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274 H. T. STEARNS—GLACIATION OF MAUNA KEA

commonly interbedded with the lavas of steep serniarid Hawaiian volcanoes, es
pecially with those of the dying andesitic third phase of volcanisra (Stearns 19-10
p. 1947-1948). They perch water in the overlying lava at the Wailm Springs'
At the lower Waihu Springs the same bed of hillwash is underlain by the Waihu
fanglomerate. Thus none of the so-called glacial springs on Mauna Kea described
by VVentworth and Powers (1943) appear to be perched by drift.

SUMMARY AND CONCLUSIONS

During Wisconsin time Mauna Kea was covered with an icecap several hundred
feet thick that extended to an altitude of 10,500 feet and left a distinct terminal
moraine and small outwash fans. The Waihu fanglomerate may have been deposited
by floods caused by rapid melting of the icecap by lava flows in early Wisconsin
time. If not, it is outwash of a pre-Makanaka glacier. All older so-called drift
deposits are definitely explosion deposits, possibly hydromagmatic, due to hot
lava breaking through the icecap, but they are not indicative of early glaciations.
All so-called drift deposits and erratics, supposedly indicating that early icecaps
extended as low as 6900 feet on Mauna Kea, are believed to be conglomerates or lag
boulders from eroded stream-laid deposits. The absence of deposits of early Pleisto
cene glaciers is best explained by the hypothesis that the volcano had not at that
time reached a height sufficient to nourish glaciers in a tropical climate. An alter
nate hypothesis is that the deposits lie deeply buried by subsequent lavas
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ABSTRACT

The composition of the stream system of a drainage basin can be expressed quantitatively in terms
of stream order, drainage density, bifurcation ratio, and stream-length ratio.

Stream orders are so chosen that the fingertip or unbranched tributaries are of the 1st order;
streams which receive 1st order tributaries, but these only, are of the 2d order; third order streams
receive 2d or 1st and 2d order tributaries, and so on, until, finally, the main stream is of the highest
order and characterizes the order of the drainage basin.

Two fundamental laws connect the numbers and lengths of streams of different orders in a drainage
basin:

(1) The law of stream numbers. This expresses the relation between the number ol streams ol a
given order and the stream order in terms of an inverse geometric series, of which the bifurcation ratio
r t , i s t h e b a s e . . .

(2) The law of stream lengths expresses the average length ol streams of a given order m terms
of stream order, average length of streams of the 1st order, and the stream-length ratio. This law
takes the form of a direct geometric series. These two laws extend Playfair's law and give it a
quantitative meaning.

The infiltration theory of surface runoff is based on two fundamental concepts:
(1) There is a maximum or limiting rate at which the soil, when in a given condition, can absorb

rain as it falls. This is the infiltration-capacity. It is a volume per unit of time.
(2) When runoff takes place from any soil surface, there is a definite functional relation between

the depth of surface detention 5a, or the quantity of water accumulated on the soil surface, and the
rate q, of surface runoff or channel inflow.

For a given terrain there is a minimum length xc of overland flow required to produce sulncient
runoff volume to initiate erosion. The critical length xc depends on surface slope, runoff intensity,
infiltration-capacity, and resistivity of the soil to erosion. This is the most important single factor
involved in erosion phenomena and, in particular, in connection with the development ol" stream
systems and their drainage basins by aqueous erosion.

The erosive force and the rate at which erosion can take place at a distance * from the watershed

The rate of erosion is the quantity of material actually removed from the soil surface per unit of
time and area, and this may be governed by either the transporting power of overland flow or the
actual rate of erosion, whichever is smaller. If the quantity of material torn loose and carried in
suspension in overland flow exceeds the quantity which can be transported, deposition or sedimenta-• t i o n o n t h e s o i l s u r f a c e w i l l l a k e p l a c e . m

On newly exposed terrain, resulting, for example, from the recession of a coast line, sheet erosion
occurs first where the distance from the watershed line to the coast line first exceeds the critical length
xc, and sheet erosion spreads laterally as the width of the exposed terrain increases. Erosion of such
a newly exposed plane surface initially develops a series of shallow, close-spaced, shoestring gullies or
rill channels. The rills flow parallel with or are consequent on the original slope. As a result of
various causes, the divides between adjacent rill channels are broken down locally, and the flow in
the shallower rill channels more remote from the initial rill is diverted into deeper rills more closely
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adjacent thereto, and a new system of rill channels is developed having a direction of (low at an mtM

gradin" channeJs and Producing a resultant slope toward the initial rill. This is called crosS
With progressive exposure: of new terrain, Streams develop first at points where the length of over---

and flow first exceeds the critical length xc, and streams starting at these points generally become the
primary or highest-older streams of the ultimate drainage basins. The development of a ril edisurface on each side of the mam stream, followed by cross-grading, creates lateral slopes tow ri he

a.n stream, and on these s opes tributary streams develop, usually one ou either side at poinj
where the length of overland flow in the new resultant slope direction first exceeds the critical length '

Crosf-gradlng and recross-grading of a given portion of the area will continue, accompanied inleach case by-he development of a new order of tributary streams, until finally the length f verla, dU
flow within the remain M areas ,S everywhere less than the critical length x. These proces es y
account for the geometric-series laws ol stream numbers and stream fourths

A belt of no erosion easts around the margin of each drainage basin and interior subarea while the I
development of he stream system ,s ,n progress, and this belt of no erosion finally covers I een ea r e a w h e n t h e s t r e a m d e v e l o p m e n t b e c o m e s c o m p l e t e " » v c i » m e e n t i r e

The development of Interior divides between subordinate streams takes place as the result of com-1
peli.ive erosion, and such divides as well as the exterior divide surrounding the drainage basin areL
generally sinuous m plan and profile as 8 result of competitive erosion on the two sides of tie civile 'I
with the general resul that isolated lulls commonly occur along divides, particularly on cos divides' 1
at their junctions with longitudinal divides. These interfluve hills are not uneroded are as fi "

ŝ ŝsŝ ŝ̂ less repeated ™»*•*"« *•*» * ̂  ayqWith increased exposure of terrain weaker streams may be absorbed by the stronger laraer streams
by competitive erosion, ami the drainage basin grows in width at the same time hat imre se' I
length I here is, however, always a triangular area of direct drainage to the coast 1 ,,e, e mafia e ■
or p"u Sped JW S CamS' WUf ",C reSUlt that thC ^ f°rm °f « drainaSe basi» * -naHyovotd;

The drainage basins of the first-order tributaries are the last developed on a given area and such '
streams often have steep-sided, V-shaped, incised channels adjoined by bells of noe n si on

s„h liv^l!" 1°' "• am d5Vel°Pment <,CCl",S W^en the tribl,l:il>' s»»«reaS have been so completely!subdivided by successive orders of stream development that .here nowhere remains a le tl of "r
overland flow exceeding he critical length *e. Stream channels may, however, continue to develop' :;

w a S f l m ' e * ^ ^ ^ ^ * " * " " » c h m n d « ( l " , l o t ' ' » * ^ > e x t e n d t o t h e % i
Valley and stream development occur together and are closely related. Al a given cross section'

he valley cannot grade below the stream, and the valley supplies the runoff and sedlSt which
together determine the valley and stream profiles. As a result of cross-grading antecedent to the
development of new tributaries, the.tributaries and their valleys are concordaii 1 , e , ar
Stream and valley at the time the ujf streams are formed and remain concordant thereafter '

eralh S3 Sf'T' f"-'1) §fad,"g ls «>«>Ptete. and except for first-order tributaries, are general!) 8-shaped oo ead) side of the stream, with a point of contrallexure on the upper port on of the
lope, and downslope from this pomt the final form is determined by a combination of factors ncl.l-

| ing erosion rate, transporting power, and the relative frequencies of occurrence of storms and runoffof different intensities. The longitudinal profile of a valley along the stream bank uit . rrm
section o. the valley are closely related, and both are related to the r^^^^^SSff

rtJSSSL !UCaS 2f 1 "V Stream development has taken place, and which are a mn on yClassifiel as youthful, are really mature, because the end point of 'stream development and erosion
f o r e x i s t i n g c o n d i t i o n s h a s a l r e a d y b e e n r e a c h e d . e r o s i o n

When the end point of stream and valley gradation has arrived in a given drainage basin the
c.nain ng surface is usually concave upward, more or less remembling a segment of a pa I a'lokl

.. bed by cross and longitudinal divides and containing interfluve hills and plateaus. This is called
a graded surface, and it IS suggested that the term "peneplain" is not appropriate, since this surface
is neither a plane nor nearly a plane, nor does it approach a plane as an ultimate Unfiling form

' nlu./nmin'^V1'^''?.0 ,C0'U:L|,1S ^^ }\sU^m .^ valley development account lor observed
phenomena from the lime of exposure o the terrain. Details of these phenomena of stream and
valley development on a given area may be modified by geologic structures ami subsequent geologic
changes, as well as local variations of inl.ltralion-capacity and resistance to erosion *" *
vw-vn, !!. ERE Slm,n) °,|,m,Cnt .aiMl. drainage-»)asin topography are considered wholly from the ■viewpoint of the operation of hydrophys.cal processes. In connection with the Davis erosion cycle

E"S'StCd hU'gTy TUl **"¥* t0 th! C?CCtS 0f antecedent geologic conditions md
^ITtS^Xr^Xt i tW° VKWl bCar MU? *e samc ,cl!llio,i aS tW0 Nctures of the same i
i«.. AL pjfferent hghts, and one supplements the other. The Davis erosion cycle is, in effect
co. cent , r'i1^ ° Cg"? af,,a'the W""'of at east il Partialstream system; the hydrophysicaconcept carries stream development back to the original newly exposed surface.
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LIST OF SYMBOLS USED

I A = area of drainage basin in square miles.
a = slope angle.
c = distance from stream tip to watershed line.
S = depth of sheet flow in inches at the stream margin or at the foot of a slope length l0.

