Channel changes in badlands

ALAN D. HOWARD Department of Environmental Sciences, University of Virginia, Charlottesville, Virginia 22903
GORDON KERBY Environmental Quality Division, Virginia Division of Highways and Transportation, Richmond, Virginia 23219

ABSTRACT

Stripping of the vegetation and soil from
a |3-hectare site in Virginia underlain by
coastal plain sediments created a rapidly
evolving badland topography. Two types of
channels developed: (1) sand-bed alluvial
channels were graded to transport the bed
material load supplied from slope erosion
with available runoff, but they also gener-
ally eroded their beds slowly, and (2)
steeper, bedrock-floored channels incised
rapidly. In bedrock channels the erosion
rate was proportional to the 4/9ths power
of drainage area and the 2/3rds power of
gradient. These exponents are consistent
with a model in which the erosion rate is
proportional to the bed shear during high
flows.

Due to rapid mass wasting and reduced
runoff, the alluvial channels became as
much as 50% steeper during the winter than
the summer, with an attendant yearly cycle
of winter aggradation and summer en-
trenchment. The gradients, their seasonal
variability, and their downstream hydraulic
geometry were consistent with the predic-
tions of total load transport formulas for
sand beds and high loads. The hydraulic
geometry of alluvial channels in the Virginia
badlands were similar to that on the Morri-
son Formation in the western United States.

INTRODUCTION

The long time scale over which processes
must act to produce most landscapes means
that their cumulative effects are not easily
measurable over the human time scale. In
particular, the downcutting of bedrock-
floored channels and the readjustment of
channel gradient in response to climatic
change or human interference generally
occur so slowly that models of these pro-
cesses are crude and of uncertain validity.

Occasionally, nature presents us with a
microcosm, scaled-down temporally and/or
spatially while maintaining many essential
features of larger systems. Such appears to
be the case in natural and man-induced bad-
land landscapes, where the absence of vege-
tation and the soft rocks greatly accelerate
erosion and landform development. Also,
owing to the enhancing efficiency of runoff
erosion as compared to mass wasting, the
drainage density is high. Thus, badlands
have been intensively studied both because
of their morphometric similarity to large-
scale landforms and because of the possibil-
ity of short-term measurements of process
rates (Schumm, 1956b). Curiously, little
attention has been directed to the mechanics
and dynamics of badland fluvial features;
most previous studies have concerned either
slope processes (Schumm, 1956a, 1964,
1967, Schumm and Lusby, 1963; Engelen,
1973) or the evolution of the landscape and
the drainage pattern as a whole (Schumm,
1956b), although Schumm (1962) measured
rates of erosional regrading of miniature
badland pediments. Yet, the processes act-
ing in the channels within badlands are
probably more directly comparable to those
in larger streams than are badland slopes
analogous to vegetated or alpine slopes.

Data from two sets of badland channels
are presented here; most observations were
made in a channel system that developed
over a period of about 15 yr in poorly con-
solidated Tertiary sediments exposed in an
abandoned borrow pit along Interstate 95
near Stafford, Virginia (Fig. 1). A few com-
parative observations were taken in natural
badlands near the Henry Mountains, Utah;
these badlands are discussed more fully in
Howard (1970). The various small areas of
man-induced badlands in the eastern United
States (for example, the Perth Amboy bad-
lands studied by Schumm, 1956b) afford the
advantage of rates of landform evolution
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much greater than those in natural bad-
lands, for the yearly rainfall may be more
than 20 times greater. Badlands of the two
regions differ also in their degree of re-
sponse to seasonal climates. In most natural
badlands, the slowness of processes means
that slopes and channels show only minor
changes due to seasonal contrasts in runoff
and mass wasting, whereas marked seasonal
alterations in slope morphology (Schumm,
1956b) and channel gradients (this paper)
characterize the eastern badlands. Climatic
changes acting over several decades or more
would be required in western badlands to
produce effects equivalent to those resulting
from seasonal changes in eastern badlands.

The rapidity of evolution of the borrow-
pit channels has permitted quantification of
two types of stream processes normally too
slow-acting for direct observation: (1) ero-
sion of bedrock-floored channels and (2)
fluctuation of gradients of alluvium-floored
channels in response to seasonal and long-
term variation in runoff and sediment load.
This division into bedrock and alluvial
channels corresponds to a natural-process
threshold separating two channel morphol-
ogies with distinct hydraulic behavior and
negligible intergradation of form (Howard,
1980). The alluvial channels are carpeted
with a blanket of sand that is transported
during runoff events (Figs. 2B, 3). The
steeper bedrock channels lack a sediment
bed (Figs. 2A, 3), except for sand and peb-
bles filling isolated scour holes. Down-
stream transitions between these two types
of channels are abrupt (Fig. 3). The pres-
ence or absence of an alluvial bed is deter-
mined primarily by the gradient; alluvial
channels have, in general, lesser gradients
than bedrock channels for the same drain-
age area (Fig. 4). In addition, the gradients
of alluvial channels have a well-defined
inverse dependence upon drainage area,
whereas the two factors are largely inde-
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Figure 2. Seasonal changes in the Left Branch of Sandy Wash (looking downstream). (A) October 1970, showing sinuous bedrock
channel and slopes smoothed by rain splash and runoff. Channel changes abruptly to alluvial near top of picture. A large remnant of a
winter terrace occurs on the left bank near the top of the picture. (B) March 1971, showing aggraded alluvial channel, slopes loosened by
needle-ice erosion, and debris accumulating in channel. The surface of the alluvial channel has been slightly roughened by needle ice.

