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STUDIES OF LONGITUDINAL STREAM PROFILES IN VIRGINIA AND MARYLAND

By Joun T. Hack

ABSTRACT

Streams in seven areas of Virginia and Maryland, in the Appala-
chian and adjoining Piedmont and Coastal Plain provinces, with
different kinds of stream profiles and in geologically different terrane,
were selected for study. In each of the areas measurements were
made of stream length, drainage area, channel slope, channel cross
section, and size of material on the stream bed. More than 100
localities were examined, on streams whose drainage areas range
between 0.12 and 375 square miles. The measurements are com-
pared on a series of scatter diagrams and relations among some of the
variables that affect channel slope are discussed. The data for the
streams studied indicate that the slope of a stream at a point on the
channel is approximately proportional to the 0.6 power of a ratio
obtained by dividing the median size of the material in the stream
by the drainage area of the stream at the same point. This relation
means that for a given drainage area the channel slope is directly
proportional to a power function of the size of rock fragments on
the bed, and for a given size of bed material the channel slope is
inversely proportional to a power function of the drainage area. It
is aleo shown that the ratio of depth to width decreases downstream
in all streams studied. Streams in areas of softer rocks such as
shale or phyllite tend to have deeper cross sections than streams in
more resistant rocks, such as sandstone.

A very uniform relation between stream length and drainage area
exists in all the streams studied, such that length (measured from a
locality on the stream to the source along the longest channel above
the locality) increases directly as the 0.6 power of the drainage area.
This rate of increase is not affected, except locally and for short
distances, by the geology of the basin. As a consequence of this
relation and the one expressed above between slope, size of bed ma-
terial, and drainage area, it is shown that for a given size of bed ma-
terial, channel slope is inversely proportional to channel length.

The measurements of rock-fragment size made at all the localities
indicate that variations in size are large. The average median
size of the bed material ranges from a few millimeters in some
streams to over 600 millimeters in streams on the east side of the
Blue Ridge. In the latter streams many boulders are several
meters in diameter. In some streams the size is the same, upstream
and downstream. In others it increases in a downstream direction.
In others it decreases downstream. Because for a given stream
length the slope is roughly proportional to a function of rock-frag-
ment or particle size, the differences in the longitudinal profiles from
One area to another are related to differences in particle size along
the channel. Differences in channel cross section probably also
affect the profile, but this factor is not analyzed. It is shown that

the profiles of some of the streams studied may be expressed by two
simple equations. One, a logarithmic equation, applies where the
particle size remains constant, This equation is

H=klog. L+C

where H is the fall from the drainage divide, L is the length from the
drainage divide and k and C are constants. It is a straight line on
semilogarithmic graph paper. The other equation applies where
the particle size changes systematically in a downstream direction
and has the general form

k
= —— {n+1) —
H 1 L®+ 4-C, when n does not equal —1

where H is the fall from the drainage divide, L is length and %, n,
and C are constants. When C is zero this is a simple power equation
and plots as a straight line on logarithmic graph paper. The two
equations provide a wide variety of eurves which are easily derived
and offer a simple method of comparing many stream profiles.

Because the size of the bed material has been demonstrated to
have an important effect on stream slopes and may show systematic
changes along the stream, an attempt is made to analyze the factors
that control the changes. Detailed size-distribution analyses, in
which stream-bed samples were separated into lithologic components,
were made in areas where the sources of the bed material are known.
These studies show that coarse material enters the stream wherever
the valley walls are steep and composed of bedrock. The size of
bed material in a stream at any place is determined partly by the
distance from such a source, partly by the initial size of the ma-
terial, and partly by the relative resistance of the material to abrasion
and breakage. The tendency of coarse boulders to form a lag con-
centrate near their source is an important factor related to the
steep profiles in steep-walled valleys and gorges. The reduction
of bedrock by chemical weathering and soil formation leads to gentle
stream slopes and low divides between the headwater streams of
some bedrock areas.

It is concluded that stream profiles are nicely adjusted to carry
away the products of erosion of their basins, at rates determined by
the initial relief, time, and the geology of the basins. Inasmuch as
the longitudinal profiles are themselves indicative of the relief of
an area and are intimately related to its topography, a geomorpho-
logical analysis of a region based on a comparison of long stream
profiles is of value. Such an analysis, which is suggested but not
developed here, may lead to modifications of some of our ideas on
the development of land forms in the Central Appalachians.
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INTRODUCTION

gtudies of certain valleys in and near the Potomac River
pasin reveal that in this region streams in similar kinds of
rock have similar profiles, and that they can be compared
by & simple mathematical expression related to the con-
clusion of G. K. Gilbert (1877) that slope, or declivity, is
inversely proportional to a function of discharge. Dif-
ferences in profiles from one stream to another are found
to be controlled in part by the particle size of the material
on the stream bed. Particle size of bed material is partly
a function of the rocks of the drainage basin, and partly a
function of its physiographic history. The analysis and
conelusions presented here are not intended to be compre-
hensive and are based on studies that are still continuing.

The objective of these studies, which are only partly
reported here, is to analyze the development of land forms
in relation to geologic history. The Potomac Basin and
the region peripheral to it were selected because the bed-
rock geology is relatively well known, good maps are
available, and there is considerable information on stream
flow. The region embraces several major physiographic
provinces that are subject to very different bedrock and
goil conditions, including the Coastal Plain, the Piedmont,
the Blue Ridge, and the Valley and Ridge provinces, and
the Appalachian Plateaus (fig. 8).

Concurrent with these are studies of the petrology of
soils and alluvial deposits by Dorothy Carroll (in prepa-
ration, 1957), which have been of value in furnishing
quantitative information relating to the sources of material
transported in gullies and streams. The writer is grateful
to these investigators and to Paul Blackmon for suggestions
and for assistance in obtaining data. L. M. Brush, Jr.,
L. B. Leopold, and M. G. Wolman have visited some of the
areas studied and offered suggestions. R.S. Edmundson,
R. 8. Young, and members of the Virginia Geological Sur-
vey have aided in the identification of bedrock materials.
Members of the U. S. Geological Survey, and particularly
E. R. Mullen, formerly Director of the Technical Service,
Veterans Administration, have given aid in the mathema-
tical treatment of the data. Charles A. Ferriter, Jr., served
as field assistant during the two field seasons, in 1952 and
1953.

METHODS OF STUDY AND DEFINITIONS OF FACTORS
MEASURED

Inasmuch as expressions for measurable elements of a
river system are used throughout the report, it is desirable
that they be explained at the outset. Measurements
made at more than 100 localities constitute the data for
analysis of the factors controlling stream profiles. Several
standard measurements were made at each locality; the
most important are listed in table 8. The measurements
described below relate to a single locality, or to a point on
a stream channel.
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Area.—The term area refers to the drainage area above
the particular locality, including the drainage basin of the
principal stream and of all the tributaries which enter it
above the locality (fig. 9 and list of symbols, p. 49). In
practice, area is measured on topographic maps, or in a
few cases on aerial photographs, by use of a planimeter.

— \\Area, A, in square miles

T e ——

™ Measurement locality

Length, £, in miles, measured
along stream

MAP

oHf

a= slope, S, in feet per mile

LONGITUDINAL SECTION

Flood pfain _Width, W, in feet
 p———

Z 72

bbb
Cross section area,
C. in square feet

=&
Depth, 0, = pr

CROSS SECTION AT LOCALITY

Fraurs 9.—Plan, longitudinal section, and cross section of hypothetical river
valley showing the measurements made at each of the localities studied.

As only two traverses are made with the planimeter at
each locality, the measurement is not precise. Area is
expressed in square miles.

Length—The term length denotes the distance from a
locality on a stream to the drainage divide at the head of
the longest stream above it. The measurement is gener-
ally made on maps or aerial photographs with a map
measure, along the stream channel and following meanders
and bends; but in a few drainage basins it was made by
tape traverse. Length is measured in miles.

Fall.—The fall is the vertical distance, or difference in
altitude, between the locality and a point on the drainage
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divide at the source of the longest stream in the drainage
basin above the locality. In other words, it is the vertical
distance that the stream falls in the horizontal distance
expressed by the term length. The fall is expressed in
feet and is measured on maps simply by taking the dif-
ference between the nearest contour to the drainage divide,
and the nearest contour to the locality. In some very
small drainage basins fall was measured by traversing
down the stream channel, reading increments of fall from
a stadia rod with a hand level.

Slope. — The slope as used herein is the slope of a small
reach of the stream channel at a locality, expressed in
feet per mile. Measurement of slope is subject to con-
siderable inaccuracy because of many local irregularities.
Ideally, the measurement is the tangent to the longitudinal
profile at a locality on the stream channel. Generally,
the profile when measured in detail is not a smooth curve
but is broken by pools and riffles. Near the foot of a
pool the bed of the channel rises, and at low flow the
surface of the water is very nearly horizontal.

Channel slopes were measured in the field over distances
of 200 to 500 feet at every locality studied, using a 200-
foot tape and hand level. It was found, however, that
the desired tangent to the profile could be better approxi-
mated by a map measurement. The measure finally
adopted for use in the analysis is simply the vertical
distance between the contour above the locality and the
contour below the locality, in feet, divided by the hori-
zontal distance along the channel between them, in miles.
For very steep slopes the measurement includes several
contours. As would be expected, the map measurements
approximate the field measurements on steep slopes (over
100 feet per mile) but depart erratically from them on
gentle slopes.

Channel cross section.— Measurements of the channel
cross section were made at every locality. Like slope,
this element is subject to many local irregularities. Pre-
senting an additional difficulty is the fact that it is in many
places impossible to determine what is the height of the
flood plain above the stream, and whether or not a plain
at one place represents the same surface as a similar plain
at another place. The method used is rather time con-
suming and yields figures which are valid for one specific
point on the channel but may not be typical of a whole
reach near the point. A tape is stretched across the
stream, from the edge of the flood plain adjacent to the
channel to the edge of the opposite flood plain. Cross-
sectional area of the channel is measured by setting up a
stadia rod at one end of the tape on the flood plain, and
measuring the elevation of the stream bed with a hand
level at intervals of 2 to 10 feet along the tape. The cross
profile of the channel is plotted on graph paper, and the
area measured. The width is defined as the distance be-

tween the two edges of the flood plain. Depth is defined
as the cross-sectional area divided by the width; in other
words, the average depth.

Particle size of material on the bed. —In order to correlate
slope with particle size of bed material, a sample of the
bed material was obtained at every locality. This sample
provided a distribution of sizes, which permitted calcula-
tion of the median diameter and other parameters. The
method of sampling used is a variant of the microscopic
method of measuring sediment size by counting grains on
a rectangular grid; it has been discussed by Wolman (1954).
A tape is stretched across the stream from bank to bank
so that it hangs a short distance above the water surface.
A clothes line to which 20 wooden bobbins are attached at
1-foot intervals is tied to the tape near one bank of the
stream and floated on the water surface, as shown in
figure 10. The operator walks along the line of bobbins
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Fiaure 10.—Plan of typical river cross section showing method of laying out
grid for size-distribution analysis of material oh stream bed. Dashed
lines indicate successive positions of line of bobbins.

and successively picks up and classifies whatever material
his finger first touches on the bottom directly beneath each
bobbin. The classification is made with a meter rule
divided into size-class intervals on a logarithmic scale.
Ouly one axis of the boulder or pebble is measured, the
intermediate axis. When 20 boulders, pebbles, or pinches
of sand have been classified, the tape is moved a regular
distance to another position, until grid points have been
occupied over the entire stream width. An assistant keeps
a tally, or tally is kept on a mechanical counter, such as is
used in microscopic methods, mounted on the chest of the
operator. As the method has already been described in
detail and discussed elsewhere (Wolman, 1954) it is not
discussed at length here. Although at first glance the
technique may appear crude, it has in practice worked well
for streams whose beds are composed dominantly of gravel
and boulders. It has not at the time of writing been ap-



STUDIES OF LONGITUDINAL STREAM PROFILES 49

plied satisfactorily in studies of streams that have sandy
or silty beds. )

The cumulative curves and parameters obtained by the

.d sampling method represent the material on the sur-
face of the bed, not the material beneath the surface.
Nevertheless there is a close relation between the two.
This relation has not been studied sufficiently to be th9r-
oughly understood at the present time, but the mate.nal
peneath the surface clearly contains more of the fine sizes
than does the material on the surface. The grid sampling
method s reasonably accurate. The error in estimating
the median size can be reduced by increasing the number
of rock fragments in the sample. In terms of well-known
statistical principles, the accuracy of the method depends
on the variation in the sizes of the fragments (which may
be expressed as the standard deviation, coefficient of
variation, or sorting) as well as the number of fragments
in the sample. In other words, accuracy can be increased
by increasing the number of fragments measured. In
general, fewer particles need be measured if the variation
of sizes in the deposit is small than if this variation is
large. Wolman (1954) tested the method by making
repeated counts of large numbers at several localities,
and he estimates that for the kind of stream described
herein, with counts of 100 grid points, accuracy is within
10 percent. In practice, the grids used have consisted
of at least 100 points, and some have exceeded 500.

DESCRIPTION OF AREAS STUDIED

The studies were made on about 15 streams, most of
them in Augusta County, Va., in the area shown on
plate 9. Studies were also made in the Blue Ridge (Nelson
County, Va.), the Piedmont (Carroll County, Md.), and
the Coastal Plain (Prince Georges and Charles Counties,
Md.) (see fig. 8). The streams range from extremely
steep mountain torrents, sueh as the Tye River, which
have slopes over 500 feet per mile and boulders over 2
meters in diameter, to Coastal Plain streams, such as
Zekiah Swamp, which have gentle slopes and carry fine
gravel. Longitudinal profiles of the principal streams of
the areas studied are shown in figure 11. All of the
streams are down cutting; that is, their beds are close to
bedrock and there are many outcrops in the channel.

Symbols. — Symbols used frequently in equations through-
out the text are explained in the following reference list:

4 =Drainage area of the basin above a locality on a stream, in
square miles,

B=Altitude of a locality on a stream channel, in feet.

C'=Constant of integration used in equations describing stream
profiles. Value of the constant determines the position of
the profile in relation to the coordinates.

D= Average depth of the stream channel, the quotient of the eross-
sectional area divided by the width, in feet.

L8l Svamg.

10 o 30 Miles

F1Gure 11.~Longitudinal profiles of the principal streams in the areas studied.
All the profiles are drawn at the same scale. Length is measured from the
lowest point on the drainage divide at the head of the principal stream.

H =Fall, the difference in altitude from the drainage divide to a
locality on a stream, in feet.

L =Length, measured from a locality on a stream to the drainage
divide, along the channel of the longest stream above the
locality, in miles.

M =Median particle size of material on the stream bed, in milli-
meters.

S =Slope of the stream channel at a locality, in {eet per mile.

W = Channel width, measured from one edge of the flood plain to
the other, in feet.

¢="The base of natural logarithms,

j=Constant of proportionality used in the equation relating
median particle size to length of a stream; it represents
median particle size of bed material at a river length of 1
mile.

k=Constant of proportionality used in equation relating slope
and length; it represents slope at a river length of 1 mile.

m=Exponent used in equation relating median particle size to
length of stream; it indicates the rate of change in particle
size as length increases.

n=Exponent used in equation relating slope and length; it indi-
cates the rate of change of slope as length increases.
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MIDDLE RIVER BASIN

The Middle River, Va., and its tributaries have been
the principal streams studied. They furnish conditions
favorable to the investigation, because the drainage basin
contains rocks which differ greatly lithologically, but
which can be grouped into large, fairly homogeneous belts.
The principal stream, the Middle River, has its source in
the limestone region of the Shenandoah Valley at an
altitude of about 1,900 to 2,000 feet, on the low drainage
divide between the Shenandoah Valley and the James
River valley. The Middle River meanders northeast-
ward along the foot of Little North Mountain, the eastern-
most sandstone ridge of the Valley and Ridge province.
It receives small tributaries that drain the sandstone area
of Little North Mountain. At its junction with Buffalo
Branch, the largest mountain tributary, the Middle River
turns eastward and crosses a section of upturned limestone
beds in a series of shallow but tortuous gorges, in places
200 feet deep. At Verona it crosses to the east side of
the Shenandoah Valley, where it resumes its northeast-
ward course parallel to the geologic structure, in a remark-
able meander belt developed in the Martinsburg shale
(Upper and Middle Ordovician). At its mouth, where it
joins the North River, the Middle River has a drainage
area of about 375 square miles, a total length of about 67
miles, and an average annual discharge of 298 cfs (cubic
feet per second). The altitude at the mouth is 1,060 feet.