K*. 6a = average depth of surface detention or overland flow, in inches, on a unit strip of length /„.
i;_■ 62 = depth of sheet flow in inches at a distance x from the crest of the slope or watershed line.
| Da — drainage density or average length of streams per unit of area.

e = energy expended by frictional resistance on soil surface, ft.-lbs. per sq. ft. per sec.
[". Ea = average erosion over a given strip of unit width and length /0 per unit of time.

e, = erosion rate or quantity of material, preferably expressed in terms of depth of solid material,
removed per hour by sheet erosion.

| Ei = total erosion = total solid material removed from a given Strip of unit length per unit of time.
/ = infiltration-Capacity at a given time / from the beginning of rain, inches per hour.
fc — minimum infiltration-capacity for a given terrain.

\. fa = initial infiltration-capacity at beginning of rain.
:.;. F\ = erosive force of overland flow, lbs. per sq. ft.

Fa = tractive force of overland flow, lbs. per sq. ft. of surface.
[•■' ■ F, = stream frequency or number of streams per unit area.

i = rain intensity—usually inches per hour.
/ = index of turbulence or percentage of the area covered by sheet flow on which the flow is tur

bulent.
A'u = coefficient in the runoff equation where 5„ is used instead of 5 as the depth of sheet flow.
kc = proportionality factor required to convert the rate of performance of work in sheet erosion

into equivalent quantity of material removed per unit of time.
Kj = a proportionality factor which determines the time tc required for infiltration-capacity to be
v reduced from its initial value/o to its constant value fc-
Ki = corresponding coefficient (to A'3) in the equation for laminar overland flow.
A', = constant or proportionality factor in equation expressing runoff intensity in terms of depth 5

of overland flow.
/„ = average length of streams of order o,
lg — maximum length of overland flow on a given area.
/„ = length of overland flow or length of flow over the ground surface before the runoff becomes

concentrated in definite stream channels.
/i, h etc. = average lengths of streams of 1st and 2d orders, etc.
L' — extended stream length measured along stream from outlet and extended to watershed line.
La = total length of tributaries of order o.
M = exponent in the equation: q, = 7v'„6", expressing the runoff intensity in terms of depth of sheet

flow along the stream margin.
n = surface roughness factor, as in the Manning formula.

No = number of streams of a given order in a drainage basin.
N, = total number of streams in a drainage basin.
N,, N2 etc. = total number of streams of 1st, 2d orders, etc.
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Table 1.—Characteristics of llic drainage nets of certain stream basins
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30 jsquinji) These equations may appear formidable, but they are merely the statement in
symbolic form of the' simple algebraic laws of geometric series. Equations (5) and
(7) are the most important and are readily solved by means of logarithms.

Value of stream ordar

FIGURE 4.—Relation of stream lengths to stream order in different drainage basins

As an example, Table 2 shows the observed -and computed numbers and lengths of
streams of different orders, based on the following values of the variables:

rb = 3.12
s = 5
r, - 2.31
/, = 0.994

Actual stream numbers must of course be. integers, while the computed numbers
may be fractions. Some variation between the computed and observed stream
numbers and lengths must be expected, for various reasons. Several drainage basins
listed in Table 1 contain large lakes, and the drainage density is less than it would be
if the lake did not exist, since there would then necessarily be a stream of the highest
order traversing the lake bed. Lower Kondout Creek represents an incomplete
drainage basin to which the geometric-series laws do not necessarily apply because
it contains a stream or portions of streams of higher order than those originating
within this particular area. For some other areas the data were derived from early
editions of topographic maps which do not show all the low-order tributaries. In
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order that the equations shall give correct results the drainage basin must be reason
ably homogeneous. This is true of the drainage basin of Esopus Creek above Olive
Bridge, which is wholly mountainous. The drainage basin of lower Esopus Creek is|-
however, rolling and permeable, with great differences in soil, vegetal cover, rainfall,
and climate, as compared with the upper basin. Upper Esopus Creek drainage basin

Table 2.—Observed and computed stream lengths and stream numbers
Drainage basin of Esopus Creek above Olive bridge, New York.

QUANTITATIVE PHYSIOGRAPHIC FACTORS
291

watershed line, and h and /, are actual average stream lengths of two successive or
ders, k being the higher, then, as computed in Table 1,

r i = h

If measured as extended to the watershed lines,
, h + c

Stream Order
Number of streams Average stream length (miles)

From topographic
maps liy eq. (5) From topographic

maps By eq. (7)

1
2
3
4
5

90
25
9
1
1

94.75
30.37
9.73
3.12
1.00

0.994
2.45
5.64
6.00

29.00

0.994
2.30
5.31

12.2
28.3

rt =

(8)

(9)
h + c

has a much higher bifurcation ratio and stream-length ratio than the lower basin
(Table 1), and the composition of the drainage nets is quite different, as shown
g r a p h i c a l l y o n F i g u r e s 3 a n d 4 . i

The importance of these equations lies both in their practical application and in the
fact that they represent laws which evolve from physical processes which Nature
follows rather closely in the development of stream systems under such diverse
conditions as those of upper and lower Esopus Creek. The size of the drainage basin
dpes not enter the equations directly. It is indirectly involved, since the order of the
main stream would in general be higher in the larger drainage basin, for two homo
geneous drainage basins of different sizes. The order of the main stream is a factor
in the equations, and the drainage basin in which the main stream is of the higher
order will have, in general, more tributaries of a given order.

The data given in Table 1 cover a wide range of conditions, from precipitous
mountain areas, like upper Esopus Creek, and highly dissected areas, like those of
Seneca and Owasco lakes, to moderately rolling and Hat areas. They cover also
drainage basins ranging in size from a few square miles up to several hundred square
miles.

The bifurcation ratio (Table 1, column 11) ranges from about 2 for Hat or rolling
drainage basins up to 3 or 4 for mountainous or highly dissected drainage basins.
As would be expected, the bifurcation ratio is generally higher for hilly, well-dissected
drainage basins than for rolling basins.

The values of the length ratios (column 12) range from about 2 to about 3; the
average is 2.32.

In the examples given in Table 1, the stream lengths were measured to stream tips
as shown on U. S. Geological Survey topographic maps. If stream lengths had been
measured as extended to watershed lines, the resulting stream-length ratios would
have been materially reduced. If c is the average length from the'stream tip to the

The quantity r\ will always be less than r,. The average value of r, for the stream
listed in Table 1 is 2.32. If the stream lengths were extended to the watershed
lines, this value would lie between 2.00 and 2.32. The theoretic* value of r, or

.streams flowing into larger streams at right angles is 2.00, but r, will ^ °
streams entering at acute angles, as do most streams on steeper slope . The distance
along the course of a stream from its mouth extended to the water shed line IS called
"mesh length." The use of this quantity instead of actual stream length is prefer
able in physiographic studies, and its use leads to closer agreement with the thco-

M„1C^3 and 4, the agreement between the mean lines for the different streams
and the observed data is so close that the two following general laws may be stated
reearding the composition of stream-drainage nets:

(1) iL of sJun Numbers: The numbers of streams of different orders in a given
drainage basin tend closely to approximate an inverse geometric series m which the
■ first term is unity and the ratio is the bifurcation ratio.

(2) Law of Stream Lmgtiis: The average lengths of streams of each of the diffeicnt
orders in a drainage basin tend closely to approximate a direct geometric senes ,n
which the first term is the average length of streams of the 1st order

. Playfair called attention to the "nice adjustment" between the different stre m
'and valleys of a drainage basin but chiefly with reference to their declivities. These
two laws supplement Playfair's law and make it more definite and more quant,tat.ve.
They also show that the nice adjustment goes far beyond the matter of dechvUies.

TOTAL LENGTH OF STREAMS OF A GIVEN ORDER

Since the total length of streams of a given order is the product of the average
'length and number of streams, equations (5) and (7) can be combined into an equa

tion for total stream length of a given order.
The total length L0 of tributaries of order o is:

La - l\ru'-°ria (10)

The total lengths of all streams of a given order is the product of the number of
streams and length per stream. The number of streams is dependent on the bifurca

tion and'increases with'kre^rrier, while the length per stream »depeuta
on the stream length n and decreases with increasing stream order. 1 bus the total
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If it is assumed that the main stream is of the
4th order, then /■ = 1.38 miles;
5th order, then li = 0.50 mile;
6th order, then l{ = 0.20 mile.

Since lt is not far from half a mile, the main stream is of the 5th order. From line
B (Fig. 8) the number of 2d order streams is 3.15. This is the bifurcation ratio.
From line A the lengths of 2d and 1st order streams are, respectively, 1.38 and 0.52
miles. This gives the stream length ratio:

1.38

Data for at least four stream orders are required to determine the order of the main
stream from incomplete data by this method. Care must also be used in deter
mining the lines A and B accurately to secure correct results.

The values of the stream lengths as far as known are then plotted on semilog paper
(Fig. 8A), in terms of inverse stream orders, a line of best lit drawn to represent the
plotted points and this line extended downward to stream length unity or less.

To determine the order of the main stream it is necessary to know the order of
magnitude but not the exact value of the average length of streams of the 1st order.
The length /t of streams of the 1st order is rarely less than a third of a mile, a value
whichJs approached as a minimum limit in mountain regions with heavy rainfall,
as in the southern Appalachians. Also it is rarely greater than 2 or 3 miles, values
which are approached as maximum limits under some conditions in arid and semiarid
regions. Data from which the order of magnitude of /i can be determined are always
available from some source. In general all that is required is to know whether h
is of the order of half a mile, 1 mile, or 2 miles or more. The point at which the
stream length shown by the line ab (Fig. 8A) extended downward has a value about
the same as the known value of /■ for the given order indicates the order of the main
stream.

