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Introduction 
Recent quantitative studies of drainage basins and stream 

channels have yielded significant results which promise greatly 
to enlarge our knowledge of fluvial processes and erosional 
landforms. However, the tentative conclusions derived from 
these preliminary investigations have raised in turn a host of 
fascinating new problems which are now receiving attention 
by increasing numbers of research workers. Several current 
projects involve collection and analysis of new data, with 
reexamination and rigorous testing of certain basic concepts 
of geomorphology the immediate objective. 

In recent years several different approaches to the study of 
drainage basins and stream channels have been used, and a 
considerable variety of areas has been investigated. Strahler 
(1952, 1954 etc.) and his students, following the lead of 
Horton (1945), have collected an impressive amount of in-
formation on morphology of drainage basins and character-
istics of drainage nets. Areas studied thus far include portions 
of southern California, the badlands in South Dakota, and the 
Appalachians in Virginia and Tennessee. In most of these 
examples, morphometric data were obtained from 
topographic maps, though in several cases considerable field 
work was done to evaluate the effects of different geological 
conditions. Extensive use of statistical procedures for design 
of sampling programs and for tests of significance has 
contributed materially to the importance of work by Strahler's 
group. In contrast to this approach, certain other studies have 
dealt largely with hydraulic aspects of streams, especially 
channel dimensions, velocity, and suspended load. The study 
of Midwestern and Western streams by Leopold and 
Maddock (1953), the report by Wolman (1955) on 
Brandywine Creek in Pennsylvania, and the discussion of 
arroyos in New Mexico by Leopold and Miller (1956) all fall 
into this category. The data used in these investigations were 
derived from earlier engineering studies, from the huge 
backlog of available gaging- and sediment-station records, and 
from field measurements by the various authors. Hack (1957) 
investigated the effects of geology on channel dimensions, 
size and lithology of bed material, and longitudinal profiles of 
streams in the Appalachians of Virginia and Maryland, but he 
did not consider hydraulic properties of the streams. Brush (in 
press), working in the Appalachians of central Pennsylvania, 
made investigations which combined several aspects of 
previous studies; that is, he used field measurements and 
gaging-station data to discuss the effects of both hydraulic and 
geologic factors on properties of drainage basins, channels, 
and bed material. 

From the results of these recent investigations, there can be 
little doubt that lithology and geologic structure affect the 
properties of drainage basins and stream channels in ways 
which are complex but nonetheless detectable by quantitative 
methods. However, the geologic and hydraulic data collected 
thus far are not sufficient in either number or areal scope to 
enable one to state very precisely what cause-andeffect 
relationships exist, or the extent to which they may differ in 
various geologic and geographic environments. Efforts at 
present are concentrated on accumulation of data and on 
sorting out the several independent and dependent variables. 
This is a slow process because of the relatively small number 
of persons involved, the complex interrelationships of the 

variables, and the large number of different kinds of areas to 
be studied. 

This report adds new data from a high mountain area 
characterized by geologic and geographic conditions markedly 
different from those in areas previously studied. Besides the 
effects of different bedrock lithologies, extreme relief, and 
vertical changes in climate, the additional factor of glaciation 
might be expected to affect channel properties and the char-
acteristics of bed material in high mountain streams. Further-
more, it has long been supposed that mountain streams are 
not graded; that is, they are not in equilibrium, but instead are 
actively downcutting. This implies that they differ in some 
possibly measurable way from equilibrium or graded streams. 
Hence, a principal objective in this study of mountain streams 
was to test the range of validity of certain conclusions reached 
in earlier investigations. Briefly, the procedure involved 
collection and analysis of stream data obtained in the high 
mountains, and comparison of the results with information of 
similar character obtained in other, mostly nonmountainous, 
areas. 

Any attempt to segregate geologic controls of 
characteristics and lithologic composition of bed material 
requires detailed knowledge of the bedrock geology of the 
drainage basin. Because the author had recently spent several 
field seasons mapping the geology of a large area in the 
southern portion of the Sangre de Cristo Range, New Mexico, 
the choice of a site for stream studies was resolved by the 
purely practical consideration of expediency. However, one 
additional advantage of this area over other possible choices is 
the fact that the arroyos described by Leopold and Miller 
(1956) are located in the Rio Grande Depression, at the foot 
of the range, and afford a basis for local comparison. 

The order of discussion will be as follows. A brief résumé of 
local geography and geology, emphasizing aspects of the 
physical setting which affect stream properties, will define the 
general framework of these studies. Next, field procedures 
will be described, and data obtained from measurements of 
channel dimensions, bed material, and other properties will be 
presented. The subsequent sections will describe the results of 
efforts to segregate specific effects of geology on stream 
characteristics. Finally, the problem of grade or equilibrium in 
mountain streams will be considered. 
 
 

BACKGROUND OF THE PRESENT STUDY 

This report is an outgrowth of a more general geologic 
investigation in the southern Sangre de Cristo Range carried 
on over a period of several years. Geologic mapping of a 3o-
minute quadrangle (105°30' to 106° W. and 35°45' to 36° 15' 
N.) was begun by the author in 1949, but other duties during 
the period 1950-1954 interrupted this work. In 1952, Dr. 
Arthur Montgomery, Lafayette College, began a detailed 
petrologic study of the Precambrian igneous and 
metamorphic rocks which comprise the core of the range. 
The author resumed field work in 1955 and continued during 
1956-57. Dr. P. K. Sutherland, University of Oklahoma, 
joined the group in 1956 and 1957 to study stratigraphic and 
paleontologic problems of the area. A joint report on the
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geology of the quadrangle is in preparation.  

It was necessary that mapping be essentially complete before 
stream studies were begun, because collection of data on 
downstream changes in size and lithologic composition of bed 
material was one of the major objectives of this investigation. 
Most of the stream data were obtained in 1956. As it turned 

out, this was an optimum year for such work because 
exceptionally light snows, combined with the prolonged 
drought in northern New Mexico, reduced the flow to such an 
extent that all streams could be waded safely. Efforts to make 
additional measurements in 1957 were mostly unsuccessful, 
owing to extremely high flow. 
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Physical Sett ing 
GEOGRAPHICAL DESCRIPTION 

The area considered here includes the southern end of the 
Sangre de Cristo Range and a portion of the Rio Grande De-
pression, which borders the mountains on the west. The 
position of the mapped 30-minute quadrangle in relation to 
physiographic features of the region is shown in Figure 1. An 
enlarged map of this quadrangle (fig. 2) shows details of the 
local geography. -The area includes portions of San Miguel, 
Santa Fe, Mora, Taos, and Rio Arriba Counties; approximately 
the eastern half of it lies within the boundaries of the Santa Fe 
and Carson National Forests. 

Topographic maps on a scale of 1:24,000, with contour 
interval of 20 or 40 feet, have been prepared by the U. S. 
Geological Survey for the western half of the 30-minute 
quadrangle. The following 7½-minute sheets cover this sec-
tion: Tesuque, Cundiyo, Chimayo, Velarde, Trampas, Truchas, 
Sierra Mosca, and Aspen Basin. For the eastern half, only 
planimetric maps prepared from aerial photographs at a scale 
of 2 inches to 1 mile are available through either the Soil 
Conservation Service or the New Mexico State Highway 
Department. Complete aerial photo coverage is available from 
either the Soil Conservation Service or the U. S. Geological 
Survey. 

The map area is thinly settled, with most of the population 
concentrated in several small villages and the remainder on 
irrigated farms along stream courses. In addition to the major 
highways shown in Figure 2, there is a network of secondary 
roads and wagon trails, which make the lower portion of the 
area fairly accessible. At a few places, roads penetrate short 
distances into the high country, but for the most part travel in 
the mountains is by horse or on foot along trails maintained 
by the U. S. Forest Service. 

 

TOPOGRAPHY AND DRAINAGE 

Viewed at a distance and from the west, the Sangre de 
Cristo Range appears to rise abruptly above an extensive plain 
which slopes gently toward the Rio Grande. The mountain 
front, which is quite irregular in plan view, is sharply defined 
by low foothills. The topographic boundary between 
mountains and piedmont plain corresponds to the boundary 
between slightly consolidated sediments of the Rio Grande 
Depression and hard rocks of the mountains. Closer inspec-
tion of the plain shows that it is not a single smooth surface, 
as it appears from afar; rather, there are remnants of several 
sloping surfaces which are of both erosional and depositional 
origin. For the most part, these various surfaces are no longer 
smooth but have been dissected to such an extent that much 
of the piedmont lowland has a typical "badlands" type of 
topography. 

In the portion of the Rio Grande Depression considered 
here, altitudes range from about 6,000 feet to approximately 
7,500 feet at the mountain front. Local relief does not exceed 
a few hundred feet and is considerably less at most places. 
The mountains rise gradually from altitudes of 7,500 to 8,000 
feet, at their western margin, to a maximum of about 13,300 
feet, at the top of South Truchas Peak. The crest of the range 

from Lake Peak to Jicarilla Peak is marked by a group of 
rugged summits connected by serrate ridges. Northward for a 
considerable distance from Jicarita Peak, the crest is poorly 
defined and consists of a high, dissected, plateaulike ridge. 
The north-central portion of the map area includes part of the 
Picuris Range, which is a narrow prong extending roughly r5 
miles westward from the main mass of the Sangre de Cristo 
Range. In the southeastern portion of the area (fig. 2), the 
divide east of the Pecos River is nearly as high as that to the 
west but consists of a single essentially smooth ridge instead 
of individual sharp-crested peaks. Differences in the extent of 
Pleistocene glaciation apparently are responsible for these 
topographic contrasts. Local relief is greatest in the most 
severely glaciated areas but amounts to 2,000 feet or more in a 
few of the nonglaciated canyons. 

The western slope of the Sangre de Cristo Range in this 
area drains to the Rio Grande by way of Embudo Creek, the 
Truchas River, the Rio Santa Cruz, and the Pojoaque River. In 
the mountains, valleys of these streams are deep, narrow 
canyons, but beyond the mountain front, in the unconsoli-
dated deposits of the Rio Grande Depression, valley depths 
decrease abruptly and widths increase markedly. Runoff from 
snowmelt and summer rains is sufficient to maintain appre-
ciable perennial flows in the mountains, but many streams 
become ephemeral within a few miles from the mountain 
front, owing to percolation into the unconsolidated deposits. 
West of the mountain front, large flows in these streams 
occur only during the height of the snowmelt season or for a 
few hours after heavy rains. The characteristics of ephemeral 
streams, or arroyos, in this portion of the Rio Grande 
Depression have been described in considerable detail by 
Leopold and Miller (1956). 

The southeastern part of the map area is occupied by the 
headwaters portion of the Pecos River drainage basin. All the 
tributaries shown in Figure 2 flow in deep canyons; as a 
matter of fact, the canyon of the main stem extends many 
miles farther downstream beyond the southern boundary of 
the map. In the area considered here, the Pecos maintains an 
appreciable perennial flow. 

The eastern slope of the range in the area considered here 
drains to the Pecos and Canadian Rivers. 

 

CLIMATE 

The available data do not permit a detailed description of 
climate in this area. The only weather station in the vicinity 
where daily observations of temperature and precipitation are 
obtained is at Santa Fe (elevation 7,000 feet). Although there 
are nearly a dozen additional part-time precipitation stations 
within the quadrangle boundaries, only one of these is located 
above 9,000 feet. 

The most striking feature of climate in this area is its varia-
tion with altitude. Average annual precipitation ranges from 
10 to 20 inches, in the vicinity of the Rio Grande, and in-
creases upward to an estimated 30 to 35 inches, on the highest 
peaks. Approximately one-half of the total precipitation falls 
during the summer months. Ordinarily, the rainy season be-
gins about July r and continues through August. Precipita-
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tion occurs usually as brief afternoon thunderstorms, but 
there are occasional extended rainy periods such as occurred 
during the summers of 1955 and 1957. Winter snowfall 
ranges from about 15 inches, near the Rio Grande Valley, to 
more than 60 inches, in the mountains. In summer, daytime 
temperatures may reach 70°F in the mountains and 90° to 
95°F in the low country. The winter mean temperature is 
slightly below freezing in the lowlands and considerably 
colder in the high mountains. Humidity is low both winter 
and summer, and more than 75 percent of the days in the 
year are sunny. Gentle winds blow most of the time in the 
low country, and in the spring may reach sufficient velocities 
to cause severe dust storms. Strong winds prevail in the high 
country both winter and summer. 

The direct effects of climate on stream flow in this area 
are similar to those in other high mountain ranges. Melting 
of snow produces a flood in the late spring or early summer of 
each year. Furthermore, replenishment of ground-water stor-
age during the snowmelt season sustains flow through the 
summer months. Thunderstorms which occur during the 
rainy season supplement the base flow and occasionally may 
yield sufficient precipitation to cause flow in the arroyos of 
the lowlands. As discussed in the next section, climate also 
affects streams indirectly through its effect on vegetation. 

