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GENERAL STATEMENT
J O H N WESLEY
POWELL
introduced the term base
level to specify the elevation below which a stream
cannot downcut. Fluvial processes cease where a
river flows into a large lake or tlie ocean, because the
hydraulic gradient is reduced to zero and potential
energy is not further transfornied into kinetic energy.
The ocean is regarded as a permanent hase level even
though sea level varies.
Local base levels occur between the headwaters of
a stream and the ocean. For example, a resistant
outcrop forms a local base lezwl because the stream
is unable to downcut through the outcrop as rapidly
as through tlie materials upstream and downstream
from it. Thus tlie resistant outcrop forms a relatively
stable reach to which the upstream portions of the
channel system flow until the outcrop is removed
by erosion or is buried by alluvium. Such local base
levels are regarded as being temporary when c o n pared to the permanence of the oceans. Even more
temporary are the elevations of alluvial reaches of
streams, which also may be regarded as base levels.
Each point along a stream, be it underlain by rock
or alluvium, is part of a continuum of elevations along
tlie streambed. Each streambed elevation partly determines the total relief (and therefore tlie slope of
the stream) for that part of the system upstream from
the elevation.
Elevations of points along a streambed may be
changed by the local base l e z d processes of aggradation, degradation, and tectonic movements (B~ill.
1973; Bull and McFadden, 1977). Variation of
ocean or lake level is also a base level process. Although base level processes nlay change streambed
elevations along much of a stream system, base level
change generally is viewed as being a perturbation
that occurs within a short reach, but which may affect
tlie reaches upstream and downstream. Examples
would be the aggradation and degradatioli associated
with vertical fault rupture of a streambed, and the
creation of natural or human-made dams.
If, over a period of years, hydrologic conditions
in a river basin remain essentially constatlt, that is,

there is no long term change in climate or vegetation,
and if the basin is not subjected to uplift or other
eustatic movements, the river tends to attain an e q u libriuni or graded coliclition characterized by a stable
LGngitudinal profile neither raising or lowering in
elevation. In each portion of river length that is in
such equilibrium, the longitudinal profile of that portion tends to be concave upward with gradient decreasing i n the downstream direction. This flattening
of gradient is influenced by several factors but tht.
principal cause is the downstream increase in dischargt.
as tributaries enter. The concave upward longitudinal stream profile is developed upstream from a base
level o r a local base level. This profile tends toward
‘such a shape that there is at each point along I t s
length a mutual adjustment among hydraulic factors
which G. K. Gilbert referred to a s “an equilibrium
of action” (1880: 11. 107).
William Morris Davis (1902 : 1). 107) proposed
that tlie word “graded” be used specifically for the
stream in which equilibrium is maintained and that
“degrading” and “aggrading” be restricted to cases
of the shifting equilibrium. J. Hoover Mackin ( 1948 :
p. 478) stated that “ ‘degrading’ is downcuttitlg approximately at grade” and that “ ‘aggrading’ is upbuilding approximately at grade.” Mackin ( 1948 : p.
471) defined grade as follows:
The graded stream is one in which, over a period of
years, slope is delicately adjusted to provide, with available discharge and with prevailing channel characteristics,
just the velocity required for the transportation of the
load supplied from the drainage basin. The graded
stream is a system in equilibrium; its diagnostic characteristic is that any change in any of the controlling
factors will cause a displacement of the equilibrium in a
direction that will tend to absorb the effect of the change.

If the lower end of such an equilibrium profile is
raised or lowered by a rise or fall of the controlling
base level, it is generally supposed that given time
the whole profile will as a result tend to be raised
by deposition of sediment on the streambed or lowered by erosion of the streambed. in other words
by aggradation or degradation.
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Mackin stated clearly how he conceived base level
and the equilibrium profile to be related.
A rise in base level is equivalent to the rising of a
barrier across the path of the graded stream . . . the
final readjusted profile will tend toward parallelism with
the original profile . . . but because of secondary effects
of aggradation . . . , precise parallelism will usually not
be achieved (Mackin, 1948 : p. 496). Lowering of base
level is, insofar as the response of the stream is concerned, essentially the same as the lowering of a barrier
in its path. . . . Downcutting must continue until slope
is again completely adjusted to supply just the velocity
required to transport all of the debris shed into the
stream; as in the last case, and with the same qualifications, the final adjusted profile will tend to parallel the
original profile (Mackin, 1948: p. 498).

This conclusion is inferred in part from the fact
that in many river systems, stratigraphic and morphologic evidence shows that when a master stream
aggraded, so also did entering tributaries. If a terrace or level of an abandoned flood plain occurs along
the valley sides of a master stream it is usual to see
a similar terrace along the sides of tributary valleys
and, at the junction of the valleys, the terraces are at
the same elevation.
Similarly most tributaries enter the master stream
at the elevation of the master stream and are said to
be “graded to the master stream.” Only where a
tributary is at its mouth traversing a resistant layer
of rock, or whose elevation’ was determined by some
process operating in the past such as glacial action,
does the tributary discharge over a waterfall into the
master stream. Such “hanging valleys” are seen in
glaciated terrain and in deep gorges as in the Grand
Canyon system.
When a tributary meets the master stream at grade,
the usual case, it is not possible to say whether the
effect of the master stream is felt far upstream or
merely a short distance. A rise or lowering of the
level of the master stream constitutes a base-level
change for the tributary. Therefore it cannot be
ascertained whether the observed change in the tributary system was caused by change of base level or
by a combination of base-level change and concurrent
discharge-sediment relations affecting both tributary
and master stream simultaneously. The separate effect of such base-level changes cannot be isolated.
PURPOSE AND SCOPE

The influence of local base level and the effects of
a change of base level can be separated from the influence of hydrologic and geomorphic processes within
the basin under certain conditions.
These include the following situations : 1) observed
changes in the longitudinal profile by aggradation or
degradation when a local base level is lowered or
raised while the basin conditions remain unchanged.
2) observed changes in aggradation and/or degra-

FIG. 1. Aerial photograph of the Loop, an abandoned meander, showing its relation to the present canyon of the
San Juan River.

dation of valley fill alluvium during periods of unchanging local base level.
By the analysis of field examples in which the separation of base level from basin changes can be made,
we propose to draw some inferences that may clarify
the relations between local base levels and base-level
processes, and between a base-level change and the
longitudinal profile upstream.
ALLUVIAL HISTORY OF A CHANNEL DURING
SLOWLY LOWERING BASE LEVEL W H E N
SEPARATED FROM T H E MASTER STREAM

The Loop of the San Juan River, Utah
Preliininary remarks

Rivers have a heritage but no beginning. Through
geologic time even the first incipient channel system
appearing on an emerging landmass changes in forin,
drainage network, and gradient as relief increases.
There is continual modification, but at any stage the
existing system is different from that which existed
at a previous state, but has been influenced by that
earlier stage.
Therefore there is a special interest attached to any
fluvial system that, owing to some geologic accident,
has a definite and known origin. A singular case of
this is an abandoned meander loop that becomes isolated from the river of which it was once a part.
Three examples exist in the canyon country in the
middle reaches of the Colorado River in Utah; the
Rincon of the main Colorado River, the Gooseneck in
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FIG.2. Topographic map of the Loop.
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the Labyrinth Canyon of the Green River, and the
Loop of the Sail Juan River. All are abandoned
meander bends which had been superimposed on
structurally rising landscapes, and before abandonment, had incised into horizontally bedded sedinientary rocks many hundreds of feet. They are thus
encased by steep, nearly vertical cliffs that form the
boundaries for the isolated valleys. By far the simplest and most symmetrical is the Loop of the Sail
Juan River, located between Bluff and Mexican Hat,
Utah.
Physical character

The Loop is an elliptical gorge, the circumference
of which along the central axis is about two miles.
The Loop was cut into horizontally bedded sandstones, limestones, and shales of carboniferous age
with steep, and in places vertical, bounding cliffs
hundreds of feet in height. I t is a cutoff meander of
the San Juan River, which, since abandonment of this
curve, has continued to downcut and now flows at a
level 130 feet lower in elevation than it did at the
time this cutoff occurred (figs. 1 and 2). T h e separation of the abandoned segment and the present
river is in the form of a series of vertical falls over
a bed of resistant rock (fig. 3 ) .
Thus, at a moment in time in the Pleistocene a
confined segment of a river valley became isolated
from the main river that had formed it, leaving a
small independent drainage basin the boundaries of
which were the cliff tops on each side. Its central

Fic. 3. View to the east from the mouth of the Loop of the
San Juan River. In the foreground the two ephemeral
stream channels draining the east and west sides of the
Loop end abruptly at a dry waterfall, the top of which is
130 feet above the San Juan River.

FIG. 4. Well-sorted gravel and sand deposited by the ancestral San Juan River, and exposed in the West Arroyo
of the Loop.

axis was a former river bed having a width of 180
feet and, as will be shown, a gradient of about .OOl
(five feet per mile).
The flat floor of the gorge, being a former rivw
bed, was covered with well-rounded gravel averaging
one hundred mni. in diameter, derived not from the
local cliffs but from the far headwaters in the San
Juan Mountains of Colorado. The gravel consists
primarily of quartzite with a small percentage Of
conglomerate and vein quartz rocks. This gravel of
the ancestral river crops out in a few places (figs. 4
and a), and where it is in contact with underlying
bedrock establishes the elevation of the former river
bed.
Debris derived from the adjacent cliffy slopes continued to wash and fall into this gorge after abandorinient, and alluviation on the valley floor began. Tlie
debris included large sandstone blocks riven off tlie
cliffs by frost action and weathering, steep talus and
debris sheets of heterogeneous rubble that can I)e
seen now throughout the canyons of the Colorado
River and its tributaries. Cliffs are more conimcn
along the San Juan River than in the headwaters of
the Loop. The processes of cliff retreat since mi-ander abandonment have furnished fine as well as
coarse materials, which have accumulated in the
Loop to depths of as much as 150 feet, and have
furnished an unkown amount of sediment load to the
San Juan River. Since meander abandonment, the
footslopes of the cliffy hillsides in the headwaters of
the Loop have eroded in a manner different froim
those adjacent to the San Juan River, which has
continued to downcut. Bull (1975: pp. 1495, 1496)
shows that the slopes adjacent to the San Juan River
are steeper and more concave than those adjacent 1.0
the backfilled gorge of the Loop.
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Geomorphic map of the Loop.