pendent for bedrock-floored channels

(Fig. 4).
Field Sites and Measurement Program

The correlation of rock units within the
borrow pit is based upon field work by
Wayne Newell (1981, personal commun.).
The oldest units were exposed along the
channel walls below Falls 3 along Badland
Wash and below Falls | on Canyon Wash
(Fig. 1); they were predominantly cohesive,
cross-bedded, clayey sands with occasional
thin, discontinuous hardpans and cemented
stringers of pebbles, and they were part of
the Potomac Group. The Entrenched Flats
1 and 2 were underlain by similar clayey

sands. The Badlands area was underlain by
a mottled, greenish-gray, glauconitic, silty
sand with weak cohesion and a pronounced
vertical jointing (Aquia Formation). A few
discontinuous, well-fractured hardpan lay-
ers also occurred within this unit, which
formed the lower slopes of the Escarpment.
Capping the Escarpment was a layer of fis-
sured clay about 1 to 2 m thick (Calvert
Formation). The small unexcavated rem-
nants of the original surface above the
Upland Flat were underlain by reddish,
sandy, gravels that are correlated simply as
“Upland Gravels.” The Upland Flat was
floored by residual “desert pavement” grav-
els from this formation. The Spoil Banks
and Dikes were material displaced during

borrow operations, mainly clay from the
Calvert Formation. The Alluvial Flats were
underlain by a thin cover of aggradational
sand.

Several sources of data recorded the evo-
lution of the badland topography. Near the
cessation of excavation in 1963, a series of
profiles spaced at intervals of 25 ft (8.2 m)
and running perpendicular to Dike 1
(Fig. 1) were surveyed by the Virginia De-
partment of Highways to measure the vol-
ume of the excavated sediment. Although
the three dikes and the spoil banks were
emplaced after the survey, most of the
borrow pit was not subsequently regraded.
In 1971, the Virginia Department of High-
ways took low-level aerial photographs
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Figure 3. Transition from bedrock (foreground) to alluvial
channel above a short falls on Sandy Wash below the junction
of the Right and Left Branches. The March 1970 photograph
(looking upstream) shows angle-of-repose side slopes shaped
by needle-ice wasting and infilling of the channel bottom.
Runoff from one strong rain could re-expose the bedrock
floor. The Escarpment appears in the background.

that were used to prepare a topographic
contour map with a 2-ft (0.6-m) contour
interval (Fig. 1). From the fall of 1970 until
the fall of 1972, theodolite surveys of the
major channels were made early each
spring and late each fall. Occasional resur-
veys continued through 1976. From the
spring of 1970 through the fall of 1972,
photographs were taken of the badlands
and channels to give a pictorial record of
changes. During the summer of 1972, the
Canyon Wash (Fig. 1) was filled in by
bulldozer, and a combination of reseeding,
fertilizing, and drainage diversions fore-
stalled re-entrenchment. The slow natural
revegetation by Pinus Virginiana over 15 yr
from 1963 had not diminished erosion rates
appreciably, when, sometime during 1978,
the borrow pit was regraded and reclaimed.

The western United States measurements
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were made in badlands developed on the
Morrison Formation, which is composed of
variegated, sandy montmorillonitic shales
and interbedded channel sandstones.

On account of the original map scale,
measurements were made in feet, and so
appear on the figures. However, metric
units have been used in the text.

Erosion Rates

o The average rate of erosion and the sedi-

o ment yield within the borrow pit were calcu-
lated by measurement of the volume of
sediment removed from 1963 until the 1971
map compilation. The 1963 topography was
reconstructed from the 1971 map by conti-
nuation of divide contours across eroded
valleys, correcting for divide erosion by
comparison with the 1963 surveyed profiles.
L ¢ The hypsometric integrals of the 1963 and

Figure 4. Plot of gradient versus drainage area for alluvial and bedrock channels in the

borrow pit.
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10" 1971 topography were measured by plan-
imeter and the volumetric change calcu-
lated by subtraction. The average rate of
downcutting over the 13 hectares was 0.02
m/yr, occurring for the most part as erosion
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of channels and development of associated
side slopes. This is equivalent to a yearly
sediment yield of approximately 315 metric
tons per hectare, which is close to the values
measured from suburban construction sites
in northern Virginia and Maryland under-
lain by soils of similar erodibility (Guy,
1965, 1972; Vice and others, 1968; Wolman,
1967).