VEGETATION 
Zonation of climate according to altitude is shown clearly 

in this area by the distribution of natural vegetation. The 
porous materials which underlie the semiarid Rio Grande 
Depression support only a sparse cover of juniper, sage, 
grasses, and cacti. In vertical order of their occurrence, zones 
of pinion, yellow pine, aspen, spruce, and fir dominate the 
luxuriant forest which covers the mountains up to the timber-
line at 11,000 to 11,500 feet. Because most of the forest zone 
lies within the boundaries of a national wilderness area, log-
ging has been negligible. However, there are several large 
burns, most of which are several decades old. Above timber-
line, there are a few clumps of dwarf trees and, in addition, 
several kinds of arctic-type sedges and grasses. 

As in any other forested area, geological field work was 
affected adversely by the dense cover of timber. Not only are 
the rocks covered at most places by soil and forest litter, but 
also freedom of movement through the forest is restricted 
greatly by incredible tangles of "deadfalls." 

Properties of streams are influenced in several ways by the 
natural vegetation. The sustained flow of clear water in moun-
tain streams reflects in part the capacity of vegetation to 
inhibit runoff and immobilize soil. Even after heavy rains, 
these streams carry small amounts of suspended-sediment 
load, generally only enough to make the water murky. By 
contrast, the arroyos of the Rio Grande Depression flow only 
after heavy rains and carry tremendous suspended-sediment 
loads derived mostly from lowland areas where the cover of 
vegetation is sparse. Also, as will be discussed later, vegetation 
may be partly responsible for very striking differences in 
channel width between perennial mountain streams and 
ephemeral arroyos of the lowlands. 

Because of the climate and rugged topography, agriculture 
is confined to a few protected mountain valleys and to lowland 
areas where there is sufficient water for irrigation. Length of 
the growing season ranges from about l00 days, in the moun 

tains, to 180 days, near the Rio Grande. Irrigation has been 
practiced in this area for several centuries, but at most places 
agriculture is still a precarious venture, owing to insufficient 
water during frequent droughts. Individual farms are small, 
with only a few acres devoted to crops, principally grain, hay, 
fruit, and vegetables, especially chile and beans. Cattle are 
grazed in the high meadows of the national forest lands and 
sheep in a few areas above timberline. 

Studies of natural streams in this area are affected by the 
distribution of agricultural lands for the reason that raising 
crops requires removal of irrigation water from streams. Be-
cause artificial withdrawal of water introduces yet another 
variable into the vastly complex subject of stream behavior, 
the investigations reported in this paper were restricted to 
areas upstream from major irrigation diversions. 

SUMMARY OF GEOLOGY 
Figure 3 is a generalized geologic map and structure sec-

tion showing the major features of lithology and structure. 
Outcrop patterns and geologic structure are shown in greater 
detail on the maps (pl. 1-4) of individual drainage basins. 

The oldest rocks of the Sangre de Cristo Range in this area 
are Precambrian quartzites, schists, and granites, which under-
lie most of the mountain crest and also are exposed in several 
deep canyons of the Pecos River drainage system. A thick 
section of Paleozoic sedimentary rocks overlies the Precam-
brian basement complex. Up to 100 feet of poorly fossiliferous 
limestone of possible Mississippian age may be present at the 
base of the Paleozoic sequence. Except for this thin zone at 
the base, the remainder of the sedimentary column in the 
mountains is of Pennsylvanian age. Several thousand feet of 
thick nonmarine sandstones, alternating with thin marine 
limestones and shales, are exposed over wide areas, especially 
east of the mountain crest. Except for a few very small patches 
along the Rio Nambe, Paleozoic rocks are not exposed in the 
map area on the western slopes of the range south of the Rio 
Santa Barbara. The youngest rocks of the area are those in 
the Rio Grande Depression, where several thousand feet of 
calcareous, slightly consolidated sand and gravel deposits, to-
gether with interbedded basalt flows, comprise the Santa Fe 
formation of Miocene-Pliocene age. 

Structurally, this portion of the Sangre de Cristo Range 
is a broad anticline broken at several places by major faults 
that trend north-south. These structures are considered to be 
of Laramide age. Deformation evidently continued 
intermittently throughout most of the Tertiary, because the 
Santa Fe formation is tilted and locally faulted. In addition, 
the Precambrian metamorphic rocks are complexly folded, with 
axes trending roughly east-west, transverse to the structures 
of Laramide age mentioned above. The geologic structure of 
Precambrian rocks in the Picuris Range has been described 
in detail by Montgomery (1953). 

Pleistocene glaciation of the Sangre de Cristo Range is evi-
dent both from the numerous cirques and from the rugged 
character of the higher peaks. However, glacial and glacio-
fluvial deposits are remarkably sparse in most valleys. The ap-
proximate limits of glaciation are shown in the drainage basin 
maps (pl. 1-4). Patterned ground, block fields, and other 
features produced by Pleistocene frost action are abundant 
at altitudes above 10,000 feet. 

Alluvial fan deposits, locally several hundred feet thick 
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and probably of Pleistocene age, overlie the typical Santa Fe 
formation throughout much of the Rio Grande Depression 
considered here. In addition there are other gravel deposits 
which may be related to pediment surfaces, as suggested by 
Cabot (1938). 

Arroyos in the Rio Grande Depression are flanked by ter-
raced, fine-grained alluvial deposits which occupy valleys one-
fourth to one-half mile wide. Radiocarbon and archeologic 
ages indicate that the bulk of this alluvium was deposited 
during the last two millennia (Miller and Wendorf, 1958). 

The recent alluvial deposits are absent in the mountain 
valleys. 

By way of summary, it should be emphasized that the prin-
cipal features of stratigraphy, structure, and geologic history 
in the area studied are typical of the entire Southern Rocky 
Mountains region. This fact is of importance in connection 
with the present investigation only to the extent that conclu-
sions reached about the effects of geology on characteristics 
of mountain streams may be applicable outside the specific 
area studied. 

Basic Data 
The principal criteria used in choosing drainage basins for 

detailed study were accessibility and freedom from artificial 
influences, such as irrigation. 

In the selection of individual measuring stations, an effort 
was made to pick reaches of channel which were essentially 
straight. Also, for reasons which will be discussed later, 
many of the stations were located as close as possible to stream 
junctions. Locations of other stations were determined by 
various other conditions, the most important being changes in 
bedrock lithology along the stream. 

Measurements of channel dimensions, channel slope, and 
lithology and size of bed material were obtained at a total of 
104 stations in 4 different drainage basins. The locations of 
sampling stations in each basin are shown in Plates 1 to 4. 
There are 53 stations in the Pecos River basin, 13 in the Rio 
Santa Cruz basin, 18 in the Rio Santa Barbara basin, and 20 

in the Pojoaque River basin. In addition to these 104 stations, 
partial measurements were obtained at about two dozen other 
stations. 

Elevations of sampling stations range from 6,400 to I 1,000 
feet, distributed as follows: 

6,000-7,000   feet — 11 stations 
7,000-8,000        " — 12 " 
8,000-9,000 " — 23 " 
9,000-10,000 " — 28 " 

10,000-11000  " — 30 " 

Nearly 80 percent of the stations lie above 8,000 feet, and 
more than half of them above 9,000 feet. 

At each station, the following kinds of data were obtained: 
1) Bankfull width was measured by stretching a tag line 

from the edge of one channel bank to the other. Streams less 
than r o feet wide were measured to the nearest half foot, and 
all others to the nearest foot. 

2) Bankfull depth was determined by measuring, to the 
nearest one-tenth of a foot, the distance from the taut tag line 
to the channel bottom. Depending on the width of the 
stream, 8 to 25 such measurements were made at intervals 
across the channel section. Mean bankfull depth is defined as 
the average of these individual measured depths. 

3) Slope of the water surface at each station was deter-
mined by using a tape, hand level, and stadia rod. Horizontal 
distances were measured to the nearest foot, and vertical dis-
tances to the nearest one-tenth of a foot. Slope at each station 
was measured through a distance which corresponded to the 
length of stream segment where the sample of bed material 
was obtained (75 to 150 feet). 

4) Bed material, which is composed of pebbles, cobbles, 
and boulders, was sampled systematically by picking up in-
dividual particles located at the intersections of a grid pattern. 
The method used in sampling is essentially like that described 
by Wolman (1954), Hack (1957), and Brush (in press). In-
stead of actually laying out a grid, the procedure was to make 
a series of equally spaced traverses upstream and downstream 
along each sampling reach and to pick up particles for meas-
urement at one-step intervals. The number of such traverses 
ranged from 3 to 6, depending on stream width. The particle 
picked up at each point was the one touched (without look-
ing) by reaching over the toe of the boot with the middle 
finger protruding. The intermediate diameter (b-axis) of each 
particle was measured to the nearest millimeter, and its lithol-
ogy recorded. The number of particles measured at individ-
ual stations ranged from 35 to 500, but most commonly the 
sample size was 50 to 60 particles. Altogether, nearly 7,000 
particles were measured. 

More detailed consideration of the general problems in-
volved in sampling streambed material, and a brief evaluation 
of the precision of the method used in this study, will be given 
in a later section. 

5) Stream length, meaning the distance from the drainage 
divide to a particular station, and also the drainage area above 
each station, were determined by measuring these quantities 
on maps. 

The various measurements were all made by the author, 
so as to eliminate possible complications due to operator 
variation. 

The data obtained from the measurements, and the results 
of various computations involving these data, are summarized 
in Tables 15-18. 
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Characteristics of Drainage Basins 
A rigorous description of drainage basins, including such 

characteristics as basin circularity, area-altitude relations, and 
other measurable properties, is not possible for this area as a 
whole because of inadequate maps. Hence, only the general 
properties of drainage basins which bear on the subsequent 
discussion of stream channels will be discussed here. 

Geographic relations of the Rio Santa Barbara, the Rio 
Santa Cruz, the Pojoaque River, and the Pecos River are 
given in Figure 1. More detailed representations of drainage 
patterns and relations of channels to lithology and structure 
of the bedrock are shown in Plates 1-4. The Pecos River and 
the Rio Santa Barbara drain areas underlain dominantly by 
Pennsylvanian sandstone. The Rio Santa Cruz and the Po-
joaque River flow westward from the mountain crest over 
granitic terrain, and beyond the mountains they both flow 
on the unconsolidated deposits of the Santa Fe formation. 

As can be seen in Plates 1-4, the various drainage basins 
differ somewhat in shape, but all have dendritic drainage 
patterns. Although no diagrammatic or tabular summary is 
presented here, it should be mentioned that the several char-
acteristics of drainage networks described by Horton (1945) 
apply to the mountain portions of these basins. Number,  

average length, average slope, and average drainage area of 
streams are related to stream order by geometric series. Leo-
pold and Miller (1956) presented these same kinds of data 
for ephemeral streams in the Rio Grande Depression. 

One convenient way of indicating the general form of 
drainage basins is by plotting stream length against drainage 
area, as shown in Figure 4. The points on these graphs are 
for sampling stations in the mountains only. Despite the fact 
that any line drawn through the scattered points obscures 
the abrupt changes which occur at stream junctions, it is ob-
vious from the coefficients and exponents in the power func-
tions relating length and drainage area that the four basins 
studied are quite similar. Furthermore, drainage basins 
of arroyos (Leopold and Miller, 1956) exhibit almost exactly 
the same relationship of stream length to drainage area as 
the mountain streams. From these results and the conclusions 
of Hack (1957) and Brush (in press), it appears that this 
method of description indicates general similarity of drainage-
basin form in a wide range of geologic and geographic en-
vironments. This tentative conclusion will be the subject of 
further discussion in a later section (p. 40). 
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Characteristics of Stream Channels 
The streams referred to in this report are typical high-

mountain torrents, characterized by clear, cold water 
flowing at appreciable velocities in gravel-covered channels 
which have steep and rather irregular gradients. There are a 
few waterfalls, most of which do not exceed io to 15 feet 
in height. These streams flow in deep, narrow canyons, and 
there are only a few spots in the entire area which have 
valley flats of alluvial origin large enough to be called flood 
plains. Valley side slopes rise steeply only a few feet, or at 
most a few tens of feet, from the channel. However, 
except for some of the steeper canyon stretches, relatively 
little bedrock is exposed on the valley walls, because of the 
luxuriant cover of grass and trees. Furthermore, there are 
very few places where gravel is absent and bedrock is 
exposed in stream channels. 

At most places, the channels do not have obvious well-
defined pools and riffles. Indeed, almost the entire length 
of each stream might more appropriately be considered as 
a continuous riffle. Reasons for this important difference 
from streams at lower elevations will be discussed in a later 
section of this paper (p. 46). 

Although the channel banks stand nearly vertical at many 
places, they are not easily seen, because of water in the 
channel and the presence of vegetation near the channel 
edge. At all points examined, bank materials consist mostly 
of gravel, with sand, silt, and clay filling the interstices. 