As shown on plate 9, the largest part of the Middle
River basin is underlain by limestone and dolomite.
These rocks are mostly hard, cherty, and fairly uniform
except for variation in the amount of silica. One excep-
tion is the Athens limestone of Ordovician age, which is
a soft black noncherty limestone. It is marked in this
area by a thin band of shale at the base. The Middle
River probably follows this shale belt for a longer distance
than any other belt in the limestone area. The average
relief in the limestone area is about 300 feet.

The east side of the basin is mostly drained by Christians
Creek, the largest tributary of the Middle River. It
follows a wide belt of relatively nonresistant Martinsburg
shale, a calcareous sandy shale which occurs in isoclinal
folds that trend northeast. The shale belt has an average
relief of only about 150 feet.

At the western edge of the basin, the limestones of the
valley are thrust faulted over the Martinsburg shale along
the foot of Great North Mountain. West of the fauls,
anticlines and synclines expose alternating belts of sand-
stone and shale of Silurian and Devonian age, which underlie
a steep, mountainous terrain rising to altitudes higher
than 4,000 feet. Four major tributaries of the Middle
River—Buffalo Branch, East Dry Branch, Jennings
Branch, and Moffett Creek—have their origins in these
mountains on very steep gradients. They supply large
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quantities of sandstone gravel which composes the major
part of the bed load of the Middle River as far as its mouth.

NORTH RIVER BASIN

The North River is somewhat larger than the Middle
River, as its drainage area is about 400 square miles; but
its length is less, only 42 miles. Its basin lies across the
Shenandoah Valley, north of the Middle River basin,
and contains similar bedrock and similar topography.
The principal stream and the largest tributaries, however,
head in large drainage basins in the mountainous area
west of the Shenandoah Valley and supply much larger
quantities of sandstone gravel than do the mountain
tributaries of the Middle River. The mountainous areas
contain a thick section of thin-bedded shales and massive
sandstones, which range in age from Silurian to Mis-
sissippian.

The North River maintains a rather straight course
across the limestone valley. For most of the distance
it flows between wide sandy flood plains on steep gradients.
Studies in the North River basin were confined to localities
on the principal stream and on a number of steep tributar-
ies in the sandstone area.

ALLUVIAL TERRACE AREAS

Several of the streams that drain the Devonian sand-
stone area west of the Shenandoah Valley emerge from
the mountains into the limestone area in broad terraced
plains, as indicated on plate 9. In all these areas the
stream valley widens sharply as it enters the limestone
region. The flood plain and terraces flanking the stream
widen in places from a belt a few tens or hundreds of feet
wide to extensive plains a mile or more in width. Although
the bedrock in these areas is generally limestone, the bed
material, banks, and terraces of the streams are entirely
of sand, gravel, and boulders transported from the sand-
stone area upstream.

The reaches of the through-flowing streams that lie
within these areas have common characteristics very dif-
ferent from the streams outside them. Measurements
were made in areas along East Dry Branch and the North
River and are included in the data presented here.

CALFPASTURE RIVER BASIN

The Calfpasture River is a headwater stream -of the
James River, not of the Potomac River. It drains the
first wide anticlinal valley west of Great North Mountain
and is judged to be representative of many Appalachian
streams that drain valleys cut in shale between high
ridges of sandstone. The valley floor underlain by shale
is veneered by well-developed flood-plain and terrace
gravels, composed entirely of sandstone derived from the
mountains on either side.
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The river channels are wide and shallow, dry in summer
and fall or with pools of still water. But in winter and
spring they run with swift, clear water.

TYE RIVER BASIN

The Tye River, a headwater stream of the James River,
drains the east slope of the Blue Ridge in Nelson County,
Va. A small segment of the Tye River was studied, as
shown in figure 12, from a locality 3.8 miles from the
source to a locality 8.6 miles from the source, where its
drainage area is 32 square miles. This reach of the river
is accessible by automobile, for the stream is followed

70 77°05
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closely by Virginia State Route 56. The Tye River wag
selected for study because it flows on slopes that are re-
markably steep as compared to those of the other rivers
studied. Its bed consists of extremely coarse boulders,
which have in places a median grain size of more than 500
millimeters. Many boulders in the stream are over 3
meters in diameter. The entire area studied is underlain
by coarse-grained hypersthene granodiorite.

GILLIS FALLS

Gillis Falls, a creek that forms the principal tributary
of the South Branch of the Patapsco River, heads in a high

17°00°
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of Jonas, 1928

Albite-chlorite schist
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Marble
Cockeysville marble of
Jonas, 1928
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Schistose biotite-quartz
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Sykesville granite of
Jonas, 1928

~

o ————t
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Contact approximately located
o 689
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Lithologic boundaries from
eologic map of Carroll County
%y Anna [. Jonas, Maryland
Geological Survey, 1928

Ell Miles

Fiaure 13.—Map of a part of Carroll County, Md., showing the location of measurements in Gillis Falls and the South Branch of the Patapsco
River, and the distribution of major lithologic units.
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rolling area in Carroll County, Md., south of Westminster.
This stream was chosen for study as an example of a
Piedmont stream. Its drainage basin lies entirely in a belt
of Wissahickon schist (Jonas, 1928), which here is dark-
colored phyllite, cut by numerous veins of quartz. One
locality was studied below Gillis Falls on the South Branch
of the Patapsco River in an area of Peters Creek schist
(Jonas, 1928). The drainage basin studied has an area
of about 39 square miles and a length of 11.9 miles. In
this distance the principal stream falls from an altitude of
880 feet to 440 feet. The small headwater valleys of Gillis
Falls are open and gentle, with smooth slopes. At a short
distance downstream, however, the river valley becomes
gorgelike and, near its junction with the South Branch of
the Patapsco River, takes on almost the character of a
mountain stream. The locations of the measurements are
shown in figure 13.

COASTAL PLAIN STREAMS

Several localities were visited in the Coastal Plain of
Maryland as shown in figure 14, in order to obtain examples

EXPLANATION

’
Ten-u‘:ie d swamp

eposits
Silt, sand, ond grevel

!

QUATERNARY

ocane (1)

Brandywine formation
Silt, sand, and gravel

and
liocene Pli
TERTIARY

E
M

{Chy. silt, and gravel

Contact, tpp;;l;lﬁ!ly located

0699
Measurement loeslity

om
o

? Miles

F1eure 14.—Geologic sketch map of a part of the Coastal Plain of Maryland
showing the location of measurements in the basins of Zekiah Swamp and
Mataponi Creek. Geologic boundaries from U. 8. Geological Survey Prof.
Paper 267-A and unpublished data of J. T. Hack.

of streams in areas of low relief, markedly different geologi-
<ally from the other areas studied. Measurements were
made on tributaries of Zekiah Swamp, one of the main
streams draining Charles County, Md., and also on Mata-
poni Creek, a short tributary of the Patuxent River in
Prince Georges County. These streams head on the
Brandywine formation, a gravelly deposit of Pliocene(?)
age. For most of their courses they traverse unconsoli-
dated sands and clays of Miocene age, but their beds and
banks are composed of gravel and loam derived from the
Brandywine formation.

FACTORS DETERMINING THE SLOPE OF
THE STREAM CHANNEL

G. K. Gilbert stated as early as 1877 (p. 114) that
declivity (or slope) is inversely proportional to quantity
of water (discharge). Although some workers have fol-
lowed Sternberg (see Woodford, 1951, p. 813) in the
belief that the slope of the stream channel is related directly
to the size of the bed load, it has been generally accepted
since Gilbert’s time that discharge is an important factor.

W. W. Rubey (1952, p. 132) has analyzed stream slopes
using data obtained by Gilbert in an experimental flume
(Gilbert, 1914). Rubey concludes that when the form
ratio (or depth-width ratio) is constant, the graded slope -
decreases with decrease of load or particle size, or with
increase in discharge. A stream may adjust, for example,
to an increase in particle size either by an inerease in depth
(in relation to width) or by an increase in slope.

Rubey’s conclusions are summarized by him in the
formula:

LD
Qc

SeX4=K (1)

where

S¢=graded slope of a water surface measured after
adjustment to load, discharge, and other con-
trolling variables,

X =optimum form ratio, the proportions of ad-
justed cross section, or depth-width ratio, which
gives to a stream its greatest capacity for trac-
tion,

L=the stream load, the quantity transported
through any cross section in unit time,

D=average diameter of particles that make up the
load,

@ =volume of water discharged through any cross
section in unit time,

and K, a, b, ¢, e=constants.

In this formula, the channel slope S¢ and the form ratio
X 4 are dependent variables, either or both of which may
be adjusted to the conditions of load and discharge imposed
from upstream. The data presented in this report permit
an appraisal of some of the factors discussed by Rubey,
and a similar, though less comprehensive, conclusion is
reached independently in the present analysis.

In this discussion it is assumed that the slopes of the
streams studied are determined by conditions imposed
from upstream. As stated by Rubey (1952, p. 134), “The
slopes at different points and the shape of the profile are
controlled by duties imposed from upstream, but the eleva-
tion at each point and the actual position of the profile
are determined by the base level downstream.” The
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measurements of the various factors studied are plotted on
a series of scatter diagrams so that the relations among
them can be assessed.

DISCHARGE AND DRAINAGE AREA

The quantity of water or discharge is one of the most
important factors controlling slope but as a practical
matter cannot be measured except where there are gaging
stations that have been in operation for many years. There
are only three of these on all the rivers studied for this
report. One is on the Middle River a few miles above its
mouth, and two are on the North River. However, a
conservative relation exists in this region between drainage
area and discharge; that is, enlargement of drainage area
is accompanied by proportional increase in discharge.
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Fi1Gure 15—Logarithmic graph showing the relations between drainage area and -

discharge at gaging stations in the Potomac River basin above Washington, D.C.
Data from U. 8. Geological Survey Water-Supply Paper 1111.

This is shown by the scatter diagram of figure 15, in which
the average discharge determined at all the gaging stations
in the Potomac River basin is plotted against the drainage
area at these stations. The diagram shows that within
narrow limits the average annual discharge in cubic feef
per second equals the drainage area, measured in square
miles. It must be kept in mind that the relation holds
only for average annual discharge, which is probably not
the most significant frequency of discharge controlling
stream morphology. It must also be kept in mind that
in detail, especially in small streams, there are significant
departures from the conservative relation shown in figure

SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY

15. With these qualifications in mind, we may therefore

substitute drainage area at a locality for discharge.
Drainage area has been plotted against channel slope

for the localities in table 8, and the paired values are shown

. in the scatter diagram, figure 16. The graph shows that

.

"in a general way channel slope decreases as drainage area
increases. The scatter of points in the graph is large.
If, however, the localities where the paired measurements
were made are classified according to the geology of the
area in which they lie, the scatter is considerably reduced.
The introduction of a geologic classification of the localities
results in a grouping of points that strongly suggests
geologic controls for the values of the stream slopes. The
differences in values from one area to another are large, for
in the Tye River channel slopes are 10 to 15 times as
great as they are in the Martinsburg shale area of the
Shenandoah Valley, at the same drainage area. Not only
are the values of slopes different in different areas, but the
rates of change of slope are distinctly different. Thus in
Gillis Falls and in the limestone area the rate of decrease
of slope as area increases is relatively low. In the alluvial
terrace area of the North River, however, it is several
times higher than in the other streams.

SIZE OF MATERIAL ON THE STREAM BED

At each locality the median grain size of the material
resting on the stream bottom was measured during the
period of low water between June 15 and October 15, 1953,
by the method described on page 48. As the samples
were taken from the surface of the stream bed, the figures
for median size are representative of the surface material
and not the material beneath, though there is, of course,
a relation between the two. Study of all the data indi-
cates that the size of the bed material may increase or
decrease in a downstream direction, or remain constant,
depending on the geologic nature of the drainage basin.
_The size of the bed material is one of the factors controlling
slope in such a way that, for a given drainage area (or
discharge), slope increases in proportion to a function of
particle size.

General characteristics of stream-bed material.—General
observations as to the nature of stream beds were made in
the field, which bear upon the relation of slope to size.
One of the most surprising observations so far as the writer
is concerned is that the size of the material on the bed
remains essentially constant for a fairly long reach of river
and is not ordinarily affected by position in the channel
with respect to pools and riffles. Several size analyses
were made at localities close together in the Calfpasture
River, and no variations were observed that had any dis-
cernible relation to local differences in channel width,
depth, or slope. Table 1 shows figures for width, depth,
local slope, and parameters describing size distribution at 3

Lo
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F10URE 16.—Logarithmic scatter diagram showing the relation between

localities within a reach 0.2 mile long. These localities are
on the Calfpasture River, 24 miles from the head of the
stream, where the average slope is 11.4 feet per mile.

TABLE 1.—Measurements at locality 654, Calfpasture River, to show
variations in size of bed material in a short reach

Riffle Pool Below pool
Upper locality |[Middle locality| Lower locality
Approximate river length
(miles) - _ 24.0 24.1 24 .2
Width____________. (feet) __ 82 99 120
Average depth_.__.. (feet)__ 2.6 2.9 1.6
Local slope _ (feet per mile)_ . 28 0 18
Median size of bed ma-
terial . _ ___ (millimeters) __ 62 75 53
1st quartile_ _(millimeters) . _ 106 123 64
3rd quartile_ _ (millimeters) . - 50 50 32
Trask sorting coefficient .. __ 1.6 1.5 1.4

Many measurements of particle size, several of them very
closely spaced, were made in the Middle River, in the

channel slope and drainage area at the measurement localities (table 8).

limestone region. In this area the Middle River has a
considerable flow even in the driest seasons and low-water
depths are 4 feet or more in some pools. In this region
size of bed material was rather closely correlated with
its lithologic nature, but not with the position of pools and
riffles. The only conspicuous changes in size within short
reaches occur at the lower ends of some riffles, where,
during low-water periods, sand is transported down the
riffle and deposited in a small delta at the upper end of
the pool.

In some small streams, particularly in the limestone
region, plants such as water cress grow locally in profusion.
The plants collect fine particles and form wide mud banks
a few inches thick on top of the gravel. At other places,
especially where there are steep banks of fine material,
the banks may collapse at low-water periods and spread
a layer of mud over the outer edge of the channel gravel.
Such localities were avoided in selecting sites for size
analyses.

