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MONTANA STATE COLLEGE

BOZEMAN

DEPARTMENT OF GEOGRAPHY AND GEOLOGY

January 24, 19535

Professor F. T, Thwaites
41 North Roby Road
Madison 5, Wisconsin

Dear Fred:

The supplements have arrived and are now piled up on the other
batch awaiting my reading. For some reason or other, this
quarter has developed a tremendous inertia which I have yet to
overcome. I have more classes and students than ever before
and a balled-up schedule has made a merry rat race out of the
whole thing, but in due time I will get to the reading.

I was sorry to hear of the death of your brother-in-law. There
is no doubé about it, we have never created anything yet more
destructive than the automobile. .
Yesterday, I received a letter from Brother Bill saying that

he has just landed a job at the University of Colorade, so

I suppose he and Ted Walker will be raising the devil again.

My very best to you and Amy and the boys.

-~
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MONTANA STATE COLLEGE IS A UNIT OF THE UNIVERSITY OF MONTANA, THE OTHER COMPONENT INSTITUTIONS OF WHICH ARE MONTANA STATE UNIVERSITY AT
MISSOULA, MONTANA SCHOOL OF MINES AT BUTTE, WESTERN MONTANA COLLEGE OF EDUCATION AT DILLON, EASTERN MONTANA COLLEGE OF EDUCATION AT
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MONTANA STATE COLLEGE

BOZEMAN

DEPARTMENT OF GEOGRAPHY AND GEOLOGY

December 15, 1954

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

Dear Fred:

Thank you very much for sending on the supple-
ments and the reviews.

We are at the moment in the end-of-the-quarter
turmoil and I won't be able to read them until
later. However, I will get at it as soon as
possible and let you know my reactions.

I hope Amy is better. Please give her our very
best regards, and a Merry Christmas to you both.

Sincerely,
M
Charles Bradley

CB:ps

MONTANA STATE COLLEGE IS A UNIT OF THE UNIVERSITY OF MONTANA, THE OTHER COMPONENT INSTITUTIONS OF WHICH ARE MONTANA STATE UNIVERSITY AT
MISSOULA, MONTANA SCHOOL OF MINES AT BUTTE, WESTERN MONTANA COLLEGE OF EDUCATION AT DILLON, EASTERN MONTANA COLLEGE OF EDUCATION AT

BILLINGS, AND NORTHERN MONTANA COLLEGE AT HAVRE
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: (e BedS " GEQLOGY 109
T N TSR S T S GEOMORPHOLOGY

L 4Y Some principles of soils mechanics impertant to geology and geomorphology.
b B o —
v X xf Introcduction. Soil mechanics is a branch of\englneering which has to do
L "% with those physical properties of unconsolidated materiale-which are important
N ; : ; . : i 3
< o in engineering operations. The term "soil" is here employed in the sense of all
= & 3 mantle roc: regardless of Cepth or origin. "Mechanics! refers to the resistance
© ¢ of these materials to either fracture or compaction (settling or consolidation.)
3 <€~Q§ Frzeture or other movement of the material is termed "failure”. It is evident
\ *a,@ that the properties are related to several geomorphic processes, for instance
Lj}f tf the slumping of wet glacial drift, and land forms due to mass movement of uncon—
% v solidated material. Moreover, the engineering determinations are a valuable
™Y  fool in the description, correlation, and history of*ithe surficial materials of
;g _dhe earth. Since geologists are frequently consulted in relation to engineering

problems in subsidence, excavating, and mining it is very important to under—

w.Stand these relatively ' new tests and physical measurements.
b

Gl

<:‘ Geolosical descriptlong. In the past geologists have to a large extent
gi gnored physical properties of unconsolidated materials. Their descriptions
thave been almost entirely origin, particle-size distribution, mass chemical
énaly51s, ant to some extent mincralogys It is evident that origin is too
Xgeneral to furnish much help in most problems. The second is lznown as mechan-
dcal annlysis and consists in screen separation of the particles down to &
ﬁ;ameter of avout 0,07 mms The smaller diameters after dissociation by use of
2 strong allalie are placed in suspension in water. Use is made of the known
Jrates of settling and the density of the mixture to find relative proportions
*bf different grades. Results of such analyses are presented in various kinds
Jof diagrems. Prior to the developmont of X-ray examination and the electron
Jmicroscope, mass chemical analysis was the only possible tool for examination
of the sub-microscopic particles, Attempts to apportion the elements reported
by the chemist into minerals were most uncertain. Iow the mineralogy, shapes,
and arrangerent of the small particles is much better known. Their diameters
jare often expressed in microns or thousandths of a millimeter. The shapes of
9 *‘those smeller than about 2 microns cannot be seen with the ordinary microscope.
ﬁff\ tMost of the small particles are flalyy and are lumped together as clay minerals.
e _agxPartlcles spaller then 0.1 micron are termed colloids and possesses peculiar
| %‘3§h~propertles vaich, together with those of other small particles, influence the
.ﬁ%;{‘PhySiCcl nature of the entire mass to an extent out of proportion to their
“., ‘quantity. One of these properties of colloids is a negative electric charge

;Hfﬁ“/bﬂJ”
N wfief .»:'/}p-f.-
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water contain the ionsg of electrolytes. These products of dissociation of
moleculecs react with one another causing the phenomenon of base exchange.

. Both cohesion and plasticity are properties due to colloids and the physical
- arrangement of the small minerals varies widely with the state of consolidation

-
¥ 48 eduo to pressures
=1 E k )\ D
,,,““ j‘*~ﬁcﬁ S0ils mechrnics determinationss It is evident that the ordinary geological
v ¥ -8  description of a mentle rock which contains a large proportion of fine particles
\\\\ ‘i "% leaves much to be desired in knowledge of its physical nature. For this reason
\\w; sy M‘engiueers have used a wide variety of other determinations. Those most commonly
2 ~fE;‘measured comprise: (a) bulk density or unit weight (in gm/em3 or 1bs./ft3);
\L\\' Y \5
l\w g T e Y
T 0D
ol ™ ',“)
¢ 3 J"E‘f
-3 Y
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nﬁiwhich attracts the aydrogen of water molecules. The resulting layers of adsorbed
'qt.

‘\\gss A} @"Much of the void space between small particles is filled with adsorbed substances.



part 3; Ds 2

(b) voids in percent of volume of solids; (c) water content in percent of dry
weight; (d) Atterburg limits which consist of plastic limit or percent of

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

water of dry weight at which flow begins under specified conditions, and plasgtic—
ity index or difference of these two; permeability or rate of water movement
through the meterial under specified conditions as a coefficient; ghear strength
under stendard conditions (gm/e¢m?); unconfined coupressive strength similar to
the messuremcnt on firmer meterial (gm/cm<); cohesion determined from compression
with sides under pressure (gm/cmz); compression rate as tested with force applied
1o cne end of a cylinder; and precompression limits an estimate of apparent
compression (kg/em?2 or torss/in.2) of the material earlier in its history, or
pricr to being brought to the surface. (In reports of these tests it is impor-
taa% to note thet kefem is almost exactly egual to short tons/in.z)

Piasticify. Ve do not necd here to detail the arbitrevy standards which
zve been set up to make plasticity measurements but their relation to the origin
of the clays is imporitant to geology. When liguid limit is plotted against
lasticity index on ordinary coordinates all results oy the same kind of clay
rem the standpoint of origin fall either on or close to a straight line. The
glope 2f lincs for different clays does not vary much (fige 1). Clays which

=t " 704 Plastisity index

////;?/ L 60
////// Figure 1 Relation of 1liguid
b o " 50 limit to plasticity index,
i e KRedrawn from Casagrands
i ;i Guanities in percent water
of dry weight.

as

.30
. 20

- 10

0 To 2b 50 %o %0 fo 7o 80 gb 100% liguid limit

contain sodium require much morc water to become plastic than those with min-
erals conteining calecilum or hydrogen. It is also to be noted that in liguid

limits we have an approximetion to the point at which clays become similar to ( "
o

liquidse Considerable difficulty is found in duplicating these tests and =
diffcrent laboratories do not always agree. VY. 2 A
)
Strength tests. Long ago the strength of unconsolidated T%ﬁbrial was
expresscd by Coulombs equation; shecaring force = cohesion plus
tangent of the Bingle of internal friction". § = c+p tan phi. In the case
of a sand vhich is dry and shows no cohesion (he angle phi is the anglec of -

repose at vhich the meterial will rest. is angle is about 34 dogrecs in dry

gsand with angular grains and slightly leb®d when the sand is below wate{) ] &
in a talus, the sand is held together by ipternal frictions When a finer \ g
material then sand is below water the valde of p is recduced by the amount of }

!,f// el ) }~m*';*ffziiﬁz- |
e =9 :_’_/3 -_Z f(m : a TP | o %a i-& { g”"( }\”—'Q\' g
WM%JWJ?LWQ :

b

x

orce times the
~



part 3, ps 3

pressure of the water. Unconfined compressive strength is readily measured on
a cylinder of cohesive meterial. It ranges in clays from..25 to about 4.0
kg/cmz. The wvalues of cohesion and of phi are not so easily determined.

Some tests have been made by finding the force necded to break a cylinder of
undisturbed material by sliding one half of a containing box over the other.
Another methwod is to enclose the specimon in water—tight flexible cover. It
is then immersed in a liquid which c¢an be put under pressure before forece is
applied to one end. Pore water may or may not be allowed to escape from the
containers Pressure is applicd until the specimen fails. This type of test
ig known as triaxiale The confining force or pressure is plotted on the
hoerizontal line of Figs 2. The valuc of the forece at failurc then lics to the

. .
5m/(-.m
//§.,.~__, Fig, 2 Determination

o hi of "angle of internal
_MW_EN" friction" or phi and

cohesion by use of tri-

¥ axial test and Mohr
e circlese.

/ \
i \
i : failure p. \failure pressure
fcone p Fonf. pres%Pre '

N //
£

rizhts. The distance between is halved and a circle drawn passing through both
pointss This is known as the Mohr circle of stress. If the procecdurc is
repeated vith cnother specimen of same material and larger stresses a sccond
circle can bc drawn. Then a line is drawn tangent to both circles. Its slope
from the horizontal then determines the value of phi and the distance of its
interscection with a vertical line through the origin at loft measures the valuc
of cohcsion. However, a commonly used value of shearing strength for soft
wet clay is half the uncornfined comnressive strength. Spceimcns must be from
cores, not cuttings, Caon Amidtinl T s acai sl o s :
{i'F}‘, 44 7 juf d
Compression. The phtromena of cohn cssion are mrasured by placmb a short
section of uandisturbed core in & circular ring, Opvportunity for escape of
water is provided at the bottom and pressure is appliod at the top., At first
the rate of dimcunsion change is rapid, then it slows up and, if the test is
carried on far canough, would cventually ccesce (Fig. 3). EHowever, it is custo-
mary to plot percentasge of voids against logarithm of pressurc as in Fig. 4.
This ealargement of the horizontal scale for small foreccs changes the curve
gso that the first part has a gentle slope which on increasing pressure changes
to a gtraight line. Under this condition, rate of change of voids 1s inverse
to pressurc. This linc may be extended upward in the diegram until it inter—
scects the horizontal line reprcesenting the cstimated original void ratio.

t/f s ¥ &
! 3
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kominger and Kutledge The middle on the three lines at right is often calle

“Myst probable preccnsolidation stress".
*n successive times of consolidation by pressure.

Note the displacement to left of curv:

?’

0 1.2 void ratio
\
\\; void ratio le2f
\
\ nflerred orhigi
A 11 ‘Thﬁﬁﬁi\\ {~ curve
5% G
_\\ﬁl\\\
\ \\ e e \
L g . ! lco B 0 \“\ N,
2‘\\\(‘}4 a = # 1.0 2= et \
s : I N AN
3Ny . " linferred original curve \\\\;\ F
N
o \ LY
L) \3\
N
X
e | \
0 2 10 kg/cm? 8 - L]
¥igure 3 Compression test with 0.1 kg/cm? i-2 L ae
recompressirn., Arithmetical scale Figure 4. Game data as Fig. 3
Recovery shown by curve 2 with pressure to log. scale.
void ratio = ratio volume voids to Curves show first compression to
volume of solids. A, recovery, recompression
Recompression. If aftor reaching the straight line portion of the graph
pressurce is gradually reduced the sample expands, although the original pore
spacc ratio is not attained. Rocompression then gives a curve (3) which hes
been displaced to the left when the straight portion is reached (Fige 4). It
has becn claimed that the characteristics of this cur e enable the discovery
of the point at which pressure was reduced in the first cxperiment, The
proceccdure for finding an carlier strees is to first draw a tengent to the com—
pression (or recompression) curve at the point of minimum radius as estimated
by eyes A horizontal linc is then drawn through the point of tangency. (Fig. 5)
The angle betwecen these two lincs is bisected and the line from point of tangonqid
"9:Void ratfio d g d
! Range of preconsolidation stress ¥ ) N
. __Aspumed natural void ratio e 3 V ‘if o
e Vo 2N
[~ o | Extension| of hypothetical cu ve fo
.Sﬂ = = p ol léﬁ?‘cu{ye Lo e cempression gﬂe-to natur ixﬁ \s ?%f %
5 — : \K =i \ = 5-\ 'f\._. N\ Y
Maximhm possible rebound \ W , \)’ L \?“_\f"
A ¥ < Horizontal line & )
“turve, ! e aulf 3\ - ‘§
B e \~ \Bisector "-= )\ ‘; & o W\
Tén ent S e I N
.8 Estlmated poin $f E S Y ¥ ey T\T ¥
i maximum dur ature b, T T N B
\ | X X & i B \
\M Parallel l-ne@ﬂg‘gk- N, O X
\ F ANWXYSE F
) | SN RAN I,
. s ! e | gl \ o _'!‘\._\ i N .
| \ { § TN ¥ D iy
\_\: t\\ \'\. » W e &
| > ’E\Q¥ 1 YoV
|- | | WSS 9 BN
..... = \ J Y,ngn-\e.\-
04 .10 o 1.0 4 0 kg/cm * R L \\' b
Figure 5 Casagrande's method of finding preconsolidation stress. After \\gy
d £

\



parE 3, Ps 5

extended until it intersccts the extension of the straight portion of the
curve., A straight vertical line through the point is supposed to be the "orig—
iral " pressure or stresssy also termed the preconsolidation stress.

Precompression stress. Some investigators have used the above method to
cstimatc the amount of pressure that a clay once sustained prior to cither
croslon of overlying material or melting of glacial iccse A load of water has
no cffoect on precompression of a clay which it cnters. If the method were
always rcliablc it would afford a valuable tool to the geologiste. Uafortun—
ately, a very similar offect results from drying of a clay. Note that in the
figure the straight portion of the final compression curve is extended upward
until it mcets a horizontal line drawn at the lcvel of an assumecd "original
void ratio". Another line parallel to the final curve is also drawn vhich
is supposed to be the maximum possible position of & curve if the specimen
had been commressed when in its original condition prior to the deposition of
any overburdene This also is extonded until it interscects the line or original
void ratioe The difference of pressurc rcad on this linc between this and the
actual recompression ( or compression) curve is thon recorded as the "range of
precompression stresshs A mark is often placed to indicate the "probable value!,
as found in Fige. 5. It has been stated that this method often gives too small
a thiclmess of eroded materiale In samples taken from test holes or pits 1t
may be checlicd with the load vhich rested on the speecimon before it was brought
to the surfaces A marked consistent departure of the values of precomprcssion
stress from actual load is ncvertheless a proof of cither erosion of overlying
material or former dryinge The value of this range is in a scnsc a mcasurc ef
the amount of compaction which the material has undergonc. However, it scems
as if it is bascd on too many ecstimates to ever be an cxact determination,

Failurc of slopes. Onec of the ever—present problems of enginecrs is how
high and how stecep is it safe to lecave the side of an cxcavation in unconsoli-
dated materiale Geologists are interested in this problem in considering the
natural reduction of slope of valley sides and the attainment of equilibrium
in slopcse Ve must reocognige at the outsct that the physical conditions within
a bank of !"soil' may vary greetly by rcason not only of its original chomical
and mechanical malic-up but also because of subscquent changes, for instance by
weathering or percolation of water. ZEngincers use a number of different assump—
tions as to the strength of materials and the amount of pressure which tonds to
collapsc a slopee One of these is that the shearing strength of coherentg
matorial in a bank is half the unconfined compressive strength. Fig. 6 shous

S e
\‘\\\\ Figure 6. Adapted from
Kaye. Center, C, and radius

of circle must be assumed.
/ : Total force tending to move

A s the segment to right of vert-
2 Ha /’/// Sand g i ical line is its weight acting
//f : 2 -’;5:‘b—_' on arm R_, Restlng force is
//<fiﬁ";-1 o 3 -CIéy EeSEe e weight o% other segment on arm
. plus shear resistance on

%;F_f lfi,$éﬁg;-clay f:i- tﬁe arc within the bank. Unit
T o el weight and shear strength of
ARehe et e : each material must be found,

3 also length of circle in each,

Factor of. safety is resting moment divided by disturbing moment., This allows a
romparison of results with different centers and radii. The method effords little

1.

“2'p in study of natursl slopes because of the assumptions. Physical conditions

7iinin the bank may change with time and amount of water.
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t
the computation by which the strongth of a bank is detcrmined. Here beth the
radius of a circlc and location of its center are . assumecd. Then seoveral
circlecs arc drawn with various changes in both thesc conditions. The moments
of force duc to weight of msterial which-causcs failurc and that which resists
it arc roadily computcd from mass density (unit weight) in a scction of unit
vidth. The sheoar strengih along the sassumed circle of sliding is then computed
o1 She diffcrent types of meicrial cut by that cirele. The total resisting
orce is then compared with that which might cause failurce The ratio of the
two is the "factor cf safety" and %ac structurc is desiencd to kecep this as
grcat as 1s cconomizale It is covident that such analysis is not of much value
©2> the geologists It ignores all natural planes of wcakncss such as shrinkage
crecks in claye. TFig. 7 presents a somewhat differcnt snalysis of the forces in
a vertical slice of unconsolidated material of uniform physical state. Total

H

Fh

Top-of bank ) o

Figure 7.
@ & different approach to stability of a vertical
bank of unconsolidated meterial or "soil".

. | Unit volumes of material sre shown in three
different positions, It is evident thabh if
physical conditions are uniform the total
weight increases downward in direct proportion

to distance of each point from she top of the

bank. The components of total weight whish

are directed toward the foot of the bank are

shown., The problem is complicated by cracks

within the bank, In the field it is eviden®
that these probably determine the (distante

back from the face at which a slice will shear

and slide on a curve, Often a number of such

slices fall before stability is reached. Motion
below the foot of a bank very likely indicates

e downward decrease in shear strength so thst

the lower part of the slope behaves like a fluid.
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weight increascs dircetly with the height but only thet component which is
dircetcd to the foot of the slope is important. As long as this doocs not cxeced
the shearing strength on a curved surfacc the bank is safec. Since the angle
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of the forcc is inversc to height of the bank a curve of distance back from the
facc proportioned to the logarithm of distance dbclow top of bank should resutt.
The unknown featurc of this analysis is the factors which control the distance
back from the top of thc bank at which bresking starts. Possibly this is
rclated to drying and to shrinkage craclks in clay. It is here assumed that
shearing incohorcent material has no relation to the angle phi and can talo
place in any dircction. An involved derivation used in most text books of

soil mechanics arrives st the conclusion that the safc hoight of a bank is four
times the shear strength divided by tho unit weight. Taking an unconfincd
comprcssive streangth at 1000 gm/cm and a unit weight of 2 gmfcm3 this figurcs
out at 4 x 500 /2 or 1000 em (10 moters) as the safc height of a vertical facos
Under the view takon above, the pressurc on a square cm at depth of 1000 cm
weuld be 2 kg/cmz (horizontal) and the componcnt on a surfacc inclined about

4s dcgreos would be half this per squarc centimeter which is twice the assumed
shcar strengthe As a matter of actual ficld conditions tho problem in many
cascs defiecs analysis for the prescnce of water in the pores of a clay may
greatly rcducc its strongth and the amount of such water may vary widcly.
Bosides this, the above analysis neglects the fact that the shoar strongth is
not surpasscd throughout half of the probablec surfacc of failurce

Conclusion. The subjoct of soil mechanics offers an important ficld for
the advanccment of knowledge of the nature of unconsolidated materials but
considcrablo study, cspceially from thc geological standpoint, is still ro—
guircd. The cxisting statec of knowledge of '"pro—-compresscd! clays leaves
mich to be dasireds Fig. 8 is some data on an actual test hole where foundations
scttling hed been exccssive with geological intorprctations. (Next page)
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Figure 8 Soil mechanics determinations in test hole on Jones I§;§%d3’ pe 8
Milwaukee, %is. Data furnished by Klug and Smith, Engineers.
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MONTANA STATE COLLEGE

BOZEMAN

DEPARTMENT OF GEOGRAPHY AND GEOLOGY

October 30, 1954

Professor F, T, Thwaites
41 North Roby Road
Madison 5; Wisconsin

Dear Fred:

Thank you for sending me the new supplement for geomorphology. I

have read it through and think that the analysé#s of Penk versus

Davis and their views relative to the peneplain problem is very good.
As yet, I have not finished reading Penk®s book, but I find it rather
stimulating approach to geomorophology when compared to any of our
present books on the subject. I agree with you that the Badlands should
be worth considerable study, representing as they do, resistance to
erosion at a minimum, I have a few photographs showing the divides
and the gonvéxupoftion of the land forms as well as the concave., It
seems t0 me it would be a good idea in the text to lump raindrop
splash with the other forms of mass wast¢ng. It is, of course, also a
iorm of water erosion, but it seems to me from the standpoint of land=
form produced and type of action, it comes closer to creep in that the
net result is one of a migrating sheet of material which increases its
velocity with the increase in steepness.

In the Badlands where there is no vegetative cover and where the mat=-
erial has so little resistence to erosion, the process must be opera=
tive at maximum efficiency. If a person could get there during the
rainy season, bhamewss dnhave an idea we could get some measurements
of the quantity of movement by some sort of splashboard technique or
perhaps by use of a stop=action motion picture camera.

I'm sorry to hear of Amy®s bad fall and hope that she is better now.
Let me know if you plan to come out to North Dakota and I will try
to meet you there,.

Best of luck,

Gl i
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MISSOULA, MONTANA SCHOOL OF MINES AT BUTTE, WESTERN MONTANA COLLEGE OF EDUCATION AT DILLON, EASTERN MONTANA COLLEGE OF EDUCATION AT
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Dro c. c' m‘y!

Nept. of Geography and Ceolesy,
Mgntana State Collese,

Boreman, Montana

Dear Ohuck (or 4s it Charlie now?):

Yours-of 13 Jon. has been in my folder 2 long time but it was just the
change of semscters and you kmow what that mesnz. Thers argover 50 in Mapping,
over 20 &n flaecial, but only 3 in Phyeiography which mesns the last must be aband
oned when I leave. Thet may be in June or 1t might possibly Ve a year from June,
That will not te settled until leter. T advoeate turning Mapping over to the
“nglneﬁr" to zet it out of that 40 svedit limit for Majors.

Many tharks for woulsugrestions whieh will have due consideration ‘when I
can zet hagk to the svblect of Ceomorphology which camot be before June,
With resard to the "eompaction wave® from slides iz this not the same ns
the sound wave? Woolard seemed %0 infer as much when I asked hiu. If so the
valocity of sound in water is around 2 mile a seecond which 1s far above the
racorded travel of the Crand Ranks wave.l can see your point of & fluid 'behavior,
however, We will have ts o into that later.

with -néga,rd to alluvial fane there ie a vaper just ready to come out
in the @. S, A. "hen that armenrs we can exemine it critieally and poaai'bly
cone up with sewme new ideas,

‘¥uch of my time now ig taken wp with "Operation Shoebiring", my code
name for the survey of tha Deor Penimuh becauce it had almest no finaneial
suprort. Iy May, Aldrich was very eordial shout it and or ffored full cooperation.
(At that time he was a candidate for State Geologist). Since July up to thie pas
past woek he ignored all letters (Cecrge Hanson became State Geologist on July
1). The last letter does not promise anything but ia at least a slight suggestic
of a change of heart. I cnrtainly de not ilke ruch confiicts ene bit but
so far as can be seen the @. 8. A. 1z the only poui‘b"a means of pu'blicstion.
You onn aaaily gae how this affectec other work,

If Judson goes away “nxt year I may bte able to stay another year
but this is far from certain even if he does go. With Physiography gone
and Mapping trannforrgd o the Emdnoerc they could just ¢lo-e down other
gourses far a year. Time will tell, Feonson wants me to stay on and work
on well records baceuse they just have nobody who is interested in Wisconsin
geology. But Thommeon is lsaving and they might ~et somone who 1s, Alse
Eanson has not yet secured the neceseary money, Of course, I could not
stay on at the $26,71 a month of the former administration becance until
entirely retired you pet no retirement allowance what{ever,

Is not your department called "geolon:,y" 1f 0 how about your
prohibition of taaohing the mt'bjeM the department is named for? I do not
quite zet it. ]

N\

. Plans for next summer are, of course, most uncertain. ZFob wﬂl
have to go to Summer Sehool. B111 will be at Camp Gorden in Georgia for
6 weeks. So vou can seec that what we will do is a problem. ob can
#hateh" 4t with the dog but it 1= not =o good when the two _are tosether.

Amy is bringing Bill back from projecting at the Union while
Bob and I are getting suprer, so wili clese o
- Sincerely vuours,



MONTANA STATE COLLEGE
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‘'DEPARTMENT OF GEOGRAPHY AND GEOLOGY Janij,- 13’ 195’4

Professor F, F, Thwaites
Department of Ceology
University of Wisconsi
WMadison, Wisconsin

Dear Fred:

The two supplements to geomorphology have arrived, and I have read them with
considerable interest, I have a few random comments to make, In comnection with
the chapter on peneplaination, I bhelieve we probably should enlarge on the role of
solution in areas that are protected by heavy vegetation. ZThe analysis of river
water would seem to indicate that a fairly sizeable reduction of the land is going
on via solution., Also in this connection, your remark aboult grass being a great
restrainer of erosion should be qualified somewhat by reference to particular
grass types, Out here in the bunch grass country, I rather think that both wind
and rain drop erosion is rather severe on the bunch grassy slopes, - In that :
connection, don't you think that much of what has been called sheet erosion in
the past is really rain drop erosion? '

One thing about alluvial fans is rather puzzeling to me, Wherever I see them

I see evidence of their dissection, This leads me to wonder if perhaps the
dissection is the normal course of events and has little to do with changes
of climate or uplift and the like, I believe this matter should be looked into
pretty carefully, It may turn out that the original surface of an alluvial fan
develops as a result of a sensitive balance between load volume of water and
grade, and that as the stream approaches maturity with headwaters considerably
farther back and less material to draw from that it enters a cycle in which
it draws upon its own former deposit and starts entrenchment, I would like

- to hear your comments on this idea.