This method for determining the order of the main stream is of limited value in
some drainage basins, particularly large drainage basins, such as that of the Missis
sippi River, which are not homogeneous, and where there may be large variations
in the length of 1st order streams in different portions of the drainage basins, so that
the order of magnitude of /i may be difficult to determine. A small portion of a
drainage basin, with suitable conditions of high rainfall, steep slopes, etc., may add
several units to the value of s for the main stream, although it has little effect on the
weighted average value of /. for the drainage basin as a whole. For basins which are
reasonably homogeneous the method is accurate. Proof of its validity is readily
obtained by applying this method to a drainage basin where the values of h and the
drainage density Dj have been determined from measurements on a map showing
streams of all orders, but using in the determination only the data .for streams of:
higher orders. This was done in preparing Figure 8, which is of the 5th order, al
though only data for the lirst four stream orders were used in the computation, it-
being assumed that /i was of an order of magnitude between 1 and 1.5.

4 . 1 e % 3 4 - SInverse Order of stream
Figure 8.—Graphical determination of stream characteristics

This determination of s gives also the average length /i of 1st order streams. The
f<_.bifurcation ratio n and the stream-length ratio ri are determined by the slopes of the
llinesyl and B on Figure 8. It is not necessary to know the order of the main stream
?;. to determine these quantities. When n, rt, A, s, and h are known, the drainage
;! .density can be determined by means of equation (17).

This method of 'determining s has the advantage that it is at least as accurate
when applied to large as when applied to smaller drainage basins. In general, data
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for rs^U^sin"^" Wm ̂  aVaUable ̂  " ̂  f°r a krge drahla°e bttsin than ,
Pr^t 3 Sh°WS J'1' dnSinage C0mP°siti011 of Neshaminy, Tohickon, and Perkiomen 4Creek stream systems, derived in the manner described, together with the drainage J

Table 3.-Observed a^ computed drainage densities, Neshaminy, Tohickon, and Perkiomen creek

Item

QUANTITATIVE PHYSIOGRAPHIC FACTORS

1
2
3

4
5
6
7
8
9

10
11
12
13
14
15

Stream
Location
Drainage area, square miles

Computed values:
Stream order from map
'«
r t
n
P = ri/n
/(p)
rS"1

(11) X (9)
/.
(12) X (13) m Dd
Drainage density from map

Neshaminy
Below Forks

139.3

5
35.0
3.45
2.92
0.85
3.75

141.6
1.02
3.82
0.50
1.91
1.60

Tohickon
Point Pleasant

102.2

5
33.0
3.00
2.85
0.95
4.50

81.0
0.79
3.56
0.53
1.89
1.91

Perkiomen
Near Frederick

152.0

5
27.0
3.15
2.70
0.86
3.80

98.4
0.65
2.47
0.52
1.28
1.24

SgiX^.ted by equation (17) and as derived from direct ■—<™
Drainage densities computed by equation (17) will usually be somewhat higher

oZ TZ f ■ f 7 fl'°m maPS jf ^^ ,enKthS « meaSUred di^tly andiel. s- TT ,f ?mcha,me,s'because the stream «"«*" "d «-*lengths are sensibly identical for higher-order streams, whereas there may be 10 to ?5
per cent or even 50 per cent difference between stream length and mesh length for
ow-o der streams. In computing drainage density from values of lu rb) and,, ob-
tamed graphically, the computed value corresponds more nearly to drainage density

XT t reamr11" ^ * * * * * " " ° f ^ * *» * ^ * * l owe^
RELATION OF GEOLOGIC STRUCTURES TO DRAINAGE COMPOSITION

The examples of drainage composition shown in Table 1 and in Figures 3 and 4 in
nearly all cases represent special or abnormal conditions, such as the presence of
arge lakes in several of the drainage basins. While this table agrees well with the
laws of stream numbers and stream lengths even with such pronounced geologic
control of topography as that afforded by the drumlin areas in the Ganargua Creek

,tZr- n ^ T° °ther COndidons whe« g^ogic controls apparently exert IIclin, e influence on drainage composition. Figure 9 shows two drainage basins the
boundaries of winch are definitely fixed by geologic structures. ■ '

301

4 miles

Figure 9— Drainage patterns of Laurel Fork and Glady Fork, Cheat River drainage basin
(From Beverly, \V. Va., quad., U. S. G. S.)
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Tabix 4.—Physiographic factors for drainage basins tributary to Delaware River

I tem East Branch L i t t l e Ecsi Srancb
No. H e m Formula or t-teibod Delaware Beaver Kill Delaware Deiav/are V/illowemoc Seover Kill Neversink

i n (21 OJ M l ISl (CI a ; W (S.' do;

i S t r e a m C Br. Del R Beover Kill LillleDel R. E 6r. Del. R. V/illowcmoc Beaver Kill Mcversmk
z Locatior? fiih Eddy Cooks Fo lb Delhi Downsvillc Livingston Mom Beav-rkil l C t a r y v i i l c
3 Droinaqe Areca S q . M i A 7 8 5 2 4 1 5 0 . 3 3 7 3 C3.8 6 I . O ee.G
4 L ' tuqWi Mom s t ream Miles (a Ls 5C.5 7 6 . 5 I S O 3 6 0 1-5.5 13.0 13.0
5 W i d t h r a t i o 0.24G 0 . 2 9 7 0 .224 G 2 S 8 0.30' i 0 . 3G I 0 . 4 0 G& Channel Slope -Ft. per mile 5c 3 3 8 2 1 0 Z 9 £ 40G 2 2 4 3 0 7 3 3 G
7 G r o u n d - «■ • s«3

V s ,
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6 Slooe raf jo rs 0 . 3 3 8 0.270 o.3oe 0 377 0 3 0 9 6.297 0 . 3 Z 3
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I I b i t o r c a i i o r ? r a t i o (a; r b 4 v l s.o 3.0 S.C 2 . 7 4.5 A . C
IZ 5 t ream le rvc tb ra t io (a)

Mv"
Z.77 3 . I Z 2 . 5 9 ZjGO Z.54- 3-.5I 3 . 7 1

13 R a t i o P (<-: a c e 0 .6Z o . 8 C o - ] Z 0.94- O.-JB O.BC
14 Avcrcqz length overland flow mi les i o - j i ^ l i - C ^ ) 2 0.34G 0.405 0 . 3 2 4 - 0 - 3 1 7 0.3GO 0 4 0 I 0 . 4 3 8
IS D r a i n a q e d e n s i t y Dd I 3 G 1.19 1 . 4 7 L 4 G I . 3 Z 1.19 1.08
IG L a t i t u d e » 4Z.-O0 4Z-O0 4 Z - I 5 4 2 - I O 4 Z - O 0 4 2 - 0 5 4 1 - 5 5
17 long i tude 7 4 - 5 0 7 4 - 4 0 7 4 - 5 C 7 4 - 4 0 7 4 - 4 0 7 4 - 4 0 7 4 - 3 0

(a>from Bien'3 /Itlas of NY Stale Oilier data are from OS.G.'j. maps
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in a uniform manner regardless of geologic controls. Stream lengths on the other \

ttKEE £Tby seoiosK "•-* - ̂ ^^ î
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INFILTRATION THEORY OF SURFACE RUNOFF
GENERAL STATEMENT

The factors and formulas given serve as .Measuring tools for the quantitative

ZTT '/'/" ";' eaUlreS °' l'rainage b"si"s- Optative science devc lopsby the correlation of observed relationships through scientific laws and princip s
which may therefore be described as operating tools. Two principai kinds ^t.'
mg took are needed ,n connection with upland erosion. (1) the laws governing the

oTSve °t,Zn ■an" (2) J"?laws governins w s"il "*4r*--
fiow Te is, I Trr"*?T fl°W' ^ (d) tranSP°«»S P-er of shoe«ow lie first of these tools ,s supplied by the infiltration theory of surface runoff

ot this theory are pertinent to the present discussion
I be infiltration theory of surface runoff is based on two fundamental concepts:
(1) There is a maximum limiting rate at which the soil when in a given condition

can absorb ram as it alls. This is the infiltration-capacity (Horton.W
(2 When runoff takes place from any soil surface, large or small, there is a definite

onal rela ,on between the depth of surface detention fc or the quantity of wa

o 7 °" '"e ** SUrfaC0' and lhe ratC "' «*« ' »°« « channel ■
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These two concepts, in connection with the equation of continuity or storage
equation, form the basis of the infiltration theorjfo It has hitherto been assumed

I that surface runoff was some definite fraction of rain. If that were true, then all
w rains, however low their intensity,should produce runoff. This is not an observed fact.

INFILTRATION-CAPACITY

Infiltration-capacity,/, is governed by physical laws and processes which involve
I the simultaneous downward How of water and the upward flow of displaced air

through the same system of soil pores (Horton, 19-10; Duley and Kelly, 1941) and
is used in the sense of a limiting rate of flow, like the capacity of a water pipe.

The infiltration capacity of a given terrain, including soil and cover, is controlled
j chiefly by (1) soil texture, (2) soil structure, (3) vegetal cover, (4) biologic structures
in the soil, especially at and near the surface, including plant roots and root perfora
tions, earthworm, insect, and rodent perforations, humus, and vegetal debris, (5)
moisture content of the soil, and (6) condition of the soil surface, whether newly
cultivated, baked, or sun-cracked. Temperature is probably also a factor, although
its effect is often masked by biologic factors, which also vary with temperature and
season.

The infiltration-capacity of a given area is not usually constant during rain but,
.starting with an initial value fo, it decreases rapidly at first, then after about half an
hour to 2 or 3 hours attains a constant value fc. The relation of the inliltration-

[-. capacity to duration of rain can be expressed accurately by the following equation,
\vith/,/o, and/o in inches per hour:

f " fc + (f0 - fc)e~Kr (20

where e is the base of Naperian logarithms, / is time from beginning of rain, in hours,
| and Kj is a proportionality factor (Horton, 1939; 1940). This equation can easily be

derived on the assumption that infiltration-capacity is governed chiefly by the con
dition of the sail surface and is reduced at the beginning of rain by effects which

fl result from the energy of falling rain and which operate after the manner of exhaustion
phenomena. These effects include packing of the soil surface, breaking down of the
crumb structure of the soil, swelling of colloids, and the washing of fine material
into the larger pores in the soil surface.