Within a single reach of river, greater variations in size
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of material are observed in

owever, were averaged out by the method of analysis
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erved in a cross section of the stream Branch, and the Calfpasture River are dry most of the
ottom than in a longitudinal section. These differences, year. The bed material in these rivers shows no evidence

of a coating of fines, such as might be expected if fines are

that was used, because the grid by which the boulders and dropped during the waning stages of a flood. Although

pebbles were selected always included the entire width of

downstream variations in size in a given reach seemed to

the bed. TFew statistical data are available, therefore, on be small, size analyses were most often made at the
lateral variation in size. Bars of fine gravel are common, upstream end of riffles, in the interest of uniformity.

especially on the inner side of bends, and the coarsest

The sorting observed in the size analysesis good. Trask

houlders are in places concentrated in the deepest parts sorting coefficients generally range from 1.5 to 2.5 and
of the channel, though not necessarily where the low-water average about 2.0. An exception to this generality occurs

fAlow is the swiftest. Figure 17 is a plane-table sketch

in the upper reaches of ephemeral streams that have gentle

showing the depth of water and the position of rock out- slopes, where the sorting coefficient becomes high, generally

crops, large boulders, and gravel bars at a typical riffle.
Probably the bed material of the rivers in this region is
moved only at periods of high water. Inlow water, move-
ment is restricted to fines that get into the river by the
slumping of banks or in wash off the land surface. There
is little deposition at low water and even the low flow is
probably sufficient to carry away most of the fines. Rivers

such as the upper part of the North River, East Dry flood flows.

exceeding 4.0. This poor sorting is probably due to the
fact that the amount of fine-grained soil material supplied
to the flowing water greatly exceeds the coarse. As the
flow is ephemeral and seldom attains high velocities, the
material carried, and hence the material making up the
bed, is predominantly fine and becomes mixed with the
pebbles and boulders that are the product of infrequent
Measurements made at such localities, where
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FiGURE 18.— Logarithmic scatter diagram showing the relation between channel slope and median size of bed material at the measurement localities (table 8).
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sorting is poor, are not used in the analysis of slopes in this
report (see p. 85). In steep, mountainous terrain, how-
ever, sorting coefficients remain low even in extremely
small channels.

Relation of median particle size to slope.—Although local
variations in bed material size are small, the overall change
in a single stream may be great.. In Gillis Falls, for
example, discussed on page 69, the median size of bed
material was observed to increase from 7 millimeters to
85 millimeters in a distance of 10 miles. The relation
between size and slope for all the streams is shown on the
scatter diagram, figure 18. The diagram demonstrates
that there is no apparent direct correlation between size
and slope if all the localities are considered. In streams
whose bed load has a median size of 100 millimeters, for
example, slopes may range from 6 feet per mile to over
1,000 feet per mile. In some individual streams, how-
ever, or in groups of streams classed according to the
geology of their basins, there is a systematic relation

SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY

between the two variables. In Gillis Falls size increases

as slope decreases. In the Calfpasture River and in the -

Devonian sandstone areas size seems to remain essentially
constant, regardless of the slope.

The variations in the relation between size and slope
are clarified if a third factor, drainage area, is taken into
account. TFigure 19 is a scatter diagram in which channel
slope, 8, is plotted against the ratio of the size of bed ma-
terial to drainage area (M/A). The points in the dia-
gram are clustered in a field about a line, drawn by inspec-
tion through the points. This line may be expressed by

the equation
M\o.6
5=18 (Z)

where S is channel slope in feet per mile, M is median
particle size of the bed material in millimeters, and A is
drainage area in square miles. The constant, 18, is de-

2)

termined by the units of measurement used. This equa-_
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_ig_directly proportional to

tion. states simply_that_slope
the 0.6 power of the ratio of grain size to drainage area.

In terms of the relation between the three individual |
variables, the equation states that for any given drainage
area, slope is directly proportional to the 0.6 power of the
size of bed material, and for any given size, slope is in- !
versely proportional to the 0.6 power of the drainage area.

The correlation between slope and the ratio M/A is far
better than the correlation between slope and either M
or A plotted separately (figs. 16 and 18). Not only is
the field of scatter greatly reduced, but the inclination of
the lines drawn through localities along individual classes
of streams (such as the Calfpasture River or the Devonian
sandstone areas) are more nearly the same. In considera-
tion of the data available and the difficulties involved in
measurement, the correlation seems good. Furthermore,
the variables considered in this graph are only three of
several more, such as channel cross section and amount of
load, that we know are involved in the problem. No one
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individual stream except the Calfpasture River fits the '
' equation exactly. Nevertheless equation 2 may be con-
sidered an empirical generalization that expresses the
relations between the three independent variables: slope,
drainage area, and size of bed material. @ _ -

Another way to determine the relation between the three
variables would be to plot on a graph the relation of slope
to size for localities on different streams having the same
drainage areas; in other words, to compare slope and size
at a constant drainage area. The data obtained in the
field are simply not adequate to determine quantitatively
the relations between the variables by this means. It is
shown by the graph of figure 20, however, that for streams
within a certain range of drainage areas, slope increases
directly as size of bed material increases. Two groups of
localities were chosen, one at drainage areas of 1 to 10
square miles and the other at drainage areas of 50 to 100
square miles. Each of these groups encompasses a wide
range in slope value.
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Fioure 20.—Graph showing the relation between the slope and the size of the bed material at stream localities having drainage areas between 1 and 10 square miles
and between 50 and 100 square miles.
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Figure 21.—Three-component diagram showing the general relation among channel slope, drainage area, and size of bed material, expressed by the equation
S =18 (M/A)rs.

The general relation among the three variables based on
equation 2 are shown in the three-component diagram,
figure 21. The diagonal lines have a slope of —0.6. They
represent lines of equal bed-material size and illustrate
the effect of changes of size of bed material on changes in
channel slope. Proceeding downstream (increasing dis-
charge), for example, if bed-material size remains the
same, the slope decreases as the 0.6 power of the drainage

area increases. If bed-material size increases in a down-
stream direction, the slope will decrease less sharply m
proportion to some power greater than the —0.6, such as
—0.3. If the increase in grain size is very sharp, the
slope may remain constant or even increase. On the
other hand, if size decreases as area increases, the decrease
in slope will be very sharp.
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CHANNEL CROSS SECTION

Measurements of cross-sectional areas, widths, and
computed mean depths were made at most of the locali-
ties and are included in table 8. Measurements of chan-
nel width and average depth are plotted with respect to
drajnage area in figure 22. They show, as Leopold and
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Freure 22.—Logarithmic scatter diagram showing the relation between width and
drainage area (upper graph) and depth and drainage area (lower graph) at all
the localities measured (table 8). The lines through the clusters of points are
drawn by inspection and because of the large variation have no quantitative
value.

Maddock (1953) found from data at stream gaging sta-
tions, that width increases in a downstream direction and
suggest likewise that depth increases downstream. The
rate of change of width as drainage area increases is
greater than the rate of change of depth. As a conse-
quence, the ratio of depth to width decreases downstream.
The ratio of depth to width is plotted on figure 23. In
this diagram, as in several others, the localities are classi-
fied according to geologic criteria and lines are drawn
through points on streams that show a rough correlation
between the depth-width ratio and drainage area. Although
variations in depth-width ratio are large and apparentl
unsystematic if all the localities are considered, variations
in the ratio within areas having the same bedrock correlate
well with drainage area. This suggests that the form of
the cross section of the channel is in some way related to
the rocks that enclose it. The shallowest cross sections
are in the mountain areas, particularly in the Calfpasture
River. The deepest cross sections are in the lowlands of
the Shenandoah Valley, the piedmont of Maryland, and
the coastal plain. Depth-width ratios for Dry Branch

and the North River in the alluvial terrace areas are higk.
but they decrease at anomalous rates.

The significance of the data bearing on depth-width
ratio is not understood. The data are in accord with the
statement of Rubey (1952, p. 133) that most natural
streams probably become proportionately wider down-
stream, and with the theory that the depth-width ratio,
like slope, is a dependent variable such that either this
ratio, or channel slope, or both may adjust to changes in
load or discharge. Several attempts have been made to
relate, on scatter diagrams, ratios including slope, depth,
and width on one axis to bed-load size and drainage area
on the other. The data, however, do not seem to permit
any refinement of the relation expressed by equation 2

that
M\ 06
B

SUMMARY OF FACTORS CONTROLLING CHANNEL
SLOPE

The data obtained at the measurement localities studied
for this report indicate that the channel slope of rivers
whose bed material is of the same size is inversely pro-
portional to a function of drainage area (or discharge),
and where drainage area is the same, it is directly propor-
tional to a function of the size of the bed material. This
generalization holds roughly for a stream with a drainage
basin of only 0.12 square miles as well as a stream draining
over 370 square miles, the largest river reach studied.
Equation 2, which summarizes the generalization, is em-
pirical. It does not indicate that either size of bed ma-
terial or drainage area must be the principal direct determi-
nant of slope, but it is a useful equation because it deals
with size of bed material, a factor in stream equilibrium
that must be a function of geologic conditions.

One of the most significant results of the analysis of the
data is the finding that areas which have the same geology
and drainage area are adjusted to load, slope, and channel
cross section in the same way. Thus the classification of
the localities according to a scheme that emphasizes the
lithologic nature of the drainage basin results in a group-
ing of points much closer than the total grouping in many
of the diagrams. For example, the localities in the
Devonian sandstone area tend to have relatively steep
slopes for equivalent drainage areas as compared with
localities in other geologic regions (fig. 16). The bed
material is nearly of the same size in the various localities
in the sandstone area (fig. 17), and the depth-width ratios
are distinctive (fig. 23). The same sort of generalization
could be made about streams in other lithologic environ-
ments. Since drainage area is one of the variables in
each of these diagrams we may conclude that streams

within a single geologic unit that have equivalent drainage
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STUDIES OF LONGITUDINAL STREAM PROFILES

areas have also similar channel slopes, size of bed ma-
terial, and, from figure 23, channel cross sections.

FACTORS DETERMINING THE POSITION OF THE CHANNEL
IN SPACE: THE SHAPE OF THE LONG PROFILE

The longitudinal profile of a stream can be expressed
as the relation between fall, or the vertical distance below
the source, and length, or horizontal distance from the
source. For many rivers the curve that expresses this
relation has a parabolalike shape, steep near the source
and gradually flattening as the length increases. The
slope of the channel at any point is simply the tangent to
the profile at that point. If the profile of a stream can be
expressed by an equation, the relation between channel
slope and stream length can be determined easily, since
this relation is simply the first derivative of the profile.
Conversely, if the relation between slope and length is
known, the profile can be determined by integration.

RELATION OF STREAM LENGTH TO DRAINAGE AREA

The relation of length to drainage area, or the rate at
which drainage area increases in a downstream direction,
is an important factor affecting the longitudinal profile.
If bed-material size is the same, slope, as has been shown,
is related to drainage area. Therefore the rate of decrease
of slope with respect to length in a downstream direction
1s directly related to the rate of increase of area with respect
to length. Another way of stating the relation is to say ]
that, for a given size of bed material, the absolute value f
of the channel slope at any point on a stream is approxi- |
mately determined by the drainage area (or discharge).;
Slope, however, is a function of length and fall, for it is
the tangent to a mathematical curve that represents the
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longitudinal profile. It is apparent that the channel slope
of a stream might be decreased because of either a decrease
in the fall between two points or an increase in the length,
as, for example, by the development of meanders.

That this concept is important in the description of the
profile is illustrated by the two profiles shown in figure 24.
Profiles of streams A and B are drawn so that both have
slopes of 100 feet per mile at a length of 1 mile. At 10
miles stream A has a slope of 10 feet per mile, whereas
stream B, because of a more rapid increase in the area of
its basin, has a slope of 10 feet per mile at only 5 miles.
As shown in the illustration the two profiles are markedly
different.

It has long been known that stream systems are
arranged in an orderly fashion (Horton, 1945, p. 286 and
Langbein, 1947), and that length, if measured as defined
on page 47, and drainage area are interdependent quanti-
ties such that one changes with respect to the other at a
rate that appears to be roughly uniform over large areas,
regardless of the geologic conditions of the region. Figure
25 shows this relation as it exists at all localities visited
in this study. The paired values are grouped closely about
a line expressed by the equation

L=1.44° (3)

where L is length in miles and A is the area in square miles,
The relation was further checked by plotting 400 similar
measurements made by Langbein at gaging stations in
the northeastern United States (Langbein, 1947, p. 145).
Although the results of this plotting are not reproduced
here, the values measured by Langbein are grouped about
8 line expressed by the same equation 3 as the line of
figure 25. Thus, it is fairly well demonstrated that in
the northeastern United States the length of a stream at

0 ] T
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Frevrs 24 —Profiles of hypothetical streams A and B, which have the same relation between slope and drainage area but a different relation between length and
drainage ares.
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Fieure 25.—Logarithmic scatter diagram showing the relation between length and drainage area at all the measurement localities.

Localities in East Dry Branch

below the sandstone area and on the North River are shown in solid black.

any locality is, on the average, proportional to the 0.6
power of its drainage area at the locality.

Length and drainage area measurements were also made
of two areas in the western United States in order to deter-
mine whether the relation is general. Measurements of
streams eroding bedrock areas in the Mingus Mountain
quadrangle, Arizona, indicate a relation between area and
length that is equally conservative, but in that region the
length is proportional to the 0.7 power of the drainage
area. Similar values were obtained for points on streams
on the east side of the Black Hills, S. Dak. We may there-
fore be sure that the relation defined by equation 3 can be
considered valid only for the region under discussion in
this report.

Examination of figure 25 shows that there are significant
departures from the relation expressed above, and that it
can be considered valid only within limits. It is obvious
that on any stream the length must increase downstream

more rapidly than the 0.6 power of the area between all
the major tributaries. There are stream reaches along
which no large tributaries enter for long distances, and in
these reaches the length must increase at a more rapid rate;
this general principle applies to short as well as long
streams.

In figure 25, two specific cases of departure from the
general relation between length and area are emphasized
by solid circles. They occur on East Dry Branch and
the North River. The length of East Dry Branch in-
creases at a more rapid rate than area over a distance of
4 miles. On the North River a similar increase occurs over
a distance of 15 miles. In both streams, the relation ob-
served seems to be associated with similar geologic condi-
tions. Their sources are in rough mountainous terrain in
the Devonian sandstone area of Augusta County, Va., west
of the limestone region of the Shenandoah Valley (pl. 9).
In this region their valleys have fairly narrow flood plains

£
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and the relation between area and length is that of equa-
tion 3. On entering the limestone area, however, they
deposit their load of coarse sandstone grgvel on broad
flood plains—in the case of the North River, almost a
mile wide. Because of the aggradation and shifting of the
channel which occurs on these wide flood plains, minor
tributaries do not enter the streams directly but flow into
the valley at the outer edge of the flood plain, turn down-
stream and run for a considerable distance parallel to the
main stream. Therefore no large tributaries enter the
main streams of the North River and East Dry Branch
for long distances.

Irregularities similar to those on parts of East Dry
Branch and the North River occur locally along short
reaches of other streams, but the general regularity of the
relation of stream length to drainage area for the region
is nonetheless remarkable. Stream lengths tend to in-
crease proportionally to the 0.6 power of the drainage
area, regardless of the geological or structural charac-
teristics of the area. The coefficient of the equation relat-
ing length and area averages around 1.4 but ranges between
1 and 2.5. That is to say, a drainage basin of one square
mile will, on the average, contain a principal stream 1.4
miles long. The data also show that for the sandstone
areas the coefficient tends to be larger than for other areas;
the average in sandstone is around 2.0.

It is clear that drainage basins must change their overall
shape in a downstream direction, becoming longer and
narrower as they enlarge. Larger basins are more elon-
gate; that is, more pear-shaped or cigar-shaped than small
ones. If the drainage basin retained the same shape as
it enlarged, the length would be proportional to the 0.5
power of the area, rather than the 0.6 power. The concept
is perhaps clarified by a consideration of a dimensionless
expression, the ratio of average width to length. The
average width of a drainage basin, designated W,, consists
of the drainage area of the basin, 4, divided by the length
of the longest stream, L, so that W,=A/L and A=W, L.
Substituting in equation 3,

L=14(W,L)*
L%=1.75W,L,
Wa/L=0.57/1%, (@)

The ratio of width to length, therefore, increases inversely
as the third power of the length and must decrease as the
length increases. If, however, the length were propor-
tional to the 0.5 power of the area, then the width-length
ratio would remain constant (where k is any constant):

and

If L=k(W,L)3,
then L=kW,L
and Wo/L=1/k. (5)

This general change in basin shape between small and
large basins is related to the internal geometry of the drain-
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age pattern. A clue to its significance may be found in
Horton’s general formula for the composition of drainage
networks (Horton, 1945, equation 17, p. 293). Horton
derived, by a consideration of the branching patterns of
streams of different orders, the following general equation:

In this equation Dd is the drainage density defined as the
ratio of the length of all streams in the drainage basin
to the drainage area, generally measured in miles per square
mile; [; is the average length of streams of the first order;
75 1s the bifurcation ratio or the ratio between the number
of streams of one order to the number of streams of the
next higher order; r; (included in the expression p in this
equation) is the length ratio or the ratio between the
average lengths of the streams of one order to the average
lengths of the streams of the next lower order: A is the
total area of the basin (having a principal stream of
order s): p is the ratio ri/ry or the ratio of the length ratio
to the bifurcation ratio.