In connection with the chapter on submarine: canyons, I had quite an argument
with Maurice Ewing, I was a little skeptical about the high velocities attained
by the density current. After all the only data that we have is the times at
which the trans-Atlantic cables broke, This would record the time at which the
bottoms underneath the cables began to move, I hawve had many chances to view
avalanches, and one of the note-worthy features of an avalanche is the cempaction
wave which advances much more rapidly than the falling snow, One of the rules in
ski mountaineering is never try to outrun an avalanché on skis, A person may
well outrun the moving snow, but they cannot outrun the compaction wave, It
strikes me the analogy between avalanches and the turbidity current is rather
good. The snow is solid up until the time it starits moving at which time it
becomes suspended in air and behaves much more like a fluid or a gas, I
suggested to Maurice that he consider at least the possibility of the compaction
wave -being responsible for his time distance curve,

My final suggestien is that we include a brief description of awvalanches in
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the geomorphology text, In arsas like this country and the Alps, I believe they
are powerful factors in the shaping of the surface of the land, A very distant
relative of mine by the name of Montgomery Atwater is considered to be the avalanche
expert for the forest service, He headgquarters in Alta, Utah where he helps to
keep the skiers out of avalanche trouble, After several years of study, he has
started to write., Of course, there are a few Swiss authors and in this country
Haynard Miller of the West coast who have also studied awvalanches intensely,

I am teaching petrology this gquarter, highly camouflaged because of jealousy
that exists in the other institutions of the state, We are not supposed to
have overlap in courses, and geology is usually taught at the School of lfines,
so my petrology is given the title of chemical microscopy., I wish they would
stop asking me to teach new courses so that I could start putting effort in
on research and on this book,

Good luck to you and very best wishes,
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Prof. C. C. Bradley,
Dept. of Geology and Ggegraply,
Montana State College,
Bozeman, Montana

Dear Chucle:

Yours of 25 November 53 has been in my folder a long time waiting

until I eould send you the last ever of the supplements to geomornholocy.
At 1ast I can do so herewith, ZHach one was quite an effort ecual in some cases
to the preparation of a paper for publiestion., But that is over now, fax
George Hanson has wanted me to stay on and work on well records as they have
absolutely nobody else who eould but the latest so:u to be that cueh 1s out
by reason of finances, However, time will tell. “t is unfortunate that 3 of
their new men are interested only in the Pemnsylvanlan which does not ocour in
‘Wisconsin. The Door Peninsula report is at last apnroaching completien but 4%
scarcely seens poseible that it can 211 be done hefore I muet fold un in J,ne.
However, my annual medical chec was satisfactory and I can again plen ahead.
We nre having an argument with “ldrich aver the tore map of the weplon, Ie sald
he would go 2long with making it in eclors tut when I sent it in no more has
been heard of 1t. Now I am gending a lot of supporting letters from stulente of
‘the Pleistocene, civil erngineers, and drilding contractore., Hopes for the best
are in erder. - :

I am mch interested in vour avproach $o stream velocity and think that
we can work out something in that line, I once vlayed with the idea of loee of
enerzy Lelow that of either free fall or laminar flow but dropred it by reasen
of other demands on my time., It ic far from o simple problem but I think you
have a good idea there, I recently unpacked the maps for an aritele on the
misfit streans of Lyttle Ngypt which I never finished because of the war. 1
think 1t can be made more definite, now with the better kmowldege of streams.
T want to try my hand at that soon as the PDoor revort is sent im. I would like
to write up thirty years progress in Imovledge of the subsurface of Wiseonsin now
that Bdward Oscar has departed but think the reomorpholegy ought to ta.l%&,_.,
priority over that. As for field work the latest work on streams casts doubt on
the need of more sbuly at ~resent of &lluvisl fan siopes or pediment slones
either althoush I am far from sure zbout this. Plans for next sumer are most
uneertain, Bob will undoubtedly have to go to Summer School. Bill will be at
Camp Gorden for six weeks unless conned out of school sooner. One juet ean not
2ot hin to work as mom 44d. Put &t might be thot I could come out and we could
make plans, We found $ravel after Labor Day to be suite favorable last summer.

'Although you 414 not mention it I am returning the copy of your note on
the talus. It looks good to me amd T think you should send it in, Since 1%
was the original copy I thought you oucht %o have it baeck.,

Tom =nd Barbara where back for Chrietmas they had dinoer with us on
Ghristmas eve and then mom was here alone for 3 nights. They flew both ways at
nisht. Just now we ave in the midst of the emnusl strfizsle with the Income Tax
trying to se2 if our estimate was correct and then 1f we hove the money te vay
i1t} Anyhow we sold the 1nst out of state resl estate and picked wp.s taker for
an oil lease in Oplahoma where we still have some mineral rights. hen Hansen
paid me more during the summer which his predecessor never did. {

: \

Boy 45 working at the table with me and Bi1l fe out suprosedly rt the
anatomy lab and not at social mctivities. He wants to go camping over Saturday
night which we do not think 4e wise, Hye dog is growling now which proably means
that 1t time for a walk before bedtime, Bill hoe a car of his (¥bn and now a TV
‘set in his room! Sincerely yours, . st T S e
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Professor ¥, T, Thwaites
Department of Ceology
University of Wisconsin
ladison, Wisconsin

Dear Fred:

The new section of Geomorphology concerning demensions and competence
of rumming water has arrived and I am in the process of trying to fiqﬁf’
my way through it, I find myself very much handicapped by never having
had calculus, Nevertheless, some of the ideas are very interesting

and it looks as though the last few years has put us ahtad in many ways
in Geomorphology., As ideas come to me I will send them on, I have two
to propose at this moment.

One is a tentative suggestion for a curvesto illustrate fluid distortion
first in a clear water stream of no bedload and second, a stream which

has suspended load and a bedload.
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jI don't know whether these curves I have shown are right, but it would

seem to me that they micht be approximately right., That is to say the
changes in viscosity as a result of material in suspension and bedload,
which is really a suspension carried to extremes, should show up in a
semmw diacram, s/ustiatie GislorFon duc 5 K.

My second idea relates to measuring turbulence in a river¥ I believe
turbulence could be defined as any deviation in the flow from straight
laninar flow, The net result of turbulence is to increase the viscosity
.of the water, Therefore, if we could get a measure of this viscosity

* -8/34 ﬁaqrm .
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knowing the true viscosity of water we should have a measure of turbulence,

If we could find a section of clean stream wherein the variables of channel
roughness, slope, width, and depth are approximately constant we should be
able to get at the factor of viscosity in this manner, First we could
calculate the theoretical velocity of the water under laninar flow conditions,
Any decrease in wvelocity under this theoretical would be the result of
increased viscosity ov@f the theoretical, It seems to me, therefore, that in
a clean stream this increasﬁ in viscosity could be ﬂadtributed entirely to
turbulence,

This is an idea that has been in the back of my mind for some time, and while
it lacks the pegcision of scientific hydrology it seems to me it may have some
practical use to the geomorphologist., Of course I am not overlooking the fact
that someone may already have done such a thing.gyf am still very enthusiastic
about this project and still want to help you on it. Unfortunately, I cannot
point to much help given in the past. This sumer I was teaching and also
trying to build a house with the result. that geologic field work went by the
board, If you are still interested in alluvial fan studies I think I have
found one or two which we can safely say are free from tectonic distortion.

It seems to me this is a crucial factor which must be eliminated if we are

not to waste our time,

I saw Yaul Weis a couple of days ago who said he had run into you this summer.,
I plan to spend some more time with him after the Christmas holidays at some
scientific meetings, Have a good Thanksgiving and Christmas and I'11 be
looking forward to receiving the next supplements, My very best to you and
your family.

Sincerely,



V5 ; Yov. 20, 1982

o, G- c. Bm:..‘.'ﬂ'. : : j 2
Dent of fcology, : '

Nontane, “tate Goll

Bomevan, Mopiana

‘.'Mr Choslcs

~

It's & lomg time olince T wrots you in rezavd o
the proposnd Coomoppkokesry. I wae unable t4 3ouch 4%
during second zempster or the mmmer. Fow new ceclions
are starbing to some off the nimeogrash, Anothar &2 on the
way bub 4% mey very woll end tho eseries, Of aourse, Shey
peed voworting %o wald them into a amtea whola,

M of the cwmamor ur.t in trine, rlrst we went fown to

to Bgchester 7. T. to boine back the ear whiek Yeoe and

Barbare used %e movs down there, Then T went to & moetine 6f

tha @vent lalraas Research ITnetitute over in Miehismn,

"Last we wont out to Salt Lake Clty ohich taol almgst twe

woeks, Thie Jocs not incinde wore work on the Deer Peninsula
projeet which I heove named "Oparstion Shoestring® on account
of the very smal) funde avallsabls, It is now neavring ite
conalusion but vrogrecs ie slow sven 1f sure e for, T Yave -
to argus with 2)dwrieh abeut pettine the 6re man dons im 5%
7 oolore, Thet is one of the HWispe't rrobiems of »11,

But after Mune- woll 1t «ill be a good 1dea o havs some
projssis #op moat af those who wetire without amy do not last
wore long. I'11 write wou asain when the =econd gup:lement
g deme, That w11 not bo culie as elaborate, "‘hau T hope
we ean me'ra sons definite vlans,

Bineoraly voura,




HARPER & BROTHERS

PUBLISHERS SINCE 1819

49 East 33" Street, New York 16, N. Y.

October 14, 1952

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

Dear Professor Thwaites:

James Cron, following his
recent visit with you, has written me that
with the help of Professor Bradley of the
Montana School of Mines you are revising your
notes on geomorphology and may develop the
manuscript for a textbook.

As we have no text on the sub-
Ject in our growing Geoclogy list, we would
be very much interested in securing one. I
hope therefore that we may keep in close
touch with you both through Mr. Cron's visits
and through my own occasional visits to Mad-
“ison, and that at the appropriate time we may
talk about the poseibility of our publishing
for you.

Sincerely yours,

eth B, Demaree, Editor
Scidnce and Technical Books

kbd:el

CABLE ADDRESS : HARPSAM * TELEPHONE : MURRAY HILL 3-1900



Skeldon T, Gowwy I2est Hoo ?

LI were 72

s

MONTANA STATE COLLEGE

BOZEMAN

DEPARTMENT OF GEOGRAPHY AND GEOLOGY

L)

MONTANA STATE COLEEGE IS A UNIT ; 1% IT
u

——

o HE UNIVERSITY OF MONTANA, THE OTHER COMPONENT INSTITUTIONS OF WHICH ARE MONTANA ; 'ATE UNIVERSITY AT
OULA, MONTANA SCHOOL OF MINES AT BUTTE, WESTERN MONTANA COLLEGE OF EDUCATION AT DILLON, EASTERN MONTANA COLLEGE OF EDUCATION AT
BILLINGS, AND NORTHERN MONTANA COLLEGE AT HAVRE

e 2



GEOLOGY 109
GEOMORFHOLOGY

Definitions of technical terms, running water. Based upon us.age hy Lobeck,
Vonengelr, Cotton, and others.

fhstractio. process of valley destruction due to development of larger valleys.

szscordent= < :ulied to a stream which joins another without fells or respids at
Junei,Lon, following Flayfairs Law.

wceordant - applied to summit level of divides in hills or mounbzins

~ggrades:ca= process of fillin: of valleys with water-deposited sedimyats

=lluvia d m= blocking of wvelley by alluviel fan of tributary

4lluvial “rn= deposit mede by 2 stream on land; due to change in capacity; form=

scgmsnt of & cone.

#xlluvie’ terrace= erosion remngnt of valley filling

alluviuin: deposit of & stream on land other than fan form, generally making a
floodplain,

Air aupe wiliv pap; o&p through a ridge not occupied by a stream.

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

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

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

anticonsequent= antecedent stream, which has survived earth movement withoub
chenging its course.

hintecedent drainage or stream= dreainege which survived earth movement without
change.

anticlinal momntain= one . controlled by an anticline of resistant rock bub
is not necessarily due to recent folding,

Anti~clinoriun= compund or complex anticlinal uplift.

arroyo= valley or gulley of intermittent stream, generally in desert climete.

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

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

Backslepe= slope of feultblock opposite to the faulted side.

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

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

bBaravoo= any area with a history and structure somewhat similar to Baraboo
district, Viisconsin

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

B-eheaded= applied to a stream whose headwaters have been diverted.

Betrunked= applied to stream disconnected from original main stream by drowndinge

Birdsfoot delta= one with long natural levees where disf ributary channels
project into body of water; one like that of Mississippi kiver.

Blunting of spurs= result on spur ends of successive erosion by meandering
main stream,

B raided= applied to streams which branch and reunite repeatedly.

Butte= relatively small, steep-sided hill, ygenerally an erosion remnant.

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

Capture, see Piracy

Catoctin= linear monadnock; see ilonuunock

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

Canyon (Canion)= narrown, steep-siued valley

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

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

Couposite landscape= one due to rejavination showing more than one cycle
of erosion.

Cone=sge allnwinl £ -



Definiticns, running water, p. 2

Conopleins form of pediment where slopes radiate from a point; sce pediment.

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

Corrasion= scraping ancd wearing away of bedrock !ﬁv, mechanical abrasion,. .
gensrally by stream action.

Cuestua~ ridge with gentle slope on one side and a more abrupt declivity on the
cther; due to erosion directed by presence of a relatively resistant
capring material with coampargtively gentle dip.

Cutbank= slope where velley side has been undercut by lateral erosion of streeam.

Cutoff mesnder= meender where narrow place has broken t-.ough

Cutoff spur= end of spur isoleted by leteral stream erosion.

Cy:le= system of development of results of a given process with increasing time
of actons with running water cycle of erosion’generally in humid climate.

Lefeated stream= siream whose course was changed bﬁuPlift of land.

Deferred junctior= Yazoo type of stream junction where lower part of course of
tributary is turned parallel to main stream by floodplain deposits.

Degradetion= spplied to erosion of land by running water; lowering of land
surface.

Delta= deposit of & stream vhere it enters standing water (not another stream).

Dendritic= applied to pattern of streams developed in uniform materlal; resembles
branching of comnon hardwood trees, oak, etc.

Denudation= wearin: down of land or erosion.

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

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

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

Dissected = cut up by erosion of valleys.

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

Diverter= applied to strean waich has captured part of another; see piracy.

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

Drowned valler= valiey which has been invaded by standing water as result of
earth m-vement or obstruction of drainage.

Elbowof capture= abnormal angle in course of stream ascribed to capture. and
diversion.

Epairogenetic= a"p1lied to uplift foruing a continent

Epigenetic= drainage superimposed on & buried dome structure.

Endrumpf (German)= undisturbed peneplain.

Esca rpment= slope which cuts across leyers of rock or an abrupt declivity
along a fault.

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

Extended, see Consequent

¥

Fault= displacement in rocks along a plane of slip.

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

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

Fault line sca™rp= escarpment along or neer to a fault where the topography is
due to the position of relatively resistant materials brought about by
old movement; an indirect result of faulting which may not agree with
the direction of movement of the fault.

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

Felsenmeer (German)= ares covered by loose rocks.

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

Fletiron = trisng:ie portion of s hogback ridge due to close spacing of valleys
which cross it.

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

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

Fossil surface = a surface once buried by younger derosits and later uncovered by
erosion.

Foresct bedding = bedding on weter-facing margin of delta formed by accunulation
under water at angle of rejpose.

Geogrephic cycle, sec Cycle of erosion.

Geomorphic cycle, see Cycle of erosion

Gorge = deep narrown valley or canyon.

Gravity slore = talus slope or Haldenhang (Yerman)essentizlly.

Grade= yrofile or slope of & streasm which is (on average) sdjusted to transport
aveilsble sediment with existing volume of water, the loweat point esdjdsted
to rselével = a profile of equilibrium.

Gulley = small young or new valley.

Haldenhang (German) = surface of bedrock beneasth a graivty or constant angle
talus sloge.

Hanging valley = tributary valley without accordant junction to main valley,
i.ee with falls or rspids at junction; also applied to valleys which end
sbove level of a body of stending water.

Headward erosion = grewth of a stream velley towerd a divide or due to recession
of a falls,

Helicoidsl flow = assuned spiral course of line of maximum velocity in bends of
e stream so as to stay near the outside banks.

Hogback = ridge formed by erosion on both sides of & resistant tabular body of 1 .
rock with dir steeper than in a cuesta; may be interrupted by valleys or
offset by faulting.

H omoclinal = monoclingl with dip in one direction only.

Horst = erea between two normal fasults which has either been raised or not
lowered.

Incised meanders = meandering valley with rock bluffs.

Inface = side of a cu24ta oprosite to direction of dip = escarpment.

Ingrown meander = meander withrock bluffs which has grown larger during erosion.

Intermittent stream = one which carries running wster only part of the time.

Intrenchned meanders = meandering stream eroded into bedrock by downward extension
only so that slopes on both sides of bends are aboutl equal.

Inherited drainage = superimposed or epigenetic drainage derived from & cover
over an older topograrhy.

Inlier = area of older bedrock surrounded by younger formations. -

Inner lowland = areas szt foot of a cusesta from which covering resistat formatiom
has been removed; generally on the inland side of a cuesta of doastal
rlein with seaward dip.

Inselberge = island-like mountsin with abrup sides rising from lowland,
generally from a pediment; a form of monadnock. :

Insequent stream = one whose course was fixed by obscure factors; often used

£ p fensequent,

Irterfluve = surviving area of originel surface left between eroded valleys.

Integrated drainage = streams joined as a result of growth in semi-srid clinmste,
a result of filling of original depressions in surface.
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Interscision, stream = result of lsteral stream erosion reasching another streasm or
another portion of seame stream.

Interrupted stream - one vhich is intermitteafonly in certain gegments other than
only at head; aue to variation in capacity of underlying material to trsnport
ground water flow,

Inverted drainage = change from synclinel to anticlinal stresam courses.

Involution = complex folding of hedrock.

Kopje = butte. term mainly used in douth «frica.
Krentz = escarpment, term .ugsad wainly in South africa.

Lehmg™nns principle = shrlnkage of & river by loss of flow to underground course
“ in its own deposits resulbing in decresed size of meanders.
Levee, see natural levee. s
Lounderbeck-= fzuit block with backslope covered by lave; naied from studies by
Louderba ck on origin of mountain ranges of Grezt Basin.

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

Mature = applied to fully developed streams or drainage patterns; less commonly
used for other geoworphic features.

Meander or .ssandering = regular symbtrlcal bends in course of stream.

Meander belt = width of arees of meshdering along a stream.

Meander core = end of & spur inside a meander which hes been cutoffat the narrow
neck of intrenched meander.

Meander cusp = point projecting into a valley between two meanders which have
been eroded into the bank; see meanuer spur.

Meander scear = cutbank of curved outline forued where a mcander undercuts side
of valley; sometimes called meander scarpe

Meander spur = meander cusp, above.

Mendip = inlier

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

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

Monadnock = unreduced elevat1on on penepleain presumably due to greater resistance
of its bed rock than in surrounding aream; erman: hirt linge, restberge,
fernlinge.

Monoclinal = dip only in one direction; applied to monoclinal mountains.

Morvan = line of intersection of two peneplains due to tilting of land between
their formution.

Natural levee= higher peart of a floodplain zlong tenks of the stream.

Neck = narrow part of & meander spur.

Nick, see nickpoint

Nickpoint = point of change in slope of a stream at upper termination of a new
a2 nd steeper profile due to uplift of the land; Germen knickpunkt.

Nip = cut benk of meander, a .neander scar.

Obsequent = stream which flows opposite to direction of dip, a tributary of a
subsequent stream developed on outcrop of & weak meterial.

Orogenic = applied to movements of earths crust forming mountains.

Orogency = mountain forming.

Overfit = term applied to a river which is too large for its valley.

Oxbow: = ~=pplied to lake in cutoff section of meander.

Paired = zpplied to terraces &t same level on two siaes of velley due to erosiora;

gsee matched terrace. :
Panplein = plane sloping seaward which was made by leterel stream planation.
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Pediment = sloping plene underlzin et shallow derth by bearock and occuring at
foot of & mountzin range in semi-zrid climete; ascribed to lateral stream
erosion plus slope wesh; may have a thin cover of stream sediments.

Peneplain (peneplane) = theoreticel end-product of cycle of erosion where the
stream divides have been greatly or entirely removed lesving a plain-like
surface. Yermezn: fzstebene, rumpfl¥che, endrumpf.

Piracy = diversion of part of enother stream by headwater erosion of .aajor stream;
streamy capture, draincge edjustment.

Piteh = inclinegtion of fold along its axis.

Planstion = erosion or degradation of the land.

Plcteau = elevated region with fairly equsl summit levels, generelly neearly
horizontel sedimentary rocks or lava flows.

Pleyfeirs Lew = fact that most streams join a larger one et same level without
fzlls or rgpids.

Plungepool = basin excavated by debris below a falls.

Fothole = hole in bLedrock caused by swirling weter in repids; not to be confused
with kettle hole.

Prima"rrumpf = slightly uplifted peneplain, =sn area always old Lecause erosion
kept fuce with uplift (Geraen).

Radial drainage = streams which lead awzy from a centrel point.

Raft lake = lske due to obstruction of stream by driftwood.

hazin-wash = slope wash

Regrading = erosion to a rough profile by removal of mentle rock.

kejuvinetion = effect of uplift of land upon erosion.

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

hepose, angle of = angle at which loose granular material comes to rest; can
2lso be applied to equilibrim in other slopes.

kesequent = stream flowing down-di}p =lthough not a consequent.

hegvrreected = surface unocvered by ercsion of later cover.

kectenguler = trellis drainege pattern.

hock city = aree of roughly rectanguler blocks of resistent rock westherd out
along joints.

Kock~defended terrece = ercsion remnent of terrace of stream deposits preserved
on ved rocke.

Kock fan = form of pediment superficislly resembling alluvial fan.

Rock terrace = shelf on hillside due to presence of luyer of resistent rock.

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

Scary = escarpmont due either to erosion or to faulting.

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

Slipoff slope = slope of eond of s pur inside bend of mezndering velley, result of
enlergecent of meander radius during downward erosionj present with
ingrown mneanders.

Steppe = a”rid plain in interior of continent a&s in “iberie.

Strath = wide valley, generelly applied to floor of a wide valley later trenched
by erosion.

Streth terrace = streth which extends across divides of minor drainage, often
called an incipient peneplain or .raded erosion surface.

Strath valley = abandoned wide valley now higher then adjacent streams,

Suballuvigl bench = Laws on's term for rock floor adjacent to mountains in arid
climate. i

Subsequent strcam = one whose valley wes forued subsequent -" uplift by reason of
reletive weakness of underlying materisl; also subsequent valley.

Superimposed (superposed) = effect of stream courses of a now largely eroded cover
wich once concezled underlying maferials.

Suspension = method of transpert of meterisl in weter where it is kept from
settling by upward currents or turbulence,

Sweep = downstream component of motion of meanders due to greater force on banks
w hich face the current.

-
Ra)
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Synslinal mountain = mountsin -in which rocks have synclinzl structure.

Tepee butte = small hill with conical form; resistant materizl at top covers only
small area.

Terrece = sh4sif on valley side, cny origin.

Texture = density of streams per un’t of creas; may be computed either on length or
nunber of streams; alsc termel drainage donsity or stream frequency.

Trellis dreinsge = rectanguler siresm pattern due to prsence of long parallel
ridges of resistant rock whose abrupt sides ceuse lerge junction angle of

tributeries.

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

Turbulence = mixing or rotation flow of wster (also applies to other fluids and to
geses ). ik

Turf = sod.

Two-story valley = valley within & strath or 2 velley in a lerger valley; called
by some two=-cycle valley.

Undercut = erosion at bottom of cut bank.
Underfit = river too smell for valley; also applied to small meanders in bottom
of & meandering valley.

Unzka = kind of monadnock or group of monadnocks.
Undeflow = underground flow of & stream through the earth.
Uniclinal = shift of stream course down dip.

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

Wwadi = dry river course rarely flooded (4rebic).
Water gap = velley of stream through a ridge of more resistant rock than elsewhere,

Wwind gep = sbanaoned water gap of a low point in & divide, of any origin.
Tiold = cuestsa

Yazoo type of stream = one whose junction with main stream is diverted by natural
levee of latter.
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GZOMORPHOLOGY

Supplement, 1949=~50
Concevity of slopes

Introduction. Causes of convexity of hill and mountain summits have already
boen discussed. It is obsorved thet most streeme have 2 merked concave slope,
although variation in discharge, load, and naturc of underlying matorisl commonly
make mathomatical analysis impossible . The lower sloves of fregmentel voleznie
cones, ontwash terraces, alluvial fans, and podiments e2lso disvlay concavity. With
these logarithnmic plotting of profiles discleses that ther obey definite laws. Two
general groups occur: (a) most pmediments, oubtwesh plaing, streems of essentially
ronstant discharge with no tributarics within the part examined, all have an exmonent.
a, vhich lics betwzen about 7/10 and 8/10,(b) the lover vparts of volcanic concs and
gome vpodiments display a value of n which varies from 3!10 to 5/10, with rare
cxamplos of fall in vroportion to logarithms of distance.

Sxplanations. Three possible exvlenstions of the above facts arc: (a) the slove
is one of constant croding and trensporting force, that is a balance hetweon erosion
and transhortation, (b) there is a difference {n manner of flow of the water in
differont parts of its coursc, or (¢) thc slopc is relatsd to competence, thet is to
the largest particles available for trensvortation,

Slove of constent force. Little attemwted %o ~nalyze slope crosion on the
assumotion that erosive force is mroportionel to VZ/D, explaining that this is the
vertical gradient of zinetic enorgy of flowing water. However, this explanation is
equivalent to saying that erosive forcec is provortional tc the slomy, for solution
of the o0ld Chegzy forrule (V2:D.S.) for slone gives Just thls cxoression. Morcover,
this view neglects the factor of total discharge. 4lthough it havvens that the cox-
panents derived both by Little, and by modification of his method, agree rather well
wvith those of many outwash plains and pediments the thoory rmust be rejected. It
assumed a discharge per unit width wvhich increasecd in vroportion to slone length and
in the cesos vwhere there is anwnroximete sgreement it is obvious that the bullz of the
discharge wes scouired above the scetion under study. Tyis is notably the case in
front of a glacicr end at the foot of mountains., Eorton's analysis of slope crosion
used the classic DuBoys dovth-slope formula (F:D.S.) and also assumed that rainfall
was gathored 211 the wey down a slowe. The reasoning here given (v.42) derives a
rmach lower exponcnt for a slovc of constent force thet shown by any obscrvations.

It is clear that thc slopes under consideration cannot be coxplained as thoso of
constant force of erosion and transportation,

Change in manncr of flow of water. FHorton's cxvweriments showed that in actual
axporiment the flow of water in thin sheets on the surface of the ground is neither
laminar nor fully turbulent. The oxoression discharge in unit width, g = constant X
denth 5/3 apnlies to true turbulent flow only. It should be 3 with laminar flowr.

In cxperiments the valuc of this exponent of donth varied from 1 to 2. Although if
the botton were truly smooth, laninar flow might occur, a little thought will show
thet it is incapablz of imwortant erosion and transvorteation. If any substantial
donth is obtained turbulence rust begin, a2 condition which greetly enhancce both
erosion and movement of matorial. It is li-ely that in certain spots wvhero flow is
concentrated until it attains & force considerably in cxcess of the resistance of the
bed to crosion, thorc mey be o trensition from mixed to either fully turbulent flow
or nossibly from turbulent to shooting flow. Thus we mey have gullics (donres in
South Afrises ) formed in the othorvise reesons™ly smooth surfacc of e medimont or
outwash plain. It is possible thet the mhenomene of dbreiding may be in mart related
to changes in manner of flow of wet~r where the sodiment load is 2t its meximunm
value (so-czlled overloading). We mey, therefors, conclude that nothing which is
known proves the theory of change in manner of flow in descending a2 slope although
such & change may explain gullcying.
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Control by comactonce of water. Compctonce is defined as the ability of water
1o transnort natorial measurad by either diamctor or wecight of the largest varticle.
Lv has been shovm that for particlss ovéar 1 mm, diameter, the dismeter of the largest
particle is wroportional to the squarc of the wator velocity and that for particles
less than about 0.2 mm in diamcter the ratio changes to the square root of the velocity
Now with turbulent flow, is proportional to S (slone), other things being equal.
7ith mixed flow V2 is relatcd to the 1.U vorrer of the slope. By substitution it is
casy to demonstrate that the larger nmartiele diameter 1s related directly to slope
for turbulent flow and to the 1.4 vower in the case of mixed flow., Yith small
varticles the law is different for morc of thc scdinment is trensvorted in suspension.
Zy the above criteria diemetor of particlos should be vroportioned to the & power of
¢loun2 with turbulent flow and to the 7/@0 nover of slorc with mixed flow. Wow it has
Seon observed that along stroams from the Blacl: Hilléigvb}age size of gravcl stones
ie dircetly rclated to slove and it seems 1ilkely that such is generally the casc.

Somc have supgestad that decrcased slope dovmstresm is due to "sclective trans—
nortation", thet is to progressive loss ¢f the larger.particéles thus pernmitting a
constant dccrecase in . slope below that point. This could be cxplained by the fact
ithat, a8 transvorting ebility of 2 stroem variocs with ¢ischarge, tho largor pebbles
arc most apt to be loft bochind during the next flood, tut in general the viow scoms
nard to demonstrato.

