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IN REPLY REFER TO:
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UNITED STATES
DEPARTMENT OF THE INTERIOR
GEOLOGICAL SURVEY
WASHINGTON 25, D. C.

November 21, 1958

Dr. F. T. Thwaites
k1 N. Roby Road
Medison 5, Wisconsin

Dear Professor Thwaites:

It is very gratifying that a man as experienced as you
should psy attention to some of the work we have done on river
channels. I am afraid that our equations are not as helpful for
the solution of the problems to which you have addressed yourself
as I would wish.

Be that as it mey there is one fundamental problem in your
manuscript which, unresolved, would leave the subsequent computations
open to serious question. I know this fundamental problem very well
because I ran into the same difficulty when I tried to do something
similar to what you are attempting in the present manuscript.

The problem is this. The circular scarps which line the
valley of the Kaskaskia conceivably could be formed by a reach of
river which in itself has many meander loops but which forms a
large bend. An example is the reach which intrudes itself into
Section 36 of Town 8N., Renge 1 E., and again on the Embarrass River,
the large bend which exists in Section 36, near Newcomb. It seems
conceivable to me then that a series of meanders which in themselves
form a large loop could intrude themselves into Section 7, Town TN.,
Range 10E. You will notice in the adjacent Section 8 there is a
suggestion of a shorter weve length which might have been formed by
& river having meanders no larger than those of the present Embarrass.

Thus I do not know whether it is possible to guarantee

ourselves that these large reentrants which occur in Sections 32, 7
25 and 35 on the Kaskaskia can really be considered the ocutside of

a single meander loop of a large river. The problem here was called
to my particular attention when I started to map a stream in Wyoming,
SquavCreek, a tributary to the Popo Agie. As soon as I began to map
I realized that the reentrants in the valley sides could quite well
be explained by taking a short reach of river and allowing it to eat
into the bank, thus forming an apparent meander scar of much larger
radius than the meanders on the stream cutting the scar.



It would be perfectly possible for you to admit this possibility
and go on to say that if your conjecture is correct then one would epproach
the problem in the following manner and proceed with your analysis. Even
if you did that however, may I suggest that you provide a little table
of measureAvalues of width, length, and radius of curvature, perhaps
identifying the location by section, town and range in order to support
your statement on page 5 where you say that the old meanders were seven
times as large as those of today. Since you are doing some of the other
work quantitatively I believe the reader would be better satisfied if you
would give him scme ides of how many observations made up this value of
seven times the present size. :

A further suggestion is that I consider slope more or less a
dependent variable and I believe I would eliminate your computation of
discharge using the slope parameter. I believe that width is by far the
best of the parameters to use for computation. Width gives the most
consistent relation with discharge and is much less affected by size
and type of sediment than some of the other parameters.

May I suggest further than on page 3 you use the exponents for
the downstream relations rather than at-a-station, because when a river
which is large is compared with one which is small the relationship should
be expressed by the downstream comparison and will be somewhat different
than if a given cross section is compared at high flow versus low flow.
Therefore, on page 3 the exponent to use in the width equation is the
square root value.

I would further suggest that you would be on sound ground to | e

assume that the same exponent which I called "a" in the width-discharge |
relation should be kept the same for the original as compared with the
present day stream. These coefficients are undoubtedly related to
sediment size among other things and thus in turn to bank resistance

as you suggest. From the streams I have seen, and I gather your observa-
tions are similar, there is nothing to differentiate the size of the
material from the postulated early stream being different fraom the
material now being carried by the present river.

In summary, I do not mean to discourage you from publishing
this paper, but I believe you would strengthen it by admitting the possi-
bility which I described earlier, that your radii of curvature and wave-
length parameters may be spurious. Secondly, I would concentrate the
discharge computations using the equation relating width to discharge,
and the width should be carried with the exponent of five tenths.

I might point out to you that Dury, who has shown me his work
in South England, is continuing his work along the same line with con-
siderable success. I have seen some new data which he is publishing in
The Geogrephical Review summarizing his work. You might wish to send
your final manuscript to him and enter into correspondence with him



gbout your mutual problems. His address is:

Dr. G. H. Dury
Department of Geology
Birkbeck College
University of London

London, England

I will be happy to reread your manuscript at a later date
if you pursue this work further and if you desire any further assistance
which I can give you.

Sinceraly,

Luna B. Leopald
Chief Hydraulic Engineer
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Madison 5, Wis.
14 Yov., 1958
pr. L. B, Leopold,
Water Resources Branch, U. S, Geological Survey
vashington 25, D, C,
Dear Dr, Leopold: :
Tneloged is the uamlcripﬂl;bqut which I spolce when I saw you
in St, louis. I am far from satisfied about it but maybe it is as good as is
possible with present knowledge. 1 have made several agsumptions but will
appreciate your orttteiu for you are one of the few qualified to mare such,

My fecling at present is that gige of meanders is the result of the part

of the total cnergy of a strean vhich i directed against the bank. “The result must sak

into account the resistansce of the bank to erosion as well as the length of time
$hat erosion has been taking place., Thus we have a complex relation with a mbor/
of factors unknown, Tho conclusion that discharge alone is resﬁ_onaible ls I think
unjnstiﬂ.od.. If this is no)l could have been attempting the impossible 1n
trying to estimate former discharge.

If you think the paper is worth publishing wvherc do you advise gending it1
I alveady have papers in the h ands of the Wiseonsin Academy, Journal of Ceology,
and G. S. &, s makes it best to use some other publication, |
The 13%t1e photostat is the only small eopy of tho big tracing vhich I have.
My compfitations probably need cheaki.ng as veil as the wnderlying theories.
Tou will note that the paper has been delayed from the 30's to nov. The Illinois |

$urvey did not want to yublish 18, But most of tho work was not done in that

o/
state.

In replying please pote that I never got a PhD., *his is too long a story

to repeat her{

Sincerecly yours,

ro I- TMi-tBB

&



STATE OF ILLINOIS
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June 18, 1955

Professor F. T. Thwaites
Department of Geology
University of Wisconsin
Madison 6, Wisconsin

Dear Fred:

I have your letter of May 31 and the short manuscript involv-
ing drainage along the Kaskaskia River in Illinois. I have read the
manuscript and I think it is a very interesting contribution. However,
in reviewing our various publications series, we are not set up to
handle papers as short as this in an adequate manner. Generally speak-
ing, we would use the Illinois Academy of Science or the Short Notes
section of the Journal of Geology or GSA if this particular paper had
originated here. I wonder if that is not the best thing for you to do
with it. I am sending it back to you along with the photostat of the
one illustration and have made a couple of very minor suggestions in the
first paragraph. The main objective of the suggestions was to get the
Geological Survey's name into it as having been the sponsor of the rosd
materials study out of which this little paper grew.

In other words, in my opinion it is a nice contribution and I
think it should be published, but our publications series is not adapted
to this short a paper and therefore you have our complete approval to
publish it elsewhere. Thanks & lot.

Cordially yours,

John C. Frye
Chief



May 31, 1955

Dr. John C. Frye, Chief
Illinois State Geological Survey
Natural Resources Building
Urbana, Illinois

Dear Dr. Frye:

I am sorry you were unable to join us at the Forest Bed
on May 14, I made a second trip with two who missed the regu-
lar one on May 21 but failed to write you. It was too late
when we decided to go. Exposures are faif at the present time
unless we get a strong east wind which would sweep away the talus.
No stumps in place were seen but lots of driftwood and mueh fold-
ing of the pre-Valders beds. Exposures at Valders were good. If
you care to go up some time during the summer I would be glad to
show both places to you, preferably after July 8.

After compiling all the radiocarbon results I am confident
there is something wrong with the method. This is replacement
of part of the Carbon 12 by Carbon 14 from moderp gpeund water
which contains carbon dioxide derived from modern plants. We
know, despite the claims of some atomic physicists, that wood
is replaced by silica, iron oxide, manganese oxide and other
minerals. If this is the case specimens exposed to ground water
should be unreliable. This is in my report now in New York.

I am enclosing a short report which was started when working
for the Illinois Survey years ago, and which I feel should be
submitted to you first. Perhaps it is not worth publishing, but
I would be glad of your opinion. If not interested, please return
the photostat of the map because I have no other copy, only a big
original.

Sincerely yours,

F. T. Thwaites

] ) A.—"-r""
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SOME UNDERFIT STREAMS IN CENTRAL ILLINOIS.

il

Introduction. The term "underfit' is applied to rivers which have present-

day meanders on a floodplain which are much smaller than older meanders which
g.re displayed in the form of the adjacent hills. During the course of a road

P !
material survey of central Illinois for the Illinois Geological Survey iug.ag the

field seasons of 1929 and 1930 the writer observed this phenomenon in bo;-;
Kagkaskijand Embarrass rivers, Figure 1 was traced from the drainage survey
and shows the bottoms of the Kaskaskia above Vandalia where evidences are best
shown. The topography of the surrounding country was later surveyed in the
Ramsey and S{ Elmo quadrangl?\s of the U. S. Geological Survey. These maps are on
a much smaller scale and show far less detail than did the older survey of‘1908
to 1911. The older meanders are digplayed in the striking meander cusps of the
eagtern bluffs, One of the meanders cut through a spur and captured a2 small
tributary stream. Only one old meander was discovered on Embarrass Eively

LY

Jjust southeast of Newton. If there are other examples,the writer has not
discovered them. }\
Hypotheses. Similar underfit streams have been described by a number of

physiographers ( Davis, Dury). These earlier students of the problem looked no
farther for a caugse of the change of size of meahd.ers than the fact that the
discharge of the stream has decreased. As a cause of this change Davis suggested
diversion of the headwaters by stream capture whex?é.s Dury thougi:t that only

a climatic change could account for the result. Iater Devis suggested

seepage through the alluvial fill which is callled;‘kLehmann's principleff

A study of the material of the fill and the use of formulas publishe;d. by

Slichter demonstrate that such underflow is entirely inadequate for an

explanation unless the normal digcharge of the gsurface stream is very small,
crh ,{',Dvm\ v bt

&) g u; ﬁ'{“"h‘-" e
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Modern knowledge shows, however, that there are other factors involved than

discharge only. Both slope and material of the bed are factors which cannot be
overlooked. An'a-lluvial fill in an older valley must in most localities red.uceA
the ‘slolae from that of the older valley and at the same time introduce material
which -is in most instances of less resistance to erosion. Friedkin showed by
experiment that both the width and length of bends, that ig size of meanders,
increase with slope. It is evident that the valley of.x,aslaéskia River has

o™
received an alluvial fill since it was first erodedy the writer has found no

data on how much the slope was altered_bee&use‘ﬁie/ thickness of f£ill is not kmnown,

The present floodplain is silty cley whereas most of the older valley was

eroded in glacial till which presﬁmabley offer;}%?:;ter resistance to erosion.

Just how to reconcile thes&.known changes with a probable change in discharge

due to the disappearance of the glaéier is difficult to decide. It is

presumed that the fill resulted not from change of level of the land or change of

climate but from blocking of the outlet of Kaskaskia River with outwash of a

later glaciation., We must realize that the same phenomenon of a change to small

meanders on a floodplain has also been noted in the Driftless Aree (Bates).
Formulas, When the writer was in the fi&d and first began to write up

the results ﬁhere was little knowledge of the problems involved and no formulas

had been suggested by which the amount of possible change in discharge could be

estimated. Now the studies of Leopold, Maddock, Wolman, and Friedkin offer

possible solutions. The first three worked out & number of equations which show

the relation of various dimensions of streams to discharge. The equations are

what is known as empirical, that is they tell nothing of the physical relations

which caused the changes. Rational equations differ in that they are based

directly on the forces which are involvexfsiher:s empirical equations were

derived by plotting the data for the most part on logarithmic coordinates.

When points are plotted;they a]f-roximate a gtraight line showing that there is

a mathematical relationship. Failure to fall smx® exactly on 2 line is termed

-
scatter, It is due not only to errors of measurment but also to the neglect of
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other factors than those which were considered. Throughout all hydraulic
phenomena it is known that several factors may enter into any relationship.

When'the‘élotting is on logarihhmic cobrdinateiﬁe straight line indicates a

pover function and the slope of the straight line shows the value of the
: exPonént. The work of Leopold and his associate§ shows that most relationships are
power functions. Different dimensions are referred to discharge ( Q). The
i sﬁm of the exponents of the dimensions width, depwh?and velocity must equal
'.unity for discharge is the product of these three. For observations at a fixed
locality or station the average tﬁey report is that width is related to the
0.26.poyer of discharge, depth to the O.zg power, and velocity to the 0.24
power, The units employed are British Engineering Uhits,(fee@, and seconds.)
Theaexponents of discharge tell of relationships when discharge chances.
Another set of fesults giv%i?onditions d;wnstream where the discharge at a
_ given stage 1n6reases in that direction, Here width 1S‘the 0.5 (square root) power
of discharge, depth the Q.4 power, and velocity the 0.1 power. It seems
probable that the first set will apply best to the problem now in hand. >ﬁ
Besides the exponent every equation also involves a constant, <These constants
dexnmk vary greatly and are not given by Leopold and Wolman. It is not kmown
Jﬁst what they are related to but probably a number of factors are involved.
Lacking knowledge of the values of the constants we can derive each one by
substituting the modern values of ‘other parts of the equationsg., This method

ly involve? erroﬁkfor cond;tions of a stream vary when discharge and bed

material vary. Besides thé formulas given above Leopold and his associates

also offer expressions for slope and for wave length of meanders. Slopes are
given both as feet per mile and as feei%er foot, which is generally a very

small quﬁ%ity. Wave length is the distance along the channel in which there is

a complete reversal of direction. Slope ( S) is related to the 0.49 power of

discharge which is so close to the square root that the difference may be ignored.

-6 :
s= (3.97 x 10 )/ q j where slope is given in feet per foot. Two expressions for
wave length are 36 QF apg g5 yi+1 ( ¥ = width), From these it is thought
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that width is related to the 0.9 power of any linear dimension of the meanders.
A dimension congidered by the writer but not by others is the radius of
curvgature of meandsrsEi\This is because the forée Qirected against the bank
by unit mass of water is the angular acceleration'of this unit mass, Text books
of elementary physics show that this acceleration is proportional to the
square of the velocity and inverse to the radius., It did not prove difficult to
measure the radius of the circle which approximates to the form of any meander
at any particular spot, Force is accleration of unit mass. From Manning's formula it
will be seen that with other things equal the velocity squared of a stream of water
is proportional to the slope. Hence, the formula for force exerted by unit mass
of water on the bank is proportional to slope divided by radius ( S:Yr ).

Data. Data are more complete for Kasgkaskia River than for the Embgrrass.
The reports of the U, S, Geological Survey place the mean discharge of the
Kaskaskia at 1505 cubic feet per second (second feet) based on observations
over a period of 42 years, <The maximum recorded flood is given as 52,000
cubic feet per second. There is no statement ag to the mean width or mean depth
at the éygging stations, Width is scaled from the drainage maps as 135 feet., This
correap;;E; to the width of the normal channel or "bapk-full" stage. The same

channel / i

maps place the averaquSIOpe at 1 foot in 5740 feet/ or 1.74 x 10 . The radius
of the present meanders is about 0.1 mile and that of The shi bt S 5
the bluffs is about 0,7 mile. There is no infomation on the depth of alluvium
to glacial till or bedrock , The bluffs rise to a maximum height of about 100
feet above the present floodplain.

The problem. From the discussion given previously all that we can conclude
definitely on change of rsize of meanders is that meanjering is controlled by
the portion of the total energy of a stream which is directed against the banks
in raélation to the resistance of the banks to erosion. Energy is related to *:5AWY$)
velocity of the stream which is controlled by slope, size of channel, and nature

of the bottom. In this complex problem it is clear that discharge is only one factox
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However, an attempt will be made to compute possible changes in mean discharge which
might have resulted either from meltwaéers of the Tazewell substage of the Wisconsin
stage of glaciation or from a more rainy climate than that of the present. None of the
formulas tellg anything of the effect of bank material on size of meanders.

Slope. Leopold's equation relating slope to discharge is an at ractive means
to solve.this problem. He gives the constant as 3.97 x 10"6 when slope is measured
in feet per foot. If we usgrgresent-day value for discharge, however, we find a
constant of 0,89 X 10_6 instead. If we use Leopold's constant for an estimated

digcharge of 50,000 cubic feet per second we obtain a slope of 1.77 x 10_6.

This raises the question of the proper valué of the constant under f ormer conditions.
It is almost impossible to find the slope of the channel when the o0ld large meanders
were formed. It is certain the present scars were not formed all at once. If we
conclude that the fill of modern alluvium thickeng downstream the old valley eroded
into the till banks was steeper than the presmmt chamnel, The writer suggests that
meanders éd}w until the force agzinst the banks is balanced by the resistance of

the banks to erosion., That is the smaller meanders of today represent a state of
equilibrium of a less powerful stream against weaker material, However, we lack
information by which to solve this problem, A tentative resoration of the course

of Kaslagkia River when it made the large meandersg;;e§.45 x 1074 slope. This is a
very rough estimate but shows a less slope than the present. We cgn solve the equation
Q= (k/S)a vhere Q is mean discharge, k & constant, and S the slope. We will use
Leopold's value for k expressed as 397 x 107% ang this estimated value for S,

Then q = (( 397 x 10°%) / (1.45 x 107))" which is 277 o avout 77,000 cubic
feet per second which is more than the present-day flood maxiumum which has been
recorded. No great weight can be attached to this result. ;

Widgth. We may next estimate the probable width of channel when the large
meanders were formed. Since the 0ld meanders were 7 times as large of thos¢of today
we might think that the channelwidth was 7 times as large or about 950 feet.

