bottoms of
tih: steep sides to maintain their slope.

Inselnecrg landscanes. Penck held that since the lower slopes cf isolated

Piedmont ocathes. A point on which many differ with Penck is his explana-
tion of the beuchoes which foerm a stairway below certain higher mountains. These
he c21lled piedment benches (Treppen) and ascribed te ercsion on the border of a
constantliy uplﬁfted area. The surfaces were regarded as peneplains which grew
horizeontally, Lcaoving the higher benches or prlmarrumgf almost unaltersd. But
such surfaces wire noct thought of as end-peneplains of the Davisian variety. In
Davis'! criticism of the theory it was stated that Penck postulated uplift at an
ticczlerating rate but the translation does not confirm this. Each "pencplain”
ex-ends along the valley floors which are dissecting the next higher and older
level., Zeones on convex ivides separate the levels. The baselevel for erosion
of each higher Tevel is the surface or "peneplain" next below, or, rather, the
nickpoint or treak in grade of main streams, Waning develcopment then sta rts on
each "pencplain" level and spreads upslope from it. Inselbergs occur on the
““Wﬂapla;ns" it is not at all clear just how Penck distinguished thesc steps
ol 2 stailrway from true peneplains cf the original definiticn, the end of a cycle
of ercsion in a humid climate.

For an example in North America he menticns the levels of the South Atlantic
eZope. There the high mountains are bordered by an imperfect level which rises
above the top of the Blue Ridge and the high lasvel plateau of New England. This
seccnd surface, the Blue Ridge crest, was at that time thought to continue under

> Cretaceous formations of the Coastal Plain. The now-dissected Piedmont Plateau
was the third in this series of benches. Penck fully recognized that, if these
surfaces were each end-peneplains, "the step-like repetition of peneplains repre-
sented insuperable difficulties of interpretation, and it remair~sd a eomnlaet
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enigma." For this reason a fault along the Blue Ridge had leen suggested by
some geologists, although not proved. Attention was directed by Penck to the
distribution of the Coastal Plain sediments to the southwest to disprove the
fault hypothesis. Penck concluded that the Piedmont is a "zone of oscillation"
between the higher Appalachians which have continuously undergone erosion and
{h> Atlantic Ocean where deposition has been uninterrupted. He thought that
un~cnformities and submarine valleys demonstrate that the Coastal Flain has
sh red in this oscillation of level. To the present writer Penck's explanation
~=>not explain the origin of the Blue Ridge escarpment. It was not intended

> zuggest that the Blue Ridge is an ancient sea cliff. Other important objec-

‘nr3 to the picdmont bench hypothesis have been made by others considering dowm-
wo ' ercsion versus reduction of divides. It is not clear how the streams cou:id
i xsport the debris from a zone of youthful ercsion across one of subdued slep:s.
fzvtaini~ alternation of belts of youthful and very advanced erosion is peculiar,
Some have: thought that these phenomena reduce the entire peneplain concept as
criginally propesed to an absurdity. Penck evidently felt that his idea of
concurrent and possible accelerating earth movement in a series of waves of
vpli £t cavsing erosicn which advanced laterally was sufficient to answer the
c.ceticnw. This hypothesis ignores King's theory of successive pediplains are
¢ p wetreat with the debris carried away by running water. The fact that Xing's
sciza entails in much of the world a different climate than that of today has
cenerred many focm a2cepting it. We can here neither geo farther into this
problem nor summarizs Penck's interpretation of the geomorphic history of a
rumber of mountcin chains,

Summsi'y. Penz!:'s hypothesis of earth movement at the same time as
erosion 1s undoubtedls a distinet advance over the original simple hypothesis
of lavis, ‘owever, i dces not answer all problems. Steep slopes cannot be
maintainat unless the debris shed and washed from them is constantly carried
swar from their tases. Penck ignored the phencmena now so well demonstrated
Ly “he students of =il erosion. He zlso ignored climate and climatic changes.
Hi: main theme is that past erosicnal history in relation to earth movement may
be deciphered by the single criterion of the present distribution of cconvex and
ccnecave slopes., (his ignores other ways in which sach phencmena can be acccanted
for, Certainly Fenck does not describe anything like pediments nor advocate the
warallel retreat -f anything but rock cliffs and the "risers" of penep..ain
“stairweys". s theories have been misrepresented especially by the school of
geomorphnlogists who attach great importance to running water outside definite
strcam beds, a condition which is indubitably important where scanty vegetation
ifumishes little resistance to erosion. Penck was not a leader of a new schocl
cf rthougat but zn advocate of one theory only, his own.

F. T. Thwaites, October, 1954
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GEOMORFHOLOGY
Supplements, 1954, part II

Introduction

Geomornhology is a term which seems to have replaced the older name
vhysiosraphy for the study of the origin and classification of land forms.
The surface of the earth is the- end result of a conflict betwsen two major
classes of forces: (a) those that build that surface up and (t) those which
wear it down, The land forms we observe are the nroducts of this couflict.