An impression of the general appearance of streams in 
the Sangre de Cristo Range may be obtained by examining 
Plates 5-8. These photographs were taken in 1956 when 
the streams were carrying smaller discharges than at any 
time during the previous 3o years. In addition to the typical 
boulder-strewn character of the channels, the presence of 
grass, brush, and trees along the edges of channel banks 
should be noted. 

Data obtained from measurements of channel 
dimensions at the various sampling stations in the four 
drainage basins will be presented in this section. The 
effects of geological conditions on channel properties will 
be discussed in a later section (p. 40). 

BANKFULL WIDTH AND DEPTH 
Despite many irregularities caused by the presence of 

large boulders, Sangre de Cristo streams of all sizes have 
trapezoidal to rectangular cross-sections, as shown by the 
examples in Figure 5. 

Because the data for channel width and depth were to 
be used in estimating bankfull velocity, it was necessary to 
determine the amount of local variation in channel 
dimensions. Measuring errors in the method used for 
determining width and depth are negligible; that is, once 
the tag line is stretched from bank to bank, replicate sets of 
measurements give essentially identical results. If the tag 
line, however, is relocated between repeated measurements 
at the same section, differences amounting to less than 0.5 
foot for bankfull width, and less than o.t foot for mean 
bankfull depth, may be obtained. The two main reasons 
for these slight differences are (1) uncertainty in locating 
the edge of the channel bank, especially if the bank is 

gently sloping, and (2) taking individual depth 
measurements at slightly different places in the cross-
section. 

Several sets of measurements were made for the 
purpose of determining the variations in width and depth 
along short (less than one-fourth mile), straight segments 
of channel where no tributaries enter. The results of these 
studies are summarized in Table i, and one set of data is 
shown in Figure 6. It is apparent that both bankfull width 
and mean bankfull depth vary appreciably over short 
distances. Local differences in height of the channel banks 
on opposite sides of the stream, as shown in the profile of 
Figure 6, would affect measured values of both width and 
depth, and may account for a considerable portion of the 
variation. 

THE THALWEG 
Practically all measured cross-sections show a well-

defined zone of maximum depth (the thalweg). Because 
the measuring stations were located in straight reaches, it 
might be expected that the channels would be symmetrical, 
with the deepest point in the middle. Analysis of the data 
indicates that this is not true in most cases. Dividing the 
horizontal distance from the bank to the thalweg by the 
width of the channel defines the relative position of the 
thalweg, and affords a basis for comparison of thalweg 
positions in channels with different widths. The channels 
considered here range in width from 3.5 to 76 feet. 
Computed values of thalweg positions were tabulated 
according to categories defined by dividing the channel 
cross-section into five parts of equal width. The results are 
summarized in Table 2. 

There are appreciable differences between drainage 
basins, but these are difficult to evaluate because of the 
different number of measuring stations in each basin. At 
slightly less than a third of all the stations, the thalweg is in 
the center one-fifth of the channel, and in about one-sixth 
of the cases, the thalweg is located in the zone nearest the 
bank. Obviously, the categories labeled intermediate and 
outermost in Table 2. may occur on either side of the center 
of the channel. The average value for 126 stations places 
the thalweg to the right or left of the center line by an 
amount equal to 0.4 of the distance from the center to the 
bank; that is, exactly in the middle of the intermediate one-
fifth of the channel. There is no relationship between 
channel size and the position of the thalweg in the channel. 

It should be noted (table 2) that the thalweg does not 
occur in the outermost one-fifth of the channel at any of 
the 13 stations in the Rio Santa Cruz drainage basin. 
Furthermore, the percentage of cases with the thalweg in 
the middle one-fifth is more than twice that for stations in 
other basins. No obvious differences in bed or bank 
material which might account for this condition were 
observed. 

Leopold and Wolman (1957) have described meandering 
thaiwegs in straight segments of channel. The data from 
individual stations discussed above suggest the same  
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phenomenon. At a few places, measuring stations were spaced 
close enough so that meandering of the thalweg could be 
mapped. One such example is shown in the map of Figure 6. 

CHANGES AT JUNCTIONS 
Many of the measuring stations were located above and 

below stream junctions so as to determine the nature of 
changes in channel dimensions caused by the joining of tribu-
taries. The data for mountain streams are summarized in 
Table 3. Comparisons of channel dimensions above and below 
stream junctions are based on the coefficient k in the expres-
sion a = k (b + c), where b and c are tributaries, and a is the 
main stream below the junction. Thus, if dimensions were 
simply additive, k would be equal to one. Data from stations 
at 19 stream junctions indicate that bankfull width below a 
junction ranges from 1/2 to 5/6 and averages 2/3 of the sum 
of the tributary widths. Despite a few cases of appreciable de-
partures from the mean value of 0.66, the overall dispersion 
is low. 

Considering individual sets of stations at junctions, it 
should be noted (table 3) that in 80 percent of the cases width 
below the junction is equal to or greater than the larger  
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tary width. For the remaining cases, width below the junction 
is intermediate between the widths of the tributaries. 

Data for changes in width at 28 arroyo junctions located 
at various places in the Rio Grande Depression are given in 
Table 4. The mean value of k for arroyos is nearly the same 
as for mountain streams, but the dispersion is slightly greater. 
In nearly 80 percent of the cases for arroyos, width below a 
junction is equal to or greater than the larger tributary width; 
furthermore, nearly all the exceptions are very small arroyos. 

A value of k for widths only slightly different from the 
measured value could have been predicted from the rate of 
downstream increase in channel width with increasing dis-
charge. Available data indicate that for streams in a great 
variety of physiographic and climatic situations w = Q0.5 
approximately (Leopold and Maddock, 1953; Wolman, 1954; 
Leopold and Miller, 1956; Brush, in press). 

At any junction, 

 
Assuming  
and substituting in (2), 

 
If Qb = Qc, then k = 0.71. If Qb = 2 Qc, which is the maxi-
mum difference in tributary discharges for data in Tables 3 
and 4, then k = 0.72. 

Mean bankfull depths of mountain streams below junctions 
range from 1/3 to 5/6 and average about 1/2 the sum, or 
in other words, the mean of the two tributary depths. 
Dispersion about this mean value of it for depth is somewhat  
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greater than in the case of width. The character of changes 
in depth at individual sets of stations at junctions is 
summarized below. 

BANKFULL DEPTH BELOW JUNCTIONS 
=  O R  >  L A R G E R    I N T E R M E D I A T E  B E T W E E N     <  D E P T H  O P  E I T H E R  

TRIBUTARY DEPTH TRIBUTARY DEPTHS TRIBUTARY 

42% 50% 8% 

It has been determined that for many streams the rate of 
increase of mean depth with downstream increases in dis-
charge can be expressed as d α Q0.4 approximately. Proceed-
ing as in the example for width above, the computed value 
of k is much higher than the measured value. Even if the 
exponent relating depth to discharge were 0.25 instead of 
0.4, the value of k would be about 0.60. 

The data presented above suggest that systematic kinds 
of changes in channel dimensions occur at stream junctions. 
However, the relatively small samples considered include 
several examples of appreciable departures from these 
idealized relationships. 

Results of width and depth measurements at junctions 
show fairly good agreement with data on divided and un-
divided segments of channels in braided reaches obtained 
by Rubey (1952) and Leopold and Wolman (1957). 

Relation to Drainage Area 
Plots of bankfull width and mean depth versus drainage 

area for each of the basins studied are shown in Figure 7. 
Although there is considerable scatter, the line of best fit 
through the plotted points of each graph is a straight line,  

which on double logarithmic paper defines a power-
function relation. Needless to say, the scatter of points in 
these graphs for entire drainage basins could be reduced by 
plotting each tributary separately, but doing this would not 
alter the general character of the relationships involved. 

It should be noted (fig. 7) that in all four basins width in-
creases more rapidly than depth; in other words, the width-
depth ratio becomes greater downstream. 

The rate of increase of both width and depth for the Rio 
Santa Barbara and the Pecos River is much greater than for 
the Rio Santa Cruz and the Pojoaque River. As will be dis-
cussed later (p. 40), this difference may be related in part to 
geologic factors, for the Pecos and Santa Barbara flow 
mostly on sandstone, whereas the other two streams flow 
across terrain underlain by granite. 

ESTIMATION OF BANKFULL DISCHARGE 
Having described the cross-sectional dimensions of 

channels at the various measuring stations, the next step is 
to consider the bankfull discharge at these points. It should 
be obvious that there is no practical alternative to 
estimating bankfull discharge, because its actual 
measurement would require a gaging-station record 
covering a period of several years at many of the 104 
sampling stations considered here. Following a procedure 
commonly used in engineering practice and described in 
the geological literature by Leopold and Miller (1956) and 
Brush (in press), available gaging-station records can be 
used to establish a relation between drainage area and 
discharge of a particular frequency. In this case the 
frequency sought is the one which corresponds to the 
bankfull stage. It is not definitely proved that the bankfull 
stage occurs with the same frequency throughout the same 
drainage basin. Available evidence indicates, however, that 
the mean annual flood (recurrence interval 2.3 years) 
approximates the bankfull stage in a wide variety of 
geographical situations (Wolman, 1954; Wolman and 
Leopold, 1957; Brush, in press). Tentatively, this relation is 
assumed to be applicable to Sangre de Cristo streams. 

Although nearly two dozen gaging stations with long 
records are located within a 50-mile radius of the area con-
sidered here, most of them are in the lowlands rather than 
the mountains. Furthermore, several of the mountain 
stations, including some of those in the Taos Mountains a 
short distance to the northeast, are unsatisfactory for 
flood-frequency studies because they are downstream from 
major irrigation diversions. 

Eight gaging stations, located in or near the mountains 
and above irrigation diversions, were selected for 
frequency analysis by the annual-flood1 method (Langbein, 
1949). Four of these stations are located in the portion of 
the Sangre de Cristo Range considered in the present 
study; the others are in the Taos Mountains a short 
distance to the north. The discharge, which has a 
recurrence interval of 2.3 years, was determined for each 
station, and the results are summarized in Table 5. These 
values of discharge are plotted against drainage area in 
Figure 8. The solid line, which is drawn through the points 
for stations actually in the area studied, has the equation 
Q2.3 = 18 Ad0.72. It should be noted that this relation  
1. The annual flood is the maximum discharge recorded during each 
year. The mean annual flood (average of all annual floods in the 
record), which has an average recurrence interval of about 2.3 years, 
should not be confused with the mean annual discharge. 
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between discharge and drainage, based on data from only 
four stations, conforms closely with results obtained by using 
other combinations of available gaging records (Leopold and 
Miller, 1956, p. 24). 

Bankfull discharge at each sampling station was estimated 
by measuring drainage area above the station and reading the 
discharge for that drainage area off the curve (fig. 8). It 
should be emphasized that there are several uncertainties in-
volved in this method. As was indicated earlier, discharge of 
2.3-year frequency may not correspond exactly to the bankfull 
stage, nor is there definite proof that bankfull discharges occur 
with exactly the same frequency throughout a drainage basin. 

 

 
In this particular case, there is another difficulty: the gaging 
stations, on which the relationship between discharge and 
drainage area is based, have considerably lower elevations 
than most of the sampling stations at which it is desired to 
estimate discharge. Furthermore, the extent to which geologic 
factors, together with increased precipitation and more dense 
cover of vegetation at higher altitudes, may affect the fre-

quency of bankfull flooding cannot be evaluated. 
Another kind of problem associated with estimating dis-

charge from a line drawn through scattered points on the 
drainage area-discharge graph is demonstrated by the data in 
Table 6. Discharges obtained by this method do not add up 
at stream junctions as required by continuity considerations; 
that is, the discharge of a main stem below a junction is about 
17 percent less than the sum of discharges in the two tribu-
taries. This inequality comes about because the slope of the 
discharge-drainage area curve is less than one. Continuity can 
be maintained at stream junctions only if the slope of this 
curve is equal to one (discharge exactly proportional to drain-
age area). This means that in detail the discharge-drainage 
area curve is not a straight line, as drawn, but goes up as a 
series of steps. The short risers on this sloping stairlike line 
occur at stream junctions, where discharge is proportional to 
drainage area, and the treads of this stairlike curve are essen-
tially flat, because little discharge enters the channel in the 
reaches between tributary junctions. The average curve drawn 
through the stair-step arrangement of points defines discharge 
as being proportional to the 0.7-0.8 power of drainage area, 
as shown in Figure 8. Adjusting the values of discharges at 
stream junctions so as to fulfill continuity requirements would 
involve arbitrary procedures, and for this reason will not be 
attempted. However, the discrepancies at junctions will not 
seriously affect the types of analyses which are to made. 