There is no reason ® think that the material of the floodplain between the meanders
was much differeent than today,
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6
"i‘he-question is were the meanders of former times 7 times ag large as now
or should this be reduced to the Og9 power as susggested by one of Leopold's
formulas for wave length of meanders? If we take the former idea,the width

may be estimated at 950 feet but under the second. idea this figure is reduced to
478 Poct. e forivtls fa wiEEh £o) ﬂl/which when golved for Q is

(( v..'/&t.))a'xlé . Next we must solve for the constant, a,xby using modern values

. ] J
for Qand wo Let Q= 1535 and w = 135 then a = 135/19,95 vwhich is 6.77.

Two possible solutions for the former disbharge are offered. Calling w =

‘ - 2.
950 we would have Q = (950/6.77) %‘or about 170,000 cubic feet per second.

2 4l
If we use the lower figure,for width this becomes(480 /6,77) or only
32,000 (N

about ﬁ'.‘-.ﬂcubic feet per second. The wicertainty of the figure for width is

. hence very important in the result because it is raised to a fairly high power.

‘The constant a may alsoc be incorrect because of the difference in the chennel in

i i .é‘._;,__
former time. - L-".!"_" N e )

Wave length of meanders. The wave length of the meanders is not easy to

measure on the map especialﬁfl.y with the older meanders whose course is unknown.
This quam.ty may be computed from Leopold and Wolman's fbrmula.s., or %

L';". ,1

estimated from the values for radii given above. A n&nhrum value

results from multiplying the radius by 2 pi. TFor radius 0.7 mile the result is

0.7 x 6.28 x 5280= 23,200 feet., Leopolds formula is wave length = 6.5 wl'l feet.

N

For width 480 feet this would make X the result about 5800 feet.

For width 950 the result is 12, 400 feet. Thig second approach should be

f
the more accurate but yields surprisingly small resu&s for meanders with a
radius of 3696 feet.

- Discharge ﬂqgm wave length. Discharge may be estimated from wave lengthh

: 2
in two ways. First, we may use the formula that discharge (Q) =( (w.l.} /36)

SecPnd we can equate Leopolds two formulas and eliminate wave 1en}th. Then

(AN
3
36 Q° = 5}5 w]"l and Q = (vlsl.w}f'f-@.')a. nhkmhkyxexaat iy owhahxwasmyed

sgtsdt . For width 480 this yields about

25,800 cubic feet per second &nd for width 950 about 118,200 cubic feet
*
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about 26,000 cubic feet per second and for width 950 feet about 118,000 cubic
feet per second, “he other method give\';}:E-é‘OO feet for wave 1ength.w;'\trh discharge
of sbout 26,00¢cibic feet per second. TFor wave length of 12,400 feet we obtain
about 118,000 cubic feet per second discharge, The two methods are 'ba.sed.’:n
channel width and hence agree closely,

Summary. W~ e have shown that the available formulas all indicate a much
1a.rg¥iacharge in former times than now occurs but tell nothing of why this was
a fact., In this glaciated region in which Kaskaskia River is situated the presump-
tion is strong that this inerease in discharge was due to floods of meltwater but
we have not excluded the possibility of a moister climate . More will have to be
known of glacial climate to decide this problem. *he effect of change in slope
on the total energy of the river is also unknown., The sire remark may qbe made
about the effect of & possible change in material of the banks although this
factor seems a rather remote possibility. In evaluating the hypothesis of control
of meander size by discharge it has long been noted that small streams make small

meanders and large streams make large meanders., Unfortunately this conclusion

| rests chiefly on map study and neglecj‘!;s'both slope and bank material, The fact that

0 L ¥
a gimilar reduction in size of meanders r&n the Driftless Area shows that glacial

meltwater floods are not the answer in =211 localities.
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SOME UEDERﬁT STREAMS - IN CENTRAL ILLINOIS,
F. T, Thw#itos

Introduction. The torm "underfit is aprlied to rivers which have prosent-
- day meanders on a floodplain which are much smaller than older meanders which -
are digplayed in the. form of the adjacent hills. During the course of a .road.
material survey of central Illinois for the Illinois GooJ.Ogieal Survey m:me; the :
field seasons of 1929 and 1930 the wri.ter observed this phenomenon in both
Kukaski.{asnd Embarrass rivers, Figure 1 was traced from the drainage survey

and shows the Bobtoms of the Kagkaskis above Vandalla where evidences are best
shovn ihel topography of the surrounding oountry was later surveyed in the
- Ramgey and ST Elmo qudmng‘as of the U, S, Geologiecal Survey. These maps are on
a mnh smaller seale and ahow far less detall than did the older survey of 1908
to 1911, The older meanders are displayed in the striking meander eusps of the
mtdfn bluffs. One of the meanders cut through a spur and captured a small
tributary stream. Only one old meander was discovered on Mubarrass Rivery

Jjust southeast of Newton. If there are other mﬁles}the write’r _haa not
digeovered then.

Hypotheses. Similar underfit streams have been deseribed by a muber of
~physiographers ( Davis, Dury). These earlier students of the problem looineyl go
farther for a cauge of the change 6:!‘ gize of meanders than the faect that the
disaharge‘ of the stream has decreased. As a cause of this change Davis 'suggéated
diversion of the headwaters by stream capbure mmu Dary thought that only
a climatic change could account for the result.' Inter mevis suggested-
see;age through the alluvial fill which is callled Lehmann's principle.

A study of the material of the'£411 and the use of formilas published by
S1ichter demonstrate that such underflow is emtirely inadequate for an

1

explanation unless the normal discharge of the gurface stream is very small.
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Modern knowledge shows, however, that there are other factors involved ‘than |

iisoharge only, Both slope and material of the bed are factors which cannot be
oﬂﬂookﬁ. An éllnvial- £411 in an older valley must in mos$ localities reduce
the éioPa from that of the older v_'alloy and at the same time ﬁtroduo‘e material

which is in most ingtences of iea_ss' fes&_stanco to erosion, -‘Friedldn showed. by

experiment that both the width and length of bends, that is size of meandersy

increase with slops. It is evident that the ‘valley of Kagkaskia River has

boT
rmived an alluvial 111 since it wes first orode} the writer hag found no

: data on how mugh the slope was altered because the thiokness of £i11 {5 not kmown.

The present floodplain is silty clay whereas most of the older valley was
eroded in glanial 411 which presumabley offers greator resistance to erosion,

" Just how to reconsile thes¢ kmown changes with a pro'ba'bla change in diascharge '_

due o the disappearance of the glacler is aiffieult to declde. It is

prum:ﬁ:ecl that the £ill resulted not from change of level of the land or change of

climate dut from bloeking of the outlet of Xaskaskis River with outwash of a

lator glaciation, We must realize that $he same phenomenon-of a chango to small

meaniers on a fleoodplain has also been noted in the Driftless Area (Bates). |
Formlas, ihen the writer was in the £ifbd and first began to write up

the results theve was little knowledge of tho problems involved and no formilas

‘had been sugzested by which the amount of possible chan(;é in discharge counld be
‘esbimated. Now the studdes of Leopold, Maddeek, Wolman, and Friodiin offer

posaible selutions. The first three worked out a mumber of equations vhich show
the relation of various dimensions of streams %0 discharge. The equations are

what is known as gmpirdcal, that is they bell nothing of the physical relations -

whigh caused the changes. Rationa) equations differ in that they are based

directly on the forces which are molvegvhexfs empirical equations were

derived by plotting tho data for the most part on logarithmic coordinatos.

When points are ‘plottodythey -a#.romate 8 sirhight lino showing that thewe is
& mathematical relationship, Failure to fall swxm exactly on a line is tewed
geatter, It is due not only to errérs o:_muxx_at but also to the neglect of



othnr factors than those. vhich vere srndsiannd; %oughmt all hydraulic
phenomana it is kmowm that sevml fa.cters maqr enter into any relationsh:;p. ' ‘.
ihen the plotting is on logahitimic coordinatos,s straicht line mamanes . - e

gw Waﬂd the elope of the straight line shows the valua of the \

axlaonent. The woz'k ot‘ Loopold and his- aaaaciatﬁ shows that moat rels.tionqhipa are

power funections. m:l’forent dimemions are refmod to disoharge ( q) Iho

sum of the m:ponenta of the dimensions width, d.apth and velocity must equal

unity for discharge is the product of these three. m- dbsarvetions ab a ﬁ.xea

,looa:u.ty or station the average they report is that umth is related to- the ‘
0.26 pnwecr of tusnkmrgo. dgpth to the 0.& power, and Veloeity to the 0.%4 ‘ : ‘ \

pover, 'ﬂm mts emplmd ave Britich '.Isg!.neeﬂ.ng Units,(foet, and seconda.)

The exponents of digcharge tell of ralationships when dischargo chances. - ;‘ \
Another sat of results g&wioonditions downstream ﬂharo the digcharge at a 1 \ \

E\1:-“\
glven stage inoresses in that dirvection, Here wl.d.th is the 0.5 (equare root) | power

\
5

of discharge, depth the Q.4 pover, and velocity tha 0.1 power. It seens
probable that tho first 8ot Vi1l apply best to the problem now in hand, .' |
Begldes the exponm evory eqmtirm also involves a constant., <hese constants i
m m:v sroatly aad. are not given by Leopold and Wolman, It is not lmown

" ust whaz thew are ra.mttd to but probably a nunhor of factors are involved..
i LSOking lmowledge of the values of tha comstants we ¢an derive each one by
msmutug fhe m{m values of othor parts of the equationg. ‘This method
undoktadly invelves mor'for conditions of a stroan vary wvhen digcharge and. bed
-material vary, Besides the formulas piven above I.aopold. and his associates
also 'offer‘ exprogsions for slope and for vave length of mea.nd.e‘rs. slo;bes are
given hoth as foot par mile and ag f“fper foot, vhich is generally a very
small q,ulnity. 'ﬂave 1@3&1 45 the d:!.stance along the chamnel in’ which thera is
a cmplet;\ reveraal of drection, napo ( 8) is related %o the 0,49 pwu' of

. digcharge vhiah ia 80 close to the nquare root that the difTerence may be :I.mared. :

5= (3,9? x 10 )I Q &  yhere slope is givcn in feet por foot, M eu:propsiom for
m., length are 86 o 414 6,5yl (¥ = f??‘f*h" Trom these it is thcu@tv __

J
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‘th;.t \ddth is related to the 0 .9 power of amr linaar dimension of the neanders, :
- & d4mension considered by the wr!.tar but not by others is the radius of
cu:wfature of meanders. nis is because the force directed agal.nst the bank
'by unit mags of water is the angular aeoaleration of this uni.t mags, Text hoOke
of elementary phwicn show that th:ls acceleration is proportional to the
'aquare of the velocity and inverse to the radius, It did not prove. difﬂcult to
measure the Mm of the circlo' which amwtea to the form of any ueander
at srfy j;articular s'pot. Force is accleration of unit mass., TFrom llanning ] formula 5 -
will bo agen that with other things equal the Veloofty squared of a stretm of uuter._'
is mportional to the slope. Hance. the formula for force exerted by unit mass
of water on the bank 1s mportionll to slope divided by mdsu- (s lr )u
| ata. mta. are more complete for Kagkaskia nﬁ.ver than for the Tmbarrass,
The reports of the U, S, Geologiecal Survey place ' the mean d:lucharge of thq
Kaskaglda at 1605 cubic feet per second (second feet) baged on observations
over a period of 42 years, The maxdmm .reoorded flood is given as 52,000 :
cubic faét‘pér second, There 15 n§ stademant ag to the mean width or mean depth ) :
at the @gh& stationg, Width is sealed from the d.raina.ge mapa as/ 135 feet, ’I’hiql -
corresponds to the width of the nomal channel or ”banle-mll“ stage, The some .
maps place the average siOpe at 1 foot, in 5740 feet or 1.74 x 1 '% The redius
“of the -preaent neanders is about 0,1 mile and.that of the old meanders shown in
the bluffs is about 0,7 m:l,l;o‘.' There s no infomation on the depth of alluvium
to glaciél till or bedrock , The bluffa rigse to a maximumn height of abont 100
foot above the present floodplain, : vt

The probleu. ‘Fronm the d.imusion given previously all that we can canoluds
deﬁnitel;r on chanze of ~size of meanders is that meanjering is controlled by
the portion of the total onerg of a strm which is directed against the banks
in rdlation to the resistance of the banks to erosil-on‘.‘ Fnergy is related to.
volocit;f of the stream which is cb\ntrollled"or slope, size of cﬁaﬁne.l. and nature
of the bottom, In this complex problem it is clear that discharge is only one factos

)f—'
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However, an attenpt will Le made to eempute possible cha.ngos in moan Msmgé vhich
might have resulted either from meltwaters of the Tazewell -ubﬂaeo of the t‘ﬁ.mh}
stage of glasiation or from a more reiny elimnto than that of the present. None of the
fomlaab tells am of the affect of bank material on size of mesmdera.

W Leopsldls aquauie.m relzting siope to ﬁnmwpe is an at yactive meana
%o solve this problem, He gives tho constont as 8,57 x 10 when slopa is peasured
in feot por foct. If we mg,\preamt-&ay v, ue for dischargs, however, we find a
eonsbant of a.u«X 10™® 1astoad if w2 use leopoldls sonchant for an ent!mted

d.lsolm.rge of 50 .”'"‘,OGO subic ieab por second we ahta.i.a a slope of 1,77 x 307

This raiges the question o*’ the propar value of the sonstant undex tomor coenditions, |
It e almost imvoazible to ﬁ.nd the slopa of the ghammel when the 214 large meanders |
| were formed, It is sarbain the aresent asars wews not forned all at once, If we
eonclude thot the £111 of nedswn alluvium thickenyg downstrseam the old vallay erodsd
into the Mll"bazﬂ:sl was shospoer than the proonmt chamnel, The mtax sugzests that
neanders g@ﬁw until the force agsinst the banks is balansod by the resistance of
the banks to erqcion. Thet ic the-smaller meanders of today vapresaut o state of
equilibriwn of a less povorful stPesm againgt wealier materisl, However, we lack
information hy ahieh to solve this problem, A tanf-ativa Penodation of the &eurso
of Iaskaﬂkﬁ.a Rl‘ver vhon 1t made the large meanders * 1.43-3 P slone, This is a
vory rdu,gh egtinate but shows a less slope than the present, Ye oot solve the equation
Q= (Icls)" vhero Q is mean dischazge, k & aonstant, and S the alb,ge. Yo A1l use
_Leopold's velus for & exprossed as 397 10™% ana this estimated value for 5,
Then q = ({ 307 z 1079 / (1.43 = 1‘3"4)) which is 2P o abeut 'n.ooo eubie
feot per secoud vhich is more thaa tha presont=day ﬂood. nasciomnm uhi.eh has b.een
recordad. ﬁo grent woight cen be attadmd o this reault.

Jidth, ts'e nay noh eatmata the probable wl.d.th of nhanml when the la.rge
- meanders were formed, Since the old meanders were 7 times as lamge of thogpof today
we ﬁ@t think that the channolwldth was 7 times as large or about 980 foot,
Thars 4s no veason think $hat tho material of tho floodplain bobveen the mesndors
vas mch differeent than today,
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: gm. we will attempt to compube poszible ehmgee :|.n mean d.tncha;-ge which might
-be due either to cessation of meltwators fron t?é f&.gmll su'bstap'a of the Vicconsin

stage of glaclation or %o & change . | & MmO /mn_;r clinate, NMone of the\femlas
balls us anyildng of cheio ia sstoria} into/viden muws vero arodeds

SASpc. Loopoldlts equation relat llmpo to discharge is attmtiva A8 a means

to solve the above problen, Hix constant 'avemged. from streans he eonsidered is

3.97 = 2070 hon slope is nossured in foot\per foob, If we use tho present value
of mean digcharge wé obtain a somewha valug of 4.47 = 10600t conasbant,
which is nob encush different Yo alsim us. | |
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The question is wero the meanders of former t!.m‘e,s 7 times as large as now
or shoﬁld this i:e reduced to the 09 power as sﬁggehted by one of Leopold's
formulas fpr wave length o« meanders? -If we talke thnrfomez idea the wiath
may be estim.ted at 960 fect but under the gecond idea this figure is reduced to
478 feot, The formula is width (v) = a Q42 vhich vhen solved for Q 48
- ((“i\}la.))a“"""‘i  Next we muat solve for the constant,. a,py ug:lné’ modern values
forq,andw. let G = ﬁsana.v- 135 then & = 135/19,95 vhich is 6,77,
Two possible solubions for tho former disbharge are offered. 0alling w =
950 we would have § = (950/6, '?7)3"44 or about I?0.0w‘.imbic feet per second.
If we use the lower figure for width this bwma(m /6. '??) o or only
about w‘mbiu feet per segond. The wicertainty of tlia fl,me for wvidth is
‘hence very imporbant in the result beeouse it is refsed ta\‘ a&;\fairly high pover.
The con;%_tant a may also be incorrect because of tiw ds.ffmc}a;,in the ch-nnel in
former ‘tiﬁlﬂq‘_ 7 '_ R 5 \ 5 |

Wave length of meanders, The wave length of the meanders i.é not easy to
measure on the map eepeoial 1y with tho older meanders \mose cmas is unlmown.
This quamity may be computed from Iaopold and Wo‘.lm's ftmulaa* :
uﬂmtad from the volues for radil. given above, A min!.mm value ‘
results :!rom multiplying the radius by 2 pi. For radius O, '? m!.‘.l.e the result is
0,7 z 6,28 x 5280= 23,200 fect. Leopolds fom'ala is wave !.-eng% = 6.6 v1 1 foot.
Yor width 480 feot this would make é the result about 5800 faet. |