This general equation of Horton’s contains an expression
for the area A, of a stream of order s, but there is no
expression in the equation for the length of the principal
stream. We may, however, use Horton’s method of
analysis to obtain equations for the length and the drainage
area of the principal stream of any order s:

Let L, represent the length of the principal stream of
an average drainage basin of order s. Then

1= ll;
L= lﬂ‘l;
Ly=liry - ri=lrp?,
L4= l17‘13,
L=lrps

and (6)

Similarly let a; represent the average drainage area of
first-order streams; and let As represent the drainage area
of the principal stream of order s. Then

A1=a1

and As=ayry+ay;, because the quan-
tity oy, is simply the sum of all the drainage areas of all
the first-order streams. In addition to this there is the
area draining directly into the one principal stream of
order 2. Since the length of overland flow is about the
same for all streams, the area that drains directly into
a second-order stream must have the same average width
as the area that drains directly into the first-order stream,
and as the channel lengthens the area draining directly
into it overland increases in proportion to its length.
Therefore the quantity a,r; represents the area of overland
flow draining into the channel of the principal stream
itself. Similarly, therefore,
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A= (ayrpt-ar)rytar- /
=a(r¥+rstri)

A=y (rdtrotritrrd4rd).

This expression may be transformed to the following:

and

2 r?

Tl
Ag=a,73® (1‘+* +—2+‘;>
Ty T° T
. s—1
r 7*

12
S+t )

r
Ty Tbs ,'.bs——l

and Ay=aq, 1! (l +:—:5 +
b

If r/ro=p, following Horton, this equation can be
simplified to
e—1
Ay=ayrt . 2
p—1

(7

We now have two useful equations expressing the length
and area of a principal stream of order s.

Relating equation 7 to Horton’s equation 17 (Horton,
1945, p. 293) it is seen that Dd must equal [j/a, for a
drainage basin of any order s and is a constant.

Multiplying both sides of Horton’s equation 17 by
A/D; and then substituting 1,/a, for D; we get

A - ll rba—l ) p" —_ 1
Lo el
ay

which is the same as equation 7.

Actually in most natural drainage basins the drainage
density probably does not remain constant as the order
of the stream is increased!. This may be because natural
drainage areas are rarely homogeneous and other con-
stants change as drainage areas become larger. It may
be because the equations just derived as well as Horton’s
equation are only approximations and do not fit natural
streams perfectly.

The relation of equation 6 to 7 may now be considered.
At a point on the principal stream of a basin of order a,
where the stream length is equal to the average length
of streams of order 5, L and A are related in most streams
so that

L=1.4 A%, 3

We have shown that L,=[r* (6)
~1

and Ay=ayry"t e —— )
p—1

Therefore the values of the four quantities [, a, r, and r
must determine the coefficient and exponent in equation
3, above.

The relation between these quantities is so complex
that their meaning cannot readily be appreciated simply
by inspection of the equations. Using an actual drainage
basin as an example, however, numerical values for the

SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY

various factors may be obtained and a comparison made.
Accordingly, an analysis of the Horton type has been
made of the drainage basin of Christians Creek, Va. Thigs
basin is chosen because it is entirely in low country—
mostly in Martinsburg shale—and therefore can be ex-
pected to be relatively homogeneous, although quite
large in area. The following values for the various fac-
tors of Horton are obtained:

r,=24,
Tb=3.2,
p=2.4/32=.75,
ll= 35,

and Dy=4.55;

and, since Dy=1;/a;, then a,=.077.
Using equations 6 and 7, the values of L and A for vari-
ous orders can be calculated.

s L A

1 0.35 0.077
2 .83 .246
3 2.0 .788
4 4.8 2.52
5 11.5 8.06
6 27.6 25.8

When the values of L’s and A’s are plotted on logarith-
mic scales they form a row of points that is slightly curved
but approximates a straight line having the equation
L=1.5 A®%, as shown in figure 26 by the line B—B’.
Actual measurements of length and drainage area at
points within the drainage area of Christians Creek line
up along line C—C’ in fig. 26. This line is close to B— B’
and has the equation

L=1.5 A%%,

Consideration of figure 26 shows that the value of the
coefficient in the equation relating length and area of
points on Christians Creek and represented by the lines
B— B’ and C— (' must be closely related to and be a
function of drainage density; whereas the exponent in
this equation is related to Horton’s p defined as the ratio
r,[/rs. Consider first the coefficient. The coefficient is
the value of the stream length at a drainage area of one
mile. In the case of Christians Creek the coefficient is
approximately 1.5, measured by the intercept of the line
C— (' or B— B’ at 1 square mile. The coefficient can be
changed either by changing the value of a; or the value
of . An increase in ; will raise the coefficient, whereas
an increase in a; will lower the coefficient. Since the
ratio I /a; is equivalent to the drainage density Dg the

1 This statement is based on observations of L. B. Leopold (personal communi-
cation) as well as observations of the writer.

\



STUDIES OF LONGITUDINAL STREAM PROFILES

67

100
-
80 -
60
40
S =6 D B
I~ Ve /%E(
20 Z o 'CL
4
L
/ .
L
S=5 /d/
A |
10 P P’a
Y P
8 ‘ v/
6 L w.
g |_ S=4 €
H A
';‘ 4 / ”~
I / /
& % /’
4 S~3
w 2
po / V
// L7 EXPLANATION
P/
s B0 —F
! F—S =2 Z Drainage area caiculated by equation —
8 > > —Z 4 =pst sy F
/ S s » —1 I
6 / 7 .
Vsl Com—edp—C -
al— hya, ’/// Length and drainage area measured
: S=1 Nk ” on topographic maps -
Il B
T b
AT Drainage area caiculated using i p
2 ¢ s-1 —
: equation A =
..101 .02 04 .06 .08 0.1 0.2 0.4 06 08 1 2 4 6 8 10 20 40 60 80 100
DRAINAGE AREA  IN SQUARE MILES

Fraure 26.—Graph comparing caloulated and measured values of stream length and drainage area in the watershed of Christians Creek, Va.

caleulated values based on a Horton analysis of stream lengths and number.

coefficient must be a function of Da.

The slope of the lines B— B’ and C—(’, or exponent,
must be a function, on the other hand, of the ratio r,/r,
or Horton’s p. This relation is more complex but its
truth can be demonstrated. The values of L for each
stream order, as is shown in figure 26, are multiples of
the logarithm of the length ratio plus a constant [;. Since
the graph is on a logarithmic scale these points are evenly
spaced. Similarly if A, were equal to ay*! and the

S —

were omitted from consideration then

expression
p—
the values of A for each stream order would also be evenly
spaced. The resulting line connecting the points relating
L to A would be straight. Such a line has been drawn
and is shown in figure 26 by the line D—D’. The slope of
this line is determined by the ratio 7, /r, and as would be
expected from the data used to construct the figure, the
line has a slope in this case of 0.75.
The equation of the line B— B’, however, is less simple,

B-B’, line connecting
C-C’, line connecting measured values. See text for explanation of line D-D',

s 1 .
as 1t is modified by the expression ﬂ—l - But this expres-

sion is itself a function of 7,/ry since p= < by definition.
Ty

The slope of the line is therefore a function of the ratio
r,/rs (Horton’s p). The coeflicient is also affected by this
ratio but only to a small degree. )
The significance of this analysis is that it demonstrates
that the overall shapes of drainage basins are geometrically
related to the pattern of the drainage network. Since
the profile of the stream is determined by the rate of in-
crease of drainage area, among other factors, it must also
be related to the geometry of the drainage network. We
may surmise that this geometry is determined by many
factors including relief, geology, climate, and vegetation.
The values of the factors defined by Horton in his stream
geometry must have rather narrow limits in the north-
eastern United States, for the relation between length
and area is obviously a conservative one over this region.
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RELATION OF PARTICLE SIZE OF MATERIAL ON THE
BED TO STREAM LENGTH

It has been shown by figure 18 that in some individual
streams there is a systematic relation between slope and
particle size of bed material. The particle size may
change from one reach of a stream to another, or it may
remain the same for many miles of stream. These changes
are abrupt in some cases but more commonly seem to be
gradational, so that the rate of change of particle size in a

SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY

downstream direction remains constant for long distances.
The reasons for these changes are discussed later in the
report (p. 74 to 87). The regularity of the changes as
shown by figure 27 is rather surprising. In some streams,
such as those in the Devonian sandstone area and the
Calfpasture River, the particle size of the bed material is
about the same in all reaches; in some, such as Gillis Falls,
the size increases markedly downstream; in others, the
size decreases.
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FiGure 27.—Logarithmic scatter diagram showing the relation between length and median particle size of material on the stream bed at the measurement localities
(table 8). -

Probably the particle size of the bed material is closely
related to geologic factors. It may change abruptly as
geologic boundaries are crossed, but, in many streams,
especially in reaches where the bedrock is the same, the
change in size appears to be systematic. If the relation
between particle size and length for such a stream or
drainage basin is plotted on a double logarithmic scale, a
straight line drawn through the points may be expressed
by an equation of the form

M=jL~, (8

where M is the median diameter of the bed material, L is
the stream length, and j and m are constants.?

Figure 28 is a graph showing the increase in particle

t The constant j is the value of the particle size at a stream length of 1 mile (in
terms of the measures used in this report); m is the rate of change of particle size
in a downstream direction defined as

log M;—log M.
log Ly—log L.

and may be positive, negative, or, if grain size is constant, equal to zero.
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size of bed material in the basin of the Gillis Falls creek.
The line drawn through the points on this graph has the
equation

M=10 Lo®

MATHEMATICAL EXPRESSION OF THE LONGITUDINAL
PROFILE AND ITS RELATION TO PARTICLE
SIZE OF MATERIAL ON THE BED

It was shown early in the discussion, on page 54 and by
figure 16, that the slope and drainage area are related in
such a way that the rate of change of slope as area increases
appears to be constant for streams in the same geologic
region. In other words, the paired values of slope and
drainage area in geologically uniform regions, as plotted
on logarithmic scales, appear in clusters that are very
close to straight lines. This suggests that, since drainage
area and stream length are interrelated in a regular manner,
a plot of slope against length should result in a grouping
of points similar to that of figure 16. Figure 29 is a graph
showing this new relation. Since the localit'es on indi-
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vidual streams and classes of streams are grouped closely
about straight lines, the relation between slope and length
on a stream may be expressed as a power function,

S=kL~, C)

in which § is channel slope at a point on the channel, L is
length as defined on page 47 and k and 7 are constants.
The constants are very easily derived by plotting the data
on channel slope and length on logarithmic graph paper.
Two examples of graphs of this kind are shown in figure 44.

When the length L is unity on a line drawn through the
points on such a graph, log L=0 and S=k. Similarly
when slope 8 is unity (in our units, 1 foot per mile) log
S=8 and n=log kflog L. The value of L can be read
from the graph by inspection and n obtained by calcula-
tion. The value of n is also equal to the tangent of the
angle of the slope of the line through the points. Its
value may therefore be approximated by measurement
with a rule on graph paper provided that the logarithmic
scales on the two coordinates are in equal divisions.

Large values of k indicate steep channel slopes near the
drainage divide, and small values indicate shallow slopes.
Positive values of n indicate convex (upward) profiles;
and the larger the value of n, the greater the convexity.
Negative values of », on the other hand, indicate concave
profiles, and large negative values of n indicate pro-
nounced concavity. A zero value for n—that is, a hori-
zontal line on the graph—indicates that the channel
slopes uniformly without concavity or convexity.

Equation 9, relating channel slope and length, is a dif-
ferential equation because the slope as measured in this
study is a tangent to the profile. In other words it is a
tangent to the curve that defines the relation between fall
H and length L, (see page 63). For this reason an expres-
sion for the long profile may be obtained by integration
of equation 9.

Since
S=kL» (9)
H=kL"dL
=k log, L+C where n equals—1 (10)
= Lo+ 4 Cwhere n doesnot equal—1  (11)

N

Many stream profiles have been plotted by the writer
and where the geology along the stream is fairly uniform
are found to fit one or the other of these two equations
very closely. Equation 10 is a straight line if plotted
on semilogarithmic scales. Equation 11 is @ straight
line if plotted on full logarithmic scales where the value
of the constant C is close to zero. The writer has found
this to be often true if the value of n is between 0 and — 1.
If, however, C is other than zero, its value must be de-
termined before the equation of the profile can be found.
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Simple methods of obtaining the constants for curves of
these kinds are described by Lipka (1918, p. 128-145).
Figure 30 is an example of a profile that fits equation 11
very closely. The graph shows both the profile and its
first derivative, the channel slope. Since the graph is
drawn so that all values are positive in sign the slope de-
clines to the right whereas the fall rises to the right as
length increases.

Equations 10 and 11 provide a family of curves that
have a wide range in curvature and steepness, as shown in
figures 31 and 32. Figure 31 is a graph showing the
curves of the equation S=FkE* for various values of %
and 7 in which, as in the streams studied, all the profiles
are concave to the sky. The profiles that are the integrals
of these equations are shown in figure 32.

Note that in figure 32 the ordinate, or H axis, is inverted,
so that the fall increases downward. The figure is
thus inverted only to place the profile in a familiar position.

Fitting the long profile to a curve that can be expressed
by an equation is valuable principally because it permits
a comparison of the heights of the streams and their ter-
races and permits comparisons of the profiles or parts of
the profiles of two different streams, or their numerical
expression by one or two constants. The mathematical
expressions of the profile just described (equations 10 and
11) are easy to use, for the constants can be obtained from
straight lines on ordinary logarithmic and semilogarithmic
graph papers. Graphic representation of stream profiles
on a semilogarithmic graph is particularly useful im the
analysis of streams and will be discussed again on page 89.
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SLOPE, S

Fraure 31.—Graphs on arithmetic scales showing the relation between slope and length, where S =kL», for various values of k snd n.

Equations 10 and 11 fit many streams because channel
slope decreases in a regular manner as discharge increases
and, of course, because discharge and length are interde-
pendent and increase proportionally. It has also been
shown that particle-size of the bed material is another
variable that determines the form of the profile and that
changes along the stream either in a regular manner or
abruptly. It is therefore of interest to consider the rela-
tion of particle-size changes to the two equations 10 and 11.
The analysis that follows shows that in the case of the
s.trea.ms studied in Maryland and Virginia, where particle
Size remains the same upstream and downstream, the
long‘ profile may be described by equation 10. Where the
Particle size changes systematically in a downstream direc-
tion as a power function of length, the fall is no longer
Proportional to the logarithm of the length but follows

€quation 11 and is proportional to some power of the
length,

From equations 2 and 3 an equation can be obtained
relating slope to size of bed materialjand length, as follows:

i M 0.8 MO-G
Since S= 18(—2) =18 Joe (2)
and L=14 A%, 3)
MO K]
§=25— (12)

where 8§ is slope in feet per mile, M is median particle size
of bed material in millimeters, and L is length in miles
(distance from source to the locality). A plot of the paired
values of § and the ratio M°#/L on a scatter diagram pro-
duces a field of points comparable with that of equation
2, shown in figure 19.