DOWNSTREAM CHANGES IN BANKFULL 
WIDTH, DEPTH, AND VELOCITY 

Using bankfull discharges estimated by the method de-
scribed in the previous section, and measured values of bank-
full width and mean depth, the mean bankfull velocity at 
each sampling station was computed from the continuity 
equation 

w d v = Q. (6) 

The values obtained are given in Tables 15-18. 
Downstream changes in width, depth, and velocity which 

accompany downstream increases in discharge (of constant 
frequency) constitute one part of the hydraulic geometry, de-
scribed by Leopold and Maddock (1953). The other portion 
of the hydraulic geometry, at-a-station relations for the same 
variables, requires gaging information which is not available 
for the sampling stations considered here. 
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Values of bankfull width, depth, and velocity are plotted 

against bankfull discharge in Figure 9, which includes a 
separate graph for each of the four drainage basins. The 
amount of scatter among the plotted points for width and 
depth is about the same as for cases in which discharge was 
actually measured (Leopold and Maddock, 1953; Wolman, 
1954). Scatter among the points of velocity is somewhat 
greater, as might be expected from the method by which 
velocity was obtained. There can be little doubt, however, that 
straight lines best fit the plotted points in each graph.2 These 
lines define power functions with the following general 
equations: 

w = a Qb, (7) 
d = c Qf, (8) 
v = k Qm. (9) 

2. Curves were fitted by eye. Notice in each case that the sum b + f 
+ m ~ 1, and the product a c k ~ 1. 

This means that the general nature of downstream relations 
of width, depth, and velocity to discharge for high mountain 
streams is similar to that reported previously for streams in 
less rugged terrain (Leopold and Maddock, 1953; Wolman, 
1954; Leopold and Miller, 1956; Brush, in press.) 

Values for rates of change of width, depth, and velocity 
(the exponents in the power functions) shown in Figure 9 
can be checked by considering the interrelationships of these 
variables with drainage area. Using the width of the Rio 
Santa Barbara as an example, 

from Figure 7, w α Ad0.35, 
from Figure 8, Q α Ad0 .72; 
therefore, w  α Q0.49 

By this method, exponents expressing the downstream rates 
of change of width and depth can be computed directly. The 
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exponent for velocity can be obtained by difference because 
of the relations required for continuity: 

w d v = Q. 

Substituting from equations (7), (8), and (9), 
 

(a Qb)(c Qf)(k Qm) = Q, 
b + m + f = 1 

It is possible to check the exponents for downstream 
changes of width, depth, and velocity in another way because 
of the fact that width and depth are related to stream length 
by power functions. Graphs showing this relation were 
plotted but are not included here. Again using the width of 
the Rio Santa Barbara as an example, 

 
W α L0.58; 

from Figure 4, L α Ad0.54; 
from Figure 8, Q α Ad0.72;   
therefore,      w α Q0.44; 

For this particular case, both checks involving interrelation-
ships of other variables indicate that the line drawn through 
the points in Figure 9 is approximately correct. 

The most interesting feature of Figure 9 is that down-
stream changes of width, depth, and velocity in the Rio Santa 
Barbara and the Pecos River are quite different from changes 
of the same variables in the Rio Santa Cruz and the Pojoaque 
River. Comparison with data from earlier studies (table 7) 
indicates that the values of exponents expressing rates of 
downstream changes in the Rio Santa Cruz and the Pojoaque 

 

River are quite anomalous. Unfortunately, the significance of 
these differences cannot be evaluated satisfactorily. If the as-
sumptions which underlie the method used for determining 
bankfull discharge are valid, the slight downstream increase 
in channel dimensions of the Rio Santa Cruz and the Po-
joaque River requires a very large rate of increase in velocity. 
An alternative, but unproved, explanation is that the bankfull 
stage is not attained with equal frequency in different drain-
age basins. However, it is significant in this connection that 
gaging measurements of bankfull discharge and velocity at 
stations in the Rio Santa Barbara basin agree remarkably well 
with values estimated by the methods described in this report. 
No gaging measurements of the Rio Santa Cruz and the 
Pojoaque River at bankfull stage are available for comparison 
with estimated values of discharge and velocity, but the cal-
culated velocities definitely seem too high, in that some of 
them exceed maximum point velocities measured in larger 
rivers. However, despite the fact that some absolute values of 
velocity and discharge plotted in Figure 9 may be in error, 
the relative rates of downstream changes in width, depth, and 
velocity probably are approximately correct. 

As was mentioned earlier, the Rio Santa Barbara and the 
Pecos River flow over sandstone, whereas the Rio Santa Cruz 
and the Pojoaque River flow on granite. The possibility that 
hydraulic properties of the various streams are affected by 
these lithologic differences or other geological factors will be 
discussed in a later section of this paper (p. 40). 

ANGLE OF TRIBUTARY JUNCTIONS 
The angle between tributaries at 19 junctions was meas-

ured in the field and checked on air photos. These measure-
ments refer only to the distances visible from a junction, 
generally only a few hundred feet. The data are summarized 
below : 

ANGLE BETWEEN TRIBUTARIES (DEGREES) 

51-60 61-70 71-80 
Pecos River  2  3  2 6 

81-90 

Rio Santa Barbara  2  1 — — 
Rio Santa Cruz — —  1  1 
Pojoaque River —  1 — — 

Totals  4  5  3 7 

On the basis of this sample, it seems evident that tributaries 
meet at rather large angles. The range of values obtained was 
56-88 degrees. Considering all four basins together, the values 
of angle are distributed fairly evenly among the various 
classes. 

The data for junction angles presented above are for trib-
utaries of roughly equal size. Field observations and studies 
of air photos indicate that small tributaries consistently enter 
the main streams at angles between 80 and 90 degrees. 

CHANNEL SLOPE 
It was mentioned previously that streams in the Sangre de 

Cristo Range have steep and rather irregular gradients. Gen-
erally, channel slopes are steepest near the headwaters divides 
and flatten gradually downstream, but there are many local 
exceptions. For example, exceedingly flat gradients are asso-
ciated commonly with high mountain meadows (pl. 5A, 
station 57). In general, the most abrupt changes in channel 
slope occur at stream junctions, at lithologic contacts, and 
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especially at erosional and depositional features produced by 
glaciation. 

In their studies of Appalachian streams, both Hack (1957) 
and Brush (in press) noted a power-function relation between 
channel slope and stream length. Most commonly, they found 
that slope was exactly inversely proportional to stream length; 
that is, s α L-1. Graphs of channel slope plotted against stream 
length for Sangre de Cristo streams were prepared but are not 
included in this paper. Despite considerable scatter, slope is 
related to length by power functions, but in most cases the 
exponents are considerably less than The smaller ex-
ponent means that Sangre de Cristo streams, which have 
steeper gradients because of the greater relief, have profiles 
which are less concave than Appalachian streams. 

Wolman (1954) expressed downstream change in slope as 
a function of discharge: 

s = t  Qz. (10) 

For Brandywine Creek, Pennsylvania, the exponent z for 
bankfull discharge is equal to —1. Values of z for Sangre de 
Cristo streams were obtained by plotting slope against bank-
full discharge for all the stations in each drainage basin.3 
These graphs are not shown, but the results are summarized 
below: 

                                             z 
Rio Santa Barbara  ..................................  - 0.36 
Pecos River  ........................................... - 0.63 
Rio Santa Cruz  ..................................  - 0.30 
Pojoaque River  .................................... - 0.48 

It should be remembered that these are slope measurements 
of the water surface at considerably less than bankfull stage. 
However, despite slightly increased slopes at higher dis- 
 
3. If possible, values obtained graphically were checked, using the 
interrelationships between slope, stream length, drainage area, and 
discharge. Using the Pecos River as an example, s α L-0.84; L α Ad0.64; 
Q α Ad0.72; s α Q-0.63. 

charges, the values of z for Sangre de Cristo streams are 
considerably smaller than those reported by Wolman for 
Brandywine Creek. 

Changes in channel slope at stream junctions are summar-
ized in Table 8. Slope below a junction ranges from 1/5 to 1/2 
and averages 1/3 of the sum of the tributary slopes. In slightly 
more than half the cases, slope below the junction is less than 
the lesser tributary slope; in no case is it greater than the slope 
of the steeper tributary. 
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Bed Material 
Several general characteristics of the streambed material 

are apparent even from a superficial examination. At many 
places along most streams, it is obvious that rock fragments 
which comprise the bed material range widely in size and 
commonly include several different lithologies. Rock frag-
ments from nearby sources constitute a large fraction of the 
bed material at most places, and particles derived from a 
particular outcrop become less abundant downstream, because 
of dilution by local contributions. Where rock is exposed in 
or very near the channel, coarsening due to enrichment of 
the bed material with large fragments from this source is 
generally noticeable. The effects of tributaries which deliver 
bed material appreciably different in size or composition from 
that of the main stem are qualitatively apparent. 

Although a downstream decrease in particle size of bed 
material can be recognized qualitatively in several streams, 
this trend generally undergoes several reversals, owing to 
coarsening at bedrock outcrops or tributary junctions. Down-
stream increases in roundness of particles recognized as having 
come from a particular distinctive outcrop are easily seen. 

PROBLEMS IN SAMPLING 
Because of its heterogeneous character with respect to size 

and lithology, precise description of bed material is rather 
difficult. The problem of how to obtain a truly representative 
sample from streambeds has received little attention. By 
comparison with difficulties in selecting the sample, measure-
ment of particle size is exceedingly simple. Whatever the 
method adopted for measuring size, a large volume of raw 
data must be reduced to summary statistics; most commonly, 
the mean or median and some measure of dispersion are used. 
Size distribution of each sample also may be shown graphi-
cally by means of histograms, or cumulative curves, but if 
large numbers of samples are involved, this method becomes 
impractical. Lithologic composition of bed material seems 
most conveniently expressed as percentages of the various 
rock types in the samples. 

The method used for sampling and measuring bed material 
was described in the section on basic data. It should be added 
here that the precision of this method has been thoroughly 
tested (Miller and Brush, in preparation). Repeated measure-
ments of the same sample of 100 cobbles and boulders by 5 
different persons yielded values of mean size which are not 
significantly different at the 5-percent level. Furthermore, 
5 persons sampled the same reach of stream with no differ-
ences in sample means at the 5-percent level of significance. 
All measurements in the present study were made by the same 
person, but the results of these preliminary tests indicate that 
several individuals might have assisted without seriously af-
fecting the results obtained. 

It is obvious that the procedure used provides a sample of 
only the uppermost portion of the bed material. To obtain a 
sample through a thickness equal to a few particle diameters 
would require a power shovel, because at many stations the 
particles are wedged tightly together and a few boulders are 
too heavy to be lifted or rolled. The kind of sample obtained 
seems appropriate, however, for the purposes of this investiga 
tion, because the bed material which is in contact with the 

water should exert the greatest influence on channel 
properties. 

The beds of streams at all stations included in this investiga-
tion are covered with particles of pebble size or larger (see 
pl. 9, for example). Measurements of bed material in the 
Rio Santa Cruz and the Pojoaque River were terminated at 
the mountain front, inasmuch as sampling of the dominantly 
sandy sediment in arroyos cannot be handled by the proce-
dures used for coarse material. 

Typical size distributions of bed material in Sangre de 
Cristo streams are shown in the cumulative curves of Figure 
10. Although the specific ranges of size in the various samples 
differ appreciably, the distributions in all cases are approxi-
mately log-normal; that is, they plot as nearly straight lines on 
logarithmic probability paper. 

Tests were made to determine the optimum number of 
particles to measure at each station. The results, which are 
treated in detail by Miller and Brush (in preparation), are 
summarized briefly here. As would be expected, increasing 
the sample size decreases dispersion around the mean value. 
The variance (standard deviation squared) for size is approxi-
mately inversely proportional to the cube root of the number 
of particles measured. This is true for samples ranging from 
50 to 250 particles. These sediments, however, are poorly 
sorted, and dispersion cannot be reduced below a certain mini-
mum, regardless of sample size. 

For purposes of this study, the number of particles included 
in samples of bed material obtained at the various measuring 
stations was based in part on results of the tests discussed 
above, as well as on practical considerations. The time factor 
is an important one, as from 30 to 45 minutes is required 
for measuring each sample of 50 particles. Also, differences 
in stream width introduce complications, because it is impos-
sible to collect a very large sample from narrow headwaters 
by the methods described. The decision to take samples con-
sisting of from 50 to 100 particles represents a necessary 
compromise between achievement of desirable precision and 
coverage of a reasonably large number of stations. 

DOWNSTREAM CHANGES IN SIZE AND 
LITHOLOGIC COMPOSITION 

Mean particle size shows no well-defined relation to stream 
length or drainage area (and, therefore, discharge) if all sta-
tions in the drainage basin are plotted. The effects of bedrock 
outcrops in or near stream channels, plus differences in the 
sizes of fragments derived from various rock types and from 
the numerous tributaries, combine to cause a very large 
amount of scatter in such diagrams. 