Tor width 950 the result is 12, 400 feob. M4, second apprbaoh should be

the more accurate bub yields surprisingly small roau\ta for mom}iera with a
radius of 3696 feet. 2 s

Iﬂ.doharge fbﬂn wave leéngth, Dl.achnrge nay 'bo eutinated from wave longt h
in two ways, Tiret, we may wso the formula thop d.:lnclmrgo (@) = (3.1) 136)?
Sac@nd we ean oqmte Leopolis two formilag and alinimta vh len gth. Then
_360.3-'6#5" mq-{*‘mq&s}ﬁ v |
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about 26,000 q_ub!_.c.‘ feot per ‘second and for via:th 950 foet about m.ooo cubde
feot por secend., ‘he other method gim‘fggoo foot for wave length with dssharge
of sbout 26,000ukbée fect por second. Tor vave lemgth of 12,400 feet we obtoin
sbout 118,000 cubls fesh psr second sehiargo, The e mathods ave 'basea{m
channe? width and henes agprec closely, ' |

Sumezy. ¥ o have ahown Wb $he svailable formulas s)i inidesto a mish
dazgedischanzo fn oy tiues Shen now asctire buk ell nothing of vhy this vas
a fact, In bils glesiabed 7oglon in whieh Kaskasda River 1s aituabod the presump-
tion 43 atrong thab this lnerecse in dlagharge was t;'ma %o floods of meltw@tar but
we have mot excluded She possidility of a moister elidabe. More will have te be
kmown of glacial elinate %o decids thila problan. “he offect of change in slo’po
on the total emargy of the rivesr is also wimewn. Mo syie renark may he made
about tho effeet of & possidle chance La maberial of the Danks although tnds
fastor seoms o rather remoto possibility. In evaluabing the hypothesis of contrel
 of meandar sise by discharge it has long bean notod that swall streans meke mall
reandsrs amd large streans make hrggmmdm. Unfortunately this eonclunaion
pests ahisfly on map sbuir and megloos both slope and bex: materisl. The fast that
a ginilar rq&f:&tion in size of meande;u T{{;:Ntrlfa _m«g Apen shows thnt glaci.;l
meltwater floods ars not the apswer in all loeslitiaes.
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as,aﬂo\qublo !‘aot por goaond and Tor width 980 m/na.zoo cubic fect

g
P"' umd. he other method gives for vave lmgl}l 65800_feot
For weyg Jength (2yoo feel
28, 3)0 cublc feot per m&.ﬁm 118, oubig feok por sceond, This
shows th ¢ she two methods ngPeo elonecly.
Swwery, Voridng on the hypotheais th & of meanders is clossly
F6v mean a'lsdvurjfr

yolated to Machango only wo have obtained A wofriety of results many of

then greator than any recovdel flood of $ines, A:lloft

mch above the precent mean discharge. /This 1s in lno with map abudy
 of rivars vhich ghows clearly that DS etwoams have DA meeniews and
-gnall sSroans gnall mqéaﬁm." Hosy eemparisons Ao not lmlndn alope or

material 5o that $60 mush velght/should be given o this ootmthilydy
sane times of glaciation &s 1little \mda*-
than now

gtoods Rainfall could have /bem mtnri\mth of the glackey althm
this does not agreo with tie idea of winis descending from the dce eap.
gauge 2or o hrw ddoahnrges
/ ummmwm with tho zone of

® %o the lco front, S

3

leltunters gseen a more
Parther atudy 4s neede
oulwash depoaition né

7
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SOME UNDERFIT STREAMS IN CENTRAL ILLINOIS.

Introduction. The term Wunderfit" is applie;d to rivers which show modern
floodplain meanders which are much smaller than older meanders which left traces in'a;
adjacent bluffs. During the course of a survey of road materials in central
Illinois for the Illinois State Geological Survey durisz the field seasons of
1929 and 1930 the writer observed the above phenomenon along both Kaskaskia and
Bmbarrass rivers. Figure 1 was traced from the drainase surveys of}}igsjl- {::\erg‘/
made by the U. S. Geological Survey in 1908-1911. These maps are much more detailed
than the later Ramsey and St. Elmo quadrangles which show the area along Hu&ﬁgé?ta
River. The meander cusps of the eastern bluffs of Kaskaskia River are very
striking and :I.nstances“:;?cutting through of swek spurs which resulted in capture
of a tributary stream, Only one example of an old large meander was found on
Embarrass River just southeast of Newton. Both of these rivers carried meltwater
from the Wisconsin glaciers which passed through the area of pre-Wi:;gconsin drift.
There may be other examples of the same type but the writer has not discovered them,

Hypotheses. Similar underfit streams have been described by a number of
students of physiographyt ‘;\u;: ig\‘;ec)ognized that the size of meanders is related
tothe discharge of a stream in-mest3instances although other factors mew also
enter the picture., Most students have looked no further than change in discharge

(Povis) (Dc/ r /
and ha.ve suggested diversion of headwaters by ?;i:?;m) ca.pture}l chgpge of climate/,l or
seepage through the alluvial fill of the Val‘?jey’\ The last has been termed ]ﬁ:m’aﬁ.ng'ls
principle but a study of ground waters('nsfllltg'w’: that such subsurface flow is
émall in comparison with channel discharge even where the alluvial £ill is very
perm@able. Unless the surface stream were very small it is evnd.ant that such
underground flowv&/oui(i be of no importance, Both slope and material of bed and
banks are factors which cannot be overlooked, An alluvial fill in an older valley
normally reduces the slope of the modern stream compared with that of its

predecessor. Friedkin has shown by experiment that both width and length of bends
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that is size of meanders, increaseé with slope. Although we must keep the above
fact in mind because the bed of Kaskaskia .River ;a.'nd probably other streamsjhas
undoubtedly been filled sinE the maximum erosion of the beds it seems probablg
that the major factor in decreasing the size of meanders has) been a2 d.iminld],ed

sub surfacl
mean discharge. No data are available to t he writer on how much the slopes

v
have been d.imi:s‘hed by this alluvial fill, The valleys of the streams observed by the
writer were eroded into the Illinoian till plain, ILater glaciation obstructed the
outletsof these rivers with outwash which caused aggradation not only to the level
of the obstruction but upstream, The same phenomenon also occurred in streams which
head in the Driftless Area and hence carried no outwash, ( Bates),

Formulas, When the writer visited central Illinois in 1929 and 1930 no

bess hle mavimyr

means existed by which an estimate could be made of the r:lischarge of the rivers,
whes—the votume—was—greater. Now the studies of Leopold, Mad&ockiand Wolman
give a clue to this problem., These students of hydraulic phenomena have developed
a number of egu.atiens ghowing the relation of various dimens¥ions of streams to
discharge, The eguations are what is known as miricahl, that is they tell
nothing of the physical relations which cause the variations. It is on such causes
that rational equations are based. Umpirical equations result from plotting
the qua,ﬁ.gties on logarithmic coordinates, When this is done the points fall s¢

N :
ﬁ—am—ﬁstrﬁmton%that a straight line can be drawn through them, the slope

iVes

of which shows the exponent of a power function which one the relationship.

exacth straighl”
In &8 such studies the points fail to all fallﬁ one st line, that is
there is geatter. In part this is due to inaccuracies of the data and in part to
the fact that other factors were negleced. ¥or instance the formula which shows

Mma 14
the mean velocity of water in an open channel depends madnly on three Af'gctors,
2 slope, size of the chgp.nel, and nature of the bottom. Other minor controls such
J

ag temperature are neglected. Ieopold and Maddock give the follwing:
at _ given location ( station) mean width is related to discharge to the 0.26

2 ot dcharge
power, depth to the Oﬂ power and velocity to the 0,34 power. All messurements
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are given in British engineering units, feet and seconds. For points downstream

width is 4j;alted to t he 0.5 (square root) power of discharge, depth to the

0.4 power of discharge and velocity to the 0,1 power of the same quantity.

these exponents in a downstream direction could be of some va%% in making

comparisons of conditions with a former larger discharge in a given streanm,

It must be remembered Epat there is another qna%}ty in each equation, =@ty a constant,
This constant ig‘4§¥£;£ie in different streams and is not given in Leopold's
papers, I xpressions for wave length of meanﬁgé % are given in the paper by
Leopold and Wolman, Wave length is defined as the distance along the channel is
which a complete circle is traveééd so that the direction of the current is

reversed. It is not easy to m;;sure this quanity on maps because of the meny
irregularities of stream course. e two e essions are 36 Q% and 6.5 wiel

where & = duoharyeam( H/ Eh anw(],e,[ﬁr'w?c{f}. 2 e LY
Both were derived in the same way by platting on 1ogarithmic coordinates.

In another paper Leopold gives the expressi;n for slope as § =(3,97 x 10*3}

Q =49 “he latter quanity is so close to Q% that the difference can be ignored.

The mean velocity of a stream is given by Manning's formula¥ In this v ( ft/aec)'=
i:\;.S/n)B?lss% where n is a factor which varies from 0,05 down depending on the
nature of the bottom, R is hydraulic r§dius ( cross ection in square feet divided by
wettld width of channel, and S is slop;;?igxhwide streams R is closely equivalent to
mean depth, d. ZRotational force of unit mass of water as exerted on the outside

of a curve is v /r where r is radius of th%.circle which approximates to the shape
of the bank at the given poingt"‘g;nég?ézzgtither dimensions equal,velocity3

is proportional to S this eﬂ%}tion may be approximated as S/r.

Deta. For Kaskaskia River we have the reports of the U. S, Geological Survey
which put the mean discharge at 1505 cubic feet per second based on measurments over
a period of 42 years. The maximum flood discharge is given as 52,000cubic feet per
second., ~The width of the normal channel or"bank-full'stage  was scaled from
the drainage surveys =t 135 feet, Slope of the modern steeam is found from the same

source to be 1 foobt in 5740 feet or as ordinarily expressed as the tangent of the

wcl
angle of slope, 1,74 x 10 Badius of the present meanders is about 0,1 mile
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and that of the older meanders shown in the bluffs 0.7 mile. Width of the
present meander belt is about 0,5 mile and of the older meander belt about
3.5 miles, Nathing is known of the thickness of recent alluvium in the Kaskaskia ¥
bottoms nor of the relative resistance to erosion ofkk ‘the gilty clay of the modern
bottoms compared to the clay till of the bluffs which rise 40 to nearly 100 feet
above the prewent day floodplain,

‘he problem, The problem now arises whet‘her the chgnge in si,e of meanders
was due to diminished volume and hence diﬁinished energy or to reduction of slope
with the same result, or to a change in erodibility of the bank material from
till to silty clay? In seeking an answer on the dominance of one of these
three possi bilities we will explore in turn the several equations which
deononstrate relationships. (Leops " )

Slope. The equation § = k/Q'% gives an empirical relationn K represents a
congstant for which Leopold gives the value of 3,97 x 106 leaier)if we
solve this equation for k using the present day values for the Kaskaskia River we
will find that the that k= S Q% heegggs*k = 1,74 x 1074 x 38,8 Solving for k
the result is 0,68 x 10"'6 or much 1ess.than the average value given above.
Is it correct to use the average value or the present value with the modern
small stream? We cannot answer this question at present., We may also consider
the fact that formetion of the present small mea nders is due to reduction in
power of the stream, that is kﬁgwork within unit time. OCan this De explained
either by change in material or by reduction of slope or must we turn as most

‘ 3
have’to reduction in volume? It is very hard to restore a former course of

and its fall is undeterminable.
Kaskaskia River when it was flowing in the large meanderj‘ It may be presumed
that when the width of the meander belt was greater than it now is the channel
slope, not the slope on the centee line of the valley, was less than it now is,
If, however, the reduction in power of the stream were due to change of slope
onlrathen its former slope ought to have been greater than it now is.

This can be the case for the slope of the center line of the valley anﬁ agrees
with the probgdle thimming of the alluvidl £ill upstreanm,
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A similar train of reasoning also affects the hypothesis that meanders grew
until the rotational force of the current, 72/ r is equal to the resistance
of the bank to erosion. In this case the small meanders of today in soft meterial
require either a lesser slope or a (feduced discharge., When we solve the
slope equation to Q = ( k/s)2 it is exceedingly diffeult to supply any
reasonable va.lde'u\s. For k we may take the ¥=rgmr wvalue given by Leopold namely
39,'?;1 10-4 and take a tentative expression for slope derived by assumed fall
snd course when the large meanders were eroded. ~hen we have Q = (€397 x 10"4) /
1.43 = 10‘4) ) ’ This is 27’72 or 77000 cubic i‘eet'per second. No great weight
can be attached to this result,

Width, Because we have no information on either mean depth or mean velocity

we have to turn to width for a possible solution. BSince widihk is—aIinear=
q'mgty Me may tentatively assume that the width when the large meanders were
erod';d was 7'91:5.11133 that of the present because the meanders and megnder belt
were '?%’imes as large as they now are. The equation is w (width) = aQ*%!
We can solve this for 4 , the constant by using present values, a = 135/19,95
or 6,77 Now if we take the form:e_r_ :i:fid.th as S?é.fl:zh the disc?arge, Qs figures
out from Q = (ﬁ?fa) Rl o9 (gﬁé.'?’?)a‘“ or m;ﬂ.@?c{.u?ii :'eet per second.
the objection to this conclusion is that the constant, a}may not have had the

same value when the discharge, Q was larger than it now is,

Wave length of meanders., The wave length of meandery is not easy to

o+
measurd on the map and W is impossible bo=ie—we t&- the older large meanders.
It may be coini:uted from ¢gne of ‘Leopold's formulas which is related to width
or by computing the rircumferance of a circle with the measured radius.

Tho St Methol neas the Tonmuin thet ke veve Teditk = S NP

g5 1096
Assuming again that w in former times was 950 feet, its 1.1 power is 884 feet,
Multiplying this by 6.5 the result is Iziz’ﬁg{feet. By the second method it is
2 Pi x .7 mile x 5280 feet. This figures out to 23, 200 feet) much larger than

appears from the first method, Using the first value and substituting in the
formuly that wm—le.ngﬂx_—_zé—@% \Q—oﬁb%am 18560 ci’bic feet per second,
Q‘-"-(w 7:3’9 b0t0 T-auam Telone [ W
2 ?‘ ﬂnrjm 413449 ﬁ
oA e
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Another solution is to equate Leopold.'s two formulas for wave length,
Y,
36 GF = 6.5 w**! Soulution qﬁ;-this yields Q =(6.5 v-*-f {6 )2 (Z

congtant for th’ey are besed on streams of different discharges. On the other

hand the assumed width at the time of the large meanders 13 for from certain,
Summary. *he cause of change in si,e of meaﬁers canmot be explained by

a gingle wg{ Discharge, slopejand bank mate;ial all enter the question,

We cannot determine the slope of the channel at the time the big meanders occured,

The compartive dimensions of the river at that time are 2lso uncertain, “he

results of comPutations depend too largely on an assumed width, On the whole,

it is simpler to conclude that a change of discharge was the major factor.

To explain a former increased discharge t?%» possible hypotheges can be advanced.

First, the climate could have been much wetter than it now islpossi'bly during

glaciation of the area to the north., We do not know zkmmk enough about glacial

climate to decide on this hypothesis which is that of Dury. Second, although

the Kaskmaskia drained only about 25 miles of the ice front of the Tazewell

substage of the WisconsinStage of glaciation it is plausible to suppose that

/
meltwaters swelled the discharge and that meanders developed below the zone of
accumulation of coarse glacial outwash, Map study failed to show that the

traces of big meanders extend up to the ice front on either Kaskaskia or %arrass
rivers, In most rivers the waters from the retreating ice front eroded the
outwash into terrasces., Not enough is known of the relations in Illinois & ot
eela*—e/*' outwash terraces to the alluvial fill in the district of biz meanders.