Methods of apwroach., Originally the classification and nomenclature of
tend forms wag considered a phase of geogranhy and the problem of process by
wnich each originated was stated only in very broad terms, if at all. Through
e years a vast pumber of technical terms have been introduced, so many in
“zct that the student is readily confused. Von Engeln remarks: "The
ccmpetence of the geomormhologist., . . depends very much on how well he is
informed in regard to the establiched and accented nomenclature," To the
resent writer, however, there is grave danger in this method of approach,
c.1though it may have been necessary in the past. Penck remarks, "The physical
character of the morphological problem comes out clearly. The task before
ue is to find out not only the kind of formative processes, but also the
Zevelovment of the ratio of their intensities with respect to one another. . . .
s is new self-evident, it requires the avolication of the methods of physics."
Qich, in 1938, voiced something of this ceriticism of the early aoproach by
ciating: "Comparatively few papers dealing with the basic principles of
ceomornhology have been nublished in the United States in the past 20 years.
{nly a :mall percentage cover the nature and origin of sloves, the details of
. iferential erogion, the relative roles of rain-~wash and creep, or the exact
we s in which peneplained surfaces are formed or destroyed. . . . Much of mode:n
pr7siogranhy, therefore, might almost be called a science without a foundatioa.®
it is *rue that since the above was mublighed much attention has been devoted
%o nroblems of soil erosion and a considerable amount of evperimental work has
be~a accomplished along this line, However, much cf this is not entirely
epriicable to the study of erosion where unaffected by the works of man,
lewertheless, Rich's criticiem still remains sound in respect to geomorpvhology
e taught in most universities, Teaching of this subject in secondary schools
has fallen almost to nothing 2nd has been replaced by purely descriptive
geography, Terhans the most serious objection, howvever, is that use of technical
“orm commits the user to a certain hynothesis of origin.

Aim of n»resent anvroach. The present method of approach is an attempt
to supnly come of the fourdation knowledge by an anlaysis of the physical
nrocesces which alter the face of the earth., Results are subject to the limi-
tations imvosed by present knowledge and by the elementary fact that in most
localities more than one process onerates simult~neously to produce the observed
end result, Mathematical analysis can show whether or not a given result
follows 2 definite phygical law, but it cannot in all cases discover the relative
importance of the different nrocesses involved. The different processes may
be so related to one another or they may not be so related. In some cages
the interrelation is so comnlicated that no one has evolved a rational
erplanation. In many suhjects it will be found that the methods of solving
problems used by engineers have vrogressed far beyond those used by geologists
and deserve careful eoncideration, In other cases, however, the engineering




study presents only the''factor of safety'ﬁf construction and hence is
inapplicable to an evplanatory awnproach.

Mathematical analysis. In order to discover physical laws it is necessary
to resort to mathematical analysis. Mathematics are exceedingly useful but
can, like many other good things, be misused or abused. A humorist is said to
have remarked, "Figures don't lie, but liars can figure." Ve must always be
on our guard both to avoid pitfalls and not to think that because we have
evolved a mathematical erpression for a process or land form, that it is the
aad result of our search. It is to no avail if it does not point to the process
which alone (or mainly) has led to the observed result. Most mathematical
stodies in geomorphology do not lead us much beyond simple algebra; only a
“2w require calculus.

Deducing a mathematical expression. In most cases the data offered for
2nalysis is a curve or the figures necessary to plot one. The question pre-
zonted is: Does this curve represent the result of some definite process or law?
471 of us are familiar with the preparation of curves or graphs on ordinary
soordiates where the guantity represented is directly proportional to the
distance from the O point or point of origin. Since the quantities plotted
31 the two axes are for the most part not the same quantities, the scales may
hz chosen with any desired value. For instance we may plot 2 cross section or
nrefile cf a land form; in this case we are comparing distance in the horizontal
‘irection with differences in elevation. We can take as point of origin either
ire top or the bottom of the slope and we can use, if desired, a different
sznle for each. Since both could be measured in the same units such an alteration
oi scale is called eraggeration. Its use is necessary in some cases but may
lerd to gross misrepresentation and consequent error in others, A curve may he
ci%her regular and smooth or irregular and complex.

Logarithmic scale. A logarithm is the power to which a certain number is
45 rafsed to obtain another number, In most tables the base number is 10 but
gsom: mathematicians use e¢ which is apnroximately 2.?18. Such logarithms are
degisnated ag loggy, Natural logarithm, or Ln. Lt:sg\1 2.31 log . ZExample:
10~ = 10, 102 = 100, 103 = 1000 and 8o on; 100 = T240-1= 0,1, 90-2 = 0,01 and
20 m. Note that negative exponents are the same as reciprocals, is0s, 10T
%./100, Logarithms are most commonly used to simplify multiplication and divi-
sion which then become addition and subtraction, Powers need not be whole
nvmbers; the square root is the 1/2 power. If we plot quantitieson a logar-
itimic scale, note that there is no zero. Such a scale is, say, .01, .1, 1,
10, 100, 1000 correspondeng to logaritims -2, -1, 0, 1, 2, 3. Many physical
meagurements are shown better on such a scale than on the more common one of
direct proportion to the numbers involved. Another use of powgrs of 10 is to
chow very large numbers, as for instance 1,500,000 as 1.5 X 10 This saves
space, confusion, and possible error in placing the decimal polnt in the compu-
tations,