In different streams, mean particle size of bed material at 
the station farthest downstream may be larger, smaller, or ap-
proximately the same, as compared with the station closest 
to the drainage divide. Whatever the character of this overall 
trend, any detailed picture of downstream change includes 
numerous fluctuations of both particle size and lithologic 
composition, which generally occur either at stream junctions 
or lithologic contacts. 
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CHANGES AT JUNCTIONS 
Changes in mean size of bed material at stream junctions 

are summarized in Table 9. Mean particle size below junc-
tions ranges from 1/3 to 2/3 and averages 1/2 of the sum of mean 
sizes in the two tributaries. In 40 percent of the cases, mean 
size below the junction is greater than in either tributary, and 
in about 25 percent of the cases, it is less than in either 
tributary. 

Changes in lithologic composition at junctions are summar-
ized in Table 10. In a majority of the cases, the value of k is 
close enough to 0.5 to suggest that lithologic composition of 
bed material below junctions is roughly equal to the average 
of compositions in the two tributaries. There are a few cases, 
however, especially station 1 on the Pecos River, for which 
there is no apparent relationship between lithologic composi-
tions above and below junctions. 

Although the relations are not very clear, data for mean 
particle size and lithologic composition presented in both 
Tables 9 and 10 seem to indicate that in many cases bed 
material from tributaries is thoroughly mixed together only a 
short distance below the stream junction. Cases in which the 
mean size or lithologic composition of bed material for a sta-
tion below a junction differs appreciably from the average 
for the tributaries are probably the result of selective sorting 
and varying degrees of mobility of bed material (that is, some 
is too coarse to move). 

CHANGES ALONG SPECIFIC CHANNEL 
SEGMENTS 

The detailed nature of interrelations which characterize 
downstream changes in bed material can be shown conven-
iently by considering a continuous segment of channel rather 
than including all stations located on the various tributaries 
of the drainage basin. Figures 11, 12, and 13 are examples of 
this kind, in which several aspects of particle size, lithologic 
composition, and channel slope are plotted against stream 
length. It should be noted that bedrock lithologies traversed 
by the stream are shown graphically in each figure; this facil-
itates comparisons of lithologic composition of stream-bed 
material with bedrock sources. The principal features of each 
diagram are described briefly below. 

Rio Santa Barbara 

The various graphs in Figure II refer to a channel segment 
which includes the West Fork and main stem of the Rio 
Santa Barbara. As shown in the diagram, and also on the map 
of Plate 1, the stream successively crosses quartzite, sandstone 
(with thin limestone), another belt of quartzite, and finally 
limestone4 (with some sandstone) near the downstream end 
of the segment considered here. It also should be noted in 
Plate 1 that the West Fork follows or is near the trace of a 
major fault. 
 

4. This limestone is part of the same formation as the sandstone and 
does not appear as a separate unit in Plate 1. 
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The most striking feature of Figure 11 is that stations 1' 

and 57 (at 1.1 and 3.8 miles, respectively) are characterized 
by much lower channel slope and smaller mean particle size 
of bed material than the other stations. Both these stations 
are located in mountain meadows produced by glaciation. The 
small particle size is related in part to fracture of rock in the 
fault zone, but it probably also reflects an effect of the gentle 
gradient on the carrying capacity of the stream. Except for 
these two stations, slope and mean particle size follow fairly 
consistent patterns; slope decreases slightly downstream, and 
mean particle size actually increases. 

Quartzite and sandstone are the dominant constituents of 
the bed material. The presence of a particular lithology up-
stream from its outcrop along the course of the channel (for 
example, sandstone beginning at 1.2 miles) is due to tributary 
effects. In general composition, the bed material is related 
fairly closely to the lithology of bedrock exposed along the 
channel. A notable exception is the segment where limestone 
exposed along the stream contributes only a few percent of 
the bed material. 

Changes in mean size and lithologic composition of bed 
material, as well as changes in slope, are greater at stream 
junctions than at lithologic contacts. 

Quartzite particles decrease in size downstream from the 
limit of outcrop (at 8.5 miles), but a compensating increase 
in the size of limestone and sandstone particles causes values 
of mean size to remain essentially constant. 

Rio Santa Cruz 
The graphs of Figure 12 refer to a stream segment which 

includes the entire length of the Rio Medio and one addi-
tional station on the Rio Santa Cruz, just below the junction 
of the Rio Medio and the Rio Frijoles. 

The uppermost 3.4 miles of the stream course traverses 
quartzite; the remainder is on granite except for a narrow 
belt of thin unconsolidated deposits just above the junction 
of the Rio Medio and the Rio Frijoles (pl. 2). It should be 
added that on the headwaters divide there is a very narrow 
strip of sandstone not shown in Figure 12 or Plate 2. 

Channel slope decreases rapidly downstream from the 
divide to station 15B (at 3.9 miles), with a much smaller rate 
of decrease below this point. An exception to the general 
trend is the very gentle gradient at station 69 (8.4 miles). This 
station is in a deep canyon, and there is no obvious explana-
tion for the small value of slope. 

Mean particle size of bed material remains remarkably con-
stant except at station 70 (11.5 miles), where there is a large 
increase apparently due to the large size of blocks coming off 
the canyon wall. It should be noted that the low slope at 
station 69 is not associated with small particle size. The nearly 
constant value of mean size results from the fact that a down-
stream increase in size of granite particles compensates for the 
decrease in size of quartzite particles. 

Lithologic composition of bed material is rather closely re-
lated to bedrock exposed along the stream channel. The 
percentage of quartzite, for example, decreases rapidly down-
stream from its limit of outcrop (at 3.4 miles) to about 8.4 
miles, below which point there is a smaller rate of decrease. 
The items in the category labelled "other" deserve additional 
explanation. Amphibolite is locally associated with the granite, 
whereas the phyllite and schist are minor constituents of the 
quartzite. The small amount of sandstone in the bed material 

evidently was derived from the headwaters divide area; much 
of the sandstone present probably was moved a considerable 
distance downstream during glaciation. 

Pecos River 
The 33-mile segment of channel referred to in the diagrams 

of Figure 13 includes the entire length of the Rito de las 
Chimoyosos and the main stem of the Pecos River below its 
junction with the Chimoyosos. 

As can be seen in Figure 13 and Plate 4, bedrock exposed 
along this channel segment includes a greater variety of litho-
logic types than either the Rio Santa Barbara or the Rio Santa 
Cruz. Some of the boundaries of lithologic units shown in 
Figure 13 are necessarily generalized. Actually, in this case, 
the bedrock types traversed by the channel provide a rather 
incomplete picture of the sources from which streambed 
material may be derived. This is true because throughout 
most of the distance considered here the Pecos flows in a 
deep canyon which has been cut through the Paleozoic 
sediments and into the underlying Precambrian quartzite, 
granite, and amphibolite (pl. 4). The result is that debris of 
several different lithologies is shed from the canyon walls 
and into the stream channel. Also noteworthy (pl. 4) is the 
distribution of Mississippian limestone; this unit is a separate 
formation distinctly different from the thin limestones 
interbedded with Pennsylvanian sandstones. 

The most striking features on the graph of channel slope 
are the marked changes which occur at stream junctions, espe-
cially upstream from mile 14. By comparison, slope changes 
downstream from mile 14 are relatively minor. The abrupt 
change in gradient between miles 12 and 14 occurs at the 
lower end of a very deep canyon section and roughly corre-
sponds to the first of several amphibolite zones associated with 
the granite. 

Except for minor changes at tributary junctions, mean par-
ticle size remains roughly constant downstream to about mile 
12. Between miles 12 and 14, mean size decreases from about 
180 to roughly 110 millimeters. As noted above, there is 
also an abrupt change in slope in this same reach. 
Downstream from mile 14, mean particle size remains 
essentially constant except at mile 23 (station 8), where a small 
ledge contributes exceptionally large fragments of 
amphibolite and granite. Another important fact is that the 
large slope changes at stream junctions (above mile 14) are 
not accompanied by major changes in mean particle size. 

All lithologies locally yield large particles to the stream, and 
no one lithology consistently contributes larger particles than 
the others. In general, however, the largest particles derived 
from thin-bedded Pennsylvanian limestones (above mile 18) 
tend to be smaller than those derived from other lithologies. 

Although the diagrams of downstream changes in lithologic 
composition of bed material are rather complicated, several 
interesting relations can be seen. The effect of local bedrock 
lithology is apparent all along this segment of channel, but is 
especially evident below mile 18, where the percentage of 
limestone starts to increase. As would be expected, the per-
centage of rock of any particular lithologic type decreases 
progressively downstream from its limit of outcrop, owing to 
dilution by contributions from the local rock. This relation is 
especially well shown in the case of quartzite. Schist and 
phyl- 



 



 



lite particles evidently are broken up by abrasion and dis-
appear completely within a distance of 2 miles below the 
outcrop. 

In summary, the data on specific channel segments pre-
sented in Figures 11, 12, and 13 indicate several different kinds 
of relations between the variables considered. Mean particle 
size of bed material may increase, decrease, or remain approxi-
mately constant in the downstream direction. Major devia-
tions from these trends are in most cases related to easily 
recognized geologic factors. Channel slope remains approxi-
mately constant in one case and decreases slightly downstream 
in the other two. The most abrupt changes in slope occur in 
most cases at tributary junctions. In general, the streambed 
material at any point includes a fraction derived from nearby 
bedrock sources and a fraction transported from upstream. 
It would be reasonable to suppose that modern processes are 
involved, and that the relative abundance of these two frac-
tions depends entirely on differences between lithologies in 
the amounts of rock debris delivered to the stream, as well as 
on differential resistance to abrasion during transport. How-
ever, as will be discussed in detail later, modern processes 
probably have had less effect on the lithologic composition of 
bed material than have the events of recent geologic history. 

CHANGES AT THE MOUNTAIN FRONT 
Remarkable changes in channel properties occur at the 

western margin of the range, where mountain streams carry-
ing perennial flow encounter the unconsolidated Santa Fe 
formation and are transformed into ephemeral arroyos. 
Within a few hundred feet, channel width increases several-
fold, and bed material changes in size from coarse gravel to 
dominantly sand with scattered pebbles and cobbles. A short 
distance south of Pecos, New Mexico, bed material in the 
channel of the Pecos River undergoes a similar but much 
more gradual change from cobbles and boulders to dominantly 
sand with gravel concentrated on bars. The contrast between 
these two kinds of channels is shown in Plate 10. The Pecos 
downstream from the mountains encounters consolidated 
rocks and does not increase greatly in width. Furthermore, it 
maintains appreciable flow except during very dry years, 
when nearly all the water is removed for irrigation. 

Sediment derived from the highly erodible Santa Fe for-
mation accounts in part for the abrupt changes in size of 
streambed material which occur at the western margin of the 
range. Several different sandstones contribute large amounts 
of sand to the bed material of the Pecos River downstream 
from the mountains. In both cases, the fact that local sources 
can, in a very short distance, dilute the gravel fraction to such 
an extent implies that relatively little gravel is transported by 
the streams. 

DILUTION 
As was noted in the descriptions of specific channel seg-

ments (fig. 11, 12, and 13), the percentage of a particular 
lithology in the bed material decreases rather rapidly down-
stream from the limit of outcrop of that lithology. Dilution 
by contributions from local sources probably is the principal 
factor involved, but loss due to abrasion doubtless has an effect 
also, especially for nonresistant lithologies. 

In the area considered here, quartzite is the only lithology 

with outcrops confined to the headwaters portions of several 
drainage basins. Not only is the outcrop distribution appropri-
ate for dilution studies, but quartzite is also an ideal rock type 
for such purposes because of its extreme resistance to abrasion. 
The decrease in percentage of quartzite in bed material down-
stream from the limit of quartzite outcrop was studied in four 
basins, the Rio Santa Cruz, the Rio Mora and the Rito de las 
Chimoyosos (both tributaries of the Pecos River), and the 
main stem of the Pecos River. The data are plotted in Figure 
14. 

It should be pointed out that data given in Figure 14 for 
the main stem of the Pecos River are not exactly comparable 
with those for the other streams, because there is no zone 
where quartzite is the only lithologic type contributing to the 
bed material. Rocks of other lithologies are delivered to the 
bed material, both directly from the valley slopes and also 
from tributaries, with the result that quartzite comprises no 
more than 34 percent of the bed material even in belts of 
quartzite outcrop along the Pecos. Another difference is that 
some of the quartzite in the bed material at various points 
along the main stem of the Pecos may have come from one 
or both of the Pecos River tributaries considered separately 
in Figure 14. Also, the data for the Rio Mora are not com-
pletely satisfactory, because there is a small contribution of 
quartzite from the Rio Valdez. The data for the Rio Santa 
Cruz and the Rito de las Chimoyosos have no such disadvan-
tages, but those for the Rio Santa Cruz probably are more 
easily interpreted because of the fact that only one other lith-
ology is exposed downstream from the limit of quartzite 
outcrop. 

Despite certain inequalities in the data, it is evident in 
Figure 14 that the downstream decrease in percentage of 
quartzite can best be described by an exponential function 
of the form y = 100e-ax, where y is percentage and x is dis-
tance from the outcrop. The value of a, which is the coefficient 
of decrease, ranges between 0.2 and 0.4 for most of the ex-
amples plotted. According to these two exponential functions, 
the percentage decreases from 100 to 50 percent in 1.7 to 3.5 
miles from the outcrop, and to 25 percent in 3.5 to 7 miles. 
Although this rate of decrease seems very great, there are no 
published data from comparable streams for comparison. 