The writer tentatively concludes that diminution of discharge due to the

Lo “{u::c?’ the ice sheet accounts for the observed phenomena although

similar underfit streams also exist in the Driftless Area on streams which
never carried glacial meltwaters, .It should be noted that on the floodplain

of Mississippi River &ke small tributaries have small meanders compared to those

of the Mississippi.
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SOMT UNTRRPIT STRUAUS IN CTINTRAL TLIINOLS.
' Introduetion, The tewm Munderfit" is apiliod to rivers whish show
: P 7
- floodplain meanders which are rmgh smaller than older meanders which left tuiwn .

lm‘: “}

-

adjacent bluffs, During the course of a survey of road materials in central
Illinois for the 1llinois State Geological Survey durimg the ficld seasons of
1929 and 1920 the writer cbserved tho above phenomenon along both Kaskaskia and
Embarrass rivers, l‘lgure 1 was traced from the drainace surveys of these rivers
made by the U, S. Geological Survey in 1908-1911, These maps are rmch more dstatlet!
than the lator Ramsey and St, Wino quadvangles which show the area along Kaskaslda
River, The md@ eusps of the eastern i:luzfa of Kaskaskia River are veory
striling and inaf:ancmg;g; cubting throngh of sush épﬁra which vesulted in capture
of a tributary stresn, Only ome example of an old larce moandey was found on
nbarrass River Just southesst of Nawbon, Hoth of those rivers carried meltwater
from $he Wisconsin glaciers which passed thiough the avea of pro-Wisconsin arift,
There nay be rathar m::ples of the game tjo3 hut tha wrilter has not di;acwed thd.
. Hypothesss, Similor unlerfis streans have Daon desorided by s number of
studenis of 1;?.3;;*32.%%3113'(".3:‘;': Eg (:f‘)cn;r;.:n.ze: that the size of noendors is related

tothe ddscharse of a stresm dn moast lnslonges although other factors w.l?.lo
antor ihé ploture. lesh sbulenis have lothad o farth-r than ehange inm discharge
S = = = - {Davs ) %Dur'ﬂ ;
and have sugeoestod dlversion oif hondwabare by surwm) aa‘ptura.)\chqnge of elima e
seopass theough the allowial £111 of the wl_é;“";m last has heon Sarmed Iulmalm'a
veineiple bab o siudy of ground wnbars :j';ﬁg)ﬂ s% such -nhenrfase flov s |
saall in coaparison with channcl (ischargs sven whoro the alluwied £A11 4s very
pozinRable., Unless the gurface strean ware vory aalil 1% is wqth that muh :
valemsronnd flow could be of no impartaras, Bath alave and natswial of ded and
barke are Zoetors whieh cormet ho ovarlooked, An alluvlal 'fin. i1 an older valley
nornelly reduancs the slepe of tho wodern siresic gompawed wi%h theb of its

pradaeossor, e ' ; , :
= Friodkin has shown by experiment thgt both widkh and length of bends
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that is size of moanders, increasefl with -lope; Although we must leep t. <
~ faot in mind because the bed of Kaskaslia River ahd probably other streams hb}
undoubtedly been filled st the maximum erosion of the beds it scems prebabl&
that the major factor in decressing the sl,e of meanders has been a diminished
mean discharge, No data are available to the writer- on how much the slopes S
have been d!.m:l}lhad by this alluvial ﬁ}l. The valleys of the streams o'bseﬂed_‘by ihe\
writer were eroded into the Illimoian t$ill plain, Later glaciation obstrusted the
outlebsof these rivers with mt-;msh which caused agpradation not only to the evel
of the obstruction but upstream, The samg phenomenon alsd octurred in otreams which
head in the Driffless Area and henss carriled o oubwash,/ { Babes) +

foxmuies. Vhen the writer viallod centzel Ill.moi;; in 1929 end 1930
mea.na exigted by whisch an estimate seild be vade of the diis};m:;;m;; the rivers ,;
 vhen-theo—voivme—wasereater. Nov the studiee of Ioopold, Maddoek and Wolman ‘
: giﬁ a ¢lue %o this problem. These studenis of hydrsulic phenomena have developed
a muber of eguations showing the re}gtim of warious dimem’iom of streams to
discharsme, The eammtions ara what 1o Jmowiaas W that i3 they tell
nothing of the physical relations whish couse the mria‘hiuns._,_ 1t is oi; such causes
_that padicnsl ecuskioms ave Based, Aivdeald cquations result frou plotting
the qwugtiau on Josaritimic coordinndes, ihon this 4o dons the noints fall 54
hswmp that s atealzhd Lins san he d.an barough theny the slope
of whieh shows tho exponent of & yower funatiss hich =§mwz 4ho Telationship,
In all sush studles the pointe f2il o 211 £a1l in one um line, that 4a
there 1s geatior, In part this i: dus Bo LnascuPsgies of the data and ,"m part to
the faet thad obher Tagltors weye neglenad, : ;"or instence the forsuls whigh :ht;wn
tho mean vaelocity of vaesr in an open chanmel Jeponds madsly on thmg‘“ 47 S,
vx slope, slue of the uhgnnel. and nabfurs of the bottom, Othar miner controls such
aa tammatim are noglestsd, Isopell and Maddodk give ths fol rﬂ,xg:

at _ givon leeation { stabion) noan widéh is relsted 6o discharge %o the 0,36 :
0¥ vower and mmw to the 0,34 vower. All msssurenonts

power, dopth to the ¢/
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are given in Rritish ongineowing units, feet and soeconds, For points downsiream A
wvidth 4s rlealted o & he 0,5 {squase pect) pover of dlscharge, depsh to the
0.4 power of &.tm':mge aind.‘veloctty to the 0.1 power of the sane qmnnty.
*hosa exponents in & aowastrean dirsstion agald be nf gome vafe .‘.n making
amrisana of aondisions with a fovieed lasger diacharw in a (-!.van streanm,
It nuah be remesvered thet there is ancthew m&’ey in sach equaticn, uvouely o constant,
Thisa conaismlt is veriable in difterent atyvsans oo 1s ot ziven in Lamld'
pepors. & xpresalons for wavs lengih of neonlys & sve :;i-:mn in the paper by
V Leopold « . Voluam., Vava langhh Ls defined as the distanee along ths chamnel is
which 2 ommplebe ciwole is tz.-:‘f.vm?:i 3¢ trat the divection of the current is :
reversed, I 157 not easy to merl\a-nuré his quez;%ty on reps bocanee of the nany
irrogrioeitios of strean courss. lnc bwo é?%,reasions aze 36 05 and 6,5 vl
Both wers derived 4n the seme way Uy pistling on logsrithnis coordinetou.
Iﬁ another payer Leopold gives Ghe erwescion for alove as 8§ (3,97 x lﬂﬁ /
Q =49 zha le8tar guanity is so close te ’ that the differonce san be ignored,
The mean velecity of o airoan is given by Maaningls TomnlaZ Tn this v ( ﬂ/sec)'= :
h.(l.SH B"! 33‘5 whars is a factor waldh varies fpom 0,05 dewn depending on the
nature of the bottm. R lg aydrsuiic vadivs ( n eetion in square feet divided by
wottfd width of ahwnel. end S 4s ﬁlopoﬂ In wide streams R is ologely equivalent to
megn depth, de Roiiat.i.olga.l fores of unit mess of veter as ererted on the outelde
of a curva is 'v;"/r vhove ¥ is mﬂ.‘htﬂ .o;-;‘\‘i:!an:-: aivele vhich aygroadnates to the ahnjo _
of tho bank at the given poinb. Siunce wiil oﬂmr Aimonsions aqual veloedty>
is proportional %o 5 thig tﬁn}tim uey be apyroximeted ns 8fr

Data. Yor Raslmskia Miver we havo the reports of the 7, §, Geologieal Survey ’
which put tho mean discharge at 1505 cubic feet por second based on mentsi__qm
@ poriod of 42 yoars, The maximm 100d ddschargs is given as 52,000cubis foot per
second. The width of the novmA) chennel or'banl-full"stage  was scaled from
the drainage mﬂm ~% 135 fect, Slope of the modern stream is found from the same
umioholfoot msmrcet or as ordinarily expressed as the tangent of the

nnno of slope, 1.74 x 10 . Radius of the present meanders is abont 0,1 mile
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and that of the eldar noanders showr in the bhluffs 0.7 mile, Width of the-
prosent mesndsy bold 1s abous 0.8 mils snd of the clder meander belt about %
2.8 miles, T@hing s kmewn of the trickness of recent alluviun in the Xeslkaskia i
hottoma nor of ths Pslativa yealstance %o sresion ofitk sthe ailty elay of the modery
Nottons gompared B0 bhe siay 4411 of the bluffs which viso 40 %o newrly 100 feck
abova the e and :iaw";.‘lbo.:’gpla;!n.

2he vroblen, The problem wow arisss whebthhesr tie cldnge in si.e of memnders
wae due to Admindshed voliwuse .and honce ﬁir:ini-:.imd cnavgy or to reduction of slope
with the sams m;u‘f‘s, ¢d %o a change in erodibility of the baszk meferial from
411 Po sflty clay? In seeiting an snswer cn the dosdnonce of cne of these
thwee posud Lilities we will explore &n turn the several equations which
doononstrete relationshipe,

Slore. o equatlon S = 5] & aivos an eupirdcal relation, 'f r_aprrnm‘ks a
conghont for which Loapold gives the mlus of 5,97 = 1070 However )1':" we

solve this egquation for k using thra *r“';'mt oy vaiusg fex the Xagimgiiia Wver we

will #1n8 thed the Bhat k » 8 Q5 hecames It = 1,74 x 10™4

# 38,8 Hoiving for k
the resu't s 9.68 = 10°% o mwh less than the average value given above.
Is it correct o use the average valus or the present value with the BOCER
small atream? Ve cannct answer tMs Guestien 2t prescnt, Ve may aldo conalder
the fast that fommabion of the present amall mea nderes is due to redustion in
" power of Bhe stream, Bhod ia 4n work wilhin walt Yiues ‘Ga.n this be axplained
either ‘b" eliorge in mwaberial or by reduction of alope or must we tumn o most
have %o reém.-tior. i volumet I de very hard to restore & former course of

] and 43 fall 43 undeterminable,
Kaskaskia River when it was flowing in the large mcanimA It may be presumed
that when the width of the meander belt was greater than it now is the channel
slope, not the sl—oin on the ecentew line of the valley, was less thm it now is.
Ify however, the redustion.in power of the stream were due to chanze of slope
only ) then §ts former glope ought to have bm wtei- than 4% now is, :
This can be the case for the nlopo of the center line of tho valley and agrees

with the M'Ml thzm of tlsa alluvidl £111 upstrean,
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A similar train of ressoning alsc affects the bypothaais that maandars grew
until t?-- rotaﬁmml foapae  of the sureand, v ’ v is equal to the resigbance

of the honl %o orosion, In this case the amnl) meanders of tow in soft material
#aguire aithar a laasrar slopa of & {AMead discharge, hesn wo molvs he |
glana aqm‘.séan %0 G = ( k’s) 1‘* ta amascMngly M2%enls do oy ony

reasonable vnlﬁe For Iz va may take the TP wiluo given by Leopeli name:lar
3%:: 30~ and take o beniative wgymession far aleps lerlvad by assuned fall

am Sonpsa w‘m the larpe mesndess Waps apodad, "ihe” W hews O = (139'?'?5 10-4) /
L4 x 10 a4)) ~ “ndg ia Y ’* ar TOOC cubie met vor gecand, Yo orect welght
ean be attached to thig wesult, , :

Eidsh. Beosnse we have no Dnfermction on eithor neen daptr u.crmrm velocity
we have to usn bo widkh for s vosaible solution, Since width :!,s 2 linear
qua;g.t? we may Bentatively assus that the width m the lraws moanders ““f
Qroded was 7 timea that ¢ the rwesent besanss the meanlers ey nequiar held
vere 7 tines 25 larce 25 they nev are, The 'eq_ustion 1s v {wiath) = aqe4d
We Gan goive this Jop a_y tha ponstand lr:r naing ovegent valoes, | &'= 1:45/19.§3
or 8.7Y Yow 4if 1;:13 finke the fomar width ag 980 feck the dischawge, Q, figurens
out from Q = ( ?/a) T '(950/ 8. )B‘M or 169,800 evbic fmt por second.
“hs ohjootion te this comelusion Ls Bhab %ho sonsband, a may ah Skve had S0
sene mlue when $he disohofma, Q woa langer Shwn 46 now s,

m}_m_‘g_g‘ Zesnders,, The wave length of ‘m@anﬂer_; ta not posy to
meacur- on the rw.p’ and & 45 Yrpossible de-do—eo for the elder :Me meanders.,
It may be oamrnte:l fron Che of;‘"jmpold"ﬂ lfomlaa whioh is relates to wiath
or by computing the sircumferance of a sirele with the measured i'adins.
_ %ho firet method uses the formula that the wave 1engt£ = 6,5 u?'f" '

Aosuning agein that v in fomer tines vas 950 foot, $8 1.1 pover ds 1084 foot.
Multiplying thig by 6.5 the result is 12250 feet, By the lom& \Mhod it is
-8 P4 x .7 nile x G280 fook. This fisuros oub to 23, 200 foot muoh lavgor $han
appears from the first method., Using the first value and lubatlmmg in the

famn:lc\ihat wave lensth » 36 Q we oMain 116500 cibie t"oet per second,

Al
:



Another solution is to equats,leopsldls $wo formulag for vave lergth, Then
6 oF = 6,8 w0 seutution &F wes vielas o <168 vied fos )
and fs@stmﬁim af the walue of w ;m above naturally gives the sane velue
foo dlecharge o 0 4g Shova, The above selublons sweld ﬁm iFeblen of cerrest
coﬁni;:aat fior Ghsy ore baged on slrvesny of dirfepsnt lischarges. - Oa the sther
hand $he aseuncd widlh 28 %o Bime of Yhe ‘arge mosnders 1§ i’(r fren covtain,
B UL o “a0 couss of ehavge in 8in5 of E:-d?;sm cannot be explained by
8 slingle cmi:n, Nachorgs, alops Jemﬁ Denis mts:ﬂmi adl enter tha auostion.
‘Wo cannot detowaine Yhe glope of the channel at $he $ime the bis meunders ccoured,
'-'-'hp aosgpawiive Alsenalong ¢ 0 Plrap o8 that time ave Aleg uncortaln, ‘j‘l}té
resuits of conofl§bions dupand foo isxgely ou an mesumed wAdSh., On tho whole,
4% 4o siopler $o cocolads Yot & chanmge of ddscharge woeg Che mejor Jactor,
To axcladr o ferver fncrensed Ma-hergs 3\:{ pos=iblic Lypotbaces van Be advonced,
Piraty Lo ddente eouldd kovo Yamm wueh eri.i:--:eg? then 1§ vow 14 I;-r:a:;i"ﬁly furing
glasiabion of Uhe aves o the nertl, Vo do nob lmov ek enough ;bm glagial
clinate to t.&l'.“'l(;.ﬂ‘ ont $hdc potieais wileh §5 ot of ':ﬁz';;‘.' Seoond, alihoush
the Hdglmairdo dralied only «boul 28 piles of the 1oe fpont of the Tagewell
substase of the % {:onsfm tage of glesistion 1% ds plausible to suprose that %
. meltwaters swelled the &fscharge &nd that rmeanders developed bolow the m of
ascumlation of soerve gleslzl cutwash, lap stedy failed to show that the
traces of iig rearders srtend w to the ieco front on either Raskackia oy i%bemu
rivers. In aost rivers the waters from the vebreating ice front orcded the {l
| outwasl: into bexvaces. ot anoogh is known of the relutim in Inimis &1: |
l‘ds'loxoutamsh terraces to the alluvial £ill in thd adstrict of blg meanders,
The writer tentatively consludes tht dimimution of discharge duo to the '
melting of the ice sheet accounts for the observed phenomena although :
dmiiaa' underfit sm-alao exigh in the Driftless Avea on atrm--whi&: s
never carried glacial meltvasers, Xt Should be moted $hi on tho Ficodplain "

of Mlesisad ;i River 4 small tridutaries have small neavners mﬁ. those
Of the m’mypit 4
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Some Underfit Streems of Central Illinois

Underfit rivers have floodplain meanders which ere much smaller
than the meanders cut into the adjecent bluffs. During the course of a
study of eources of road materials in central Illinois for the Illinois
State Geological Survey during the years 1929 amd 1930, the writer noted
this phenomenon slong both the Kaskaskisa end Emberrass rivers. The
sccompanying map was treced from the drainage surveye along Keskssikis
" “Miver 4% the U. 8, Geclogical Survey Made)Zrom 1908 %o 1911. These shov
several striking mesnder cusps, mainly along the eastern bluffs (Fig. 1),
which suggest a stream several times the volume of the presemnt river.
Attention should be directed also to several cases of intercision where
such mesnders cut through spurs snd captured tributaries. 2 good example
of a large meander was also noted on Emberrmes River just southesst of
Newton.

Similar underfit streams have been described by several physiographers.
Davie thought thet the cause was dinin_mi.on of volume, for it has long been
recognized that the rasdius of meanders is related to the diescharge of stresms.
Loss of volume has been ascribed either to diversion by stream capture, to
change of climate, or to sespage into the valley filling. The latter is
en inedequate explanatiocn because the underflow even in relatively coarse
material is very smell compared to the diuch;;t of most streams (Slichter).
In the case of these Illinois rivers the ceuse is probably cessation of
drainege from the Wisconsin ice sheet. The localities are below the locus
of coarse outwash deposits. Here the glacial weters had become integrated

into & single meandering stream unlike the braided complex above where

active deposition took place.



In the early 1930's no informetion was aveilable which could
supply 2 reasonable sstimate of the change in volume of Kaskaskia River
from glacial times to the present. Now the studies of Leopold and
Maddock supply some ground for such a surmise, The aree has been mapped
on the Hamsey end St., Elmo quadrengles., The redil of the meanders of
the present river are about 1/10 mile whereas those shown by the scars
in the banks of the bluffs aversge about 7/10 mile, seven times as much,
Elementary physics shows that the lateral component of force of the river
due to flowing in e segment of a circle is expressed by the formula,
mnass X velocity 2/ radius, If we mssumed thet both sete of meanders
reached equilibrium with the resistance of the banks we then have two

prodlems: (a) how much more resistance did the older bluffs, 40 to nearly

‘ have 1n Copjaurmen 1O
100 feet high, thmm the banks of the recent meanders which averags about
10 feet in height? end (b) how 414 the velocities of the rivers differ?
To meke en estimate of velocities it is necessary to know the hydraulic
radius, B, (or mean depth, 4, in feet,) the slope s, of the rivers involved
in feet per foot, and the naturse of the bottom (n). The formala involved is:
v=1l.5/n 23 $4/2, The slope is the least difficult to estimete. The
present dey Kaskaskia drops 10 feet in ebout 57,400 feet distence slong the
channel msking a slope of 1 in 5740 or ;;;x 10-% feet per foot. It is
hard to restore the course of the glaciasl river }!or the scers were certainly
not all made at the same time. A tentative restoration suggests =2 drop of
30 feet in 40 miles which is 1 in 7030 or 1.43 x 10-%, although this is
rnaomh.;; becsuse & big river has a less slope than e small one, it is
difficult to tell how much filling occurred on the old floodplein. The
difference in slope may not be enough. Since the linesr dimensions of the
glacial snd modern Kaskaskia bear & retio of sbout 7 to 1}u might possibly dbe



W
assumed that the glacial gradient was of s seventh of the presemt valve,

about .25 X 10~# feet per foot. This ratio is concluded from the width

of the present meander belt which is about .5 mile and that of the glescial
meander bel t which is sbout 3.5 miles which checks with the radii of
meanders given above. Zhe present average width of the Kaskaskia is roughly
135 feet from which a glaciel mean width of sbout 950 feet is deduced.