As shown on page 68 and equation 8, the variables M
and L appear commonly to be systematically related.
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The values of the constants in equation 8 may therefore
be substituted in equation 12 and a general equation re-
lating slope to length is obtained, in which

S=25 j06 Lobm~1 (13)

where § is slope, L is length and j and m are constants re-
lated to the rate of change of particle size in a downstream
direction in a single stream. This relation should be valid
for all streams or reaches of stream where changes in
particle size are regular and where other relations such as
length to area and width to depth also are regular. Like
equation 9, equation 13 can be integrated to give a relation
between the fall, H, and the length, L, so that

H=25j"%log. L+ C, where m equals 0 (14)

_ 25‘7'0.6
T 0.6m

LI 4-(C, where m does not equal 0 (15)

The constant C is the constant of integration and de-
termines the position of the curve with respect to the co-
ordinates. Thus the profile may be expressed by two
equations, ohe a logarithmic equation like equation 10
and the other a power equation like equation 11. The
logarithmic equation applies when the constant m is zero.
This occurs where M'=j in equation 8, where there is no
change in particle size in a downstream direction.

To test how closely these gduat_ipns fit longitudinal
profiles, four streams are selected from those included in
table 8 and shown on figure 11. These include the Calf-
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pasture River, Zekiah Swamp, Gillis Falls, and the Tye
River, streams which are widely separated geographically
in areas that are very different geologically. Data on
particle size are available at only a few places on these
streams and it is only on the Calfpasture River and Gillis
Falls that the information is sufficient to give a real picture
of the downstream changes in particle size. The relation
between particle size and length in terms of equation 8 is
shown for the four streams in figure 33. From this
diagram the values for j and m are obtained as shown in
table 2. By substituting these values in equations 14
and 15 four equations are obtained, which are compared
in table 3 with the equations obtained by use of actual
elevations of points in the streams.

TasrLE 2.—Values of the constants j and m for four sireams

Strealp Fi m
Tye River. o oo 7,200 —1.6
Calfpasture River____ ... .. ___...__._. 60 0.0
Gillis Falls_ _ ... 10 0.85
Butlers Branch (Zekiah Swamp)_.__._.__. 14 0.0

TasLE 3.—Comparison of profile equations computed from data on
size of material on the bed with profile equalions computed from
actual elevations in the streams

Value of H Approximate value
Stream computed from of H computed from
size data actual elevations
Tye River_._______.___ C—5,200 L~o-¢8 20,000—17,000 L—°-°
Calfpasture River______ 290 log. L+C 300 log, L+1,500
Gillis Falls_ . _.________ 80 L5 4+ C 122 Lo
Butlers Branch__.___.. 122 log. L+C 60 log. L

In figure 34 the curves represented by the equations
based on particle size are compared with the actual eleva-
tions of points on the streams. The values of the constant
(' were obtained simply by fitting one point on the predicted
curve to one point on the actual curve, so that the two
could be compared. Agreement is far from perfect but
nonetheless the data show that using information on
particle size only and its position in the channel with
respect to the source of the stream, it is possible to derive
a curve that approximates the profile of the stream. Close
agreement of the actual elevations with the predicted
values could hardly be expected since we knew at the
outset that variables other than particle size, length, and
slope are involved in the problem.

It is particularly significant that an equation of logar-
ithmic form such as equations 10 and 14 should fit streams
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Ficure 3+ —Comparison of profiles computed from the data in figure 33 with
the actual profiles of the four streams. Data are from topographic maps.

like the Calfpasture River which show no change in
particle size in a downstream direction. This must follow
from the relation defined by equation 12, for when the
particle size is constant the slope is inversely proportional
to the length (S=k/L). Examples of logarithmic curves
plotted on an arithmetic scale are shown in figure 32B.
Where particle size increases in a downstream direction
the constant m must be positive in sign and the profile
must have a low rate of curvature (or in other words is
flattish) as exemplified by one of the curves shown in
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figure 324. If the rate of increase in particle size is large
enough, the profile is a straight line or may even be convex
upward. This occurs where the value of the constant m
in equation 8 exceeds 1.66. If the particle size decreases
in a downstream direction, the constant m must be nega-
tive and the profile must be highly curved, as is, for ex-
ample, one of the curves shown in figure 32C.

It should perhaps be emphasized that equations 14 and
15 involving size of bed material are not useful as a means
of defining stream profiles or of comparing them and equa-
tions 10 and 11 or some expression derived from them are to
be preferred. This is simply because the line representing
the stream profile on a graph is most readily defined by an
equation involving two variables and not three.

MATHEMATICAL EXPRESSION IN PREVIOUS WORK
ON LONGITUDINAL PROFILES

The problem of expressing the longitudinal stream pro-
file in the form of an equation has been widely studied.
Apparently it has been thought by some that a form of
expression which closely described the profile of many
streams would in itself be indicative of the relations be-
tween the factors that determine the profile. The problem
is not a simple one and many equations of various forms
bave been devised, based on different concepts of stream
equilibrium, which fit the profiles of some streams quite
closely. Nevertheless a mathematical model or expression
describing the profile is not only desirable but may be
necessary in order to make comparisons between streams
or between parts of a single stream.

The literature dealing with longitudinal profiles has
been summarized recently by Woodford (1951). In
general the formulae expressing the profile have been of
two kinds. The first is based on the theory of Sternberg
(discussed by Schoklitsch, 1933, and Woodford, 1951,
p. 813) that the weight of pebbles making up the bed load
decreases exponentially in a downstream direction as a
function of wear. It is presumed that the slope is pro-
portional to a function of particle size of the bed load and
must decrease exponentially in a downstream direction.
The graphic representation of the profile in this kind of
equation 1s a straight line on semilogarithmic graph paper,
but it is quite different in form from the semilogarithmic
relation used here (equation 10). Distance is plotted on
the arithmetic scale, and elevation or fall on the logarith-
mic scale. The most recent use known to the writer of
this kind of equation is by Shulits (1942).

The second common form of a profile equation is prob-
ably based on Gilbert’s law of declivities (Gilbert, 1877).
This is a logarithmic equation related to logarithmic equa-
tion 10 used here. Jones (1924) used such an equation in
a study of the terraces of the Towy River. The logar-

SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY

ithmic equation is also a straight line on semilogarithmic
graph paper but the coordinates are reversed.

Equations such as 10 and 11, suggested herein to describe
the longitudinal profile, are not necessarily superior to the
others nor do they fit all of the data better. They have
the advantage of simplicity and the fact that the zero point
of the coordinate system is the source of the stream, which
permits comparisons to be made between streams on the
basis of relative drainage area or length.

ORIGIN AND COMPOSITION OF STREAM-BED MATERIAL

Some of the factors that determine the steepness of the
long profiles of natural streams have been considered. It
has been shown that particle size of bed material is one of
the most important of these in causing characteristic dif-
ferences between streams, and that particle size is depend-
ent on the rocks of the region in which the stream originates
and through which it flows. It is now important to learn
how the source rocks of the region are related to particle
size of bed material at the point where the material enters
the stream, and what factors are involved in the changes
of size from one reach of a stream to another.

Studies of the lithologic composition and size of the bed
material, which were made at many of the localities along
the Middle River, along East Dry Branch, and in Gillis
Falls, are discussed in the following pages. By the grid
method of size distribution analysis used in this study,
each size class was subdivided according to lithologic com-
position. Therefore, in areas where the bed material
contains boulders of several kinds of rock with contrasting
physical properties, it has been possible to subdivide the
samples into lithologic components and to estimate the
median sizes of each component. This required counts
of from 170 to 500 pebbles and boulders at each locality.
General observations concerning the composition and
origin of bed material were made in all the streams.

The data on the composition of the bed material, though
crude, show that the bed material of these streams is
composed in part of detritus that has been transported
from upstream and is still in transit, and in part of material
that is a sort of lag concentrate which collects near its
source. The latter is probably moved only in rare floods
of great violence. It remains in the bed near its source
to be broken and scoured by impacts of the moving load
until it is reduced to sizes that can be transported in floods
of greater frequency. The lag material on the bed is
therefore the coarsest fraction of the total load. The data
further suggest that the topography along the stream, a
function of the relief, is itself an important factor deter-
mining the size. The physical properties of the bed mate-
rial are important factors, for they determine the rate at
which accumulations of detritus can be broken or worn
down and then transported.
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FRANKS MILL REACH OF THE MIDDLE RIVER

A reach of the Middle River about 11 miles long was
chosen for detailed study of the bed material and a geologic
map of the area was prepared (fig. 35). Within this reach
the river crosses several belts of lithologically contrasting
rock. Two of them, the Athens limestone and the
Mosheim limestone, as used by Butts (1940), are distinec-
tive and can be recognized easily in stream boulders.
Fourteen grid analyses were made within the reach. The
geology on either side of the stream was mapped, partly to
bring to greater detail the existing maps by Butts (1933)
and Edmundson (1945), but mainly to acquaint the writer
with the rocks along the stream.

The river enters the Franks Mill reach at the western
edge of the map in the Beekmantown (Lower Ordovician),
a thick succession of cherty limestones and dolomites.
Above Franks Mill it crosses rocks of the Lenoir and
Mosheim. The Mosheim is a pure, high-calcium dove-
gray limestone with conchoidal fracture. The Lenoir is
a massive, fossiliferous limestone that contains many small
patches and lentils of black chert. At Franks Mill the
river enters a broad valley cut in the Athens limestone.
The basal beds of this formation are soft calcareous shale;
the river follows the shale belt for several miles. The
upper part of the Athens is a distinctive very dark chert-
free limestone. About one-half mile below locality 597 the
river leaves the outcrop belt of the Athens and turns north-
ward in a belt of Lenoir limestone that is exposed in an
overturned anticline. The river flows around the nose
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F1aure 36.—Mledian particle sizes of limestone, sandstone, and shale in bed ma-
terial in the Middle River at localities shown in figure 33, determined by grid
analyses.
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Freure 37.—Logarithmic graph showing the rate at which the sandstone com-
ponent decreases in size away from the source area. Distances are measured
along the Middle River from the source area in East Dry Branch.

of this anticline between localities 597 and 619, and at
locality 619 it crosses the Staunton overthrust fault and
enters the Conococheague limestone (Upper Cambrian).
The Conococheague limestone in this area is a thick suc-
cession of light-colored thin-bedded siliceous limestone and
dolomite, quite different in outerop from the limestone of
Ordovician age.

The lithologic composition of the bed material at the
grid-analysis localities is shown in the pie diagrams, figure
35. It is possible to identify with some confidence six
components in significant quantities. These are the sand-
stone carried down from upstream (mainly from East Dry
Branch, Buffalo Branch, and Jennings Branch), chert, and
four categories of limestone. The Athens limestone and
the limestones of the Mosheim and the Lenoir are very
distinctive. The Conococheague may be recognized at
locality 617, not because it is distinctive, but because by
elimination it could be nothing else. The Lenoir and
Beekmantown are not particularly distinctive but are
believed to constitute most of the limestone in the samples
not otherwise classified that were obtained between I'ranks
Mill and locality 619.

Sandstone.—Sandstone constitutes from one-third to
two-thirds of the bed material of the river in the Franks
Mill area. Its source is entirely in the mountains west of
the Shenandoah Valley. The area of sandstone rocks
makes up less than 20 percent of the area of the drainage
basin of the river at Franks Mill, yet in spite of the greater
distance of travel (a minimum of 6 miles at the upper
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end of the reach) the sandstone is in general the dominant
constituent of the bed material.

The median diameter of the sandstone component ranges
from 44 to 85 millimeters, averaging around 60 millimeters,
as shown in figure 36. Several sandstone boulders over
250 millimeters in diameter were seen.

The percentage of sandstone in the samples within the
reach shown in figure 35 is inversely related to the abun-
dance of other constituents. The median size of the sand-
stone component cannot be shown to change systemati-
cally within the area of figure 35, but, considering all the
localities within the limestone region along the Middle
River, the sandstone apparently (fig. 37) decreases gradu-
ally in size from over 100 millimeters in median diameter
to less than 40 millimeters after 65 miles of travel in the

stream.

The decrease in size or weight of bed material with dis-
tance from the source area has generally been expressed
as an exponential curve (Schoklitsch, 1933; Pettijohn,
1948, p. 397). The data obtained in this study are insuffi-
cient to have any critical bearing on earlier studies relating
to the rate of abrasion but are not out of accord with them.

Chert.—Chert is present in nearly all the samples. In
fact, it is ubiquitous in nearly all stream channels in the
limestone region. In the Franks Mill area the chert must
originate above Franks Mill, because none has been found
in the Athens limestone. At locality 615, within the out-
crop area of the chert-rich Beekmantown dolomite, chert
makes up 25 percent of the bed material. In the Athens
limestone area it declines to about 3 percent at locality 592.

In all the samples chert is the finest constituent. Its
actual median size is probably smaller than the median
sizes given in figure 36, because the samples, which were
subdivided according to lithologic composition, include
only material coarser than 10 millimeters. Sandstone and
limestone are major constituents of the coarse fractions;
omission of the fine fraction from the pebble count has
little effect on the median size of rocks of these kinds, as
obtained from the count. Chert, however, is present in
only the small fractions but is locally their dominant con-
stituent; omission of the fine fraction undoubtedly results
in an exaggerated value for the median size of chert as
obtained in the count (fig. 36). Probably the median
diameter of the chert averages between 5 and 10 milli-
meters for the reach. This estimate is based on 3 counts
qf fine fractions that were divided into size classes by
sleving and subdivided into lithologic components by
examination under a binocular microscope.

The chert, like the sandstone, is present in the load
throughout the Franks Mill area. It travels through
Teaches where there is no local source and is therefore a
resistant as well as persistent component. The chert frag-
Ments are small, partly because the chert occurs in the

limestone in small irregular masses or nodules, or in thin
stringers which, when released from the enclosing rock by
solution, abrasion, or breakage, are capable of forming
only small fragments. Although very hard, the chert is
generally weakened by many fractures and by veinlets
of calcium carbonate.

Limestone.—The limestone ranges from about 10 percent
to more than 50 percent of the bed material in this region.
The many changes that take place within short distances
in the kind, amount, and size of limestone fragments are
very revealing. At locality 615 limestone, mostly Lenoir
and Beekmantown, makes up 18 percent of the sample.
Some Conococheague limestone may be present. Below
Franks Mill the limestone has increased at locality 575 to
60 percent of the sample and most of this is Lenoir and
Beekmantown, transported from above Franks Mill.
Probably considerable limestone has been added in the
narrow gorge above the mill. The small amount of Athens
limestone at locality 575 could have gotten into the stream
only by plucking from the bed, for there are no Athens
outcrops on either side of the channel, whereas there are
two riffles floored by Athensimmediately above the locality.

The next significant change is at locality 589, where
the Athens has increased to 26 percent. This locality is
below a cliff of Athens limestone now being undercut by
the stream at a bend (described on p. 79). No Athens
outerops are exposed immediately below this locality, and
at locality 588 the proportion of Athens limestone in the
bed material has dropped to 8 percent. The river again
impinges against a cliff or steep slope of Athens lime-
stone about 0.5 mile below locality 588 and also at lo-
cality 592 (described in detail on p. 79). Here the
Athens constitutes 50 percent of the bed material, but
0.4 mile farther, after a passage between banks composed
entirely of alluvium, the Athens makes up only 17 percent.
It is noteworthy that the count of Athens limestone at
this place contained pebbles that were reddened and
weathered.

In this area, only 2.6 miles from the last Lenoir outerop
along the channel, the Lenoir and Beekmantown have
dropped in amount from 47 percent to less than 5 percent.
Downstream from this point the Athens limestone con-
tinues to fluctuate in percentage of the sample. The fluctua-
tions are obviously related to the proximity of outcrops
of Athens along the channel. At locality 593, the river
impinges for a short distance against a rocky slope of the
Mosheim member of the Lenoir limestone. At this place
the Mosheim constitutes 15 percent of the bed material.
Three-tenths mile beyond, below a long rocky slope of
Athens, the Mosheim has been so reduced in amount that
it makes up less than 1 percent of the sample.

Between localities 619 and 617, less than 0.5 mile
farther, the river crosses the Staunton fault. The Athens
limestone component drops from 42 to 32 percent of the
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bed material.

bed material and the Conococheague limestone, an entirely
new component, rises to 24 percent.