As an example typical of many experimental determinations of the change of
infiltration-capacity during rain, the values of / have been computed at different

!' times, /, from the beginning of rain for a soil with initial infiltration-capacity fa =
2.14 in. per hour and which drops to a constant value /„- = 0.26 in. per hour in 2
hours. The quantity Kf determines the rate of change of infiltration-capacity
during rain for a given rain intensity and in this case has the value 3:70.

/: 0.0 0.2 0.4 0.6 0.8 1.0 1.5 2.0
/,in. per hr.: 2.14 1.16 0.69 0.46 0.36 0.31 0.28 0.26

These values of/ show that the infiltration-capacity drops off rapidly at first, then
more slowly as it approaches fe. Between rains drying out of the soil and restoration
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of crumb structure leads to restoration of/ toward or to its initial value. The geo-
morphic significance of this decide of infiltration-capacity during rain is illustrated
by the fact that if infiltration-capacity remained constant at the high value it usually
has at the beginning of rain, then there would be little surface runoff or soil erosion.

It is the minimum value fc of infiltration-capacity which predominates during]
most of long or heavy rains which are chiefly effective in producing floods and sheet,
erosion. Infiltration-capacity is highest and least variable for pure coarse sands.'
For terrain with such soils, the infiltration-capacity may always exceed the raiS
intensity, so that even in winter, when the ground is frozen, no surface runoff occurs.'!
The infiltration-capacity concept accounts for the absence of sheet erosion and the
meager development of drainage in many sandy regions, even with abundant rainfall.;

"Transmission-capacity" is the volume of flow per unit of time through a column
of soil of unit cross section, with a hydraulic gradient unity or with a hydraulic head
equal to the length of the soil column. Infiltration-capacity and transmission-!
capacity are related, but they are riot identical; the infiltration-capacity is usually \
less than the transmission-capacity. Under conditions where transmission-capacity^
prevails, the soil column is fully saturated, and the entire cross section of the void.
space participates in hydraulic flow. When infiltration-capacity prevails, the soill
column is not usually fully saturated, and air must escape upward through the soil|
as fast as water flows downward into the soil. This occupies a fraction, though-';
usually only a small fraction, of the pore space. Also, because of the surface reduc- I
tion of infiltration-capacity, already described, the soil surface cannot usually absorb
water as fast as water can flow downward through the interior of the soil mass. As a I
result the soil is not saturated appreciably above its capillary-capacity, even during!
the heaviest rains. This fact can readily be verified during a rain by picking up a "1
handful of garden soil at a depth of a few inches. As a rule, no water can be squeezed =
out of the moist soil although, if saturated, water could readily be squeezed out. I
A common fallacy is the statement that during a storm a severe flood was produced1'!
by the soil becoming saturated. This happens only in the case of heavy clay soils/1
Even if the water table rises to the soil surface, as it sometimes does in swampy areas, |
the soil can still absorb water, which appears later, somewhere, as ground-water or t
wet-weather seepage. As an example, in the central New York flood of July 1935, j
analyses showed that, in the Cayuga and Seneca drainage basins, the terrain main-1'!
tained an infiltration-capacity of 0.2 to 0.3 inch per hour over the areas where the|
most intense rainfall and runoff occurred.

Infiltration-capacity of a given terrain can be determined in several ways, either.!
with fully controlled conditions or for a drainage basin as a whole, under natural '\
conditions. Thousands of determinations of infiltration-capacity have been made. .1
These and other similar data, when more fully analyzed and classified, will, it is 5
believed, form one of the most important tools for a quantitative study of drainage- ',
basin morphology.

Rain falling at an intensity i which is less than/ will be absorbed by the soil surface I
as fast as it falls and will produce no surface runoff. The rate of infiltration is then!
less than the infiltration-capacity and should not be designated "infiltration-capac-'l
lty." If the rain intensity i is greater than the infiltration-capacity/, rain will be J
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• absorbed at the capacity rate/; the remaining rain is called "rainfall excess." This
1 accumulates on the ground surface and for the most part produces runoff, and the

difference between rain intensity and infiltration-capacity in such a case is denoted
i; by a and designated the supply rate («r = i - /).' For a constant rain intensity i,
in inches per hour, the runoff intensity qt, in inches per hour, approaches the supply

; rate <x asympototically as a maximum or limiting value as the rain duration increases
(Horton, 1939; Beutner, Gaebe, and Horton, 1940). The total surface runoff is ap
proximately equal to the total supply ate, where t» is the duration of rainfall excess.

OVERLAND OR SHEET FLOW

In the minds of most persons the term sheet flow probably implies a greater depth
of flow than usually occurs. Sheet erosion is used in contradistinction to channel
erosion, and the use of sheet flow to describe overland flow not concentrated in
channels larger than rills is appropriate, but it may not imply flow to depths mea
sured in feet or even in inches but rather in fractions of an inch.

Since 1 inch per hour equals approximately 1 second-foot per acre or 640 c.s.m.2,
and an acre is 208 feet square, the surface-runoff intensity qx in cubic feet per second
from a unit strip 1 foot wide and a slope length h will be:

q x = 0 . 0 0 0 0 2 3 l 0 q , ( 2 1 )

where q3 is the runoff intensity in inches per hour. Discharge = Depth X Velocity
or if 8 is the depth of sheet flow, in inches, and v the velocity in feet per second, qx =

, —. It follows that the depth of sheet flow at any point on a slope where the slope

length is /„ will be:
8 = 0.000277/u q,

(22)

On a gently sloping lawn, with a length of overland flow of 100 feet and a velocity of a
quarter of/i foot per second, a depth of surface detention of 0.11 inch will produce 1
inch runoff per hour. Walking over such a lawn while this runoff intensity is occur
ring, one may not notice that surface runoff is taking place; yet it is this same un
obtrusive and almost imperceptible overland flow which, with greater depths and
larger volumes and on longer slopes, is largely responsible for carving the landscape
of drainage basins into observed forms.

LAW OF OVERLAND FLOW

The velocity of turbulent hydraulic flow is expressed in terms of the Manning
formula:

^ h ^ m V- s (23)

where v is the mean velocity in feet per second, 11 is the roughness factor, having the
same general meaning for sheet flow as for channel flow, R is the hydraulic radius or

1 c.s.m. = cubic feci per second jier square mile.
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PROFILE OF OVERLAND FLOW

It can readily be shown from the infiltration theory that the profile of sheet or
overland flow, or the relation of depth 8 of surface detention to the distance x down-
slope from the watershed line, is expressed by a simple parabolic or power function

Rcxirc

* XViC; \ i
M ?/ .X

i \ ^ % X V I '
^ ■». ^ Cl S.< o . s

\ r t fi \ \ ro^ io r i
1 1^ N

r^~ St-Lrfa.ee. de+erff/orz.
j , X s

\
\

Ourflef
FIGURE 13.—Half section of a small drainage basin

Illustrating runoif phenomena. Vertical scale greatly exaggerated.

(Horton, 1938). This relation is illustrated on figure 13. A similar power function
expresses the relation of velocity of overland flow in terms of distance from the water
shed line (Horton, 1937). For turbulent flow:

6x ■■=
A', /.

1.486 /sA*" /-

and, in general, for 8X in inches, for any type of How:

y K.io
and for velocity in feet per second:

vx m 0.2836
n \ K

- - 13 A/

where a = supply rate, in inches per hour; l0 — total length of slope on which over
land flow occurs, in feet; x = distance, in feet, downslope from the watershed line;
K3 is a coefficient derived from the Manning formula for turbulent flow, and approxi
mately applicable to other types of flow. Its value is:

(30)

(31)

(32)

(33)

and the exponent:

K, m

ZM

1020V5
I n l o

9.0 - -1/

(34)

(35)

in which S is the slope, / the index of turbulence, l0 the length of overland flow, and
n is a roughness factor, of the same type as the roughness factor in the Manning
formula. The equations for turbulent flow are derived directly from the Manning
formula and the law of continuity and are rational. The equations for other types
of flow are closely approximate. The depth 8X as given by these equations is the
total depth of surface detention, including depression storage. The equations for
8X fail at points close to the watershed line if, as is often the case, depression storage
persists to the watershed line. In the equations both for turbulent and other types .
of flow, it is assumed that the velocity varies as -\/S, as for turbulent flow. This
may not be entirely correct although numerous experiments indicate that, in mixed
flow, most of the resistance is that due to turbulence. Theoretically, for laminar
flow the velocity should vary directly as the slope, not as -\/S.

These equations apply primarily to steady flow. Experiments show that they are,
however, closely approximate during the early stages of runoff, while surface deten
tion is building up to its maximum value. While detailed discussion of the effect
of the various factors on surface-runoff phenomena cannot be undertaken here, com
parison of the equations shows that the velocity of overland flow increases, while the
depth at a given point x decreases, as the slope increases. Increasing roughness
of the surface decreases the velocity but increases the depth of surface detention.

The equations for depth and velocity profiles, in conjunction with that for Ks, are
of fundamental importance in relation to erosional conditions, since they express the
two factors, 8X and vx, which control the eroding and transporting power of sheet
flow, in terms of the independent variables which govern surface-runoff phenomena.
There are six variables: (1) rain intensity, /; (2) infiltration-capacity,/; (3) length of
overland flow, /0; (4) slope, S; (5) surface-roughness factor, w; (6) index of turbulence
or type of overland flow, /. To apply these equations to erosion and gradational
problems one must also have laws governing the relation of velocity and depth of
overland flow lo the eroding and transporting power of overland flow.

SURFACE EROSION BY OVERLAND FLOW
SOIL-EROSION PROCESSES

There are always two and sometimes three distinct but closely related processes
involved in surface erosion of the soil: (1) tearing loose of soil material; (2) transport



316 R. E. HORTON - EROSIONAL DEVELOPMENT OF STREAMS SURFACE EROSION BY OVERLAND FLOW 317

or removal of the eroded material by sheet flow; (3) deposition of the material in
transport or sedimentation. If (3) does not occur, the eroded material will be car
ried into a stream.