The studies of Leopold end Mesddock provide & possible basis for
quenitetive comperison with glaciesl conditione. These suthors find thet
the dimensions of a streem are power functions of the discharge (Q). Since
we know the mean discherge (1505 cu. ft/sec) of the Kaskaskie over a
period of 42 years quentitative estimetes mey be attempted. The weakest
point of these empiricel equations is the fect that there is o constent,
the value of which varies greetly in the cease of different streams,
probably reflecting difference in bed and banks. Two ecuations suggest
applicability to the present problem. Slope, 8, k Q=19 where k is a
constent and Q = d;;?;foi !‘}: cubic feet per second., This may also be
written S = k/Gk. Tor present day western stroame Leopold gives the
value of‘é as 3.97 X 10~6 feet per foot. Solving for the modern mean
discharge of the Kaskaskis,which is 1505 cu. ft/sec., we obtain a value /|

o _of .68 x 1076, It is questionsble thet this is applicable to glecial
: !‘Leendttiom because of the difference in nature of the bed and banks.
Solving the sbove slope ecuation for qna}tty of discharge it is
Y evident thet Q = (K/8)2. By substituting the val.\::- for k ot pronut :ml
O ) the minimum value assumed for the slope S, we find Q = (68 X 10-4 /‘.23 x 10-43) 2&
which works out to a little less tham 74000 cu. ft/sec. If we use instead
Leopold®s original value of k and the higher estimate of :/iqopo of 'tko

glacial river, the result is 75,600 cu. ft./sec. 3__;{“1 24 10” ‘%/
_——— r?:
C 2Y7]
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The second ecuation involves mesn width, w, w = aQ.41 Substituting
modern values, 135 feet = a x 2'3.'3?»/“ & = 135/ 20,04 = 6,72 Using glacial
values 950 = 6,72 x Q-41 Solving sbove for Q, gives § =(950/6.72) 2+
which is 103000 cu ft./sec. Agein the applicedbiiity of the constent, a,
is debatable.

The above methods do mot agree very closely but serve to give
some sort of an idea of the mesn ‘llchlr"’cf the glacial Keskeskia which
drained not over 25 miles of the front of the Wiecomsin ice sheet. It is
perhape not so large s some have hulnod,ter the meximum modern flood
was estimated at slightly sbove 52,000 cu. ft./sec.

A secent pager by leopbld and Wolman gives two other formuiac by which
volume mey be esbimated. These relate to lamida, the wave lemgth oi VL3 sounders
‘which is the distance in feet of complete reversal of dirzection., 1w Ay be
sstinated a5 o pd times the wadivs of curvicture, Fen;ulaa are lanida = %2‘36
and Iapicds = C.0 ¥ 1ol gere we estimate lamide at 23,4 X 10 ¢set Sur the glaoial
st¥ewn, solving the first equation which wes derived empivrically lrom = largs
ausber of obsaPvabions tho mesn of "hank-full discharge Q = mam’-‘[ 58°
Lemida squeved is 538 X 10° Hemes Q = 538 x 10°f 1206 4 ou £, per second,
a resuld cut of line with other computaticns, If we equate the two enprossins
for wave length we find $het Q = 6.5° '2.2 | 562 Paldng w at 960 feot, the
spmwencks 2,3 power is 2,214 X 108 6,67/ 36° 1q 0505 which yleids a peunlt of

b |
1;{5%0 cubie feet per second which is much cloger to the sarlier estimates,

Y 1 3{“_1.} Ty
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Sese Underfit Streanyof Centrel Illinois

Underfit rivers have floodplain meanders which are much muér
than the meanders cnt‘ into ‘I:.ha adjacent bluffs, During the course
of »xplm'ation,jt ;‘;r lroml mieﬂXI; ‘.'.n central Illinoisg during the
years 1929 and 1930, the writer noted this phenomenon along both
the Kasgkagkia and Embarrass rivers. The accompanying map was traced
from the drainage surveys alonz Kagkazkial River of the U, S, Eoologi—
eal Survey made from 1908 to 1911. These show several striking meander
cusps, mainly along the eastern bluffe, (Fig. 1) which suggest a stream
several timee the volame of ths present river. Attention should be
directed also to several eases of intercision where such meanders
eut through spurs and captured tribdutaries. A good example wae also
noted on Embarrass River just southeact of Newton,

Similar underfit streams have been described by several physio-
graphers, Davie thought that the cause was diminution of volume, for
it has long been recognized that the radius of meanders is related
to the discharge of streams., Loss of volume has been ascribed either
to diversion by etream capture ,to change of olimtan;to seepage into
the valley filling., The latter apparently is ar inadequate explana-
tion because the underflow even in rolatively coarse material is very
small compared to the discharge of most streame (Slichter). In the
case of the=e Illinois rivers cause is probably cessation of drainage
fron the Wisconein ice sheet, The localities are below the locus of

coarse outwash deposite. Here the glacial waters had become integrated



into a single meandering stream unlike the braided complex above where
active defmsition took place.

¥hen the paragraphs above were written in the early 1930's no
information was available which could supply a reasonable estimate

of the ~herge in volume of Kaskaskia River from glacial timee to the

sl Wef e
present. Now the studies of Leopold}&n& Haddock’ supply some ground
™

for such a surmice, The area has been mapped on the Rsmeey and St, Elmo
quadrangle. The radii of the meanders of the present river are about
1/10 mile whereas those shown by the scars in the banks of the bluffs
average about 7/10 mile, seven times as much, BElementary physics

shows that the lateral component of forece of the river due to flowing
in a segnent of a eircle is expressed by the formula,mass « veloecity®/
radius, If we assumed that both sets of meanders reached equilibrium
with the resistance of the banke we then have two problems: (a) how
much more resistance did the older bluffs, 40 to nearly 100 feet high,
than the banks of the recent meanders which average about 10 feet in .

height? and (b) how did the velocities of the rivers differ? To make

an estimate of velocities it is neceesary to know the hydrauliec radius TR)

(or mean depth), the llop£ 50)1' the rivers involved, and the nature of
the bottolll ' The formula imvolved is: v = 1.5/n 22/3 81/2, #ne slope
is the least difficult to estimate., The present day Kaskaskia drops
10 feet in about '??H?uﬂ? feot: distance along the channel making a slope
of 1 in ig% or ;:ii x 10 .‘Il It is hard to restore the course of

the glacial river for the scars were certaihly not all made at the

same time, A tentative restoration suggests a drop of 30 feet in 3w U/

L0 miles whieh 1= 1 in 7030 or 1.43 x 13 *. This is reasonable because
a big river has a less slope ﬂ'but it 1s difficult to tell about filling

of the old floodplain., The present average width of the Kaskaskia

-

-—
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appears to be about 150 feet so that given similar depth-width rela-

tions in the glacial river a width of about 12& feet 1s suggested.
Thie ratio of 7 to 1 agrees with the radii of meanders and the ratio
of meander belts. The latter is 0.5 mile for the present and 3.5
miles for the glacial Kaekaskia, These figures suggest a possible
change in hydraulie radius of 7 to 1, but since we have no data on

the present radius the computation of velocity wac not carried through.

The walue of n, the roughness of the bottom, may aleo have changed

[ :
with reduced volume. The average discharge of the Kaskaskia over

L2 yew:s is 1505 cu. ft./sec. Leopoﬁ gives a formula for slope
a0 ;
s . K Q&/z The square root of 1505 is 38,8 where K is a constant

which he givoa as 3.9’? x 10"6 Solving the above for K gives a

65164

G%,*E‘.i

value of 5.8 /\\d preaent glope, BEvidently Leopold must have dealt
with strema with different bed and banks. Using the slope formula
§=K Q‘M.(Mosﬁ'hn) io find Q gives aprrovimetely (BA)z
Assuming thé value of § for glastal tinen ae 1 %3 * 1041%;1; divided ..
5.5% 10=F = % zé‘\s:m:rod gives erseo 2u. f%./sec. for the
glacial dfscharge. Taking another empirieal formula for width;
we=a Q" from vhiol_x/q = (w/a)z'u’. To find g we take the precent
width estimated a.t: % feet and present discharge of 1505 cu, ft./sec.,
of which the .41 power is %. From this the walve of g is W bJd¥
To compute the glacial discharge we take the glacial width at 38080 95°
feet which divided by P 3 gives i;Lis. Raieing this to the 2,44 power
gives Q, the discharge, at about bsooe cu. ft, /g?. The two results
i v e et R e i et B
had an average discharge many times greater than the mean flow of the
present successor. The maximum recorded modern flood discharze is
over 52000 cu. ft./sec. The glacial Kaskaskia appears to have drained

about 25 miles of Wisconsin ice front,



Referenses

Bates, R. Z., (1939) Geomorphic history of the Kickapeo regiom, Vise
consin; Geol., Soc. America Bull,, vol. 30, pp. 809-880.

Davis, W. M. (1896) The Seine, the Meuse, and the Mosell, Nat. Geogr.
Soc., vol, 7, pp. 189-202, 228-238; Geogr. Dssays (1909) p. 587-616,

Dury, G. H., Contributions to a gemeral theory of meandering riverss
Am, Jour, Sei., vol. 252, pp. 193-224,

Leopold, L. B., Downstream change of velocity in rivers: Am, Jour,
Sdi.. vol. 25&. Phe 606-52&,1953.

Leopeld, L. B,, and Maddoek, Thos, Jv., (1953) The hydraulic geometry
of stream channels and some physiographic implications: U.S,
Geol. Survey Prof, Paper 252, (1954).

Slichter, C. S., (1902), The nature of underground waters: U. S.
Geol, Survey Water-Supply Paper 67, p. 30.

U. S, Geol, Survey (1914), Kaskaskia and Embmrrass river drainage
projects advance sheets published by Illinois Geological Survey,
Ramsey and St. Elmo quadranges.

Wells, J. V. B,, (1954) Surface water supply of the United States,
1952, part 5, U, S. Geol. Survey Water-Supply Paper 1238,



Some Underfit Streams of Cantral Illimois

Underfit rivers have floodplain meenders which sre much smaller
than the meanders cut into the adjacent bluffs. During the course of a
study of eources of road materials in central Illinois for the Illinois
State Geological Survey during the years 1929 and 19530, the writer noted
this phenomenon aslong both the Kaskaskis snd Bmberrass rivers. The
accompanying map was traced from the drainage surveys along Keskeskia
River of the U. S. Geological Survey made from 1908 to 1911. These show
several striking meander cusps, mainly along the eastern dluffs (Pig. 1),
which suggest s stream several times the volume of the present river.
Attention should be directed also to several cases of intercision where
such meanders cut through spurs and captured tributaries. 4 good example
of & large meander ;ru also noted on Embarrnss River just scuthesst of
Newton.

Similar underfit streams have been described by seversl physiographers.
Davis thought that the cause was diminution of volume, for it has long been
recognized that the radius of meanders is related to the discharge of streams.
Loss of volume has been ascribed elther to Aiversion by stream capture, to
change of climate, or to seepsge into the valley filling. The latter is
an inadequate explamation because the underflow even in relatively coerse
material is very n#ll compared to the dischage of most stresams (Slichter).
In the case of these Illinois rivers the csuse is probably cessation of
drainage from the Wisconsin ice sheet. The localities are below the locus
of coarse outwash deposits. Here the glacial waters had become integrated
into & single meendering streem unlike the braided complex above where

active deposition took place.



In the early 1930's no informetion was available which could
supply = reasonable estimate of the change in volume of Kasksskia River
from glacial times to the present. Now the studies of Leopold and
Maddock supply some ground for such a2 surmise, The ares has been mapped
on the Bamsey and St. Elwo quadrangles. The rediil of the meanders of
the preseant river are about 1/10 mile whereas those shown by the scars
in the bdanks of the bluffs average about 7/10 mile, seven times as much,
Elementery phyeiocs shows that the lateral component of force of the river
due to flowing in a segment of & circle is expressed by the formulas,
mase X velocity 2/ vedius. If we mesumed that both sete of meanders
reached eouilibrium with the resistence of the banks we then have two
problems: (a) how much more resistance did the older bluffs, 40 to nearly
100 foet high, than the benks of the recent meanders which average sbout
10 feet in height? end (b) how did the velocities of the rivers differ?

To make an estimato of velocities it is necessary to know the hydrsulic
redius, R, (or mean depth, 4, in feet,) the slope 8, of the rivers involved
in feet per foot, and the nature of the bottom (n). The formula involved is:
v=1.5/n #/3 si/2, e slope is the least difficult %o estimate. The
present dsy Kaskaskies drops 10 feet in sbout 57,400 feet disteance slong the
channel msking a slope of 1 im 5780 or 1.75 x 10-% feet per foot. It is
hard to restore the course of the glacial river for the scere were écrtainly
not all made at the same time. A tentative restoration suggeste 2 drop of
30 feet in 40 miles which is 1 in 7030 or 1.43 x 10~%, although this is
reasonable, because a big river has a less slope than & smell one, it ie
difficult to tell how much filling occurred on the o0ld floodplain. The
difference in slope may not be enough. Since the lineer dimensions of the

glacial and modern Kaskaskia bear a ratio of sbout 7 to 1 it might possidbly be



=43
aprears to be about 150 feet so that given gsimilar depth-width rela-

tionsg in the glacial river a width of about ;Egb feet is suggested.
This ratio of 7 to 1 agrees with the radii of meanders and the ratio
of meander belts. The latter is 0.5 mile for the present and 3.5
miles for the glacial Kaskaskia. These figures suggest a possible
change in hydraulic radius of 7 to 1, but since we have no data on

the present radiue the computation of velocity was not carried through.
The value of n, the roughness of the bottom, may aleo have changed
with reduced volume. The average discharge of the Kagkasgkia over

L2 years is 1505 cu. ft./sec. Leopold gives a formula for slope

S=K Q}/z. The square root of 1505 is 38.8 where K is a constant
which he gives if 3.97 x 10'6. Solving the above for K gives a

value of 5.%;:;th present slope. Evidently Leopold must have dealt
with streams with different bed and banks., Using the slope formula
S=XK Q'hg, transposition to find Q zives approrimately (S/K)z.
Assaming the value of S for glacial times as 14,3 x 10=3 this divided
by 5.5 x 102 = 260. 260 squared gives 67500 cu. ft./sec. for the
glacial discharge. Taking another empirical formula for widthj
wv=aQ™ from which Q= (v/a)z'uh. To find g we take thebpresent
width estimated at 150 feet and present discharge of 1505 cu. ft./sec.,
of which the .41 power is 20.18. From this the value of a is 7.43.

To compute the glacial discharge we take the glacial width at 1000

feet which divided by 7.43 gives 134.5, Rsising this to the 2,44 power
gives Q, the discharge, at about 83000 cu. ft./sec. The two results
contain many unknowns but will serve to show that the glacial Kasgkaskia
had an average discharge many times greater than the mean flow of the
present successor. The maximum recorded modern flood discharge 1is

over 52000 cu, ft./sec. The glacial Kaskaskia appears to have drained

about 25 miles of Wisconsin ice front.



assumed that the glecial gradient was of a seventh of the preseat wvelve,
about .25 X 10™% feot per foot. This ratio is concluded from the width

of the present meander belt which ie about .5 mile and that of the glecial
meander bel t which is ebout 3.5 miles whieh checks with the redii of
mesnders given above. ZIhe present average width of the Kaskaskia is roughly
135 feet from which & glacial mean width of sbout 950 feet iz deduced,

The studies of Leopold and Msddock provide & possible basis for
cuanitetive comperison with glacial conditions, These suthors find that
the dimemsions of a streem are power functions of the discharge (Q). Since
we know the mean discherge (1505 cu. fi/sec) of the Kaskaskie over a
period of 42 years quentitative estimetes may bde attempted. The weakest
point of these empirical equations is the fact that there is a constant,
the value of which varlies greetly in the case of different streams,
probably reflecting difference in bed and banks. Two ecuations suggest
epplicability to the present problem. Slope, ,* k Q%5 where k is a
constent and Q = discharge in cubic feet per second., This may also be
written S = k/QGk. For present day western streams Leopold gives the
velue of K as 3.97 X 10~6 feet per foot. Solving for the modern mean
discharge of the Kaskaskie,which is 1505 cu. ft/sec., we obtain a velue
of .68 x 1076, It is questionsble that this is applicable to glacisl
conditions, because of the difference in nature of the bed and banks.

Solving the sbove slope equation for auanity of dlscharge it is
evident thet Q = (K/8)2. By substituting the velues for k st present and
the minimum value assumed for the slope S, we find Q = (68 X 10-% / .25 x 10~ix 2)
vhich works out to 2 little less then 74000 cu. ft/sec. If we use instead
Leopold's original value of k and the higher estimate of slope of the

glacial river, the result is 75,600 cu. ft./sec.



The second eguation involves mesn width, w, w * Q%1 Substituting
modern values, 135 feet = a x 20,04 or a = 135/ 20.04 = 6,72 Using glecial
values 950 = 6.72 x Q41 Solving sbove for Q, gives Q =(950/6.72) 2.4k
wvhich is 103000 cu ft./sec. Agein the applicebility of the constent, a,
is debatable.

