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EL ASUNTO DEL ARROYO
LUNA B. LEOPOLD
(University of California,

Berkeley)

I sit in the shade of a pirion tree with the breeze of early morning in my face,
looking down on a little valley called El Asunto del Arroyo. To the east towers
the dark mass of the Sangre de Cristo Range, and to the west the low, blue hulk
of the Jemez. The Rio Grande, which I cannot see, runs in between. The low hill
on which 1 sit is mostly unconsolidated coarse sand intermixed with gravel
lenses, but over all the hilltops is a discontinuous sheet of gravel.
Through the scattered trees 1 see a broad, nearly flat floor of alluvium. The
drainage-way down the centre is a sandy wash some 10 feet (3 m) wide, dry
except during storms. The general valley floor is a terrace, long ago abandoned
as the flood plain of the wash. Cut in the valley floor is an inner valley, the surface of which is apparently the flood plain of the present ephemeral channel.
The terrace tread is separated from the inner channel by a scarp, averaging 6 feet
(2 m) high, vertical in many places, and exposing the alluvium that underlies the
terrace. This exposed alluvium is tan or light brown in colour, mostly sand, with
lenses of silt and of fine gravel.
El Asunto del Arroyo: the arroyo business, or the affair; the matter at hand;
thus, the business of immediate consequence. 1 do not know the origin of the
name. It may derive from some incident on the Old Santa Fe Trail which passed
nearby. Perhaps there was some confrontation between the local Mexican gentry
and the troops of the Army of the West, c. 1846, for in this and adjacent valleys,
the invading American army pastured their riding horses, the grass in the vicinity
of Santa Fe itself being too sparse after a couple of centuries of grazing by the
Spanish.
But its name conjures up a variety of geomorphological as well as historical
questions. The arroyo matter or arroyo business includes elements of many unsolved geomorphological problems, and it pinpoints several of paramount
importance.
Asunto del Arroyo is a channel that has existed at the different elevations represented by its terraces but it is also discontinuous, that is, the channel is
deeper upstream than down and it ends downstream in a flat fan through which
no channel exists. To understand its history and the processes by which it
assumed its present form, it is necessary to know why a stream aggrades, what
determines the gradient during aggradation and during relative stability, how
base level affects the bed elevation and the profile, and how a change in the
relative amounts of sediment and discharge affects hydraulic factors including
gradient.
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It is true that we have 'explanations' for each of these matters but any detailed consideration leads one to the conclusion that they are neither satisfactory
nor complete—in fact they are not really explanations at all. The purpose of this
essay is not to offer solutions to these dilemmas but to rephrase the questions in
need of answers. I do not have the answers. Perhaps the reason lies in the fact
that we geomorphologists have bypassed the most difficult questions and we
have spent too much effort on matters of much less importance. To explain this
point of view, some field examples will be described, all of which have elements
in common with Asunto del Arroyo.
Many channels are carved in and flow through alluvium deposited by the
same river in a trench cut in bedrock at some earlier stage in its history. The
original trench was presumably eroded in the bedrock when the ancestral river
had more power to cut and less sediment to carry than it had in the later depositional stage. What does this mean quantitatively? How much less sediment was
available in the eroding than in the aggrading stage? Was the difference in sediment quantity or in water discharge and how much difference in each?
Though the questions cannot be answered, an example may help to clarify
the nature of the problem. Walker Creek drains a basin of 69 square miles
(179 km 2 ) in the Coast Range of California, 30 miles (48 km) north of San
Francisco. It is ephemeral, mostly dry in summer and has a small but continuous
flow in the rainy season of winter. Like many, the stream flows in alluvium
through most of its length but bedrock is exposed in the channel bed through a
short central reach. The valley floor is generally broad and flat consisting of an
alluvial terrace standing 15-30 feet (5-10 m) above the present stream bed. An
inner lower terrace averaging 8 feet (24 m) above the bed is present through
two-thirds of the stream length. This inner terrace was the floodplain in historic
time, about 1900, but in the present century, the stream has degraded about
5 feet (l-5m) in the headwater areas and aggraded in the downstream third of
the basin length (W. W. Haible, 1976, in preparation). The aggradation downstream can be documented by progressively buried fence posts of known age,
and local residents provide a history of degradation upstream (Figs. 3.1 and
3.2).
Haible has shown that the cutting upstream and deposition downstream have
resulted in a flattening of the mean stream gradient from 0-0024 to 0-0023 over
the lower 16 miles (25 km) of stream length. Though the 5 feet (1-5 m) of degradation and 4 feet (l-2m) of deposition seem large when the results are seen in
the field, the length involved is great, so the gradient has decreased only 0-0001
or 4 per cent. The recent degradation is believed by Haible to result from overgrazing of the upper basin during early decades of this century, resulting presumably in greater flood peaks and increased sediment available for transport.
The variation of discharge, storm to storm and year to year, is large, more than
a hundred fold, but the gradient was altered an insignificant amount. Can the
hydraulic processes in the channel react to a change in slope as small as 2 per
cent of the original value?
Coyote C Arroyo near Santa Fe, New Mexico, is an example on a smaller
scale that can be described in quantitative terms. In an area of 14 inches
(350mm) of precipitation, this ephemeral basin of 0064 square miles in drainage area (0166km 2 ) consists of an ungullied headwater reach and a gullied
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FIG. 3.1. Channel of Walker Creek
near Tomales. California, in aggrading reach. The valley flat in
the right of the picture has built
up 4 feet (l-2m) in the present
century but the channel maintains its geometry.