CHANNEL DYNAMICS

The main drainage courses were estab-
lished very shortly after cessation of borrow
operations; aerial photography taken 3 yr
later (1966) revealed a drainage network dif-
fering only in detail from the pattern in
1971. Alluvial and bedrock sections alter-
nated along most of the channels. The bed-
rock sections occurred either where the
postexcavation surface was steep, where
resistant beds forced waterfalls or rapids, or
where confining sidewalls locally increased
the bed-material transport capacity. Con-
versely, alluvial channels occurred where
the original gradient was small and ero-
sional resistance was low.

HOWARD AND KERBY

Several segments of alluvial channel oc-
cupied former depressions, such as behind
Dikes 1 to 3 and their associated settling
ponds, which were emplaced in a futile
attempt to impede downstream sediment
delivery. By 1966, alluviation and storm
runoff had caused Dike 1 to be breached
and incision had begun again. Dike 2 had
similarly been circumvented before 1966 by
Canyon and Badland Washes. However,
resistant beds at Falls I to 3 limited down-
cutting. As a result, deposition had filled in
the settling pond, creating Alluvial Flat 1,
so that alluvial streams carried sediment
across the former depression. Subsequently,
minor incision occurred in these streams as
the falls retreated upstream, but the rates of
downcutting were not rapid enough to
steepen the channels to the point where the
alluvial channel cover would be stripped,
creating bedrock channels. In filling behind
Dike 3 had created Alluvial Flat 2 by 1969.
Alluvial Flats 3 and 4 resulted from fanlike
aggradation across nearly level original
surfaces.

Resistant beds inhibited stream downcut-
ting, and because of the nearly stable base

level, alluvial streams formed upstream,
graded to a “control point” at the outcrop
of a resistant bed. The beds forming water-
falls or rapids were commonly hardpans or
cemented conglomeratic lenses only a few
centimetres thick. Examples of alluvial
channels above control points included
Canyon Wash above Falls 1, Badland Wash
above Falls 3, the midsection of Sandy
Wash, and Upper Wash at Alluvial Flat 3,
where dense vegetation restricted downcut-
ting. Vertical erosion in these alluvial sec-
tions was limited by the rate of lowering of
the control point. The alluvial channel of
Badland Wash upstream from Falls 3
eroded at a rate of about 0.2 m/yr from
1970 to 1972 as a result of retreat of the
waterfall (Fig. 5). By contrast, the alluvial
section of Sandy Wash had eroded only half
as fast during the same period (Fig. 6), and
Alluvial Flat 3 on Upper Wash aggraded
due to a stable control point and an
increased sediment supply (Fig. 7).

At several locations (Entrenched Flats 1-
3 and the Upland Flat), the borrow opera-
tions produced a nearly level surface perched
above a steep bordering scarp. Drainage
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Figure 5. Profiles of Badland Wash and its tributaries from October 1970 through November 1972, showing seasonal and long-term

changes.
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Figure 6. Profiles of Sandy Wash and its tributaries.

from the upland passing over the steep
scarp caused the headward migration of a
knickpoint and an associated “wave of dis-
section” (Figs. 1 and 5 through 7).

Two time scales could be distinguished in
the evolution of the channel network: sea-
sonal changes were superimposed upon
long-term evolution. The seasonal changes
were due to summer-winter contrasts in
runoff characteristics and sediment load
resulting from differences in slope pro-
cesses, as discussed by Schumm (1956b,
1964) and Schumm and Lusby (1963). Dur-
ing the winter (November-March), mass
wasting, primarily by needle ice (Outcalt,
1969, 1971), predominated on most slopes.
The extruded prismatic ice needles incorpo-
rated thin layers of the soil-like bedrock,
which moved downslope on melting of the
ice. The process was especially rapid on
slopes steeper than the angle of repose, for

the dislodged soil was delivered to the base
of the slope as a fan-like deposit (Figs. 8A,
2B, 3). Channels adjacent to steep, high
slopes became buried, sometimes to a depth
of 1 ft or more (Figs. 2B, 3). Winter and
spring storms were observed to rapidly
entrain much of the loose soil in the chan-
nels and fan deposits.

Rain splash and runoff erosion were most
effective during the summer season. Figure
9 shows seasonal hourly rainfall data.
Transport rate in sand-bed channels in-
creases with about the square of discharge
(Howard, 1980). Assuming nearly complete
runoff on the shaly badlands, the high-
intensity summer rains had about ten times
the cumulative transporting potential as
winter rains for equivalent channel gra-
dients. Rain splash and runoff also eroded
the slopes, producing ephemeral summer
rills. However, the intense summer rains

smoothed, compacted, and pitted the soil
surface (Fig. 8B), with the crust so formed
presumably limiting the rate of late summer
slope erosion, as has been commonly ob-
served in rain splash erosion studies (Farres,
1978; Thornes, 1980).