The cliff tops form most of the drainage divide
for water collecting in the gorge. The total area of
the Loop drainage basin is 0.75 sq, mi. and the drain-

age area below the cliff tops is evenly divided between
the East and West Arroyo drainage basins. Runoff
from the basin could escape only at the open end

VOL. 123, NO. 3, 19791

BASE LEVEL, AGGRADATION, A N D G R A D E

of the Loop and it drained into the San Juan River
as a minor ephemeral tributary. Initially the floor of
the gorge was so nearly level that the debris from
the cliffs merely accumulated. Because water could
escape only at the opening where cutoff occurred, a
gradient was soon established toward that outlet and
an incipient drainage network was established. So
nearly circular and symmetrical was the valley that
there developed two drainage nets flowing toward the
outlet from a divide nearly exactly half way around
the ellipse. Thus, the present East Arroyo flows in
a direction opposite to that of the original river,
while the West Arroyo flows in the original downvalley direction. At present the drainage divide between the two channel systems stands at an elevation
150 feet higher than the original river bed, 220 feet
above the present lip of the waterfalls separating the
Loop from the San Juan, and 340 feet above the
present river (fig. 2 ) .
It is the development of these independent drainage
basins largely by gradual aggradation on the originally flat valley bottom that makes this geologic acci(dent of particular interest to the student of stream
systems. T h e aggradation continued and material
was redistributed until an equilibrium stream profile
developed. Moreover, the equilibrium condition was
interrupted by epicycles of trenching and renewed
deposition attributable to alternations of climatic and
thus hydrologic conditions. Because the drainage
basins of the Loop are separated by a waterfall from
the San Juan River, this alluvial history must have
been caused by changes in local conditions within
the confines of the Loop itself, largely uninfluenced by
action of the perennial river.
Topographic form of the valley deposits

The abandoned meander was filled with alluvial
materials to a depth varying from zero at the cliff
separating the Loop from the San Juan River to 150
feet at the divide between East and West Arroyos.
After deposition this fill was trenched in both basins,
and subsequently the trench was filled to an average
depth of ten feet. This younger fill was then trenched
leaving a low terrace.
In the west basin a series of cross sections were
surveyed in order to characterize the height and form
of the alluvial fills. These are presented in figure 6.
The most typical of the central portion of both West
and East Arroyos is that a t station 77+50 (fig. 6d).
The surface of the high terrace fill slopes toward the
valley axis at 0.185 (IO'), ending at a scarp, the
top of which stands at 4,420 feet elevation or sixty
feet above the bed of the present channel. The marked
break in slope (top of scarp) indicates that the fill
has been trenched subsequent to deposition. The
minimum elevation of the channel existing prior to
entrenchment may be estimated by projecting the
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present surface toward the valley axis, as is shown
by the line of short dashes to the center line of the
axial trench, which it intersects at 4,390 or thirty feet
above the bed of the present channel.
At station 77+50 the level of the low terrace 'IS
clearly shown at elevation 4,369, or nine feet above
present channel bed. The line of long dashes indicates the downvalley gradient of the present channel
plotted at the same scale as the cross section.
The height of the high terrace scarp above the
present stream bed decreases upstream as the drainage divide is approached. At station 64+10 it stands
twenty-one feet and at station 56+16, twelve feet
above the channel. At the divide, station 50+00,
both terraces have wedged out to extinction.
The topographies of the terraces show that the
upper terrace extended across the valley as an undissected valley fill. Holocene debris flows occur in
its uppermost part. The deposition of this valley fill
was followed by incision along the axes of the East
and West arroyos, then coarse gravels and alluvialfan deposits were deposited in the entrenched valley
fill. A second period of entrenchment left only a
few remnants of the mid-Holocene surfaces described
in appendix 5. The youngest terrace occurred as a
result of back-filling, and then still another period
of renewed trenching formed the low fill terrace. The
areal extent of material underlying this low terrace
is shown in figure 5.
Units of the alluvial materials

Only modest amounts of information are available
concerning the nature of the valley fill. No exposures are available in the divide area where the vallcy
fill is 150 feet thick. Most likely the basal deposits
in the divide area consist of debris-flow and waterlaid deposits derived from the local slopes as well
as fine-grained deposits derived from the San Juam
River at times of floods. Immediately after meander
abandonment, and before river downcutting isolatd
the Loop, it may have acted as a backwater area,
when during times of peak discharge, turbid water
could enter both arms of the former channel of the
San Juan River, Exposures of the valley fill occur
in the banks of the present arroyos in both the east
and west basins (fig. 7). At the site called Dusty
Bluff west of station 80+00, twenty-four feet of valley
fill deposits are exposed. This thickness approximates half of the thickness of the valley fill above the
bed of the ancestral San Juan River at this site.
The general aspect of the Dusty Bluff (appendix
I ) , and other exposures is that of a valley fill consisting largely of sand and silt, with a few clay artd
gravel layers, that is capped by poorly sorted bouldel-y
deposits of debris-flow and water-laid origin. The
lack of well-developed buried soil profiles indicates
that periods of landscape stability were brief, aiid
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that the valley fill was modified by deposition and/or
erosion much of the time. The beds of the Dusty
Bluff section have a maximum apparent dip of 0.06
towards the center of the torus, a slope that is substantially less than the erosional topography in the
west basin depicted by the cross-valley profiles of
figure 6. T h e sand and silt beds are massive, crossbedded, or laminated, and the gravel occurs as lenses
and as cut-and-fill structures. Beds that were deposited as debris flows consist of gravel with a matrix
of clayey sand or silt. T h e debris-flow deposits are
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extremely poorly sorted, and the lack of concentration
of large clasts at the bases of the beds is indicative
of moderately high viscosities at the times of flow.

Boulders that are forty to sixty centimeters in diameter project from the tops of debris flow beds that
are only ten to twenty centimeters thick. Such ocSurrences suggest that the boulders stopped first, and
were stranded as the debris-flow matrix continued
to flow downslope.
The materials exposed at Dusty Bluff are indicative
of the coalescence of many small alluvial fans whose
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sediment was derived from the numerous small
streams draining the hillslopes of the Loop. The
good continuity of bedding in the downslope direction, deposition of sheetlike forms, the lack of large
cut-and-fill structures exposed in sections parallel to
the dip, the presence of small cut-and-fill structures
in exposures parallel to the slope contours, and the
diversity of modes of deposition between adjacent
beds all are indicative of an alluvial-fan environment
of deposition (Bull, 1972). The sand and silt were
deposited chiefly by networks of braided channels.
Much of the surficial debris on the hillslopes and
in parts of the valley of the Loop consists of debrisflow rubble ; unsorted masses of sand, cobbles, rock$
boulders, and blocks often retain the surficial form of
levees that end at a lobate debris-flow nose marking
the end of the motion caused by a single storm. The
topographic expression of this main valley fill is a
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concave surface from the valley axis to the cliffs and
s!oping at a gradient varying from 0.11 to 0.19 (6"
to 10') near the central axis and steepening to 15"
or more near the base of the cliff (fig. 8). This
surface also slopes downvalley from the divide separating the two ephemeral stream systems. It is now
dissected, but originally must have resembled the
shape of half an automobile tire after being sliced
horizontally through the plane of the treads. Despite its present dissection, a distant view quite resembles such a half torus. The dissection consists of
numerous steep, V-shaped valleys or large rills oriented radially relative to the torus. With one exception these dissecting valleys do not originate in
any obvious reentrant or notch in the cliff walls (fig.
2 ) , though their present position must represent some
subtle concentration of water.
In addition to being dissected by lateral valleys,

'
I
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the valley fill surface was trenched by the main terial underlying the low terrace standing five to ten
ephemeral stream in the axis of both valleys. The feet above the present axial streams. The form and
sides of this central trench are made up of colluvium character of this latest fill indicates it is inset into
developed on fill that consists of water-laid and debris- the trench associated with the dissection of the major
flow deposits, and these side slopes typically stand fill. Subsequently, this inset alluvial unit was itself
at 25" to the horizontal.
trenched, resulting in the present relation of axial
The second major unit of aggradation is the se- stream to the low terrace. All of these units occur
ries of the talus slopes at the foot of the vertical in both drainage basins in the Loop, and with minor
cliffs. They take the form of coalescing sheets that exceptions the two drainage areas are mirror images.
start at the cliff face and slope typically about 30",
The soil profiles, topographies, and stratigraphies
the ostensible angle of repose of the mixture of fines, of the fill terraces of the Loop provide useful inforboulders, and blocks comprising the sheets. The foot mation about the past history of the streams that
of these talus sheets appears to interfinger with the drain the East and West Arroyos. One would exmajor valley fill described earlier. The two units are pect to find the best developed and oldest soil proseparated primarily by a marked break in slope file on top of the high terrace in the area of minimal
rather than by the size and character of the surficial dissection at the divide between the two arroyos. The
material.
description of the divide soil is given in appendix 2.
The third unit is minor in areal extent, but is of Although B and C,, soil horizons are both present,
importance in the alluvial history. It consists of ma- the soil is only weakly developed. So little clay has
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accuinulated in the 73 horizon that the materials are
nonplastic. Carbonate coatings 011 pebbles in the C,,
horizon generally are so thin that the color of the
underlying rock can be seen through the coatings.
A slightly more developed soil profile is described
for a hillslope environment in appendix 4. The fine
material in the B horizon can be regarded only as a
Camljic horizon. The degree of calcium carbonate
accumulation is about the same as at the divide.
The stratigraphies and soils of these terraces are
described in appendices 1-6. Appendix 1 describes
a considerable thickness of the fine grained deposits
that are typical of the deposits below the capping
debris flows in most of the Loop. Appendix 3 describes the materials under the high terrace directly
opposite the only tributary to enter the Loop. hi
marked contrast to the deposits described in appendix
1, these consist entirely of hetls of gravel. O u r
present interpretation is that the section tlescrihed in
appendix 3 represents a coarse grairied alluvial-fan
deposited by the tributary stream to the Loop.
Appeiidix 4 describes a stratigraphic section of beds
dominated by debris-flow modes of deposition atid
which dip steeply and are underlain by bedrock. This

sequence was deposited after erosion of a valley into
the pre-existing materials, and the soil profile is suggestive of an early to mid-Holocene age.
T h e stratigraphic section of the alluvial-fan r e n naut described in appendix 5 is distinctly higher than
the low fill terrace. Although more than half of the
exposure consists of debris-flow beds, the stratigraphy
is not dominated by debris-flow beds to the extent of
the deposits described in appendix 4. The alluvial
fan is inset below the high terrace and appears to be
intermediate in age between the deposits described
in appendices 3 and 6. Appendix 5 was the only
section described in which a bed of sand depositetl
by eolian processes was present.
The deposits in appendix 6 consist of two markedly
different ages of materials. The upper six feet of
materials were derived from Loop source areas and
are late Holocene in age, but the lower seven feet
consist of sand and gravels of the ancestral San
Juan River. These sands and gravels lack carbonate
cement even though they are directly below present
day stream debris which are derived from hillslopes
consisting in part of limestone.
Both of these soil profiles and iiunierous other
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exposures that were spot checked clearly show that
the surficial materials of the valley fill (the high terrace) are quite young. They may be mid- to early
Holocene in age (five thousand to ten thousand years
old), but are not likely to be older than ten thousand

years. A search for older soil profiles resulted in
none being found in the West Arroyo ; however, there
are one or two buried argillic B horizons in the east
basin that may be indicative of local landscape stability during the late Pleistocene. The typical soil
profile on the low fill terrace is described in appendix
2B. A B-horizon is not present, and the C,, horizon
is even more weakly developed than in the soil profiles described on the older surfaces. The presence
of the eolian deposits and the very shallow depths of
carbonate accumulation suggest that this minimal
degree of soil profile development occurred during
dry climates of the last few thousand years.
Profiles of terraces and present channels

There are enough remnants of scarp and tread to
draw estimated profiles of the original surface of each
of the two alluvial fills (fig. 9).
As shown by the cross section at station 77+50
(fig. 6 d ) , the scarp at the lowest part of the terrace
tread of the high terrace represents the minimum
elevation of the terrace at valley axis before dissec-

,
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tion. But in some places the tread is sufficiently
level to provide a reasonable estimate of its original
height. Different synibols are used on figure 9 to
distinguish scarp from tread height. The tread of
the low terrace is sufficiently flat in nlost places to
establish with some surety the original height of tiiaL
alluvial fill.
The low terrace follows the profile of the present
stream closely in tlie central reaches of both East
and West Arroyos. Even in tlie unusually steep portion between station 15+00 and 30-i-00 the profile
of the high terrace appears to follow suit. In both
basins the heights of tlie terraces decrease in the
two thousand feet closest to the watershed divide,
extinguishing to zero at the divide.
The overall slopes of the terraces of figure 9 are
not as steep as the gradient of the present day arroyos. For example, the high terrace of the West
Arroyo progressively diverges from the present
stream in tlie downstream direction. In the 3,900
feet between station 51+00 and station 90+00 the
high terrace falls 179 feet and the stream falls 216
feet, thus the overall gradient has increased about
twenty-one per cent. When the downstream reaches
of the West Arroyo were aggrading, it was not possible for the stream to increase its sediment capacity
by channel entrencliment. Subsequent channel entrenchment may have occurred as a result of a decrease of sediment load being supplied from the hillslopes, or an increase in stream discharge.
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FIG.8. View downstream of the East Arroyo of the Loop.
The prominent horizontal outcrops on the ridge to the
right of center in the background are part of a nose that
separates the present San Juan River from the Loop.