The above methods do not agree v.oxw closely but serve to give
some sort of an idea of the memn dischargeof the glacial Ksskeskia which
dreined not over 25 miles of the front of the Wisconsin ice sheet. It is
perhaps uﬁ 80 large as some have imegined for the maximum modern flood
was estimated at elightly esbove 52,000 cu. ft./sec,

A vocent popey by Jeepold and Wolmsn pdves two other fopmmlas by which
volune may be estinated. These rolate $6 lemida, the wave length of the meanders
which 12 the dietance in feet of somplete roversal or Advestion, It may 'be
satinated as & ph Sines She Padins of curvinture. Fommiles are lamida =36
and 1ondds = 6,6 w 1} Here we estimato lamida ab 23,2 X 10° fect for the glacial
gtroan, Solving the firet equation which wes derived empiricolly from a lerge
aumber of observations the mean or "benk-ful|® discharge O = lemidn”? 36°
Jembds squared 3a 538 X 108 Henoe Q = 530 x 108) 1206 425000 ou. £4, por sscond,
s result out of line with other compubations. 1£ we equate the twe cxpreczions
for wove longth we find that Q = X2 da / B6°  myans w at 960 fect, the
sgemrks 2,2 pover s 5,214 X 10° 6,67/ 36° 1s 0725 vhich ylelds = remilt of

106000 cubie fect per gecond which is much eloser Lo the sarlisr sstimetes,
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Some Underfit Streams of Central Illinois

Underfit rivers have floodplain meanders which are much smaller
than the meanders cut into the adjecent bluffs. During the course of a
study of sources of road materiasls in central Illinois for the Illinois
State Geological Survey during the years 1929 snd 1930, the writer noted
this phenomenon along both the Kaskeskia snd Embarrass rivers. The
accompenying map was traced from the drainage surveys along Kaskaskia
River of the U. Se. Geological Survey made from 1908 to 1911, These show
several striking meander cusps, mainly slong the eastern bluffs (Fig. 1),
which suggest a streem several times the volume of the present river,
Attention should be directed also to several cases of intercision where
such meanders cut through spurs and captured tributeries. A good example
of 2 large meander wes 2lso noted on Embarrass River just southeast of
Newton.

Similar underfit streams have been described by seversl physiographers,
Davis thought that the cause was diminution of volume, for it has long been
recognized that the radius of meanders is related to the discharge of streams,
Loss of volume has been ascribed either to diversion by stream capture, to
change of climste, or to seepage into the valley filling. The latter is
an inadequate explanation because the underflow even in relatively coarse
material is very small compared to the dischage of most streams (Slichter).
In the case of these Illinois rivers the cause is probably cessation of
drainasge from the Wisconsin ice sheet. The localities are below the locus
of coarse outwash deposits. Here the glacial waters had become integrated
intoc 2 single meandering stream unlike the breided complex above where

active deposition took plece.



In the early 1930's mno informetion was availeble which could
supply a reasonable estimete of the change in volume of Kaskeskis River
from glacial times to the present. Now the studies of Leopold and
Maddock supply some ground for such a surmise, The area has been mepped
on the Bamsey and S5t, Elmo quadrangles, The radii of the meenders of
the present river are about 1/10 mile wheress those shown by the scars
in the bemks of the bluffs aversge about 7/10 mile, seven times as much,
Elementary physics shows that the latersl component of force of the river
due to flowing in a segment of e circle is expressed by the formula,
mass X velocity & rediuse If we assumed that both sets of meanders
reached ecuilibrium with the resistance of the benks we theﬁ have two
problems: (a) how much more reaistancg‘&mg older bluffs, 40 to nearly
100 feet high, than?he benks of the recent mesnders which aversge szbout
10 feet in height? end (b) bow did the velocities of the rivers differ?

To make an estimate of velocities it is necessary to know the hydrsmlie
redius, E, (or mean depth, B, in feet,) the slope §, of the rivers involved
in feet per foot, and the nature of the bottom (n). The formule involved is:
v = 1,5/n #/3 s3/2, The slope is the least difficult to estimate, The
present day Keskaskia drops 10 fset in about 57,400 feet distence slong the
channel mesking s slope of 1 in 5740 or 1.75 x 10-4 feet per foot., It is
hard to restore th_e course of the glecial river for the scers were certainly
not all made 2t the same time, A tentative restoration suggests e drop of
30 feet in 40 miles which is 1 in 7030 or 1.43 x 104, Although this is
reasonable, becesuse a big river has & less slope than e small one, it is
difficult to tell how much filling occurred on the old floodplein, The
difference in slope may not be enough. Since the linesr dimemnsions of the

glaciel end modern Keskeskie bear & retic of sbout 7 to 1 it might possibly be



assumed thet the glacial gradient was of a seventh of the present valve,
gbout .25 X 10=4 feet per foote This ratio is concluded from the width

of the present meander belt which is about o5 mile and that of the glacial
meander beal t which is sabout 3.5 miles whieh checks with the radii of
mesnders given sbove., The present everage width of the Kaskeskia is roughly
135 feet from which a glacial mean width of about 950 feet is deduced,

The studies of Leopold and Maddock provide a possible basis for
cunanitetive comperison with glaciel conditions. These suthors find that
the dimensions of & streem are power functions of the discharge (Q). Since
we know the meen discharge (1505 cu. ft/sec) of the Kasksskis over 2
pericd of 42 years quantitative estimastes may be attempted. The weakest
point of these empirical equations is the fact thet there is a constent,
the value of which varies greatly in the case of different streems,
probebly reflecting difference in bed and banks, Two eaquations suggest
applicability to the present problem, Slope,:;,' k Q49 where k is &
constent and Q = discharge in cubic feet per seconds, This may also be
written S = k/Qh. TFor present day western streams Leopold gives the
velue of é a8 3,97 X 10~€ feet—perfeot. Solving for the modern mean
discharge of the Kaskaskis,which is 1505 cue ft/sec., we obtain & value
of .68 x 106, It is questionsble that this is spplicable to glacisl
conditions, because of the difference in nature of the bed and banks,

Solving the sbove slope equation for aquanity of discharge it is
evident thet Q = (E]S)z. By substituting the values for k st present and
the minimum velue sssumed for the slope S, we find Q = (68 X 10= / .25 x 10-4x 2)
which works out to a 1ittle less them 74000 cu. ft/sec. If we use instead
Leopold*s original value of k and the higher estimate of slope of the

glaciel river, the result is 75,600 cu. ft./sece



The second eguation involves meen width, w, v = aQ-“'l Substituting
modern values, 135 feet = & x 20,04 or & = 135/ 20,04 = 6,72 Using glacisl
values 950 = 6,72 x Qo4 Solving sbove for Q, gives Q =(950/6,72) 2+
which is 103000 cu ft./sece Agein the applicebility of the constent, =2,
is debatable.

./ ' The above methods do not sgree very closely but serve to give

/ some sort of an idea of the mean dlschargebf the glacial Keskaskia which
‘ drained not over 25 miles of the front of the Wisconsin ice sheet, It is
| 1§ perhaps not so large as some have imegined for the maximum modern flood

;_ \was estimated at elightly ebove 52,000 cu, ft./sec.

| A recent paper by Leopold and Wolman gives two other formulas by which
volume may be estimeted. These relate to lamida, the wave length of the meanders
which is the distance in feet of complete reversal of direction. It may be
estimated as 2 pi times the radius of curviature, Formulas are lamida = Q%-JL
and Ianida = 6.5 w 1.1 Here we estimate lamida at 23.2 X 103 feet for the glacial
stream, Solving the first equation which was derived empirically from s large
number of observations the mean or "bank-full" discharge Q = 1amida.2’f 367
lemida squared is 538 X 10° Hence Q = 538 x 108f 12962415000 cu ft. per second,
a result out of line with other computations. If we equate the two expressions
for wave length we find that Q = 6,52 *% / 32  musne o at 950 feet, the
xpemrExis 2.2 pover is 3.214 X 106 6,57/ 36° is ,0325 which yields a remult of

105000 cubic feet per second which is much closer to the earlier estimates.
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meanders cut into the adjacent bluffs, During the course of exploration
for road materials in central Illinols during the years 1929 and 1930

the writer noted thi§ phenomenon alongnthe Kaskaskia and Embarrass rivers.
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The accompanying map was traced from the drainage surveys bf the U. S,
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When the parajraphf'ahove were written in the earlyh30's no informetion was

evailable whigh could supply agrﬁ::fsgée of the change in volume of Kaskaskiea River
from glacial times to the present. Now the Btud%ﬁj“ff Leopold and Maddock SI'ELL”
supply some ground for such s surmi;E?& $;:~:::Ii of gg:4i;iuﬁﬁgg:of the %resenivhdhﬂig‘
r:iver t?“'é-s/\‘}'atac:u'l'. 1/10 mile whersas those/\shown by the scar’_i-s in the banks of the

n

bluffs average sbout 7/10 mile,? times as much. jﬁ‘lemente.ry physice shows that the

lateral component of‘forqe of the river due to flowing in e segment of a circle

is expressed by the formula m&as.velocitya/ redius. If we essumed tﬁﬁﬁboth sete of
meenders reeched equilibrium with the resistanc@ of the banks we then hsve two problems:
(a)-&ow much more resistance did the older bluffs 40 to nearly 100 feet highsx
than the banks of the reﬁent meanders which average =bout 10 feet in heigth?

and (b) how did the velocities of the rivers differ: To make en eatlmate of
velocities it is necessary to knfzﬂgfftfthe hydrsulic radius t&%'the sloge of the

ah e NNt
rivers involved., The formul 1nvolved is v = 1.5/n R\2/3 S\l/g

A~
The slope is the lese difficult to estimate. The present day Kasksskis drops 10 feet
in sbout 47000 feet distance along the channel making a s 1ope of 1 in 4700 or
-:.Dyfo?’ Tl
9»0962—4} It is herd to restore thg}glaclal river for the ecars were certainly not
&ll made at the seme time. A tentative resoration suggesta drop of 30 feet in 4C

¥3 x 10~ ¢ A
miles which is 1 in 7030 or 800343 This is qualitetively right vecause a hi%g river

has & less slope but it is difficult to tell about filling of the old floodplain

The present aV@rage width of the Kasksskifeppears to be about 150 feet so that

given similar depth-width relations in the glaciel river g width of about 1000

feet is suggested. This ratio of 7 to 1 agrees with th€r=dii of meanders and the
ratio of meander belts. The latter is 0.F% mile for the present and 3.5 miles for the
glacial Keskaskia. Thess figgres suggest & change in hydrsulic radius of 7 to 1

but since we have no dats on the present ragius the computetion of velocity

weg not carried through. The vq:iue of g}the roughness of the botto%'may also have
chenged with reduced volume. The everasge discharge of the Keskaskia over 42 years is

¢ ¢

1505 eu. ft. /aec. Keiolkd gives a formula for slope S= K

el

1505 is 38.8 where K ia a constent which he gives as rcai

olving the akove’ or K

N SR 107
gives kowewer 2 value ot‘ % with present slope. Evidently Leopold mugt
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-losj% deal‘tﬁ with streems @different bed and banks. Using the slope formula
S = K Q49 transposition to find Q gives gpproximately(S/K)z" Assuning the
value of S for glacial times as 14.3 x lmj this divided by 5.5 x ld(y = 260
260 squared gives 67500 cu ft./sec for the glacial discharge .
Teking enother empirical formula for width: w =a Q_@ from which Q =(w/faig.44g

To find e we take the present width estimated =t 150 feet and present discharge of

"%"‘*" the .41 power is 20.18 7043
1505 cu ft. sec/.\ From this the value of a is 28#38 To compute the glacial discharge

we take the glacial width at 1000 feet which divided by 7.43 gives 134.5
about

Résing this to the 2.44 power gives Q‘the dieh.charke' a1}\83eao cu ft./sec.

The two results contain many unknoWs but will serve to show that the £ glecial
average A tarm Ao 7)) s
Kaskaskia had ardischarge meny times greater than theﬂ present shrunken ;
TRa e Al elod diﬂﬁﬁjztw‘“ bhean §2%990 “~ﬂ1'/aﬁs;wwvn
Successor.  The glaciel Kaskaskia app’éars to have drained ’about 25 miles oflice fromt.
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Dimensions and competence of running water. Supplement I, 1953, p. 1

Intreduction., 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 fizal 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. B5ince the discharge of all rivers varies constantly it is necessary to
connect each actual measurment to the gaége 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 1s 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 504 of the time.

Pig. 1 Fig. 2
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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 gf Q, khe &
primaﬁfoeSermination. In mathematical expressions Q = widv = aQ x ¢~ x kQ =~
ackq' o From this it is evident that the sum of the exponents of G must be
unity and the product of the mumberical constants mist be the same. An average
of 20 river sections studied gave b = 0,26, £ = 0.40;, m = 0i34 but the values of
thie constants varies much more widely than do the exponentsi 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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Kelations of width, depth and velocity to discharge as plotted on log-log

paper., Scatter of points not sghown.

Dovnstream variations in channel shape. In computing the relations of
dimensions of stream channels in a downstream direction it is evident that =ll
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 cn
the average about one day in every four. 1In almost all rivers discharge increases
downstreams GSome were made for flows which occur less frequently.
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Tespite the expectable "scatter! of points when platted, there is a remarkable
agreement ir results. Using the notation above, w S aqb, d = ch, and v = xQ0,

the average values are b = (.5, £ = O4, and m = 0,1 This shows that for increase

in discharge downstream all quantities including velocity increase. Increase in

valocity is least and this quantity may be almost constant in some streams. Even

in the headguaters however, the conclusion is demonstrable. It is contrary %o
what nearly everyone formerly thought and hence demands some explaination. Uy
¢o this we will restate Mannings formula for yelocity of a stream with turbuien?
£low: mesn veloclty (v) £t/sen = 105 82/3 83 (4inencions in feet) Hote that

roughness (n)

for wide stream mean depth (d) replaces hydraulic radius (R or cross section
erea 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 downstreams Slope (s) in feet per foot = 0.021Q3- 0.49

LA ‘_i‘

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 knowvn for there is at present no accurate method of
determining transport of material on a stream bottoms Any mechanical device to
catch such load introduces changes in the currents which render the results
valueless. Suspended load can be and is being measured at a mumber 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 poiants, the amount of sediment increases with discharge as a pover function witil
with an exponent between 2 and 3, thus demonstrating an increase in more than
direct proportion to discharge.

Fig. 5
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The cause of this rapid increase is lmown only in general terms. Factors 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
vainfall increases depth of and erosion by sheet wash, (d) increese 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 py floods, the conclusion of Leopold and Maddock is "that the observed
increase i. sediment concentration results primerily from erosion of the water-
gshed 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 is observed that increase in
sediment 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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Suspended sediment load, tons/day
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General 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
inoreasing 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
¢ischarge load of suspended solids is larger in that having the higher velocidy.
fuspended sediment trengport with variable discharge. Due to fact that § = wdv
che sum of the exponents D4 fem must be unity as explained above. Hence :if
two of these exponents are known the third can be computed and from this faci
some deductions may bYe made., First we draw Fig. 7 showing relation of suspended
soliment to velocity, width, and discharge.

Vidts, fest Fig., 7
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Suspended sedimmant load, tons/day . .
Solid inclined lines show velocity at top. Solid lines are for @ = 2000

cu.ft/sec.; dashed lines toward left are for 500 cu.ft./sec.
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From this it is possible to draw curves showing values of J, the exponent of

Tor suspended sedlment, in terms of both b, and the ratio of m to £ . The ratio
between increase of velocity with discharge and increase of depth with dischacge
is, therefore, related to amount of suspended sediment., For the average cross
gsection 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. (Fig. 8°
Jomparisons of different river cross sections indicate that: suspended sediment
.cad varies: (1) directly with as a function of veloeity, (2) directly as a
“unction of depth, (3) inversely as e function of width, (4) as a large power of
relocity, and (5) as small powers of depth and width,
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Fig. 9 summarizes the information by showing the comparative changes at a
station and downstream by ziving 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 depths The gquantities 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 Ci Gi S. system. Fig. 10 shows at once that the relation of
the lines of equal velocity is exactly opposite to those of Figi 6 for suspended
sediment. Data are given for two different discharges both with same kind of
sand. 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 load.

Fig. 10
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Tneclired lines show velocity in cm/sec.

Clovuges of channel form. At some gaging stations measurmeats have beea
wsie of changes in channel form during f.oods. Some places at the start of a
“lood, when concentration of suspended sediment is high, display a rise in le'el
2 the bottoms This is followed, when sediment decreases, by scour and lowering
:f the bed. Obviously the latter causes a lower velocity when less velocity s
nezded for transports At other places erosion begins at once with the rise -t 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 ia
western rivers lower river beds whereas later season floods due to rain resul: in
fille Filling often occurs during times of increasing velocity.

Roughness of channele.e At constant width and discharge it is obvious tiat
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 decrecase in depth the factor (Eé) mst increase.

n
The two equations: g - cqf and v = xQ make it possible to set up ano%?errf :
kgt = 1,5 (ch)E/j «3/n  where the constants c and X vary. Hence QP : Q“/3 " 7(s3/n)
Vhere 5 and n are copstant with discharge then m = 2/3 f or m/f = 2/3 From this
it follows that if S2/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
_ ststian *he averacse 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 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 turbulence. Increased valuecs 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 conceantration of sediment. Changes in velocity—-depth relations
night be attributed to change in sediment concentration where an increase
“iminishes the roughness, n, of the bottom. A check consists of the behavior of
“olorado River after the completion of Boulder (Hoover) Dam which caught much of
vae sediment leaving clear water below. This is the same as a lake in the course
3¢ & rivere alterations below the dam consist of (1) increase in depth in spite
o7 a lowering of surface elevation, (2) decrease in width due to reduction of
“icod volume, (3) decrease in mean velocity, (4) increase in roughness of

hottom, apparently a result not of change in typc of material but of decreasc in
suspended load, (5) reduction of bed load in the narrowed channel, (6) increase
in capacity fcr suspended load due to change in velocity and discharge, (7) no
appreciable ckange in slope.