Relative rates of sediment delivery to the
channels during the winter and summer
were uncertain, but the intense winter mass
wasting suggests relatively high winter rates.
Summer runoff had much greater transport-
ing potential than winter. Alluvial channels
responded to this changing balance of load
and discharge by aggrading to increase gra-
dients during the late winter and early
spring and degrading with gradient reduc-
tion during the late summer and fall
(Figs. 5-7). Winter-season gradients aver-
aged 6% to 50% higher than summer (Table
1). The depth of alluviation increased
upstream because the alluvial sections are
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Figure 7. Profile of Upper Wash.

graded to a downstream control point. The
downstream control points of most streams
continued to erode during the winter, so
that the gradient increase was accomplished
with less alluviation than occurred along
other channels where the base level was
stable.

The only seasonal change occurring along
most sections of bedrock channels was
reduced erosion rates during the winter.
However, some sections of channel alter-
nated between alluvial during the winter
and bedrock during the summer, The allu-
vial channel also extended headward (Figs.
2, 5, 6), because the depth of winter alluvia-
tion increased upstream. Winter alluvial
and summer bedrock channels also alter-
nated where the summer gradient was
intermediate between the summer and win-
ter gradients of an alluvial channel of equi-
valent discharge, bed material supply, grain
size, and channel width.

Local changes in alluvial channel gra-
dient occurred in response to fluctuations in
the rate of mass wasting. During 1970,
Upper Wash, where it crossed the Escarp-
ment above Alluvial Flat 3 (Figs. 1, 7),
flowed over an overhanging cliff. However,
the cliff collapsed between October 1970
and March 1971, resulting in rapid back-
wasting and the exposure of the collapse
debris to runoff, rain splash, and needle ice
erosion. As a result, the gradient across

Alluvial Flat 3 increased 50% and the max-
imum depth of alluviation exceeded 0.6 m.
A relatively rapid backwasting continued
through 1976, maintaining the steeper gra-
dients.

The entrenched summer channels were
commonly narrower than their aggraded
counterparts, resulting in a portion of the
winter alluvium remaining as terraces (Fig.
2A). Other terraces formed by brief periods
of alluviation due to temporary heavy sedi-
ment loads following upstream slope
failure.

BEDROCK CHANNELS

The lack of alluvial bed on bedrock
channels, even during periods of no flow, is
due to their steepness; they always carry
below-capacity loads of bed sediment, and
during waning flows, the alluvium is prefer-
entially deposited on the lower-gradient
alluvial beds. Another factor leading to
preferential deposition on alluvial sections
is the enhancement of grain rebound from
the hard bed, so that bedrock channels pre-
sumably can transport more bed material
than can alluvial channels for the same gra-
dient. This difference in rebound also part-
ially accounts for the very sharp downstream
transitions between adjacent sections of
alluvial and bedrock beds (Howard, 1980).

The rate of downcutting of bedrock

channels increased with bed shear stress, so
that the erosion rate was an increasing func-
tion of gradient and drainage area. This
dependence can be quantified because of the
historical record of landform evolution.
Most channels became deeply incised,
whereas the intervening divides were little
eroded. Stream profiles at the close of oper-
ations were reconstructed from these inter-
stream divides, which, when compared with
the channel survey made in fall 1970, or the
topographic map based on aerial photo-
graphy taken in spring 1971, gave an esti-
mate of channel erosion over a 7- to 7i4-yr
period (Fig. 10). A least-squares logarithmic
regression of the rate of erosion (m/yr) ver-
sus the drainage area (m?) and the gradient
(m/m) yields the following estimating equa-
tion (r> =0.85, n = 50):

87/8t = —.11 A% 8z2/5x %8, 1))

where 6z/6x is the downstream gradient.
The 95% confidence interval for the area
exponent is 0.38 to 0.51, for the gradient
exponent is 0.58 to 0.78, and for the con-
stant is -.06 to -0.21.

The behavior of the bedrock channels is
consistent with a simple model that assumes
that the erosion is proportional to a power
of the dominant bed shear, although hydra-
tion of clay minerals, scour by sediment in
transport, and minor chemical weathering
may also be involved. Neglecting these, the
erosion rate can be expressed as a function
of the shear stress, 7, exerted by the domi-
nant discharge on the channel perimeter:

8z/8t = -K; P, )

where b is the shear siress exponent. K|
relates erosion rates to shear stress and
therefore measures bed erodibility. It is
assumed that stream gradients are not more
than about 15°. A more realistic model
would replace 7 by (7 - 7.), where 7. is the
shear stress required to initiate erosion.
However, most bed erosion probably occurs
at high discharges, where 7 may be much
greater than 7., so that for downstream
comparisons the latter may be neglected.
The Manning equation is used for flow
resistance, and it is assumed that bed
roughness does not vary downstream,
which seems true for the bedrock channels.
The downstream relationship between the
cross-sectional area, Ay, and the hydraulic
radius, R, is approximated as follows:

Ax =Ky R7, 3
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Figure 8. Seasonal changes of slopes and channels in the Badlands. (A) March 1970,
showing angle-of-repose slopes, loose surface texture, and polygonal, frost-widened frac-
tures. (B) October 1970, showing rain-smoothed texture, narrow divides, and tendency to
form vertical, joint-controlled upper slopes. The alluvial channels have been entrenched
slightly since (A), forming small terraces.

where m is termed the hydraulic radius
exponent. Finally, the dominant discharge
is assumed to be proportional to a power of
the drainage area:

Q=Kj A (@)

These assumptions imply the following rela-

tionship between the rate of bed erosion, the
drainage area, and the gradient (Howard,
1970, 1971):
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Figure 9. Average winter (October 15-
April 14) and summer rainfall, by intensity
class, based upon 10 yr of hourly observa-
tions at Fredericksburg, Elkton, and Quan-
tico, Virginia.

where K4 is a dimensional constant incorpo-
rating K| through Kj, the unit weight of
water, and the constant of proportionality
in the Manning equation. For a given sys-
tem of units, a fixed value for b, and equi-
valent runoff characteristics, Kq4, like K|,
expresses bed erodibility, which may vary
from place to place.

The borrow-pit observations can be used
to infer values for the exponents b, m, and
K4, assuming that the model is correct and
that erodibility does not vary systematically
with drainage area or channel gradient
(Table 2). The inferred value of the shear-
stress exponent lies near unity for reasona-
ble values of the exponent e, which is
consistent with laboratory measurements of
the rate of erosion of cohesive soils (Arul-
anandan and others, 1973; Akky and Shen,
1973). A direct proportionality was also
assumed in a model of overland flow ero-
sion proposed by Horton (1945, p. 324).
The predicted values for the downstream
hydraulic radius exponent are in the range
between the value for constant-width rec-
tangular channels (m = 1) and a semicircular
or parabolic channel of constant shape (but
not size) m = 2), but they are well below
those observed in perennial alluvial chan-
nels with self-formed banks (m = 2.5). The
width of the bedrock channels was difficult
to estimate because the channels merged
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TABLE 1. SEASONAL CHANGES IN GRADIENT OF ALLUVIAL CHANNELS

Channel

Average gradient Seasonal gradient

Fall Spring ratio
Lower Badland Wash 0.0212 0.0229 1.08
Badland Wash, Left Branch 0.0271 0.0229 1.08
Badland Wash, Middle Branch 0.036! 0.0423 1.17
Badland Wash, Right Branch 0.0308 0.0326 1.06
Sandy Wash, Left Fork 0.0414 0.0604 1.46
Sandy Wash, Right Fork 0.0271 0.0400 1.48
Upper Wash, below Escarpment 0.0337 0.0513 1.52

ELEVATION

Original Land Surface

“Present Stream Profile

UPSTREAM DISTANCE

Figure 10. Measurement of erosion rates in bedrock channels. For a specific section of
channel, the amount of dissection is measured in the center, and the measured gradient is

the average of the original and later values.

indistinctly with the valley walls, so that
direct measurement of m was not possible.
However, both large and small bedrock
channels seemed similar in shape, so that a
value of m near 2 is reasonable. Substituting
b =1and m = 2 into equation § and assum-
ing e = | lead to the prediction that the
drainage area exponent would be 0.38 and
the gradient exponent would be 0.81, com-
pared with the observed values of (.44 and
0.68, respectively (equation 1). Although
the predicted values are near the limits of

TABLE 2. ESTIMATED PARAMETERS
FOR BEDROCK CHANNEL EROSION

e b m
0.8 0.96 1.07
0.9 0.92 1.22
1.0 0.90 1.38

Column 1. Assumed value for exponent in
equation 4.

Column 2. Estimated value of exponent in
equation 2.

Column 3. Estimated value of exponent in
equation 3.

the 95% confidence intervals for the empiri-
cal data, they seem close enough to con-
clude that the model is appropriate, with the
discrepancy probably due to a combination
of possible systematic downstream changes
in bed erodibility, inaccurate choice of
parameter values, and correlation between
the logarithms of gradient and drainage
area in the observed channels (r =-0.47).

ALLUVIAL CHANNELS

Most of the alluvial channels gradually
downcut during the period of observation
(Figs. 5 to 6), indicating that the alluvial bed
accumulated by deposition during the wan-
ing stages of runoff events, rather than by
long-term aggradation. (However, winter
aggradation was superimposed upon the
epicycles of scour and fill). The flow in the
alluvial channels probably carried a capac-
ity load of sand except during peak flows,
when the alluvial bed may have been
scoured to bedrock. These conclusions,
together with the consistent relationship
between drainage area and gradient (Fig. 4),
suggest that the alluvial channels were

adjusted, or graded, to transport the sedi-
ment supplied from upstream with the pre-
vailing pattern of runoff (after Mackin,
1948). However, due to the ephemeral flow
and seasonal changes in sediment supply
and runoff, the gradients continuously read-
justed, so that there may never have been
exact equilibrium. In the following sections,
alluvial channel data are examined to
determine their patterns of behavior within
the borrow pit, including downstream hy-
draulic geometry and seasonal gradient
variations.