Every farmer has noticed that the spots most vulnerable to erosion are the steeper
portions of the lull or valley slopes, neither at the crest nor at the bottom of the hill

1 1 I I I I j jj J j j j | |
Rctir?

Overland flow

Material ir?
suspension

Dgposit ior? of
sediment

FIGURE 14—Half profile of a valley slope
Illustrating soil-erosion processes.

but intermediate. All soils possess a certain resistivity to erosion, and this resistivity
may be increased greatly by a vegetal cover, especially a good grass sod. The under
lying soil may have a much smaller resistivity to erosion, and, if the surface conditions
are changed by cultivation or otherwise so as to destroy the surface resistance, erosion
will begin on land which has not hitherto been subject to erosion

Figure 14 shows a half profile of a typical stream valley slope, with the vertical
scale greatly exaggerated. The line oabc represents the soil-surface profile—flat in
-lie region o, near the crest, steepest in the region ab, about mid-length of the slope
md relatively flat at the foot of the slope, in the region be. The line odef represents
he surface of sheet or overland flow in an intense rain, the depth of overland flow
ncreasing downslope from o toward/. In the region on no erosion occurs throughout

a distance xc from the crest of the slope, and this is called the belt of no erosion. Here
the energy of the sheet or overland flow is not sufficient to overcome the initial re
sistance of the soil surface to erosion, even in the most intense storm. In the belt
ob, mid-length of the slope and where the slope is steepest, active erosion occurs.

Beginning at a the amount of material carried in suspension by the overland flow is
proportional to the ordinate between the dotted line ab'c' and abc. At a it is zero;
at b it is represented by the vertical intercept bb'.' Beginning at a a given volume
of water, for example, the water flowing over 1 square foot of soil surface, picks up a
certain amount of eroded soil matter and carries it in suspension. Passing over the
next adjacent square foot of area the same water picks up another increment of soil
matter and holds it in suspension, and so on, the amount of material in suspension
increasing until at some point b the overland flow is fully charged with material in
suspension and can carry no more. Between the point b and the stream channel, no
material is carried away because any material picked up must be replaced by an
equal quantity of material deposited from that already in suspension. If the slope
decreases as shown on the diagram, then the ability of the overland flow to carr}'
away material may decrease, in which case deposition of material or sedimentation
on the surface will occur instead of erosion.

RESISTANCE TO EROSION

The physical factors governing soil erosion are: (1) initial resistivity, it,-; rain
intensity, /; infiltration-capacity,/; velocity and energy of overland flow or eroding
force, F. The breaking down of the soil structure, tearing the soil apart and lifting
or rolling soil particles or aggregates, requires the expenditure of energy. Erosion
can occur at a given location only where the amount of energy expended as frictional
resistance on the soil surface exceeds the amount of energy required to overcome the
initial resistance of the soil to erosion. An exception occurs in some cases where the
soil is churned up into a semifluid mass by intense rain before surface runoff begins,
producing high initial erosion rate. Sustained erosion can occur only where the
condition above described is fulfilled.

The term "soil" as related to surface erosion includes not only the soil substance
but also the vegetal cover and the structures—physical and biologic—in the surface

Jayers of soil. Soils are of two general classes: (1) indigenous, or those formed by
weathering of underlying parent rock, either igneous or sedimentary. Such soils
generally prevail outside of glaciated and loess-covered regions. For some types of
rock the formation of soil in situ is extremely slow. After a shallow surface layer of
soil is formed, the formation of additional soil is restricted by the previously formed
soil cover, but even in full exposure the rate of soil formation from many types of
consolidated and igneous rocks is so slow that when the soil cover has been removed
the land becomes worthless. (2) Preformed and transported soils. These consist
of rock material comminuted by glacial or aeolian action and transported and de
posited. Such soil is of ten a mixture of transported and indigenous soil material and
includes sedimentary soils deposited on lake or ocean floors and afterward exposed.
Transported soils,'particularly those of glacial origin, are often highly fertile at the
time they are laid down, as is evidenced by the growth of thrifty forest vegetation
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332 R. E. HORTON—-EROSIONAL DEVELOPMENT OF STREAMS

disappearance of glacial ice. In the hitter case xc on the newly formed surface may
exceed the values of l0 pertaining to the drainage of melt-water from the ice sheet, a
rilled surface may not develop, and the topography will remain much the same as
when the ice disappeared, except that gradation by solution may take place. In
desert regions, with suitable relations between the rain intensity, infiltration-capac
ity, surface resistivity, and the slope, a rilled surface may develop with little or no
cross-grading, so that surface gradation may never extend beyond the rill stage.

ORIGIN OF RILL CHANNELS

"Sheet erosion" implies the formation of either a rilled or gullied surface. From
the discussion thus far it would appear that overland How downstream from the
critical point xc on a smooth uniform surface should remove a uniform layer of soil
instead of producing a rilled surface.

The question may fairly be asked: Why does a drainage basin contain a stream .
system? Surface runoff starts at the watershed line as true sheet flow, without
channels. Even below the critical distance xc it should apparently continue as such
sheet flow combined with sheet erosion. Why, then, do rill channels develop? The
answer is that channels start to develop where there is an accidental concentration
of sheet flow. Accidental variations of configuration may provide the requisite
initial conditions where a local area has a lateral slope joining a longitudinal slope
or where two lateral slopes join and form a trough.

Most cases of active erosion observed at present represent conditions where there
is or has been a protective vegetal cover and the initial resistivity of the soil surface
is greater than that of the immediately underlying subsoil.

Consider a point upslope from xc. If, as a result of change in cover conditions,
either the resistance Ri or the inliltration-capacity is reduced, the point xc may move
upslope from the given point, which will then be susceptible to erosion. When the
remaining protective cover is broken through at a given point, a channel or gully will
form which will proceed rapidly upslope, chiefly by headward erosion, because of the
lower resistivity of the underlying soil.

This, however, is not the mode of origin of rill channels, which, it must be pre
sumed, often form on new terrain without vegetal cover and with a value of in
sensibly the same at and to some depth below the soil surface. Slight accidental (J
variations of topography may produce a sag in which the depth of sheet flow is a
maximum at the point a (Fig. 20), the line bb' representing the water surface at
maximum runoff intensity. As a result of the greater depth at a, erosion will be 1
most rapid at that point, and increased channel capacity will be provided at a, and |
part of the water which originally flowed in shallower depths on the adjacent area
will be diverted into this enlarged channel. This may accelerate the process until
the entire flow is concentrated in the rill channel (Fig. 20). This does not involve
headward erosion in the ordinary sense. However, when a rill channel has once
formed, sheet flow coming down the slope upstream from the head of the rill will be
deflected toward and diverted into the rill channel, thus providing a means of rapid J
headward extension of the rill.

This process of rill formation can often be observed on a cultivated slope during I

ORIGIN AND DEVELOPMENT OF STREAM SYSTEMS 333

heavy runoff. The size and spacing of the rill channels vary with the slope, runofl
intensity, and length of overland flow, ranging from a few inches apart on a culti
vated slope to many feet or yards apart on long slopes with low runofl intensity and
higher erosive resistance. In some areas in abandoned lake beds or exposed coastal

;

FIGURE 20.—Successive stages of rill-channel development

belts in arid regions stream development has never progressed beyond the rill stage.
Such an example is give/Wm the Moon Mountain, Arizona-California, quadrangle,
U. S. G. S. topographi'ff'|») (Fig. 21). Later stages (if stream-channel development
belong to the domain of channel dynamics and involve velocity distribution, silt
equilibrium, and other factors which cannot be considered fully here.

The ultimate dimensions of a stream channel are, as indicated by Playfair's law,
such that it is adapted to the area which it drains. Stream channels tend to acquire
ultimate dimensions such as to carry all or most of the flood waters of the stream.
This is largely because most surface erosion and channel erosion occur during floods.

CROSS-GRADING AND MICROPIRACY

A system of parallel shoestring gullies is transformed to a dendritic drainage net
as the result of the tendency of the water to flow along the resultant slope lines and
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variations of conditions within the area, may appropriately be designated "adventi
tious" streams. The development of adventitious streams increases the number of
streams of lower orders and tends to make the bifurcation ratio greater than 2.0, as
it usually is for natural streams. Lateral slope also increases the length of tributaries
and makes the stream-length ratio also greater than 2.0. An increase of /•/ is also

channels parallel with the direction of the initial slope surface. The first rill channel
will be at dd', where the length of overland flow first exceeds the critical length xc.
As the coast line recedes the belt in which erosion can occur will increase laterally
and longitudinally, and the system of rill channels will be extended correspondingly

FIGURE 26.—Beginning of erosion on newly exposed land

produced because streams do not extend to the watershed line although they may
extend by headward erosion to a distance less than the critical minimum value of xc
from the watershed line. Adventitious streams usually increase the bifurcation
ratio more than the stream-length ratio is increased by the conditions described,

with the result that the ratio — is in general a fraction, and the total length of streams

of a given order is not constant but decreases proceeding from the lowest to the
highest stream orders. Adventitious streams do not in general develop simulta
neously with larger streams in the basin but are developed later as the development
of the stream system approaches maturity.