Their areal extent is shown on figure 2 and their
vertical extent on the profile of figure 9. To establish the gradient of the ancestral river one might use
the elevations of the gravel-bedrock contact or use
the top of the gravel. The former may include errors
due to uneven surface of the eroded bedrock, while
Gradient of the aiicestral San Jziaii River
Patches of river gravel of exotic lithologies are tlie latter may have been eroded in post-abandonment
exposed in both west and east basins (figs. 2 and 4). time. With the exposures available, the top of the
gravel gives the most reasonable estimate shown as
the line on figure 9 which has a slope of 0.0012. The
present San Juan River in the vicinity of the Loop
has a slope of 0.0015.
The thickness of Sail Juan River gravel exposed
in the Loop varies from fifteen to forty feet. The
present San Juan River in the reaches near the Loop
is flowing on bedrock or on a foot or two of sand and
gravel above bedrock. However, along the sides of
the river are patches of sand and gravel, five to
twenty feet thick, that have been deposited at times of
higher discharge. It appears, then, that the ancestral
San Juan River was comparable to the present river
both in gradient and in the thickness of alluvial fill
above the bedrock.
Analysis of the ephemeral streams

FIG. 7. View of coarse grained valley fill in the West Arroyo of the Loop a t station 83+50.

It is in respect to the longitudinal profile that the
geologic accident of the meander cutoff is of particular interest, because the new profile was developed
by the ephemeral streams in a relatively short period
of geologic time with none of the usual influences of
previous history. The streams did not i n h e r i t any
relief ratio, for at the beginning the gradient of the
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FIG.9. Longitudinal profiles along the axial channels of the Loop.

valley floor was that of a large river, only 0.0012.
By deposition and regrading of the accumulating deposits and downcutting into bedrock near the mouth

of the Loop, the present gradient of about 0.055 was
developed, fifty times steeper than the original.
The profile of the low terrace is practically paral-
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le1 to that of the present channel except at the watershed divide where the height above the channel diminishes to zero. Throughout its length the low terrace stands six to ten feet above the present bed. The
locations where the terrace height was measured are
plotted as open circles on figure 9, and the estimated
profile of the terrace shown by the line of short
dashes. In the steep reach of the East Arroyo, station 15+00 to 25+00, there are no remnants of the
low terrace.
The profile of the high terrace was less obvious.
As illustrated by the surveyed cross section at station 77+50, figure 6d, the elevation of the scarp is
greater than the original thalweg of the channel at
the time of full development of the high terrace, and
the heights of the scarp are plotted by a special symbol in figure 9. There were places, however, where
the spur of the high terrace was disticctly flat and
appeared to represent the actual floor of the valley
fill before dissection. These are plotted as triangles
on figure 9, and in all cases stand lower than the
scarps, as might be expected.
Another field indication of the original height of
the high terrace was the existence of stratified, fine
grained sediment, obviously stream deposited, an example of which is Dusty Bluff described in appendix 1. The tops of such deposits represent the height
of the stream at time of deposition. The location and
vertical extent of these deposits where they appeared
diagnostic are plotted as vertical dashed line segments. Through the tops of these features and through
the triangles representing flat remnants of the terrace,
the profile of the high terrace has been drawn on
figure 9.
The high terrace stands at heights above the present stream varying from zero at the divide to fortyfive feet near the lower end of the basin. These
heights are comparable in east and west basins. The
most downstream remnants of this terrace are only
six hundred feet from the lip of the waterfall in
both basins.
During the course of deposition in the Loop, the
downstream reaches of the ephemeral streams eroded
into bedrock to an elevation forty feet lower than
the bed of the ancestral San Juan (see cross-valley
profile at station 87+50, figure 6e). Clearly this
lowering proceeded more slowly than that of the main
river which now stands 120 feet below the lip of the
waterfall. From the lip upstream for three hundred
feet, the East Arroyo flows directly on bedrock with
no alluvial cover. A thin layer of alluvium covers the
bed of the West Arroyo at its lower end. There is
no field evidence that indicates the relative age of
this downcutting into bedrock at the lower end of the
basins, but the uniform gradient of the present channel bed from the upstream zone of deposition to the
downstream zone of incision suggests that the two
occurred simultaneously and gradually.
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The profiles of the East and West Arroyos are
more or less straight. The longitudinal profile of the
West Arroyo is nearly straight with a gradient of
about 0.055 (fig. 9). A slightly convex upward
profile exists in the East Arroyo due primarily to
the presence of an unusually steep reach.
In the East Arroyo near the headwaters and again
in the reach immediately above the lip of the waterfall at the mouth. the gradient is about 0.04, but in
the middle reach, station 15+00 to 25-1-00, the gradient is considerably steeper, about 0.08. The steepness of this section is attributable to the fact that the
present channel is there choked with large Mocks,
which elsewhere lie near the base of the talus and
debris slopes at some distance from the channel. The
blocks in the thalweg here vary in dimension froin
three to twelve feet and the channel zigzags around
the largest and over the smaller.
The presence of these large rocks appears to result
from the fact that in this reach the channel lies close
to the central peak, nine hundred to one thousand
feet horizontally, whereas elsewhere this distance is
1,200 to 1,400 feet. There is a greater probability
that a big block riven off the cliffs of the central
tower could roll into the channel in this particular
reach.
The slight asymmetry in the shape of the torus
was developed over the long period of river dowiicutting and was surely present at the time of deposition of the fill of the high terrace. The resultant
local steep zone of the present channel is reflected
in a similar steep reach in the profile of that terrace.
The fact that the profile of the high terrace parallels
that of the East Arroyo indicates that this section
was choked with large blocks at the time of deposition
of the uppermost deposits of the high terrace. Subsequent entrenchment of the valley fill has removed
much of the finer materials in this reach, but has left
the large blocks which continue to choke the channel.
The concave profile characteristic of nearly all
streams in a humid climate does not exist in many
short ephemeral channels of semiarid climates because
the discharge does not increase with drainage area
where local storms cover only small areas. Also in
ephemeral channels with pervious beds there tends
to be considerable loss of flood water into the channel bed by infiltration. These factors lead to less
concave profiles than are seen in humid areas.
Considering first the west basin in which the profiles of present stream and terrace are nearly straight,
the general gradient of present channel and low terrace is 0.055 and the high terrace is about 0.046.
Keeping in mind that these gradients were developed by deposition and regrading on an originally
flat floor separated by the waterfall from the Sail
Juan River, these values of gradient are compared
with those of other ephemeral channels in semiarid
areas in figure 10. The graph is similar to that pre-
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sented by Leopold and Miller (1956: 11. 27) and
utilizes their data plus some additional data collected
subsequently. Through a range of drainage area of
seven orders of magnitude, channel gradient bears a
consistent relationship, though with expected scatter
of data, of the form S = .023 DA-.l8. The relationship is an expression of the concavity of longitudinal
profile, in that channels draining large areas are less
steep than headwater channels. The general consistency of the data indicates that the graph represents
conditions of essential equilibrium in which slope
has beeti adjusted to tlie water and sediment supplied from upstream.
Points representing local channel slope at different
positions along the West Arroyo of the Loop are
plotted on figure 10. These points lie somewhat
above the mean line. This is explained by the fact
that the size of material in the streambed of tlie Loop
is larger than that of tlie channels of comparable basin
area that comprise the bulk of the data. The New
Mexico arroyos are generally bedded with sand and
fine gravel and are devoid of the large boulders and

blocks of rock that are strewn along the channels of
the Loop. Data for channels having larger-size bed
material plot on a parallel but higher line, that is,
have a steeper slope for tlie same drainage area.
Thus tlie points for the Loop lie where expected on
this graph.
The general agreement of the Loop data with those
of other ephemeral streams leads us to conclude that
the aggradation and regrading within tlie gorge of
the Loop resulted in a channel gradient sufficient to
maintain an equilibrium between water and sediment
supplied at each point, so that in a given climatic
condition the sediment supplied could be transported
out of the basin.
At the divide separating East and West Arroyos
the gradient becomes zero and, as would be expected,
the surficial material is sand and silt with oiily minor
amounts of fine gravel. The steep cliffs of the valley
sides are there separated by a broad expanse of subdued topography.
Large blocks of rock from the cliffs have accutiiulated only on the edges of the valley (fig. l l ) , for
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they cannot either roll to o r be transported over the
gentle gradieuts of the central valley. The debris
from rockfalls accumulated on top of the valley fill.
The extensive stripping and deep gullying of the
hillslope colluvium that has occurred during the Holocene furnished the debris for the surficial deposits that
cap the fine grained valley fill; it alsu exposed the
bedrock ledges that allowed rockfalls to become a
more important geomorphic process. These rockfalls
may have been induced by seismic shaking if the
monocline under the Loop vicinity is associated with
an earthquake-generating fault at still greater depths.
I n i ~ l i r n t i o m of the high trrrncr

The age of the meander cutoff has been determined
only in general terms. Speaking of the canyons upstream from the Grand Canyon, specifically illustrated by the Sail Juan in the vicinity of the Loop,
Hunt (1969 : p. 92) states that, “About five hundred
feet of canyon deepening (occurred) during Quaternary time (the last two million years).” The level
of the San Juan at the time of cutoff was at 4,340
feet, the top of the adjoining cliffs are at five thousand feet, and the present river is at 4,175 feet. Thus,
the cutoff occurred when the canyon was about ninety
per cent of its present depth. We place the cutoff in
the late Pleistocene. The cutoff of the Rincon on the
main Colorado appears older from several lines of
evidence. I t stands about five hundred feet above
the present river and about it, Hunt says, ‘‘I assume
. . . (it is) at least as old as early Pleistocene”
(1969: p. 101). His discussion of the late Pleistocene events includes the statement that,
There must have been snowfields on many of the northfacing cliffs, several of which contain ancient debris
avalanches. . . . These deposits are deeply dissected and
deeply weathered, but they record a middle or late Pleistocene episode when the climate was more moist than
now and the canyon walls were mantled with the weathering products ‘of the period (p. 105).
These observations are useful, but the most direct
evidence conies from the rudimentary soil profile developed on the surface of the fill of the high terrace
(see appendix 2). The combined evidence of highly
dissected debris and talus slopes on the walls of the
Loop gorge and the Holocene soil profiles developed
on the surface of the high terrace fill are clear evidence that the canyon walls were mantled with debris before the Holocene. Part of this debris has
been stripped from the slopes and has furnished the
alluvium rich in debris-flow deposit that caps the
valley fill. Such a sequence of events implies that the
hillslopes during the latest Pleistocene had a more
protective vegetative cover and/or a greater rate of
weathering.
That the climate of the recent geologic past has
been more moist than the present is indicated by the

FIG. 11. Headwaters

of the East Arroyo of the Loop.
Sandstone blocks derived from the cliffs have accumu-

lated at the foot of the hillslope and on the fine grained
valley fill, which has a Holocene soil profile.