Downstream Hydraulic
Geometry

The relationships between sediment
transport capacity, stream gradient, grain
size, and flow properties at equilibrium
have been investigated in many flume
studies and summarized in numerous for-
mulas. Were such data available for the
badland channels, the closeness to equili-
brium could be directly determined. Because
of the irregularity of flows and the difficulty
of field measurement, however, the sedi-
ment concentration and flow properties
were not measured. Rather, indirect meth-
ods were used to compare the downstream
hydraulic geometry of the badland alluvial
channels with predictions of sediment
transport relationships. Several quantities
were measured on a sample of large-to-
small alluvial channels:

1. Local gradient was measured either
from the surveyed profiles (Figs. 5~7) or, in
the case of small, steep channels, by Brun-
ton compass.

2. Eguivalent length. The drainage area
and channel width were measured at each
site. Their ratio is termed the “equivalent
length” (Howard, 1980). Width and drain-
age area were combined into a single meas-
ure for two reasons. First, channel width is
not an explicit variable in sediment trans-
port formulas; discharges of sediment and
water are expressed per unit width. Equiv-
alent length is used as a surrogate measure
of these specific discharges, as is discussed
below. Second, runoff from some slopes
travels as unconcentrated sheet flow across
alluvium-floored pediments or small allu-
vial fans. A unique channel width or drain-
age area does not exist on such alluvial
surfaces. However, the equivalent length
can be measured by finding the area con-
tributing flow across an arbitrary line
drawn on the alluvial surface perpendicular
to the gradient (Fig. 11). Equivalent lengths



for both alluvial channels and alluvial sur-
faces are included in the measured data.

3. Grain size of the alluvial bed channels
varied little within the borrow pit, with a
median near 0.3 mm. Occasional pebbles
derived from the Upland Gravels were scat-
tered through the alluvium. The alluvium
was not systematically sampled because of
the small grain size range.

4. Interfluvial slope steepness. Sediment
yield should be greater where slopes are
steeper. Slopes were classified according
to steepness and position within the basin:
(1) alluvial surface and alluvial channel,
(2) upland flats sloping less than 5°, (3)
moderate slopes (5° to 15°), and (4) steep
slopes. Alluvial surfaces and channels
generally eroded very slowly, or were
stable, so that they contributed very little
sediment directly. Thus, sediment yields
should have increased in the order listed.
Runoff per unit area is probably less sensi-
tive to slope steepness, particularly during
the intense or long-duration storms that
presumably transported the majority of the
sediment.

For a basin containing only one slope
class, the gradient is assumed to be related
to the equivalent length:

Si=G L* (6)

Where S; is the channel gradient associated
with slope class i with a characteristic con-
stant C;. For a basin containing portions of
more than one slope class, the gradient is
assumed to be a porportional logarithmic
sum of the gradients characteristic of each
of the fore slope classes present:

4
logS = , _Zl P; log S;, N
or

4
logS=_X] PilogC;+zlogL, (8)
1=

where P; is the proportion of the drainage
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Figure 11. Measurement of
equivalent fength, L, where run-
off occurs by unconcentrated
sheet flow over an alluvial sur-
face at the base of a badland
slope (idealized contours). The
heavy lines are arbitrary widths,
and the dashed lines show the
contributing drainage area.
Case 1 indicates converging
flow; case 2, diverging.

area in slope class i (including cases with
individual P; = 0). This model was chosen
because the coefficients to be estimated
entered linearly.

Measurements of L, P; and S were taken
at 36 locations in the borrow pit during
October 1971. Values of L and P; were
estimated using low-level aerial photog-
raphy. Least-squares estimates of the coef-
ficients z and C; were determined by
regression, with L measured in metres (Fig.
12 and Table 3, part A). The coefficients
explain 89% of the variance of the loga-
rithm of the gradient. The coefficients
increase in order, as expected, although
there is considerable overlap in their confi-
dence intervals. The unexplained variance
probably resides in differences in grain size
and in erodibility among the bedrock
slopes.

A similar relationship was found for
alluvial surfaces and alluvial channels on
natural badlands developed on the Morri-
son Formation in Utah. Only two slope
classes, (1) alluvial surface and channel and
(2) badland slopes, were defined for the
western data, but the grain size was addi-
tionally measured at each site, so that the
model becomes:

logS=P,logC; +
(1-Py) log Cy + )
ulogd+zloglL,

where P, is the proportion of the drainage
area underlain by alluvial surface and d is
the median grain size in millimetres. Re-
gression coefficients for a sample of 31 loca-
tions explained 91% of the variance (Fig. 12
and Table 4).