STREAM DEVELOPMENT WITH PROGRESSIVELY INCREASING LAND-EXPOSURE COMPETITION

For illustration the exposure of coast marginal lands will be assumed to be nearly a
uniform homogeneous sloping plane, extending from a divide line an' (big. 26) to the
new coast line cc'. It is assumed that the soil surface in the newly exposed belt
aa'cc' is initially bare and has a certain infiltration-capacity/and a surface resistance
to erosion R, such that the critical length xB required to permit surface erosion to
occur in the most intense rain is as shown on the diagram. The dashed line bb'
is at a distance xc from the watershed line aa'. As long as the coast line is within the
belt aa'bb', no streams will develop, runoff will be in the form of direct sheet flow to
the new coast line, and no erosion takes place. There will be irregularities in the
watershed line aa' and in the coast line cc', and, when the length of overland flow
exceeds xc at some point d, erosion will begin at that point. When the coast line has
reached the position cc' there will be a small area, as outlined by a dashed line, within
which /„ > x-c, and within this area sheet flow will produce erosion and a series of rill

FIGURE 27.—Development of first pair of tributaries on new stream system

in both directions. The rill at dd' was first formed and has been longest subject to
erosion and will become the master rill. Cross-grading will take place, producing
new components of slope toward the rill dd' and obliterating the original rill channels.
New rill channels will develop following the new direction of slope, on each side of the
original stream dd' (Fig. 27). In general the lengths of these new rill channels will
increase proceeding down the slope from the line cc'. At some point o (Fig. 27)
a new rill channel will have a greater length oq and greater runoff than rills between
o and d. It will have developed earlier than rill channels entering the parent stream
dd' between o and d'. It therefore has greater runoff and a longer duration of runoff
in which to cut its channel than rills formed farther down the slope. Such rill chan
nels will survive as a tributary stream. Such a rill channel occurs on each side of the
parent stream in the vicinity of o, and cross-grading toward these tributary streams
will also occur. Cross-grading of the areas adjacent to these two tributaries will
produce cross-graded slopes on either side of each tributary (Fig. 28), until there is
again a location on each of these areas favorable for the development of tributaries,
and new tributaries will develop, usually one on each of the two preceding tributaries,
as at m, n, and p (Fig. 28). This process will continue until finally there is no land
surface above the mouths of the original tributaries where the length of overland
flow exceeds the critical length xc.
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belt of no erosion ab, the maximum ground-water table is at cc', and the minimum
at dd'. Between cc' and dd' the stream is intermittent. At c' part of the infiltration
on the upper drainage area enters the stream. At times of maximum surface runoff
the ground-water flow may represent a considerable fraction of the total flow. If,

Figure 33.—Drainage basin of Fenny pack Creek
Above Valley Falls, Pa., showing subareas from which surface runoff is derived.

lor example, the ground-water flow is one fourth of the total flow at c', then, if the
channel extended a little farther upslope to e, the maximum runoff would be reduced
one fourth by elimination of ground water. There is therefore an abrupt and some
times considerable change in the total runoff at about the point where the maximum
level of the water table intersects the stream channel. Surface runofl' plus ground
water flow can generally extend the channel upstream farther by headward erosion
than could surface runoff alone. Hence the channel usually ends near the point
where ground-water flow is no longer effective. Ground-water flow at c' is inter
mittent, but it usually continues much longer than surface runoff and by maintaining
the soil at the head of the stream channel moist and soft it promotes extension of the
channel by headward erosion and bank caving.

The final results of stream development under natural conditions are illustrated
by Figure 33. Some of the streams in the lower part of the basin are clearly adventi
tious. There are several drainage basins, such as A and B, where tributaries have

T

developed only on one side of the parent stream, leaving, in this case, an isolated
plateau in the interfluve area, although the drainage development of the basin is
evidently mature.

STREAM-ENTRANCE ANGLES

From geometrical considerations the following equation has been obtained for the
entrance angle between a tributary and the higher-order stream which it enters
(Horton, 1932)':

tan sc
COS Ze =

tan s.j

where zc is the entrance angle between the two streams; se is the channel slope of the
parent or receiving stream; sa is the ground slope or resultant slope, which is here
assumed to be the same as the slope of the tributary stream.

Values of the entrance angle computed by this equation for different values of the
ratio sc/s0 are as follows:

s j s 0 = 0 . 9
3 , = 2 5 . 5 °

0.8
36.8"

0.7
45.5°

0.6
37.0C

0.5
60.0C

0.4
66. Y

0.3
72.3'

0.2
78.3'

0.1
84.2'

As shown by Table 4, stream slopes are always less than the adjacent ground
slope, and tributaries should enter the confluent stream at acute angles when the
slopes of the channels of the tributary and confluent streams are nearly the same.
The equation takes on the indeterminate form 0/0 if the two slopes sc and s0 are equal.
This means that the two streams will be parallel and will not join. Three cases will
be considered for purposes of illustration.

Case 1—Flat Streams Developed on a Flat Area: When the parent stream
has developed and cross-grading has proceeded to a point where a pair of tributaries
develop, the parent stream will in general have cut into the initial surface to some
depth, and its stream slope in the vicinity of the debouchure of the tributaries will be
materially less steep than the original slope, while the slopes of the tributaries as
they approach the parent stream will be materially steeper than the original slope.
As a consequence, instead of the ratio sc/s0 being close to unity, this ratio will seldom
have a value greater than 1/2 or 1/3, and the tributaries will not enter the main
stream at acute angles, as would be the case if sc and s0 were nearly equal, but will
more generally enter the parent stream at angles of 60° to 80°. On extremely flat
surfaces in humid regions a swampy condition often prevails, and stream-entrance
angles are but little subject to control by erosion conditions. On semiarid plains
where little erosion occurs, acute entrance angles of tributaries to the parent stream
may sometimes be observed.

Case 2—Flat Valley Slope with Moderate to Steep Adjacent Ground
Slope: Under these conditions the ratio sc/s0 is nearly always low, and the stream-
entrance angles to the main or parent stream are commonly 60° or greater. As the

* Derivation of this equation is given correctly in the reference cited. Interpretation of the equation as there given
is incomplete and not wholly correct.
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stream system develops, the slope of the main stream steepens proceeding upstream
and the lateral ground slopes also steepen proceeding upstream. The ratio s/s'
may remain sensibly constant, or it may either increase or decrease. Most commonly
it decreases to some extent. Quite generally the entrance angles of tributaries to the
main or initial stream are quite uniform and range from 60° upward, decreasing some
what upstream.

Case 3-TributarIES on a STEEP Slope: Tributaries developed on the same slope
generally run nearly parallel, and if the main valley is relatively flat they will enter
the parent stream at an angle of 90°, representing a limiting condition which is ap
proached but not often attained. Tributaries developed on the same lateral slope
may of course join and are especially likely to join where drainage development is
incipient, as on steep, rocky slopes and in semiarid regions where tributary develop
ment has been arrested at the end of the rill stage. Parallel tributaries which join
on a steep slope under these conditions commonly have an acute angle of juncture
In this case the ratio sjsu is close to unity.

DRAINAGE PATTERNS

Much has been written regarding the forms of drainage patterns. They are usually
Classified as dendritic (treelike), rectangular or trellised, radial, and centripetal

he terms radial and centripetal commonly refer to the arrangement of a group of
drainage patterns originating at or converging to a common point and do not refer
m genera to the pattern in an individual drainage basin. All drainage patterns of
individual drainage basins are treelike, but different patterns resemble the branch
ings of different kinds of trees and range from those with branches entering the
parent stream nearly at right angles, to those with tributaries nearly parallel and
entering their parent streams at small angles. The form of the drainage pattern
depends to a large extent on the relation of the slope of the parent stream to the
resultant ground slope after cross-grading. If this ratio increases with successive
cross-gradings, stream-entrance angles of successive tributaries are somewhat more
acute for successively lower-order streams, affording the most usual type of dendritic
drainage pattern.

On a relatively flat surface the directions of resultant overland flow after the
first cross-grading are nearly at right angles to the initial stream, and the second
series ot streams developed enter the parent stream nearly at right angles Cross-
grading of the areas tributary to these streams produces but a slight change in the
slope ratio sc/s0> so that the next order of streams also enters the parent streams
more or less nearly at right angles. In this way a rectangular drainage pattern is
d e v e l o p e d . '

If, on a steep, sloping, original surface, the headwater divide forms roughly an arc
of a circle, then the first two tributaries developed will enter the parent stream from
opposite sides at nearly the same point (Fig. 34). These streams will develop long
tributaries nearly parallel with the initial stream, giving rise to a centripetal drainage
p a t t e r n ( F i g . 3 4 ) . b

On flat slopes each successive cross-grading of a given subarea changes the direction
ol the next stream to develop on the area through an angle approaching 90° as a
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Scales: rmii
Figure 34.—Centripetal drainage pattern

Payne Creek, Ga., Mulky Gap quad., U. S. G. S.—T. V. A.

limit and changes the direction of overland flow through a corresponding angle.
The direction of resultant cross-graded slope at the end of a given stage becomes the
direction of the stream of the next succeeding stage. The directions of streams and
of resultant slopes will change through nearly a right angle with each successive
stage of stream development and cross-grading, and the directions of streams and of
resultant slopes tend generally to be the same in any two stages of stream develop
ment which are either both even numbered or both odd numbered.
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ASYMMETRICAL DRAINAGE PATTERNS

Because newly developed tributaries enter their parent streams at acute angles,
they divide their tributary areas into two parts such that the remaining upslope
tributary areas are larger than those on the downslope side, using the terms "up
slope" and "downslope" with reference to the two sides of the tributary. Because
of inequality of area, width, and slope on the two sides of a tributary, the next lower
order of tributaries may develop with two or three tributaries on the upslope side and
fewer or none on the downslope side, a common phenomenon, particularly in moun
tain areas. Since the average elevation of the upslope area is greater than that of
the downslope area, this phenomenon is sometimes attributed to increase of rainfall
with elevation. It may occur, however, as the result of differences of tributary area
and length of overland flow on the upslope and downslope sides of the parent streams,
independently of variation of rainfall or runoff on the drainage basin. Burch Creek
and Reels Creek drainage basins (Utica, New York, quad., U. S. Geological Survey)
afford examples of asymmetrical drainage-basins.

PERCHED OR SIDEHILL STREAMS

In general, streams follow the bottoms of the valleys in which they are located.
Small —usually 1st order—streams are occasionally perched precariously on the side
slopes of graded valleys of higher-order streams. ' The course of such a stream is
often more nearly parallel with the antecedent slope than with the cross-graded slope.
At the foot of the slope the stream often turns abruptly and debouches into the parent
stream at nearly a right angle (Fig. 35). Evidently gradation of the valley of the
parent stream cd reached the stage shown in the figure before the slope became steep
enough to reduce the critical length xc below the maximum length /„ of overland How
on the right-hand side, and /„ became greater than xc only when gradation of the
valley slope had reached the end point. A weak stream, ub, then developed by
micropiracy and cross-grading, but owing to some local cause, such as increased
resistivity of the soil to erosion at increased depth below the original surface, this
stream was unable to develop a valley of its own by further cross-grading and so
remained high above the parent stream on the antecedent rilled surface, until, with
increasing volume and slope, it turned nearly a right angle as it entered the parent
stream.