It is reasonable to suppose that the rapid decrease in per-
centage of quartzite is due largely to dilution. However, as 
will be discussed in the next section, size of the quartzite 
particles decreases somewhat in the downstream direction. 
The extent to which this trend is the result of particle wear, 

as opposed to selective sorting, is unknown. Actually, it is 
doubtful that changes in size, either by abrasion or sorting, 
are of sufficient magnitude to produce the effects observed. 
Nonetheless, uncertainty about these factors makes it impos-
sible to evaluate the importance of dilution as a process con-
trolling downstream changes in lithologic composition of bed 
material. 

PARTICLE WEAR 
Decrease in size of particles of a particular lithology down-

stream from the limit of outcrop may be due to particle wear 
or to selective sorting, and the two effects are not separable 
in natural stream gravels. Experimental results of Krumbein 
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(1941b) and others indicate that particle-size decrease due to 
abrasion proceeds very slowly as a function of transport 
distance. 

Data which may indicate particle wear of granite and 
quartzite in the Pecos River are plotted in Figure 15. The 
two stations farthest downstream (Sands and Dalia) are a 
considerable distance from the mountains and are not per-
fectly comparable with the other stations plotted, in that the 
channel is mostly covered with sand, with gravel restricted to 
bars. Several of the mountain stations are in locations which 
are affected to some degree by tributary contributions. Also, 
the graph for granite omits one station along this segment of 
the Pecos River, where a small granite-amphibolite outcrop 
contributes large granite blocks to one edge of the stream; 
almost certainly, most of these blocks are too big to be 
transported. 

Despite the inequalities noted above and the additional 
factor of varying degrees of dispersion around the mean values 
plotted, the data in Figure 15 seem to indicate clearly that 
particle size decreases as negative power functions of distance 
transported. Furthermore, the rate of decrease of both mean 
and maximum size is similar for both granite and quartzite, 
suggesting roughly equal degrees of resistance to abrasion. 

Although data for the various tributaries with quartzite 
outcrops are not plotted here, they suggest relations almost 
identical to those shown in Figure 15. Specific particle size 
at a given distance from the outcrop differs in the various 
streams, but the rate of decrease is approximately the same in 
all cases. 

The conclusions on size decrease presented above should 
be regarded as tentative. More rigorous proof of the inferred 
relations requires larger samples, especially at stations far 
downstream on the Pecos. Plans to obtain additional data 
during the summer of 1957 were thwarted by exceptionally 
large floods. 

SORTING 
Values of the Trask sorting coefficients for bed material 

at the various stations are given in Tables 15-18. These 
data are summarized in Table 11. It should be noted in 
Table 11 that both the means and ranges in values are 
similar for all four drainage basins. In many cases, the 
extremes in sorting are related to obvious geologic causes. Along 
the Rio Santa Barbara, for example, the best sorted bed material 
occurs at stations in high mountain meadows where particle 
size is also small, and the poorest sorting occurs at a station 
located near the foot of a high quartzite cliff. 

The amount of published information on sorting of stream 
gravels is remarkably small, and none of it refers to high 
mountain streams comparable to those considered here. Emery 
(1955) summarized published data on sorting of 35 samples 
with a median size of 19 mm and a size range from 10.4 to 
355 mm. The Trask sorting coefficient for these samples 
ranged from 1.34 to 5.49, with a median of 3.18. Brush (in 
press) measured bed material of streams in the 
Appalachians of central Pennsylvania; his 119 stations were 
located on riffles, where particle size ranged from 5 to  

 
5. Defined as So  =  √Q3 / Q1  where Q3 = diameter in mm, of 
which 75 percent of the sample is finer, and Q3 = diameter in mm, 
of which 25 percent is finer. 

approximately 700 mm, though the median size in most 
cases was between 50 and l00 mm. He obtained values of the 
Trask sorting coefficient which range from 1.29 to 3.32, with 
a mean of 1.57. 

 
It is surprising that Sangre de Cristo streams, which have 

very coarse bed material, are better sorted than the finer bed 
material considered by Emery (1955) and measured by Brush 
(in press). Actually, if entire size distributions are considered, 
the Sangre de Cristo samples have the poorest sorting, though 
this relation is obscured by the Trask coefficient, which in-
volves only the central half of the size distribution. 

No consistent relation between size and sorting was found, 
though in many cases fine bed material is better sorted than 
coarse. Furthermore, sorting does not improve in the 
downstream direction. For example, see Figures 11, 12, 
and 13, in which dispersion (standard deviation) about the 
mean particle size at each station is plotted. Dispersion, 
which is a measure of sorting, varies from place to place along 
each channel segment but does not show a decreasing trend. 
Considering the fact that particle size and lithologic 
composition do not change systematically in the 
downstream direction, there is no reason to expect a 
consistent downstream improvement in sorting. Brush (in 
press) reached essentially the same conclusions for 
Appalachian streams. 

PARTICLE SHAPE 

The most commonly used measure of particle shape, Krum-
bein's (1941a) intercept sphericity, 

ψ = (bc/a2)1/3 

requires that dimensions of the longest (a), intermediate (b), 
and shortest (c) axes of each particle be determined. Because 
of the considerable time element involved, it was possible to 
obtain sphericity data at only four stations along a 72-
mile segment of the Pecos River. For these four stations, 
sphericity of particles with particular lithologies (granite, 
amphibolite, and quartzite) rather than entire samples of bed 
material were considered. This procedure was dictated by the 
fact that the two stations farthest downstream (Sands and 
Dalia) are characterized by dominantly sandy bed material, and 
particles of gravel size could be obtained only from the bars. 
All four stations are downstream from bedrock exposures of 
quartzite, but the two upstream stations (51 and 52) are at sites 
where granite or amphibolite are exposed near the channel. 
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The qualitative character of downstream changes in shape 
can be ascertained from Plate it. Particle size obviously de-
creases, and roundness increases, for all three lithologies. The 
fact that a high degree of roundness is achieved within a rela-
tively short distance is in accord with the observations of 
Kuenen (1956) and others. 

Data obtained from sphericity measurements are summar-
ized in Table 12. Disk shapes are considerably more common 
for all three lithologies than the other Zingg classes; however, 
quartzite at station 52 and at Sands affords exceptions to this 
general relation. Despite different degrees of bedrock and 
tributary influence, sphericity at each station is approximately 
the same for all three lithologies. Mean sphericity values for 
each of the three lithologies change slightly downstream, but 
the samples are not large enough for the small apparent 
changes to be significant at the 5-percent level. 

The various lithologies considered separately or together 
show no well-defined correlation between particle size and 
sphericity, though in general the smaller particles tend to 
have somewhat greater values of sphericity. 

It is generally supposed that sphericity increases down-
stream, especially in headwaters regions, owing to particle 
wear. Actually, the data bearing on this relationship for 
gravels are remarkably few in number (Pettijohn, 1957, 
p. 550-551). Brush's (in press) study of streams in the Valley 
and Ridge Province of Pennsylvania indicated no down-
stream change in sphericity of bed material on riffles. Results 
from the present investigation show no significant down-
stream change in sphericities of individual lithologies. 

RELATION OF CHANNEL SLOPE TO 
PARTICLE SIZE 

In recent years, several writers have discussed the possibility 

that channel slope is controlled to some degree by particle 
size of bed material. Shulits (1941) suggested that down-
stream wear of bedload constitutes an important aspect of 
any rational explanation of stream profiles; he indicated, how-
ever, that such a relation may not apply to steep mountain 
streams. Culling (1957, p. 263) is of the same opinion. Leo-
pold and Wolman (1957) imply a relation between channel 
slope and particle size but do not present supporting data or 
a detailed discussion. Hack (1957) found good correlations 
between slope and median particle size for Appalachian 
streams, provided that the data were grouped according to 
bedrock lithology. For these cases, particle size decreased, in-
creased, or remained constant as slope decreased downstream. 
Brush (in press) shows fairly close relationships between slope 
and particle size for some streams in the Appalachians of 
central Pennsylvania; however, there are several cases in 
which slope is definitely independent of particle size. 

Along portions of the channel segments shown in Figures 
11, 12, and 13, channel slope appears to change with varia-
tions in mean particle size of bed material. The trends of these 
examples indicate that slope may decrease or remain constant, 
accompanied by decreasing, increasing, or constant particle 
size. However, if all stations in each drainage basin are con-
sidered, as in Figure 16, it seems apparent that slope does not 
depend primarily on particle size. In contrast to the findings 
of Hack (1957), this is true even for streams on the same 
bedrock lithology. Nearly the entire basins of the Rio Santa 
Cruz and the Pojoaque River are underlain by granite. Also, 
roughly the upper halves of the graphs for the Rio Santa 
Barbara and the Pecos River refer to stations underlain by 
generally similar lithologies. 

The conclusion to be drawn from the Sangre de Cristo 
data seems to be that channel slope and particle size are not 
caused one by the other, but rather that both are related in 

 



 



varying degrees to other factors, especially areal 
distribution of lithologic types and relief-producing events 
during the geologic past. 

DOWNSTREAM CHANGES IN CHANNEL 
ROUGHNESS 

Wolman (1955) expressed downstream change of channel 
roughness as a function of discharge, 

n' = r Qv, 

in which n' is the roughness factor in a slightly modified ver-
sion of the Manning equation.6 

 
Substituting the function of each variable, 

 
It follows that 

 
and 

 
Because values of exponents f, z, and m have been deter-
mined for Sangre de Cristo streams, y can be computed. The 
results are as follows: 

  y 
Rio Santa Barbara  ................................  - 0.14 
Pecos River  ......................................  - 0.29 
Rio Santa Cruz  .................................... - 0.58 
Pojoaque River  .....................................  - 0.91 

By way of comparison, Wolman (1955) obtained values of z 
ranging from - 0.28 to - 0.32 for Brandywine Creek. Leopold 
and Miller (1956) concluded that z = - 0.3 for arroyos in New 
Mexico. 

There appears to be no really satisfactory way to determine 
the degree of relationship between downstream rates of 
change of roughness and size of bed material. Ranges in 
size of bed material are roughly the same for all streams 
considered here. In the case of the Rio Santa Barbara (fig. 
11), mean particle size increases somewhat irregularly 
downstream and is associated with a small rate of change of 
roughness. For the Pecos River (fig. 13), where particle size 
decreases in steps but otherwise remains fairly constant 
through long distances, the rate of change of roughness is 
somewhat greater. Mean size of bed material in the Rio 
Santa Cruz (fig. 12) decreases, though not as much as for 
the Pojoaque River (not plotted). For the latter two 
streams, the decrease of mean particle size cannot be 
sufficient to account for the extremely high rate of change of 
roughness required by the computations based on hydraulic 
considerations. As was discussed previously, the hydraulic 
argument that velocity in these two basins increases 
downstream at an exceptionally high rate may not be 
entirely valid. The fact remains, however, that the channel 
dimensions are anomalously small. 
 

6. In the Manning equation, hydraulic radius replaces depth, and slope 
refers to slope of the energy gradient rather than the water surface. 

Apparently they cannot be explained in terms of a special 
relationship of channel roughness to particle size of bed 
material. 

PROBLEM OF COMPETENCE 
During the last 15 years, the writer has had many oppor-

tunities to observe Sangre de Cristo streams under conditions 
ranging from essentially no flow to slightly greater than bank-
full stage. Only rarely is a particle seen to move during ordi-
nary flows. Even at high-water stages, when the water is 
murky with suspended load, movement of bed material is not 
readily detected by "feel" during wading operations nor indi-
cated by the sound of boulders clanking together. These 
observations, together with other kinds of field evidence and 
inferences based on velocities required to move particles of 
various sizes, lead to the conclusion that a large fraction of 
the bed material in high mountain streams is immobile at 
discharges up to the bankfull stage. 

Many experimental investigations of competence have been 
made, but unfortunately, very few of these have involved 
gravels. Procedures used have varied considerably, especially 
with regard to the definition of competent velocity; namely, 
the critical velocity required to move a particle of some specific 
size. Some workers have referred to mean velocity of the cur-
rent, whereas others have attempted to measure or compute 
"bed velocity." Unfortunately, there is no simple basis for 
conversion between these two measures of velocity. 

The most recent review of sediment movement in relation 
to current velocity is that of Menard (195o). Using data de-
rived from his own experiments and also from the literature, 
he concluded that 

D = 1.0 v2, (12) 

where particle size (D) is expressed in millimeters and mean 
velocity (v) in feet per second. Menard's values of competent 
velocity for normally distributed sediments are slightly smaller 
than those of Hjulstrom (1939), who used sediment of uni-
form size. The conclusion that stream competence varies as 
the square of the velocity has had several other supporters; 
however, larger values of the exponent have also been 
reported. 