Power Functions. A function is some mathematical expression whose value
upon the power of a given quantity, for instance y=x*, If any similar expres-
sion ig plotted on logarithmic scales for both variables, the result is a
straight line. Here we have shown log y = 2 log x. Evidently the line will
slope at the rate of two vertical normal units for each horizontal unit provided
x is shown on the horizontal axis. This fact enables one to find: First, that
a series of observations is . power function of a variable; and second, obtain
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k3 value of the exponent involved. This exponent may be positive or negative
«nd is not always a whole number. If the expression is x = sonstant ° xg,

‘he straight line will cross the vertical line for x = 1 at the reading for the
wogaritrm of the constant for log x = log n—%— 2 log y. Constants do not affect
2 slope of the line. In proctice with observations of natural quantities, we
wrgt not expect all points to fall exacctly on a line, This failure is called
scahter and mey be so great as to cast doubt on the interpretation as a power
fuuction. We may also find that there is a change in slope of the line which
cuows that somne other law has come into play or that we have passed to obser-
veiions which have a different point of origin, (See section on shape of

v+ lcanic evnes.) The dotted lines of Figure 1 show the effect of erross in the
soint of origin, The points plotted still fall on nearly straight lines,

tut the deduced values of the exponent are altered., In natural phenomena it is
often hard to find the origin of a power function.

Exponential Functions. A very common relationship which is exhibited by
meny natural phenomena is represented by the exponential function. This is a
wower relationship in which the exvonent is one of the variables. An example
is y = constant X, If we take the constant as 10 and increase the exponent from
0 to 4,values of y will be 1, 10, 100, 1000, 10000. Mathematicians commonly
prefer e as a base., If the exponent is neg~tive, a decreasing or inverse re-
lationship to x is shown., For instance,with exponents decreasing from 0 to
-3,and 10 as the base, bhe values are 1,.l, .01, 001l. It is easily seen in
Figure 2 that, if we plot the x axis or horizontal axis with normal proportion
and the vertical or y axis as logarithms, we obtain a straight line.s The
same reltionship holds for a geometric progression or series, Given such a
series with the ratio of 2 the values are 2, 4, 8, 16, etc. This will also
plot as a straight line., Such series are common natural phenomena. In the
case of an exponential function, y ® mb®*, the letters m , b , and &
represent constants. b, by common usage, is taken as the quantity e described
above. m may be found by taking x = 0; this gives the value of y at the
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#larting point or origin of the curve, which is often called y .. & can be
?cund in several ways, one of the commonest being to put the value of y at
»1f that of y,. Then ¥/¥¢ = 3+ TFrom this it follows that % = ™% or
Jog 2 ax1 or - log o3 = .,lloge = +693, Hence & = 1693/x1, See Krumbein,
¥y Bay Sed1m§nts and exnonential curves: Jour, Geol. 45: 577-601, 1937.

Rate of change. In many studies it is important to know the rate of
,gﬁaqg_ of a variable. TFor instanee, in a profile across a land form we speak
@ Ghe glope at any given peint. Slope is the rate of change of elevation or
fall depending upon where we take the origin of the coordinates, Mathemati-
cians_call the rate of change the differential, For instance, in the equation
¥y = x~ the rate at which y is changing with respect to x is expressed as dy/dx,
ins C's expressigg change in a small interval. It is demonstrated in works on
the differential caleculus that with such power functions the differential is
‘c“-a by reducing the exponent by one and multinlyigg by the original exponent,

TY = xz. dy/dx = 2x. TFor loggy x it is 1/x or x°

Integration. It often hapoens that it is necessary to put the taking of
a differential into reverse. For instance, if we have the rate at which slope
1¢ changing, we can compute the difference of elevation. This process of
Tinding the mathematical expression from which the differential was derived is
called integration. It is denoted by the sign and denotes a2 totaling up process.
I7T the limits between which this summation is to be made are given, it is the
seme thing as finding the area enclosed under a curve. For power functions it
is necessary to increase the exponent by one and divide by this increased ex-
ponent. An erception is where the erponent is -=1; then the integral is log .
Integrals can be found in tables in books on the calculus.

Irigonometry. The diagram of Figure 3 shows the essentials of trigo~
nometry in respect to right triangles. Note that for small angles sine and
tangent are nearly the same. Moreover for small angles tangent of x degrees
aporoximates x times tangent of 1 degree.

Limitations of mathematical analysis. If we have any expression where
one quantity is dependent for value on another, it is easy to express the re-
sults in a curve or graph, If, however, there are two or more independent
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variables, the expression cannot be thus shown., Where several processes are
at work at the same time, the mathematical relations become very complex and
a series of simultaneous ecuations expressing the interrelations are needed,
If some of these are unknown, mathematical analysls becomes impracticable,
Attempts to fit mathematical curves to natural phenomena simply because they
somewhat resemble the facts are in many cases preposterous,

Physical definitions. The following are some of the definitions of physi-
cal quantities which are met with in the studies of geomorphic processes:

liasg, m = an inherent property of matter independent of Weight, w, which
varies with changes in attraction of the earth (g) in different localities,

Veither space or distance, s, needs any definition, nor does time, t,
T:rce, F, is that which causes a mass to alter its condition of motion.
¥zlocity, v, is rate of motion in respect to time = s/t.