•BS

-jBfe^*£3£*L.

have
over
degraseen in
•0001
overgpretransport.
than
an the
2 per
smaller
inches
draingullied

:j,

FIG. 3.2. Fence posts in aggrading
valley of Walker Creek have
recently been physically lifted
1 foot (0-3 m) by the rancher to
keep the fence at normal height.
Dr Asher Schick points to ground
level on post before it was lifted.
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reach downstream of a vertical headcut 12 feet (3-7 in) high. The basin area is
sketched in the upper part of Figure 3.3. Some small discontinuous gullies occur
in the upper half. In the lower half, six cross-sections were established and have
been re-surveyed every few years. Their locations are also shown on Fig. 3.3.
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FIG. 3.3. Map of basin (above) of Coyote C Arroyo near Santa Fe, New Mexico. Channel
cross-sections 1-6 are shown with the amount of aggradation in the period 1961-68. Histograms (lower) show channel bed gradient in various years between pairs of cross-sections.

Cross-section 3 is shown in Figure 3.4 as it existed in 1961, 1968 and 1974.
In the 7-year record, 1961-68, the bed aggraded 14 feet ( 0 4 m) at its lower
end. A more recent survey shows that the aggradation was still continuing in
1974. On the map in Figure 3.3 near each cross section is a figure representing
the number of feet of aggradation in the 7-year period. At Section 6, though
the bed changed in elevation from year to year, the net change after 7 years was
zero, or no change. Amounts of aggradation increase irregularly downstream.
In the lower part of Figure 3.3 are bar graphs showing values of bed gradient
at each of the 3 years, 1961, 1964, 1968, for each of the channel reaches between sections. The bar graph at the left is for the whole distance from Section
6 to Section 1. The distances between sections are also written along the bottom
line. The gradients are all about 0-03 except for the short reach between
Sections 2-3 which is less steep. The aggradation has resulted in a slight flattening of gradient, 14 feet (0 4 m) in 1134 feet (346 m). But as in Walker Creek,
this change is but a small percentage of the original gradient, in this case about
2 per cent of the mean slope 0 0 3 . Again the question may be posed: may one
consider this change in gradient significant or merely fortuitous? If it is merely
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FIG. 3.4. Surveyed cross-sections at Sect. 3 on Coyote C Arroyo during the period
1961-1974.
random, then one may conclude that the gully erosion that formed the present
channel below the headcut produced the same bed gradient as is characterised
by a period of aggradation. What determines the value of this constant gradient?
Discharges have no doubt significantly changed from the cutting to the aggrading
period. One might suppose that grain size of bed material governs the bed slope
for it has probably not changed significantly from the cutting to the aggrading
period.
Such an explanation is shown to be too simple when one considers the discontinuous nature of the whole gully. This aspect is demonstrated better by a
nearby basin, Arroyo Falta, also draining a long narrow basin in the same unconsolidated sand-gravel material of the Santa Fe Formation. A segment of the
profile and one cross-section of Arroyo Falta are shown in Figure 3.5. The gully
begins at a headcut shown by the steep part of the profile at Station 3 + 50 (Fig.
3.6). The valley floor, upper line of the profile, has a nearly straight profile with
a gradient of 0-037. The profile has been surveyed several times. Figure 3.5
shows the surveys of 1962 and 1974.
The valley floor of Arroyo Falta was unchannelled about the turn of the century and the discontinuous gully formed probably in the first two decades of the
present century. But between 1962 and 1974, headcut retreat has been negligible and the gully bed has aggraded. The gully depth changes from 7-5 feet
(2-3 m) at the headcut to zero at station 8 + 00 where the sediment eroded from
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FIG. 3.6. Head-cut in discontinuous gully of Arroyo Falta.