Alluvial-channel gradients in the borrow
pit obey the following relationship to drain-
age area (mz):

S=.15A019 (10)
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The width of alluvial channels was related
to about the 1/4th power of drainage area
in both the borrow pit and the Morrison
badlands, but the western channels are
about twice as wide for an equivalent drain-
age area (Fig. 13).

Howard (1980) has shown that the ob-
served gradient relationships are consistent
with predictions of downstream changes in
sand-bed alluvial-channel gradients based
upon total-load sediment-transport formu-
las under conditions of high sediment loads.

Erosion Rates in Alluvial
Channels

The survey data indicate that alluvial
channels may erode their beds through time
if their downstream control point lowers.
However, there is an upper limit to their
capacity for erosion, beyond which their
gradient steepens, waning flows no longer
redeposit alluvium, and they become bed-
rock channels. Combination of equations
I and 10 suggests that, for channel width,
runoff, and bed erodibility characteristic of
the borrow pit, this maximum erosional
rate increases with drainage area:

8y /Stmax = —0.0089 A031. (n

Alluvial channels that lie near the upper
limit of this criterion require steeper gra-
dients than do their stable counterparts.
The requirement for steeper gradients in
more rapidly eroding channels follows
directly from equation 1. In rapidly eroding
channels, the alluvial cover is stripped dur-
ing high discharges, whereas the flow carries
a below-capacity bed material load, so that
the eroding alluvial channel transports the
same sediment load as a noneroding allu-
vial channel of lesser gradient.

As a measure of the gradient increase
with erosion, the erosion rate was added in-
to the regression of equation 8 in a semi-
quantitative manner. Nominal values were
assigned to measured erosion rates as fol-
lows: 4.0 for rates greater than .15 m/yr; 3.0
for rates between .09 and .15; 2.0 for rates
between .03 and .09; 1.0 for rates between
.005 and .03; and 0.0 for rates less than .005
(including aggradation). A nominal classifi-
cation was used because only about one-
third of the data could be directly measured
(for the most part, the larger and more
rapidly eroding channels); values were as-
signed to the other channels by estimation
based upon measurements in nearby streams
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TABLE 3. REGRESSION COEFFICIENTS FOR ALLUVIAL CHANNELS
IN THE BORROW PIT

(A)
Estimated 95% confidence Category
value interval
Cy= 0.14 0.11-0.18 Alluvial surface
Cy= 0.19 0.10-0.36 Upland flat
Cy= 0.21 0.14-0.31 Moderate slope
Cy= 0.26 0.15-0.45 Steep slope
z=~0.24 -0.19--0.30 Equivalent length exponent
(B)
Estimated Category
value
Ci= 0.14 Altuvial surface
C,= 0.19 Upland flat
Cy= 0.23 Moderate slope
Cy= 0.23 Steep slope
z=-0.25 Equivalent length exponent
j= 0.04 Erosion rate exponent

TABLE 4. REGRESSION COEFFICIENTS FOR ALLUVIAL CHANNELS
IN THE MORRISON SHALE BADILANDS

Estimated 95% confidence Category
value interval
Cy= 0.15 0.10-0.23 Alluvial surface
Cy= 046 0.30-0.69 Slopes
u= 0.7 0.03-0.36 Grain-size exponent
z="-0.31 -0.26--0.35 Equivalent-length exponent

and the total erosion that had been expe-
rienced within the drainage basin based
upon comparison of the 1971 map with pre-
vious data. The nominal data were then
normalized to a zero mean and unit stand-
ard deviation over the sample. Equation 8
was modified to include an additional term,
J % E, where j is the estimated regression
coefficient and E is the normalized erosion
rate. Table 3, part B lists the estimated coef-
ficients. As indicated, the gradient increases
with erosion rate, and there is a significant
increase in variance explained. The relative
magnitudes of the coefficents of the slope
classes are somewhat altered by the inclusion
of erosion rates, but because of the positive
correlation between erosion rates and both
relief and size of the drainage basin, and
because of the nominal classification, the
coefficients in part B of Table 3 should not
be used in quantitative predictions,

Time Scales, Equilibrium, and Grade in
the Alluvial Channels

Gradients within a channel network can
be considered to be in equilibrium, that is,

to be graded, if the gradients are continually
adjusted to the prevailing hydraulic regime
(supply of sediment and runoff from slopes).
The presence or absence of equilibrium is
determined jointly by the temporal history
of the hydraulic regime and by the time
scale of response of the channel gradients.
The time scale for response of a channel net-
work to regime changes is approximately
(Howard, 1982):