Sewton's Pirst and Second Laws of Motion hold that rate of motion(or velocity)
is changed by apnlication of force at a rate called acceleration, a. Accelera~
iom is then the time rate of change of velocity = v/t and force, F = ma (mass

“nes acceleration).

“er't, W, is force exerted over a certain distance, W. = Fs.

baner,'P, ig the time rate of work. P = Fs/t or, by substitution, of 8 = it
= IV,

Zinstic energy, E, is work done in bringing a body of mass, m, from rest to

vel qcity. G time, t, over distance, s. Knowing that F = ma, and that

& = % times average v, which is v/2, and that a = v/t. Substitution gives

¥ = (mvvt) /2t. Cancellation then yields the result ® = 3my 2 If the motion

1¢ 2ot along a line but around an axies (rotational like a fjswheel) the same
crmala applies to every particle. If the revolving body is a cylinder or disk
hea the calculus shows that it is half the product of the total mass times the
guare of the radius times square of angular velocity in radians per second (a
radian is the angle subtended by the radius of a circle). Newton's Third Law
of Motion, that action and reaction are equal and opposite, is an invaluable
concept in explaining equilibrium of forces which is widely demonstrated in
natural phenoniena.
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Further discussion of the problem of "impact craters". Supplements,l954,pt.III

Several papers have appeared in regard to the controversy over the
origin of supposed impact craters. Chief of these are Crater lMound,
Arizona, and the Carclina Bays.

Crater Mound. Dorsey Hager, a consulting petroleum geologist, has
contributed the latest data on the famous Crater Mound of 4Arizona. In
his paper of 1953 a great amount of information on the surrounding geology
and the results of test drilling is presented. Although the author admits
that meteor fragments are abundant in and near the crater, he concludes
that its relation to a structural nose in the bed rock precludes impact
origin. The meteor shower is declared to be much younger than the depres-
sion and its location a pure coincidence. However, the log of the deep
test hole on the southern rim showed nickle almost to the bottom where the
tools weresboulders. The accompanying section is compiled by Hager.
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Figure 1, North-south section of Crater Mound, Arizona after Hager
Scale about 1" = 1000' Vertical lines = drill holes

The crux of the argument is the presence of very fine sand and silica glass.
Proponents of the impact hypothesis ascribe this to a violent concussion and
heat. Hager, pointing out the paucity of meteorite fragments in this mater-
ial, suggests that it is either volcanic ash or is due to fracturing of sand
during deformation. Although volecanic rocks are known only 25 miles away,
the gas (or steam) explosion theory is summarily rejected because of the lack
of evidence of an explosion. The sinkhole idea is rejected for obvious reas-
ons. :ager suggests a former salt dome due to intrusion of salt from an
inferred evaporite series below which has been discovered in some wildcat
wells for oil 35 miles away. The solution of the salt later formed the cra-
ter. An igneous plug is disproved by results of test drilling and the nega-
tive results of magnetic and electrical surveys. Hager leaves the problem

open although stating that the salt dome hypothesis "satisfied most of the
geologic data,"
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Ninenger, who has done much work searching for meteorites in and
around the crater replied with an article on the inferred evidence of heat
and ¥iolent fracturing in the formation of the silica glass and fine sand.
To this Hager replied that the fine slivers of quartz show no evidence of
heat referring their origin to weathering and folding. He suggests that
no final answer to the problem is possible unless someone drills "a series
of drill holes deep enough to penetrate a datum bed within the crater, on
the rim, and outside the crater." To this Ninenger replied again stating
"the following known facts. No sinkhole or graben in this area can be re-
motely compared with the crater as to (1) its general appearance, (2) the
symmetry and uplifted form of its walls, (3) the blanket of broken-up
rubble derived from the three formations of the area, (4) the presence in
its pit and among the rubble on the rim of millions of tons of rock flour
-------- , {5) the scattered deposit of large boulders, from the normally
buried sediments, found on various sides of the pit out to distances of
more than a mile in locations remote from any visible trace of water courses,
(6) the surrounding deposit of some 40,000 recovered meteorite fragments,
(7) the presence of meteoritic material mingled with the fill and in the
rubble of the rim, (8) the surrounding derosit of several thousand tons of
nickeliferous particles in the form of metallic spheroids, (9) the presence
in the rubble on the rim of millions of lumps of fused country rock in the
form of slaggy bombs and droplets recently described by me as impactite."
He also stresses "the following facts that have been overlooked: (1) A
radiate distribution of meteoritic fragments, (2) a zonal distribution of
meteoritic fragments as to size, (3) a zonal distribution of meteoritic
fragments as to heat effects, (4) the presence among the fragments of a
small percentage which differ from the majority in both structure and com-
position, (5) the presence around the crater of an enormous tonnage of met-
allic spheroids composed of meteoritic metal, but exceptionally rich in Ni,
Co, and Ft, (6) the presence of a considerable tonnage of slug-like particles
comparable in size with the spherocids, but having the same composition as the
well-known Canyon Diablo irons, (7) an abundance of impactite slag."