the gully spreads as a low fan over the valley floor. In the period between these
surveys the fan has increased in thickness by 1 -0 feet (0-3 m) (Fig. 3.7).
The phenomenon of the discontinuous gully is inherently interesting because
it poses the question, why is the gradient of the gully less steep than the valley
floor? Several authors have discussed discontinuous gullies and consistently
failed to deal with this key feature. If the grain size of bed sediment controls
the gradient, the gully should have the same gradient as the valley floor because
the same sediment is involved. A developing gully should then be continuous for
long distances along the valley and, if deepening is progressive, the gully ought
to deepen uniformly along the entire length. This does not occur.
In an earlier paper (Leopold and J. P. Miller, 1956) I argued that, over time, a
discontinuous gully will widen with a resultant decrease in local depth of flow
for a given discharge which, to carry the same sediment load, would require an
increase in gradient. This would account for the fact that in the history of
trenching of alluvial valleys in the past century, initial gullying was in many
cases discontinuous, but as the arroyo increased in width and depth, bed gradient increased until at coalescence of several formerly discontinuous gullies
a through or continuous arroyo results, but is of nearly constant depth, or the
gradient is equal to that of the valley floor.
FIG. 3.5 (see left). Profile and a cross-section of a discontinuous gully, Arroyo Falta near
Santa Fe. New Mexico.
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FIG. 3.7. Upper end of fan in discontinuous gully of Arroyo Falta. Location is at station
800 of Figure 5. Channel which is deep just upstream has virtually disappeared at this point.

Arroyo Falta appears to be following this pattern, for between 1962 and
1974 widening has occurred as shown by the cross section, Figure 3.5, and at
the same time somewhat greater aggradation has occurred upstream than down.
But as in Coyote C Arroyo, this observed changed in bed gradient is small, 0022
to 0-026, or 18 per cent. Whether this is of importance is not known.
In the same paper I pointed out that the bed gradient is a slope of deposition,
not erosion, for the progressive uphill retreat of the gully results in uphill migration of the plunge pool. The pool progressively fills as it moves to more upstream portions. This feature is also exemplified by Arroyo Falta, but the significance of a depositional gradient as opposed to a gradient developed by bed
erosion is not known.
An alternative explanation suggests itself. The valley floor of Arroyo Falta
has a slope of 0-037 and the gully bed a mean slope of 0-026. Assume it is not
sediment size that governs the slope but rather the shear stress needed for initial
grain motion. When the alluvium of the valley floor was being deposited it is
probable that the alluviating valley was covered with grass that progressively
grew up through the accumulating layers of sediment, always providing a soil
binder and thus a surface resistant to erosion. This would require a larger shear
stress to move the same sediment size, and in order to keep the sediment in
motion and spread out over the valley, a relatively steep slope would be required. When, however, this valley floor is gullied, the gully bed is composed of
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loose sand and silt lacking the binding action of grass. Thus the gradient required for initial motion of the loose grains is smaller than was the case of the
aggrading valley floor. This difference is observed in Arroyo Falta. The valley
floor is covered with grass, and though the density is low, less than 20 per cent
crown cover, some protection against erosion is offered. In the gully there is no
vegetation. It might be supposed that the unprotected gully bed requires a
smaller gradient for initial sediment motion than the vegetated valley floor.
This hypothesis is denied by another line of evidence. In 1960 we built a
small dam across each of two small channels in the same locality as Coyote C
and Falta arroyos. The profile of sediment deposited behind these barriers has
been resurveyed over the years. Sediment was deposited behind these dams
immediately, and the reservoir space was filled to spillway level at the end of
the first year.
Big Sweat Dam discussed here is on a small sandy wash at a drainage area of
3-6 acres (146 ha). The dam was built of concrete and its lip over which all
water and sediment must pass is 1-3 feet (0-4 m) above the original bed. Several
intermediate profiles are available but in Figure 3.8 four of them are plotted:
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FIG. 3.8. Profiles above Big Sweat Dam near Santa I-'e, New Mexico. Original channel bed
before dam (1960). Profile of sediment wedge behind dam has not changed from 1961 to
1974. Lower part of diagram is profile from dam to 100 feet (30-5 m) above dam, and upper
profile is a continuation from 100 to 200 feet (30-5-61 m) above dam.
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the original profile in 1960 and three others run in 1964, 1968 and 1974, a span
of 14 years. The reservoir created was filled to the top of the dam by October
1961, 13 months after construction. The sediment wedge consists of loose
gravelly sand. It assumed a gradient less steep than that of the undammed wash.
The stream profile is slightly concave. The profile of the sediment wedge intersected the original profile at station 1 + 100 or 100 feet (30-5 m) upstream of
the dam, and still farther upstream the profile, though varying in detail over
time, has maintained the same slope as it had originally. Average gradients in
reaches at differing distance upstream from the dam are listed in Table I.
TABLE I
Gradient at three dates, sediment behind Big Sweat Dam
Reach
Distance