presence of fossil jxniper stems and seeds in the
middens of pack rats, which we found in rock niches
and openings in the cliffs of the Loop. There are
at present no such trees in the Loop. The use of
vegetal material in pack rat middens as indicators
of Quaternary climates has been developed by Wells
and Rainer (1967), and by Van Devender (1977).
The fine grained deposits in the high terrace materials
also imply more precipitation than at present, but its
admixture with debris-flow material suggests a still
semiarid climate rather than a sub-humid one.
The subsequent trenching of the high terrace and
its partial removal is quite in accord with the evidence
that relative aridity is associated with high intensity
storm rainfall and the absence of low intensity, long
duration storms that succor the vegetation (Leopold,
1951 ; Cooke and Reeves, 1976).
The accumulation of low terrace material in the
trenched valley is also interpreted as a shorter period
of increased sediment yield. A similar low terrace
lying within the trench of a high terrace exists in
Gypsum Canyon, a tributary to the Colorado River
fifty miles to the west, and charcoal at a paleo-indian
burial within that low terrace has been dated at 640 f
200 B P (Nieuwenhuis, 1978). This implies that the
low terrace is comparable in age to the Tsegi Formation of Hack (1942), or Deposition II of Bryan
(1941), and that the trenching of the terrace took
place at about the time alluvial valleys in Arizona and
New Mexico were trenched.
W e conclude that the meander cutoff was in late
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Pleistocene, the high terrace fill deposited near the
end of the Pleistocene and early Holocene; the low
terrace fill is Holocene, and its trenching is post-Altithermal, probably about A.D. 1200 to 1400.
The accumulation of a thick alluvial fill and its high
terrace surface followed l)y later dissection implies
a change in climate and thus hydrologic conditions.
This alluvial-colluvial unit contains outcrops of fine
grained waterlaid deposits in addition to the heterogeneous debris-flow niaterial. Presumably. as a result, the mean size of supplied niaterial is smaller
and would be regraded to a lower gradient, 0.046,
than that characterizing the present channel, 0.055.
This period of aggradation might be interpreted as
a relatively wetter climate than that of the period of
trenching. This association of aggradation in relatively more humid conditions and degradation in
more arid conditious was proposed by Kirk Bryan
(1941), and has been supported by a growing body
of field information (Hack, 1942 ; Leopold and Miller,
1954; Leopold, 1977. are a few examples).
But the important implication of the high terrace
lies not in its paleoclimatic history, but in its relation
to the processes of aggradation, degradation, channel
gradient, and base level. That downcutting of the
bedrock lip has proceeded more slowly than downcutting of the canyon of the San Juan means that the
alluvial history within the Loop has not been influenced by that of the master river. Aggradation of
high terrace fill in the self-contained basins of the
Loop took place with a local base level fall of only
about forty feet at the bedrock lip of the waterfall
since meander abandonment. Existence of a fill at
the lower end of West Arroyo forty-five feet thick
only six hundred feet from the lip of the waterfall
implies that very near this outlet the gradient of the
high terrace must have been steeper than the average
for the Loop as a whole. T h e base level of the lip
had no influence upstream during the last lo4 years
beyond the distance of six hundred feet. Moreover,
the base level could not have had any influence on
deposition in the steep reach of East Arroyo through
which the profile of the high terrace paralleled that
of the present stream. The tendency for the profile
of the high terrace to follow that of the present channel though at a somewhat lower gradient implies
that through all the valley length except in the most
downstream several hundred feet the influence of local
base level was nil during the periods of aggradation.
Deposition was occurring at such a gradient that
quasi-equilibrium between supplied discharge and
load was maintained within each short segment of
the channel length. Only thus would the profiles of
the former and present channels be so closely related.
The Loop: sumnzary

When the meander bend was abandoned by the
San Juan River, debris from the bordering cliffs col-
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lected in the valley gradually building up an alluvialcolluvial floor that drained in two directions toward
the meander cutoff point. Each of these separated
hasins established by deposition gradients conlmensurate with the discharge and load supplied only from
the local hillslopes. The gradients so established
were nearly the same, 0.055 and 0.046 respectively,
presumed to represent a graded or quasi-equilibrium
profile at the end of the period of maximum valley
aggradation. Then each was subject to similar alternations of runoff conditions and developed two fill
terraces as a result of the sequence of aggradation,
downcutting, aggradation and clowncutting. all within
the Holocene.
Separated as they are from any concurrent alternation of base level height, the Holocene sequence of
aggradation-degradation must be attributed solely to
alternations of rainfall-runoff relations. Since meander abandonment the local base level now represented
by the resistant bed forming the present lip of the
waterfall had lowered forty feet so the aggradational
phases took place despite the fact that the base level
gradually was lowering. The elevation of the longitudinal profile was not determined by the height of
base level except i n the downstream six hundred
feet of the 4,500 foot long valley, and base level had
no control over the sequential changes in height of
the longitudinal profile.
Local channel gradient is not only independent of
base level at the mouth of the basin but in each short
reach, here as short as one thousand feet, the local
gradient reflects the size of material in that reach.
ALLUVIAL HISTORY OF A CHANNEL SEPARATED
FROM THE MASTER STREAM BY A STABLE
BASE LEVEL
Madame Walk Arroyo, Mesa Verde, Colorado
Geiieral statement

Mesa Verde National Park, preserving the famous
cliff dwellings built and occupied by paleo-indians
from about A.D. 950 to A.D. 1250 is located on a table
land the surface of which is undulating but relatively
flat. As the word mesa (table) implies, the top surface is separated from the major streams of the area
by cliffs. The minor valleys eating laterally into the
table land have excavated deep gorges bordered by
rocky cliffs and it is in alcoves of those cliffs that the
early people built their defensible communities.
One of these short gorges draining southward toward the Mimbres River, called Pool Canyon, heads
in the park but lies primarily south of the park border
in the Ute Reservation, N$ Sec. 33 T34N, R15W.
The headwaters of this small basin are on the nearly
flat mesa surface from which the ephemeral channel
drops precipitously over a scarp to the Mimbres River
five hundred feet below. Upstream of the cliff the
ephemeral channel has cut an arroyo in alluvium
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FIG.12. Profiles of high and low terraces and of present channel bed along Madame Walk Arroyo, Pool Canyon, Mesa
Verde National Park. The plotted profile begins 2,800 feet downstream from the headwater divide.
gram is a continuation of upper diagram.

called by us Madame Walk Arroyo. At the top of
the cliff the basin has a drainage area of 0.70 sq. mi.,
its mean elevation is 6,600 feet msl, and it is vegetated
with pinon and juniper intermixed with sagebrush.
The intrinsic interest in this site for present purposes stems from the fact that the headwater portion
of the basin is separated by the cliff from any base
level effect of the master stream, yet has undergone
a sequence of aggradation and degradation that resulted in a pair of alluvial terraces. Moreover, the
younger terrace material is datable from its relation
to rock check-dams built by the paleo-indians, and
the older terrace is less reliably dated by palynological
techniques. By these included materials it is ascertained that the aggradation-degradation sequence in
the alluvium is Holocene in age.
Profile and cross sectiom

Figure 12 shows the surveyed longitudinal profile
of channel bed of the low and high terraces from the
upstream gully headcut located 2,800 feet from the
watershed divide, to the first vertical cliff, 4,300 feet
downstream. The associated sketched cross sections

The lower dia-

of the valley appear in figure 13. At the upstream
end of the surveyed profile the high terrace is prominent, standing four feet above the bottom of the
swale. The headwater gully cut into the swale is
discontinuous and at 2+00 (two hundred feet from
the beginning of the profile) has shallowed to zero.
Between 2f40 and 4 f 6 0 there is no gully as shown
in the cross section a t 3+00. Downchannel from that
point the gully deepens and for the next 1,400 feet
is cut eight to ten feet into alluvium forming a nearly
continuous low terrace until it disappears at 20+00.
The gully in the vicinity of the paleo-indian dams is
shown in figure 14.
The high terrace is also continuous and stands an
average of fifteen to eighteen feet above the channel
bed. The high terrace becomes merely isolated remnants on one or the other bank as shown on the cross
section at 29+00 and is not discernible further downstream.
The downstream half of the profile length has bedrock exposed on the channel bed nearly continuously
(fig. 1 5 ) .

at 44+00.

T h e stream drops abruptly over a cliff
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was depc):ited first, then eroded to bedrock, and the
newer alluvium deposited as a fill within the erosional trench. From associated pottery shards date of
the dam construction was between A.D. 1000 and A.D.
1100. T h e dams were built in the broad swale eroded
in the rttlier fill. They were three to four feet high
and bull, on an alluvial channel bed that stood 1.3
feet &hove bedrock. T h e purpose of the clams was
to forin sniall silt deposits that could be planted to
crops, apparently corn. The dams were spaced so
that the tse of an upstream dam was at the level of
the lip cf a downstream one. Such a series of small
dams is found in several similar swales in the table
land of Mesa Verde National Park.
T h e pollen profiles, summarized in appendix 7,
were determined by Dr. Estella B. Leopold in the
laborztory of the U. S. Geological Survey. Progressively upward from the base of the older alluviuni,
Pinus (probably ponderosa) changed progressively to
juniper, sage, and some chenopods, thence to pine,
probably pinon. T h e sequence suggests an initial
mixed woodland giving way to a drier climate characterized by open brushland, and then a slight i i i -
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crease in moisture leading to an open pinon-juniper
woodland and sage at the end of the depositional
period. No C14 dates associated with this high terrace have been determined but presumably are Holocene.
T h e alluvium under the low terrace began deposition in a brushland of sage and a diverse herbaceous
flora, followed by a steady increase in woodland elements ending with a peak in pinon-juniper at the
end of alluviation. The climate suggested by this
latter sequence is
a gradual increase in precipitation from the heginning
of alluviation to the end of it. . . . The highest stratigraphic occurrence of corn pollen (sample 0 at eightyfour inches) may date from the time of the Indian exodus from Mesa Verde, about A.D. 1250, a time when tree
rings suggest severe droughts. The nature of the pollen
rain at that level certainly looks like drier than present
conditions (E. B. Leopold, by letter report dated Oct. 6,
1972).
T h e erosion of the younger fill and the development
of the present gully system undoubtedly is associated
with the widespread epicycle of erosion that began
in the late nineteenth century.

FIG. 16. Aerial view towards the east of the area where Tuber Canyon (right center) enters the Wildrose Graben,
west side of Panamint Range, eastern California. Dirt road on fan at lower left provides scale as does mining camp
at mountain front just to left of Tuber Canyon. The mountain-bounding fault stretches horizontally at the foot of
the steep mountain in the upper part of the photograph. In the lower part of the photograph, the scarp line running
horizontally across the photograph is caused by faulting of the piedmont (coalescing fans).
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The sequence of events, their probable dates, and
the character of the longitudinal profiles are similar
in Madame Walk Arroyo and in the Loop just eighty
miles to the west but in a lower and drier location.
The relation of the dams (circa A.D. 1100) to the bedrock floor indicates that the temporary base level provided by the bedrock of the channel bed and cliff has
not lowered in the last nine hundred years. During
that time an alluvial fill was deposited, later to be
eroded away in the downstream portion of the valley
and trenched to bedrock in iiiost of the upper half.
The vertical rise of the longitudinal profile from
the bedrock floor to the top of the younger alluvium
took place with a constant local base level.
These are conclusions similar to those reached in
the analysis of the Loop system.
EFFECT O F A LOWERED BASE LEVEL
Wildrose Graben: a tectonic base level fall