Anothor sugrestion is that wear of pobbles duvring trensport dcercascs the nced
for vclocity, so that slopec is vroportioncd to sizc of largost metorial presont at
any given loecation. Stornborg proposcd £ law of nebble wear in which reduction in
weight was assumed to be a function in which a constant is raiscd to 2 negative
power in which distence is 2 factor. Tre usual fornm in which this is given is ratio
of final woight to original woight = 0-81 wvhors o is the woll kmown constant, a is
enothor constant deoponding on naturc of tho roclz, and h is theo distance. To comparc
diamotors the constent a of tho oxponont is divided by 3. The above cquation gives
the pereontage of woisht lost in unit distance. It has bcon claimed thet pobbles
in tho Rhine River losc 1 porcent of weight per lilometer of travel. Unfortunatcely,
neither the oxact mechanics of pobblc ebrasion (impact and abrasion) arc clear in all
cascs, nor is the sourco of a2 mebhle roadily detormined. Onc wonders just how pebbles
of local dorivation worc distinruished from thosc of distent origin! Anothor factor
which scoms to havo boon ovorlookad, is the teondeoncy of some kinds of roclk, lilke
granitec and sendstonc, to nass abruntly from pebbles to much smellor particles.
eathoring of nobblos during transit hes also beon ignored, Although the fact is
rocognized that pobbles aro roduced in size and woight by transportation the validity
of any universsl mathomaticel law is doubtful and slope cannot be defined in torms of
distance in this way. It scoms likely that slovos with a2 vory low cxponont are all
undorlain by very finc matoriasls like volcanic "ash" and cley.

An indircet amoroach to the nroblem of distance vs slopc mey be madc by consid-
cring other hydramlie princivles. It has alrcady been shown that veloeity of wator
is rolet:d not only to slopc but a2lso to donth (or hydreulic radius).In Mannings
formula the lattor quantity, D (or R) carrics a highor cxponent than docs slopc. In
practice it is a largoer numbor, for slooe’is in most instances of very small nmumerical
valuc., In Horton's formuls for slonc wash discherge on unit width inercascs at a
powar qQf donth wiich is in goncral more than unity, and is much higher then that of
slopc. From this it mey be concluded that incrcasc in discharge of a stresm, or in
amount of slopowash in deosconding a slope, will in geoncral necd progressively loss
slovo with incrcasc of distence to talke care of the discharge.

A somotwhat more definitc evmoroach is by moens of the Scho-litsch bed load formula
which rclated thoe coarser matoriecl carricd to tetal worl of the stream in unit time by
the familiar deopth-slope reclationshin. As chocted by experiment bed load per unit
width = constant x slopmc to 1.25 to 2 nower x oxcoss of discharge por unit width aftoer
doducting discherge nor unit width nccessary for any movement to occur.
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Veging common notationst Eip=0 5 (1.25 to 2.0) (q-qD)

2
Cubstituting V2 for § for turbulcnt(whorc G = total bod load. and » = rretbed norincter
«nd € is & constent dopénding on naturc of metcoriallflow using the everage valuc
of oxnoncnt of S = (3/2),this bocomos G/p = C.Vy (3-9¢9) and substituting for q =
meD, Gfp = C-Vﬁ (B-Dg). It should bec noted that all volocity forfulas must have an
wxponont twico that using &n a denth-slope cxprcssiog; Mowr if we solve the cquetion
using S3/2 for slopc it is ovident that _[G/p 3

\G(q—qo)
Yo we may sssumc that bod losd vor unit width of channcl (G/p) remeins essentially
c:castent bolow 2 zono near to the border of the bolt of no erosion whor: crosion U
Sogins.e Wow if wo sssume, that unit width discharge, q, incrcascs in direct propor-
%Zion to h or horizontal distence away from the border of belt of no crosion this works
sut to St h“1}3 and to f2ll, £: hl/3, since f is obteincd by rmultiolying sverage
slope by horizontsl distencc. In gonoral stroams do not inercesc 2t es high a rate
neasurcd in torms of averago discharge and distenco from onc geuging station to the
noxt. Roduvetion in rate of incrcase would theon lessen the concevity by inecreoasing
the cxponent. If, wo assumc a vory low rate of incroese, like that of streoams fol
“pom the nountains or from an ice shoct, for instence g hl}lo it follows that S:
h’1/15 and f3 w15, he last exponent, about .93, is not much higher than that
sbsorved in pediments and outwash plains. e would cxocet thet with no inercasc
1n discherge ver unit width 2 streight lino unchanged slope would oceur.

Another apporech might be 2long the linc of capacity or 1limit of bod loed, 2
“oaturs not includod in the above formule, wthich males load dircctly proportional

to discharge.

Conclusion. Although the foreroing discussion hrs failed to nrovide = conclus—
ave universel enswer to the wnroblem of concrvity of slope, the best solution seenms
to lie in the commetence of weter for trensvortation of the cezrser debris condition-
ad by the size of neterial vwresent. Uave in ercentional conditions it is irmossible
“0 relete size of aveilable material to distence downstresn or dovnslope. Sternbergs
sunposed lew is plainly insoppliceble in most localities. It must also be realized

%hat hydravlic wrincinles alone tend toward concevity.
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Flow of ice

Introduction - Most authors heve treated the physics of ice flow as those of a fluid,
In a true fluid velocity of flow due to a shearing stress is always directly propor-
tional to the amount of such stress, The coefficient of viscosity gives the relation
retween stress end velocity of movement in a cube of unit size, Velocity may also be
expressed as the time rate of shear strain, The value of the coefficient for a given
fiuid a% given temperature is constant throughout the entire range of applied force.
However, no account is teken of time rate of change of force, A very sudden appli-
cation of stress may cause shear fracture instead of flow,

Wature of glacisl ice, - Glacial ice is formed by recrystallation of snow and hence
must contain considerable entrapped air, Crystals appear to be hexagonal and are
probably oriented with long axes more or less parsllel to the plane of shearing,
Glaciers ere often classified as temperate and polar{arctic{ In the first type the
melting temperature is reached at the surface during the summer, At that time the
entire thickness of the ice is at the melting point which decreases downward at the
rate of 1 degree centigrade for approximately 2100 meters thickness, Under these
conditions the granular ice crystals are probably all separated by more or less
interstitial water., In polar glaciers the top never reaches the melting point, Fig, 1
Heat is constantly lost to the atmosohere, so that there is a temperature increase
downward into the ice similor to that observed in the rocks of the earth's crust,
The slope of this gradient is determined by the conductivity of the material, The
curve of increasing temperature in the ice must intersect the curve of the pressure-
controlled mmelting point, See diagram.ULBelow that depth the ice is like that of
the temperate glacier, at the melting point. In the zone where ice is at this
condition slight changes in pressure brought zbout by variation in rate of motion,
in thickness of overlying ice and snow, or possibly by escape of interstitial water,
may cause elther pressure melting or refreezing. Experiments and physical measure-
ments with specimens ef glacial ice were to a large extent rendered valueless beceuse
the samples were packed in dry ice for shipment and hence solidly frozen, The
reality of pressure-induced changes in state of ice is readily demonstrated by the
time-honored experiment of passing a weighted wire through a chunk of ice,

Flow of glacisl ice - Ice must flow by pressure melting and recrystallizetion and is,
therefore, unlike a true fluid, Instead it behaves like a plagtic or a metal, TFig, <
Some rather crude exveriments by Hess serve to confirm this conclusion, Tigs.2,3. The
following diagrams show that in such substances, which include rock, there is 2 .
certain threshold stress which must be exceeded to produce any flow at all, It is

not clear, however, what relation this initial value has to duration of application,
Hess' experiments appear to show that a thickness of about 240 meters of ice is
necessary to produce motion but that with greater stresses velocity of motion
increases rapidly, This threshold force is equal to the crushing strength of ice,

It is clear, therefore, that no constant coefficient of viscosity can be given for
ice. Kochelin's results based on computatifg from actua% glaciers give results vhich
vary from less than 2 to nearly 10 times 107" dynes ] em® | sec, Hess! experiment
suggests a much lower value of the coefficient, a little over 5 x 10 7 dynes/ cmzlsec
at O deg, C.gnd a velocity of 1 cme/ sec.
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Another way of expressing the above conclusions is to show the relationship between
vertieal compression and lateral pressure (Fig, 4), Trom the approximate curves
prepared by Kochelin it appears that the greater the pressure and the longer the
time the closer does ice anproach to the mechenics of e fluid, but again definite
experiments are lacking,

Velocity of flow, In a true lignid velocity of laminar flow is related direetly to
the produc ° of slope times square of depth and is inverse to twice the coefficient
«f viscosity, But in ice it is necessary to start with the minimum thickness of
aumi 240 meters below which the coefficient of viscosity is related inversely to
raiccness to nPh power, Substituting this variable value in the above formula makes
velocity proportional to slope multiplied by thickness to the 2+ n power, where n

is the exponent of depth, The valys of n has not been determined accurately but
fgus! experiments suggest 4, Griggs suggests for rock an exponent related to amouwut
¢f stress, It 2lso follows that if a glacier thins to the critical thickness of
about 240 meters it cannot move,

Application to other phenomena, The above discussion also anplies to flow of rocks,
For instance the discussion on ppn, 22-23 is erroneous, A cliff of rock must have &
certain minimum heighth before any outward bulge at the bottom could occur, Rzason-
ing from ice it seems possible that there may be a relation to the crushing strengih
of roclks which determines this threshold value, The same remark apnlies to the
minimum load necessary to initiate isostatic adjustment,
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Forces retarding strcam flow., As brourht out in *he boxt strecan flow
in any piven portion of the course is retarded by fories whose sun is essén-
tially cqual to that of thc eurrent so that there is no acceleration.

Following Cook\, we nay list

(1) overconing v1sc031ty by internal shearing, for the nost part raising
tormperature. In water this loss is amparently slight. Viscosity is nepg-
leéted in forrmlas for velocity of turbulent flow,

(2) Kinetic cnersy of rotation due to turbulence~ a considerable por-
tion, although variable in anount: some of the loss is recovered whencver
dopree of turbulence is diminished, '

(3) Transportation of debris, both suspmended and bod load, the latter in
part duc to inmpact of partieles on the bed loosenins others. To naintain
naterial in suspcnsion demends a vertical cormonent of notion at least
equal to the scttling velocity of particles concerned., Debris alse in-
crezges Yiscosliy.

(4) 2rosion or chonring of the shape of the bed., It is with this that
the study of reomornholosy is primerily concernod. Its cncrgy demands
mast be considerable. This is in pseneral treated simply as friction im
tlhe bed, :

(5) Fornation of surface waves - 2 nprlirable nart of the total, excent

perhaps when the waves first start.

(" Fornation of ripnles and ridres in loose meterial on the botton.
This increorses turbulence and in leboratory cxperiments consumes a nuch
hirner amount of encryy than in netural streams. At high veloecity ripples
disappear.

Now the relative smounts of ~veileble enerpy which can be devoted to
these veries in a comlex and, for the most part, unknown manner, The
first twe listed rmst 2lweys bo net before any encrgy is available for
the others,

Powor wversus forces A flowing strean develops a ccrtﬁln rmount of
power which is defined as force rmltinlied by wvelocity (P - FV) oY 58
weight of water in a siven tine rmultiplied by slope (P = 'WQ,S), where W = .
unit weight of water and Q = volume passing in unit tine. It is, therefore,
possible to corpute the anount of foree which moving at the observed velo~
city would create the observed anount of power. It is then evident that
this "fictitious" force is that component of the weirht of unit colunn of
water waich is parallel to the bed of the streem. Thus we hove the fanie
liar DuBois equation, F = depth x slone (F = WDS). Althoush it is immose
sible with present kmowleldre exactly to evaluate a1l of the ncthods of
energy dispereal, it is clcar thot no singlc one can be changed without
affecting all the othorse. Cook coneludes that, save possibly in exceptional
circunstances, tho addition of a susphended load decrecases total energy
availatle for debris movenent. Ho comments that Rubey's atterpt is too
" simple to take account of all factors for his forrmla considered only onergy
to keep this load off the botton plus that consemed” by " friction on the
botton,. "

E
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Drodability of soils. Despite ruch worlt by those interested in soil
conscrvetion no very definite principles of wide aonlication have been dise
covered which serve to compare the erodability of different soils. Most
work has been done on relative anount of erosion with differcent types of
crons which serves sirmly to reaffirm what has lons been known, namely
that erosion is at a ninirmun vhen the land is covered by either forest or
grasse. The importance of direct irmact of raindrons on barc soil has also
been provedf Soils have been shown to vary widely in easc of dispersion ine
to suspension in water. Thosc which contain a2lkalic compounds are readily
broken down. Other soils swell on wetting. The colloids in sone rapidly
£il1l up the voids when wet, inereasing runoff. In this connection it is
well to nention that nechanicel analyses tell little on the subjecct of soll
particles or gramules because a very strong disporsing arent wes. first
used beforo making the sizc scparations. Many students of cresion lay
rmch erphasis on the ratio of rainfall-intensity to infiltration-rate. Some
experinents show definitely that under conditions tested percent of runoff
("water loss" as used by soil crosion students) incrcases with lensth of
slope only when the rainfall-rate cxcecds & certain velue. With slow rains
the opposite may occur. The sanmc romerks apnly 2lso to soil loss neasured
in tons per acre. Few infiltration rates have heon deternined on undise
turhed soils. Middleton considered as factors repulating erodibility of
soils: anount of orgenic natter, silica-sequioxide ratio and total ex—
chanreble bases. The ratio of colloids to moisture cquivalent or dispersion
ratio is also piven. This is the ratio of silt to clay in nechenical
analyses expressed as percent. If this is less than 15 neorcent the soil
night be classecd es non-erosive.

Relative imortance of shoet vs channol erosion., Most toxts treat
erosion of valleys as prinarily the result of chenncl cutting, although
the irmortance of slope or shect erosion is recormized by some authors,
Horton’presents evidence that erosion of the slopes by wash is ruch nore
important quanitatively than is channel or bank erosion. Ile concluded that
since the total arca of channecls is 2 very small nortion of the entire
besin the relative importance rmust heve about the sane ratic. A shoet of _
water 1 ingh deop flowing at 1 ft./secc. will produce e surface runoff of
22,000 ft.”/sec. fron each lincar mile of stream in a basin of 100 n“ and a
total strean length of 100 miles, If loaded to 10 percent by volume this
would in 6 hours remcve a depth of soil of nesrly 1/3 inch. Ie cautions
that some have failed to distinguish between erosion-rate and trensporting
apecity. Once capacity is attained erosion is poverned by transporting
rate alone., Both arc in general cxpressed as a nHower of'runoff—intensity‘
Letting anount of suspended natter at a ;iven noint by B, and distance
fron thé divide by h, thon 3t h™, wherc m is an exponent. This quantity,.
3, 1s equal to the sun or intesral of all erosion down to that point. The
rate of erosion at any,~iven point is then (by differential calculus) -
proportionnl tom . h (=l wvhich is cquivalent to dividing by h and rmule
tiplyins by the exponent to obtain an aversse value or rate of increase
per unit of horizontal distance. Ixperiment indicated that thec value of
n is proctor than unity. Since the total denth of crosion 2t =ny civen
point is the product of ratc tines duration of flow, which is neerly cone—
stant on any given slope, the result is a curve which is concave upward.

“ Horton cerried his conclusions further pointings out that the average
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drainace basin is pear—shaped and that this closely =pproxinates the shope
of an excavation controlled by the above law which is cut into an ineclined
plane.
. ; . .

Knepp lists factors contrellins entrainnment of sedinment as: eroding
forcess uniforn boundery shear, local shear fron cddles, fluid impect, pare-
ticle impact, ond increcsed buoysney, and resisting forcos aes: previty,
support of adjacent particles, mechanical binding, protective surface coo-
ting and resistance to intcrnel or interstitial flow.

‘4

Stra&g gives sone data on silt load per squaro nmile of drainage area
of the Missouri River "nd sone of its tributaries,as well as a comparison
of the bed load and suspenc.ed load of some of thon. The ninirun is the
Janes River at Scotland, S, De , 1 ton/m?y the maxirmnm, Bad River, Pierre,
Se Dy, vith 1640 tons/mz. Computing loads in parts per million of water
by weirht. the Ded load varics from a minimum of 3 in Osqge River to a
" maxirmn of 2,120 in Niobrara River. Suspended load varies from 77 in Gas—
conade River to 21, 120 in Whitc River. It rust “c noted that the contrast
is between rivers whose basins are on fairly firm rocks and thosc which
drain areas of slightly consolidated material. Rates of suspended to bed
load very from 0426 to 1 in Niobrara River to 180.5 to 1 in Milk River,

Meandering of rivers, bascd on oxperiments Yy Je Fo Friedkin at U. S,
Waterways Sxperiment S€ation, Vicksbure: :

The artificial stream uscd varied from 1 to 5 feet in width, 50 to 150
?eo+ in length, 0.05 to 0,3 fcet in depth, and had o discharpge up to 0.15
% fsec (seconﬂ feet), The conclusions were (with 2 few additions by the
wrltor' L

Meanderin{ is duc %o Cefloction of the current amainst a bank locelly ine
creasing turbulence and causing caving. Deflection is 6ue to " obstaclese
No effect of the rotation of the earth was observed. The only requirenent
for meandering is bank erosion. Anount of nmaterisl thus nade available to
the strean is foverncd by nature of the bank and the angle of attack of the
current.

The stream channel is altered in an endeavor to carry off this locallye
derived load and thus bring the channcel into equilibriun with amount of
gsedinent, Rate of bank crosion is not relsated directly to rate of downe
strean sand movenent.

Sand is carried ~cross the channel to next bar on the other side down-
strean, thus trading sediment from one bank to the other. At the bar
veloeity of current is 2t a ninirmm,

Rate of bank erosion is deecreasod by increase in slépe or discharge, by
increase in length of the streonm, by straightening which reduces the angle
of attack, and by shoaling. Thus rapid streams do not reandere

With relatively low veclocity of the stream a bend begins to fornm, which
by deflecting the current from side to side causes other bends below which
are eroded into the banlkze This is like a ball rolling down a trough when
deflected to one side. Material thus derived forms bars which cross to the
convex points of the other bank where sand is deposited. Thus a strean
becones a serics of deeps and bare or crossings. Crossings are ercded at
. low water,
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If the river banks ere very cesily eroded the channcl becones very wide
and shellow thus making 2 braided strean. Breaided stresns meintein a
relatively steep slope. Long straight reaches of rivers cxhibit this
character, ¥ %

Rate of meandering devends upon the materials of the bhanks as does depth |
of tho channel, Resistont nateriel is nssociated with deep water and little,
if any, meandering (or bank erosion), Slone is least in resistant naterialse
Scour of the deeper narts of the bed results from eithor decreasc in amount
of sedinent or inercase in velocity. Doposition is due to the converscs

The curves of the meanders are smooth in uniform materisl; non—uniformity
of materisl causes irrepulerities,

Meanders nigrate steacdily downstrcan in uniform material and never forn
cutoffs through the narrow necks. Such are the result on non-uniforn
material slowing up part of one bond.r

The radius of curvature of the meanders increases with both slene and
discharge; thus only large rivers meke large neanders,

Length of bonds is directly proportional to discharge and slope but width
of the necandering zone incresses with both at less than direct proportione
Length of bends is inverse to angle of attaek,but width incresses at less
than direct ratio: thus the radius of the bonds is decrecased, The angle of
attack varics with velocity of flow,

‘Simuousity (length of the stream comared with airline distance down
valley) is directly incrensed by discharge but increascs at less than
dircet ratio to slope.

Width of bends is linited by formation of chutes or short circuits across
points (rnot to be confused with cutoffs). '

The three variables, dischorpge combined with channel form, ernount of ros
ving sand, and rate of bank crosion sre interrelated. Incresse in slope
is counteracted by increase in velocity so that o smaller channel with less
hydraulic radius is required for the same discharge. Complete balance of
these factors is never attained in nature. In the velley of the Mississippi
below Cairo, the bank nmaterial becomes progressively finer and nore resistandé
downstrean, Thus slope Cecroonses downstresm along with rate of bank erosions
Moandering stops nenr New Orleans and depth of the channel increases downe
STrean, ; i

Rate of neandering is slowed in soft material by the wider and shallower
strean channels, A ratural river has 2 variable discharge and hence is
continually changing the forn of its bed.
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Wood 4 Rlaﬁ; The development of hillside slopes:t Geol. Assoc., Proce. 538
128148, 1952

Wood applies his theory to reconeilistion of the viows of Davis vs Penck,
Devis postulates uplift as sudden, Penck es gradunl, then increasing in speed,
last declining in rete. In this woy Penck explblncd slopes as convex 2bove and
concave bolows
Jrogion of wertical faces. Wood expleins formation of talus (seree) by upwerd
frowth on a receedins rock base, Ile calls the cxposed and later buried hed
rock the FRZD FACE and the talus the CONSTANT SLOPEw. Now if the talus is
veathered it is washed cut by rain and the finest materisl is carried farthest
neking the WANING SLOPE or what nmight be cnlled 2 wash slope.

Drosion of wvalley wollgse Streens tend to nake velleys with vertical sides bub
woathering prevents this from beins common. Now if downcutting is rapid
weathering malkes the valley walls convex, VWhen downeutting is checked by -
basclevel talus slopes bepin to form with waning slopes belowe Talus will
crow upward until all the frec faece is buried, .
Tormation of the upnor convex or waxing slonc. Normally the original convex
valley sides will be destroyed by velley ceepening, 3ut when the valley is no
longer bveing deepencd repidly then the tops of the walls are attacked fron
both sides and rounded off into & convex or WAXING slope. ZRejuvination of the
streen nmay deepen the velley and reexposce the frce slone. Vegetation dinminishes
retc of erosion and the constant slope is nreserved at original angles 3But
weathering nay reduce angle of the telus and ceuse sliding. Inereased roainfall
night also cause slides. Constant slope ney keen its onrle as valley side is
eroded bock, Alluviation of a valley ney bury.the waning slope. Rise of sca
level due to marine sedinmentation would assist neneplaination., In application
to acturl conditions we rust recognize o lag in “dgustnent.
Four independ lent foctors: erosive "CthluJ of stream: intensity of transnorta~
tion on slopes; material of valley sides: rate and products of wea therlnb. :
Wood supports the idea of prade of streems. Such a stream is not in permenent _
cquilibriun but has developed in relation to a2 boselevel, local or regionale
Slope is that needed to carry available debris. Both constant and waning slopes
are also "graded" . Streen beds are still degraded as the load becomes finer,
Fits his ideas to soil erosion, pulleyinm, badlands., In case of pedinents he
says thet deflatiom rerncves some of the talus and orisinal free face wvears
back until entirely destraoyed Water has Cistributed the talus matorial and
after its rcnoval the rock pediment ney be oroded by sheet floods and defleos
tions, Final result is lower slomes of pedinments and formation of 2 desert
peneplaine In tropical forest londslicding of the unstable soil mantle ro-
exposes rock faces. A decp water teble lowers boselevet of streams and makes.
for nerrow razorbacked ridres with no waxing slones. Chalk downs have no cone
stant slope but convex-—concave forms due to undersround drainase. Solifluction
is very efficient transportation in suitable climate. Result a very subdued
topogranhye
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Definitions of wordtpenepnlain and peneplance

Wooster, ». 193

The peneplain, oriminally defincd by Davis as almost g plain, «- 6051pu
nates the ultimate stare reached in a normal cycle of erosion. It repree
sents a large land arca that has been reduced nearly to baselevel by
streams. In reality peneplains noy not be "almost plains" but actual
plains in the true toposraphic sensc of the word. Some nay spproach

the quality of a geometric nlanc, therefore, may be »rovorly desipnated
senenlanes (almost 31&&05) The final process by which a land nass
comrosed of rocks of varying structure and composition is recuced to a
peneplain is nlanation hrouwrht adout by the lateral erosion of streans—es
As a rule the surfaces of penoplains are not flat but gently rolling,

VonE“peln. Pe- 83

Worh mn indefinitely long period is 2t the disposal of the normel dee
radational processes and agencies, remely weathering processes and

strcars flowing down to the sea, it is obvious that such activity will

eventually bring about the roduction of the highest and hroadest of

uplifted regions to an ultinetely lowest level, ;

As unchanged peneplains in situ are not availsable for observational study

neny of the charocteoristics of pencnlains rust be deductively infeorreds

Lobeck, p.- 634

It is adnitted by nost investisntors that peneplanes rmay be formed
subaerially by streans, or by merinc planation, or by wind action uncter

arid conditions, . Sone efithorities restrict the tern »eneplanc to sur-

faces developed only by strean action, tut in this text it refers to an
alnost flat surface produced by destructive forces..

Cotton, p. 20

emwethe surfeoce of very faint rclief which the cycle theory requires shall
eventually result from the prolonged action of normal erosion on & land
surfoce without interruption by further uplift or cther eafth novenents

is a 3eneglain.

Salisbury, pe 153

It is doubtful whether ony extensive land area was ever worn dowvn to a
perfect basc~level; bMut srcat arces have been worn down almost to that
lovele——— 2 Torion in this condition is called a peneplain (almost pluin)
(cives on illustration fron Corm Douslas, Wis,)

Devis, Physicel Geography, p. 152

It may be imagined that, at a very late stage of dsvelonment, oven tho
nesas and buttes of an 016 plotean nay be worn away, the whole region
being then re&uced to a gently rolling lowland, a worn~down plain, or
f"plain of demudation" —a lowlend of this kind nay be called a "peno-
plainl, bocause it is an "alnost plain' surface.
Webster dictionary ¥
Plain (noun) = level land or broad stretch of land having few irrcgulari-
ties of surface, :

Plane (noun) & a surface, real or imeginary, in which if any two points



(1)

(2)

(3)

(&)

(5)
(6)

(7)
(8)
(9)

2 ?F‘
are taken, the straisht line which joins them lics wholly in that surfacey
or a surfoce any scction of which by a like surface is a straight lineg
a surface defined completoly by any three points not colinear; or a sur-
face nore or less anproximating 2 geoneteiesl plane,
(illustration, inclined plane)s

Wooldridge and Morgan, p. 183

In the orthodox presentation of the cyele of crosion, the later stages
are represented as larpely concerned with the gradual lowering of the |
interfluves by atmospheric wastinge This process is recprded as cone
tinmuing long after active velley deepening has ceased, so that it tends
to the obliteration of the strong relief of naturity, producing in the
linit, a rolling upland, on which rivers flowing with centle gradients
are seperated by low swells of the surface. For such a surface W. M,
Davis provosed the ternm "penenlain®e

Johgson, D. ¥., Plains, planes, and peneplahes, Georr. Reve 1: LA3ALT,
191
We rmust recognize (1) the nerfectly plane surface of ultinmate crosion
and (2) the irmerfect "alnost »Hlene" surfeoce which cheracterizes the
nenmultinate stases of the several crosion cyecles,

(1) The level erosion surface produced in the ultimate stape of any
cycle may be celled a plane.

(2) The undulatings erosion surface of moderate relief produced in the
perultinate stame of any cycle nay be called 2 penenlane. A low-relief
resion of horizontal rocks would be called 2 plain.
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Supnlement! Concepts of the endpoint of the cycle of erosion 1951

Introduction. The following is intended to clarify some of the material

in the text. It includes neither all discussions nor the discrimination of
nyw-dissected surfaces, The definitions of the word "peneplain® or "penemlane!
given in another supplement ghow that the endpoint of the cycle of erosion has
never been defined very clearly and that wide differences of opinion exist in
Juet vhat is included. TFor instance Howard states: "The term penepnlane is
7aluable, becavse it may be applied to any broad degradational surface of low
relief even though i1ts exagt orizin has not been determined,-——----~-The term
peneplanation signifies the reduction of a region to low relief without stating
he “rocess or nrocesses iavolved." These views probably reflect the later
opinions of Douglas Johnsca for they coincide with those expressed by ILobeck,
Esvever, the majority of viriters obviously do not use as broad a definition buv
stick rmuch more closely to the idea that the peneplain is the final product of

a cycle of erosion under 2 so—called Y"normal" climate, Such a view, vhich

seems to agree with those of Davis, who first introduced the term peneplain,
although not the idea of reduction to base-level, involves the corallaries that:
(a) no e~rth movement iatervened to interrupt the cycle during the long neriod
necessary for even partial commletion, (b) interstream areas were reduced to the
aporonimate level of the streams mainly by mass movement of the mentle rock aided
by slope wash, {c) stitic conditions prevailed for so long a time that re~= -
sistance of the weathered mantle to erosion can be neglected,(d) the climate was
hunid anc chemical dccomposition was more ranid than the removal of the prolucts
of weathering by erosio, .e) the summits of the divides should become convex
vpward and, (f) the valley bottoms should become nearly flat by aggradation with
excess debris which could uot be removed, Some held that the great amount of
sediment eroded would in time raise sea level and thus increase aggradation of the
valleys ~s those of voastal regions are now being filled as a coasequence of the
increrse of water in the orceans because of melting of glaciers.