Factors of channel roughness. Channel roughness is due to (1) particie
size, (2) Dbed configuration, and (3) sediment load. It is commonly observed
*hat the material of most stream beds diminishes in size of particles downstirecm
z)lthough from this it does not necessarily follow that decrease in slope is
directly attributable to this phenomenon. Waves and ripples on the stream heal
are very important factors in roughness, although they are not permanent.
Trereased bed roughness decreases velocity in respect to depth heace affecting the
~wpacity for load. These waves or ripples vary in nature with different kinds
1 sedimente. They pass with increasing discharge from smooth bottom through
succegsive forms into antidunes which travel upstream. For fixed slope and
o..scharge decrcased particle size tends to increase roughness. Bottom material
L most imporiant in the headwaters of streams where the bed consists of boulders,
=,9bles, and vebhbles., Under this condition, downstream decrease in size o~
narbicles deceases roughness. The Powder River, Wyoming, has a value of . su
gravel ¢f .087 which falls to 017 on silt farther downstream. However, in stler
rreamsg the velue of n is about the same downstream despite maried differences
in nature of bottom. There it must be that bottom configuration is dominan’.

‘i summary, it is clear that slope is the depencent factor which the stream i~
~ule tn change. As noted above it is common to find at a given station ths:
sugpended load of streams increases rapidly with discharge. This requires &
c-latively rap!d increase in velocity compared to depth, that 1s a high valu-
of m/f, Such is accomplished primarily be an increase in the value of n which
2+ related to increase in concentration of suspended load. However, in a down-
siream direction load does not keep pace with discharge and the concentration
0oi suspcnded sediment decreases slightly. To do this depth must inerease with
discharge faster than does velocity so that the m/f ratio must be lows Heice
3/n must decrecase downstream. With roughness about constant this can be drne
ouly by decreasing the slope.

Gracded streams. By definition a graded strcam can over a period of time
Just trensport the amount of sediment furnished it. Engineers have constructed
many irrigation canals which do exactly this, thet is they neither erode ror silt
dpe Some rules were derived by experiment which used perimeter, P, inatead of




width and hydraulic radius, R, instead of mean depth. A sediment factor, F, , 1
is also introduced. The basic equations aret P = 2,67 Q@ and Vnean, = 1,15¥°Rz=,
Note that in the studies of Leopold and Maddock they found that w= aQz ST
(downipgeam) 9mbining't e relations d = cQf and v = kXQ® we find that

(a/c) (v k)12 or via®' T,  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
sugpended sediment concentration hence the value of j cannot be above 1,0,
ifb=,5and j=1.0 this means that m/f would be 0.43 or not far from that
value 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
prossible to discriminate graded from ungreded sections of a rivex,

Longitudinal profile of rivers., It has long Peen assumed that the profile
7 a river bed is directly related to the maximum particle size of sediment in
1:s bed. It has also been assumed that wear of the load results in a downstream
reduction of c¢ize of particles, The latter can be checked 1n the field, although
1% is hard to distinguish material derived from tributaries and cut banks,and zot
trought far downstream. Now if the wvelocity of flow really increases downstresn
ow can competence of the current be the controlling factor of river profiles*
Some have derived equations to substantiate this assumption dbut the 1issue 53
confused by several phenomena. (1) Decrease of particle size increases rovgura-~c
7 promoting ripples; (2) roughness is also related to concentration of susperried
sadiment and, (3) in practice roughness does not vary much downstream. Hercs in
~reserve the required velocity-depth relations to transport the load the slepe of
© normal stream must decrease downstream. ILeopold gives the empirical equsi.iox
«1at slope, S = 0,021 QTO°“9, that is slope is approximately inverse to the souare
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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 arsa not to
dictance alcong the channel,
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Vertical 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 v91001ty is approximately vroportional 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 shoar 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/d2) change near to the
bed must decrease with increase in total depth.

Fig. 12
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Inclined dashed lines show downstream decrease in shear

L:other factor is that total force on the bed is proportional to depth times
s1oue.  As brought out above, depth incroases on the average at the 4/10th

poier ‘of discharge whereas slope decreases at approximately the square root o
vhou quantity. Hence the product DS must decrease slowly downstream at about !10
ritous 1/10th power of discharge.

Summary. Although the old idea that river slopes are directly rclated *
v:locity which decreases downstresm thus decreasing competence must be abando:.. i,
% 18 clear that there is o downstreem decrease in comvetence. The details of
ivst how this comes about sre not simple. The verticel velocity profile and
¢hozr on the bed are interrclsted and devend not only on mean velocity but ale
n ¢epth, and on roughness of bottom., This shear also affects the intensity oo
turhulence which is nccessary to keep material off the bed. Downstroam decreasc
~r. woughness may diminish both shear and turbulence despite incresse in mean
velocity. Leopold lists the veriables which enter into this problem: dischearee,
width, depth, velocity, slope, roughness, load, and size of particles in trans:it.
Thnose constitute eight simultaneous equations whose solution is at present im-
pcssible, Of them only the flow equation (Q=wdv) and Mannings formula for vel.o-
city are accepted by common use. The others comprise relertion of load to natuire
of basin, rate of perticle size chenge downstrcam, widthedepth ration in re-
lation to naturc of the bed and bsnks, change in value of n, the roughness fac-
tor, with depth, materinl, discherge, and slope, and relation of n to sediment
concentration, The interdependence of these factors is evident and it is clear
that the streem is capable of adjusting its slope to fit the requirements of
the others. The cross scction of a2 streem is adjusted so as to equalize shear
on both bed and banks, The form of the bed cen be chenged so as to alter rough-
ness, All of those factors are rmch more complex than we were led to belicve
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by the pioneer students of geomorphology who did not employ quanitative methods
even if they were correct in genersl principle.

Change of perticle size dovmstreem. As ecxplained sbove it is generally
impracticable to measure the downstresm reduction of size of particles trans—
ported by a river. On alluvisl fans, however, 211 the debris is derived above
the apex and reasonable success has been attained in comparing the moxirum par-
:icic size with distance from the source. An article by Blissenbach based on
ians «in Arizona shows (Fig. 13) thet despite considerable scatter a definite
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sa-tionmship dozs hold, TFrom the known fact that dismeter of pebbles is relnved
v the syvare of velocity of trensporting weater it could then be concluded thet
500 rotio of meen depth (or hydrsulic radius) to bottom roughness must remai..
v osonably constant. On alluvial fans this night be expected for all the wauc.
: loriver from the head so thet the individual streems on the fan do not vary
iy in size Cespite some loss by evaporation and perhsps by secvage. Rough-
-, which shouid decresse with smaller porticles downwerd on the fan, coulcd
*z raintained by more ripovles in the bed on lower slopes. The log-log. platii:z
‘' _“ng slope es directly proportion to dogroes neesured) of the diagrans pub
~i.hed show thet slope is spnroximetely inverse to the squere root of horizontal
¢avance from apex. Fall rust, therefore (see integrel colculus) be in propor-
iisr. to the squere root of distance from apex. The seme vaper also presents
scre data on relationship of meximum particle size to angle of slope (on stespr
gi-pe the degrees do not corresnond dircetly to the technical definition of
slope which is tengent of the angle) whic secem to confirm the determinstionc
¢f Tair in South Africa. In the cese of the Black Hills terrsce grevels there
is rough sgreencnt of slope to logerithm of geometric mesn size of stones, All
of “he above deta is inconclusive for no attention has been psid to mean parti-
clr aize of entire deposit snd it is known that there is much finer naterial
along with thesc mexirmn perticles. On a table does the aversge or medium size
coatrol. the coefficient of friction? ~ﬁ“‘7
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Supplements, 1954, pt. IV
Papers on Work of Running Water

Dury, G. H., Contribution to a general theory of meandering valleys: Am, Jour,
Sci. 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.
All of these are plainly inapplicable to the streams which he studied. He
also briefly dismisses Wright'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 §{gssiqgg,
and the depositional features inside the curves are termed scrolls., is ad-
mitted that meanders may be initiated on guite 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 m<,width of meander belt 14, ,and meander wave length

, (both in feet) velocity V, and discharge, ¢ (in ft3/sec). On the authority
of others Dury presents several empirical formulas to relate M, and My to W.
Mp is from 14 to 17.38 times W and M, is 6.06 W. The relation to discharge is 6
= 84,7 Q2,P = 2,67 Q2. W can also be approximated by the formula W = Beta (CRM*)
where R is the annual runoff in inches,l, the catchment area is in mZ, 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
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working with irrigation canals. Full data are tabulated for 6 streams and

9 loealities. These include m, R. C, W. oObserved and computed, P observed and
computed, width of filled channel W,, its ratio_to tha§ of the present chan-
nel, Q at present from the formula a'h (P/2.67)2 in ft-”/sec, and last rain-
fall intensity ) ,necessary to fill the larger channel. The last is derived
from a "rational formula" where Q.. = 640 CiM where i is rainfall in inches
per hour and other quantities are g?ven above. Hence i = an /640 M, Dury
concludes that an annual rainfall of 300 to 400 inches woull ﬁ% needed to fill
the buried channels, with i1 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 comron. 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 annmal rainfall since the Pleistocene. 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 Vz/r
vhere r is the radius of curviture at the point under consideration, Since
the formula is for acceleration, if force is desired the mass of water in the
river vhich 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
masgs passing in unit time, Q ,must be coasidered. 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 comnonent rate of curwature must be
concidered. 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. From
the formula it is also evident that the inverse relation of force to radius
is a factor which must 1limit 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 increases the length of
a stream which at the same time decreases its slope. Now, other things being
egual, 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 ent 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. Firet, 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 erocsion 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, Thie 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, (¢) 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 s.iope 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 show 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 vmart of this fill and are now aggrading apparently due

to the increased sunnly 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 climatiec 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 ldngth of the trough without ever striking the sides.
The higher the velocity, the more likely this is to hapven. But if the motion
has a lateral component, collison is inevitables 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 hetween 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 Viecksburg 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 guantitative results
reported by Leopold and Maddock 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 cobserved chamnel 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 material 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 a 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 alluvizl 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 1imits the size of bends is the formation of chutes across the points
en the ineides of the curves, Chutes form when a bend becomes too 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 often 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 slove. (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) 1e
a stream with any straight shallow wide reacheg8, 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
decreage 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 Leopold and Maddock,
"Dimension ani 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 belows We must re-
member that natural rivers do have constant discharge. Adjusthent to bank
conditions is never complete.ﬂ

Bntrenched 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 cuestion 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, Cutoéffs 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 wags 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 1te 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.

References (confined to more common publications)

Bates, R. E., Geomorphic history of the Kickapoo region, Wisconsin: Geol. Soc.
Am. Bull, 50: 819-879, 1939.

Cole, W, S,, The intervretation of entrenched meanders: Jour. Geol, 38: 423-436,
1930,



-6 -

Davis, W. M., Meandering valleys and underfit riverst Associ Am, Geogr.
Annals 3: 3-28, 1913,

Davis, W. M., River meanders and meandering valleys: Geogr. Rev. 13: 629-630,
1923: 14: 504, 1924,

Friedkin, J. F., A laboratory study of the m andering of alluvial rivers, U. S.
War Dept., Waterways Exp. Station, Vicksburg, 1945.

Leighly,'J. B., Meandering arroyos of the dry southwest: Geogr. Rev, 26: 270~
282;1936

Nemenyi, P. F., The different apnroaches to the study of propulsion of granular
materials and the value of their coordination: Am. Geovohy. Union Trans. 21:

633647, 1940,

Rich, J. L., Certain types of stream valleys and their meaning: Jour. Geol. 22:
Le9-4o7, 1914,

Strahler, A. N., Elongate intrenched meanders of Conodoguinet Creek, Pa.: Am.

Wright, R. J., Underfit meanders of the French Broad River, North Carolina:
Jour, Geomorph. 5: 183-190, 1942,

Frey, J. C., and Leonard, A, R., Some problems of alluvial terrace mapning}
Am, Jour. Seci., 252: 242-251, 1954,

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 toess, 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 terracés by stream valleys makes it difficult
to discriminate between vpostderrace erosion and orisin=l surface irregularities
due to stream work, Miscorrelation of terraces along the stream valley is made
possible by these chances of error.

Gilvert, G. K., The transportation of debris by running 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 botdom 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, @ = width
times depth times velocity,V, gd Manning's formula where R 7 hydraulic radius
and S = glope, V = constant R? 82,where the constant involves the nature of
the bottom. Furthermore we should remember that a natural stream can adjust
the form of its cross section to the discharge and debris in transport whereas
the trough is fired unless the sides are changed purposely. Flume transport
is different in that no debris was allowed to accumulate on the bottom.

Natural streams. In natural streams those which are supplied with debris
to less than their capacity erode their beds and bedrock is exposed 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 af 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 local supply of debris., This process is termed gradation. Most
alluvial streams are aggrading and 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 highyater and eroded down at low stages
when the deep places are filled up. It is flood 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 :n 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. OSuspended load influences velocity in three ways:
(1) its mass increases the mass of the stream and hence its energy, (2) suspended
particles are alwayssettling toward the bottom and work is required to keep them
from doing this, (3) the load affects viscosity. Ag empirical formula derived
from the experiments is that Mean velocity,V = Q'z 5*J times a constant, from
which it concluded that addition of a suspen&ed 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. (tractionsl 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 asutomatic separation of suspended and trac-
tion loads. Were the Mississippi devrived 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 bottoms 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 computations
at a given locality but applies to streamiover a longer distance. In nature
there is more variation than in the laboratory. Discharge must be measured to
renrecsent equal phases of stream work. The nroblem is complicated 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 tons of the crossings
or barss Turning to the ratio of deoth to width, this isyelated 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, DModels do not have the same relations betwesen dimensions that
are present in the originals, A glaring exemple is the size of narticles used
for transportation., Gilbert simplified his experiments by using severl size
ranges of sand 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 grains
it is evident that thie 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 ,81 to 1.2 suggesting a nearly direct ratio, =lthough the values are an
inverse function of slope and size of debris. With fineness, 6 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 .Oﬂiinverse 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 deoth, 3.7, seemingly an inverse
function of slope, discharge, and fineness. When a mixture of sizes was used
the movement was more free. With addition ox fime perti-lem t. s:arse,
the movement of the coarse was increased. In the case ¢t.tnanges in deptn,
results varied when other factors were held constant, Wiln constant discharge
velocity increases so that capacity is inverse to depth; However, when slope
is held constant depth is related to discharge and capacity varies with depth.
Depth is reloted 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 denendent variable and cannot be used alone in a formula., The form
ratio or ratio of depth 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 bottem may occur in segments of natural streams, This condition leads to an
increase of canacity 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,

Criticism. 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 particles, (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 suceession with velocity increase, Some of
these things have been discussed in other supolements and hence will not be
here reveated, See especially "concavity of slopes" and "Dimensions and compe-
tence of running 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,
attemots to find the mechanical features of erosion and the resulting topography.
The primary ap-roach 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,soil 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 complexity 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 flew 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
s ¥ /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. In
this he used the Schmidt computation of intensity of turbulence whish 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 turbulence is
greatest, "Since turbule%ce is pronortional to kinetic energy of flow, V2f2g,
its intensity varies as V5" Note that this evpression 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 provimity to the bed is imerse."” TFrom this, the fact the relationship of
erosive power, B, to V2/D was deduced. As a check it was noted that this
corresponds to 105s of head in pipes but no mention was made that this is the
same as slope, s, in an oven channel, The expression was to aprly 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 nower at
critical flow, the passage from ordinary turbulent flow to plunging flow. It
was concluded that in "the interaection of two materials, liquid and solid,
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V2/gD 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 rectangsular channels, In working out the laws of erosion
in rectangular channels with water sides, i. e. vertical sections of a wide
streanéy substitution of Q (q ntity in ¢.f.s.) = DV yields the conclusion that

/3.18 and V = 3,18 Q1 Mannings formula for velocity is alse sub-
stitutad with some interesting results in solving, by various simple algebraic
transformations, for the several quantities involved. Assuming that B éeroaive
power) = 1 and the roughness coefficient, n = .04, then S = ,03427 Q~ / which
may be/comuared with the empnirical conclusion of Leopold, S = ,021 QT' + &lso,

= V3 gl

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,
S = 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.
1t 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 attaimment
of unity as the value of E. Since he was concerned primarily with land use
practices jt was then necessary to introduce a "rainfall equation" to give quantl—
ty of rainfall, He chose R (rate in inches per hour)=8T (duratisn in minutes)™2>
A coefficient for relation of runoff to rainfall is needed, Q (runoff) = C (fixed
coefficient) x area, A, x rainfall rate, R. Area is a direct proportion to
horizontal distance from summit, h, C was placed at .7. By algebr rans—
formations using formulas given previously,L#tle arrivediat Ve, 3662 h? Frad
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
relationship 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 7ﬂd to fall, f, Now to
eliminate t, it was necessary to find two values for t and then equate them.
The first value vas derived by equating two eypressions for Q. Q = v3/gm is
put as equal to Q = Ch t™% or = ,00035847h t™2 from 1 square foot, and this is
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solved for $3/* yhioh g ualal}llgb .5 8972 5 5, Duskier algenvels Sosiacerastion
give V = ,3662 n2/5 §3/1 By setting V = dh/dt and multig};iing both
sides by dt/dh it apnears that with S constafyé.Bé 2 §3/10 Jodte® 0= (dhrh”zls.
Integrating this and solving for t€ = 1,479h Now the two values of

t< are equated eliminating that term. Solving for S 7ubst15?iing df/dh for 8,
and multiplying both sides b{ ?h yie ds daf = 2229 E 1l p- Integrating,
it is clear that f = ,2724 Bi2 This equation represents fall in

feet for horizontal distances in feet, a concave slone., W*is supposed te ¥e:*:%-
condtant“se'does not enter into the result. Tables were presented for different
values of B, some of them above unity. The basic idea is that slope wash forms
the slope until the condition of constant E obtains. C is taken at .7 and n as
+OlL, but the tables also show conditions for other values of these qualities,

Conclusions. Considerable discussion was devoted to the problem 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 particles 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
sloves 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 B rating, When undisturbed by man a balance
between erosion and soil resistance was aporoached 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 B rating the line of division between con~-
vex summitg and concave lower slopes progresses uphill, It was recognized,
however, that some convex divides survive in quite 0ld topography. It was
suggested that vegetation which retained raiﬁfall on divides plus laminar flow
there might account for this suggestion of Horton's "belt of no erosion." H,
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 express maturity of development. liass move-
ment dve 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 contimmity and its vproneness to maintain a
uniform thickness on profiles." It was concluded that soil formation follows
unon the development of sloves and ig 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 wns made to reexamine an 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 nractical importance for at
present it is difficult to predict just 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 ad justed the size, shape, and slope to the
amount of and variation of discharge. ZXinstein's solution is evidently intended
to be a "new look" and he admits that it iec 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 apnroach 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 vamers 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 laminar flow next to the bed. Hence a factor based on roughness
of the bed in introduced. The imnortance of ripples on roughness is considered.
Turbulence is considered under the idea of three components in the three primary
directions. When Einstein states that all of these have a 0 time average, it
is difficult to see how there could be any net downstream velocityl! 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 suspension 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
moet 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 exampnle is worked out which process takes three
pages. Einstein's result is a tenth of whot it should be because a decimal point
was misplaced in computing the dry weigsht 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
this by velocity, and by denth, 15 feet to obtain total sediment, the result is
3.27 pounds per foot width., It is 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 lifting force and weight of particles. This involves a complex formula
relating the submerged weight of a given varticle size to the hydraulic radius,
slope and square 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 L& stens including an estimate of how the dif-
ferent sized vparticles 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!