Tectonic base-level changes affect streams in ways
that may be different from the nontectonic examples
presented earlier in this paper. Examples such as
the Loop of the San Juan River and Madame Walk
Arroyo involved late Holocene interactions between
dependent variables, which in turn had been altered
because of a change in the independent viriable of
climate. In contrast, tectonic movements represent
situations where the elevations of a local base level
is directly changed by the independent variable of
differential vertical movement.
The aerial view of the east side of the Wildrose
Graben and the nearby west front of the Panamint
Range (fig. 16) serves to illustrate some of the similarities and differences between tectonic and nontectonic base-level controls. The large stream entrenched into the faulted piedmont is Tuber Canyon
(drainage area of 9.0 mi2). Vertical fault movements
have occurred during the Quaternary along the
mountain-bounding fault, and more recently along the
faults that bound the piedmont graben. T h e piedmont fault shown in figure 16 is the east side of the
graben.
The small alluvial fans shown on the left side of
the photo have remained untrenched, despite the major
base-level-fall that has been imposed at the toes of
the fans. These sinall fans are representative of
reaches of fluvial systems that presently are far removed from graded conditions. Even large discharges result in net deposition instead of erosion.
This general behavior is similar to that of the Loop
streams and Madame Walk Arroyo during times of
aggradation.
The entrenchment of the Tuber Canyon fan is in
marked contrast to the small fans. Large discharges
have sufficient power to erode the piedmont fault
scarp. Subsequent headcutting has affected the upstream reaches as they were consecutively changed
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from an aggradational to a degradational situation
that was far removed from a graded condition. T h e
result has been an obvious steepening of the reach
of Tuber Canyon upstream from the piedmont fault
scarp. The present and former longitudinal profiles
of the stream are not parallel because the independent
variable of tectonic increase in relief has required
that the slope of the stream be increased.
The new alluvial fan of Tuber Canyon seen in
right foreground of figure 16 is not entrenched despite the fact that it is much steeper than the preentrenchtnent fan. Dependent variables such as
width, depth, velocity, hydraulic roughness, and channel pattern have interacted in such a manner that the
fan has remained in an aggradational condition. One
should keep in mind also that although the ability of
the stream to transport sediment has been enhanced
by the increase in slope, entrenchment of the fanhead
and valley upstream from the fanhead has increased
the sediment yield of the Tuber Canyon system.
Thus the net effect of the tectonic base-level fall may
be to keep the fan reach of the stream on the depositional side of a graded condition.
AGGRADATIONAL HISTORY O F SYSTEMS UPSTREAM FROM A RAISED BASE LEVEL

Big Sweat Dam, near Santa Fe, New Mexico

For the purpose of observing in detail the progressive effect of a raised base level, in 1960 Dr. John P.
Miller and the senior author constructed two small
dams on ephemeral tributaries to Arroyo de 10s Frijoles near Santa Fe, New Mexico. The locality has
been described in detail (Leopold, Emmett, and
Myrick, 1966), and the exact location is at elevation
6,860 feet nisl near location two, figure 143, p. 202 of
that report. T h e mean annual precipitation is fourteen inches, the lithology a poorly consolidated waterlaid silt, sand, and gravel of Tertiary age, and the
vegetation an open pinon-juniper woodland with
sparse grass and much bare ground.
Two concrete dams were built across the channel
of adjoining basins controlling respectively 3.63 and
0.83 acres. The dams are about two feet high. The
original channel profile and many cross sections were
surveyed before the dams were built and the sediment
deposit behind the dams was surveyed seven times
between 1960 and 1974. Monumented bench marks
for both elevation and distance were placed at the
time of the original survey and were used on all
resurveys.
Sediment filled the basins behind the dams within
two years after construction (fig. 17). Details of
the progressive profiles of the fill behind Big Sweat
Dam are shown on the upper profile of figure 18
and the relation of the fill to the profile upstream
can be seen on the lower portion of the same figure.
By the second year after dam construction the profile
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had been affected fifty feet upstream and after four
years eighty feet. By that time the gradient of new
deposition had attained a value of 0.033 which remained constant thereafter, a smaller value than the
original gradient, 0.045. In tlie next ten years the
gradient of depositiotl remained constant, and it did
not extend upstream beyond one Iiundred feet as can
be seen on tlie lower profile of figure 18. The progressive change with time of gradient at various distances above the dam are shown in table 1, in which
it can be seen that the gradient in the reach from
110-220 feet and that in tlie reach 220-330 respectively were never altered by tlie clam.
In summary, the sediment wedge extended upstream for the first four years after which its gradient
remained stable at seventy-nine per cent of the original value. The maximum distance its effect was felt
was 110 feet and the dam had 110 effect 011 the other
640 feet to the watershed divide. Deposition above
the other dam nearby not shown here had similar
effects.
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FIG. 17. Photograph of Big Sweat Dam, basin of Arroyo
de 10s F r i j o h near Santa Fe, N. Mex. The dam is
shown in foreground; view is looking upstream at wedge
of sediment deposited behind the darn, vertical rods are

steel pins used as permanent markers for resurveys.

FIG. 18. Successive channel-bed profiles above Big Sweat Dam built on an ephemeral tributary to Arroyo de 10s Frijoles
near Sante Fe, New Mexico. The upper diagram shows the progressive changes in the profile of the building sediment
wedge behind the dam. The lower diagram shows less detail immediately behind the dam but a t a smaller scale the
relation of depositional wedge to profile upstream.
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TABLE 1

GRADIENTS
OF CHANNEL
ABOVE BIG SWEATDAM NEAR
SANTA
FE, NEW MEXICO,OVER A TWELVE
Y E A R PERIOD
Reach
above
dam,
ft.

0- 60

0- 85
0-110
110-220
22Q-330

1960,

original

,050
,050
.042
.045
.OS2

1962

1964

1968

1974

.033

.033

,030
.026

.033
.045
.OS2

.045
.OS2

The Kaetz-Rich and Myrick surveys of
aggradation above dams

The effect of raising base level by the construction
of a dam was under discussion in 1939 when small
barriers or checkdams were being built in ephemeral
arroyos, gullies, and washes for control of erosion.
Some engineers maintained that as vegetation became
established on the sediment behind a dam, with time
the wedge of sediment would gradually build upstream and ultimately fill completely the gully all the
way to its head. Others held, on the contrary, that
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the sediment wedge would extend upstream only a
limited distance. This led to a field survey of the
grade of deposition behind as many barriers as were
known to have been in place over a period of years
in channels of small to inoderate size. These surveys
by Kaetz and Rich (1939) were repeated in 1961
by R. M. Myrick and the results of both were analyzed and published by Leopold, Wolman, and Miller
( 1964 : pp. 261-266).
T h e latter summarized the
results as follows:
Kaetz and Rich concluded that the gradient of deposition
varied between thirty and sixty per cent of that which
characterized the original bed of the channel. The
steeper depositional slopes were on channels which carry
coarse gravel. The resurvey twenty-two years later
showed that in a few cases the wedge of deposition had
extended upstream slightly. . . . Where there was an
upstream growth of the depositional wedge in the last
twenty-two years, it had been accompanied by a slight
steepening of the depositional surface but the percentage
increase was small (p. 261 j .

A similar investigation of the gradient of deposition above dams was made by Woolhiser and Lenz
( 1965) in which forty-four gully-control structures
in southwestern Wisconsin and thirty-two in California were considered. They confirmed the results
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FIG.19. Successive channel-bed profiles above a dam showing change with time, Ramah Dam near Ramah, New Mexico.
Survey made in 1939, 1961, and 1974 are compared with original profile before dam construction.
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of Kaetz and Rich finding the depositional slope
varying from thirty to ninety per cent of the original
channel slope with a median value of about sixty
per cent.
In 1974 Thomas Dunne and the senior author
again resurveyed those examp!es studied by Kaetz
and Rich in northern New Mexico and Arizona that
could be located. Several of the dams had failed.
Reversals in the aggradational history in the intervening time make interpretation of a resurvey difficult when surveyed cross-sections were not monumented with permanent bench marks at the time
of earlier surveys. The greatest potential source of
error in comparison of surveys separated in time is
the potential difference in chained distances along the
channel. The examples discussed below are among
the few in which the 1974 survey could be reliably
related to earlier surveys.
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existed in 1905, 1939, 1961, and 1974. Two cross
sections are sketched representing the shape of the
gully as observed in 1974.
In 1939 Kaetz and Rich determined that the original channel gradient was 0.0135 and that of the deposited sediment 0.0076, and the sediment wedge
extended upstream 2,270 feet. The 1961 survey
showed the gradient of deposition as 0.0074 extending upstream about 2,900 feet. The 1974 survey was
within the limits of accuracy, identical with the profile of 1961.
In can be concluded that in the thirty-five years
between the first and latest surveys the gradient of the
sediment wedge and its upstream limit have not significantly changed, and there was no measurable
change in the last thirteen years.

Rarnah Dam near Rarnah, New Mexico

Upper Muddy Creek Diversion Dam near Mexican
Springs, New Mexico

The dam built in 1905 is a concrete and rubble
masonry structure twelve feet in height at the level
of the spillway crest. T h e south flowing tributary
surveyed drains about three square miles. At the
time the dam was built this tributary was a long deep
gully averaging twelve feet deep cut in silty alluvium.
Deposition up to spillway level created a sediment
wedge that submerged and eliminated the gully near
the dam but having a flatter gradient than the original valley floor, extended up the gully a distance of
2,800 feet, a t which point the gully is still at its original depth.
Figure 19 presents the channel bed profiles as they

This earthen dam was one among several built
across a deep gully to divert flood waters out of the
gully, spreading them downstream from the spillway
on to a wide valley flat for the purpose of irrigating
native grasses. Built in 1934, the dam had a spillway
located on the valley flat and nineteen feet above the
bed of the gully. Figure 20 shows the channel bed
profiles in 1934, 1939, 1961, and 1974.
Five years after construction sediment had filled
the gully behind the dam. The depositional gradient
was then 0.0025 compared with the original gradient
of the gully floor of 0.0105. By 1961 further deposition had occurred steepening the gradient to 0.0052

h
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FIG.20. Successive channel-bed profiles above a dam showing changes with time, Upper Muddy Creek Diversion Dam near
Mexican Springs, New Mexico; surveys made in 1939, 1961, and 1974 are compared with original profile before construction.
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and extending the wedge upstream to a point about
three thousand feet from the clam.
The 1974 survey could be closely related to that of
1961 owing to a few monuniented bench marks. so it
can reliably be stated that tlie profiles of 1961 and
1974 were identical.
Sometime between 1939 and I974 the dam failed
by undercutting at tlie toe and was breached. A gully
head more than fourteen feet high was in 1974 located two hundred feet upstream of tlie dam.
I t is concluded that the sediment wedge steepened
and extended headward for the first several years and
did not change thereafter, certainly not in the last
thirteen years.
SUMMARY O F THE FIELD DATA