EZramples of Pinenlains. The only aress in humid lands which really apnroach
the theoretical peneplain are loceted either on soft clays and shales, or on
limestone, Some enthusiasts used as examples for students Pleistocene outwash
olajns and lake belds, as well as floodplains of larze rivers. Many naps purport—
ing to show "old age" tonozraphy have nov been shown to have been cruvdely surveyed
with o very large contour interval., 3y no means should we either use such
inaccurate mens or confuse denositional with erosional forms., Depositional
tonogranhy simplsy does not belong in the eroslon cycle, True undissected
surfaces due to =rosion bevelinz the geologzic foruations have been recorded only
(al 1in regions vhich have climates far different from that nostulated by the
pioneers and (b} Dbeneath a cover of later sediments.

Objections to the wmeneplain hyvothesis, In 1933 Crickmay ventured to
suggest that "the fruitful concention of the 'cyele of erosion! carried with
it into genersl currency certain ideas which rest on no real foundation,——=--
~—Geograshic vld age and neaeplanation rest oa nothing but pure deduvction by

o

a fev———and @ blind acquiescence by the rest of ug—————u—o only blindness could
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prevent us from seeinz some serious inconsistencies—--" Along with the total
failure to find uneroded remnants of true penevlains he particularly noted

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

as the sharp outlines of meny supvosed monadnocks, In the last he might well
heve ineluded the tyne Mount Monadnock, Mew Hampshire, Criclmay proposed that
divides were removed nrimarily by lateral stream erosion and steted that "a
nermal floodplain is underlain everywhere at shallow denth by »laned bed-rock,
e alluvium is a mere carpet—--" This endvoint of broad floodplains only
siightly agerrded and separated by steep—sided remnants of divides he named a
nanplain, Absence of many modern vanplains was explained by recent rise of the
continents, Crickmay held that peneplanation or panplanation should start with
the lower parts of rivers and grow laterally inland,. Under his viev stairways

of erosional remnants are the expected results of successive uplifts., He
recoznized nanfans and pediments in arid regions, Crickmay's view seem not to
have received much recognition,nossibly because the concent of nediments and
nediplanation has since come to the front, Xing (1949) remarks "The development
of a single true 'peneplain! involvés of necessity the complete destruction of all
its forerunners——-" "instead of the ‘'normal cycle'! concept, the idea of
Inediplanation?, involving the extensive retreat of hill-slopes and the survival
of planed remnents of earlier cycles upon uvostanding toposraphic masses, has been
advanced os the mode of coantinental plesnation.," Hins concluded that the true
neneplainjocenr only in a humid climate, whereas nannlains could occur only in
savanna and semi-arid climates, Ee also mentions the "etchplains® of tronical
regions made by erosion of the decomposed rocl: along valleys leaving it in full
thiclmess under the steen-sided divides, Pediplaned surfaces he ascribes to

arid and steppe climates. They ~re associatec with surface accumulations of
silica,. aluninum oxide, and iron oxide., This process izvolves the
perallel retreat of slopes, plus removal of debris of weathering by sheet wash,
and carries as a corallary the idea that the present distribution of climntes has
not always been present, King in fact ventured to sugzest that most of the
erosional bevels of the entire world are due to pediplanation, a theory tied in
with the brealaup of coatinents vhich has not been widely accented in the northern
hemisphere,

Development of the pediment concept, The following outline of the
development of the pediment concept does not include all workers but aims simply
to give the general growth of the idea, In 1800 Gilbert described the sloping
rock surfaces sround the Henry Mountains, Utah, and ascribed them to lateral
erosion by streams, He did not explain the nediment terraces. The base level of
these streams was fixed b» local conditions. This same idea has been followed
by many ever since. In 18¢7, however, lcGee described the sheet floods of
gouthwestern United States. Paige, in 1912, described rock mediments and aseribed

hem to a combination of lateral erosion and interstream degradation, Iawson's
elaborate treatment of desert topograshy in 1915 recosnized the retreat of
mountain slopes whose inclination depends wron the size of the boulders in the
talus., He concluded that with a rising base level due to filling of structural
basins the rock surface beneath the alluvial cover should be coavex upward. This
surface was termed the "sut-alluvial bench', In 1919 Jutson described sheet flocds
in Australia but ascribed 1ittle erosive action tothew. In 1922 and 1925 Bryan
elaborated on TLawson'!s idecs, In 1931 Blackwelder endorsed lateral erosion of
weathered rock by streams as the major process of formation of pediments, Johnson
in 1931 and 1932 followed up this view. In 1935 Rich revived the theory of slope
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wash workinz on a surface composed of weathered rock, The available water shaped
this surface to a slope on which it could remove the debris formed by weathering,
If, however, the material transported came from another source than local
disintegration, only a thin veneer of transported debris was left., The degree of
slope dendends upon the size of particles which must be transported., Rich concluded
that lateral erosion by definite streams "is not necessary for the production of
rock fans and nediments though in many instances it contributes notably toward
their formation." The origin of pediments along the foot of a retreating
escaroment was also discussed, "igsting and sheetwash, in conjunction with the
blanketing effect of alluvial debris, are the essential factors, required for the
vroduction of rock fans and pediments., ZIateral corrasion by streems is not
necessary." "Drainage diversions and the dissection of abandoned fans end
pediments are normal---—They do not recuire----diastropic or climatic changes."
Meld, however, reaffirmed the lateral erosion theory. Davis argued in a papexr
nublished in 1938 that absence of cut—~banks at the borders of the mountains
adjacent to pediments favors sheet floods rather than lateral stream erosion.
Howard in 1942 strongly supported lateral stream erosion stressing the work of
small tributaries and correctly stating that desert streams are braided rather then®
meandering. A weries of papers from 1948 to 1950 by Ting and Fair on vhenomena

in South Africa give important idens, They were the first to cmploy 'ood's
classification of slones and included much quanitative slome data, ITair noted
that in the arid portion of Matal the slope of talus is related to average size of
boulders and that the angle of slope decreases with weathering of the lower part of
the talus maliing more or less of a transition to pediments below. The change is
from 1% degrees to 4 degrees inclination, The nediments are eroded on shale and
debrig is moved by sheetwash. The major processes are weathering and removal

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

is present only where there is a hard cap rock. ©Sheetwash slopes are concave.

o lateral erosion of streanas was recosnized,

fing clagsified the different types of erosion bevels according to climate
as outlined above, and concluded that nediplanation is more rapid than penew
planation as he interprets the term, Althouzh it should lead to concave slopes
the divides may be rounded by weatherinz into something more like the theoretical
venenlaine In a paper of 1949 on the pediment landform Iing concluded that it is
"adapted to and moulded by sheet—flow" and that the voper limit is fired by the
change from turbuvlent flow in revincs to laminar she:zt—~flow. The concavity of
slope is classified as thaot of wabtcr erosion, He declares that »ediments are
"Possibly the most immortant of all land forms," "It is the fundamental form to
which most, if not all, subaerial landscanes tend to be rcduced, the world over."
The retreat of escarpments is essential to the process and the pediment, on which
erosion is 2t a2 minimum, is the result of thunderstorm type of rainfall, Zrosion
of escaroments is done py” a multitvde of gullies on their facoes,

Summary., (1) Pediment formation can begin only where thc original slone of
the land is greater than that necessary for water to remove the »roducts of
weatherinz, Such slones include normal valley sidcs, fault blocks and sides of
folds (either anticlinal or monoclinal) (2) Orizinal slomes in cVvery case soon
beeane of the constant or talus tyoe, which means that in horisontel roclss there
mist be a resistant can rock, (3) In order to maintain 2 constant rctreat of the
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talus the rock material must weather into particles which can be carried away

by slonewash, Rocks which meet this condition include granite or other coarse-
grained igneous and metamorphic rocks, sandstone, and some kinds of shales In
all of these the passage from large talus blocks to granular material is abrupt.
(4) Retreat of the escaroment is maintained along a fairly definite line without
mich deen dissection by valleys by-a combination of undermining by weathering,
and erosion by minor ravines including streams which descend through the talus,
The heads of the larger streams may in time retreat clear through the escarpment
220 coalesce with valleys on the other sides. Such cols are called nediment
passes, and in many cascs have a convex divide, The two sides may not accord in
level, but join with a steep slope., Thus an elevated mass is transformed into a
grouwn of isolated remnants, (5) There is a relatively abrupt change in slope

at the foot of the talus, to the gentler inclination of the nediment, but true
cut banks appear to be rare. (6, The slope of the pediment is that on which

the available water can remove the narticles produced by weathering at the
apnroximate rate of aroduction by weathering of the talus blocks. It exceeds

10 degrees in many localities, (7) Ability of water to remove debrig is
facilitated both by sparse vegetation and by sudden downpours or cloudbursts,
hence an arid or semi-arid climate is required for nediment formations This
checls with the surface accumulation of oxides and carbonates, (8) Obliteration
of divides on the pediment is in part due to lateral erosion by braided rills, in
part to crosion by sheet floods, both facilitated by deep mechanical decomposition
of the bed rocli, but sheet floods cannot form until other forces have prevared a
smootl: surface for them. Some observers report that shallow sheet floods have
clear water and laminar (or miwed) flow and hence accomnlish 1ittle erosion,

(9) HMost pediments heve a cover of a few feet of debris in process of transit.

A rising baselevel may increase the thiclmess to more than the denth to which
floods digburb the material, A falling level minimizes the thicluness of the
mantlc, Thickness mey a2lsc be rclated to eclimatic changes which altered both the
rate of cupply and the amovnt of rainfall, (10) The angle of slope of a peaiment
mist considerabtly exceed tiie theoretical slope of a peneplain where thorouvgh
chemical decay is beiieved to occur. (11) Filling of a structural basin below
the pediment may procceced at the seme time as erosion closcr to the escarpment
forming a2 pediplain (12) The concavity of slopc of normal »ediments is reiated
to the laws of water transnsort. It is in part exnlicable by increase in denth
and amount of flow and in nart to decrease in mean diameter of the load by wear
~and weathering, The slope is probably not related to the size of the largest
pebbles, for these required a2 only very small part of the energy of the water.
Plumleys observation on the terrace gravels of the Black Fills wasg incorrectly
stated in another supplement, It is a rough approximation to the "phi mean size"
which is definsd as the lozarithm to base 2 of the geometric mezn size,
(Geometric mean of n quanities is the nth root of their nroduct.) Observations
on some outwash plains in ""isconsin showed a decrease in zeometric mean size of
the sampled portions at a »ate lecss than the decrease in slope. A solution of

his »roblem is yet to be ieached,

(13) The end point of pediment development, which is not exhibited in the Basin
and Range Province, involves disanpearance of most of the residual highlands,
Sites of former high places would be mrrked by convex domes, although the lower
slopes should still be concave, Bed rock would be close the surface and not much
altered by chemical weathecing., If we postulate a former wide extent of arid
climates many old erosion svrfaces may be exnlained as pediments or »ediplains,
This would account for series of erosion terraces which cannot be ascribed to
penenlanation,
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Carolina Bay Problem, 1952

The Carolina Bays could have been comred either by purely terrestrial
forces, such as waves, currents of air or water, by solution by ground water,
or by extra~berresirial meteorite impacts Modern coverage with air photography
demonstrates many things which were previously unknewn or merely surmised;

Factge (1) Typical "bays" occur only in the Coastal Plain and are absent
both in the adjacent sea bottom ad Piedmont, (2) Bays occur from Florida to
New Jersey but are most abundant in ths-Carslinas, (3) The total number of
well-formed elliptical bays is estimated at about a half million, (4) The
rounded outline is less regular in regions underlain by limestone. (5) Most
bays have a unstratified sand rim vhich 1s begt developed around the south-
east end, (6) Orientation éf long axes of bays varies only slightly and
~hanges are gradual between different regionaz, (7) Many bays overlap one ar—
yther o> havs more thon one rim, (8) Most beys are filled with peat which
ig thiclest{l5 to 30 feet)toward the SZ end: this peat is underlain by lake
1ilte 19) Only a few springs occur in bays, (10) Bays are equally well
(.eveloped in all regions suggesting the sare age, (11) ¥o similar basins
aceur anywhere else in the world.

he theoiy of Youglas Johnson puts its primary emphasis on solution by -
artesian springs, Tut there is no relation between bay distribution and
elther ground water circulation or presence of permeable or soluble rocks,
The lack of any reilation to a joint pattern is also evident., There is no
relation of bays to rock struecture and no noticeable difference of age of
hays in different localities, The theory appears to exaggerate both the
actual amount of rising ground water and its ability to dissolve material,
The superimposed theory of wind and wave action in sinkholes to explain the
sand rims fails to take into account the rim distribution which does not :
agree with the Imown SW direction of winds, The irportance of water currents
in such relatively small and shallow lakes also seems decidedly exaggerated.
Compare the slight amount of such work in most lakes of glacial origin,
Overlap of one bay on another is also hard to explain by Johnson's theorys
i'he evidence of filling of a lake with peat does not agree with the idea of
subsidence due to sclution.

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

Proutyls revised meteoritic hypothesis is based mainly uvmon the shock
wave or compression cone whkich occurs with bodies moving through the air at
supersonic speed., Impact of a vast shower of meteorites(a comet) would
thus account for the formation of so many elongated craters in the sand of the
Coastal Plain and not in adjacent firmer material. Many meteorites have
beer discovered in the Piedmont %o the northwests This idea also explains
the striking perfection of outline, the marked parallel orientation, the
overlaps, and the sand rims. Two checks have been presented, First the
shapes of the bays agree with small craters formed in fing sand overlying
clay by high—velocity rifle bullets fired at an anzle of 30 to 35 degreecs
to the surface, Second, magnetometer work has disclosed many local "hishst
nearly south of and distant from the rims by about the length of the short
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Carolina Bays, 2

axigs of the bay adjacent, Magnetic work is confused by linear magnetic
highs due to basement(pre--Cretaceous)rocks, by the great number of bays

in some digtricts, and the difficulty in meiting readings in swamps on,
unstable peat. The highs do not check either in strength or position

with the idea of redeposition.of iron oxide from solution of the bayss
Limonite is not strongly magnetic. Fiungll proof of the presence of metal-
lic iron under the magnetic highs can only be established by test drilling,
A survey by alr—borns magnetometer might also be of value since it would
not be affecected by ground conditionss
Te Conotrmp o A

DSl
Phontr sy s ATO 20 1 26D W 17

J; . — - 274, 1952
de Grunde ; H. E MMU},& MW J 6.6~ %

sefereaces (since the boolz by Douglas Johnson)

rant; Chapman, A blological explanation of the Cgrolina Bays: Scientific
Monthly ©1§ 443-450, 1945

iic Campoell, J, C., A gecmagnetic survey of some Bladen County, North
Crrolina, "Carolina Bays": Journal of Geology 53t 66-67, 1945

ielton, ¥, A., The Uarolinz Bays: Journal of Geology 58: 128~134, 1950

Schreiver, William, On the origin of the Carolina Rays! American Georhygical

Union Trans. 32@ 87-~95, 1951

Prouty, W, F,, Carolina Bays and their origin: Geol. Soc. Am., Bulletin 63!
167-224, 1952

Technical terms suggested by Bryan (see next section on permafrost)

Pargelisol = permafrost or permanently frozen ground

Mollisol = surface zone thawed in summer, the "active layer"

Intergelisol = trensition zone at bottom of mollisol, thawed at times
above,

Tabetisol = unfrazen groundfyithin,or below the pergelisol or frozen ground

Congelifraction = frost-splitting of rocks

Congeliturktatien = frost action including frost—heavié and mass movement of the

active layer or mollisol i

Congeliturbste = disturbed material of active layer or mollisol

Cryopedology = science or study of intensive frost action, frozen greund, etc.

Cryoplanation=/process of leveling of topography under frozen ground conditions,

similar to peneplantion is warmer climate
Fergelisol table = top of pergelisol

Subgelisol = unfrozen ground belew the frozen zone
Supragelisol = zone -above the pergelisol

Pergelstion = process of forming permanently frozen ground at eny time.

\



Permafrost In Relation t¢ Land Forms
par ly ps 3

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

Origin--Sources of heat: The surface of the earth obtains heat by (a) direct
solar radiation, (b) conduction from the air, (c) conduction from the interior
heat of the globe, and (d) from latent heat set free by eondensation of atmospherie
moistures Study of (o) has been based upon known rates of downward increase
of temperature in drill holes and mines combined with laboratory determinations of
the conductivity of the materials of the cruste It is generally believed that the
rate of heat transmission from the interior of the esarth is very slow, probably
less than 0.2 caloriesjfcm?/day, Average conductivity for rocks is generally given
es about 340 cal/cm®/day/deg. 8., for ice 4s 457, snow as sbout 43 and water as 118.
In other words, the conductivity of solid ice is much above that of water or rocks
Conductivity of mantle rock or permggble materials is greatly affected by the
presence of either ice or water, parvicularly if the latter is moving. The low
rate of heat escape from the earth is due to the prevailingly low temperature
gradient. Although the conductivity of air is very low, about 1 percent of ice,
its specific heat (.237) is relatively high, almost half that of ice(.502). This
property mekes it possible for warm winds and rain to contribute much heat to the
eatkh by conductione Direct solar radiation decreases with latitude because of the
low angle of the sun's rays to the horizon but although the very long days somewhat
compensate for the short northern summer. Direct radiation may contribute several
hundred calories to a square centimeter per day. Formation of fog may contribute
much heate

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

the surfacée For ground temperature observetions see figures 1 and 2, p. T

Surmer thaw: Depth to which thawing occurs in the short Arctic summers depends
upon the (a) absorption of radiant heat from the sun, and (b) conducbivity of the
ground. The matt of tundra vegetation is a good insulator. The pmperm gbility of
the permafrost resains muech water in the thawed layer. The prevailingly slight
rainfall the the Arctic slows down meltinge Summer ground conditionssare then like
those of more southerly latitudes during a dry spring when melting of the frost is
very slow due to lack of warm raine
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Refreezing: Vhen colder temperatures return in the fall a new frost layer
forms on top of the melted zone. This thickens until it merges with the perma-
frost below. Loeally ground water is trapped between two layers of frost. Fig. 3,

Distribution of permafrost: Permafrost is widespread in northern Worth
America and in Siberia, as well as on some high mountains. Approaching more mild
climates from either the Arctic or from the mountains, the permafrost becomes
more and more patchy and shalilower. Even in far northerly latitudes therg is no
permafrost under thick glaciers or adjacent to large rivers and the sea.

Tonosraphic offecte: The topgraphic cffects of permafrost may be diviced into
(a) those due directly to thc ice and (b) those caused by the thawed or factive”
layer of sumnecr. Frost heaving is believed to form hills ( "pingos") up to 600
fect across and 230 feet high. These occur chiefly in fine-grained lake seciments.
They contain radiating ice veins. Peat mounds with a core of ice do not exceed
25 feot highe One of the most prominent features which is readily seea in air
photos, is the polyronal pattern due to mclting of the tops of icc wedges. These
display trenches up to 2 feet deep: The diameter of the polygons is for the nost
part only a fow fect although a maximum of 600 feet is recorded. The shape varics
widely and is rectangular on a slope. The best examples occur in fine-grained
sediments and poorly drained areas. On rocly ground they grade into store nets on
flat areas and stone stripecs on hillsides. The pattern of polygons is etchec into
the lower side of ice on ponds until that exceeds half a foot in thickness. In
the centers the polygonal areas may be either depresscd and covered with a mixture
of ice and peat or elevated forming low mounds. This sccond condition is thought
to be an older stage of development. When small streams form on an arca of cracls
they are angular in course interrupted by small pools due to ice melting.in the
centers of the polygons ("beaded strecams!"). The form of the cracks is thought to
be similar to the contraction which formed columnar basalt or mudcracks. However,
it is much larger units. The thawed or active layer is equivalent mechanically
to thin mantlc rock overlying impermeable massive bed rock. The confining of
ground vater to such a thin zone makes for extensive mess movement with folding,
contortion, and considerable chemicsl weathering due to the abundant organic
acids and high mineralization. Some regard the abundant silt of Alasla as a
product of this weathering. Results of soil flow are also visible in leaning
trees ( "drunlen forest!"), and lobate waves on hillsides. The minimum slope
showing then is above 5 degrees. Final result should be rounded convex hills
covered by a mantle of frost—-weathered rocks. ZFinal production of a 'peneplaint
is preblematical, Vhere thawing is deeper or cemplete "thermokarst" topography
with sinltholes, dry valleys, cracks, and depresscd areas is very prominent.
ave-in laleg! are abundant in some arecas underlain by silt and their outline
in altercd by wave work. South—facing slopes and the margins of sandy terraces
show little frozei ground. Sinec most water comes from the south—-facing slopes
valleys arc esymmetric. he sides of terraces next to the hills arc eroded pro-
¢ucing a slant down toward the margin of each terrace. Vegetation gives a clue
to the dopth to frosts Black sprucc and tamaraclt may indicate as 1little as 2
fest, paper birch from 3 to 8 focot, poplar and balsam over 6 fect, willow and
agpen 10 feet or more, vhite spruce 1 foot for each 10 feot of heighte Much of
the permafrost melts once the vegetation is romoved suggesting it is a survival

of past climatc. See figure 3, p. T

Past permafrost: Wherc the permafrost has melted completely along the south
margins of the prescnt arcas and on the lower slopes of mountains some evidence
of itx formor prescnce is left. Although the tronches may be filled with silt,
sand, or gravel a cross section will display them. Some geologists have suggested
that ccrtain soil mounds, such as the Mima mounds of the outwash plains of the
Pugct Soand rezion, are relics of permafrosts In the Matanuska Valley of Alaska
irrcgular hummocls aro left wheon the frost melts as a result of cultivation of the
greunde
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Caution in intcorpretation of melted permafrost: Dcspite the fact that climate
has indubitably changed in much of the world, certain cautions arc ncccessary in the
scarch for former permafrost phecnomena. Many have assumed that of necessity the
periglacial® climate was much colder near to the margins of the coatinental
glacicers than it now is. Cranting that air drainage from the high continental
ice caps might bring about mary periods of cold winds, it is fair to rccall that
duc to the large amount of heat necéod to melt ice glaciers could (and still do)
terninate in climates waere growth is impossible. Moreover, descending winds arc
warncd by compression. To melt a glacier must requirc a warmer climate than
recquired for permafrosi, Such a conclusion may, however, apply only to the condi-
tions which led to the final melting of a glacier, not to the climate during its
growth. Howcver, climatc favorablc to heavy smowfall is unfavorable to production
of permafrost. Let us also recall that much mass movement perhaps forming cracls
as will ag folds of glacial drift undoubvcdly toosk placc because of the high water
content whon first deposited. Besides, mass movement of martle rock undoubtedly
takes place without the aid of underlying impermcable permafrest. Reolics of ice
wedges may also be confused with weathering along the courscs of former trec roots,
or cracks duc to mass movement of mantle rock. Certainly ncither 21l masgscs of
crcpt material nor talus deposits demand the former prescnce of permafroste The
"stone rivers! around Baraboo, Wisconsin, arc the result of present—day crosion
by water from mclting srow rcemoving the finer meterial from the residual mantle
above the impermeablc gquartzite. A few, vhich arc higher in the center than at the
margins,m’ght, hovever, be true Prock giaciors?. - -But vhen we find that the siow
now lasts longer among the roclks than clscwhere docs this idea demand a much
differcnt climatc? Possibly tho mantle of rocks and clay might have crept morc
rapidly when the climate was wetter than now, but the impervious quartzitc bed
rock could have taken the place of frozen ground. The hypothesis of permafrost
origin of the mounds in Washinston does not fit well with éither the marinc climate
of today or their localization on well-draincd sand and gravel outwash. Somewhat
similar mounds in Ol:lahomz and othor southern states have been cxplaincd by the
hypothesis of former drying rather than of permafrost. Supposcéd "convulutions!
in the svrface of outwash plains in Illinois might bc due to ground water work
during scil formation. Some found in sand and gravel in northeastern Wiscoisin
arc almost certainly duc to shove by a glacier which left so little till that
the scil-making proccsses have rondercd it now unrccognizablc. The "mettled ground”
of *he same region occurs in red glacial till which aprpears to overlie older end-
moraines. The mottling is Gue to small knolls end ridges which show out in the
air nhulcgrapny because the high spots photograrh a lighter tone than do the
damper hollews. It is probebly = phenomenen ¢f compaction of an irregular
thiciness of red gleasza 4ill with a high contsnt of silt and clay. Ve must keep
in maad the fact thet ii2 conditicn which in permafrost regions lasts all summer:
occur: ~lmost every surirg in lower latitudes and that 1in certain snowless
winters Zroet psnetrztes tc consicerable depths.
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SUBMARINE CANYOY PROBLEM, 1952 part 1, p. 8

Sinee the original text was written there have been several important develop-
mente in the submarine canyon probleme Firsts funds have been avallable for much
more deep water sounding both for navigation and for scientific interest. Second:
rethods of taking cores of unconsoldiated sea~bottom materials have been much im-
preveds Third: movement of water dve to the increase of density by sediment con—
ten! bave been observed and studied. Fourth: several deep drill holes have been
put down on coral iglandss

Recent sounding erpediticna, using the acoustic method, have extendded some of
the submarine cenyons escores of mhles from where first observed into very deep
water. For instance, the Hudson canyon has been traced about 200 miles cut to sea,
ard according to newspaper reports, a recent voyage demonstrated a system of sub-
merged valleys in the North Atlantic comparable in size to the Mississippi systems
These valleys in the ocean bottom are by no means as spectacular as those in the
continen%tal sloje and are possibly more like channels of rivers on a floodplain
in being bordered by ridges which are larger and more massive than any natural
levees on land. Wevertheless, they are distinct channels unguestionably due to
scme kind o¢f flowing waters. Besides the channels many flat—topped submarine moun—
tains (gmyots) have been discovered. There is little regularity in the depth of
water above theses

Sedimentss

The devposits off the Hudson canyon have bezn most fully described although
scattered cores have bteen taken over a wide area. On both sides of the Hudson
channel there is an extensive sand deposit with some associated layers of gray
calcareous clay. In the chaanel itself there is gravel with peﬁies up to 15 mm
diameter, The sand is very weil sorted tuc ifs otherwise much the same as the sand
on the coniinental shelf.  Interbedded with the sand are layers of normal red non-—
calcareous deep—sea clayss he pebbles can be matehed with rocks which outerop in
the stesp szifes of the cenyon. Opinion seems to now be trending to gurf-zone
erofion of the conbinental shelf and final desposition of clastic sediments at the
fcot of the contimental slope.

Studies of sedimeniation in reservoirs have demonstrated that the mud—lacen
water which entars at the head sinks to the bottom ard flows along it to the demo
The rate of flow has higen sured and seems to fit with a modified fomof the
formuila fer turbulent ilow in open channelss The Chezy formula has been modified
by introduclngz the excuss of densibty of the water above unity and by chenging the
constant. Measured veiccities in the low-gradient bed of Lake Mead, in the
Colorade River Valley, :trongly sugzest the possibility that similar currents in
the steepiy-sloping swbmarine canycas could readiiy evode the bottom thus adding

bl 2iye Treenckes with marginal ridges due to sinking muddy water have
long ‘teen known in Lake {ensvra, Switzerland.

&L P oo § n
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Evidence of subsidence of ipeean bottom:

r. rezent years very deep drill holes were put down on several atolls of the
southwest Pacific. On Bikini shallow water deposits occur to a depth of over 2500
feet. Tn Snivetok volcanic rock is encountered below 4100 feet. These tests
demonstrate that the ccean bottom has actually been subsiding but the age of the
lewer marine deposits runs back to early Tertiary « Whatever the cause, the
crange of sea Jevel has been very &low (see section on coral reefs). The flat-
forp:d pealks found in deep water, 3000 to 6000 feet, whose form suggests wave-

‘ conclusion that submarine canyons are due to the recession of fresh
water springs emerging from permiable formations of the Coastal Plain is now
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thoroughly discredited, because first, it disregards physical principles and second, %?

.;:-a

the presence of canyons in impermeable rocks. Freah water would rise directly to Ji‘
the sufface and could not make a canyon. i
P
4

Density current theory:

The failure to demonstrate marked density or other currents in existing canyons
of %ze continental slope is explained away by two suggestions. Daly originally .
prepuosed that during the moderately lower sea level of glacial times much more
sediment was carried over the edge of the continental shelf than is now the cases
This sugegestion is supported by distribution of coarse sediments out to the margin
of the skelf in many localities. On the California coast it has been suggested that
alongshn*u transportation of wave—derived material is blocked at certain headlands.
If ; in such locations, the slope of the bottom is steep enough, a canyon is ercded
by a cescending density current.s A further suggestion is that earthquales looseded
much sediment causing density currents down previously formed depressions. Under
the density current theory no great change of sea level is required for the forma-—
tion of submarine canyons. The sands and gravels now at great depths were thus
transporied from nearer the surface and interbeddeéd with normal deep watiter depositse
Currents which spread out from the major channel# depositéd adjacent ridges.