T = D*S/(4qy). (12)
where D is the mainstream length, and g,
and S are measured at the downstream end
of the network. Regime fluctuations that
occur with very high frequencies compared
to this response time have negligible effect
upon the gradients and are ignored in the
determination of equilibrium. On the other
hand, the channel can completely adjust to
variations that occur with very low frequen-
cies, as well as to very slow trends in the
regime. Disequilibrium occurs if there are
large, recent step changes or rapid trends in
regime or if there are large cyclical com-
ponents to the regime with frequencies of
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the same order of magnitude as the time
scale of response (Howard, 1982).
Determination of the time scale for the
borrow-pit channels can be done only indi-
rectly, because no measurements of gy exist.
However, the average erosion rate in the
borrow pit (0.02 m/yr) can be used as an
estimator. As portions of the borrow pit
were essentially non-eroding, the erosion
rate in the badland sections was at least
twice the average rate. On the other hand,
only one-half or less of the eroded sediment
was in the sand size range, so that the 0.02
figure will be used as the areal supply rate.
The largest badland channels had a main-
stream length of about 100 m and a drainage
area of about 6,000 m2. Using equation 10

- and Figure 12, the corresponding gradient

and channel width are .03 and 2.3 m, respec-
tively, giving an estimated time scale (equa-
tion 12) of about 1.4 yr. This time scale
includes both periods with runoff and the
long intervals with none. The time scale
measured in terms of runoff duration was
much shorter, about 200 hr, because ap-
preciable runoff occurred only about
150 hr/yr.

The hydraulic regime in the borrow pit
had two major quasicyclical time scales of
change: storm-period fluctuations and sea-
sonal variations. Simulations by Howard
(1982) suggested that a channel network can
continuously readjust to cyclical regime
changes, obeying the following inequality:

2r T W< .5, (13)
where W is the frequency in cycles/yr.
Howard (1982) also showed that high-
frequency components obeying the follow-
ing inequality are “filtered out” in channel
response; that is, they are unimportant:

27 T W>20. (14)
The response of channel networks to fre-
quency components lying between these two
inequalities has finite damping and delay,
that is, disequilibrium behavior.

The storm-period fluctuations, with fre-
quencies of several tens per yr, produced
little change in channel gradients. However,
the seasonal cycle fell within the disequili-
brium range, so that the seasonal gradient
changes were an incomplete response to the
seasonal variations in the hydraulic regime.
In addition, the gradients in rapidly eroding
alluvial channels were appreciably biased by
the erosion, as discussed above. Therefore,
the alluvial channels in the borrow pit were
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not graded in a strict sense. However, the
yearly average of channel gradients should
have been adjusted to the average hydraulic
regime (excepting the erosional bias), which
can be considered to be a restricted type of
grade.

The western badland channels have a
much longer time scale due to the sparse
rainfall (about 0.1 m/yr compared to the 1.3
m/yr in Virginia). In view of the fact that
the sediment yield should be approximately
proportional to the rainfall, the western
badland channels show negligible gradient
response to seasonal regime changes, and
they would be graded if the climate re-
mained statistically constant over a period
of tens of years.

CONCLUSIONS

The miniature channel system studied in
Virginia provided a limited analogue to
much slower responses that occur in large
channel systems. The comparison is most
direct for natural badlands in arid environ-
ments, where slope and channel processes
are nearly identical. The major difference is
the large seasonal cycle, which probably has
no analogue for the equivalent time scale
(decades or centuries) in the natural
badlands.

The pattern of alluvial channel regrading
in response to both variations in hydraulic
regime and change in base level should be
comparable to those occurring in larger
channels, with the exception that the shal-
low, braided badland channels did not
change appreciably in sinuosity during
aggradation or erosion. By comparison,
most large alluvial channels meander, and
changes in sinuosity constitute an addi-
tional element of channel response that
affects the amount of aggradation or ero-
sion following a change in regime (Schumm,
1968, 1971).

The transient response of natural al-
luvial channels to changes in hydraulic
regime is poorly characterized (Howard,
1982). Owing to their marked and rapid
seasonal regrading, alluvial channels in
eastern badlands would be ideal sites for
more detailed studies.

The relationship between erosion rate,
gradient, and drainage area in bedrock
channels (equation 1) should be applicable
to predicting channel erosion rates in soft
sediments and soils with appropriate scaling
for erodibility and runoff characteristics.
The empirical observations of erosion rates
clearly validate the model of drainage
development proposed by Horton (1945),

HOWARD AND KERBY

which suggests that a dendritic network
develops because of the competitive advan-
tage of large channels.

The borrow-pit observations also ‘have
implications for methods of reducing ero-
sion and sediment yields from erosion-
susceptible areas such as construction sites.
Equation | emphasizes the necessity of dis-
persing runoff and of minimization of slope
gradients. Also, the pattern of evolution of
borrow-pit topography indicates that most
of the sediment yield derived from channel
erosion and development of adjacent steep
side slopes as opposed to general sheet-
wash, underscoring the necessity of protect-
ing erodible soils from development of rills
and gullies.
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