References ( in more common publications )

Bingham, ¥, F., Summary of findings from the exploration, geopﬂéical survey,
and the test drilling at Meteor Crater, Arizona: Pan-Am. Geol,
68: 196-198, 1937

Darton, N. H., Explosive crater: Sci. Mon. 3: 417-430, 1916

Fairchild, H. L., Origin of Meteor Crater (Coon Butte), Arizona: Geol.
Soc. Am. Bull. 18: 493-504, 1907.

Gilbert, G. K., The origin of hypotheses illustrated by the discussion of a
topographic problem: Science 3: 1-13, 1896

Hager, Dorsey, Crater Mound (leteor Crater), Arizona, a geologic festurs.
Am, Assoc. Fet. Geol. Bull, 37: 821-857, 1953

Hager, Dorsey, Notes on Crater liound in answer to some points raised by
H. H. Ninenger: Am. Jour, Sci., 252: 695-697, 1954

Nininger, H. H., Impactite slag at Barringer Crater: Am. Jour. Sci., 252:
277-290, 1954

Ninenger, H. H., A resume of researches at the Arizona meteorite crater:
Sei. Mon. 72: 75-86, 1951

Ninenger, H. A. Reply: Am Jour. Sci, 252: 697-700, 1954

Rogers, A. F., A unique occurence of Lechatelierite or silica class:
Am, Jour. Sei. 219: 195-202, 1930.



part III, p. 3, 1954
The Carolina Bays
Livingston, D. A., On the orientation of lake basins, Am. Jour., Sci. 252
547-554, 1954

The similarity of the form of the Carolina 3Bays to the elliptical
lakes of the Alaskan Coastal Plain has long been noted. Black and Barksdale
concluded that the latter are thaw lakes in the permafrost which have grown
downwind in the direction of prevailing winds by reason of the stronger waves
on the exposed or lee shore. The long axes of the these basins trend slightly
west of north butmodern knowledge of the prevailing winds above 15 m.p.h. shows
that they blow almost exactly at right angles to the long axes of the lakes!
The author then tries to show how wave action can explain this apparent contra-
diction. He points out that removal of material from the shores depends more
upon rip currents than upon direct wave action where the eroded material is
removed directly out into the lake. The wave action on the lee shore tends
to move water toward the sides of the lake. There it piles up and the
pressure is relieved by rip currents which transport the eroded material
to the deeper waters. A mathem ical analysis is given which attempts to
show this fact, but since it is admittedly only a first approximation, it will
not be repeated, Erosion of the shores of Lake Michigan north and south of
Two Rivers, Wisconsin is readily observed to be at a maximum in the bays anc
not on the headland between them. Ividently it is not due so much to direct
wave action as to the same rip currents. Hence the author's point seems wail
taken.

Turning to the Carolina Bays, the present winds are toeo wvariable to
explain any such action. Odum, however, sugrested that the Pleistocene
winds were parallel to the long axes of the Bays. This is admittedly based
upon assumptions as to the effect of the continentz2l ice sheet on wind direc-~
tions. Granting the correctness of these assumptions the contrad:ction is
obvious. Livingstone explains this however, in another way. The Carolina
Bays date from a time of drier climate when they were blowouts due to wind
erosion of the sand.

Reference

Blaek, R. F,, and Barksdale, W. L., Oriented lakes of northern Alaska:
Jour. Geol. 57: 105-118, 1949

Odum, H. T., The Carolina Bays and a Pleistocene weather map: Am., Jour, Sci.
250: 263-270, 1952.

Odum did some work on the Bays and observed the wave patterns in those
which have open water. From this he deduced that the elongation and stream-
lining could be explained by winds of Pleistocene time when the pressure
gradient south of the glacier led to stronger winds than those of the present,
He noted the wave refraction in the shallow lakes, a feature apparently over-
looked by Iivingston. Odum attempted the construction of a map showing air
pressures at 10,000 fest elevation as governed by isotherms on the ice and %c
the south as they could have been during a Pleistocene glaciation, The ~20 C
isotherm is drawn gpproximately along the south border of the ice sheet and
the O C isotherm would then be approximately along the Gulf coast and- Atlantic
coast south of Cape Hatteras. These are the January positions shown on the
present weather charts for this altitude. From this data the isobars are
shown which trend much more northeast-southwest across the Atlantic coast.
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The sea level pressures would then show a more marked parallelism to the
coast. Prevailing winds are then drawn at an angle of about 40 degrees
to the isohars. The postulated wind directions agree very well with the
longer axes of the Bays. Such winds might very well be dry and cause
blowouts although neither the perfect streamlining nor the size of the
Bays is in harmony with wind-excavated hollows of today. '

LeGrand, H. E., Streamlining of the Caroling Bays: Jour. Geol. 61:
263-274: 1953

In the paper cited above we have an attempt to confirm the hypothesis
of Douglas Johnson in respect to the origin of the Carolina Bays by action
of ascending ground waters. The author has been engaged in ground water
studies and hence had available much more sub-surface information than did
Johnson, or anyone else, His theory must, therefore, command respect. Some
of the results of this ground water study at once point to a relatiomship
to the Bays. Bays are confined to the area where limestone is present at
relatively shallow depths not over 150 feet and beneath a clay cover.