The sharp changes in the amount of different kinds of
bed material are summarized in figure 38. In this graph
the sandstone includes localities outside the Franks Mill
area on the Middle River. The sandstone travels long
distances from its source, and even after 60 miles of travel
in the Middle River through a limestone area it makes up
a large part of the sample. At this distance the sandstone
source area is only 10 percent of the total drainage area.
Limestone from the Lenoir and Beekmantown formations
persist in the Franks Mill area for a distance of only about
5 miles below the source area, whereas the Athens ceases
to be an appreciable part of the bed material in less than
1 mile of travel.

The median size of the limestone fragments in every
sample is considerably coarser than the sandstone, as
shown in figure 36. Differences between the Athens and
the Lenoir and Beekmantown may not be significant, but
the coarsest samples are of Athens limestone, the least
resistant component. Variations in size of the limestone
fragments within the Franks Mill area do not seem to be
systematic. If there are such variations, the data are
not sufficient to reveal it. As will be shown by additional
evidence in the pages following, the size of the boulders
in the bed must be closely related to the distance from the
source. The limestone boulders are large because they
are near their point of origin, where they were torn from a

The data include only localities along the Middle River.

steep slope or cliff by the lateral cutting of the stream.
These blocks do not travel as part of the bed load but are '
destroyed or worn down within a short distance from the ¥
source.

It is probably the susceptibility of the limestone to
breakage and abrasion that causes its rapid disappearance,
rather than its solubility. Solubility, however, may be a
minor factor. During the summer season, calcareous tufa
forms on the stream bed at riffles in the Middle River,
indicating that for at least a part of the year solution is
not even a minor factor. As similar changes in the lith-
ology of the bed material within short distances also occur
in rocks that are not soluble in water (like the phyllite
of Gillis Falls, p. 85) presumably solution is not a neces
sary factor. Solution along joint planes and fractures,
however, may help to weaken the rock and facilitate break-
age, and it may operate to some extent during high-water
periods.

Abrasion, like solution, must also be a factor in reducing
the bed material to small sizes. No data, however, ar¢
at hand by which to evaluate the importance of this factor. .
Since well-rounded fragments are abundant in the fine
fractions of all the samples, and are present in even the
coarse fractions, presumably abrasion is an important
factor. Considerable study has been given this problem
by others and it has been demonstrated that lithologi¢,
composition is an important factor determining the ratt g
of wear of stream boulders and gravel (Schoklitsch, 1936). {
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Description of locality 5690.—Detailed notes were made
at the first sharp bend in the Middle River below Franks
Mill. This locality shows that lateral migration of the
stream is an important source of bed material, and that
the products of erosion by the river accumulate at the
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Fiure 39.—Sketch map of a bend of Middle River at locality 590
below Franks Mill. See text for explanation of numbers in circles.

source. At locality 590 (fig. 39) the river flows against
a bare ledge of Athens limestone and is diverted from a
course down the dip to a course parallel to the strike. The
stream length at this locality is 25 miles and average an-
nual discharge is estimated at 150 second feet. Figure 39
is a sketch of locality 590 that shows the distribution of
bottom materials in the channel. Upstream from the
bend (area 1) the stream is floored by large boulders and
gravel that have a median particle size of about 100 milli-
meters. At the cliff itself the bedrock is stripped off the
eastern half of the channel and a bedrock bench (area 4),
with only a few inches of water over it at low-water season,
extends to a rocky overhanging cliff. West of the bedrock
f)eneh is a riffle over a gravel bar (area 3). The gravel bar
1s composed dominantly of sandstone pebbles carried down
from upstream localities and has a median particle size of
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60 millimeters. The gravel is swept off the rock bench
(area 4) on which remain only a few large slabs of lime-
stone that have fallen from the cliff. The cliff is partly
of fresh limestone, but it is partly covered by a thick
mantle of caleareous tufa deposited by water percolating
downward from the slope above. A small delta of sand
and fine gravel (area 2) is immediately below the bar.
Downstream from the bar and the bedrock bench, the
bed of the stream is mostly floored by bedrock (area 5).
At area 6, immediately under the overhanging cliff, is an
accumulation of coarse blocks of limestone and tufa that
have been dislodged partly from the cliff itself and partly
from the rock bench. Some boulders which are in this
blocky accumulation of debris were probably derived by
mass wasting from the slope above. Data on the size
and amount of this accumulation of debris are given in
table 4. The tufa, though fragile, breaks up in larger
blocks than the limestone. It is only occasionally en-
countered as pebbles in the stream, indicating that it is
not generally transported very far but is broken up or
dissolved near the place where it has accumulated. Prob-
ably the fragility of the travertine favors the breakup in
large fragments. It lies in the stream as a lag until broken
up by movements of the bed material in floods.

TaBLE 4.—Parameters obtained by grid analyses, showing size and
amount of boulders of tufa and lLimestone in the accumulation down-
stream from the cliff of figure 39

Median size Q1 Q3 Ss | Amount

Material (millimeters) | (millimeters) | (millimeters) (percent)

Limestone. . ____ 150 280 68 | 2 60

Tufa. oo 500 1,000 270 | 2 40
Entire accumu-

lation_______. 200 550 78 | 2.7 100

Locality 692.—This locality is at another bend in the
Middle River in the Athens limestone where the river
again turns from a direction down dip to a direction
parallel to the strike. No cliff is formed by the cutting
of the river, but instead a steep rocky slope is maintained
by the work of the stream at its base and mass movement
of coarse limestone blocks, Conditions at the locality
show that the coarse limestone boulders have accumulated
directly under their source as at locality 590. A total
count of 500 pebbles and boulders was made here, some
of which were over a meter in diameter. Median particle
size of the whole sample was 110 millimeters. Lateral
changes on the bed were estimated by dividing the total
count into 10 subsamples spaced at even intervals across
the channel. Variations in median size and percent of
the two principal lithologic components in the subsamples
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are shown in figure 40. The source of the limestone is
the steep slope on the east bank of the stream, and at
ledges of limestone on the bottom. The sandstone is
transported in the channel from upstream. Note that
the Athens limestone is concentrated on the side of the
stream nearest its source. The sandstone dominates the
west side of the stream. As might be expected, the coarse
sandstone boulders are concentrated toward the west
bank, where the percentage of boulders of Athens lime-
stone is low and where, therefore, there is less friction in
the bed because of the drag of large boulders.

The distribution of the lithologic components at this
locality and at locality 590 are convincing confirmation
of the evidence that the coarse component is ordinarily not
a part of the moving load, for the large limestone blocks
are arranged next to or just downstream from their source,
the remainder of the channel being occupied by the
moving load.

SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY

Summary of conditions in Franks M4l reach.—The daty

obtained in the Middle River near Franks Mill clearly '

indicate that erosion along the channel and the relative
resistance of the various components of the bed materig|
are among the most important of the factors that de.
termine size. The sandstone is the most resistant mg.
terial in the reach. It persists as a large proportion of the
bed material for many miles and very slowly diminishes
in size because of wear or breakage.

Chert is another :

resistant component, but, because of inherent properties *
such as occurrence in small masses and the presence of ©
many small fractures, it forms the finer fractions of the .

load. The Lenoir and Beekmantown formations con.
tribute materials that are somewhat less resistant and
that diminish in amount rapidly with distance from the
source. The softer Athens limestone is abundant in the
stream only at or immediately below its source.

The data also suggest that the softest rocks may break

off the bedrock in the largest fragments, though proximity x

to the source area is probably a much more important
determinant of size. There is a very close relation be-
tween the percentage of limestone in the bed material and
the incidence of cliffy slopes from which material can get
into the stream by the undercutting of banks or mas
movement of slope debris. Some material probably gets
into the stream by plucking from the bed at riffles, as
suggested at locality 575. In the Franks Mill reach the
limestone component is 1.5 to 2 times as coarse as the
sandstone component, and 10 to 20 times as coarse as the
chert component. The median size of the whole bed load
at a locality is therefore directly related to the abundance
of limestone. This deduction is verified by figure 40, s
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localities and the percent of limestone in the sample.
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graph of the relation between the median size of the whole
xs’ample and the percent of limestone in the sample.

If the median size of the whole sample is related to the
percentage of limestone in the sample, and this in turn is
related closely to places where bedrock is exposed, or where
banks are steep, then the size of the bed material must be
partly a function of the nature of the valley enclosing the
channel. A steep-walled rocky valley will supply an
abundance of coarse material to the bed, making the total
bed load very coarse. A broad alluviated valley floor, in
which the bedrock walls are far from the stream, will
supply coarse material only at widely spaced intervals
where the stream cuts bedrock.

EIDSON CREEK

Eidson Creek, a tributary of the Middle River, flows
entirely within the limestone region. Six grid analyses
were made in this stream within a reach 8,000 feet long
just above its juncture with the Middle River. They are
of interest because they show the association of coarse
bed material with steep valley walls and a narrow flood
plain. The reach is shown in figure 42, a geologic sketch

map made from aerial photographs.
At the south end of the map area, the creek flows north-
ward in a broad flood plain between fairly high banks.

At locality 639, the bed material is mostly chert and has a
median size of only about 16 millimeters. From 639 to
638 the creek continues in a broad flood plain, exposing
no bedrock. At 638 the size of the bed material is about
the same as at 639. Below 638 the flood plain narrows,
the banks become lower, and the river flows over a series
of riffles in which bedrock is exposed. Here the bed con-
tains blocks of limestone of the Conococheague and at
locality 637 the median size of bed material has increased
to 42 millimeters. Just below locality 637 the river
crosses a hard ledge of siliceous oolite in the Conococheague.
The ledge forms a low falls, shown in plate 104. Below
the falls at locality 634 the bed material is over 60 percent
oolite and the median size is 66 millimeters. These oolite
boulders apparently are derived entirely from the low falls,
as the slopes on either side are gentle and there is no
evidence of mass movement of boulders into the stream.
North of locality 634, however, where the flood plain is
constricted, the west bank forms high, steep slopes from
which limestone slides into the stream. Below the con-
stricted area the size of the bed material diminishes until
at 635 it is only 38 millimeters. The bed material here is
more than 50 percent calcareous sandstone of the Cono-
cocheague limestone. At locality 636 the bed load is
again dominantly chert and the size is only about 10 milli-
meters.

EXPLANATION
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Figure 42.—Ske?;ch map of the lower valley of Eidson Creek in the limestone region, and longitudinal profile of the creek, showing geological
features. Figures in parentheses represent median sizes of bed material at the localities measured. Map sketched from aerial photo-
graphs. Profile measured in the field with plane table and telescopic alidade.
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EAST DRY BRANCH

East Dry Branch is another tributary of the Middle
River, worth description because it is an example of a
stream that is supplied with coarse bed material not only
by plucking from its bed but also by mass wasting from
the steep valley walls. This stream originates in a shallow
syncline in the Chemung formation of Devonian age
(Butts, 1940), composed of hard sandstone interbedded
with shale. The headwaters of the stream are steep
wooded ravines of Crawford Mountain, a ridge 3,700 feet
in altitude. The valley walls are V-shaped and rocky.
The stream at a length of two miles has an average channel
slope of about 200 feet per mile. The bed is littered with
sandstone boulders and blocks whose average median size
is from 100 to 150 millimeters. Many boulders are over
0.5 meter in diameter. In places the channel is floored by
bedrock where an especially hard ledge crops out, as shown
in plate 10B. The channel itself is 10 to 20 feet wide.
It is generally flanked by a narrow flood plain composed
of sand, gravel, and boulders from 10 to 50 feet wide and
3 to 5 feet high. The mountain slopes on either side are
steep, their declivity is estimated to range in gradient
from 30 to over 100 percent. In some places narrow ter-
race remnants up to 25 feet above stream grade break the
steep slopes above the stream.

Mass movement on valley walls.—The valley slopes are
for the most part littered by coarse angular boulders and
rubble with a sandy and silty matrix. There is abundant
evidence that the cover of rubble is unstable and moves
downhill differentially by sliding at frequent intervals.
Many trees on the slope are tilted erratically. Some are
curved at the base in such a way that the trunks grow out
of the ground normal to the slope, and a few feet above
the ground curve upward to the vertical. This is evidence
that during the early youth of the tree it was displaced by
a mass movement of the rubble in which it had taken root,
but that it has not been disturbed by tilting since youth.
On the other hand, some trees are tilted with their trunks
straight from the base outward, indicating that the move-
ment which displaced them occurred more recently.
Probably mass movements occur on such slopes during
wet cycles or in exceptionally heavy storms, when the
added weight and lubrication of the soil provided by
excess water causes the soil in some places to become un-
stable and slide downward toward the stream. During
very unusual periods of heavy rains large areas of rubble
may be dislodged, forming talus on slopes or in ravines,
in places forming terraces along the stream, or in places
completely removing trees as well as rubble. Such a

3 The geologic work of the great flood of 1949 in the headwaters of the North
River is described in an unpublished manuscript by E. W. Read, Report on erosional
processes in the Dry River district of the George Washington National Forest, Va.;
manuseript report based on field surveys during summer of 1951 for the Forest
Service, U. 8, Department of Agriculture. The flood is also deseribed in a manu-~
script now in preparation by J. T. Hack and J. C. Goodlett on the subject of vege~

tation and its relation to erosion processes in raountain valleys of the Central
Appalachians.
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period of heavy rain occurred in the North River basig
in June 1949. Many small areas of forest were destroyed,
leaving strips of barren slopes on the mountain side. ?

Probably the rubble-covered slopes of these mountaip
valleys are in a state of dynamic equilibrium with the
stream channel below. FErosion and downcutting by the
stream is so rapid in relation to the lowering of the divide
above that the soil mantle adjacent to the stream is not
able to remain in stable position on the steep slopes. 1t
slides downslope during very heavy rains, contributing
material to the stream, which carries it away. Presumn-
ably the slides themselves are effective in eroding the °
slopes, through abrasion and plucking of rock fragments
that have been loosened by chemical weathering along -
joints and by the roots of trees. Movement of the mantle °
takes place differentially, at intervals during years when
moisture conditions are suitable. Such movement is
most active at places where the stream is undercutting
and is least active on slopes adjacent to a wide section of -
the flood plain or a terrace remnant, where the slope is .
protected from stream erosion by an accumulation of
alluvial detritus. )

Mass movement in headwater ravines.—Further evidence
of mass movement is seen in nearly all the amphitheatre- |
like beadwater ravines of the sandstone areas. Most of
the larger mountain streams head at the base of spoon-
shaped hollows that lie between the ridges and spurs. !
A traverse with tape and hand level was made down the
slope of Crawford Mountain, near the head of East Dry
Branch, into one of these hollows and thence down the *
channel of the stream below. The crest of the drainage :
divide on the ridge top is sharp. At only 10 feet from the
crest the gradient is 18 percent. It steepens rapidly, until _
at 250 feet (horizontal distance) the gradient exceeds 50
percent. The ground here is covered with poorly sorted :
sand, silt, pebbles of sandstone and shale, and boulders.
Some outcrops of sandstone occur on the slope. A maxi-
mum gradient of 52 percent is reached at 544 feet from |
the crest of the ridge at an altitude 245 feet below the
crest. At this point is an accumulation of coarse rubble, *
which has been washed clean of fine-grained material, but
which appears stable by reason of the trees growing .
through it. It is composed mostly of sandstone slabs that
have a median size of 120 millimeters and a sorting eoeffi- -
cient of 2.3 (determined by a grid sampling). At this
point the rubble accumulation is about 60 feet wide. At
605 feet the accumulation narrows to 15 feet and the
gradient fattens to 44 percent. At 705 feet the valley -
narrows and becomes a steep-walled ravine entirely floored |
with sandstone slabs. A definite ephemeral stream '
channel begins at about 760 feet. It has banks 1 to 1% .
feet high and a width of about 4 feet and is floored with |
sandstone slabs or rubble. At 1,300 feet, where the ravine -
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is cut through shale in the Chemung formation (Butts,
1940), the width is 6 feet and the gradient is reduced to
25 percent (about 1,300 feet per mile). Median size of
the bed material in the shale part of the channel is 90
millimeters. The drainage area at a distance of 1,300 feet
from the crest of the ridge is 0.03 square miles.