The examples studied in the field were chosen to
represent some of those special cases or geologic accidents in which the change of base level could be isolated or specified. Under these special contlitions the
separate effects of base level change and variation i n
discharge-sediment relations in the channel system
can be distinguished.
Madame Walk is an example of a channel system
that underwent a sequence of aggradation-degradation-aggradation-degradation during the last half of
the Holocene with no change of base level. The last
part of this four-fold sequence occurred within the
last nine hundred years and it is certain that the
base level had not changed during that time. This
constant base level controlled or affected tlie elevation
of the longitudinal profile upstream no farther than
and probably less than 1,400 feet out of a total length
of 7,100 feet.
The Loop of the San Juan is even more exceptional
in that previous history did not impose on the alluvial system any drainage network or gradient. Tlie
alluvial fill was deposited on a valley floor that was
initially flat. I t developed its own drainage network
and gradient with no constraints of a pre-existing
pattern. T h e alluvial history probably includes part
of the Pleistocene but the surficial deposits are of
Holocene age. During this sequence base level was
lowered a total of forty feet.
During the late Holocene the channel system of tlie
Loop underwent a sequence of aggradation-degradation-aggradation-degradation dictated by alternations
in the production of sediment and discharge within
the basin. Aggradation took place while base level
was slowly lowering or remaining relatively constant,
and alternated with degradation, both apparently quite
uncontrolled by the base level change. Thus the
vertical position of the whole longitudinal profile was
not determined by the exposed bedrock that coniprises the local base level.
Gradients of short reaches of tlie alluvial channel
,/were
influenced by local differences in size of tlie
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debris supplied. In general tlie gradients were siniilar to those of other alluvial channels with coniparable drainage area in a semi-arid region indicating
that these channels approach a graded condition in
a very short period of geologic tinie.
The examples of base level raised by construction
of a barrier are for a much shorter space in time.
But this short period of observation has advantages,
iianiely that progressive changes tlirotigh time are
recorded by survey and there has been insufficient
time for great changes in overall rainfall-runoff relations. Thus the effect of the raised base level alone
can be separated from long term trends in aggradation-degradation history.
The surveys of the effect of the man-made barriers
that raised local base level demonstrate that tlie aggradation upstream takes place quickly and thereafter
does not continue to progress either upstream or vertically. T ~ L Isoon
S after the barrier was imposed the
channel returned to a graded condition, that is a condition essentially constant over a period of years.
Tlie gradient of deposition is not zero nor does it
show merely tlie effect of backwater curve, I t is a
gradient apparently comnien&rate with the width of
the depositional area and tlie discharge-sediment relations including sediment size. T h e wedge of deposited sediment acquires a gradient from thirty to sixty
per cent of tlie gradient of the original channel bed.
Tlie distance upstream affected by the deposited sediment is then determined by the original slope, the
depositional slope, and the height of the barrier. Upstream of the head of the sediment wedge, the longitudinal profile is unaltered by the raise in base level.
I t is not obvious how a stream can carry tlie same
sediment load at the same discharge over the wedge
of deposited sediment at a slope only half that which
existed before base level was raised. Indeed this is
both sufficiently important and at the same time coniplex to warrant a separate paper on the hydraulic
relations. In the present context, a summary of tlie
hydraulic reasoning is required but the coniplete
niatheniatical discussion would be out of place. In
the present incomplete state of knowledge, the line
of argument is as follows.
When the wedge-shaped volume above the dam is
filled with sediment, deposition continues for a short
time until the gradient is sufficient to pass all the
incoming sediment. This required gradient represents the new inter-relation of width, depth, velocity,
and hydraulic roughness. Compared with the original
natural channel, width is slightly wider. The principal change is in hydraulic roughness, which is less.
Absent over the sediment wedge are channel curves,
pool-riffle sequence, and central bars with the result
that the channel is smoother. Because discharge is
the same in original channel and over the sediment
wedge, the product of velocity and depth will differ
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only by the amount width has changed. The ratio of
velocity to depth is conservative and as a result,
changes in hydraulic roughness are reflected principally in slope. Thus the slope developed over the
wedge is smaller than that of the original channel.
The close association of slope to roughness is not
generally appreciated. This results in part because
actual values of roughness cannot be objectively measured but must be computed from the observed values of velocity, depth, and slope. Sediment size
exerts its influence primarily as a determinant of
roughness. The steep reaches of channel in East
Arroyo of the Loop are examples; the large debris
derived from nearby cliffs causes a local steepening
of gradient as a result of the greater roughness.
In the case of the wedge of deposited sediment
above a small dam, the decrease of roughness is not
the result of a change in size of sediment but to the
absence of channel bars and other roughness elements
present in the natural or original channel.
CONCLUSIONS SUGGESTED BY T H E FIELD DATA

1 ) A local base level determines the height of the
longitudinal profile immediately upstream from it.
It follows that each local reach of channel acts as
local base level for that part of the longitudinal profile
immediately upstream. Whatever the nature of a
local base level, its effect extends upstream only a
limited distance and the effect dies out with distance.
2 ) A rise of base level alters the height of the streambed at, and for a short distance upstream of, the base
level. Base level fall may affect the stream for
greater distances through headcut feedback mechanisms. 3 ) The longitudinal profile in alluvial channels may become higher or lower through the processes of aggradation or degradation, even when base
level is constant. 4) Aggradation or degradation is
the most direct indication of a deviation from the
graded condition. When not at grade, the river is
in a condition of change, but Mackin’s definition
would lead one to expect that the change is primarily
in slope, adjusting to alter the velocity to such a value
that it can carry the imposed load.
The data show that aggradation or degradation
was not accompanied by an appreciable change in
slope. In fact, differences in slope from one short
reach of a stream to another are far larger than the
change in slope accompanying aggradation or degradation, except where tectonism has resulted in a
steeper slope. Velocity is dependent on the square
root of slope. Thus the effect of a small change in
slope with time on the resultant velocity is insignificant, too small to measure in the field.
BASE LEVEL AND THE GRADED RIVER

A river terrace, being an abandoned flood plain,
indicates that at some previous time the longitudinal
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profile was at a higher elevation. Past conditions
when the profile was lower than the present river
are displayed only in the stratigraphic record and
therefore the previous profile cannot easily be traced
over long distances.
The treads of fill terraces such as occur in the Loop
not only represent the times of maximum aggradation
but also represent the times of change in the mode
of operation of the ephemeral stream systems from
net aggradation to net degradation. Such times represent equilibrium periods for streams that otherwise
are changing much of the time.
During the periods of aggradation or degradation
the size of debris in any reach tends to be constant
through time. As in the East Arroyo of the Loop,
one reach received larger than average debris both
during aggrading and degrading periods and was
therefore steeper than other reaches. If bed configuration does not change appreciably then the hydraulic roughness in each reach remains constant and
thus the slope is approximately constant. For this
reason the aggraded valley has a longitudinal profile
subparallel to the degraded valley and terraces are
subparallel to present channels.
In the relation of drainage area to channel slope
(fig. lo), drainage area is a surrogate for discharge.
The graph shows, then, for ephemeral channels, the
rate of decrease of slope accompanying the increase
in discharge downstream that provides the minimum
variance among power expended per unit area and
power expended per unit length by the mutual adjustment of dependent hydraulic factors (Leopold
and Langbein, 1962; Langbein, 1951). For a given
discharge or drainage area channel slope is influenced in this mutual adjustment primarily by the
size of the debris through the influence of size on
roughness. But the accumulation of debris by aggradation of the valley at this gradient is caused by
a larger volume of debris than can be transported
through the valley per unit of time.
Because each unit length of channel is being adjusted by these same relations among the hydraulic
and sediment characteristics, continuity exists from
one short reach to another and any effect of a local
base level is lost during aggradation in but a short
reach immediately upstream of that local base level.
In the examples discussed the effect of base level
on the aggradational process appears to be obliterated
within a few hundreds of feet.
In the degradational stage, the local base level
merely sets the elevation below which the channel at
that point cannot drop. Thus, upstream of that point
every short reach adjusts its geometry to minimize
the variance among dependent factors. Beyond setting the minimum elevation for the channel at the*
point of local base level, its effect upstream extends
only a short distance, and beyond that limit all gra-
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dients and heights are determined by the continuity
from reach to reach.
Some of the above may at first blush appear to be
merely a restatement of Mackin’s definition of a
graded stream. H e said, “A graded stream is one
in which, over a period of years, slope is delicately
adjusted to provide with available discharge and with
prevailing channel characteristics just the velocity
required for the transportation of the load supplied
from the drainage basin (1948: p. 471).” Mackin’s
definition implies that slope is different in graded and
non-graded streams. Experience has shown that a
stream, formerly in equilibrium o r graded condition,
that is subjected to a change in the relation of discharge to load, makes its adjustment by erosion or
deposition with but infinitesimal change in slope. For
example, Haible’s (1976) study of Walker Creek,
Marin County, California, showed it is presently degrading in its upper reaches and aggrading downstream as a result of a combination of climatic variation plus grazing. In sixty years it experienced a
change in slope from 0.0046 to 0.0045, a change of
two per cent from its original value. Because velocity varies as the square root of slope, the resultant
change in velocity was unmeasurable.
In the Loop the high terrace attained by deposition an overall slope of 0.046. Changed conditions
resulted in dissection of this fill by the stream that
revised its slope to 0.055, a change of about one fifth,
attributable to change in effective size of the debris
transported. But when the low terrace fill was eroded
and the stream degraded about seven feet, this was
accomplished with no change of slope through the
major part of the stream length.
Slope is not the factor that responds quickly as a
stream adjusts to a perturbation, and it is not the
factor that distinguishes graded from non-graded
rivers. T h e difference between a graded and nongraded river is essentially whether, over a period of
time, the channel aggrades (non-graded) , degrades
(non-graded), or remains a t the same elevation
(graded). Changes in slope account for only a small
part of the adjustment needed to achieve the balance
necessary to transport the incoming load without
aggradation o r degradation. Hydraulic factors simultaneously adjust toward the graded condition
through alteration in pattern (meandering, braided,
straight), in roughness (plane bed, ripples, dunes,
bars, anti-dunes), and in morphology (pools and
riffles, bars, and width adjustment). The hydraulic
and slope adjustments, as described in the theory of
minimum variance (Leopold and Langbein, 1%2),
are all part of a self-regulating feedback mechanism
that operates in the direction of equilibrium or grade,
‘but may not be sufficient to accomplish a condition
of long-term constancy of channel bed elevation.
To view this ability in mechanical terms, Bagnold’s

[PROC. AMER. PHIL. SOC.

(1973, 1977) concept of stream power is useful.
Transport rate of debris is a function of stream
power, y Q S , where y is specific weight of water, Q
is stream discharge, and S is slope. Ability to carry
increased load can be accomplished by increasing the
product of width, depth, and velocity (discharge) or
slope or both. If a graded stream experiences an
increase in debris load reaching the channel system
but runoff (discharge) remains constant, slope will
not change or will change only to a minor degree if
the effective size of debris is the same as it was before its volume increased. In such a circumstance
discharge and slope remain constant, and thus power,
formerly sufficient to transport incoming load through
the system, is now insufficient. Therefore, some debris accumulates progressively in the chantiel system
and aggradation results. The stream is no longer
graded, but is aggrading. Fill terraces more or less
parallel to a present channel represent such a condition in the past.
The opposite case is similar in principle, and an
illu.stration at hand is the relation of the low terrace
to the present channel in the Loop. A change occurred in the past that either decreased load and/or
increased discharge, for the channel degraded through
virtually its whole length and without appreciable
change in slope. At the level of the low terrace the
stream had been graded, but it was no longer at grade
for it downcut.
Mackin’s view that aggradation is “upbuilding approximately at grade” (1948 : p. 478) is more specifically stated by James
Knox (1976), who stressed
a time frame for distinguishing between graded and
ungraded streams : “Ungraded streams should probably be defined as those undergoing relatively rapid
morphologic changes involving longitudinal profiles
and/or channel cross section characteristics” ( 1976 :
p. 169). H e argues that tectonic and eustatic events
are of relatively low intensity and long duration.
They usually are slow enough that a river influenced
by them remains graded throughout the period of
change. The river becomes ungraded when so affected “only after the cumulative effects of slowly
changing environmental conditions result in the
breaking of a threshold of channel stability (1976:
p. 169).” Such a gradual progressive change is in
contrast to the effects of climatic change or man’s
activities that have “strong direct impact on the
functional relationships between discharge and sediment yield and are major factors causing ungraded
channels (1976: p. 195).”
W e wish to elaborate Knox’s idea of a threshold.
Bull (in press) describes what he calls the critical
power threshold, defined as the ratio of available
stream power to the power needed (the critical
power) to transport the imposed debris load through
the channel system. Graded conditions are repre-
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sented by a ratio of 1.0. Where the combination of
hydraulic and morphologic factors in a stream, which
adjusting towards grade, are not sufficient to result
in transportation of all the imposed debris load, aggradation will result ( a ratio of less than 1.0).
Though the term “critical power” includes strictly
only discharge and slope, the term is considered a
shorthand expression for the full combination of velocity, depth, width, roughness, and channel morphology, all of which combine to determine the capacity
for the transport of debris.
The threshold concept also includes the mode of
insufficient load resulting in channel degradation.
How large a range of values of these respective factors can exist and still maintain the condition of
grade (equilibrium) is unknown, but judgmg by the
available examples (Haible’s Walker Creek data
being one of the most complete) the variation of
values at least in most factors is so small that it
falls within the usual scatter of data points in hydrologic plots. For example, in Walker Creek the velocity in a degrading reach’ of the stream was comparable to that measured in other streams known to
be essentially at grade. The difference in slope between the present non-graded condition and the previous presumed graded condition was only a few per
cent of the original value.
The threshold of critical power may be said to have
been passed when a stream starts to aggrade or degrade. Unfortunately, it cannot be forecast a priori;
it may be said merely that when a stream is seen
to have aggraded or degraded, the threshold has been
passed. That is, the internal adjustments among the
dependent variables were insufficient to accommodate
the imposed changes in load and discharge.
The efficiency with which available stream power
can be harnessed to transport bedload depends not
only on the size of debris but also on the ratio of
water depth to size of the debris (Bagnold, 1973,
1977). An increase in width/depth ratio results in
more efficient transport of coarse material for a given
stream power. The mutual adjustment of hydraulic
factors involves self-regulating feedbacks tending to
adjust the depth-to-particle-size ratio toward a balance
between the amount and size of load and ability to
transport the load. The definition of graded stream
should recognize that these internal adjustments involve more than slope and velocity. Therefore, a
modification of Mackin’s definition might take the
following form.
A graded stream is one in which, over a period of
years, slope, velocity, depth, width, roughness, pattern and channel morphology delicately and mutually
adjust to provide the power and the efficiency necessary to transport the load supplied from the drainage
basin without aggradation or degradation of the
channels. The threshold of critical power is passed
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and the stream is not graded when the volume of load
supplied is insufficient or is too large to be transported, and the channel bed degrades or aggrades.
SUMMARY STATEMENT