Al‘ ougp the density current idea has gained much support in recent years,
adfoceies of great emergence of the lands have not been idle. ILandes proposed a
theory that. with a pericdically shrinking earth, the ocean bottoms of heavy sima
should subside firste As a major cause of such sinking, he suggested the solid—
ifications of basalt magma to solid rock with a very large volume decrease. He
dthought that the lands of lighter sial would not sink at once but that when they
did horizonial compressisn would result. Such marked contraction is certainly not
proved by present !mowledge of the physical stae of the earthis interior, btut, if
such & procsss is possivle, no distinet limit could be set on the depth ¥o which
the ocean ievel receeded without loss of waters

Jompromise vicws:

Shepard offered a compromise view which is intended to avoid some of the above
difficultiess He thought that the shoreward portions of the canyons, down to pee—
haps only 100:ficet depth, were eroded by streams during continental uplifts, not
necessarily all at the same Vime. This is the cnly pertion which has been examined
Yy diving, phoiogrepiy, and letailed sounding. The lower extensions of canyons,
which are extremely steep in slope and irregular in grade with few, if any, trib-
ndaries, are charagezhle to density currents. This applies with especial force to
the very loucst pasts which are not canyons but troughs. There is no définite
lower 1%mit tu canvonz with a series of deltas as there should be were land eleva-
tion alone She caise. Some submarine valleys could then lead into enclosed depzmmss—
icas ain ths ceesn botbom, Some canuyons might be very old in time of first erosion,
“aen Filled with sedimente, :ui later reopeded oy slides of the soft materiales It
may be 2dded that some miges have originally have been tectonic in origin with only
svperficial alteration by sroeion. Some of the Pacific coast canyons seem to be in
part cut into very young sediments, Sedimentation and mass movement of deposits
has becu ohserved in the heads of some of theses

Submsrine canyons,selected references

Eveneu, Pe Hey Density currents in connection with the problem of submarine canyons:
Geole Mags 753 2W1-249, 1938.

%ell, Ho fo, Density currents as agents for transporting sediments: Jourl Geols 508
5124547, 1942,

D.iy- Re Asy, The floor of the ocean, 1942



art 1, p. 10
Sharp, Re P., Mudflow levges: Jqur. Geomorph. 53 222-227, 1942.

Hess, He He, Drowned ancient islands of the Pacific Basin: Ams Jour. Sci. 244:
772-791, 1946.

Shepard, Fs+ P., Submarine geolozy, 1948.

Emery, Ko Oey, A suggested origin of continental slopes and of submarine canyons;
Geols Mag. 87: 102~104, 1950,

Dietz, Re Se, and Menard, Hs Wy, Origin of sabrupt change in slope 1in continental
shelf margint Am. Assoc. Pets Geol. Bull. 35% 1994-2016, 1951.

Ericson, D. Bs Bwing, Maurice, and Heezen, B. C., Deep—sea sands and submarine
caryvons; G(eols Soce Am. Bull. 62: 961-966, 19514

Tolstoy, Ka, Submarine topogrephy in the North Atlantic: Geols Soc. Am, Bull. 62:
4h1--450, 1951,

Wocdford, Ae D., Stream gradienys, and Monterey sea valley: Geol. Socs Ams Bull 623
799-852, 1951.

Puffington, Es Ce, Submarine M™apural levees": Jourm Geol. 60: 473~479, 1952.

Crowell, Je Cs, Submarine canyons bordering central and southern California;
Jour. Geole. 60: 58-63, 1952.

R. 51, Geomorphic evolution of continental terrace (continental shelf and

Diesz,
2)1 Ame Assocs Pet. Geols Bull. 36: 1802-181%9, 1952.

slsp

Ericeon, D B., Ewing, Mayrice, and Heezen, B. Cy, Turbidity currents and sediments
in North Atlantict Am. Aesoc. Pet. Geol. 36: U489-511, 1952.

Landes, Ke To, Our shrinking globe: Geol. Soc. Am. Bull. 63: 225-240, 19524

Erery, Ko O+, and Watland, M. L., Our shrinking globe-a discussion: Geols Soc. Am.
B1l. 63: 1069-1072, 1952.

Landes, K« Ke, Our shrinking {jlebe~a reply: Geol. Soc. Am. Bull. 63: 1073-1074,

€hepard, Fe P., Oomposite origin of submarine canyons: Jour. Geol. 60s B84-~96,
1952,

Soolety of Econs Geol, Palenons Turbidity curreats, Specs Pubs 2, 1951.

By b, Fel Toprobs 4Ty el AT Wdoron oy
S LY "HLT-%6% ) |55 Y



GTOLOGY 109
Geomorphology

Supplement, 1952, part 2, p.l
Quantitative eramination of erosion topography

Quantitative exemination of land forms is relatively new, partly because no
attention ves p2id in the past to such measurements, but also to the inaccurate
topograyhic maps formerly available. One of the simmler problems is that considered
by Smith, the quantitative reappraigzl of some of Horton's worl on stream or drainag:
density aad stream frequency. (Dd=%§'and stg-where A=area, L-length, N=number)

It was recosnized that these two guentities, Iength of streams per unit area (Dd)
and numver of streams per unit area (Fs) are interrelated. atural regulatory
factors nust be: climate, including rainfall intensity and vegetation, resistance
of underlying roci: or soll, infilkration cepacity, relief, and stage of development
of the drainase system. Investigation was long hampered because the smaller or
first order streams were omitted on most maps. Smith failed to find all small
streams even on the more recent large scale maps and hence used the maximum aqumber
of crenulations shown in & contour which lies in the middle of a2 slope around an
individual basin divided by the length of the divide in miles, (N/P vhere P=
perimeter) He calls the result stream texture. He obtained a weighted mean value
by using the area of the total region measured. This is the sum of all individual
basing multiplied by area of each basin x total number of streams mer mile of
verimeter (ivided by total area.

T~ SLAH [P
A

Smith su’ ;ested that a value to Ty, below 4.0 is Pcoarse;" a value between 4 and 10
is "medium" 2.¢ one over 10.0 is "fine! texture.

He found in different areas and climates a range from 2.1 to 17.33. He com—
pared the drainace density total (L/A) with texture (I7/P) and found that within
the natural limits of uncertainty for the 54 areas examined, the former is just
about 5/3 the latter. (Dd=1.657()1.115)

Strahler made an extensive study of slopes and noted that the middle of most
hillsices is a straight line, although the divides are rounded. Concavity at
the base he found was only present where material had accumulated through either
slides or slopevash. The general impression of concavity he declared vas an optical
illusion due to viewing spurs which do not trend in the direction of maximum de~
clivity. Ze found that slope angle is essentially & constant under given relief
and rocl: character. Slopes represent a steady rate of removal of debris in relation
to rate of sup~ly. It is related to grade of the channels which remove the material
from the uottons of the slopes. This is a condition of ecuilibrium in wvhat is
known as an "open system" in which there is a dissipation of ewergy. In this system
potential enercy of position is trensformed into Kinetic ener:y of moving water
and debris. The supply of enerzy must diminish as the relief is lowered by long
erosion so that the topograpiic forms must change with time. The slones are actual
vhere several mrocesses of alteration are present, thus distinguished from theo-
reticel slopes cue to one method of formestion only.

Profiles vere messuredcirectly down the steepest sloves from the divides.
Only valley wall slopes which led down to a channel were messured. Divide slopes
were not consicdered. Measurement was made with Abney level or Zrunton compass.
It was found that men measurements on the newer scales of 1:24000 or 1:25000 are
satisfactory vhere drainage texture is suitable s#nd thet as few as 25 readings
will give & satisfactory mean value® Yo maps geve cood results with very fine-
teztured drainage. All results were averazed and considered from the statistical
standpoint to find the expectable error. It was found that within a given area
where the bec rocl:, soil, vegetation, climete, and stage of erosional develojment
are similar the slopes are closely the szme. The result is related to drainege
density, relief, and slope-profile curvature, that is the relative area of convex
compared to Yconstant slopes." Since length of slopes between adjacent channels
is twice the drainage density it follows that, neglecting convex divides, the
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tangent of slopc is approxzimately twice the relief multiplied by the &}alnage

denstiye. tan 5 = 2VDg, where V = relief, and Dy = drainage density. He
also found that there is a close relationship betwcen slopes of valley sides and
those of the adjacent stream channels. S5¢ = channel slope and 5. = ground
slope, the ratio Dbeing sc/sg. Strecam slopes were obtained from maps. The ratio
was found by plotting on log-log paper and varies from about 0.2 for low slopes
to about 0.5 with higher slopes, following the gencral equation; ground slope =
3.98 x channel slope 0.8 (Sg = 3.98 5. Q.8).

Strahler suggested the following tentative classifications: (1) High-
echesion slopes where the underlying faterial is dense clay or rocks such as
granite, schist or gneiss. Slopes rdnze from 40 to over 50 degrecs. Mass move-
ment of mantle rock is common in these arcas.

(2) Ropose slopes where the rock debris is loose fragments or talus (Wood's
constant slopec), sometimes called gravity slopes. Average slope is 30 to 35
degrees. '

(3) Slopes reduccd by wash and creep in arcas where channel gradients are lows
Here material lies at less than the angle of repose. These have been termed
wash slopes and range downward from 20 degrees to about 1% degrees.

Some studics included differences due to sompass dircction 6f slope, which
is reflecteod in effect on vegetation and soil. Although the appearance of the
slopes differs considerably, actual measurment disclosed very necarly the same
angles, The old question of parallel retreat versus decrecasing angle was also
considereds The correlation of stream slope with hillside slope expounded above
definitely supports the latter concept. The only cxception is there a slope has
recently been undercut at the base thus maintaining a constant slope anglee.

A much more elaborate syastem of bopugraphic eomparisons has been devisecd
by Strahler consisting of areca—altitude relations, the distribution of mass within
a given drainagze basin. A cumlative curve is prepared. It is evident that
ratios arc perccntage or dimensionless numberss. In preparing this curve the datum
point is take at the junction of the stream which drains the basin under study
with another strcam. Two ratios are computed: (1) , the area between a glven
contour and the divide to A, the total arca of the basin (abscissa) and (2) ratio
of height of contour to total height of basin (ordinate). These figures must
vary from 1.8 to 0.0 and the resulting curve must pass through both the upper
left hand and lower right hand corners of the diagram.(x % 0, y = 0 and x = 1.0,

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

Proportion of
total basin
height

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

0 X
Proportion of total basin
area
Now in the diagram x = a/A and y = h/H. Dimcnsions arc climinated and the ratio
of volume to product of H times A becomes the intergral of x/dy. Such an inter-
gral cannot be determined by mathematical means but it is the ratio of area under
the curve to @ea of entirc square and can be measured on the diagram. Strahler,
however, uses an approximate formula which he says conforms fairly well. Since
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this equation docs not express any definite principle it is here omitted., It was

used to draw a mumber of familiecs of curves with different shapes and position of
the point of inflection, the change in direction of curvature. This point does
have morphological significance because it measures the position where the rate
of decreazsc of mass with altitude changes from increasing to decreasing. The
relation of the hypsometric curve to actual slope of the ground is not simple be-—
cause it was built up on area, and not on lengths of contours at different
elevations. A formula to take care of this problem involves measurment .of longth
of longest contour and of the contour where slope is desired, a method obviously
much more cumbersome than that of finding slopes directly from the spacing of the
contourse Applications of Strahler's method to the geomorphic cycle appcar to
offer promiges In the early, youthful, or "inequilibrium" stage of dovelopment
¢f valleys the curve is high showing a large percentage of material yet to be
.zoded "high value of the integral). Figure 2,

g

Figure 2 (after Strahler)

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

58

Maturity or Yaguilibrium" shows roughly half (perhaps 40% to 60%) of the original
st11l to be removed and the curve is S shapeds Figures 3 and 4, below.

Figure 3 Figure 4 (both after Strahler)

Maturity or'equilibrium{”

Curve of area whereo
stage of erosion

only a few isolated
hills survive
"Mo®nadnock stage"

No corrclation between the hypsometric curves and either bifurcation or length
ratios of strecams could be distinguished. There is a marked rclation between
strcam lengths and toxture of drainage. Basins in ncarly horizontal formations,

whose rcsistance to crosion varics widely, have modified curves. Regions largely

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

Strahler has modified Horton's system of giving strcam orders. TFirst
suvder strecams arc unbranched, normally dry channels. Second order is only that
pa1t of a stroam below the junction of two first order channels. A third order
3%ream is below the junction of any two sccond order strecams. This method removes
the element of judgment and insures that a basin can have only one strcam of the
highest orders

Chapman precsents a method for analysis of topography called the statisti-
¢zl slope oricntation diagram. This diagram is similar to the petrofabric dia-
zram showing oricntation of mineral grains within a rock. Slopes meezgarcd in
both amount and strike at many places on a map arc plotted around a center or
role. This brings out the prodominant dircction of slopes and ignores altitude,
a3 the same time eliminating the effect of minor or unimportant featureos of tho
landscapee. Deperminations may be made eithor along parallel traverses across
tho map or at corners of a rectangular grid. An ordinary slope scale is used %o
find the slopes from contour spacing. The diagram is a projection of a hemi-
snliere. Since most points will fall within the 30 degree line plotting is re~
latively ocasy for angle is almost directly proporticral to distance. A system
o7 dots at varying compass directions and distances from the pole rcsults.

For contouring relative distribution of dots a hole or circle whosc areca is Just
one percont of the total arca of the hemisphere is moved over the diagram and the
numbers of dots witin counted at interscctions of a dafinite grid patters.
Marking the number at cach place contours are then drawn in the uaual mamner
unsing a contour interval expressed in percent. The resulting diagram is intend-
ed to bring out prcdominant slope angles and slope strikes of the area. The
method is no more accurate then the map on which measurments were based plus
inherent errors in doing this laborious task.

After some of the invelved methods outline above it may be a reclief to
turn to an a'm: st ~forgotten attemt by Thomdon to appraisc evidences of cycles
of erosion in a quanitative manncr. The arca he sclected lies in Virginia and
West Virginia. The evidcnces used by former students of the arca included
summit levels and ridge crosts on which most place great importance. Long
crosion in a region of diverse rocks ought to produce summit elevatlons at
varying levels depending upon both rock character and distance from drainage
linese Summit maxima may occur & several different altitudes, hencc any pre—
ponderance of summit levels docs not prove past pencpanation. Thompson pro—
parcd a curve with elevation horizontal and ordinates proportioned to area of
summits at the soveral clevations. See Figure 6, next page




Figure 6 (after
l Thompson)

I Number of summits a¥
i different elevations
o in two quadrangles

4000 3000 2000 1000

Although the older maps were not accurate this nevertheless gave a general
picture which it checks with ncwer large scale maps. Tables with number at
cach level rcre also prepared showing the geological formations on which the
summits occur. Since there is a maximum number and arca of summits at inter—
mcdiate altitules the conclusion could be drawn that this is either an
intermecdiate level of pceneplanation or clse a normal cffcct of prolonged
erosion in diverse rocks. A similar study was directed to the ridge crests,
finding that ridge tops occur at many lcvels. Possibly some of the highest
major ridges are remnants of an east—-sloping crosion surface, buty if so, the
lower ridges have been varyingly recduced from that states There is no rclation
between altitude of the ridge crests and notchcss Some of the highest ridges
arc very lmobby wheorecas some low ridges show even crestse Side slopes of the
ridges were also studied but results indicate littles. Elevations of ridge
crests on the flanks of croded anticlines suggcest that erosion has becn
continuous since the resistent formation was breacheds FEypsographic curves
were also drawn wherc clevation is platted against areas Following Woolridge
and Morgan it is stated that a region should show a concave curve if crosion

las becon coastants 014 planation surfaces or platforms should cause convex
irrcgularities.

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

Figure T (after Thompson)
Area-gltitude curves for three
quadrangles. Compare with
Strahler's curves which use no
dimensions but are simply

00 percentage distribution.

The preponderance of elevation
\‘”“muxh_ at intermediate levels is showa
: *“\\\\\ by the "shélf" at level of the
— 2000

i "Harrisburg" surfacees
\___

- e

——

Area
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bulge at middle elevations which was thought to indicatc an imperfcct planation
in tho weak rocks of thec valleys on}y, the Harrisburg surfaccs In conclusion
it was dccided that evidonce for agiimmit pencplain is very weak but that
for a halt in crosion at an intcrmediate level is goods The unreliability
of many of thc commonly-uscd criteria for past pencplanation is cmphasizeds
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Outline—-Running Water

Méchanical principles
Mothods of flow-laminar (viscous or strcamlincd); turbulcnt; shooting;
mixecds
Expconditure of cnergy-resistance = force
Torce cxerted on bottom
Velocity formulas

Transportation of debris
Force ncoded to move a particle—competence
lMcthods of movement of dobris
Cuantity of load-capacity
Compctonee and capacity formulas—experiments
Solution
Srosion
Slopec, shect wash, or overland flow-formulas~infiltration
Channcl formation, rills, ravincs
Shect crosion—-rosistance to erosion-belt of no erosion
Profile of ghcct crosion

Channcl crosion~cut banks, bottom crosion, profilc and cross scction,
crossings, dceps, ctee. kind of bottom.
Distribution of turbulcncc-sand bars

Strcam pattcrns

Origin of drainago systoms—rill modification, hcadward growth
Form of drainagc basins

Strecam ordcrs—law of numbers, lengths, slopcs,spacing-texturc or density
grovth of system-limits

Horizontal form of strcam channcls—componcnts of motion, forward,
lateral, downward. Long profile of strcam channcls, filoodplains,
natural levces, deltas
Trading of debris across beonds
Brading~mecandcring causecs and controls

llodification of strecam channels

Drainage dovclopment~terms applied to strecams, conscquent, etce
Stroam capturc—subscquent courses. Controls.
Vator gaps—wind gaps

Effcets of carth movement on strcams.
Superposition
Alluviation—outwash—-cffeet on tributarics
Uplift—niclpoints, terracecs, intrenched mcanders, misfit stroams

Landforms éuc to strcam work
Relation of strcam patterns to bod rocks
Relation of vallcy sides to bed rock
Sumnit levels—guantitative study

Cycle of crosion
Conccpts—parallcl retreats vs. deoclining anglc of slopesy speed of uplift
Youth, maturity-old age vse crosion
Poncplain—proccsscs
Podiplain—-proccsscs
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Some princinles of soils mechanics important to geology and geomorphology.

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

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

Much of the void space between small particles is filled with adsorbed substancese
Both coliesion and plasticity are properties due to colloids and the physical
arrangement of the small minerals varies widely with the state of consolidation
due to pressures

Soils mechonics determinations, It is cvident that the ordimary geological
description of a mentle rock which contains a large proportion of fine particles
leaves much to be desired in knowledge of its physical nature, For this reason
engineers have used a wide variety of other determinations. Those most commonly
measured comprise: (a) bulk density or unit weight (in gm/cm3 or lbs./ftB);
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(b) voids in percent of wolume of solids; (c) water content in purcent of dry
weight; (d) Atterburg limits which consist of plastic limit or percent of

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

water of dry weight at which flow begins under specified conditions, and plastic—
ity index or difference of these two; permeability or rate of water movement
through the material under specified conditionsg as a coefficiont; shear strength
under standard conditions (gm/em?); unconfined compressive strength similar to
the measurement on firmer meterial (gm/cm<); cohesion determined from compression
with sides under pressure (gn/em?); compression rate as tested with force applied
to one end of a cylinder; aud precompression limits an cstimate of apparent
compreesion (kg/em@ or torz/in.2) of the meterial carlier in its history. or
prior to being drought to thce surface., (In reports of these tests it is impor-
tani to note that kg/cm2 is almost exactly equal to shord tons/in.z)

Piasticity. Ve do not necd here to detail the arbitrevy standards which
heve been set up to make plasticity measurements but their relation to the origin
of the clays 1s important to geology. When liquid limit is plotted against
piasticity index on ordinary coordinates all results oy the same kind of clay
from the standpoint of c¢rcigin fall either on or clogse to a straight line, The
glope of linocs for &ifierent clays does not vary moch (Tige 1). Clays which

- i 70% Plasticity index

i
|
| L 60

i Figure 1 Kelation of liguid
50 limit to plasticity index.
Kedrawn from Casagrands

- 40 GQuanities in percent water
.30 of dry weight.

. 20

-10

|
0 1o 2b %0 4o Zo0 %o 7o 80 9b 100% liquid limit

contain sodium require much morc weter to become plastic than those with min—
erals containing calcium or hydrogen. It is also to be noted that in liguid
limits we have an approximetion to the point at which clays become similar to
liquidse Considerable difficulty is found in duplicating these tests and
difforent laboratories do not always agree.

Strength tests, Long ago the strength of unconsolidated material was
oxpresscd by Coulombs equation; shearing force = cohesion plus force times the
tangent of the Bngle of internal friction'". S = c+p tan phi. In the case
of a sand vhich is dry and shows no cohesion thc anglec phi is the angle of
repose at which the material will rest. This angle is about 34 degrees in dry
sand with angular grains and slightly less when the sand 1s below water. As
in a talus, the sand is held together by internal friction. When a finer
material than sand is below water the value of p is reduced by the amount of
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pressurc of the water. Unconfined comprossive strength is rcadily measured on
a cylinder of cohesive material. It ranges in clays from..25 to about 4.0
kg/cmz. The values of cohesion and of phi are not so easily determined.

Some tests have been made by finding the force needed to break a cylinder of
undisturbed material by sliding one half of a countaining box over the other.
Another method is to enclose the specimen in water-tight flexible cover, It
is then immersed in a'liquid which can be put under pressure before foree is
applied to one end. Pore water may or may not be allowed to escapme from the
container. Pressure is applied until the specimen fails. This type of test
is knowvn as triaxial. The confining force or pressure is plotied on the
horizontal line of Fige. 2. The value of the force at failurc then lics to the

gm/cm?

_ﬁy_wﬁ_hwﬁ Fige 2 Determination

of "angle of internal
frietion" or phi and
cohesion by use of tri=-
axial test and Mohr
circlese

L~ ' \
j : kailure Do \failure pressure
fcons p ﬁvpnf. pressure 3

\\ =

rights The dissance between is halved and a circle drawn passing through both
pointss This is known as the Mohr circle of stress, If the procecdurc is
repeated vith cnother specimen of same matcrial and larger stresses a sccond
circle can bo drawn. Then a line is drawn tangent to both cirecles. Its slope
from the horizontal then determines the valuc of phi and the distance of its
interscction with a vertical line through the origin at lcft measures the value
of cohesion. However, a commonly used value of shearing strength for soft

wet clay is helf the unconfincd compressive strength. Specimens must be from
corcs, not cuttings,

Compression. The phenomena of compression arc mrasured by placing a short
section of undisturbed core in & circular ring. Opportunity for escapc of
wator is provided at the bottom and pressure is applied at the top. At first
the rate of dimcinsion change is rapid, then it slows up end, if the test is
carried on far cnough, would eventually ccasc. (Fig. 3). EHowcver, it is custo-
mary to plot porcentage of voids against logarithm of pressure as in Figs Ly
This enlargement of tho horizontal scale for small forces changes the curve
so that the first part has a gentle slope which on increcasing preossure changes
to a straight linc. Under this condition, rate of change of voids 1s inversc
to prossurce This lianc may be extcnded upward in the diagram until it intcr-
sccts the horizontal line ropresenting the estimated original void ratio.
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Recovery shown by curve 2

void ratio = ratio volume voids to
volume of solids.

Recompression.

with pressure to log. scale.
Curves show first compression %o
A, recovery, recompression

If aftor recaching the straight line portion of the graph

pressurc is gradually reduced the sample expands, although the original pore

spacc ratio is not attained.

been displaced to the left when the straight portion is reached (Fig. 4).

Recompression then gives a curve (3) which has

It

has been cleimed that the characteristics of this cur e enable the discovery

of the point at which pressure was reduccd in the first experiment.

The

procccdurce for finding an carlicr strees is to first draw a. tangent to the com~
vression (or recompression) curve at the point of minimum radius as estimatcd

by cyee

A horizontal line is then drawn through the point of tangency.

(Figs 5)

The angle between these two lincs is bisected and the line from point of tangency
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Figure 5 Casagrande's method of finding preconsolidation stress.
hominger and Rutledge

“Most probable preconsolidation stress".

‘n successive times of consolidation by pressure.

After

The middle on the three lines at right is often called tl:
Note the displacement to left of curv
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extended until it interscects the extcnsion of the straight portion of the
curvcs. A straight vertical line through the point is supposcd to be the Yorig—
iral " pressure or stresss also termed the preconsolidation stress.

Precompression stresgs. Some investigators have uscd the above method to
cstimate the amount of pressure that a clay oncc sustained prior to cither
crosion of overlying material or melting of glacial icc. A load of wator has
no cffcet on precompression of a clay which it enters. If the method were
aiways rcliablc it would afford a valuable tool to the geologiste. Unfortun—
ately, a very similar coffcct rcsults from drying of a clay. Note that in the
figurc the straight portion of the final compression curve is extended upward
until it mcets a2 horizontal line drawn at the level of an assumed "original
void ratio®. Another line parallel to the final curve is also drawn which
is supposed to be the maximum possible position of a curve if the specimen
had becon compressed when in its original condition prior to the deposition of
any overburden. This also is oxtended until it intcersccts the line or original
void ratios The difference of pressurc read on this line boetween this and the
actual recompression ( or compression) curve is then rccorded as the "rangc of
precompression stress'. A mark is often placed to indicate the "probable value',
as found in Fige 5. It has been stated that this method often gives too small
a thiclmess of eroded materiale 1In samples taken from test holes or pits it
may be cheelzed with the load which rested on the speeimon before it was brought
to the surfacce A marked consistent departure of the values of precomprcssion
stress from actual load is nevertheless a proof of cither erosion of overlying
material or former dryinge The valuc of this range is in a scnsc a measurc of
the amount of compaction which the material has undergonc. However, it scems
as if it is bascd on too many cstimates to cver be an cxact detecrmination.

Failurc of slopes. Onc of the ever—present problems of engincers is how
high and how stcop is it safo to lecave the side of an cxcavation in unconsoli-
dated material. Geologists arc interested in this problem in considering the
natural rcduction of slopc of vallcy sides and the attainment of equilibrium
in slopecse. Ve must recognize at the outsot that the physical conditions within
a bank of "soil" may vary greatly by rcason not only of its original chemical
and mechanical malte—=up but also becausc of subscquent changes, for instance by
weathering or percolation of water. Engincors use a number of differcnt assump-
tions as to the strength of metoriasls and the amount of pressure which tends to
collapsc a2 slopce. Onc of these is that the shearing strongth of cohercat

material in a bank is half the unconfincd compressive strength. Fige. 6 shous
G A
/// Figure 6. Adapted from
Kaye. Center, C, and radius

of circle must be assumed.
Total force tending to move

- ,/ P
| SEndy-clay -

/’{/‘S: a r the segment to right of wvert-
e g ical line is its weight acting
b & o A O Kesting force is

Blkg - - L T welght o% other segment on arm
e

plus shear resistance on
tﬁe arc within the bank. Unit
weight and shear strength of
each material must be found,
also length of circle in eachs
This allows a

Factor of safety is resting moment divided by disturbing moment.
comparison of results with different centers and radii. The method affords little
figin in study of naturel slopes because of the assumptions. Physical conditions
viinin the bank may change with time and amount of water.
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t
the computation by which the strength of a bank is determined. Here beth the
radius of a2 circle and location of its center are assumed. Then soveral
circles arc drawn with various changcs in both thesc conditions. The moments
of forece duc to weight of material which-causcs failurc and that which rcsists
it arc rcadily computcd from mass density (unit weight) in a scction of unit
¥idth. The shear strengih along the assumed circle of sliding is then computed
for %he different types of maieriasl cut by that circle. The total resisting
farez is then comparcd with that which might cause failurc. The ratio of the
iwo is the "factor of safety" and tac structurc is designed to kecp this as
great as is cconomicale It is covident that such analysis is not of much value
to the geologist. It ignores all natural planes of wecakncss such as shrinkage
cre.cks in clay. Fige 7 prescnts a somewhat differont analysis of the forces in
a voréieal slice of unconsolidated matcerial of uniform physical statc. Total

Top—of bank oA

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

Component,
of weil
toward& base

&
" Bens 8f 8 tal weight of
Base of bank Bkt b small volume

weight incroascs dircctly with the height but only that componcnt which is
dirceted to the foot of the slope is important. As long as this does not cxececd
the shearing strength on a curved surfacce the bank is safce Since the angle
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of the force is inversc to height of the bank a curve of distance back from the
face proportioned to the logarithm of distance bolow top of bank should rcsult.
The unknowvn featurce of this analysis is the factors which control the distance
back from the top of the bamk at which breaking starts. Possibly this is
related to drying and to shrinkage cracks in clay. It is here assumed that
shearing incoherent material has no relation to the angle phi and can talc
place in any direction. An involved derivation used in most text books of

soil mcchanics arrives a2t the conclusion that the safc height of a bank is four
times the shear strength divided bg the unit weight. Taking an unconfinecd
compressive strength at 1000 gm/em® and a unit weight of 2 em/emd this figurcs
out at 4 x 500 /2 or 1000 cm (10 meters) as the safc height of a vertical facce
Under the view taken above, the pressurc on a squars cm at depth of 1000 cm
weuld be 2 lg/em? (horizontal) and the componcnt on a surface inclined about

Ls dcgreos would be half this por squarc cecntimctor which is twice thc assumed
shear strongthe As a matter of actual ficld conditions the problem in many
cascs defics analysis for the prescnce of water in the pores of a clay may
greatly rcducc its strength and the amount of such water may vary widely.
Besidos this, the above analysis negleets the fact that the sheoar strength is
not surpasscd throughout half of the probable surfacc of failurce

Conclusion. The subjoct of soil mochanics offers an important field for
the advancoment of knowledge of the nature of unconsolidated materials but
considorable study, especially from the geological standpoint, is still re-—
quircds The cxisting state of knowledgoe of '"pro—compresscd! clays lcaves
much to bec désircd. Tig. 8 is some data on an actual tost hole wherc foundations
scttling had been excsossive with geological intorprotations. (Next page)
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Milwaukee, Wis.