Fisk, H, N.,, Geological investigation of the Atchafalaya Basin and the problem of
Miseissippi River diversion, . S. Army, Corvs of Engineers, Mississippi River
Commission, Waterways Txperiment 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




examvles may be mentioned the Rhone, Po, Ganges, Yellow (of China) and Colorado,
Although some of these events were cuite well investignted and dated, in no ease
was the wealth of detail available that Fisk had for the study of the Atchafalaya
distributary of the Mississippi. 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
Migsigsippi 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 lMississippi,leaving New Orleans without a major river,

History of the river. Fisk briefly reviews the recent history of the Missis-
sippi River as worked out by him in his 1944 report. He notes the effect of eu-
static change in sea level so that he discriminntes the sediments of the last
filling from those previousgly 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 is 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 patural levees, silt and fine sand; (b) point bar denosits on the
insides of meander loops which are made of sandj (c¢) channel fillings in abandoned
courses which are 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 eolor from
the deposits of the Mississippi. The different tynes of deltaic deposits 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 Missisgippi River,
all occunied since the filling was essentially comnleted are described, The
Teche-Mississippi was far to the west of the nresent courcse 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. Next the LaFourch-Missis-
sippi was diverted nesr the course of Red River to essentially the oresent river
course 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 Mississippni. This
second diversion of the LaFourche route is thought to have occurred about 1000 to
1100 A. D, After this, the modern Mississippi 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 present one. The »recent 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,

Sediment load of Mississippi River. 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 mey 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 Tt Mainly to the contributions of tributaries.
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Cause of diversion. Diversion of a stre~m naturally occurs in order to secure
a more favorable slope to the sea, which an more readily transport 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 permarent 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 point the old channel is rapidly blocked by
alluvial deposits. In the case of the Miscigsippi 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 denosited in a braided channel which is abandoned when
the flood subsides. Despite its nearness, the Mississippl has never succeeded
in breaking through to Lake Ponchatrain above New Orleans. It is evident that
here we must have a different process. Long ago the meandering Mississippi inter~
sected the course of Red River. The northern arm of this loop was soon plugged
with alluvial debris, but the south one was open. The Atchafaylaya was blocked
with a "raft" of driftwood when whitemen firet navigated the river. Absence of
Indian mounds on the Atchafaylaya suggests it was not an important route »nrior to
this, The southern arm is called 0ld 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 Atchafgylgya, it is now a distri-
butary. The diverted waters are steadily incressing in nercentage of total
Mississippi flow. ZExtrapolation of the curve indicates that by 1971 about ﬁO%
of the annual flow will go through the Atchafaylsya., Then there is grave danger
of blocking of the course below with sediment leaving New 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 gradual diversion.
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Underfit rivers have floodplain meanders which are much smaller

than the meanders cut into the adjacent bluffs., During the course

o o shudy of seurzes of- road makeriols for He Tllinors Sete Cu(,r;‘_'[p
of e¥ploration—fer—road matertzls in central Illinoiq*guring the Nig
ks T
yeare 1929 and 1930, the writer noted this phenomenon along both Qi

the Kagkagkia and Embarrass rivers. The accompanying map was traced
from the drainsge surveys along Kaskaekia) River of the U, S. Geologi-
cal Survey made from 1908 to 1911. These show several striking meander
cuspe, mainly along the eastern bluffs,/ (Fig. 1})which suggest a stream
several times the volume of the present river. Attention should be
directed also to several cases of intercision where such meanders

of nlarge moandey
cut through spurs and captured tributaries. A good example wes also

noted on Embarrass River Just southeast of Newton. 2
Similar underfit streams have been desc;}bed by several physio-

graphers. Davie thought that the cause was diminution of volume, for

it has long been recognized that the radius of meanders is related

to the discharge of streams. Loss of volume has been ascribed either
. to diversion by stream captur9 to change of climatggio gaepage ‘into

the valley filling. The latter apparently ie an 1n£Aequate explana-

tion because the underflow even in relatively coarse material is very

small compared to the discharge of most streams (Slichter). In the

cage of these Illinois rivar;:gause is probably cessation of drainage

fron the Wisconsin ice sheet. The localities are below the locus of

coarse outwash deposits. Here the glacial waters had become integrated



into a single meandering stream unlike the braided complex above where
active deposition teok place.

~Whenthe paragraphs—abeve—were—written in the early 1930's no
information was available which could supply a reasonable estimate
of the change in volume of Kaskaskia River from glacial times to the
present. Now the studies of Leopold and Maddock supply some ground
for such a surmise, The area has been mapped on the Ramsey and St. Elmo
qua.d.ranglei The radii of the meanders of the present river are about
1/10 mile whereas those shown by the scars in the banke of the bluffs
average about 7/10 mile, seven times as much., Elementary physics
shows that the lateral component of force of the river due to flowing
in a segment of a circle is expressed by the formula,masa; velocityz/
radius, If we assumed that both sets of meanders reached equilibrium
with the resistance of the banks we then have two problems: (a) how
much more resistance did the older bluffs, 40 to nearly 100 feet high,
than the banks of the recent meanders which average about 10 feet in
height? and (b) how did the velocities of the rivers differ? To make
an estimate of velocities it is necessary to know the hydraulie radiualﬁ,

da ) uh,fﬁzT, s in feer pev foot
(or mean dept?%, the slope of the rivers involved, and the nature of

h)
the bottomfA The formula involved is: v = 1.5/n 82/3 81/2, mns elope

is the least difficult to estimate. The present day Kaskaskia drops

S7400
10 feet in about #7060 feet distance along the channel making a slope

5740 1175 % j0~%, foit jor for T
of 1 in 5560 or ze..a:::m"*. It is hard to restore the course of

/\
the glacial river for the scars were certaihly not all made at the

same time, A tentative rectoration suggests a drop of 30 feet in
N /1"7‘[704?/7
L0 miles which ie 1 in 7030 or 1.43 x 10™', This is rea.sonablej because
than o small angy

how much
a big river has a less slopeﬂh:l"it is difficult to tell absut filling oowfﬂ/{

of\ the old floodplain. The present-aversge widthofthe Kackaskia o [}"
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mo,ty the
The difference in slope Rews nol sgpeer-&e be enough. SinceAlinear dimensiong
os51th)
of the glacizl end modern Kaskaskia bemsr a ratio of about 7 to 1 it might be /

assumed thet the glﬂcial gradient was {a—b; «25 X 10”4

l

[ve 5
of the present ?’ . 'I‘ht retio is concluded from the width of the present

meander belt which ig ebout .5 mile and that of the glaciel meander belt which

feet per foob s a seventh

is about 3.5 milee‘."h;m!r checks with the radii of meanders given above.
N
The present average width of the Kaskaskia is roughly 135 feet from which e glacial

mean width of about 950 feet is deduced,en—thisDbasie,

Inx AS_the yime—ef—the—rosd matcrial BuUrvey theére was no reasonable

o5 51bfe
determined. 'BEJ:rrc-s"'thmj;he studies of Leopold and Msddock provide mjaa basis.
for venitaTiee comparisor w ith lacia| condrtons. g
These authore find that the dimenszone of & stream are power functione of the

- 1505 L nax,
cH.zschargg.Q Since we know the mean dischargsﬁgf the Kaskaskia over a period of 42
years quangi.tative estimetes may be sttempted. The weakest point of these empirical

equations is the fact that there is a conetanﬁ precssding thepower—functton the value

of which varies greatly in the case of different streams} probably reflecting

difference in bed and banks. Two equetionssuggest eprlicability to the presént

problem. Slope’z 5 ek § -49 where k is a constant end Q = discharge in cubic feet

per second. This may also be writter)l 8 = k/Qa-lrQ Now the &}fference between this
& powed
exponent and the square roo(t’\i/; go slight thet for all practical purposes

it may be neglected znd we can state that S = k/&‘% For present day western
streams Leopold givee the value of K 23 3.97 X 10"6 Solving for the modern meun

discharge of the Kaskaskia which is 1505 cu. ft/sec. )we obta.inﬂ a muck diffepent

6 /
value of 68 x 10"4 =M Tt is questionable that this is applicable to_the .

glacial conditions} because of the difference in nature of the bedand banks .
slope

Solving the abovel_]aqua'bion far—ginpe for quanity of discharge it is evident
(
that @ -(K/S)2 By substituting the values for k at present zmd the minimum
2
value assumed for the slope Sl we find Q, (68 X 10 / 25 x 10 %
which works out to e 1little less than '14000 cu. ft/sec. If we use instead
valve w or
Leopold's original k and the ighe% sloPe Wn‘t(ﬁ the glacial. river} the

A
result is 75,600 cu. ft./sec.
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W
The second equation 4= mean‘ width} ¥, = aQ

135 feet = a x 2C.04 or a = 135/ 20.04 = 6.72 Using glacial valéb 950 =
t 2,44

Substituting modern values,
6.72 x Qf4lt qéolving sbove for Q’givee Q =(950/6.72) This becomes Which 15
1030C0 cu ft./sec. Agsin the epplicability of the constant, =, is debatable

Lhe above methods do not agree very closely but wiE¥ serve to give some sort
of en idee of the mean discharge of the glacial Kaskaskia which drained not over 25
miles of the front of the Wisconsin ice sheet. It is prehaps hot so large as some

al
have imagined for the ma*ﬂm modern f£lood was estimeted slightly above 52,000
A

cu,ft./sec.
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lmﬁ!uluu we will & t\upt to compute possible changes in dischavrge
which are praa}\md to hnvn come from the cessation of meltwater flow ﬁ'm the
glacier of the Tasewsll eubstago of the Wisconsin stage, '

g ) 3 lope. leopold's equation vﬁdoh gives the relation betbween alépe and
discharge is attractive as a means to estimate phssible change in ai.eharge.
He gives the constant as 3,97 = 19 for slope in feet por toot,/ Homer, if we
solve the expression for the m-ﬁht. k with modern valawsju Ao mt cbtain
this Tosult 1,74 x 10 . x86.8 2;40.63 x 107° uhich 45 much ieas than leopoldts
value. This mkeu it somewhat doubtfull which v:lue we shmtld use for the
glacial floods of meltwater. In abtempbing to find the srope for the tine of
formation of tl;.a larger meanders it is almost snposss.blef to restore the exact
elm!*\l for any partieular time. Heandorn are not ma.d,é all at once, We may
presume that the slope of the old walley eroded 1nto the till was iteo;par than
that of the m_odem channel, This agrees with the h&'pothppu that meanders grow until
the rotational force eoquals the resistance of tngé"oank to furthor enlargement, |
The small meanders of today are apparently in né}tar nateorial than'were the
old large ones and hemce vesord hss energy of the stm on a rednced slope,
A tentative restoration of tho forner slope of Ragkalda River is 1,43 x 10*
vhich 48 admittedly a vory rough estimate. We ean nov pmoecl to solve the
equation Q = (kls)a where % is )d.i.snm‘vga.’!k.'a gonstant, and l the slope.
We may express Laopolas value for k as /397 x 10°* and use tha\abm value for

4hen § 4(207 x 10~ )/ 1,45 = 10°9)° ok 1s 277 or avous 77,000

gubic feot per second, somewhat more than the maximym flood recorded,
Owing to the great uncertainty i.n the waluss of the constant ang slopejno
great welght can bo attached to bhie estimate. _
Width¥idth, The pwoblm 1s (A estinato the proboble width of chamnel when thé
large mandera were fomed. It ha.a been shom above that the old maand.ers were
~ close to 7 tines as hrge as thoso of- the present but we hove no Ldm
of the bank mteri when thse hugze loops formed, The outer bg_nka were un

"but there may have been a floodplain of softor material in the ntdﬁln of thl mnw.
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However, we will attempt to compute possible changes in mean discharge which might
be due either to cessation of meltwaters from the Tazewell substage of the Wisconsin
stage of glaciation or to a change from a more rainy climate. WNone of the formalas
tells us anything of change in meterial into which meanders were eroded.

Slope. Leopold's equation relating slope to discharge is attractive as a means
to solve the above problem., Hix congtant averaged from streams he considered is
3.97 x 1076 when slope is measured in feet per foot. If we use the present value
of mean discharge wé obtain a somewhat higher velue of 4,47 x 10~8forthe constant.

which ig not enough different to alarm us.
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Nevertheless, we will attempt to compute possible changes /n discharge

which are pres’umed to have come from the cessation of ?éltwater flow from the
: /

glacier of the Tazewell substage of the Wisconsin stag?é.

S-\lope. Leopold's equétion which gives the relgff:lon between slope and

S

discharge is attractive as a ineans to estimtte phss,i‘ole change in discharge.
He gives the constant as 3,97 x; 10 for slope i_n feet per foot. However, if we

solve the expression for the conatant, k with modern values kwe do not obtain
fof pf

this Tesult 1,74 x 10 %, weswes on olss/
AT SET

value. This makes it’somewhat dou?otﬁ:.ll which viklue we should use for the

0.68'x 1076 which is mueh ]:asj than Leopold!'s

glacial floods of meltwater. In attempting __;o find the slope for the time of
formation of the larger meanders it :‘is almq,ét impossible to restore the exact
chax?e‘l for any particular timef'L\/Meat:nder;are not made all at once., We may

presume that the slope of the old'. vallayr eroded into the till was steeper than

that of the modern chamnel. This a-gregq with the hypothesh that meanders grow until
the rotational force equals the resisianl;e of the bank to further enlargement.

The small meanders of today are appafently in softer material than were the

0ld large ones and hence record 19?5 energ;{ of the stream on a reduced slope.

A tentative restoration of the fofmer slope‘i\of Keskaskia River is 1,43 x 10%

which is admittedly a very roughfestmate. W\e can now proceed to solve the

equation Q = (k/S) where % is ﬁischarge, k, a kconstant, and $ the slope.

)
We may express L0°P°]*3 value for k ag 397 x 10"4 and use the above value for
- 2

. fhen Q =4(397 x 107 )/ 143 x 10 4)) which &13 277 or about 77,000
cubic feet per second, so:new%mt more than the maxi*gném flood recorded.

Owing to the gre=zt uncertai/Aty in the values of n‘:h&\y constant ang slope}\no

great weight can be attac?éd to this estimate. \

7idthWidth, The problem is to estimate the probable width of channel when the

large meanders were formgd. It has been shown above thAt the old meanders were

[
!

close to 7 times as large as those of the present but we \)qave no idea
\

of the bank materials }i‘hen thse huge loops formed. The ouﬂ\er bg,nks were till A
but there may have 'bgén a floodplain of softer material in the middle of the valley.
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25,800 cubic feet per second and for width 950.about 118,200 cubic feet
per second. EEhea other method gives fo "";:ave length 5800 feet

for_wt gy 12 1o et
26, 300 cubic feet per second,’\a'bout 18,000 cubic feet per second. This

shows that the two methods agree clgsely.

Summary. Working on the hypothesis that size of meanders is closely

/ fr meand tf:ohovf‘?('
related to discharge Only,\we have/obtained a vajriety of resultsl\ meny of

them greater than any recorded flood of modern times. All of them are

much above the present mean difcharge. This is in line with map study

of rivers which shows clear%/ that big streams have big meanders and

small streeams small meandefs, Most comparisons do not include slope or

mep stud
material so that too mugh weight should be given te this w&l@.

The possible climate Pleigtocene times of glaciation is little under-
: than now _
d have been greater, south of the glacier although

A

this does not agre¢ with the idea of winds descending from the ice cap.

stood., Rainfall ¢

Meltwaters seem & more logical cauge for a larger discharge.

Further study ¥s needed to connect these large meanders with the zone of

outwash depogition nearer to the ice front.
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