Base levels of a river, whether ultimate base level
(the ocean) or local (lake, dam, or resistant bedrock
in the channel) affect the vertical position of the
longitudinal profile only locally.
Tributary streams meet the master stream at grade
or at the same elevation. It is generally supposed but
rarely stated that the vertical position of the master
stream, acting as a local base level, determines the
elevation of all reaches of the joining tributary by its
base level effect; that is, the elevations of all parts
of the longitudinal profile of the tributary are determined by the elevation of the master stream. Field
data discussed here suggest that the master stream
as base level has an effect only locally and has an
influence that extends only a short distance up the
tributary.
Base level and the profile of the graded stream are
not closely related. The vertical position of a river
at any reach is the result of aggradation or degradation in the closely adjoining reaches and not to a
base level far removed in space.
The aggrading or degrading condition is a deviation from grade. This deviation may be expressed
as the passing of a threshold of critical power, a concept that recognizes the interaction of all hydraulic
and morphologic factors.
Hydraulic relations are expressions of physics and
must be satisfied at all times and at all discharges.
An example is the roughness equation stating that velocity is a function of depth, slope, and hydraulic
roughness. But when average or effective flow conditions are compared from one river reach to another,
and when conditions within a single reach are compared before and after a change in hydrologic regimen, local channel slope is not well correlated with
velocity. It is closely correlated with hydraulic
roughness. Roughness is determined by both debris
size and by channel configuration. In two adjacent
reaches slope will be greater in the one whose debris
is larger. But, as in the case of the sediment wedge
above a dam, when the debris size is the same in
adjacent reaches, slope will be smaller where the
relative absence of bars, curves, and bed irregularities
provides a low value of hydraulic roughness.
Over the eighteen years the surveys here reported
were being made, we had at various times the pleasure of the companionship as well as the assistance
in the field of William W . Emmett, Robert M.
Myrick, William W. Haible, and Thomas Dunne.
W e gratefully acknowledge their help.
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of Valley-Fill Alluvium Exposed at Dusty Bluff, the Loop
See figure 2 for location

Lithology
Hillslope, 27", littered with fragments of limestone, sandstone, and siltstone.
Maximum size of surficial litter is 20 cm., most fragments are about 5 cm.
About 70 per cent rock-litter cover.
Silty, sandy, surface studded with pebbles, fluffy texture.'
Sand, clayey, partly concealed occurs as lenses, some of whic'h are pebbly.
Gravel, clayey (color distinctly redder than above units), massive ; maximum
particle size 30 cm. No apparent preferred orientations of tabular particles. Debris-flow deposit. Has good lateral continuity of bedding. Cobbles are angular.
Sand, silty ; appears massive.
Clay, silty, thin bedded.
Sand, pebbly, massive, a few particles 1 cm long.
Sand, fine grained, clayey, massive.
Gravel, with matrix of clayey sand. Maximum particle size about 2 cm ; large
particles are angular.
Sand, fine grained, massive.
Gravel, clayey, maximum particle size about 5 cm. Larger particles concentrated at the base of bed.
Sand, clayey, with a few granules, medium bedded.
Gravel, clayey ; matrix is dull orange 5 YR 6/4. Maximum particle size 8 cm.
Two boulders at base of this bed; one is 60 cm and the other 20 cm in
diameter. Debris-flow deposit. Cobbles and boulders very angular.
Sand, silty, massive. Dull orange, 5 YR 6/4.
Gravel, fine grained, clayey, maximum particle size 2.5 cm. Note-all beds
between 2.60 and 2.98 m. have root casts. Color: orange, 5 YR 6/6.
Silt, pebbly, clayey, dull orange. 5 Y R 6/4.
Sand, fine grained, clayey ; a few small pebbles ; dull orange, 5 YR 6/4.
Sand, silty, well sorted, dull orange 5 YR 6/4.
Sand, silty, well sor&ted,dull orange 5 YR 6/4. There is a small discontinuity
between the similar beds a t tape readings of 3.09-3.36.
Sand, coarse grained, pebbly, clayey. Not a debris flow. Dull orange, 5 YR
6/4, maximum particle size is 2.5 cm.
Sand, silty, massive ; with small cut-and-fill structures, 0.2,4,4 m. wide and
0.1 m. deep. Lenses of fine-grained gravel in the cut-andtfill structures.
i
Maximum particle size is 2 cm.with most large particles less than 1 cm.
The sand is dull orange, 5 YR 6/4.
Sand, silty clayey, dull orange, 5 YR 6/4. Only one or two cut-and-fill
structures that are filled with clayey coarse pebbly sand.
Sand, coarse grained, pebbly, silty, dull orange, 5 YR 6/4.
Sand, tine grained, clayey orange, 5 YR 6/6.
Gravel, with matrix of clayey sand. Matrix is orange, 5 YR 6/
particle size is 40 cm., but most particles are less than 10 cm.
Sand, well-sorted, fine grained, bright reddish brown, 5 YR 5/6.
Sand, coarse grained with granules.
Silt, dull orange, 5 YR 6/4.
Sand, fine grained, well-sorted, dull orange, 7.5 YR 6/4.
Sand, clayey, bottom of bed is well sorted sand but grades to silty clay at top,
dull orange, 7.5 YR 6/4.
Sand, coarse grained silty, dull orange, 5 YR 6/4.
Sand, fine grained silty, dull orange, 5 YR 6/4.

I n Meters

Tape Reading
In Meters

0.3 1
0.08
0.28

0-0.76
0.7W.84
0.84-1.12

0.35

0.09
0.18

1.12-1.47
1.47-1.54
1.54-1.61
1.61-1.70
1.70-1.88

0.09
0.13

1.88-1.97
1.97-2.10

0.18
0.32

2.10-2.28
2.28-2.60

0.18
0.08

2.60-2.78
2.78-2.86

0.12
0.03

0.08
0.05

2.862.98
2.98-3.01
3.01-3.09
3.09-3.14

0.22

3.14-3.36

0.11

3.363.47

0.37

3.47-3.84

0.31

3.84-4.15
4.15-4.20
4.20-4.28

Thickness

0.07
0.08

0.05

0.01
0.02

4.28-4.40
4.40-4.48
4.48-4.49
4.49-4.50
4.50-4.52

0.02
0.01
0.14

4.524.54
4.54-4.55
4.55-4.69

;0.08
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-

Thickness
I n Meters
_______

~

-

___

__

-

-~

Sand, pebbly, silty, dull orange, 5 YR 6/4.
Sand, medium grained, well sorted, dull brown, 7.5 YR 5/4.
Gravel, sandy-carbonate cement visible with hand lens. Maximum particle
size 3 cm. Most particles less than 2 cm. Matrix color dull orange,
5 YR 6/4.
Sand, medium to coarse grained ; well sorted, massive. Dull orange, 7.5 YR
6/4.
Sand, silty ; dull orange 5 Y R 6/4, massive.
NOTE-section from 4.40 to 5.29 concealed. Section measured 1.5 in. to west
of suspended tape.
Clay, silty, calcareous, abundant root cavities, light brownish gray, 7.5 YR 7/4.
Gravel, sandy, silty, maximum particle size is 5 cm. Most particles less than
1.5 cm. Dull orange, 5 Y R 6/4.
Sand, fine grained, silty, orange, 5 YR 6/6.
Gravel, fine grained silty, maximum particle size 15 mm. Dull orange 5 YK
6/4.
Sand, fine grained, pebbly, dull orange, 5 YR 6/4. Small lenses of coarse
grained sand to fine grained gravel 0.3 ni. wide and less than 0.1 m. thick.
Gravel, fine grained, maximum particle size 1 cm. Occurs as lens that thickens
to 0.1 m. westward, and then pinches out. Color is dull orange, 5 YR 6/4.
Sand, fine grained, silty, dull orange 7.5 YR 6/4.
Sand, fine grained, well sorted, silty, dull orange, 5 Y R 6/4.
Sand, silty, massive, dull orange 7.5 YR 6/4. Contains few thin lenses 0.010.03 m. thick of pebbly coarse grained sand. Dull orange, 7.5 Y R 6/4.
Length of lenses 0.4-1.2 m.
Clay, silt, laminated with laminae 0.25-1.0 mm. thick. Light brownish gray :
7.5 Y R 7/3. Contains scattered root cavities.
Sand, well sorted massive. Dull orange, 5 Y R 6/4.
Sand, coarse grained, silty, dull orange, 5 Y R 6/4.
Sand, medium grained, well sorted, dull orange, 5 Y R 6/4.
Sand, coarse grained, pebbly, silty, dull orange, 5 YR 6/4.
Sand, fine graint!d, silty, orange 5 YR 6/6.
Sand, clayey, pebbly, dull orange, 5 YR 6/4.
Sand, fine grained, silty, dull orange, 5 YR 6/4.
Silt, sandy massive, dull orange 5 YR 6/4.
Silt, clayey, laminated, 0.5 mm. thick laminations, dull orange, 5 YR 6/4.
Concealed
Total Thickness

Tape Reading
I n Meters
~~

0.09

-

0.04

4.694.78
4.78-4.82

0.07

4.82-4.89

0.16
0.10

4.89-5. OS
5.0.5-5.15

0.1 1

5.15-5.26

0.06

5.265.32
5.32-5.48

0.04

5.48-5.52

0.24

5.52-5.76

0.05
0.12
0.03

5.765.81
5.81-5.93
5.93-5 .%

0.55

5.96-6.51

0.05

6.51-6.56
6.56-6.86
6.86-6.89
6.89-6.91
6.91-6.96
6.967.09
7.09-7.18
7.18-7.21
7.21-7.33
7.33-7.46
7.46

0.30

0.03
0.02

0.05
0.13
0.09
0.03
0.12
0.13
7.01

1 Section between 0.76 and 2.60 m. observed with binoculars but thicknesses were measured with vertical tape. Rest of section studied with hand lens and soil-color chart.
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A P P E N D I X 2.-Typical

soil profiles developed on the valley fill, the Loop
-

Horizon

-~

Depth
in cm.

-

[PROC. AMER. PHIL. SOC.

Description
__..___

A. Soil profile near the divide between the East and West Arroyos (Station 48
A2

cr5

B2

5-15

Cca

15-30

C

30-41+

70-0
0-17

__

Orange (7.5 YR-7/6) sandy silt, massive to platy; soft, non-sticky, nonplastic ; clear smooth boundary.
Bright brown (2.5 YR-5/8) silty sand, massive to loose, fine crumb structure
where dry ; soft, slightly sticky, non-plastic ; clear wavy boundary.
Orange (S.YR-6/8) sand, pebbly; massive with few pebble coatings less than
Q mm thick ; one or two soft nodules ; soft, non-sticky, non-plastic ; gradual
wavy boundary.
Orange (5.YR-6/8) sand, massive, soft.

B. Soil profile on low fill terrace about 60 feet west of station 87
A1
Cca

+ 00).

+ SO.