Data furnished by Klug and Smith, Engineers.
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T'otes on waves, reefs, etc. Supplement, 1952-53, nart 4

Energy of a wave. Some features of wave work demand greater attention
than in original manuscript. One of these is how the formulas for the
enersy of waves vere derived. It is evident that wave motion involves
both motential energy due to the position of the displaced water particles
up or down from position of rest and kinetic energy due to the velocity
of their motion, that is the work stored in displacing them. On general
nechanical principles we would expect these to be equal. It may be urged,
however, that the motion is not confined to the surface circles of rotation
but dies out zradually below. ZIZoth derivations involve the integral
celculus r#nd are not "recuired." In each two separate steps are iavolved,
first integration of the normal functions and, second, integration of the
trigometric ouantities which are brought in by roation. e will here
perform the steps separately and then obtain the final result by multi-
plying the results.

Definitions: w = unit weight of water (d_vnes/cm3 or lbs/ftB);
L = wave length, crest to crest; h = wave height, trough to crest;
= horizontal displacement of a particle; y = displacement of noints
on surface above still water level; z = vertical displacement of a particle;
g = acceleration of gravity; which must be taken ianto account whichever
system of units is used. Energy will be given for unit length along crest.

=
£

Fotential energy due to displacement of surface of wave to position y =
h/2 cos 2pix/L 1is E
\, xeL (72 =¥
E =w

P lx=0 J z =0

x=1

z dz dx =w/2 J/yz dx using above value for y this
becomess wh2/8 [
x=0

cos22pix/L dx which is L/2 + 4 sin 4pix/L Second term
is 0 at both limits and multiplying by L/2 we get B - wh?L,/16

Kinetic energy E, follows the formula of %mvz. The double integral over a
wave length L and 'wave height h is required. Now velocity in a circle of
rotation is samezbot vertical and horizontal and = 2 pi z/T the square of
which is 4 piZ 2/ T° Now T2, 4 pi2 z / g by laws of harmonic motion.
hence by substitution this simplifies to z g.

" z=h
Now the Ey for unit of length = W/Zg‘j g z dz g will cancel out and we
z =~y

heve Ky = w/4 o 2 But z° = h2/4 hence E; (unit length) = whe/16
For entire length of wave, L we must integrate the horizontal and vertical
components squared.  This is the sum of sin®2 pix/L + cos? 2 pi x /L

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

4pl x /L Sbustitution the limits of o and L the trigomometic terms cancel
anug the final result is L  Multiplying result obteined above the entire result

becomes E,_ = wh?L/16 confirming our assumption that it is equal to Ep.

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

length of time that the wind has been blowing. In regions of steady winds, such
as the trades, this element is very important. It is obvious that when there are
no waves, that is when the wind first starts to blow, the transfer of energy from
wind to water will be at its maximum. As waves begin to roll with the wind this
transfer must of necessity decrease. The diagrams given out in 1950 show the
relations. T1ave heights also decrease with increase of fetch for the same reason.
Theories involve complex mathematical formulas,® the practical importance of which
is problematical.

Fundamental formulas are: V = L/T or v2 = glL/2pi where V = veloeity of travel,
L= 2pl V2/g or gTz/ 2pi, Tz = 72 pd L/g of 2 pi V/g where T is time of period.
Solving these to get results in seconds, feet, and land miles:

V= 3.5Tor V2= 2.23 5, L= +555 V2 or 5,12 T2 and T2 = ,195 Lior T = 346 V.
Observation shown that wave height ratio to length is always less than 1/7.. The
following relationships appear well established. For a fetch of 11 miles or more
maximun height is about 1.65 times the square root of the fetch in land miles.
For a given wind speed wave speed increases with fetche Maximum wave height is
about .9 of the wind speed in land miles, or h = 0,0344 times the square of speed
in land miles. Average maximum wave speed slightly exceeds wind speed up to a-
bout 29 mep.h. wind speed and is less than wind speed above. Time required %o
develop maximum height increases with wind speed. High waves can be formed by
strong winds in less than 12 hours. For a given fetch and wind speed wave speed
increases rapidly with time. There is no well-established relation between wind
speed and wave steepness, for the latter depends upon stage of development of the
waves. During early stages of wave development waves are short and travel at
less speed than the wind. Height of swell (01d smooth waves with no wind) de—

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

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

ancient buried reefs are very productive of petroleum and hence more attention
hasg been given to recent reffs in order to understand them. Important papers
are those by Cloud and Ladd. The fact has been brought out that reefs are mainly
composed of elagtic particles. Some desire the substitute term bioherm to be
restricted to organic accumilations of doubtful forme The rigid framework of a
ree’ may be both corals and algae and only make up a small part of the entire
accumalation. On the outside of the reef growth is most rapid since the supply
of food is largest. It took nearly 200,000 soundings to map the lagoon at
Eniwetok for there are many terraces, depressions, and knobs of living coral.
Igneous foundations of reefs have been reached by drilling at Eniwetok and
Bermudae. At Eniwvetok basalt was found in one hole at 4170 feet depth. There is
only a few hundred fest of Pleistocene reef underlain by Tertiary limestone,
dolomite, carbonaceous clay, and silt. The oldest sediment is Focene. On
Bermuda seismic work demonstrates that the boring is on the flank of a volcano.
It disclosed Pleistocne limestone to depth 380 feet, Miocene 380 to 590, and
Bocene 590 to 695, the top of the volcanics. The average depth to igneous rock
is about 250 feet probably because of wave erosion with lower sea level during

glaciation.



waves, P. 4
Ladd, Tracey and Lill gave a preliminary report on the boring on Bikini which
failed to reach basement at 2556 feet. This showed Pleistocene reef to about
25 feet and Tertiary sediments below. The rock below about 1790 is Miocene.
Inese borings all show shallow water calcareous sediments but demonstrate that
subsidence has been going on throughout all of Tertiary and Quaternary time. It
¢annot be due wholly to glacial control of water level although the Pleistocne
reef must have been affected by the process. Either the floor of the southwest
Pacific has sucly, or the amount of water in the oceans has increased. Platforms
on which reefs originated may be erosional, depositional, or local uplifts of the
ocean floore. ILadd thinks that no reefs located on the rims of submerged volcanos
have been discovered. Cloud uses the term table reef for small reefs without a
true lagoone.

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

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

only, - T

Pzruior Leach o single elongate sand ridge parallel to mainland and separated by
a2 lagoon.

Barrier island = multiple ridges together with dunes.

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

Bay barrier = former bay bar extending across an inlet.

Barrier chain -~ series of barrier islands.

Tongshore bar i* subnereed sand ridge or Mow and-balld.ridge, or subagueous ridge.

Transverse bar © gand bar at right angles to shore line.

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

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

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

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

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

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

Engineers offers some ideas on Longshore bars and longshore troughs (subequeous
bars or "low and ball"). The theory of origin by Evans is supported. Repeated
soundings along piers has shown that the positions and depths of both bars and
troughs vary with intensity of wave worke. The bars form where the waves breal.
After plunging on the bar, where observation by the writer showed water with
congiderable sand, the wave reforms and breaks again when a certain depth is
reached. After several such breakings ot ©8CB or L hich bars are formed, the wave
reaches the beach. Troughs and bars become progressively smaller and shallower
in aporoaching the shore, but their size and depth changes with height of waves.
The ratio of depth of trough to depth on bar varies from l.3 when mean sea level
is used to l.5 vhen 'mean lower low water!" is taken as datum, bu% otherwise no
generally applicable relations were found. Although it is known that material is
brought from both sides to build up a bar and that this building is due primarily
to plunging brealers, the presence of longshore currents in the troughs is proved.

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

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

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

would increase at the 4/7 power of distance from shore.
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Flow of ice, continued Supplement, 1952-53, part 5, p. 1

Introduction, The subject of the physics of the flow of glaciers has received
much attention in recent years. A large portion of the results are scattered in
miblications which are not readily accessible to American students and many are in
other languages than Tnglish, However, a series of papers on phases of the subject
appeared in the Journal of Geology of 1951 and in all numbers of the British Jourasl
of Glaciology. Results of these researches are not all harmonious and the following
is an attempt to offer suggestions on the meaning of these differences. Field’
investization has been earried on chiefly in Switzerland but also in Alaslam, Baffin
Land, Worway, etc. We cannot here summarize all this highly technical data, but
a rmber of problems can now be outlined, Chief of these on which there is much
difference of opinion, we may list: (a) is extrusion flow as postulated by Demorest
a Tfact, (b) to what extent is melting and refreezing a factor both in motion and in
glacial erosion, (c¢) does ice flow like a plastic substance where the "coefficient
of viscosity" is a function of applied force, (d) how is the crystal structure of
ice related to flow, and (e) is the flow of ice due to Jjust one process or to a
combination in varying proportions depending uvon conditions which prevail at
certain places and certain times in varying relations.

Zxtrusion flow, The hypothesis of extrusion flow of ice at depth was
promulzated by the late liax Demorest and adopted by a few other American studentss
it g¢eems to have met with considerable slepticism abroad, particnlarly with
Brinish glacialists, Here we must note that glaciology, the study of the physics
of glaciers, is not identical with glacial geology which is primarily the study of
glacial and glacioagueous sedimentation and the resulting land forms., One of the
basic concepts of the hypothesis of exbtrusive flow is that the viscosity of ice
decreases with load so that the basal portion of a thick glacier is nore fluid than

n2 upper rortion. This upper rigid portion obeys the laws of golid rather than
vhwge of fluid mechanicg, Its thickness would then measure the threshold stress
where the change tales place. 1low the existance of such a transition 1s
abmdantly supported by experiments with both metals and the softer roclis. The
disagreement seems to rest mainly on the problem of whether or not the velocity

of motion of thicl ice lncreases downward or upward. It is well recognized then
in mowntain or alpine glaciers (also termed valley glaciers) the increase is
upward, although it is concluded that the surficial rigid ice which brealis into
crevasses ridesg along on the more mobile bottom ice.. In deriving the formulas

for velocity baseld upon analogy to laminar flow of a fluid integration is carried
on from bottom up with a maximum toward the top of the 1lce just below the rigid
zone, Mowever, in the case of extrusion flow it would be necessary to reverse the
computation and integrate downward from this point thus placing the maximum velocity
near to or at the bottom of the ice. Apparently it is this reversal of rate of
increase plus difficulty in seeing why the surficial rigid ice does not travel
along on top of the more fluid zone which has led to doubts. In the very nature
of things extrusion flow is an invisible phenomenon. Obviously the best practical
check is to drill a deep hole in a glacier and find out from repeated surveys
where velocity is at a maximum., Such holes have been made in relatively thin
alpine glaciers but the completion of one in a thick polar glacier has been
delayed by drilling difficulties in very cold ice. It has long been recosnized
that the upper portion of a moving glacier yields by breaking into crevasses, The
problem is vhether or not crevasgssed areas are the only parts of continental glaciers
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which move. This opinion is still widely held but it is asserted that ib wouwld
be difficult to account for the observed discharge of ice from Greenland glaciers
and some other thick jice masses without a deep—seated flow beneath unbroken ice,
It may also be argued that glacial erosion of the deep basing of the Great ILales
and Finger ILalkes of Wew York would be hard to explain if motion of the continental
glacier were confined to a marginal zone. A similar remark could also be made in
respect to the long distances of transport of some glacial erratics. Demorest
explained the failure of the top central zone of a continental glacier to move
by his idea of obstructed flow. TUnder this theory the greater resistonce of the
rigid ice, which descends to the surface at the margin of the Ice sheet, wonld
restrain any tendency of the surificial ice and firn to move out of the central
area, It is not due to cohesion for ice yields readily to tension. It seems

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

of extrusion flow vhich is otherwise a valid working hypothesis.

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

The change in nressure 1s just sufficient to permit this heat exchange, Tow within
a thicl glacler which is in motion we must give thought to the fact that the net
Pressure on any given point is not only the weight of the column of ice and firn
above but is in fact the resultant of this force and that of motion., Zven if the
weight does not change, a very slight alteration in rate of motion must
indubitably affect the net pressure at a given point. Turning to the hypothetical
teuperature curre of a thick glacier whose top is in a cold climate, Fig, 1, 1049-
-52, it seemr impossible to think that a very large portion of the deeper parts of
a continental giaciercan bert any other temperature than the pressure—controlled
melting point. Any possible extension of the dmown portion of the near—surface
curve must intersect the melting curve because ice cannot exist above that
temperature., The writer ventures to suggest that pressure melting and refreezing
is a vital process not only in glacial plucking but also in glacial motion, liay

it not well be that the thiclmess of the cold ice near the surface is an important
control in extrusion flow and hence in stagnation of a decaying ice sheet which
thinned to the point that there was no thick basal zone at the melting point? Such
a case could occur where the climate is cold. On the other hand the lower southern
marging of a continental glacier must have behaved 1like temperate glaciers which
are often at the melting point throughout. Iay not these be the location of a
different type of flow, perhaps similar to Demorestl!s gravity flow of valley

Fig. 1 shows temperature curve of & temperate glacier (next page)
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glaciers? Could not the difference between extrusion and gravity flow be thus
explained? Before leaving the subjecct of glacial plucking, attention may de
directed to the necessity of assuming that crevices are present in the bed rock,
It is btrue that most water wells in granite are dry if no crevices are found
within about 200 feet of the surface. 3But dry crevices have been found at much
greater depths and there seems no neeessary limit to the depth at which shearing
may talke place along faults. If holes may be drilled to depths of over 20,000
feet in sedimentary rocks we certainly cannot set a downward limit to open cracks
in hard crystallines. Another factor which must not be neglected is that erosion
lightens the load on ereviced rock. If the erosion merely replaces rocl with
density about 2.6 with ice at density below 0.9 we have still furnished a reason
for eracks tn open up and admit plastic ice or water which freezes into ice,

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

controlled experiments by stretching ice crystals at mean temperature of 1.5 ¢
and arrived at the expression:
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strain rate (in years) = 0,0074 stress (bars) , 1 bar = 10 dynes/cm,
Threshold stress is about 1 bar corresponding to a thickness of 11 meters of ice,
mach less than the postulated value given before. Observations in tunnels have also
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been made by measuring the rate of contraction of the sides., Very similar results
with a threshold value of slightly over 10 meters of ice are reported by LicCall,
Hoefelil also describes measurements on rate of tunnel contraction as well as by
direct determinations of the rate at which a metal ball was intruded intc the ice,
Caleculations based on the former gave results for viscosity ranging from 8 to
i Py K10+ poise, decreasing toward the interior of the ice. He remarks "The tests
with the sinkting ball confirm the importance of pressure melting in glacier flow.
Owing to local pressure concentrations the fluidity and thus the deformation of the
- ice 1s locally increased." Nye gives the formula for force F at depth & on slope S
with unit veight of ice w, wast

F=wdS$s (on unit area)

By integration the difference of top velocity (Uo) and bottom velocity (Uy) of
a glacier with total thiclkmess D is!

Uo ~ Uy = 12 o

B (n‘+ 1)

B is a constant. TNote that W/B = reciprocal of the coefficient of viscosity. With
strain rate cm/year and force in bars (within the range of 0.8 to 5.5 bars)
B=1.62 and n = 4,1 tut the internal physical state of the ice and the temperature
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cause changes in these values. It is worthwhile to compare the above formula for
velocity with that derived for laminar flow of a true liquid., Bader suggests that
viscosity is controlled by temperature, stress, grain size, grain shape and grain
orientation. It is to be noted that some authorities now admit a distinet bottom
velocity in an alpine glacier, a fact of great importance to glacial erosion
whatever the process by which that goes on.

Crystal structure of ice., Ifuch work has been done on the crystal structure
of ice both in the field and in the laboratory. /e can mention here only the
~epers by Bader, Rigsby, and Bjerrum, the last of which apparently made use of
ihe Z-ray. The large size of some of the individual crystals is remarkmble for
they measure many inches across, 3ader remarks: "it is difficult to visualize
shearing along tortuous grain boundaries as an important factor in grain ;
csformation’., Hevertheless there is a marked preferred orientation or schistose
structure although it is poorly developed compared to that of a mica schist,
Dead ice, which is no longer moving, has larger crystals than living, moving ice
vhich contains bubbles of air and water. 3Bjerrum ascribes plasticity wholly to
ziiding on planes perpendicular to the optic axes of the crystals, Rate of
¢iiding is related directly to temperature. Threshold stress was estimated at
ahout 5 kgfcm“ which corresponds roughly to about 55 meters of ice. He also
srlculates the heat of sublimation of ice at 675 cal.fgm; In conclusion it seems
that nothing has been discovered to contradict former conclusions on ice flow by
recrystelliization or crystal gliding except that the threshold stresses are
decidedly less than that postvlated by some older students of the subject.

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

Lewis suggested such an explanation in ecirque glaciers by a method of sliding
which strongiy resembles the hypothetical analysis used by engineers to establish
the safety of the side of an artificial excavation. Such a theory of rotational
sliding has been combined with yield by flow rather than by fracture. Some
positive evidence to support its reality has been collected from motion of the ice
in the sides of tunnels and from the dip of apparent shear planes in the ice which
are difficvlt to explain as bedding or accumilation planes. However, licCall found
that (a) ice movement near to terminus of a cirque glacier has a marled unward
component, (b} motion of bagal layers is not always in the same vertical or
horizontal direction as that near the surface, (¢) there is no effective over—
~thrusting as demanded by the theory of rotational slip, (d) ice is quasi-viscous
and (e) there is no evidence that debris is being raised into the ice from the ice
bottom, See Fig. 4 on next pagee
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Tre made a theoretical analysis of the changes from normal laminar flow such as
rostulated by Demorest as unobstrusted gravity flow into two phases: (a) extending
flow on a convex bed where there is a marked slope of lines of shear downhill at a
sz eater angle than the slope of either the bed or the top of the ice, and

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

/?iiz?v Fig. 5 after Nye
\ .‘:" B
d//ffff‘f;_:

'_'\\\ 4t Strain at top —

S

Compregsive flow on ~——
bede Note type of faulting Y. concave beds Note type of faulting

3 i i A Sishs and direction fo shearing.
and direction of shearing. 7 .~ = g
Strain at bottom
at a greater angle than the slope of the glacier. The latter is Demorests!
obstructed grevity flow, a conclusion checked by Iye's statement that the former
is characterictic of the accurmlation area and the latter of the terminus of a
glaciers The figure here given explains the phenomena by the aid of the strain
ellipsoid and Hye's mathematical analysis may better be omitted. But the
observations in ice tunnels seems to show very definitely that ice flow is
rredominantly due to shear within crystals and to a considerable extent to
pressure melting and refreezing in all areas where the ice is Jjust at the melting
point, In considering the threshold stresses outlined above it is well to recall
that such were given in meters of ice with density of 0,9 thus giving a much lower
figure than the actuzl overburden of show and firn. In this connection it is also
clear thet actual mcupurements of the depth of crevasses in the brittle surface
ice have almost everywhere shown that previous estimates of depth were far too
grent, The Aifficulty in finding the bodies of persons who, like Demorecst,
perished by falling intoc crevasses may be due to very soft snow in the bottom,

Txtending flow on convex
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Surface Thickness down to solid ice unknown in accumulation
area, Ice mainly too cold to flow
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Fig. 6 1s an attempt to define the zones of a polar glacier in which the

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

of science, who ought to have known better and admitted ignorance, evade the areas
where their personal knowledge was lacking. Witness the many propheciecs of the
imminent exhaustion of all petroleum resources, the condemnation of certain
little-known areas before testing, the conclusion that a mrchine heavier than air
could not fly, that atomic energy could not be released, and that holes could only
be drilled to & modest depth until filled by reek . flow. Iet us beware of falling
into the attitude that what we do not observe or do not Iknow about does not exist,

Temperature in the bergschrund, An long argument has been waged as to the
presence of freeze and thaw within the bergschrund due to actual air temperature
change or to the entry of meltwoter from above, Recently some actual observations
show, as might well be expected from the presence of so much ice, that air




tewperature rarely if ever attains more than 0 C, (32°F,)

Fige 7 after Battle and Lewis

Temperatures measured in a bergschrund Note that the melting point is never

exceeded although no very low freezing temperatures were observed. Melting
does not occur every day.
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Thus the melt water hypothesis of lLewis appears to be well
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Postscript: Just as the above was being ceompleted
Sharp published the results of a 1000 foot hole in
the Malispina Glacier, Alaska, This test was drilled
by the thermal method and the hole was lost at about
half the estimated depth of the glacier by reason of.
failure of the apparatuse. Absolute geographic posit~-
ion of the hole cannot be found because of the distance
to fixed landmarks, hence the deformation shown in a

year is only the net change of inclination which does
not exceed 6 feet. No change was found above depth
300 feets No evidence of extrusion flow was found,
It is difficult to see what would keep the surface

ice from movings This is a piledmont and not a true
continental glacier and the hole is not in an area

of acoumulation.

Sharp, Ke Ps, Deformation of bore hole in Malispina
Glacier, Alaskas Geol. Socs Am. Bull, 643 97-100, 1953
See alsot Gerrard, J. A. F., Perutz, M. F., and Roche,
Andre, Measurment of the velocity distribution along

a vertical line through a glacier: hkoyal Soc. Procs:

\ A 213: 546-558, 1952
ahoe Towa-filae . 2 T 19%-Ky. 155

Fig, 8 after Sharp. Deformation of a test hole in
Malispina Glacier, Alaska. Distances in feet
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GEOMORPHOLOGY

Dimensions and competence of running water. Supplement I, 1953, p« 1

Introduction, Three papers have appeared on the subject of running water
which appear to show marked progress in understanding of some problems. Two
of these not only clarify some of the basic points of the physics of streams but

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

Discharge of streams. The fundmental quantity measured by hydraulic
engineers is the discharge of streams. To find this figure they first discover
a suitable cross section of the channel. This is subdivided into segments of
known dimensions, then the average velocity of flow is found in each segment
giving its discharge and the final sum of the segments is the Discharge (Q) =
average width of channel (w) X average depth (4), X average velocity, (%) or
Q = wedev. British engineering units are employed, cubic feet per second, and
feet. Jince the discharge of all rivers varies constantly it is necessary to
connect each actual measurment to the g3#ze reading of water level in the river
at that time. Most discharge determinations are read from a curve (Ples Y}
which indicates this relationship. Next a curve (Fig. 2) must be prepared which
shows the percent of days that any given discharge is equalled or exceeded. The
mean discherge is also computed as the aritmetical average of all recorded daily
discharges. This quantity is generally larger than the median discharge which

is equalled or exceeded exactly 50% of the time.
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Inter-relations of quanities. Platting on log-log paper demonstrates,
as shown in Fig. 3, that w, d, and v are simple power functions %f Qs the
. . 2 . 3 S m —
prlm%gxfggﬁermlnatlon. In mathematical expressions Q = wdv = aQ x cQ” x kQ -
Q

ack From this it is evident that the sum of the exponents of Q must Dbe
unity and the product of the mumberical constants must be the same. An average
of 20 river sections studied gave b = 0.26, £ = 0.40, m = 0.34% but the values of
the constants varies much more widely than do the exponents. Evidently the
values are related to the materials of the stream beds and possible to other
factors. The limits of variation are unknown. Depth increases with discharge

faster than does width.
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1000 ftiL e 5 -
500 — 2 e
e
200  f
100 |
Feet 5 | i e
| | 5 e o
| d = cQ &
e TSl
e
$i- . e
Feet/sec. & F —
| .__’_,..f-"’"'-u’ ; 5 023 uym
2| —1 rE
|
i
ll i
100 1000 10000 100000 cu.f%e/ sec.

Kelations of width, depth and velocity to discharge as plotted on log-log

papers Scatter of points not ghown.

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

the average values are b = 0,5, £ = Oulty, and m = 0.1 This shows that for increase

in discharge downstream all quantities including velocity increase. Increase in

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

in the headguaters however, the conclusion is demonstrable. It is contrary to
what nearly everyone formerly thought and hence demands some explaination. To
do this we will restate Mannings formula for yelocity of a stream with turbulent
flow: mean velocity (v) ft/se = 1,5 823 S 2 (4inensions in feet) Hote that

roughness (n)

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

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

almost everywhere decreases downstream. Slope (s) in feet per foot = 0.021Q- 0.45

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 kot
proportion with alterations of the stream so that what is suspended at one time
may be a portion of the bed and vice versa. The mathematical relations of the
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two are only vaguely known for there is at present no accurate method of
determining transport of material on a stream bottom. Any mechanical device to
catch such load introduces changes in the currsnts which render the results
valueless. Suspended load can be and is being measured at a nmumber 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
loade.

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

Figo 5
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10000 y ; Limit cf scatter of determinations
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- 1
1000 3 i
100 ified ;
. =
- S,
: |
= T
i 10 100 1000 10000 discharge in cu.ft/sec.

The cause of this rapid increase is known only in general terms. TFactors are:
(a) infiltration rate and storage of rain in puddles is greatest at start of a
rain, (b) raindrop erosion increases with wetting of soil, {¢) long duration of
rainfall increases depth of and erosion by sheet wash, (d) increase in velocity
of large streams enhances both scour of bottom and undercutting of banks, (e)
changes in channel shape during a flood are caused by the suspended load, and
(f) suspended sediment concentration may be considered as an independent
variable on which both velocity and depth depend. Despite the known alteration
of banks hy'floods, the conclusion of Leopold and Maddock is "that the observed
increase i. sediment concentration results primarily from erosion of the water-
shed rather than from scour of the bed of the main stream in the reach where the
measurment is made." They found that there are not enough observations to
permit of direct conclusions on changes in concentration downstream.
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It appears to be slight so far as known for it 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
Widths and depths in feet. Velocity in feet/second

General conclusions. (1) If discharge and width are constant increase
in velocity means increase in total suspended sediment and a decrease in depth.
(2) With velocity constant, increase in width decreases both the suspended
gediment load and depth. (3) Both decreasing width with constant velocity and
increasing velocity at constant width increasge 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
discharze load of suspended solids is larger in that having the higher velocity.
Suspended sediment transport with variable discharge. Due to fact that Q = wdv
the sum of the exponents b4+ f +m must be unity as explained above. Hence if
two of these exponents are known the third can be computed and from this fact
some deductions may be made. First we draw Fig. 7 showing relation of suspended
sediment to veloecity, width, and discharge.
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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 Jj, the exponent of

for suspended sediment, in terms of both b, and the ratio of m to £ . The ratio
between increase of velocity with discharge and increase of depth with discharge
ig; therefore, related to amount of suspended sediment. For the average cross
section of a river m/f is 0.85, b = 6,26, and j = 2.3 This is in line with the
statement that sediment concentration should decrease slightly downstream. (Fig. 8)
Gomparisons of different river cross sections indicate that: suspended sediment
load varies: (1) directly with as a function of velocity, (2) directly as a
function of depth, (3) inversely as a function of width, (4) as a large power of
velocity, and (5) as small powers of depth and width.
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Fige 9 summarizes the information by showing the comparative changes at a
station and downstream by giving the proper slopes of the lines which display
the values of the exponents of discharge in log-log platting. We may say that
for given width and discharge increase in suspended sediment requires increase
in velocity and reduction in depth. The quantities involved are adjusted to the
nature of the drainage basin so that they are independent of the channel system,
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Bed load. Since there is little information of bed load transport in natural
gtreams recourse must be had to the experiments of Gilbert in wooden troughs
here restated in the C, G. 5. system. Fig. 10 shows at once that the relation of
the lines of equal velocity is exactly opposite to those of Fig. 6 for suspended
sediment, Data are given for two different discharges both with same kind of
sande Tentative conclusions are: (1) with constant discharge and width increased
velocity increases both bed load and suspended sediment, (2) with constant
velocity and discharge increase of width decreases suspended load and increases
bed load, (3) broad shallow channels are neecded to transport a larze bed loads.
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Inclined lines show velocity in cm/sec.