The relation expressed in equation (12) will be used here 
in an attempt to estimate the fraction of movable bed material 
in Sangre de Cristo streams. It should be clear at the outset 
that the results obtained must be considered tentative, because 
the degree of applicability of this relation is unknown. The 
fact that the experiments on which it is based involve smaller 
materials and slopes less steep than those of most mountain 
streams provides grounds for considerable uncertainty. 

Comparison of estimated bankfull velocity and measured 
size distribution of bed material at each station with the rela-
tion for competent velocity [equation (12)] yields an 
estimate of the fraction of bed material which can be moved 
by the stream at bankfull stage. Data from such a comparison at 
1o6 stations are summarized in Table 13. 

Part A of Table 13 shows that all the bed material at two-
thirds of the stations is too coarse for transport under the 
assumed competency conditions. There are only 7 stations at 
which more than half the bed material is movable. The 5 
stations at which less than 10 percent of the bed material is 
immobile are near the mountain front, in the basins of the 
Rio Santa Cruz and the Pojoaque River. It will be recalled 
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that the values of estimated velocities for both these streams 
were anomalously high (fig. 9). 

Kalinske (1942, p. 641) suggests that maximum instantane-
ous velocities attained in streams are rarely more than twice 
the mean-point velocity. The data presented in part B of 
Table 13 are based on the same competency conditions as 
in part A, with the additional assumption that maximum 
velocities are twice the estimated bankfull velocities. Under 
these conditions, more than half of the bed material is mov-
able at only 36 of the 106 stations. All but 3 of the 17 
stations at which less than Io percent of the bed material is 
immobile are in the basins of the Rio Santa Cruz and the 
Pojoaque River. The 22 stations where 100 percent of the 
bed material is too coarse for transport are in headwaters 
reaches, all less than 8 miles, and most less than 4 miles, 
from the divide. 

Another approach is to consider the velocities required to 
transport particles of a particular lithology which have moved 
downstream from specific outcrop areas. Quartzite is the ideal 
lithology for this purpose because, as discussed previously, it 
occurs in the bed material downstream from restricted out-
crops in the basins of the Rio Santa Cruz, the Rio Mora, the 
Rito de las Chimoyosos, and the main stem of the Pecos River. 
Assumptions regarding competency and instantaneous veloc-
ity were the same as in Table 13. The data, plotted in Figure 
17, indicate that the estimated bankfull velocity at 17 of the 
25 stations considered is not great enough to transport any of 
the quartzite particles which have actually moved several 
miles downstream. Furthermore, if the estimated bankfull 
velocity is doubled in accordance with the assumption about 
variations in instantaneous velocity, there are only 6 stations 
at which l00 percent of the quartzite particles present could 
be transported. 

Several other features of the graphs in Figure 17 should 
be noted. The percentage of quartzite fine enough for trans-
port increases downstream in the four basins considered. An 
exception is station 1, at the mouth of the Rio Mora, where 
channel width is exceedingly large (which in turn causes 
the computed velocity to be low). Stations where little or none 
of the quartzite is movable by doubling the estimated bankfull 
velocity are, with a few exceptions, fairly close to headwater 
divides. 
The results presented in Table 13 and Figure 17 can be 

interpreted in several ways. They may indicate that the ex-
perimental data and assumptions used in this method of 
evaluating competence are not applicable to high mountain 
streams. Alternatively, it could be argued that the computed 
estimates of bankfull velocity are too small. Yet another pos-
sibility is that the general conclusions reached are valid; 
namely, velocities attained at the bankfull stage are at many 
places inadequate to move bed material. If this is true, the 
observed cases in which transport downstream from specific 
outcrop areas has occurred may be either the result of even 
larger floods, which still occur occasionally, or the residual 
effect of some former period during which considerably larger 
discharges prevailed. 

Some evidence that bed material may be moved during 
floods which exceed the bankfull stage was found along the 
Rio Santa Cruz and the Pojoaque River in the lower portions 
of their courses near the mountain front. Piles of fresh, 
bouldery debris extend over sizable areas adjacent to the 
channels and in places bury the basal parts of large trees. No 
cases of this kind were observed anywhere in the high moun-
tains nor along the lower reaches of the Rio Santa Barbara 
and the Pecos River. 

Competence can be defined also in terms of the shear on 
the streambed; specifically, by the expression for tractive 
force (τ), 

τ = ρ d s, (13) 

where ρ is the specific weight of water, d is depth, and 
s is slope. Obviously, if slope decreases downstream faster than 
depth increases, tractive force decreases. Exponents in equa-
tions relating slope and depth to downstream increase in bank-
full discharge of Sangre de Cristo streams are summarized as 
follows: 

RIVER SLOPE         BANKFULL DEPTH 

Rio Santa Barbara —0.36 0.49 
Pecos River —0.63 0.30 
Rio Santa Cruz —0.30 0.22 
Pojoaque River —0.48 0.09 

These relations indicate that tractive force at the bankfull 
stage decreases appreciably downstream for the Pecos and 
Pojoaque Rivers, decreases slightly in the Rio Santa Cruz, 
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and increases in the Rio Santa Barbara. These trends coincide 
with the general changes in mean size of bed material in the 
various streams. Size decreases along the Pecos and Pojoaque 
Rivers, remains approximately constant for the Rio Santa 
Cruz, and increases slightly in the Rio Santa Barbara (fig. 11-
13). These differences in trend are due partly to bedrock and 
tributary influences, and probably are to some extent residual 
effects of Pleistocene glaciation and frost action on stream 
regime. The fact that downstream changes in tractive force 
and particle size are roughly parallel may be significant, but 
this cannot be ascertained until more definite relations be-
tween particle size and critical tractive force are established. 

In summary, considerations based on the assumption that 
competent size is proportional to velocity squared, indicate 
that bed material is immobile even at bankfull discharges, 
except at stations near the downstream limits of this investiga-
tion. Velocity increases downstream for all cases considered 
here, but tractive force, which is another measure of stream 
competence, may increase, decrease, or stay nearly constant in 
the various drainage basins. Particles of quartzite and other 
lithologies have moved many miles from the source outcrops, 
but the possibility that they were transported during some 
previous period of greater discharge cannot be eliminated. 

As mentioned previously, available field evidence suggests 
that bed material rarely moves even during bankfull flows. 
One additional piece of information supports this observation. 
Log dams have been installed at several places along some of 
the more heavily fished streams, especially in the vicinity of 
Cowles. The fact that these dams have been in place for a 

decade or longer without becoming filled with sediment is an 
indication that little transport of bed material occurs. Deposits 
behind beaver dams lead to the same conclusion, for most of 
them contain some sand and silt but very little gravel. 

The opinion that little movement of bed material occurs in 
high mountain streams derives support from the work of 
Brush (in press), who estimated that 10 to 20 percent or more 
of the bed material in Appalachian streams is immobile at 
bankfull flows. 

Any attempt to explain the apparently modest competence 
of high mountain streams must include several factors. Such 
streams are characterized by small discharges; also by small 
velocities, despite their steep slopes. The material which is 
delivered to them from steep valley walls is generally very 
coarse. Also, Pleistocene glaciation and frost action must have 
provided large quantities of coarse debris, as indicated by 
remnants of moraines, terraces, and other depositional features 
in most valleys. An additional consideration, which may be of 
great importance, is the fact that the water is essentially clear. 
If mountain streams carried greater suspended loads, their 
competency would be greatly increased. This viewpoint finds 
support in the character of materials carried onto alluvial fans 
or transported by arroyos. 

The only definite conclusion which can be drawn from 
the foregoing discussion of competence is that additional 
experimental data are required before the "modern" versus 
"historical" aspect of streambed material can be interpreted. 



Effect of Geology on Stream Characterist i cs 
In the discussion presented thus far, the data have been 

organized on a hydrologic basis; that is, the relationships dis-
cussed apply to drainage basins as a whole or to specific seg-
ments of channel. The purpose of this section is to explore the 
possibility that differences in lithology and other geologic fac-
tors exert controls on stream characteristics which are not only 
independent of, but perhaps also greater in magnitude than, 
effects due to hydrologic factors. 

DRAINAGE BASINS 
Such easily measured properties of drainage basins as organ-

ization of the drainage net and basin form may differ on the 
various bedrock lithologies, but cannot be compared satisfac-
torily because of the varying degrees of quality of maps 
covering this area. 

There seems to be no obvious structural or lithologic 
control of drainage-basin shape. However, basins of low-order 
streams on the Santa Fe formation appear to be considerably 
more elongate than basins of the same order on resistant 
rocks. 

The relationship of drainage area to stream length appar-
ently is not related to geology. For arroyos on the unconsoli-
dated Santa Fe formation, L = 1.7 Ad0.54, with exceedingly 
little scatter for drainage areas ranging from 0.01 to almost 
1,000 square miles (data from Leopold and Miller, 1956). 
As was shown in Figure 4, the various perennial streams in 
the mountains, which flow on several different lithologies, 
are characterized by essentially the same relation of length 
to drainage area. The similar results obtained by Hack 
(1957) and Brush (in press) for Appalachian streams 
indicate that the drainage area-length relation is essentially 
constant for the entire range of climatic and geological 
conditions. This means that such a plot probably is not 
sufficiently sensitive to show actual differences in basin 
shape. 

DRAINAGE DENSITY 
Fifteen sample areas, each a square mile in size, were 

chosen at random from the total outcrop area of each principal 
lithology. Drainage-density measurements were made on Soil 
Conservation Service maps prepared from air photos at a 
scale of 2 inches to 1 mile. The following results were 
obtained: 

 
As might be expected from its unconsolidated character and 

relative lack of vegetation, drainage density on the Santa Fe 
formation is considerably greater than for rocks of the high 
mountains. Also, it should be noted that the mean value of 
drainage density for sandstone is somewhat smaller than for 
quartzite and much smaller than for granite. 

The significance of differences in drainage density between 
the various lithologic types of "hard" rocks cannot be evalu-
ated until the effect of altitude on drainage density of a par-
ticular lithology is determined. Because topographic maps of 
only half the area are available, this relation cannot be investi-
gated quantitatively at present. From inspection of planimetric 
maps, it seems likely that drainage density decreases slightly 
with altitude. Such an effect may be partly due to 
differences in the cover of vegetation which tends to 
obscure small channels. 

Quartzite is confined to the highest altitudes in the area 
and is mostly above timberline. Sandstone and granite cover 
roughly the same altitude range, and both have considerable 
extent above timberline. Considering these distributions of 
the various lithologies, the effect of altitude may not greatly 
change the relative magnitudes of drainage density reported 
above. If this is true, then it seems reasonable that the smaller 
drainage density for sandstone is related to its greater infiltra-
tion capacity. 

CHANNEL DIMENSIONS 
It was mentioned previously that bankfull width and mean 

depth increase less rapidly with increasing drainage area for 
the Rio Santa Cruz and the Pojoaque River, which flow on 
granite, than for the Pecos River and the Rio Santa Barbara, 
which flow mostly on sandstone (fig. 7). Any major effect of 
an individual bedrock lithology should be apparent if the data 
in a plot of channel dimensions versus drainage area are 
grouped according to the bedrock type at each station. Con-
clusions drawn from such a plot are summarized below, but 
the diagram itself is not reproduced here. 

The rate of change of width and depth with increasing 
drainage area is roughly the same for stations on quartzite, 
limestone, and sandstone, but stations on granite show a 
smaller rate of increase than the others. This effect, however, 
is not due to lithology alone, as can be shown by plotting the 
Pecos River stations located on granite by themselves. Such 
a plot indicates that width and depth increase at the same rate 
as for stations on other lithologies, and at a considerably 
greater rate than for stations on granite in the basins of the 
Rio Santa Cruz and the Pojoaque River. Thus, if observed 
differences in channel dimensions are the result of some prop-
erty of granite, such a relationship applies only to basins 
underlain almost entirely by granite, and not to basins like 
the Pecos River where granite is only one of several lithologies. 

CHANGES AT THE MOUNTAIN FRONT 
Figure 18 is a plot of channel width versus drainage area. 

The category labeled "perennial" streams includes all the data 
for mountain stations; the data for width of ephemeral streams 
were taken from Leopold and Miller (1956). Such a repre-
sentation is also a separation according to geology; namely, 
between "hard" rocks of the mountains and unconsolidated 
deposits of the Rio Grande Depression. Although the scatter 
for each category is great, there can be little doubt that the 
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rate of change of width with increasing drainage area is simi-
lar in both, and furthermore, that channels of ephemeral 
streams are 3 to 4 times wider than nearby perennial streams 
with the same drainage area. Along any particular stream, 
this large change in width occurs within a few hundred feet 
downstream from the mountain front, as can be seen in 
Figure 19 and Plate 12. The small peaks in the curves of 
Figure 19 are of special interest because they apparently indi-
cate an initial slight overadjustment of width in the uncon-
solidated deposits. 