original
1960

1968

1974

0+00 to 1 + 10
1 + 10 to 2+20
2+20 to 3+30

00425
0-0454
0-0523

0-0335
0-0454
0-0523

0-0335

It might be reasoned that behind the dam the water has an opportunity to
spread out over a greater width than in the original channel, so for the same discharge, width is larger and depth smaller. Visually the roughness or resistance to
flow seems comparable on the sediment wedge and in the original channel. The
decrease in relative depth, that is the depth/grain-size ratio, tends to increase the
efficiency of sediment transport, but how this change should affect gradient is
not clear. Furthermore, why the gradient changed by the particular amount,
from 0-0425 to 0-0335, a decrease of 21 per cent, is not known.
If channel widening results in decrease of gradient in this instance, the discontinuous gully described earlier is at variance with this conclusion, for the
discontinuous gully appears to have a low slope when it is narrow and increases
its slope as gully-width increases.
Construction of a dam is a case of a rising base level. The installation of the
dam causes local base level to rise to the height of the spillway. But upstream of
the deposited sediment wedge, it appears that the channel is quite oblivious to
this change of base level. The effect of the higher base level did not propagate
upstream even with the passage of time. The same conclusion was reached in the
study of much larger dams on semi-arid channels (Leopold, M. G. Wolman and
Miller, 1964, p. 261).
The sand and fine gravel comprising the sediment wedge behind Big Sweat
Dam is identical to that on the channel floor in the undisturbed channel upstream of the reservoir deposit, and neither are protected by vegetation. Therefore the shear stress necessary for initial motion should be the same.
A second line of evidence seems not to support the concept that soil building
by vegetation results in a steeper gradient than where the channel is free of vegetation but is composed of the same alluvial material. This is the nature of the
valley and its channel during active aggradation. I had at one time visualised
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valley aggradation as taking place by sheet flow spreading over the whole valley
floor in the complete absence of a definite channel. Further field experience
leads to quite a different conclusion, that is, aggradation of a valley floor takes
place by widespread overflow beyond the limits of a definite channel which
maintains its dimensions during the process of deposition. Information on the
process is scarce because it requires proof of progressive aggradation within the
observational period. Two examples have been studied where the proof exists.
In both instances the evidence of aggradation exists in several generations of
fence posts that have been buried. The first is in Walker Creek, near Tomales,
California, where Haible (1976, in preparation) showed that valley aggradation
of 4 feet (l-2m) had taken place during a period of 60 years. One fence line installed in the first decade of the century has been buried so that the posts now
protrude above the valley floor less than a foot (0-3 m). New fence posts were
installed and the rancher keeps them at normal height by physically lifting them
with a tractor every other year or so (Fig. 3.2).
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FIG. 3.9. Cross section across valley of Walker Creek near Tomales, California, where aggradation has built the valley floor 4 feet (1 -2 m) since 1900.

In this area where aggradation is proven, the cross section shown on Figure
3.9 is typical. The drainage area of Walker Creek at that point is 66 square
miles (171 km 2 ). The channel cross-section has the following dimensions and
these are compared with dimensions for average or non-aggrading channels in
the same region and for the same drainage area.
Top width
of channel
(hankfullj
(feet)
Walker Creek, aggrading
Normal channels of region

130
110

Mean
bankfull
depth
(feet)
6
6-3

Mean
cross-sectional
area
(square feet)
720
720

The second area is in Nebraska and includes Whitehead and Prairie Dog
Creeks near Montrose, Nebraska, drainage areas respectively of 21 and 13 square
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miles (54 and 34 km ). The progressive aggradation was first noted by the several
generations of fence posts by H. V. Peterson and R. G. Hadley (1960) who constructed a cross-section of the pre-aggradation valley by a series of holes dug to
the original valley floor. The aggradation amounts to 5 feet (1 -5 m) in 30 years.
The channels in the aggrading reach, maintained despite continual upbuilding of
overbank areas, typically have a top width of 20 feet (6 m), bed width 2 to 5
feet (0-6-1 -5m) and mean depth of 4 feet (l-2m). Both the Californian and
Nebraskan examples show definite channels maintained during valley aggradation and channel gradient about equal to valley-floor gradient so that the
channels are continuous, not extinguishing downstream by gradual shallowing
(Figs. 3.10,3.11,3.12).