Changes of channel form. At some ging stations measurments have been
made of changes in channel form during f_.oods. Some places at the start of a
flood, when concentration of suspended sediment is high, display a rise in level
of the bottoms This is followed, when scdiment decreases, by scour and lowering
of the beds Obviously the latter causes a lower velocity when less velocity is
needed for transport. At other places erosion begins at once with the rise of dis-
charge with high sediment concentration and later filling takes place during f&1l
of water level. It has been noted that the spring floods of melted snow in
western rivers lower river beds whereas later scason floods due to rain result in
fille Filling often occurs during times of increasing velocity.

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

ps!
The two equations: d = ch and v = XQ" make it possible %o set up anogyerrf
QP = 1.5 (ch)2/3 S%fn where the constants ¢ and K vary. Hence Q® : Q° 3 (?%fﬁ
Where 5 and n are copstant with discharge then m = 2/3 f or n/f = 2/3 From this
it follows that if S%/n increases with discharge m/f is more than 2/3 and when
this ratio decreases with discharge then m/f is less than 2/3. Now at a given
station the average ratio of m/f i3 0.85 whereas downstream this is only 0.25
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From this it appears that S%ﬁa 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 values of sediment con-
centration are associated with decreased values of ns At a given station, however,
the slope does not change very much so that the alteration of n must be considerabl
with change in concentration of sediment.. Changes in velocity-depth relations
might be attributed to change in sediment concentration where an increase
diminishes the roughness, n, of the bottoms A check consists of the behavior of
Colorado River after the completion of Boulder (Hoover) Dam which caught much of
he sediment leaving clear water below. This is the same as a lake in the course
of a river. Alterations below the dam consist of (1) increase in depth in spite
of a lovering of surface elevation, {2) decrease in width due to reduction of
flood volume, (3) decrease in mean velocity, (4) increase in roughness of
bottom, apparently a result not of change in typc of material but of decrease in
suspended load, (5) reduction of bed load in the narrowed channel, (6) increase
in capacity for suspended load due to change in velocity and discharge, (7) no
appreciable change in slope.

Factors of channel roughness. Channel roughness is due to (1) particle
size, (2) bed configuration, and (3) sediment loads. It is commonly observed
that the material of most stream beds diminishes in size of particles downstream
although from this it does not necessarily follow that decrease in slope is
directly attributable to this phenomenon. Waves and ripples on the stream bed
are very important factors in roughness, although they are not permanent.
Increcased bed roughness decreases velocity in respect to depth hence affecting the
capacity for loads These waves or ripples vary in nature with different kinds
of sedimente They pass with increasing discharge from smooth bottom through
successive forms into antidunes which travel upstream. For fixed slopc and
discharge decreased particle size tends to increase roughness. Bottom material
is most important in the headwaters of streams where the bed consists of boulders,
cobbles, and pebbles. Under this condition, downstream decrease in size of
particles decreases roughness. The Powder River, Wyoming, has a value of n on
gravel of «087 which falls to .01l7 on silt farther downstream. However, in other
~ streams the value of n is about the same downstream despite marked differences
in naturc of bottom. There it must be that bottom configuration is dominant.

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

Graded streams. By definition a graded strcam can over a period of time
just transport the amount of sediment furnished it. Engineers have constructed
many irrigation canals which do exactly this, that is they neither erode ror ¢ili
upe Some rules were derived by experiment which used perimeter, P, instead of




=T Part I; p« 10

width and hydraulic radius, R, instead of mean depth. A gediment factor, F, ,
is also introduced, The basic equations are: P = 2.67 Q2 and Vpegy = 1 15F_R2
Note that in the studies of Leopold and Maddock they found that w= aQz fie=
(downsy§eam). ?mbining the relations d = cQf and v = kQ® we find that

(d/e) (v/K)1'B or v:ia®f, 1In natural streams this ratio of m to £
downstream is only 1/4 whereas in the canals it was 1/2. Put we must recall that
canals for irrigation are not like streams because they loose discharge
"downstream as it is dispersed into laterals., They can have no change in
suspended sediment concentration hence the value of j cannot be above 1,0.

If b= .5 and 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.

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

Longitudinal profile of rivers. It has long been assumed that the profile
of a river bed is directly related to the maximum particle size of sediment in
its bed. It has also been assumed that wear of the load results in a downstream
reduction of size of particles, The latter can be checked in the field, although
it is bard to distinguish material derived from tributarles and cut banks.and not
brought far dowunstream. Now if the wveloclly of fiow really increases downstream
how can competence of the current be the controlling factor of river profiles?
Some have derived equations to substantiate this assumption but the issue is
confused by several phenomena, (1) Decrease of particle size increases roughness
by promoiing rippled; (2) rougliness 18 al:=o ralzbted to concsutraltion of suspended
sediment and, (3) in practice roughness does not vary much downstream. Hence to
preserve the required velocity-depth relations to transport the load the slope of
a normal stream must decrease downstream, Leopold gives the empirical equation
that slope, S5 = 0.021 QTO°Q9, that is slope is approximately inverse to the square

o Vg

Fig. 11
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root of discharge. We cannot, however, construct a longitudinal profile of a
river from this without knowing how the discharge varies in a downstream
direction, This is commonly in direct proportion to drainage area not to
distance along 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 ve1001ty is approximately proportional to
the logarithm of distance from the bottom, z. Such being the case the rate of
increase of velocity with respect to distance from the bed is inverse (sec any
text book of Calculus). Now this rate of change in velocity upward from the bed
determines the shear or rate of energy transfer from the stream to the botiom.
Since in most stroams 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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Another factor is that total force on the bed is proportional to depth times
slopes As brought out above, depth incroases on the average at the 4/10th
power of discharge whercas slope decreases ab approximately the squarc root of
that quantity. Hence the product DS must dccrease slowly downstream at about the
minus 1/10th power of discharge.

Summary., Although the old idea that river slopes are directly rclated to
velocity which decreases downstreem thus decreasing competence must be abandoned,
it is clear that there is a downstroem decre:.sc in comvetence, The details of
Just how this comes about are not simple., Th~» verticel velocity profiic and
shear on’ the bed are interrelated and dovend not only on mean velocity but also
on depth, and on roughness of bottom. This shecar also affects the intensity of
turbulence which is nccossary to keep material off the bed. Downstrecan decrecase
in youghness may dininish both shear and turbulence desvnite incressc in mean
v91001ty. Leopold lists the variables which enter into this problem: discharge,
width, denth, velocity, slope, roughness, load, and size of particles in transit.
Those constitute eight simultaneous equations whose solution is at present im-
possibles Of them only the flow equation (@=vdv) and Manmnings forrula for velo-
city are accepted by common use. The others comprise rel~tion of load to nature
of basin, rate of perticle size chgnge dovnstrean, width-depth ration in ree
lation to naturc of the bed and banks, change in value of n, the roughness fac-
tor, with depth, material, dischorge, and slopec, and relation of n to sediment
concentration. The interdevendence of these factors is cvident and it is clear
that the stresm is capable of adjusting its slope to fit the requirements of
the others. The cross scction of 2 streem is adjusted so as to equalize shear
on both bed and benks, The form of the bed can be changed so as to slter rough-
ness, All of these factors are rmch more complex than we were led to believe



i
e - Parl I, pe 12

by the pioneer students of geomorphology who did not employ gquanitative methods
even if they were correct in general principle.

Change of verticle size dovmstream. As explained sbove it is generally
impracticable to measure the downstreanm reduction of size of particles trans—
ported by a river., On alluvisl fans, however, 2ll the debris is derived above
the apex and reasonable success has been attained in comparing the maxirunm par-
ticle size with distence from the source. An article by Blissenbach based on
fans in Arizona shows (Fig, 13) that despite considerable scatter a definite

Fig, 13
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relationship does hold. From the known fact that diameter of pebbles is related
to the square of velocity of transporting water it could then be concluded thet
the rrtio of mean depth (or hydrsulic radius) to bottom roughness must remain
recasonably constant, On alluvial fans this might be expected for all the water
is derived from the head so thet the individual stresms on the fan do rot vary
widely in size despite some loss by evaporation and perhaps by seevege. Rough—
ness, which should decresse with smaller peruicles dowmward on the fan, could

be maintained by more ripoles in the bed on Lower slopes. The log-log. platting
(using slope as directly proportion to degrces neasured) of the diagrans pub-—
lished show that slope is apnroximetely inverse to the squere root of horizontal
distance from apex. Fall'rmst, therefore (sce integral colculus) be in propor—
tion to the squere root of distance from apex. The serme vaper also presents
some data on relationship of maxirmum particle size to =ngle of slope (on steeper
slope the degrees do not corresmond dircetly to the technical definition of
slope which is tesngent of the angle) whic scem to confirm the determinstions

of Feir in South Africa. In the cese of the Black Hills terrace grevels there
is rough sgreenent of slope to logarithm of geometric mean size of stones, AlL
of the above data is inconclusive for no attention has been paid to mean parii-
cle size of entire depogit and it is known that there is much finer material
along with these maxirun particles. On a %gblc does the aversge or mediun size
control the coefficient of friction? WL
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GHEOLOGY 169
GEOMORPHOLOGY
Supplements, 1953, part II
Pediplanation vs peneplanation,

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

"ormal climate" One of the often unwritten but necessary conditions
for the origin of a peneplain (under the original meaning) is the so-called
"normal climate®, in other words a climate similar to that of northeastern
North America and northwestern Burope where temperatures are moderate, rain-
fall well distributed seasonally, vegetation abundant, and chemical decom-
position of the material of the earth's surface well developed. True, this
climate is that in which a very large part of the civilized inhabitants of
the world dwell, but from the areal standpoint it is certainly not that of
the main portion of the present lands, We must look at & globe and not at a
Mercator projcction map to form 2n inteiligent opinion on this point. Besides
this fact, we mist recognize the strong possibility that the present distri-
bution of climates was not a permanent femnture during the history of the earth.
Evidence to prore this is not easy to obtain and rests largsly upon inference,
Soil protiles are not much help for many are not more than a few thousand years
0ld. Mrrine deposits offer even less aid except insofar as they demonstrate
wind and current directions. Hence we must turn to continental deposits and
evaporites, With them the influence of uvow-eroded mountain chains must be
evaluated. Besides this, many geologists offer the time-honored excuser of
movemeat of either or both poles and conbtinents. Whatever might be the cor—
rect conclusion on this debatable subject for the older geological periods,
considerable evidence has been presented to demonstrate that the hypothesis
of charges in latistude must be rejected for the Tertlary and Quaternary, Dis—
tribution of plants and of glaciation substantiate this. The occurence of
glaciation alone proves tuat elimatic changes of the first magnitude took
place.-at that time. -The inter Tertiary is notable for the immense alluvial
deposits of Western United States which must have been lzid down under a de-—
cidely different climate tlLian now prevails in the same place. It has often
been suggested with considerable assurance than the preser* -dsy wind and cli-
matic buivs still show the effects of the Pleistocene glaciation becauvse of sur=
viving ' icuecips, Such being the case it is best to forget about such a thing
as a "norma." climate and to realize that much more of the globe may hase once
been semi-arid. We should then reject the ldea that either aridity or semi-
aridity is a "climatic accident",

€limatic control of debris removal. Fig., 1 shows cross sectiong of slopes
in arid, semi-arid, humid, and sub-arctic climates. All but the last have in
common vhe presence of enough rain to remove more or less completely the debris
formed by weathering., In the truly arid environment weathering is almost
wholly, mechsnical, Whtn it does rain the water is not enough in amount or dur—
ation of flow to remove thas d=b~is cf weathering from the area but instead it
accuwmiates in alluvial fans and filling of enclosed basins. Both chemical
#'2ngz2s and restraint by vegetaiion are at a minirum., BResistant crusts of chem-
“zal origin are formed., 1In a semi-arid region some chemical weathering is pre:
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sent but vegetation is not important. Enough rainfall occurs toc keep the debris
shed from steep slopes moving toward the sea or other base level., Much debris
is water—born, the only proviso being that the particle size distribution be
within the competence of rumning water., In a humid land, however, chemical
alteration of the bed rock is very important. Although the average particle size
is thus reduced, the presence of vegetation slows down removal. Mass movement
is, however, very important, Slow erosion is especially conspicious where grass
is present for all experiments demonstrate that it is by all means the most
effective of all vegetation in restraining erosion. In a region of perpetually
frozen ground the net result is to make all bed rocks and mantle rock alike into
a solid, massive material. The seasonally thawed or "active' layer of the hills
is moved in large part by mass movement to the streams.

Changes in climate. Due to the indubitadle fact that climates change at any
given locality it is expectable that we should find the characteristic climatic
landscapes superimposed one upon another. Many believe that adjacent to the
Pleistocene ice sheets vast areas were once frozen., Consideration of the heat
requirements for melting of ice show that such could have been possible only
during the advancing stages of the glaciers, if indeed it ever affected areas of
marine climate, However, changes in amount of rainfall and vegetation can be and
have been detected. Pluvial periods with more rain than at present have been
postulated by many geologists in areas which are now semi-arid. Students of soils
have also noted past climatic changes, particularly near to major lines of
division due to climatic control. In this discussion, however, we will mainly
cencern ourselves with the later stages of erosion, the production of surfaces
of low relief late in the progress of erosion,
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Davis! 3dea of the pemeplain. Fig. 2 shows two contrasted theories of the

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

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

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

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

the cover of later rocks still persists.



alie Part II, p. 4

Objections to the peneplain hypothesis., Other than buried and resurrscted
surfaces such as mentioned above, very subdued erosion topography is observable
only on soft shalec and on limestones where it is greatiy aided by solution.

The whole idea thas a thick mantle of weathersd material would form on surfaces
of low relief ignores the head necessary io force waher far below the surface.
Absence of a deep residual mantie on the pre—Cambrian is generally ascribed to
glaciation and it is true that in the lightiy glaciated or unglaclated
pre—-Cambrian of central Wisconsin the mantls rock locally exceeds 140 feet in
thickness in schist. The problem remains, however, to wlat exient was this due
to chemical reaction by grcund water while still buried, For that matter, how
ruch eresion was caused by the waves and currents of the sea which transgressed
this surface long ago! Other objections are of a more theoretical nature, Just
how could debris be removed on very low slopes? Monadnocks should be rcunded

and grade into the adjacent landscape save perhaps where difference in bed rock
geology is abrupt. A very serious objection lies in the apparent presence of

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

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

Parsllel retreat of slopes. The theory that slopes do not lessen with tire

"but retreat parallel to themselves after the initial formation was first presented
by Penck and is shown on the left side of Fig. 2. This view requires the
formation of a gently sloping surface between the foot of the steep slope and

the channel of the adjacent stream., Material derived from the wearing back of
the steeper slopes nmust be transported acress this area by running water. This
was the concept of the pediment, an idea slso put forward by Gilbert fronm his
observations in the seni-arid western part of this country. Davis did at come

tire write a2 paper oa rock floors in which something of this theory was
recognized although he rejected the idea of parallel retreat of slopes.

Strahler's equilibrium theory. Strahler used a statistical analysis of
certain measurements in California and concluded that slopes lessen to a point
where the adjacent streams can just remove the debris shed by weathering and fed
into them by slopewash and mass movement., He found that these slopes have the
sane angle from top to bottom., It is apparent, hewever, that the area in the
Coast Range probably represents a very early stage in the cycle of erosion,
possibly prior to stabilization of slopes in relation to kinds of rock debris,
each of which probably has a distinctive particle size distribution.
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Wond's classification of slopes., Allan Wood's discrimination of types of
hillside slopes into tae waxing (convex), free face (outerop), constant (talus or
Ygravity), and wanlng : ncmwp) W sumearized in an earlier supplement (Fig. 4).

} Free face or outcrop

Constant, talus or gravity slopc (rock fragments)

‘\\‘-~\H“_\Hjiiféng or pediment slope

FIG® 4 Classification of hillside slopes after Wood.

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

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

| ’1 !j [

S VL FIG. 5 Convex divides in White Rivkr
G e BN bt Badlands of South Dakota from photogﬁhph
R Py dew /\\ g At by F. Ts Thwaitess Note that these are
v 'I;\.u:f;f/} ;.;,/r ’/jffl RN confined to a certain soft stratum whereas
Fo R LT ,r/"/}fgﬁl’,,j,:,x ¢‘?f the harder beds sbove meke the craggy
I -T;TT“\?’./’ it . fx s divides in the background. Note elso the
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;;ffﬂffrza 2 ’J/ i/ e A which slope down to beds of ravines and
,/}//;J/// \’;\ m_;¢%7 S i in other places to true pedimeats., OSmsll
/ : ,”;,7Jf7 e residual messes of the soft clay resembls
//fyj_ivj”/ / g > Eaea heystacks.
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Wherever firm material is present the divides are jagged and narrow., Convex
divides are, then, hesl &evelcoed in humid lands with weak bed rock and
abundant protectins veg: aticn. Rock exposures, o’her tkan iarge boulders moved
from their originai posiiton, tre. raze.in iirue corvex siovpes, However, convex
slopes are not of universal occurrence.

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

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

Waning or pediment slopce In many localitics vallcy filling has obscured
and buried everything below the talus slope. This is the case throughout the
Driftlcss Arca of the Upper Mississippi Valley and the causc is valley filling
conscquent upon ncarby glaciatione In the Coastal Plain a recent risc of sca
levol has had the samc cffoct and in much of the western part of the United
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Statcs climotic change has interferred with the normal development of hill
slopes. In many places slopes are undereut by strcams of considerable sizo
which also prevents the formasion of a concave lowee slope. It is in semi-
arid regions of sparse vogetaticn that thesc slopes arc best observed and
many of thom were at first confused with the somewha$ similar form of coalesge
ing alluvial fans. Where typically developed these slopes are underlain by
rocks which rcadily disintegrate to particles within the range of water move~
mente Thoy have a thin vencer, locally absent at the top, of water~trans—
ported dctritus which rests upon relatively fresh bed rock, The surface is
scorred with rill marks which grade into less abundant ravines (dongas of
South Africa)s It is the problem of just how these smooth surfaces developed
which is not yet solved to the satisfaction of everyonc. Suggestions include
(a) lateral erosion by streams which are at local bssclevel fixed by a balance
between erosion and deposition, for many grade into depositional slopes
downhill; (b) crosion by many rills similar to those described from the talus
slopes; and (c) erosion by shect or slope wash including the sheet floods of
McGees ILiing has gone out onto such slopes during rains to observe what actually
happense Higgins has dug trenches across little pediments and filled them
with a different sand to check on rills vs. sheet washe In rains of moderate
inte: sity Ting found only clesr water in tho shcet flood close to the upper
limit of the slopes. This disclosed laminar flow by having a depressed
surface above obstacles. Just how such flow, which was not eroding or trans—
porting material,could shape the pediment was a problem. Material croded

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

is obvious that to have sheet flow therec must first be a smooth surface on
which the water can spread oute Zing explains this by the multitude of

small rivulects which descend the talus. He rejects the idea of lateral
stream Tosion largely because the great escarpments of South Africa are
parallel to thc coast, do not extend far up rivers. He thinks of them as
originally as great monoclines which erosion has wern back parallel to thom—
selves through several geologic periods at a rate of one foot in 150 to 300
years. He also rejects the stream erosion hypothesis because of the compar—
atively straight and level bases of the escarpments. However, this view docs
not ssem to meet all observed conditions. The latcral cxtension of pedi-
mented surfaces joining into a pediplain with only small residual, stoep—
gsided hills rising above it implies rocession of valley sides. In other
arece it is ovident that pediments have formed along fault searps. Moveover,
some form of channel erosion would seem & prerequisite for preparing the
ground for widespread shcet floodse Possibly Horton's theory of rill grading

FIG. 6 After King Steep-sided
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FIGe 7 After vhotogroph by Fair published by King. The river has no real

flood plein but pediments rise gently to the steep-sided residusls of andstone
and dolerite (basalt). No convex hilltops cen be distinguished but the concavity
of the pediment is plainly shown, Vegetation appesrs to be scanty brush,
pessibly some thin grasse The Karroo, South Aftricsa.

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

Form of mediment cross section. Pediments have a characteristic concave
cross scction leading dovm from the more or less lovel, abrupt upper limit
oither to strecams or to an alluvial fill in the center of the adjacent
valley. 'ide stream spacing may be a factor in pediment formations The
sharpnoss of the upper contact is Dbest dcveloped in hard rocks. In weak
rocks this contact is a gradational curve. The various causes of the con-
cavity duc to running water have becen explained in a previous supplemente
The matter is not simple and is unlike conditions on alluvial fans for rain
falls all across the pediment slope.giving increased depth down slopc with
consequent decrcase in shearing force. Indced, it has been declared that
pediment slopes are formed in order to facilitate disposition of sudden
heavy downpours which are common in somi-orid regions. As pediments join
at divides the divide is commonly abrupt and angular rather than rounded,
although both forms may occur apparently depending upon the resistence of
tho bed rocke The best—doveloped pediment profiles occur where the bed rock
is granite rather than soft sediments euch as shale or limestone. Residual
elevations within a pediment or pediplain (areca of coalescing pediments)
characteristically have concave sides. Mount Monadnock, New Hampshire, risce
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in this fashion from adjacent uplands of the same kind of rock. However,
this area was glaciated and a basal mantle of decomposed rock might have
been croded by the ice or the base might have been eroded by waves. A feature
of pediment slopes is that gullies (dongas of South &frica) occur entirely

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

are due to local concentrations of the sheet flow which set up more turbulent
flow which causes erosion. Some are certainly due to disturbance of the
ground by farming. Rock outcrops occur in the walls of such gullies, at the
head of the slope of pediments, and in small isclated Mislands" or residuals.
The only cause of convex profiles in pedimented areas is erosion at an
accelerating rate due to later uplift, or to climatic change toward greater
humiditye In this connection we may ask if erosion surfaces which bevel the
bed rock and yet show deep weathering are (a) pediments developed in humid
climates or (D) pediments which have been altered by a change of climatee
Since the theory of pedimentation can explain the occurence of scveral diff-
erent leovels in the same region it opens up many new possibilitices in interp-
retation,s Could it be that the Piedmont Plateau of southeastern United
States is a pediment whose surface was later eroded by a more humid climate
possibly associated with uplift? Such a view would explain the anomaly of
gtream capture along the youthful divide of the Blue Ridge to the northwest,
features which seem impossible under the peneplain hypothesis. The convex
divides of the Piedmont together with deep disintegration of the bed rock
would be more reccnt than the original bevel. Widespread graveis of late
Tertiary age in the Coastal Plein seemingly support this view. The Harris—
burg terrace, which is so conspicious throughout the entire Appalachia
region, would then be correlated with the Piedmont and possibly also the
Highland Rim surface west of the high platcause Many will object to this
suggcstion because it:seems to imply a marked climatic change, but just how
much of a change is debatable. Perhaps only enough to affect the vegetation
cover to a moderate extont. Turning to the Rockies, it is obvious that the
upland surfaccs are truc pediments correlated with alluvial filling of
adjacent lowlands. Climatic change, possibly associated with, or due to,
uplift, has removed much of the fill but a remnant persists in the Gang
Plank west of Cheyenne, Wyoming. Surely, it is inappropriate to call the
upland surface a peneplain if we stick to the original meaning of that words
Some in the Uinta Mountaing have in part been described as pediments. Througi-
out the Great Plains many of the rosidual hills have steep concave sldes
which appear to demonstrate pedimentatione

Summarye The following table, adapted from King shows the diffcrences
between vhet may be inferred as characteristics of poneplains (under the.
original Davis view) and those of pediplains. We must note that peneplains
arc inferences, whereas pediplains may be actually observed in the fiecld.
Moreover, it secems doubtful that there can be any sharp line of division
on the basis of either climate or kind of rocks. King declares that the
peneplain,as originally defined, is an Mimaginary landform", so that it may
be that dcbate is futile. The exact method of formation of the theorctical
peneplain is only wvagucly described in the literature and is not backed by
actual observation. A factor in comparison, which King suggests, is that
the mantlc of grass which so effectively restrains erosion .and makez for
convex divides was not present prior to the middle Tertiasry. Indeed, others
have suggested that vegetation on the lands was absent in the earlier
geologic periods, and that erosion was then everywhere like that of semi-arid
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last page
regions of today.
Pencplain (Davis, theoretical) Pediplain (observational)
Broad flood plains. Narrow flood plains.
Convex or subdued divides with Divides sharp with concave slopes
much crccp of a deep mantle. on both sides, locally convex cver
a narrow width.
Residuals gontle and convexs Residuals sharp with concave sides
except where top is very weal rocke.
Lower slopcs only, concaves Dominently concave slopcs, except
on very weak rocke
Origin by slope flattening. Origin by scarp retreat and pedi--
mentation by running waters
Origin destroyed all older surfacese Scveral levels may be present in
one iIncality.
Mantle rock due only to weathering Mantle rock thin, and water—trans—
and creepe ported.
Bed rock decply weathered(?) Bed rock fresh.
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Introductien. ©Since the supplement en the problem of submarine canyons
appeared some important papers have been published and it is desirable to add
some material which was omitted previously. Progress has been mainly along two
lines: (a) sugcestions that canyons are of more than one origin, and (b)
tracing of canyons into the deeper parts of the ocean.

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

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

¥ig, 1

Two types of submarine valleys after Kuenen, Left, & submerged land valley, the
upper part of which is still sbove water. This is the Corsican typee Lowe;
tefmination should be & submerged delte but this could have been oblitereted by
slides and density current erosions Righty conditions on Georrges Benk, off New
Englands Here the top of the bank is = submerged cuegsta but the valley on its
seaward slope hes nothing to do with land valleys, 1 was eroded by density
currents when the level of the sea wes lower than it now iss



rart II1I, ©p.2

Proof of density currents. As noted in the former supplement one of the
weakest points of the density current hypothesis, eriginally proposed by Daly,
is that it is extremely difficult to find such penomena actually at work. Daly
concluded that their maximum activity is a thing of the past because low glacial
sea levels furnished ru€h more sediment which flowed down the continental slope
than is now the cases It is wecll to note that this is entirely in line with
recent theories of the origin of the continental shelf which shows indubitable
evidence of a lower sea level. It is suggested that the observed density cure
rents in freshwater lakes and rescrvoirs are not a fair comparisén because of
the gentle grades and the presence of concurrent sedimentation from water which,
in tho ‘caso of glatial meltwaterg, floated on top of the lake by reason of the
temperature differences The channels on delta fronts are more of the levec
type and arc not truc canyons. ©S5liding may have taken place, for instance, on
the delta of the Mississippi.

The Grand Banks earthquake. It is to phenomena which followed upon the
earthqualzec on the Grand Banks of Newfoundiand in 1929 that advocates of density
currently mainly turn for evidencc. The quake occurred on 18 Nove, 1929, at
2032 hours G.CsTs Instantly six cables in water from 900 to 10800 feet deccp
broke, but for 13 hours 17 minutes thereafter there was an orderly sequcnce of
breaks of other cables at progrcssively greater distances from the epicentory
to about 375 miles. The velocity of the force which brought about these delayed
breaks can easily be computed and comparcd with the known slope of the ocean
bottoms (IMgure 2).
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The affectcd arca broadencd with distance and the velocity decrcased from 63
miles per hour to about 14 miles per hour at the last cable. IEvery cable broke
in at least two places 100 miles or morc epart. The cable between the breaks
was in all cascs cither buried or carried away so far that it could not be re-~
covercd. Although most geologists at first considered the cause of brealing to
be faulting, the opinion of Heezen and Bwing is that it was the transformation
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of a lendslide to a turbidity current. In this connection wec may note that the
breoaking strength of 2 new submarine cable is about 12 short tons and its weight
under water is about 1.3 short tons per mile. The necessity of assuming a more
powerful force than lack of support due to erosion of the bottom is evident.