This ravine, heading in an amphitheatre, is thought to
be fairly typical of the source of many mountain streams
in the sandstone area. Probably the fanlike accumulation
of rubble just above the stream channel is formed by
falling or by mass movement of debris because of frost.
It is sorted and the fines removed during high-intensity
rainfalls. As in the case of slopes bordering East Dry
Branch, downcutting by the stream itself is so rapid in
relation to the lowering of the ridge crest by mechanical
and chemical weathering that the slope between the upper
reach of the stream channel and the crest is too steep for
the rubble and soil resting on it to be stable during periods
of excessive rainfall. Mass movements occur at irregular
but frequent intervals. The mass movements maintain
a sharp ridge crest and supply material to the talus fan
and stream below, which even at that short distance from
its head has enough energy to carry away the material
supplied to it.

Evidence of plucking.—The channel of East Dry Branch
shows evidence that rock is supplied to the stream by
plucking from the bed. Plucking has been discussed by
G. H. Matthes (1947, p. 262) and by F. E. Matthes (op.
cit., p. 262-266), who show that this process is important
in removing material in large blocks. Upward forces pro-
duced by vortices in the flowing water may dislodge and
lift fragments loosened along joint planes by the continuing
hammerlike blows of other boulders transported from
upstream. Bedrock surfaces like those shown in plate 10B
are generally fresh, with sharp edges which indicate that
abrasion is relatively unimportant. Fresh fractures on the
edges of most large boulders attest to impact of bed

material.

Concentration of large boulders near the source.—Evidence
was obtained in East Dry Branch that selective transporta-
tion operates in determining the size of the bed load, just
as it does in the Middle River near Franks Mill. In Dry
Branch, sources of coarse bed material are so close together,
because of the steep channel slopes and cliffy valley walls,
that the entire channel is composed partly of a concentrate
of large, angular blocks near their source and partly of
smaller, more rounded material moved from upstream.

The stream crosses a shallow syncline in the Chemung
formation (Butts, 1940), in which two beds of reddish
sandstone are exposed in the stream channel, as shown in
ﬁgurg 43. The other sandstones in the syncline are gray,
or olive gray, readily distinguished from the red sandstone
beds. Other reddish sandstone beds occur in the syncline,

LONGITUDINAL SECTION ALONG DRY BRANCH
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Fraure 43.—Graphs showing longitudinal profile of East Dry Branch, Va.,
in the Devonian sandstone area (upper graph), and relation of reddish sand-
stone pebbles and boulders to reddish sandstone outcrops.

but they are not cut by the stream channel and are 500
to 1,000 feet higher in the stratigraphic sequence.

Pebble counts were made of the material in the stream
bed at 15 localities in the syncline below the first outcrop
of reddish sandstone. These were not grid samples like
the ones discussed elsewhere in this report. At each
locality the total number of boulders of reddish sandstone
larger in intermediate diameter than a geologic hammer
handle (about 250 millimeters) were counted, within a
reach of stream bed 20 feet long. Between 100 and 200
cobbles of sandstone within a size class of 75 to 150 milli-
meters were counted, and the percentage of reddish sand-
stone was tallied. Similarly, over 100 pebbles of sandstone
smaller than 25 millimeters were counted at each locality,
and the percentage of reddish sandstone was tallied. The
results are shown graphically in figure 43. They show that
the large boulders are almost entirely concentrated in a
short reach immediately on and below the outcrop of
reddish sandstone. In addition, boulders upstream from
the outerop have moved into the stream, presumably by
mass movement from outcrops on the slope above, or have
been dislodged from a roadway upslope. At the outcrop
itself the entire load of large boulders is reddish sandstone.
The number in the stream drops off rapidly downstream;
at a distance of only 200 feet from the outcrop, only 1 or
2 remain.

The cobbles between 75 and 150 millimeters in diameter
also are abundant at the outcrop, but their decrease in
frequency downstream is less rapid than that of the larger
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TasLE 5.—Grid analyses of inaterial on a lalus slope on the east side of the Calfpasture River valley, locality 625
f Frequency percent for indicated size, in millimeters
)

| 05-1.0 r 1-2 l 24 ] 4-10 ’ 10-25 2540 40-63 63-100 l 100-160
At 0.5 feet below surface. ... . l ________ ’ -5 } 5 18 38 13 11 5 ‘ 5
At sarface_.__ ... _______.._.| 1.5 4.5 24 J 56 13 1
blocks. At 2,300 feet they make up less than 4 percent undercuts a limestone bank or encounters a ledge in its

of the bed material, but the percentage does not diminish
further. Pebbles less than 25 millimeters in diameter show
a less sharp peak at the outcrop and maintain a frequency
of around 12 percent all along the reach. Presumably
many of the finer pebbles may originate in the red beds
high on the mountain slopes and enter the stream bed in
small tributaries at various places.

The reddish sandstone in Dry Braneh appears to furnish
good evidence of selective transportation. For the most
part the large boulders in the stream remain in place.
They are moved only as they are broken up by the impact
of other boulders into transportable sizes. During trans-
portation, wear or abrasion probably becomes a more
important factor.

After leaving the sandstone region, Dry Branch crosses
the Romney shale of Devonian age (Butts, 1940) and
eventually enters the limestone region. In this part of
its course the median size diminishes from more than
100-150 millimeters to between 60 and 100 millimeters.
Probably Dry Branch has bed material as coarse as 150
millimeters in its upper reach because it is bordered by
steep slopes that contribute large quantities of coarse
material to its bed. This material is moved only as it is
reduced to smaller sizes.

NORTH RIVER

The North River, below the area of Devonian rocks, is
an example of a stream in an alluvial terrace area, where
the size of the bed material diminishes downstream. The
river enters the limestone region in a broad flood plain
(pl. 9), which it maintains almost to its junction with the
Middle River. The bed material is entirely sandstone for
a distance of at least 10 miles below the last sandstone
outerop. Twenty miles below the last sandstone outcrop,
however, the bed material is only 50 percent sandstone,
the remainder chert and limestone. The size of the sand-
stone particles decreases at a rate similar to that in the
Middle River, from 110 millimeters in the sandstone area
to 42 millimeters at a point 10 miles below.

Evidently the volume of sandstone debris transported
from the mountains in the source area of the stream is
very large; the stream is unable to carry all of it through
the limestone region but has spread the sandstone gravel
over a wide plain as it migrated laterally. It occasionally

bed; but the limestone dislodged in these places and incor-

porated in the bedload is so small in amount, as compared
with that of sandstone coming from the upper part of
the basin, and is relatively so fragile that it does not make
up even one percent of the total load.

Downstream, as the drainage ares increases and with
it the discharge, the amount of sandstone transported is
smaller relative to the discharge, and limestone appears
as a significant component of the bed material.

CALFPASTURE VALLEY

The Calfpasture River, although flowing on shale, has
bed material composed entirely of sandstone. The median
size of the material does not diminish downstream but
remains close to 60 millimeters. Recalling the argument
of page 73, it is because of the constancy in size of the bed
material that the Calfpasture River has a profile whose
curvature can be expressed as a logarithmic curve. It is
therefore of interest to discuss the geologic conditions that
control the grain size. The bed material of this river is
derived entirely from outcrops not traversed by the prin-
cipal stream except in its headwaters. This is similar to
the North River, except that after leaving the sandstone
region the North River traverses limestone and shale. As
the North River flows toward its junction with the South
Fork of the Shenandoah River, it is continuously moving
farther from a source of sandstone. The proportion of
the ares of sandstone to the area of limestone in the North
River basin diminishes as the total size of the basin in-
creases. The size of sandstone transported, therefore,
diminishes in proportion to the rate of wear and breakage.
In the Calfpasture River, however, the valley, in shale, is
flanked by mountains of sandstone, and all the major
tributaries head in sandstone areas in steep mountainous
terrain. As the total drainage area of the basin increases
with length, the area of sandstone in the basin increases.
The sandstone gravel in the river bed has therefore been
transported various distances, yet has diminished little
in size.

The scarcity of local bedrock, shale, in the bed material
of the Calfpasture River is of interest. The shale in the
lower course is mapped as Brallier and Romney shales
(Butts, 1940). These formations are highly fissile and
fragile, containing hard lenses of sandstone only in a fev

|
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TaBLE 6.—Mediun size and amount of lithologic components of bed material at localities on Gillis Falls, Md.
Quartz
Station Vein quartz Phyllite mica schist Other
Median Median Median
Locality River length size Percent of size Percent of size Percent of Percent of
{miles) (mm) - sample {mm) sample {mm) sample sample
696 - ------- 1.70 ... .. 33 55 20 15 | [
695 -oooeoeo- 83 o __._... 42 78 20 22 | .. 0 |- . ...
697 oo 11.6 . _._. 52 40 | ... 0 100 50 10
- - 1
places. Itis believed that they break up on exposure very River, the more fragile components of the bed materia

rapidly into material too fine to concentrate in the stream
channels. Table 5 shows the results of two grid analyses
on a talus slope along a tributary of the Calfpasture River
in Brallier shale. The material in the slide at a depth of
¢ inches below the surface has a median particle size of
16 millimeters. The surface material, affected by more
weathering, is still smaller, with a median size of only 4
millimeters. The slope of the slide is 37°, probably close
to the angle of repose of the material. The break-up of
the shale into very fine sizes, by weathering and the feeble
forces associated with occasional movements of the slide,
is evidence of the frailty of the material and its tendeney
to reduce quickly to small sizes.

Under some conditions rocks apparently break up imme-
diately into fine sizes. It was observed in the Middle
River, however, that material as fragile as calcareous tufa
could be deposited in the stream as large blocks. Pre-
sumably a stream bordered by steep walls of shale might
have coarse, unbroken material in its bed. Possibly the
rate of erosion by mechanical processes in relation to the
internal strength of the material being eroded is the impor-
tant factor, and a very soft material can be expected to
yield large fragments only when excavation is rapid.

GILLIS FALLS

A total of 10 grid samples were obtained in the creek
known as Gillis Falls and in the South Branch of the
Patapsco River below it (fig. 13). In three of them the
lithologic components were idemtified and counted, as
shown in table 6. In the area of Wissahickon schist
(Jonas, 1928) the only prominent components are phyllite
and vein quartz. The phyllite generally breaks into small
fragments, probably because of numerous planes of weak-
ness, and decreases in relative amount as the discharge
of the stream increases because of increased drainage area
and the more resistant vein quartz becomes more abun-
dant. In the area of Peters Creek schist (Jonas, 1928) at
locality 697, phyllite is absent from the bed load and the
local reck makes up half the sample. The short distance
of travel of the phyllite shown by these analyses suggests
that in this region as in the Franks Mill reach of the Middle

do not travel far as pebbles or boulders.

EPHEMERAL STREAMS IN AREAS OF RESIDUUM

A number of observations were made in small ephemeral
streams in the limestone region of the Shenandoah Valley
and in the headwater areas of the Piedmont. In these
areas the stream channels carry water only after heavy
rains, and the slopes and stream channels are mantled
with fine-grained residuum and alluvium. Farther down-
stream the streams become perennial and the size of the
bed material increases to coarse gravel and boulders.
Slopes are fairly gentle in the headwater areas, but as the
streams become longer or approach the Middle River, the
slopes become gentler at a rate much less than those of
other classes of streams. The larger streams of the lime-
stone area, therefore, have slopes that are fairly steep for
a given length. The smaller streams have slopes that are
gentle for a given length.

In the headwater areas hilltops and slopes are blanketed
with a thick residual soil mantle, especially where the
underlying rocks contain large quantities of siliceous mate-
rials. The soil is mostly silt or fine sand. Numerous
fragments of chert oceur in most of the limestone soils
and are concentrated at the surface, where they form a
protective blanket over the silt and sand beneath. Gullies
and channzls a-e few and far between on the hills, even
where the slopes are steep. It appears, however, that silt
and sand are transported even across the cover of sod and
forest litter, for the small headwater valleys are thinly
floored with poorly sorted but fine-grained transported
material. If transportation were not occurring the fine-
grained alluvium in the stream channels would be flushed
out during periods of excessive discharge and would
not be renewed. The apparent concentration of coarse-
grained insoluble material at tke top of the residiuum sug-
gests that removal of fine-grained material from the inter-
stream divides is a continuing process. The generalization
is made that the calcareous rocks in the Middle River
basin that have coarse insoluble constituents, such as chert
and sandstone, are blanketed by thick residuum, whereas
the rocks that have no coarse insoluble constituents, such
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TaBLE 7.—Particle-size and slope data in short streams whose channels contain fine-grained soil material.
Station
Channel Channel Median
] Length slope width size Borting

Locality Stream (miles) (ft per mile) (ft) (mm) coefficient
649 Eidson Creek . .. ...~ ... 1.0 35 7 10.09 5
646 Bell Creek .. ..l . 1.4 50 14 1 .006 16
645 Dol 2.6 36 28 114 60?
618.1 | Creek on Sheetsfarm_____..___..____..._ .75 78 22 L s T
651 Stream in Martinsburg shale______________ 2.5 57 3 5.0 21
692 Gillis Falls___ . aal_L .61 105 9 7.1 2
691 Do e 1.0 76 13 8.7 2

1 From complete laboratory analysis by Paul Blackmon.

2 Estimated by grid analysis in the field; error may be considerable where median size is less than 4 mm.

as the Athens limestone or the Martinsburg shale, have
very thin residuum or none at all. This is thought to be
because, in an area having relief as high as the Middle
River basin, the fine material can be carried away by sheet
erosion, even from hilltops. Coarse chert fragments, how-
ever, accumulate on the surface and protect the fine mate-
rial underneath.

In the limestone area perennial fiow begins from 0.5 to 4
miles downstream from the headwaters. Beyond this point
fine-grained materials are absent or rare in the channel.
They do not constitute a part of the bed material, though
they do make up the largest part of the flood plain. The
only exception is in the few places where water plants,
such as water cress, grow in profusion. These grow only
in a few small perennial streams and were not observed
in streams more than 15 miles long. Grassy vegetation
in the ephemeral streams may play an important part in
trapping fine-grained material.

Fine-grained soil material is also prominent in the allu-
vium of small drainage basins in the Martinsburg shale
regions, where it floors small, swampy, and sod-covered
channels. In these regions, soil on the hill slopes is gener-
ally only a few inches thick, and fragments of weathered
shale in places project through to the surface. The thin-
ness of the soil is not a result of grazing or farming
activity alone, because similar thin soils also characterize
areas of Brallier shale (Butts, 1940) in the Valley and
Ridge Province, where the slopes have been tree-covered
for many years. The fine alluvium in the small valleys
must be derived from the transportation of weathered
material during heavy rains. Since the Martinsburg shale
contains no coarse fragments of silica, the weathering
products are all transportable on fairly low slopes. In a
region as hilly as the upper Shenandoah Valley these fine
sediments probably are not held even by grassy sod.

Table 7 contains data on median particle size and sorting
characteristics of the bed material of several small head-
water channels. It indicates considerable variation .in

length of streams in which soil is an important component
of the bed material.

SOME FACTORS CONTROLLING VARIATION IN SIZE:
CONCLUSIONS

From the data that have been presented tentative con-
clusions:may be drawn regarding the causes of large varia-
tions in size of bed material along the channels.