FIG. 3.10. Channel existing after half a century of continual aggradation; Whitehead Creek
near Montrose, Nebraska. View is upstream. Cottonwood trees at right have been buried by
several feet of silt.

We have, then, the following facts:
When a stream degrades and leaves its former flood plain as a terrace, the new
gradient may be steeper or less steep, but yet sub-parallel. The change in gradient
is a small percentage of the earlier one. This also holds if the stream degrades in
the upper and aggrades in the lower reaches.
Aggradation in a reach of channel takes place by simultaneous deposition on
the channel bed and over the adjacent valley floor. The channel in the process of
aggradation is not obliterated. In fact it keeps a width and depth rather similar
to others considered in quasi-equilibrium.
The relations in the hydraulic geometry, that is the width, depth, velocity,
slope and roughness as function of discharge, are similar in aggrading, degrading
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FIG. 3.11. Young cottonwood trees buried in several feet of silt on aggrading valley floor
of Prairie Dog Creek, near Montrose, Nebraska.

and quasi-equilibrium channels. There is enough scatter of points representing
rivers in a region that non-equilibrium examples cannot be separated from
graded streams from the hydraulics alone.
When an ephemeral channel begins to degrade in an alluvial valley, it often
begins as a discontinuous gully having a bed gradient less steep than the valley
floor, and therefore it shallows downstream ending in a channelless fan. But with
time such a gully tends to steepen its gradient, extending its length, and thereby
tending to coalesce with others upstream and down. This increase in gradient
appears to be associated with gradual channel widening.
However, when a barrier across a channel lifts the local base level, the sediment wedge deposited behind the barrier always has a flatter gradient than the
reaches upstream and down. The gradient of deposition does not progressively
increase with time, but becomes stable after only a few years at a value varying
from 30 to 70 per cent of the original gradient of the undammed channel. The
flatter gradient is usually associated with the larger width caused by the wedge
of sediment filling the original trapezoidal valley to a height dependent on the
height of the barrier.
These observations bear on the general problem of grade of a channel and the
slope of the longitudinal profile. The present view of this matter is best expressed by J. H. Mackin (1948) who said that a graded stream delicately adjusts
its slope to provide, with available discharge and channel characteristics, just the
velocity required for transport of the load supplied from the drainage basin.
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FIG. 3.12. Two generations of fence posts, left mid-distance, as aggradation buried the
fence. Log in foreground is flood debris indicating that water inundates the whole valley.
The log lodged against the upstream side of the fence.

Most of us accept the general argument for we cannot at the moment improve
upon it. But it can be examined in the light of the facts enumerated above. The
headwaters of the Walker Creek are degrading, indicative, one presumes, of a
deficiency of available sediment. The precept given above would lead to the
expectation that the gradient would tend to decrease and velocity to decrease
thereby. The slope has decreased, but by only a few per cent. Any adjustment of
velocity downward would be small indeed for it varies only as the square root of
slope.
The lower part of Walker Creek is aggrading, presumably having more sediment than it can carry in equilibrium. But there too the slope is decreasing, also
by a small amount.
Coyote C Arroyo is aggrading in the lower portion. One might suppose that
the slope would tend to increase in order better to carry the supplied load, but
in fact the slope is decreasing slightly.
Arroyo Falta developed, by deposition during the head-cut retreat, a bedslope flatter than that of the valley floor. The gully erosion, a reversal from
valley aggradation, implies too little sediment introduced from upstream and
thus the gradient would tend to be low. This is in accord with the expectation.
But as such a discontinuous gully widens, its slope tends to steepen with time.
A concurrent increase in load to be transported is implied but the source of and
reason for such an increase in load are not obvious.
When local base level is lifted, the gradient of deposition is less than that of
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the original channel. This implies a decrease in load supplied but in fact the load
has not changed. To explain the small slope as a result of local widening of the
flow prism is counter to the observed increase in slope as a discontinuous gully
widens.
Thus these field observations cannot all be fitted into the simple explanation
that slope adjusts to provide a velocity necessary t o carry imposed load. How the
various hydraulic and morphological factors actually change in response to
changes in discharge and load, whatever their cause, constitutes an unsolved
problem, even with all the new data of the past quarter-century. Continued
neglect of such fundamental problems in our field while lavishing attention on
details having little generality must mean that each of us should re-examine our
priorities.
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