This limestone is water-bearing and must once have rossessed an artesian
head. 3Bays are absent on zreas where there is nothing but sand. The sand
rims, of which so much has been made, are far from universal and are confirec
to an area where there is a thin FPleistocene sand above the clay. Eolian
origin is conceded for these rims. Overlapping Bays, a thorn in the flesh
to some hypotheses, are confined to areas where there is more than one lime-
stone formation. The limestone does not extend to the outcrop and solution
is the probable cause of its absence. LeGrand's theory is that solution was
localized in the limestone with formation of ordinary sinks. The overlying
clay subsided intc these sinks. Escaping artesian waters or water bypassing
a clay plug formed a streamlined flow pattern and thus affected the surface
outline of the depressions called Bays. Alignment of the long axes of Bays
agrees with dip of the aquifers. Admittedly, the perfection of the stream-
lined or oval outline of the Bays is the chief stumbling block of this
hypothesis but the conclusion of clay near the surface may not be fovorable
to the meteoritic hypothesis.

Wolfe, P. E., Periglacial frost-thaw basins in New Jersey: Jour. Geol, 61:
133-141, 1953

The paper on supposed frost-thaw basins in New Jersey bears not only
on the problem of past permafrost but also on that of the origin of the
Carolina Bays., Wolfe describes shallow basins which dot the sandy coastal
plain of New Jersey. Although not as perfectly streamlined as those of
the Carolinas the resemblance is nevertheless striking. Thz meteoritic
hypothesis is rejected bhecause of much lower magnetic anomalies than xr=
known to the south. An origin due to sclutior is also rejected bacauce
auger borings showed that underlying marl is rot affected. TInstead an
origin different from that of the Bays is foirmulated. Backed by okserus:ions
of irregularities in gravel pits in the zone of weathering, Weife concluded
that New Jersey once had permafrost. The depressions would then be relics
of thaw lakes like those of the Alaskan coastsl plaing

Several objections may be raised teo such a theory. First, the supposecd
frost wedges and convulutions of an "active layer" are in gravels and not in
fine-grained masterials like those of Alaska. Second, New Jersey was always
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close to the ocean and its climate is molified by that body of water.
Third, New Jersey is near the southern margin of the continental ice
sheet and presumably there was always a mean temperature high enough

to melt ice at the surface. [Presence of continental ice is not of it-
self sufficient proof of an Arctic climate nearliyy, Just how did the
frost-thaw lakes serve to remove material? If the material did not sink
doen and was not removed by explosion or impact, then wind action is the
only hypothesis left. Wolfe admits that the basins have been altered by
wind action and illustrates wind-worn shores.

Cooke, C. W., Carolina Bays and the shapes of eddies: U. S, Geol. Survey
Prof. Paper 254, pp. 195-206, 1954

In a recent report Cooke returns to his explanation of the Carolina
Bays since he regards Prouty's meteoritic hypothesis as "implausible".
The occurence of bays higher than areas of artesian flow and in areas
where there is no artesian head in the surficial deposits is urged against
acceptance of Johnson's theory. Cooke modifies his earlier view of wind-
driven eddies by adorting a tidal origin. This involves the fact that the
bays on the higher marine terraces are decidedly older than those nea: thc
ocean. The basic idea is that tidal currents set up rotary eddies which
have the properties of a gyroscope. A gyroscope is like a child's ton.
Rotated at high speed its inertia keeps the axis of rotation in a fizxec
position in space. The rotation of the earth was once proved in this way.
Cook conceived of the tidal eddies as fast moving enough to develop this
property 2lthough made of a substance, water, which yields to the force of
gravity. However, a spinning gyroscope can be affected by a force which
tends to tilt the axis. A top if thus touched has a secondary motion of
the axis which starts at right angles to the direction of the disturbing
force. This seccndary revolution of the axis is called precession. "The
eddy, like a spinning flywheel, may react in either of two ways: the planz
of the impulse to rotate may precess about the east-west diameter of the
eddy or the planéifSelf perpendicular to the axis of the earth, about
which it is forced to revolve." iowever, the actual form of the eddy will -
level and thus a circular shape would be altered te an ellipse., The
horizontal components of motion are thus changed from a circle to an ellipse
the projection of a tilted cirele. 1In a precessing eddy the ratio of short-
er to longer axes is equal to the cosign of the latitude. In a fixed eddy
the ratio equals the sine of the latitude. In a precessing eddy there are
two simultaneous motions: revolution about the axis of the earth and pre-
cession about its east-west diameter. The resultant of this is rotation
about an inclined axis between the axis of the earth and an east-west
horizontal line. Then cosine latitude = 1/tangent of declination from
north. A fixed eddy has an apparent motior like that of the sun from east
to west and in Northern Hemisphere another from north to scuth. The Iwo
rotations are one quarter phase apart. This “ilts the long axis of tae
eddy 45 degrees toward the northwest. Uoole admits that these 2 noius.cns
are purely deductive and without either exper:mental. or mathcmatical nicot.
Nevertheless on the many air photographs ac 2i'esents there is 3 stitkirg
approximation to a N-45 snd ¥, 51-41 W strike for the long axes of the Lars.
The ratio of diameters is not stated in many examples. He states that ris
manuscript has been checked by engineers whe sre familiar with gyroscopes.
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Criticism. Cooke's explanations are very far from clear and repeated
reading of them and references on the gyroscope did not serve to elucidate
them satisfactorily. Just why are there eddies of two different types?
One may well question if the velocity of tidal eddies is enogugh to show
true gyroscopic motion. Rotational inertia = 3 mass radius® in a disk.
Another question is what effect the two reversals of tidal flow per day
should have on the phenomena. Moreover, only two examples of modern curved
bars which resemble those of Bays are presented. Besides this why are the
Bays on the older high marine terraces so well formed if they are so much
older than these near the seacoast as the theory demands? Despite the
endorsement of the U. S. Geological Survev one is left with a sense that
the problem is simply more confused than it was before.
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Classification of shorelines and miscellaneous, Supplements, 1954, part V