Surface lag gravel and orange eolian sand.
Orange ( 5 YR/6) gravel with sand matrix, soft, non-sticky, non-plastic ;
gradual wavy boundary. Virtually no calcium carbonate is present in the
sand, but discontinuous coatings less than
mm thick are present on
sandstone and limestone gravel particles.
Same as Cca Horizon, but the matrix has a loose to soft consistence. Calcium
carbonate coatings are not present on gravel clasts.

+

C

17-40+

A P P E N D I X 3.-Materials under the valley fill surface (High Terrace) downstream from the only
tributary to the Loop (northwest of station 66 00)

+

-

._
-

Feet

Thickness
in feet

Lithology

4.5- 7.8

3.3

7.5- 9
9.0-10.5
10.5-14.2

1.5
3.7

14.2-15.1

0.9

Gravel, bouldery. Some of the boulders are longer than 5 feet and the gravel
appears to have been water laid.
Gravel, sand, cobbly with few boulders. A water-laid deposit.
Gravel, fine grained with cobbles. Water laid.
Gravel, silty, angular boulders studded throughou4tmatrix. Thickest and most
viscous debris flow seen in the Loop deposits.
Gravel, sand, cobbly, water laid.

1.2

A P P E N D I X 4.-soil

profile and deposits derived from the central peak of the LOOP.
40-60 ft. east of station 83 50

+

Horizon

Tape Reading
in feet

Dzicription

A2

1.1-1.35

B2

1.35-2.05

Cca

2.05-32.

Dull orange (5.1 YK-6.4) silty sand, massive to medium crumb structure, soft,
non-sticky, non-plastic ; clear smooth boundary.
Orange ( 5 YR-6/6) silty sand and gravel, massive to very coarse angular
blocky ; slightly hard to hard, slightly sticky, slightly plastic ; clear smooth
boundary.
Dull orange ( 5 YR-6/3) silty gravel ; massive hard, slightly sticky, sligh(t1y
plastic; gradual wavy boundary. Carbonate occurs as less than 4 mm
thick, continuous pebble coatings and as filaments in sand.

The soil profile is preserved only locally on this hillslope, and the stratigraphic section that follows was measured 11 feet to the east of the description site for the soil profile.
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Thickness
in feet

Tape Reading
in feet

Description

5.2

0-5.2

1.1

5.24.3

1.5

6.3-6.8

1.7
1.8

6.8-8.5
8.5-10.3

Gravel, clayey, bouldery (as much as 8 feet long). Big blocks are at the top
and other cobbles and boulders are scattered throughout the debris flow.
Gravel, silty, massive bedding, cobbles at bottom. Appears to be a low viscosity
debris flow.
Gravel, fine grained, sandy, very well sor,ted water-laid channel fill (the channel
fill thickens to 2 feet about 3 feet to the northeast).
Gravel, sandy, massive and poorly defined bed. Water-laid.
Gravel, clay, massive ; boulders (as much as 4 feet long) are scattered throughout this debris-flow bed.
Variegated shales of the Hermosa Formation.

-

1.2
-

10.3-12.5

+

-

___

______________

-

A P P E N D I X 5.-Stratigraphy
of remnant of an alluvial fan built out into the valley of the
West Arroyo at station 72 00,the Loop

+

__

Thickness
in feet

Tape Reading
in feet

Lithology
.-

2.8
0.6
2.1

8.7-1 1.5
11.5-12.1
12.1-14.2

2.5
0.3
1.9
0.8
1.1

14.2-16.7
16.7-1 7.0
17.0-18.9
18.9-19.7
19.7-20.8+

A P P E N D I X 6.-Deposits

Thickness
in feet

.~

Gravel, silty, massive wkh boulders more than 3 feet long (debris-flow deposit)
Sand, massive, loose to soft. Eolian.
Gravel, fine to medium grained, silty cut-and-fill structure, open work fabric.
Water-laid.
Gravel, bouldery, silty. Debris flow.
Sand, pebbly, thin bedded. Water-laid.
Gravel, cobbly, silty. Debris flow.
Gravel, boundery, sandy. Water-laid.
Gravel, cobbly, silty. Water-laid.

of the low fill terrace and the ancestral San Juan River at station 85

+ 50

Depth
in feet

Lithology

4.0

0-4.0

2.1

4.0-6.1

4.1

6.1-10.2

2.9

10.2-13.1

Gravel, moderately well sorted, abundant boulders, many between 1.6 and 2
feet, imbricated structure, sandy gravel between the larger clasts, loose.
Water-laid.
Gravel, silty, with boulders, hard. Debris-flow. May be part of an alluvial
unit older than the low terrace.
Sand, coarse-grained, loose, well sorted, massive to laminated where silt layers
are present. Isolated cobbles of quartzite. Water-laid bed of the ancestral San Juan River.
Sand, coarsed grained, loose, well sorted, quartz rich. Layers of extremely
well rounded quartzite cobbles. Water-laid deposit of the ancestral San

+

Juan River.

h)
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APPENDIX 7a
OLD ALLUVIUM-SUMMARYOF THE POLLEN
SEQUENCE
IN ALLUVIAL
FILLSUNDERLYING
HIGHTERRACE,
MADAME
WALKARROYO,
MESAVERDE
NATIONALPARK.
ANALYSIS
BY DR. ESTELLA
B. LEOPOLD.SAMPLESNo. USGS PALEOBOT.
LOC. D3335.
Depth below terrace
30-36
top (inches)
54-60
66-72
60-66
48754
46-48
24-30
18-24
36-42
12-18
6-12
7.0
39.7
Pinus
21.1
71.2
34.7
15.5
5.1
40.6
21.2
12.5
19.5
Abies
16.0
0.8
0.5
0.5
15.9
23.0
3uniperus
9.2
12.8
25.2
20.9
10.4
Pseudotsuga
0.4
0.9
0.5
Quercus
0.7
0.4
0.7
Ephedra cf. torreyana
0.8
1.5
0.9
0.4
1.3
0.5
1.0
Ephedra cf. newifensis
2.7
4.2
0.4
0.8
1.5
0.5
0.7
0.9
Artemisia?
22.1
13.5
23.0
11.9
12.0
21.2
9.7
8.0
15.0
11.1
14.3
Artemisia ?
12.3
3.3
5.7
11.7
4.1
4.3
7.3
6.6
9.7
28.2
0.5
Compositae
10.6
3.7
15.2
13.8
18.4
14.9
8.6
8.3
3.5
cf. Petalostemon
0.9
10.8
Chenopediaceae
20.1
7.1
10.1
5.7
10.8
2.1
19.9
18.5
17.3
11.2
20.8
Sarcobatus
0.4
0.9
Elueagnus
0.5
0.4
Eriogonum
0.5
2.9
0.7
1.4
0.5
1.3
0.4
1.0
1.5
Polygonum cf. fimbriata
0.5
Gramineae
0.8
Polemoniaceae
0.3
Polygonum cf. persicaria
0.5
Onagraceae
0.5
d. Vaieriana
0.5
Cruciferae
0.4
Monocots
2.9
3.7
1.3
1.7
3.1
2.3
3.8
2.3
4.4
1.5
Dicots
13.9
14.4
8.4
9.5
12.9
10.3
4.4
7.5
7.2
9.7
99.8
(184)

-

-

-

Total %
Total tally (grains)
Trilete spores
Reworked Cretac.?
Pachysandra (Cretac.)
Rubiaceae type (Cretac.)
Selaginella

100.0
(227)

100.0
(241)
0.4

100.2
(222)
0.5

100.0
(207)

100.2
(244)
0.4

100.0
274
2.2

100.1
(216)
1.8

99.8
226
0.4

0-6
21.2
0.5
18.4
0.5
0.9
13.7
12.3
6.6
18.4

n
0
a

?W
P

Z

W

cmr
r
3.3
4.2

99.9
287

100.0
212

1.o

1.4

0.4

-

0.5
0.5

-5

0.4

0.5

ra

p

>

3

ra
w

z

r
8

0

w
N

2,

P

-

w

v)

-a

APPENDIX 7b
NEW ALLUVIUM-%MMARY
Depth below terrace
top (inches) :

Pinus
Abies
Picea
Juniperus
Pseudotsuga
Quercus
Ephedra cf. torreyana
Ephedra cf . neva&nsis
A rtemasia ?
Artemisia ?
Compositae
Populus ?
Chenopodiaceae
Sarcobatus
Alnus
Elaeagnus
Eriogonum
Rosaceae
Gramineae
Polemoniaceae
Zea mays
A rceuthobium
Opuntia
Monocots
Dicots
Total 7 0
Tally (grains)
Selaginella
Trilete spores
Carya (reworked?)
Reworked pollen

108-114

OF THE POLLEN SEQUENCE I N

102-108

96-102

90-96

3.6
0.4

1.8

3.9

6.3

3.8

5.6

2.6

3.9

7.2

5.2

0.5

1.0

0.9

0.4
10.8
18.1
14.5
1.6
15.7

21.1
18.9
11.0

18.8
14.4
17.8

1.o
16.8
18.8
11.1

24.1

22.6

13.5

10

I

ALLUVIAL
FILLSUNDERLYING
LOW TERRACE,
MADAMEWALK ARROYO,
MESAVERDE NATIONAL PARK.

84-90

20.2
16.9
15.0
2.8
11.7

78-84

72-78

66-72

60-66

12.1

31.0
1.2
0.4
12.0

16.7

22.4

15.9

27.0

2.8
3.2
7.9
9.5

0.4
0.4
1.7
6.2
5.4
7.0

7.1

5.4

10.3
0.5
0.5
1.3
15.2
15.2
13.0
2.2
15.6

1.9
9.7
9.3
5.8
0.8
8.9

3G36 24-30

54-60 48-54

42-48

36-42

18.6
?0.4
?0.4
22.1

13.9

16.3

40.2
0.4

23.1

23.0

10.5

19.5

21.3

23.9

26.0
0.4
1.3
0.8
11.1
8.1
7.2
11.5

1.3
7.5
10.6
10.2

2.5
7.4
7.4
8.2

0.8
7.5
7.5
3.7

0.4
2.1
10.7
10.7
9.4

9.3

6.0

12.4

5.9

7.3

0.8

0.4
0.4

0.4
0.4

1.6

0-6

35.2
?0.3

0.4
35.0

30.8

19.2

43.5
0.3
0.3?
12.0

4.0
3.1
5.4
9.0

2.1
12.6
4.6
9.3

0.3
1.4
5.4
8.5
6.8

0.2
0.5
1.5
9.3
6.0
1.9

10.3

13.1

0.4

0.4

0.5

f512

18.6

18-24

0.7
1.5
1.9
15.8
14.3
8.3

0.5
0.5
0.9

12-18

26.0

0.8

0.3
0.3

0.4

0.4

5.9
0.3
0.3
0.3
0.3

4.1
0.3
0.6

0.4
0.5
1.4

0.5

0.5

OS?

OS?

1.1

0.8

0.4

0.4
2.4
26.5

1.8
18.9

2.9
12.0

100.0
(249)

100.2
(228)

100.2
(208)

2.4

1.8
0.5

2.9
0.5

5.8
17.8

5.2
16.0

12.1

7.0
11.2

100.3
(208)

100.1
(213)

100.2
(224)

0.2

1.0

2.2

- - -

6.3
29.0

5.4
18.3

100.0
(258)

100.0
(252)

100.0
(241)

1.2

3.2

2.1

3.5
15.1

- - 99.8
(226)
1.3

6.4
19.2

0.4
1.3
10.0

0.9
10.7

2.6
7.2

99.8
(282)

100.2
(239)

100.1
(234)

100.0
(235)

1.1

1.7

0.9

0.8

2.5
22.3

-

-

- -

3.6
3.1

0.4
8.4

3.4
11.3

0.2
3.1
16.2

- --99.9
(223)

100.3
(237)
0.8

99.5 99.4)
(355) (583
1.1
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