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

Midoccan canyons. A recent publication by Ewing and his associates gives
mich morc data on canyons in deep water than was available only a few ycars ago.
They state "In recent years exploration has revealed that the canyons do not
end at the base of the continental slope but continue acress the continental
risc to the abyssal plains of the ocean floore. Studies of the sediments from
the floors, walls and scaward cxtremities of these canyons——-have proved that
powerful turbidity currents have repecatedly carricd large wolumes of sediment
through the canyons and deposited them in well~sortcd beds on the abyssal
plains". One of the canyons has been definitely tracod for nearly 1400 land
miles and it may cxtend for more than 2800 milcse. Stecp sides and flat floors
are indicated by the cross scctions with a depth below the adjacent occan
bottom of 60 to 600 feet. The longitudinal slope is from 2.5 to 5 feet per
mile. Maximum recorded depth to the bottom of the channcl is about 16500 fcet,
The mid-Atlantic channel crosses the Southeast Newfoundland Ridge in a narrow
gap. It is not certain that its end has yet beon recacheds "In general the
cores indicated that the turbidity currents depositing sand and silt in the
canyon feathcred out on the banks. The burial of thesc sands and silts by over
‘a meter of clay and silty clay would indicate that the last major turbidity
current probably occurcd in Wiseonsin time." "Faulting offers no explanations
of the scdiment relations or the stream-like longitudinal profile so casily
cxplained By turbidity currcnts." The evidence of thesc channels and their
assbciated scdiments scems to prosent a very much more formidable case for the
reality of turbidity currents than was cven dreamed of when the theory was
first advanced. Preservation of topographic forms with little alteration in
the normally quict realm of thc occan depthe can rcadily be understood.
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Introduction

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

Methods of apnroach, Originally the classification and nomenclature of
lend forms was considered a phase of geogranhy and the problem of vprocess by
yaich each originated was stated only in very broad terms, if at all. Through
he years a vast number of technical terms have been introduced, so many in
“aect that the student is readily confused. Von Engeln remarks: "The
comoetence of the geomornhologist. . . depende very much on how well he is
nformed in regard to the establiched and accented nomenclature," To the
resent writer, however, there is grave danger in this method of approach,
z1though it may have been nececsary in the past. Penck remarks, "The physical
character of the morvhological problem comes out clearly. The task before
us is to find out not only the kind of formative processes, but also the
“evelorment of the ratio of their intensities with respect to one another. . . .
A8 is ncw self-evident, it requires the amoplication of the methods of physics."
Rich, in 1938, voiced something of this eriticism of the early avproach by
ciating: "Comparatively few papers dealing with the basic principleg of
ceomornhology have been nubliched in the United States in the past 20 years.
{nly a small percentage cover the nature and origin of slopes, the details of
1 {fercntial erogion, the relative roles of rain-wash and creep, or the exact
wiy in which peneplained surfaces are formed or destroyed. . . . Much of mode.n
ovkysicgranhy, therefore, might almost be called a science without a foundatioca.®
it is %rue that since the above was oublished much attention has been devoted
%o nrohleme of so0il erosion and a considerable amount of ewperimental work has
be~a accomplished along this line, However, much cf this ies not entirely
apnlicable to the study of eroslion where unaffected by the works of man.,
Nerertheless, Rich's criticism still remains sound in respect to geomorphology
. ag taught in most universities., Teaching of this subject in secondary schools
has fallen almost to nothing 2nd has been replaced by purely descriptive
gaography. Terhavns the most serious objection, hovever, is that use of technical
“erm commits the user to a certain hynothesis of origin.

Aim of present anproach. The present method of aporoach is an attempt
to sunnly some of the fourdation knowledge by an anlaysis of the physical
procesces which alter the face of the earth., Results are subject to the limi-
tations imnosed by present knowledge and by the elementary fact that in most
localities more than one process overates simult~aneously to produce the observed
end result., Mathematical analysis can show whether or not a given result
follows a definite ohycical law, but it cannot in all cases discover the relative
importance of the different nrocesses involved. The different processes may
be so related to one anosther or they may not be so related. In some cases
the interrelation is so comnlicated that no one hag evolved a rational
erplanation. In many suhjects it will be found that the methods of solving
problems used by engineers hove vrogressed far beyond those used by geologicsts
and deserve careful eonsideration. In other cases, however, the engineering




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

Mathematical analysis. In order to discover physical laws it is necessary
to resort to mathematical analysis. Mathematics are exceedingly useful but
can, like many other good things, be misused or abused. A humorist is said to
have remarked, "Figures don't lie, but liars can figure." Ve must always be
on our guard both to avoid pitfalls and not to think that because we have
evolved a mathematical erpression for a process or land form, that it is the
and result of our search. It is to no avail if it does not point to the process
which alone (or mainly) has led to the observed result. Most mathematical
gtudies in geomorphology do not lead us much beyond simple algebra; only a
#3w require calculus.

Deducing a mathematical expression. In most cases the data offered for
analysis is a curve or the figures necessary to plot one. The question pre-
sonted is: Does this curve represent the result of some definite process or law?
A1l of us are familiar with the preparation of curves or graphs on ordinary
zoordiates where the quantity reoresented is directly proportional to the
distance from the O point or point ¢f origin., Since the quantities plotted
nn the two axes are for the most part not the same quantities, the scales may
ha chosen with any desired value. For instance we may plot a cross section or
nrefile cf a land form; in this case we are comparing distance in the horizontal
direction with differences in elevation. We can take as point of origin either
ire top or the bottom of the slope and we can use, if desired, a different
szale for each., Since both could be measured in the same units such an alteration
oi scale is called evaggeration. Its use is necessary in some cases but may
leri to gross misrepresentation and consequent error in others. A curve may he
zituer regular and smooth or irregular and complex.

Logarithmic scale. A logarithm is the power to which a certain number is
“s raised to obtain another number, In most tables the base number is 10 but
. som: mathematicians use e which is apnroximately 2,718. Such logarithms are
degiznated ag loge, Natural logarithm, or In. TLog_ ,,= 2.31 log . Example:
10~ = 10, 102 = 100, 103 = 1000 and so on; 100 = 1,-d0~1= 0,1, 10-2 = 0,01 and
20 n. Note that negative exponents are the same as reciprocals; i.e., 107
=/100., Logarithms are most commonly used to simplify multiplication and divi-
sion which then become addition and subtraction, Powers need not be whole
nvmbers; the square root is the 1/2 power. If we plot quantitieson a logar-
itimic scale, note that there is no zero. Such a scale is, say, .01, .1, 1,
10, 100, 1000 corresvondeng to logarithms -2, -1, 0, 1, 2, 3. Many physical
meagurements are shown better on such a scale than on the more common one of
direct proportion to the numbersg involved. Another use of powgrs of 10 is to
show very large numbers, as for instance 1,500,000 as 1,5 X 10°. This saves
space, confusion, and possible error in placing the decimal point in the compu-
tations.

Power Functions. A function is some mathematical expression whose value
upon the power of a given quantity, for instance y=x“. If any similar expres-
sion is plotted on logarithmic scales for both variables, the result is a
straight line. Here we have shown log y = 2 log x. Evidently the line will
slope at the rate of two vertical normal units for each horizontal unit provided
x is shown on the horizontal axis. This fact enables one to find: TFirst, that
a series of observations is . power function of a variable; and second, obtain
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w2 value of the exponent involved. This exponent may be positive or negative
snd is not always a whole number. If the expression is x ® eonstant * x*=,
“he straight line will cross the vertical line for x = 1 at the reading for the
~ogaritrm of the constant for log x = log c-%n 2 log y« Constants do not affect
L3 slope of the line., In proctice with observations of natural quantities, we
wret not expect all points tofall exacctly on a line., Thig failure is called
scatter and mey be so great as to cast doubt on the interpretation as a power
Fruction. We may also find that there is a change in slope of the line which
civws that some other law has come into play or that we have passed to obser-
vetions which have a different point of origin, (See section on shape of
v+ _canic eones.) The dotted lines of Figure 1 show the effect of erross in the
scint of origin, The points plotted still fall on nearly straight lines,
- bttt the deduced values of the exponent are altered., In natural phenomena it is
often hard to find the origin of a power function.

Exponential Functions., A very common relationship which is exhibited by
nzny natural phenomena is represented by the exponential function., This is a
wower relationsghip in which the exponent is one of the variables. An example
is y = constant X, If we take the constant as 10 and increase the exponent from
2 to 4, values of y will be 1, 10, 100, 1000, 10000. Mathematicians commonly
prefer e as a base. If the exponent is negrtive, a decreasing or inverse re-
lationship to x is shown. For instance,with exponents decreasing from 0 to
-3,and 10 as the base, bhe values are 1,.l, .01, ,001. It is easily seen in
Figure 2 that, if we plot the x axis or horizontal axis with normal proportion
and the vertical or y axis as logarithms, we obtain a straight line. The
same relgtionship holds for a geometric progression or series, Given such a
series with the ratio of 2 the values are 2, 4, 8, 16, etc. This will also
plot.as a straight line. Such series are common natural phenomena. In the
case of an exponential function, y = mb2¥ s the letters m , b, and a
rapresent constants. b, by common usage, is taken as the quantity e described
above. m may be found by taking x = 0; this gives the value of y at the
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#iarting point or origin of the curve, which is often called Yo+ & can be

found in several ways, one of the commonest being to put the value of y at

w21f that of y . Then y/yy = %+ From this it follows that 3 = €™ or

- 10ggh = axy Or - logg = ¥log,2 = +693. Hence a = ,693/xi. See Krumbein,
te, Sedim8nts and exponential curves: Jour, Geol. 45: 5?7—601, 1937,

Rate of change. In many studies it is important to know the rate of
crtange of a variable. For instanee, in a profile across a land form we speak
»F Ghe glope at any given peint. Slope is the rate of change of elevation or
fall depending upon where we take the origin of the coordinates, Mathemati-
ciang_call the rate of change the differential, For instance, in the equation
¥y = x= the rate at which y is changing with respect to x is expressed as dy/dx,
“he C.'s expressigg change in a small interval., It is demonstrated in works on
the differential calculus that with such power functions the differential is
fecund. by reducing the exponent by ome and multiplyifg by the original exponent.
Pur y = x<, dy/dx = 2z. For logy x it is l/x or X

Integration, It often hapvens that it is necessary to put the taking of
a differential into reverse. For instance, if we have the rate at which slope
i1¢ changing, we can compute the difference of elevation. This process of
finding the mathematical expression from which the differential was derived is
called integration. It is denoted by the sign and denotes a totaling up process.
If the limits between which this summation is to be made are given, it is the
game thing as finding the area enclosed under a curve. For power functions it
is necessary to increase the exponent by one and divide by this increased ex-
ponent.s An exception is where the erponent is -1; then the integral is loge.
Integrals can be found in tables in books on the calculus.

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

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

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

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

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

Yewton's Pirst and Second Laws of Motion hold that rate of motion(or veélocity)
is changed by apvlication of force at a rate called acceleration, a. Accelera-
tion is then ths time rate of change of velocity = v/t and force, F = ma (mass
“imes acceleration),

“erk, W, is force exerted over a certain distance, W. = Fs.

Pnner,'P, is the time rate of work. P = Fs/t or, by substitution, of 8 = &
P =W,

Tinstic energy, E, is work done in bringing a body of mass, m, from rest to
veloeity, v, in time, t, over distance, s. EKnowing that F = ma, and that

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

¥ = (mvvt) [2t, Cancellation then yields the result  =3my 2 If the motion

s 7ot along a line but around an axis (rotational like a fiswheel) the same
cemula applies to every particle. If the revolving body is a cylinder or disk
then the calculus shows that it is half the product of the total mass times the
aquare of the radius times sqguare of angular velocity in radians per second (a
radian is the angle subtended by the radius of a circle). Newton's Third Law
of Motion, that action and reaction are equal and opposite, is an invaluable

cencept in explaining equilibrium of forces which is widely demonstrated in
natural phenoniena,

F B
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Further discussion of the problem of "impact craters". Supplements,l954,pt.III

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

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

The crux of the argument is the presence of very fine sand and silica glass.
Proponents of the impact hypothesis ascribe this to a violent concussion and
heat. Hager, pointing out the paucity of meteorite fragments in this mater-
ial, suggests that it is either voleanic ash or is due to fracturing of sand
during deformation. Although volecanic rocks are known only 25 miles away,
the gas (or steam) explosion theory is summarily rejected because of the lack
of evidence of an explosion. The sinkhole idea is rejected for obvious reas-
ons. ager sugzests a former salt dome due to intrusion of salt from an
inferred evaporite series below which has been discovered in some wildcat
wells for oil 35 miles away. The solution of the salt later formed the cra-
ter. An igneous plug is disproved by results of test drilling and the nega-
tive results of magnetic and electrical surveys. Hager leaves the problem
open although stating that the salt dome hypothesis "satisfied most of the
geologic data,"
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Ninenger, who has done much work searching for meteorites in and
around the crater replied with an article on the inferred evidence of heat
and ¥iolent fracturing in the formation of the silica glass and fine sand.
To this Hager replied that the fine slivers of quartz show no evidence of
heat referring their origin to weathering and folding. He suggests that
no final answer to the problem is possible unless someone drills "a series
of drill holes deep enough to penetrate a datum bed within the crater, on
the rim, and outside the crater." To this Ninenger replied again stating
"the followimg known facts. WNo sinkhole or graben in this area can be re-
motely compared with the crater as to (1) its general appearance, (2) the
symmetry and uplifted form of its walls, (3) the blanket of broken-up
rubble derived from the three formations of the area, (4) the presence in
its pit and among the rubble on the rim of millions of tons of rock flour
-------- , (5) the scattered deposit of large boulders, from the normally
buried sediments, found on various sides of the pit out to distances of
more than a mile in locations remote from any visible trace of water courses,
(6) the surrounding deposit of some 40,000 recovered meteorite fragments,
(7) the presence of meteoritic material mingled with the fill and in the
rubble of the rim, (8) the surrounding deposit of several thousand tons of
nickeliferous particles in the form of metallic spheroids, (9) the presence
in the rubble on the rim of millions of lumps of fused country rock in the
form of slaggy bombs and droplets recently described by me as impactite.”
He also stresses "the following facts that have been overlooked: (1) A
radiate distribution of meteoritic fragments, (2) a zonal distribution of
meteoritic fragments as to size, (3) a zonal distribution of meteoritic
fragments as to heat effects, (4) the presence among the fragments of a
small percentage which differ from the majority in both structure and com-
position, (5) the presence around the crater of an enormous tonnage of met-
allic spheroids composed of meteoritic metal, but exceptionally rich in Ni,
Co, and Ft, (6) the presence of a considerable tonnage of slug-like particles
comparable in size with the spheroids, but having the same composition as the
well-knowm Canyon Diablo irons, (7) an abundance of impactite slag."
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‘The Carolina Bays
Livingston, D. A., On the orientation of lake hasins, Am. Jour, Sci. 252:
547-55L, 1954

The similarity of the form of the Carolina Rays to the elliptical
lakes of the Alaskan Coastal Plain has long been noted. Black and Barksdale
concluded that the latter are thaw lakes in the permafrost which have grown
dovmwind in the direction of prevailing winds by reason of the stronger waves
on the exposed or lee shore. The long axes of the these basins trend slightly
west of north but myodern knowledge of the prevailing winds above 15 m.p.h. shows
that they blow almost exactly at right angles to the long axes of the lakes!
The author then tries to show how wave action can explain this apparent contra-
diction. He points out that removal of material from the shores depends more
upon rip currents than upon direct wave action where the eroded material is
removed directly out into the lake. The wave action on the lee shore tends
to move water toward the sides of the lake. There it piles up and the
pressure is relieved by rip currents which transport the eroded material
to the deeper waters. A mathem ical analysis is given which attempts to
show this fact, but since it is admittedly only a first approximation, it will
not be repeated. Erosion of the shores of Lake Michigan north and south of
Two Rivers, Wisconsin is readily observed to be at a maximum in the bays and
not on the headland between them. Ividently it is not due so much to direct
wave action as to the same rip currents. Hence the author's point seems w21l
taken.

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

Reference

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

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

Odum did some work on the Bays and observed the wave patterns in those
which have open water. From this he deduced that the elongation and stream-
lining could be explained by winds of Pleistocene time when the pressure
gradient south of the glacier led to stronger winds than those of the present, -
He noted the wave refraction in the shallow lskes, a feature apparently over-
looked by Iivingston. Odum attempted the construction of a map showing air
pressures at 10,000 fest elevation as governed by isotherms on the ice and te
the south as they could have been during a Pleistocene glaciation, The ~20 C
isotherm is drawn approximately along the south border of the ice sheet and
the 0 C isotherm would then be approximately along the Gulf coast and Atlantic
coast south of Cape Hatteras. These are the January positions shown on the
present weather charts for this altitude., From this data the isobars are
shown which trend much more northeast-southwest across the Atlantic coast.
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The sea level pressures would then show a more marked parallelism to the
coast, Frevailing winds are then drawm at an angle of about 40 degrees
to the isobars. The postulated wind directions agree very well with the
longer axes of the Bays. Such winds might very well be dry and cause
blowouts although neither the perfect streamlining nor the size of the
Bays is in harmony with wind-excavated hollows of today.

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

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

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

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

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

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

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

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

In a recent report Cooke returns to his explanation of the Carolina
Bays since he regards Prouty's meteoritic hypothesis as "implausible".
The occurence of bays higher than areas of artesian flow and in areas
where there is no artesian head in the surficial deposits is urged against
acceptance of Johnson's theory. Cooke modifies his earlier view of irind-
driven eddies by adorting a tidal origin. This involves the fact that the
bays on the higher marine terraces are decidedly older than those nea.: thc
ocean. The basic idea is that tidal currents set up rotary eddies which
have the properties of a gyroscope. A gyroscope is like a child's ton.
Rotated at high speed its inertia keeps the axis of rotation in a fixecd
position in space. The rotation of the earth was once proved in this wojy.
Cook conceived of the tidal eddies as fast moving enough to develop this
property although made of a substance, water, which yields to the force of
gravity. However, a spinning gyroscope can be affected by a force which
tends to tilt the axis. A top if thus touched has a secondary motion of
the axis which starts at right angles to the direction of the disturbing
force. This seccndary revolution of the axis is called precession. "The
eddy, like a spinning flywheel, may react in either of two ways: the plan:z
of the impulse to rotate may precess about the east-west diameter of the
eddy or the plat?eayit?see f perpendicular to the axis of the earth, about
which it is forced to revolve." ilowever, the actual form of ‘the eddy will i
level and thus a circular shape would be altered to an ellipse., The
horizontal components of motion are thus changed from a circle to an ellipse.
the projection of a tilted cirecle. In a precessing eddy the ratio of short-
er to longer axes is equal to the cosign of the latitude. In a fixed eddy
the ratio equals the sine of the latitude. In a precessing eddy there are
two simultaneous motions: revolution about the axis of the earth and pre-
cession about its east-west diameter. The rssultant of this is rotation
about an inclined axis between the axis of the earth and an east-west
horizontal line. Then cosine latitude = 1/tangent of declination from
north. A fixed eddy has an apparent motior like that of the sun from east
to west and in Northern Hemisphere another from north to scuth. The Lwo
rotations are one quarter phase apart. This %ilts the leng axis of ta«
eddy 45 degrees toward the northwest. C(oole admits that these ¢ nelnsicns
are purely deductive and without either exper:mental or mathcmatical wroot,
Nevertheless on the many air photogrephs e oresents there is a strikicg
approximation to a N-45 and N. 51-41 W strike for the long axes of the Tars.
The ratio of diameters is not stated in many oxamples. He states that nis
manuscript has been checked by engineers who nre familiar with gyroscopes.
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part III, p. 6, 1954

Criticism. Cooke's explanations are very far from clear and repeated
reading of them and references on the gyroscope did not serve to elucidate
them satisfactorily. Just why are there eddies of two different types?
One may well question if the velocity of tidal eddies is engugh to show
true gyroscopic motion. Rotational inertia = % mass radius® in a disk.
Another question is what effect the two reversals of tidal flow per day
should have on the phenomena. Moreover, only two examples of modern curved
bars which resemble those of Bays are presented. Besides this why are the
Bays on the older high marine terraces so well formed if they are so much
older than these near the seacoast as the theory demands? Despite the
endorsement of the U. S. Geological Survey one is left with a sense that
the problem is simply more confused than it was before.
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Classification of shorelines and miscellaneous. Supplements, 1954, part V

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

Criticism. The greatest difficulty in the application of any system is that
everywhere and at all times there is a contest between the forces of the land and
those of the waves and currents. For instance, the east coast of Florida, which
is exposed to the full force of the Atlantic, shows dominantly wave-built fea-
tures. Not far to the west, the Mississippi River is building a delta into the
Gulf of Mexico with only moderate alteration by the waves. The exposed coast
of New Jersey and Maryland is almost wholly wave-built, whereas the shore lines
of Delaware and Chesapeake bays are obviously due to a submerged landscape which
was molded by stream erosion. Again a shoreline may be backed by many abandoned
shorelines due to a higher stand of the waves (or lower level of the land), yet
between the formation of two of the strand lines the waters may have stood at a
much lower level. An example is the coast of northeastern Wisconsin which is
lined with beautiful examples of raised beaches, some of them tilted by later
earth movements. Yet just prior to the formation of the lowest major abandoned
beach there is now known to have been a time when the waters of Lake Michigan
were 350 feet lower than they now are. Should we term this an emergent coast
because of the old beach levels or a submergent one because of the rise in water
level after the low stage? Much of the west coast of the United States shows
abandoned beach lines up to over a thousand feet elevation alongside obvious
drowned valleys.

And in respect to cyclical development it is clear that the relative speed
of alteration of the horizontal form of a coast depends upon both material and
exposure to waves. Almost all coasts are demonstrably rather young in years.

It is also clear that depth of water adjacent to a coast line is an important
factor in rate of erosion. The writer has observed that there may, in many
places, be much more coast erosion in bays with deep water than on adjacent
headlands. This is explained by the piling up of water in the bays with removal
of material by rip currents. On the headlands the only removal process is
transportation in the zone of breakers. In this connection it is well to reex-
amine the old idea that barrier beaches are a temporary youthful feature later
removed by the waves to form a cliffed coast. The only evidence that the writer
can find in the literature is the occasional discovery of peat on the beach
which was taken to indicate retreat of a barrier into the former lagoon. It
could be, however, th:t this peat was formed during a former low stand of the
water level and that it does not demonstrate retreat of the shoreline.
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Cotton's criticism. Cotton has been one of the chief critics of the
Shepard system of shoreline classification. He particularly objects to the
omission of "emergent" coasts as a group, saying that Shepard "failed to realize
the significance of important features of emergence, such as raised beaches and
marine terraces..." In Cotton's own classification new classes within Johnson's
neutral group comprise coasts produced by: "(a) volecanic accumulation; (b) fault-
ing..; and (¢) glacial over-deepening below sea level..". In considering genetic
classification he mentions: (a) tempo of development, that is the effect of
differences in material and exposure, (2) convergence of development, (3) pro-
gradational outbuilding of a coast which may occur during any part of the cycle,
due primarily to accumulaticn of material furnished by rivers. Another sugges-
tion is: (a) eroded or retrograded coasts, (b) coasts prograded by alluvial
(delta) deposits, and (c) coasts prograded by beach development,

Conclusion. In the opinion of the present writer, the usual classification
of coast lines into emergent and submergent is a good illustration of an unde-
sirable nomenclature whose use commits one to a definite interpretation of geolo-
gic history. A radical change in water level may have occurred without leaving
any definite evidence which may be observed at the surface. A good instance
lies in the postglacial beaches of Lakes Michigan and Huron mentioned above.

It is true that careful study does indicate that the Nipissing beach does bridge
older erosion valleys but until subsurface information from drilling and lake
bottom coring became available this fact was almost entirely ignored. The

post Nipissing beaches are truly emergent, however, because they were due to
progressive erosion of the lake outlet. The effects of glacial eustatic changes
in ocean level, however, make almost all, if not all, marine coasts really submer-
gent. In conclusion, it is desirable to emphasize that no map studies of shore-
lines should be undertaken without (a) chart showing water depths, (b) informa-
tion on prevailing winds and their strength, (c) information on subsurface geology,
and (d) information on currents. Much information can be gleaned from "The Coast
Pilot", published for mariners.
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The following references are good, although they add little to material contained
in previous "Supplements".

Permafrost phenomena
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Wentworth, C. K., The physical behavior of basaltic lava flows: Jour. Geology,
vol., 62: 425-438, 1954,

Wentworth writes in respect to the courses taken by flows from the
Hawaiian volcanoes over preexisting topography. He concludes that lava is rarely
a perfect fluid because temperature differences, escape of gas, and crystalliza-
tion bring about great differences in viscosity in small distances. The heat
which causes fluidity originates within the vent so that heat is lost all along
the flow both at the bottom and the top. Flows often develop a crust on which
persons can walk while motion continues at considerable velocity beneath. With
streams of water, the bottom only causes important frictional resistance, and the
maximum velocity is obtained when a semicircular cross section is present. In
. a lava flow loss of heat to the atmosphere is very important; hence one might
well presume that a circular cross section should afford minimum friction., This
agrees with the form of lava tunnels. In fact, the "p2vils Sewer", a pipe of
about two feet diameter at Craters of the Moon, Idaho, seems to have had this
origin in a thread of lava. Another factor in lava flow is the floating of blocks
of solidified lava and fragmental material., Although flows tend to build up bar-
riers of such blocks along the sides renewed flow may float away masses of rock.
Wentworth notes velocities of flow up to 15 m.p.h. in channels up to 50 feet
wide with slopes of 500 to 5000 feet per mile. However, the viscosity of lava is
such that turbulent flow is never present, all flow being lamminar. Viscosity is
affected greatly by escape of gas. Average values of the coefficient are 102 to
10° poise. Density is less than 3. Level surfaces on lava pools are rare and
the idea that the flows behave like water is erroneous. Slopes of solidified
flows as low as 200 feet per mile (about 2 degrees) are rare in Hawaii; much more
abundant are slopes of 500 to 1000 feet per mile. Inspection of the topographic
map of the Craters of the Moon shows that i. is wvery rare to find the slope of a
flow as low as 50 feet per mile, and that slopes normally exceed this, reaching in
short distances over two hundred feet per mile. It is fair to conclude that the
apparent levelness of basalt flows as viewed without instruments is misleading,
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Evidently the filling up of a lava plateau area is not due to low initial
slopes of flows so much as to successive flows in different directions plus some
water deposits in low places. Lava flows behave much like aggrading streams.
Wentworth mentio;s temperatures of basalt up to 1050 deg. C. and that movement
ceases at around 760 deg. C. One flow lost only 100 deg. in 10 miles. Lava
cannot penetrate into fissures of previously coecled rock because it loses heat
too rapidly.
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Derivation of limit of height of a vertical bank at four times the shearing
strength.

In the supplement on soil mechanics no proof was offered for the shove
conclusion. Most text books endeavor to derive this law by involved and difficult
processes. The following drivation airs to reduce the matter to its simplest
terms. A bank of height H is cut by a trial plane which is equivalent to the
surface of a cylinder of infinite radius. The length of the inclined plane along
which failure may occur is L and its angle with horizontal = A (see diagram).

A

WG i

The weight of this triangular slice of unit width = its area times unit weight y.
Hence weight = fyLHcosA. TForce is the component of this weight parallel to the
slope which is ZyLHcosAsinA. Now books on trignometry demonstrate that sinAcosA =
4sin2A hence force = %yLHsinZA. Opposing this force is the shear strength »f
unit area, C. Hence total opposing force = CL. Failure occurs when the force
down exceeds this resistances, Then §yLH sin2A = CL. L occurs on both sides and
can be cancelled. Solving for H, H = 4Csin2 Afy. A little consideration shows
that the maximum value of the riéht hand side of this equation is reached:if

A = 45° for then sin 2A = sin 90° or 1, The catch in the whole solution is how
to determine C accurately, especially when water is present. Otherwise it is
evident that failure will in general be along a plane of 45° inclination. The
effect of vertical joints is also ignored.
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