Introduction. The placing of shorelines in a suitable genetic classification
has been a vexed problem for a long time, and it is generally admitted that no
perfect system has been evolved. The time-honored classification into "submer-
gent", "emergent", with Johnson's contribution of "neutral" and "¢ ap,und" has
held the adherence of the great majority of geomorphologists. Shepard's rival
classification of "primary" and"secondary" coasts has not met with many supporters.
A third system divides shorelines by motion in a horizontal direction, that is
shore which are being worn back and those which are being built outward into the
body of water. This is really the same as submergent and emergent. The problem
has also been confused by attemptes to introduce a cyclic classification similar
to that used so successfully by Davis on landforms due to stream erosion and
weathering.

. Criticism. The greatest difficulty in the application of any system is that
everywhere and at all times there is a contest between the forces of the land and
those of the waves and currents. For instance, the east coast of Florida, which
is exposed to the full force of the Atlantic, shows dominantly wave-built fea-
tures. Not far to the west, the Mississippi River is building a delta into the
Gulf of Mexico with only moderate alteration by the waves. The exposed coast
of New Jersey and Maryland is almost wholly wave-built, whereas the shore lines
of Delaware and Chesapeake bays are obviously due to a submerged landscape which
was molded by stream erosion. Again a shoreline may be backed by many abandoned
shorelines due to a higher stand of the waves (or lower level of the land), yet
between the formation of two of the strand lines the waters may have stood at a
much lower level. An example is the coast of northeastern Wisconsin which is
lined with beautiful examples of raised beaches, some of them tilted by later
earth movements. Yet just prior to the formation of the lowest major abandoned
beach there is now known to have been a time when the waters of Lake Michigan
were 350 feet lower than they now are. Should we term this an emergent coast
because of the old beach levels or a submergent one because of the rise in water
level after the low stage? Much of the west coast of the United States shows
abandoned beach lines up to over a thousand feet elevation alongside obvious
drowned valleys.

And in respect to cyclical development it is clear that the relative speed
of alteration of the horizontal form of a coast depends upon both material and
exposure to waves. Almost all coasts are demonstrably rather young in years.

It is also clear that depth of water adjacent to a coast line is an important
factor in rate of erosion. The writer has observed that there may, in many
places, be much more coast erosion in bays with deep water than on adjacent
headlands. This is explained by the piling up of water in the bays with removal
of material by rip currents. On the headlands the only removal process is
transportation in the zone of breakers. 1In this comnection it is well to reex-
amine the old idea that barrier beaches are a temporary youthful feature later
removed by the waves to form a cliffed coast. The only evidence that the writer
can find in the literature is the occasional discovery of peat on the beach
which was taken to indicate retreat of .a barrier into the former lagoon. It
could be, however, th:t this peat was formed during a former low stand of the
water level and that it does not demonstrate retreat of the shoreline.
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Cotton's criticisms Cotton has been one of the chief critics of the
Shepard system of shoreline classification. He particularly objects to the
omission of "emergent" coasts as a group, saying that Shepard "failed to realize
the significance of important features of emergence, such as raised beaches and
marine terraces..." In Cotton's own classification new classes within Johnson's
neutral group comprise coasts produced by: "(a) volcanic accumulation; (b) fault-
ing..; and (c) glacial over-deepening below sea level..". In considering genetic
classification he mentions: (a) tempo of development, that is the effect of
differences in material and exposure, (2) convergence of development, (3) pro-
gradational outbuilding of a coast which may occur during any part of the cycle,
due primarily to accumulaticn of material furnished by rivers. Another sugges-
tion is: (a) eroded or retrograded coasts, (b) coasts prograded by alluvial
(delta) deposits, and (c) coasts prograded by beach development,

Conclusion. In the opinion of the present writer, the usual classification
of coast lines into emergent and submergent is a good illustration of an unde-
sirable nomenclature whose use commits one to a definite interpretation of geolo-
gic history. A radical change in water level may have occurred without leaving
any definite evidence which may be observed at the surface. A good instance
lies in the postglacial beaches of Lakes Michigan and Huron mentioned above.