REJUVENATED STREAMS; EPICYCLES OF EROSION

In the preceding sections it has been assumed that: (1) Uplift or exposure of new
terrain took place continuously though not necessarily at a uniform rate, the region
finally becoming stable; (2) the initial resistance R{ of the soil surface to erosion re
mained constant. The effect of subsequent further elevation or subsequent sub
sidence of an area on which a stream system has already developed has been exten
sively discussed in connection with the Davis erosion cycle (Wooldridge and Morgan,
1937) and will not be considered further here. Before leaving the general subject of
stream development and valley gradation consideration will be given to the effect
of (1) differences between surface and subsurface resistivity to erosion, (2) changes
in the surface resistivity to erosion.
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The term "rejuvenated stream" is applied to a stream system in^which a renewed
cv lo "sion begins and which may extend the drainage net after it has reached
m-uty Rejuvenation may result from several causes, although in the Davis

Figure 35.—Perched or hillside stream

sense the term is applied chiefly where it results from widespread geologic changes
enrh -»s renewed uplift, folding, and tilting.
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from the surface, or (2) abandonment and fossilizalion of pre-existing streams and
tributaries, if R, and xc increase with increased gradation

A thud condition may also bring about changes in erosion rate and stream de
velopment which is more common than rejuvenation due to strictly geologic causes
This occurs where as the result chiefly of climatic or cultural chafes, theret a
change m the surface-erosionab resistivity or infiltration-capacity of he terrain

^ SS' Chang6S ^ ^ «*" ** * "* h "" --— ^^op-
Accelerated erosion due to the removal or replacement of an initially resistant

surface by a less resistant surface has been appropriately described by Bailey (1935)
as an epicycle of erosion. This term is appropriate since it implies a marked changed

H ~ ; " t g r a f " ^ — - P o s e t . o n t h e n o r m a l e r o s i o n a l c o u d Z sChange, in erosional conditions brought about by dust storms and the formation of
loess veneer on soil surfaces, and changes in erosional activity resulting fro m

2 t £ £ f 1 d e f ° r e S t a t b ' 1 ' * "■ « o v e r g r a z i n g o f r a n g e h i n d s , a i W lexceuenf examples of epicycles ol erosion.
Where a less permeable and more resistant .surface layer of soil or sod overlies

weaker or more permeable subsoil, there will he h, effect two different values of x
one pertaining to the surface layer, the other to the underlying material. This occure

or Xr h! f *"?," ""'" VCg,:ml 00V8r 0VCrlies a —ohesive sandy s„Uo where there is a layer o, loess or similar fine-textured material, with moderate or
tugh cohesiveness, overlying more permeable and less cohesive material, such as

If the overlying resistive material is broken through, the value of a, pertaining to
he underlying material governs subsequent stream development. In such easel

the development 0 a drainage net is likely to be erratic and sporadic. On much of
the area there may be but few streams. This will be true where the larger or surncial
value of erosive reastonce R, and critical distance a, are effective. At other locati ,
where the smaller subsurface values of A', and *. have become effective, activ a, d
eucnstvc stream development may take place. Extensive plains, for the most part
undisturbed by erosion, may be dissected by rapidly giving an,, irregularly bra d -
tug ys ems of gu lyhke channels. This condition exists in the Pontotoc Ridge redo,
of the Little Tallahatchie, Mississippi, drainage basin, where deep incoherent S
is overlam w,th a tl,,,, veneer of fine uniform loessal silt. In this region x. tor ,1,
underlying sand is practically zero, and stream development may extend far above
the ,, limit for the surface material as a result of headward erosion. The author h
observed gullies ,n the Pontotoc Ridge region which in some eases have extend "
not only tobu somewhat beyond the topographic boundaries of their drainage basins

fapp e al., 940 . Tins has resulted from the slumping of masses of earth from
he nearly vertical and sometimes undermined scarp formed by the erosion of the

deep, incoherent sand.
The destruction of vegetation by smelter fumes early in the present century in the

vanity of Ducktown and Copper If ill, Tennessee, brought about a new "erosionycle Glenn s early report (1911) and the author's later observations show that
forest and lulls sometimes protected the sod locally even where the trees were killed,
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and where the sod was protected no erosion occurred. As described by Glenn (1911
p. 78):

"The erosion starts near the bottom of a slope, and where the soil is porous rapidly cuts a steep-
sided gully to a depth of 5 to 12 feet below the surface, where the underlying schist is as a rule still
measurably firm. After a gully has reached its limit in depth it widens until its walls coalesce with
the walls of adjacent gullies, by which time most of the soil has been removed."

Over much of the denuded area erosion has not been as complete as that above
described. Narrow flat lands still persist between the parallel gullies, and uneroded,
nearly flat summits of the hills are conspicuous. In some cases the gullies afford
excellent examples of cross-grading in progress, with remnants of the antecedent rill
surface still visible.

The erosional topography of this region was essentially mature before denudation
took place wherever there was a well-established sod cover. The resistivity of the
underlying soil to erosion is, however, so small that, lacking protection, the critical
distance xc is reduced nearly but not quite to zero. Consequently the walls between
initial parallel ridges on steep slopes have sometimes coalesced, as described by Glenn.
Within a few years after destruction of the vegetation the drainage density was in
creased locally from ten to one hundred fold, and where this occurred the end point
of the new erosion cycle was quickly attained.

In the gully formation in the Pontotoc Ridge region in Mississippi and in the
vicinity of Ducktown, Tennessee, surface and subsurface resistance Ri differed, the
surface resistance being initially greater and the terrain initially stable against ero
sion. Reduction of surface resistance resulted from improper cultivation in the
Pontotoc Ridge region and from partial destruction of vegetal cover by smelter fumes
in the Ducktown region, and an active epicycle followed in each case. The forma
tion of arroyos on overgrazed land affords another example of an epicycle of erosion
where the value of xe is less for underlying soil than for undisturbed surface cover.

DRAINAGE-BASIN TOPOGRAPHY
MARGINAL BELT OF NO EROSION; GRADATION OF DIVIDES

In addition to controlling the drainage density and the composition of the drainage
pattern and fixing the end point of development of a stream system on a given area,
the critical distance xc and the belt of no erosion which it produces govern the degree
of gradation which can occur on a given area and the extent of gradation along and
adjacent to both exterior and interior watershed lines or divides.

If the angle between the watershed line aa' (Fig. 36A) and the direction of overland
flow is A, then for a given critical length xc there will be a belt of no erosion on the
given side of the watershed line having a width

7£>„ ™ xc sin A.

This marginal belt of no erosion aa'cc' is relatively permanent. It is widest, other
things equal, where the direction of overland flow is most nearly normal to the water
shed line; this is usually around the headwaters of an exterior divide. The width
of the marginal belt of no erosion decreases for a given xc as the direction of overland



■_° i ■n

c o L r t r t1/5 — CJo *_ j3
u o - <

0 , -72 ocj ■*->
Q i l l - P
C ? c o
S .2 2

S |c / l 3r t 3^ —
> , 2

h s a
cu u

£? °o

.8 "_s ti J 3 r ":
~ > o fi c u p T J ; _ t**.fe ° ~ £ g 8

w *a o cu r t ?

•/)

e o " 2 " 0 - . ~- > - . - - J S x x■ - U i < g r t > ^
s - a j • _■ c o _w . 2 S > S ~ r tc c o . 2 r t f c 5 5

p p a o S - g j
0 ~ c

« r t b o .
- r i ^ c u
.2 5 G C D? r o o c

5 3 fi  O
a■r,

- dcu
x

> M o - J * «

£ g*s . £ I 5 c> 8:15*"8 Jq
fc.s ° ~ £ 3, B « «* ^ ° rt 8,tj? IS r. O CU U-, ,-, 'fl 3

C c o ■ - - t j * -■ 2 - 2 ! _ _ : > x

§41 "3
^ 7 3 a

o

oTJ 5 °G rt

3

<u a **->

"5bc

8 & S 3 S *
« ^ u £

< f l « *
rt

o p ~
Q c j ' "

O c fl

O Xu rt
z
■r.

t i o . .
| ° J J C O
O C M ) ^ J

cu

cu

S + j . a o o q c o ~ a t o 7 3 c _ _ , a' 8 ^ -£2 f_= 8 2 § ■ A a * I '>
-* / 8 °«IS : ?«4i
f c o . y o c u t i u c i c : - ^ . ^C J « r t - J - - _ _ - ; < U . * _ O 3 6 0 u i

- - 3 C fl  >

Sfcs
to w

•S 2
-3 .
I 8 5=

T J
cu

Xo

vh
uT x a -o

o , fi
o 3

cfl

A 2 "«
.2 ~ 2
CO Cfl "_J
O 4 J '

i . - J C J fl ,C O . ! ! - ^ C U _
c f l _ - _ > . £ i X IS w — u , _

t U —

a r i

8 o

CO O
Cfl

p
■* r/i
^- =!

T J O
O c j-° 6-

X T i

a

c u _

-d a g

^ c 2 ^

O , c o O J
o c u - a

2 "d
O U o » .' 1 3 c o ^

• ~ O - O
> . CJ

M 2 t o

• 2 2 S =
P .3 *J "
«3 "c? j"

CI

— — o r t — - c j
r t . 4 J i u V u n

5 ~ ff .2 £ -2 2 rt -S %>B
2 xi £ cf l - r t «

- : u c 3

CO . -

-rt .12• " t o

£ o.
2 «

I ■? s 5 §cu
- j j

r t O
c u c

£ 2
0 , 7

- 5 " S c o C .
* * 8 8 5 a «

Cfl
cu

CO
_■-0
rti «

sb
rt"o c u

s s 1^ :11 s 25%~^ .
^ - 0
H cj .