1.—Although treated only briefly in the preceding dis-
cussion, first among these is the initial size of the material.
If, for example, a stream flows entirely through unconsoli-
dated deposits, the material in the stream cannot long
remain as aggregates of particles and the size composition

of the bed material can only be a modification, through °

selective transportation, of the original material; it cannot -

be coarser than the coarse fractions of the original material.
Thus in the coastal plain of Maryland the median size
of the bed material of the streams studied averages around
15 millimeters; the material appears to be mostly reworked
gravel derived from the gravelly Pliocene deposits that
cap the upland in this section. In the limestone region
of the Shenandoah Valley the size distribution of the chert
is at least partly predetermined. The chert in most of the
formations examined, particularly in the Lenoir limestone,
is in small masses and therefore enters the stream either
in small fragments or as part of a larger limestone block.
Weathering of limestone in the soil leaves chert as a eon-
centrate of pebbles in the surface horizons to be transported
directly to the streams through ravines or gullies.
2.—The joint pattern, bedding, and other structural
features of the bedrock are especially important factors
that determine size. Many rocks have so prominent &
joint pattern that the size of the fragments resulting from
the breakup of the rock is strictly limited by the spacing
of the joints. This is true of the sandstones and quartzites

in the Devonian and Mississippian rocks west of the

Shenandoah Valley. The detritus on slopes as well as the
material in the stream beds that is derived from someé
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formations is consistently smallefthan that fl"om others.
The coarseness of the granodiorite boulders in tpe Tye
River is another example. This rock is very massive and
weathers into large spheroidal masses with few ]omf:s }nter-
secting them. As a consequence the fragmgn.ts.t ongmally
supplied to the stream can be of very large initial size.

3.—Resistance of the rock to abrasion and breakage
must be an important factor controlling size in the streams,
as is indicated by the influence exerted by the sandstone
in the Middle River on the total size of the bed material
for dozens of miles below its source. Limestone, on the
other hand, is apparently broken up in a short distance of
travel and only the included chert is persistent.

4 —Resistance of the rock to chemical attack is another
factor of importance. In the limestone region, for ex-
ample, the rate of weathering is sufficiently rapid that the
ephemeral stream channels are floored by the fine-grained
products of weathering, and the channel slopes are adjusted
for the transportation of these sizes. Weathering may
also influence the size of the bed material in large streams,
for the wastage of slopes along streams by reason of soil
formation, weathering, and sheet erosion will reduce the
number of steep slopes and rock outcrops at which the
streams can pick up coarse fragments.

5—The relief of the region bordering the stream seems
to be significant. It is intimately related to the slope of
the stream itself, as the relief is largely a function of the
form of the longitudinal profiles of the headwater streams.
Where the slopes are steep and the valley floor narrow,
opportunities are afforded for large quantities of rock to
break up along joint planes and accumulate in the channel
by mass movement and lateral planation.

The most significant conclusion to be drawn from the
data is that it is not exclusively an inherent property of
the bedrock that determines the particle size of bed mate-
rial in streams; nor is it the relief or stage of development
of the terrain. Size is determined by a relation among
several factors, and furthermore the relation between these
determining factors and the long profile is such that they
are interdependent.

THE LONGITUDINAL PROFILE AND THE CYCLE
OF EROSION

It has been shown that several factors related to both
physical and chemical properties of the bedrock are im-
portant in controlling the longitudinal profile. ~Of princi-
pal interest to the geomorphologist is the suggestion on
page 69, shown by the graph of figure 29, that within areas
where the bedrock geology is the same there is a consistent
relation between channel slope and length; that is, in
ggologically similar areas stream profiles are similar.
Figure 44 is a diagram of the relation between stream
length and channel slope (the derivative of the longitudinal
profile) for various localities in the sandstone region west
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of the Shenandoah Valley, and in the Martinsburg shale
area. The localities shown on the diagram include only
those for which most or all of the drainage basins are
within areas of one kind of bedrock. Very good correla-
tion is shown between slope and length for each of the two
regions. Similar curves have been constructed for other
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F1GURE 44.—Logarithmic scatter diagram showing the relation between slope and
length at points in the Devonian sandstone and Martinsburg shale areas, Middle
and North River basins, Va. Figures on graph represent the average values of
stream slopes at a length of 1 mile.

areas. The result is summarized in figure 45, which shows
the relation between slope and length for streams in seven
geologically different areas. Area 1 is in the granodiorite
on the east slope of the Blue Ridge, which includes the
Tye River basin. Here slopes at 1 mile are between 600
and 700 feet per mile. They flatten out gradually so that
at 8 miles the slopes are only 250 feet per mile. All the
streams originating within this area are small, hence data
are not available to check the curve at lengths greater
than 8 miles. Area 2 is in the sandstone of Devonian age
and includes many localities in the basins of Buffalo
Branch, Dry Branch, and the North River. Here slopes
are very steep in the headwaters but diminish rapidly
downstream. In area 3, slopes are less than in the De-
vonian sandstone area. This area includes localities in
the Calfpasture valley and a few in the alluvial terrace
areas of Dry Branch and the North River. In these areas
the bedrock is shale or limestone, but the river channel is
in alluvium composed entirely of sandstone boulders
carried downstream from above. Area 4 includes locali-
ties in the limestone region, all of which are in streams
whose basins are mostly within the limestone region.
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Area 5 is drawn through points in the basin of Gillis Falls,
Md. Area 6 includes localities in the drainage basin of
Christians Creek and includes some localities from Opequon
Creek, near Winchester, Va., (not shown on the map).
Area 7 is in the Coastal Plain of Maryland, in an area
underlain by unconsolidated sandy sediments and some
clay and diatomaceous earth, in Calvert County, Md.
The total range in values of slope is large. The values
are based entirely on data obtained in small drainage
basins. Large drainage basins whose lengths are over 60
miles have not been considered in the study. Examination
of a few localities on the main stems of the Potomac River
and the Susquehanna River, however, indicate that the
same curves will probably not apply to rivers of such large
size. These streams appear to have slopes that are much
steeper in relation to the drainage area than the slopes of
the smaller streams studied. It is not feasibie, however,
on the basis of the present study to make geologic com-
parisons between the basin of a large river such as the
Potomac and a basin as small as that of East Dry Branch.
The areas chosen for analysis in figure 45 must each
have streams within their boundaries that have similar
longitudinal profiles, since the profile is the integral of the
relation between slope and length. Using the constants
obtained from figure 45, profiles typical of these regions
may be constructed by integration as shown on page 70.
The calculation has been made for four of the regions,
and the resulting profiles are shown in figure 46. In the
calculations made for this diagram the assumption was
made, for purposes of comparison, that each stream
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Fraure 45.—Logarithmic graph showing the average relation between channel
slope and stream length at localities on streams in seven geologically di Ferent
areas.

reached an altitude of 1,000 feet at a length of 10 miles
As the diagram shows, the differences between some of the P
profiles are quantitatively very large. A stream entirely
in sandstone of Devonian age that has an altitude of 1,009
feet at a river length of 10 miles would be at 2,380 feet
at a length of 1 mile, 3,100 feet at 0.3 mile, and over
3,760 feet at 0.1 mile, which is about the position of the
inflection point of slopes in the sandstone area. On the
other hand, a stream on the Coastal Plain of Maryland
in the outcrop area of the Miocene sediments would rise
from 1,000 feet at a length of 10 miles from the source tq
only 1,100 feet at 1 mile, 1,150 feet at 0.3 miles, and 1,200
feet at 0.1 miles. Further rise is limited by the position
of the inflection point with respect to the drainage divide;
that is, the point at which the profile becomes convex
to the sky. The location of this point in relation to the
geology and the stream channel is not considered in this
report but it is probably a factor of importance.

Many streams pass through areas of several kinds of
bedrock, and their beds contain materials from more than
one source area. The Middle River and its tributary
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Fraure 47.—Longitudinal profiles of East Dry Branch and the Middle River drawn on a semilogarithmic graph to show the relation between
the geologic features and the profile.

East Dry Branch offer a good example. The profiles of
these two streams are plotted on a semilogarithmic graph
in figure 47. The breaks in profile occur exactly at the
major geologic contacts. These breaks, which would not
show up clearly in a conventional type of profile (on an
arithmetic graph), show up sharply on this kind of graph.
The reaches of river in which the bed material is approxi-
mately constant appear as straight lines, having a general
formula of the same form as equation 10,

B=C—klog. L (16)

where B is the altitude of a point on the stream in feet,
L is the river length in miles and k and C are constants.
The constant k must be equivalent to the constant 25;°-¢
In equation 14 (p. 72) and is therefore proportional to a
power of the size of the bed material.

It is thought that the constant k in an equation like the
one above may prove to be a useful index for the study of
topography. Tts relation to the size of bed material, as
demonstrated empirically by the present analysis, suggests
that it is in some way related to the competence of streams.

The constant k is readily determined on topographic maps
at any point on a stream without drawing the profile. It
does not matter whether the profile actually follows a
logarithmice curve, because it may be assumed that if it
does not follow such a curve, it is made up of small seg-
ments of a series of logarithmic curves, each of which has
a different value of k (as illustrated by fig. 47). It can
be shown algebraically that the value of k is equivalent
to the difference between the altitude of two points on
the profile, divided by the difference between the natural
logarithms of the lengths at the same two points.

H,—H,
log,L:—log,Ls
It is even more easily determined in another way. As

shown on page 70 the constant k of equation 16 occurs
also in the equation relating slope to length,

_k
S_L
and k= SL.
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The constant may therefore be quickly determined simply
by measuring the distance from the origin of a stream to
a point on the stream and then multiplying this value by
the slope at that point. Calculations are most easily made
in miles and feet per mile, but of course other units can
be used.

The close relation between the lithology of an area and
the form of the long profiles within the area suggests that
a state of dynamic equilibrium exists between the amount
of relief and the form of the erosion channels on the one
hand, and the resistance of the bedrock to the forces
tending to break it up and remove it on the other. This
—_concept of equilibrium has been discussed in some detail
by Wolman (1955) in a study of the channel of Brandywine
Creek, a Piedmont stream in eastern Pennsylvania that
traverses a lithologically varied region. An analysis of a
region in terms of its longitudinal profiles therefore may
be a valuable approach to the interpretation of a landscape.
This writer has been concerned only with establishing some
of the factors important in determining the profile. Data
have not yet been obtained to determine the range in
values of the constants for a region as large as the Potomac
Basin, or the relation of the profile to the stage of geological
development of various areas. Such an analysis may be
attempted at another time. Nevertheless some tentative
observations may be made concerning the meaning of the
data just described in terms of the erosion cycle.

The relation found between topography and the size
of the material on the stream beds in a region such as the
Shenandoah Valley accords with some of Davis’ classic
observations on the development of the cycle of erosion
and the flattening of divides (Davis, 1909, chapter 13).
On the other hand the differential resistance to erosion
and weathering of regularly arranged belts of rock may
in itself account for the regularity of the topographic
forms of a region, without recourse to an explanation
involving multiple erosion cycles, such as has long been
generally accepted for the northern Appalachian region.

In an early stage, when the total relief is great, it must
be expected that interstream slopes are steep; coarse mate-
rial moves down the slope by mass movement and accumu-
lates in the stream channels. This accumulation of
detritus may be coarse or fine from place to place, its size
depending on the discharge of the stream channels and the
slopes on which the water is carried off. As erosion pro-
ceeds the channels become more regular in longitudinal
section and approach a parabolalike shape, concave to the
sky; for the streams in their downstream reaches are more
powerful and can carry away far larger material on low
slopes than can the streams in the headwater reaches.

Various processes must act to reduce the interstream
divides at the same time or they would extend upward
like knife blades between the concave stream profiles on
either side. Presumably they are blunted by processes of

SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY

mechanical and chemical weathering that break the rock
into particles fine enough to be moved by creep, sheet

erosion, or in slides. In a steep mountain area, therefore -

)

where the processes of mass movement are active, we °
may expect the divides to be sharp, because chemical op
mechanical decay of the rock on the summit itself is slow

in comparison with the retreat of the slope because of mag;
movement related to downcutting of the stream. The
steepness of the stream channels below is of course deter.
mined at the outset by the total relief. With a very high

relief the rate of sapping of the bedrock and its accumula.
tion in the channels is high. So is the rate at which the
detritus on the stream beds is broken or carried off.

As time goes on, if base level is stable and erosion con-
tinues, the channel slopes must obviously flatten. In
terms of the bed material, this means that the rate of
removal of bed material from the channel at any place
diminishes. Concomitantly, the rate of undercutting of
banks and plucking must diminish and the rate of trans-
portation on interstream slopes by mass movements—and,
therefore, the rate of mechanical weathering—must also
diminish. The processes acting on the interstream divides
and summits, however, presumably are not affected by
the flattening of the slopes at the same rate. For example,
the rate of chemical weathering of rocks such as mica
schist or limestone is less affected. As erosion continues,
the rate of chemical weathering becomes relatively more

important, and mechanical erosion of the channels and *

mass movement of the coarse debris on slopes relatively
less important. Eventually it may be expected that the
products of chemical weathering form an appreciable part
of the material that must be removed by the stream. At
this point the stream valleys are like that of Gillis Falls
or those of the limestone region, where there are low divides
at the headwaters and gentle upstream slopes, but where
the downstream reaches are more incised. In an area of
a single kind of rock, therefore, the cycle at one stage
involves profiles that have a high degree of curvature. As
erosion continues the profiles flatten because weathering
and the blunting of the divides is relatively more important
than stream erosion. Such flattish profiles can be expected
to be most pronounced where the rocks are most susceptible
to chemical decay.

Presumably the cycle described above is completed
more rapidly in an area of soft rocks than in an area of
resistant rocks. Thus, under the conditions of erosion
that oceur in the Potomac valley, the break-up of rock in
the channels in a quartzite area must be relatively slow
and the rate of weathering must be slow, whereas in &
limestone area we may expect these rates to be high. It
follows that if two areas in this region, one of limestone

and one of sandstone or quartzite, have the same initial
relief, at any later stage of development they will differ -

in relief. The profiles in the limestone area are reduced
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much more rapidly and-achieve a pronounced flattening
at an earlier stage. Conversely, if two areas of different
lithologic character have the same relief they must be of
different age.

As has been thought by some, the regularity of the
topography in the Central Appalachians and the Pied-
mont may simply be the result of the action of processes
over a long period of time on rocks of different resistance
to mechanical and chemical attack. The fact that these
rocks are exposed in belts of regular thickness and attitude
for great distances results in a regular topography of
ridges and valleys. That the altitudes of the tops of
many interstream ridges composed of similar rocks are
nearly the same is only because the belts of rock have
nearly the same width and the region has undergone
erosion for so long that a condition of dynamic equilibrium
has been reached. The height of a ridge underlain by
sandstone, for example, must be correlative with the
width of the outcrop belt, because given sufficient time,
the stream profiles approach a uniform or nearly uniform
shape, and the fall from the divide to the point where the
streams leave the sandstone area is determined by the
distance travelled. This concept was discussed more than
a generation ago by N. S. Shaler (1899).

In larger, geologically complex areas, where streams flow
through areas of different kinds of bedrock, the lithologic
and topographie features of the headwater area must have
an influence on the topographic form of the downstream
area. This is because the stream must carry away the
erosion products of the entire basin. If these are resistant
to wear they determine the minimum channel slopes
required to carry them off and therefore affect the rate of
downcutting of the main river. Since this acts as a local
baselevel for its tributaries it affects their profiles and
hence the topographic form of the adjoining area.

We may expect, for example, if the conclusions presented
here are correct, that a river carrying quartzite gravel
through a limestone region or schist region erodes less
rapidly than a river of comparable size that is carrying
softer rock derived locally. The river with quartzite
gravel acts as a more nearly stable baselevel for its tribu-
taries and is bordered by a region of lower relief. Observa-
tions on streams in the Shenandoah valley actually confirm
this hypothetical generalization. The Middle River, for
example, has a higher proportion (50 percent or larger)
of locally derived limestone on its bed than the neighboring
North River, whose bed is predominantly sandstone de-
rived from upstream. The Middle River is more deeply
incised in the surrounding terrain and is bordered by a
rougher terrain than is the North River. The North
River has a relatively straight course and flows on a steeper
gradient, whereas the Middle River has developed intricate
meanders and joins the North River after a much greater
distance of travel over slopes that, as a consequence of
the greater length, are gentler.
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