It is true that careful study does indicate that the Nipissing beach does bridge
older erosion valleys but until subsurface information from drilling and lake
bottom coring became available this fact was almost entirely ignored. The

post Nipissing beaches are truly emergent, however, because they were due to
progressive erosion of the lake outlet. The effects of glacial eustatic changes
in ocean level, however, make almost all, if not all, marine coasts really submer-
gzent. In conclusion, it is desirable to emphasize that no map studies of shore-
lines should be undertaken without (a) chart showing water depths, (b) informa-
tion on prevailing winds and their strength, (c) information on subsurface geology,
and (d) information on currents. Much information can be gleaned from "The Coast
Pilot", published for mariners,
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The followiﬁg references are good, although they add little to material contained
in previous "Supplements".

Permafrost phenomena
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vol. 62: L425-438, 1954.

Wentworth writes in respect to the courses taken by flows from the
Hawaiian volcanoes over preexisting topography. He concludes that lava is rarely
a perfect fluid because temperature differences, escape of gas, and crystalliza-
tion bring about great differences in viscosity in small distances. The heat
which causes fluidity originates within the vent so that heat is lost all along
the flow both at the bottom and the top. Flows often develop a crust on which
persons can walk while motion continues at considerable velocity beneath. With
streams of water, the bottom only causes important frictional resistance, and the
maximum velocity is obtained when a semicircular cross section is present. In
a lava flow loss of heat to the atmosphere is very important; hence one might
well presume that a circular cross section should afford minimum friction. This
agrees with the form of lava tunnels, In fact, the "jzavils Sewer", a pipe of
about two feet diameter at Craters of the Moon, Idaho, seems to have had this
origin in a thread of lava, Another factor in lava flow is the floating of blocks
of solidified lava and fragmental material., Although flows tend to build up bar-
riers of such blocks along the sides renewed flow may float away masses of rock.
Wentworth notes velocities of flow up to 15 m.p.h. in chammels up to 50 feet
wide with slopes of 500 to 5000 feet per mile, However, the viscosity of lava is
such that turbulent flow is never present, all flow being lamminar. Viscosity is
affected greatly by escape of gas. Average values of the coefficient are 102 to
10° poise. Density is less than 3. Level surfaces on lava pools are rare and
the idea that the flows behave like water is erroneous. Slopes of solidified
flows as low as 200 feet per mile (about 2 degrees) are rare in Hawaii; much more
abundant are slopes of 500 to 1000 feet per mile. Inspection of the topographic
map of the Craters of the Moon shows that i. is very rare to find the slope of a
flow as low as 50 feet per mile, and that slopes normally exceed this, reaching in
short distances over two hundred feet per mile. It is fair to conclude that the
apparent levelness of basalt flows as viewed without instruments is misleading.
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Evidently the filling up of a lava plateau area is not due to low initial
slopes of flows so much as to successive flows in different directions plus some
water deposits in low places. Lava flows behave much like aggrading streams.
Wentworth mentiois temperatures of basalt up to 1050 deg. C. and that movement
ceases at around 760 deg. C. One flow lost only 100 deg. in 10 miles. Lava
cannot penetrate into fissures of previously coeled rock because it loses heat
too rapidly.
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Derivation of limit of height of a vertical bank at four times the shearing
strength.

In the supplement on soil mechanics no proof was offered for the above
conclusion. Most text books endeavor to derive this law by involved and difficult
processes. The following drivation airs to reduce the matter to its simplest
terms. A bank of height H is cut by a trial plane which is equivalent to the
surface of a cylinder of infinite radius. The length of the inclined plane along
which failure may occur is L and its angle with horizontal = A (see diagram).
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The weight of this triangular slice of unit width = its area times unit weight y.
Hence weight = %yLHcosA. Force is the component of this weight parallel to the
slope which is $yLHcosAsinA. Now books on trignometry demonstrate that sinAcosA =
4sin2A hence force = §ylLHsin2A. Opposing this force is the shear strength sf
unit area, C. Hence total opposing force = CL. Failure occurs when the force
down exceeds this resistance. Then §yLH sin2A = CL. L occurs on both sides and
can be cancelled. Solving for H, H = 4Csin2 A/y. A little consideration shows
that the maximum value of the right hand side of this equation is reached:if

A = 45° for then sin 2A = sin 90° or 1, The catch in the whole solution is how
to determine C accurately, especially when water is present., Otherwise it is
evident that failure will in general be along a plane of 45° inclination., The
effect of vertical joints is also ignored.
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