•J

O C J ,
^ = 5

r t "

o _ X J 5 . .
T S « > S H

r i ~ a
co £ «

.5 rt

^3 8o
cu

p
Is w c
o

> 55 c M- « rt
r t _ , C J C ~

§352? £ .S .- Q. Ti ■

"2 > G -2 ± -Ba >. a -a n, *j
2 ° "o

T o = 3

o «j « *c 5 g S 0 d
r - ^ J r t T 3 • _ _ .• O

CJ
r t ' r *

+ J >
*• ? w ta
eq cu *m 0
s O , o , ^ x c
« 8 - a q j . ^ S

_o — ~

•JI

-a -a
^ > . ' 5 b r t « H13 t0 rt ?| o• G r t < U , *

rt 2

C J > C J . ,
" o 5 )r t — ~ r t r a " * J - ' ' ~ '

M 5 i < r t O u n >c o t o < 5 _ C C J " • C
I H 1 O * J l - C O T J

cfl

CU

U

> C J - r t" > . r i
2 o >" " a 5 ^ 3

M 'S ■ o I TJ "j
S 5: T3 TJ

CO

3 15? I I
^ ^ C J ^ ^ - C 1 C J - ^ > 3

g g *° rt Sj^s ^ Sj.I -
. t o t o T " c o p ^ „ > o ~ ^ 2 ^ ^ ^ r c / ) . S ° - 2 c o

„ c : o & r / 1 5 i u - a r ' * 3 o , — c j r t r t r t t j - _ c o o 7 3 • «r * S > j - , c u 2 r t i r ^ . r : ^ o _ G ~ r t ' _ — . " b « r

i i cj -<i

• / j
CU

CO

tes s
2 C§= « *

■■ u , O i -
C 5 0 r t < S )
r t C J - ~ >

^ ^ ^ ^
> , 2 ^

x Q, § >, .- .T ! » ^ ( V / - \ Z > Q' • r t X F T —

r t « ' c j

■C .2
M w c o r t j r t C J fi— ~ ^ c r t ° > u
• — ' S r t ^ c J c j i S O C J ^ u
- r t ; 5 ^ , - , _ r t C ^ . r t o b o ~ - 7 ^ r

C J 3 _ } G e c - * J c d U
J 2 , c j G - — r : r ; , - > c

0

CU

c 2o "S
C J c j c ;
- - S o

o ou a ,

CJ

cu
CO

^ r t o0 m
C J o

t j - r t c . « c o u 0
C J — O - ' g — r t c u

~ J C J r t . — . f l j■V X ^ u t l
8 .cfl 2. ? .^ .S
r t ^ u i O , r t i n

8 c j>

~ C J

ti —~ C J
c o —

rt ">

2 x' J o

u. JJc j r t

cu

C u *
C J - >
U

0

3 r t - r c j
S .2 = «rt ^ «u
CJ

cu cu
y 73
— « t f l

r t c j

C J r t • - .
O O T J

* - [ 2 , ° " J 2 " '
o p - _ o— X C J l _ L

c fl  > H t fl
_ - * X C J

3 w H

-~>

o o
CJ

>>.:

2 .-fi " a 2 2 5
Ti OT

cu

O CO
SO u

CU
CU

rt ^,
2 -0 2 £ "5 P .:

■ j i

a
cu

o

CU

O X
U r t

CJ
OJ cu

CU

'rt £ _
__ c/ l • —
C J r t " ~ "CJ CJ

j fl  C J C O
X t - j . j ?

> C J

a

s o
3 '3

& TJa x" C J
c j r t

J 3

C J o

c o r t 2 ^ o >
rt o

2 > o
C J >

o

So 3
0 3
C J —
? C J

«3 >

•-
O T .

o

~ .'I
■> "°

w C J
CO •o•rto

CJ l i s
o

• - " O S

2 rg ;*3;
1 - u • * - o O . r tO " r t W 5 « -
. . C J _ fi  ^ r t

O — r t . o

n §
CU

CO
_ 3 r t
Cfl cu

3 * ~
_. s
CJ ">

- : 8 = g ffl 3 S
° - 2 c o 5 c j « - g

c u a — — c u • • v l- - - J o " "

i s fi-O t fl
V

o r t
fi  o

rt

o o o

»^ -^ 1 a I 8 i«
. ^ 3 - . «

E/l

s so
rt rt « 5 ^ e

O c j t o 7 ^

-■- ■-■■-■■■-
__

r t C J g

O, _C* X
C J g T J

- C C J

t fi  O

_rt cj

C P 8

CJ bfl<—• £JJ. —
0 W
_ j —
rt t o

rt _,
•j p^ —
> •r.

C J . ^

>,

CJ
CUs >,
'rt ccu

-U S^ pjc c

X b fl  r t g

rt _■ Cfl

r t C J c j • — —

- 3 - - ? 3 s
— S c > i . j _

c j r t u
: a _

a __ •- fc _■ —
—' 0 U l 3 —
0 u

•-) .- —
CU a _ co

cu TJ z T3 Q
u CO0 CU

CO

X 0 _J u—. ' U
u ^ ^
;; '-■ Efl bfl

b fl c o u O

= ^ c j

•:.: z! rf S 2 bo __:
CJ CJ

_ _ _ 2



f O Z 8 1 s
CO

C U C fl  - " >
j w r t o - _ _ ;

q c u - j _ c J c u c j o c j** 1° '5 S « o £ t1

.art- ^fi^- a
-^ 73

^ - r t « i _ , . u r ^ _ .r t U c j 1 c j — c j o
_0 X £P b fi3 TJ

:■ : ! c j c ? §

rt —o -■

3 t T - s 2 ■§ .■
C J C O c u _ . CU CJ

T J ' ' u> rt
' - J

3
TJ

_>O
rt
<u
C U-a

rt 0
0

C U

rt rt

.rt S -.2,3.
* x i 0 3 3
S J) S " ef> "> J. .25 rfc

£ - ^ o z
— c o r 3T 3 * — E C U ir t > C J M
r t ^ " ^ _ C J•—■ cfl _ •_■m o _ r
C J c 3 >

•y;

£ rt* 2
_ o a
CO -rt
O *"*

rt *_, ~'
C J 3 ^ o
r t C J _ • _

& 1 3cj .§ -S

> % c da j - j a

> I " § £ °
. q 2 o o _._! .fi r t o, c j d
2 ^ 2 r t a« 3 c; 2 3 5

' 2 j 3 S - o a
3 — > . " r t ' c o
- j r t : fi  f e p

o o

o, o

Ri 5

o -,rt _5

co Q

rt -a— • 3 C O
c j r t r t

1 ^

60

o

O c o
.72 a d

5

u

rt a

IS cj0 _a = _-

."2 o -2 _.
w 3 - c j — -
_ _ 3 > c j• r t T 3 C J X

S _ , ° » i i r :
CJ

rt -r
- 2 " " = - >

CO CJ
CO

CO bo 3 _>**3
C J o
m - 3 ;

c ^ " " - 0 3 .
c o > ^ 3 ? ^ f t ^ I
3 -g •§ co *_ 3 li - 3 _;
2 .'5 tj bb ,3 -^ "^ = cj I

— 2.2 « § o^-S 2 x> *-

C J «

r t c f l —

CO
Cfl

_0

cu
■rt O TJ 4 - *

3 rt bfl j

rt •rt C fl O C O

3
C Jw rt C J ,

1 0 — u i u —

o o
c o b o
c j a

r ? Xu i r i
w . u ,

rt HJ5 3
c j c rX c j

C J , ,
t o - j

■§ 2

bO co
3 r -O TJ_. .—

rt
0
C J

"rt
rt

'bfl

cu

x?

0
bfl 3

cr
CJ

CO
bfl

—

_3"u

d
C J

l _ to u

cu
O,

TJ
C U

C O

0
-a _3 .CJ 0

r t l

CJ
e/f

C J
0 cu

bo C U

."_b 2
CJ

rt

_5 O
CU

0

CO U

cu
C U

CJ

C O
3

bo"rt
O - 3 b-» C U

C J
O

« C U
r t - i -

T J T i
3 _ 3

5 °
1 rt

Cj •—<
TJ -rt0 'XJ

c r 2 x h

T J O
3 r t
3 C J
> o

frt CJ

O T i
r * O ,
O

O . = J
3 -

cj £,
. " 3 C J

u C J — • s ; _ r t . c u

x i_ 73 J x° 1 rt
— ' • / ) c o C J _ 3 r t - 2

I S
T i c j
C J r t
r t C J
CJ _3
C J _ -

T 3 .

r t c j

._? Io b b

_rt ^ «- - j a

C J r t T J

X C J X J 7——• (—« r^ «

c j c j

c j _ _ • r t T J b O

rt 4 - 1 -- rt •., — <u— CJ
CJ • 1 - 1

1~
O

bfl0 - 3 rt - 4 C O ■—
C fl cn M *_ U t

cu "bfl S cu
bO

C O
3 CO CJ

0 O
C J zP C O

C J

~
X C J

C J

0 TJ 3 r- t i 3
C J 3,. , r - - ~ •J •rt CO

-■"
a •2 _ T C J

j _ j
2 zz

C J
C fl

Q
C fl

< J_T '
rt
bo

C U >—1
0 u

"53

C J

bfl __J C J
bfl

r - U l J i

CO CJ

OH

bO CJ
. 3 T i

C fl C5•— rt• '
to C fl

cu X>, ~ j 0

. y X rt
1 . > fi
cu T J

cfl
bcu

0
tt=srt

Ort
O

C J

C J rt
5 > ."2

c j — 2

CU V

•4-1o
o p

- 3 _ H O■3 5= O K
a — c o g i

.rt =0 3CJ

b O C J 2

•§ 2 =

3 t l Ĵ — to
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