It seems fairly obvious that the abrupt change in channel 
width is due primarily to geological causes, specifically to in-
herent differences in erodibility of granite and the unconsoli-
dated Santa Fe formation. However, climatic factors are 
involved also, because they are partly responsible for the 
differences in hydrologic regime of perennial and ephemeral 
streams. Furthermore, the effect of climate on vegetation 
is an important factor in determining the erodibility of 
channel banks. Because of these considerations, the general 
impression that geologic differences greatly outweigh climatic 
factors in causing the observed changes in channel width 
cannot be proved conclusively at present. 

CHANNEL SLOPE 
In the plot of channel slope against drainage area (fig. 20), 

bedrock lithology at each station is indicated. The scatter 
among points for mountain stations is very large and shows 
no significant separation according to lithology. As might be 
expected, channel slopes for any particular drainage area are 
less on the Santa Fe formation than in the mountains. Like-
wise, the rate of decrease of slope with increasing drainage is 
greater for mountain streams than for the arroyos. Locally, 
several different relationships of particle size of bed 
material to channel slope are represented by the data plotted 
in Figure zo. For the Rio Santa Barbara (fig. 11), both particle 
size and slope increase downstream with increasing 
drainage area. In the case of the Pecos River (fig. 13), both 
particle size and slope decrease; for the Rio Santa Cruz (fig. 
12), particle size remains approximately constant, but slope 
decreases at about the same rate as for the Pecos River. 
Particle size is approximately constant for arroyos, and slope 
decreases, though at a much smaller rate than for most 
mountain streams. 

As is shown in Figure 21, channel slope of mountain 
streams decreases with increasing stream width (meaning also 
increasing drainage area and discharge), but scatter among 
the plotted points is extremely large. In general, narrow, steep 
channels are restricted to headwaters reaches, but there are 
several exceptions to this rule. Glacial features, changes in 
lithology, and tributary influences provide explanations for 
some of the exceptions. It should be noted in Figure 21 that 
differences between lithologies of "hard" rocks appear not to 
affect the change in channel slope with increasing width. 
Furthermore, the data do not indicate any consistent 
relation of slope to width at constant drainage area (or 
discharge); that is, isopleths of drainage area cannot be drawn 
through these scattered points. Decrease of slope with 
increasing width is only about half as great for arroyos as 
the overall rate for mountain streams. 

In summary, the relations of slope to channel width and 
drainage area show a lithologic separation into only two cate-
gories, hard rocks of the mountains and unconsolidated de 

posits of the Rio Grande Depression. This fact leads to the rather 
obvious conclusion that combined effects of geologic factors are 
more important determinants of both absolute values of channel 
slope and downstream rates of change of slope than are hydraulic 
factors. In particular, the differences in available relief between 
the two areas of contrasting lithology were determined by 
previous geologic history. This means that slope is a partially 
independent variable, determined by inherited conditions which the 
stream can gradually modify, but only within certain limits. 

BED MATERIAL 
The most striking effect of geology on bed material in stream 

channels occurs at the boundary between the hard rocks of the 
mountains and unconsolidated deposits which comprise the Santa 
Fe formation. Over short distances downstream from the 
mountain front, channel width increases markedly, and bed 
material changes from particles of cobble and boulder size to 
dominantly coarse sand, with scattered pebbles which cover less 
than 1 percent of the channel surface (pl. 12). 

Perennial streams draining southward and eastward from the 
Sangre de Cristo Range undergo more gradual transitions in size 
of bed material. As was shown in Plate 1o, marked changes in 
bed material occur along the Pecos River; this change, however, 
is not accompanied by a great increase in channel width. In 
contrast to the Santa Fe formation, the Paleozoic and Mesozoic 
sedimentary rocks exposed in the Pecos River basin downstream 
from the main mountain mass are well consolidated; nonetheless, 
they apparently yield very large amounts of sandy sediment. Sidwell 
(1941), who studied heavy minerals in the Pecos River between 
Dalia and Carlsbad, noted that the bed material consists almost 
entirely of poorly sorted sand (mostly < 1 mm). In another paper, 
Sid-well (1939) mentions that gravels disappear from the bed of 
the Canadian River, which drains the eastern slope of the 
Sangre de Cristo, in roughly the same distance as for the Pecos. 

Within the mountains, local bedrock of most, but not all, 
lithologies greatly affects the composition and size of bed material 
in stream channels (fig. 3). Data obtained in this investigation 
but not plotted in Figures 11-13 can also be used to show these 
effects by considering the fraction of bed material with the same 
composition as the bedrock at the station. Obviously, such an 
analysis requires that stations which drain monolithologic areas 
be eliminated. If this procedure is followed and all four drainage 
basins are considered together, it is found that sandstone makes up 
more than 50 percent of the bed material at stations where it 
crops out, whereas granite, amphibolite, and quartzite comprise 
15 to 20 percent of the bed material at stations where they crop out. 
These differences suggest that sandstone weathers somewhat more 
readily than the other lithologies and therefore yields more debris 
to the stream channels. 

Actually, the situation is not this simple, because of practical 
problems in accurately defining the lithology at a particular 
station. Topographic and geologic relations along the Pecos River 
serve to demonstrate this point. The Pecos Valley is a deep gorge, 
at most places cut entirely through the Paleozoic sediments into 
the underlying Precambrian metamorphic and igneous rocks     
(pl. 4). 
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Thus, the bedrock lithology in the immediate vicinity of 
stations in the gorge is one of the Precambrian rock types. At 
most places, however, the overlying Paleozoic sedimentary 
rocks form high cliffs which contribute debris to the stream. 
The importance of this factor can be seen by considering the 
case of limestone bed material in the Pecos River. Where 
limestone occurs as relatively restricted outcrops near the 
bottom of the valley (for example, miles 13-24, fig. 13; see also 
pl. 4), it does not contribute more than 30 percent of the bed 
material, and at most places contributes less than r o percent. 
Downstream from station 52 (mile 26.5, fig. 13), where 
limestone becomes much more abundant in the sedimentary 
rocks of the valley walls, it is the dominant lithology of the 
bed material. Thus, the abundance of a particular lithologic 
type in the bed material of such streams is related to the 
ease of weathering, size of the source area, and resistance to 
abrasion in the channel. 

It was noted at several places that limestone fragments con-
tributed to the bed material from relatively small outcrops in 
the channel persist only short distances downstream (generally 
a few hundred feet). Conditions for solution are exceedingly 
favorable in these streams and probably play a major part in 
this relation. Hack (1957) also noted a rapid decrease in 
amount of limestone downstream from outcrops in Appa-
lachian streams. 

Only small percentages of shale and schist-phyllite occur 
in the bed material of Sangre de Cristo streams even where 
large outcrops occur. Also, particles of these lithologies break 
up and disappear within very short distances downstream 
from outcrops. 

The effect of local lithology on particle size of bed material 
is seen somewhat more readily by examining maximum rather 
than mean particle size. As shown by the data summarized in 
Table 14, sizes of the largest particles derived from granite, 
sandstone, quartzite, and amphibolite exceed by two or more 
times the size of the largest limestone fragments. The observed 
differences in maximum size between lithologies are not re-
lated to stream length. At the majority of stations where 
granite, sandstone, quartzite, or amphibolite is exposed, the 
local lithology contributes the largest particles present in the 
bed material. Except for station 7 (farthest downstream on the 
Pecos River), there is no station at which the largest fragment 
of limestone exceeds the maximum size of other lithologies 
represented. 

Differences between lithologies in the maximum sizes of 
fragments contributed to streambed material are due pri-
marily to jointing and to weathering characteristics. The addi-
tional effect of faulting on particle size is obvious at several 
stations, especially along the West Fork of the Rio Santa 

Barbara. The headwaters portion of this valley coincides 
with a major fault for a distance of several miles (pl. 1), and 
at many places in this reach, quartzite fragments in the bed 
material are relatively small. The marked increase in size 
about 7 miles from the divide occurs at a high quartzite cliff 
which lies west of the fault. Another area where size of stream-
bed material is affected by faulting is near the head of Horse-
thief Creek. There are several places, especially in the drain-
age basin of the Rio Santa Barbara, where terrace deposits, 
glacial debris, or frost-rubble accumulations seem to influence 
the character of streambed material more than the local 
bedrock. 

POOLS AND RIFFLES 
The preceding description of geological factors which affect 

the size of bed material in high mountain streams paves the 
way for discussion of the previously mentioned fact that 
Sangre de Cristo streams at most places lack well-defined 
pools and associated riffles. The typical condition is shown in 
Figure 22, which is a map and profile of a 5oo-foot segment 
of Holy Ghost Creek at an altitude of about 8,600 feet. Deeps 
and shoals typical of alternating pools and riffles do not appear 
in the profile. Scattered large boulders in the channel cause 
the principal breaks in the profile. 

It should be pointed out that pools are not completely 
absent in Sangre de Cristo streams. In high mountain 
meadows (e.g., pl. 5A), the relations of bed-material size and 
channel slope to stream velocity apparently are suitable for 
development of pools and riffles. Also, near the downstream 
limits of all the basins considered (within the mountain mass), 
pools occur locally. In all cases, however, they are restricted 
to short segments of channel and, hence, do not exhibit a 
characteristic length or spacing. 

Leopold and Wolman (1957, p. 59) state that pools and 
riffles are fundamental features of nearly all natural streams, 
and that their spacing is proportional to bankfull discharge. 
The only apparent explanation for the general lack of pools 
and riffles in Sangre de Cristo streams is that discharges (and 
hence velocities) are too small to handle the coarse material 
present in the channels. Most of the literature on pools and 
riffles refers to rivers with greater discharges and smaller bed 
material than is typical in high mountain streams. This point 
is demonstrated by Figure 23, which compares the ranges in 
size of bed material, channel slope, and bankfull discharge of 
Sangre de Cristo streams with ranges of the same properties 
for streams described as having pools and riffles. The com-
parative data used are for Brandywine Creek, Pennsylvania 
(Wolman, 1955), and streams in the Appalachians of central 
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Pennsylvania (Brush, in press). Brush's data partially overlap 
those of the present study, but some of the headwaters streams 
which he studied also lack pools and riffles. Rivers mentioned 
specifically by Leopold and Wolman (1957) as having pools 
and riffles contain bed material even smaller than the examples 
shown in Figure 23. 

In summary, the available evidence seems to indicate that 
the bankfull flow of a high mountain stream is essentially 
powerless to cope with the bouldery debris in its channel. This  

coarse material is derived in part from present-day 
weathering of steep cliffs, but commonly a portion of it consists 
of deposits formed as a result of Pleistocene glaciation and 
frost action. Pools and associated riffles can develop only where 
some transport of bed material is possible. Bankfull discharges 
of high mountain streams are insufficient to provide the 
velocity required for transport except at a few places where 
bed material is relatively small, generally for some special 
geological reason. 
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Equil ibr ium in High Mountain Streams 
The main reason this study of high mountain streams was 

undertaken is the fact that such streams are generally con-
sidered to be ungraded. This opinion has been stated, or at 
least implied, by many authors; for example, Davis (1902, 
p. 92), Mackin (1948, p. 483), Leopold and Maddock (1953, 
p. 51), and Culling (1957, p.266). Much has been written 
in recent years on the concept of grade or equilibrium, as 
applied to streams, but few usable criteria for recognition of 
such a condition have been developed. Study of ungraded 
streams has been largely neglected; by definition they presum-
ably lack the diagnostic characteristics of graded streams. 
Consequently, it was hoped that the definition of grade might 
be sharpened by attempting to discover what it is not, 
through a study of headwaters streams thought to be 
ungraded. 

Before comparing the properties of high mountain streams 
with those attributed to graded streams, it is necessary to re-
view briefly some recent statements on the nature of the 
graded or equilibrium state and how it is recognized. Mackin 
(x948), in his comprehensive treatment of the subject, main-
tains that adjustment of channel slope is the major response 
of a graded stream to changed conditions. His principal 
criterion for recognition of grade is lateral cutting, which pro-
duces a surface of corrasion. Woodford's definition (1951, 
p. 819) is similar to that of Mackin, but he foresees serious 
difficulties in recognizing the condition of grade (p. 816). 
Holmes (1952, p. 900-901) suggests that graded valley walls 
and competence to move the largest particles in the channel 
are essential requisites for equilibrium. He also raises the 
question of whether the graded condition can be recognized 
as soon as it is attained. Except for their emphasis on adjust-
ability of the channel cross-section rather than slope, Leopold 
and Maddock (1953, p. 46) agree in essence with Mackin's 
definition of grade. They find a close analogy between graded 
streams and regime canals. However, they also note certain 
striking similarities between graded and ungraded streams. 
Wolman (1955, p. 48-49) expressed views rather similar to 
those of Leopold and Maddock, and pointed out that the 
concept of equilibrium implies both stability and the ability 
to make adjustments. He could find no definite criteria for 
distinguishing the graded condition from an ungraded one. 
Leopold and Miller (1956, p. 28) are the latest writers to 
emphasize that some of the symptoms of grade also charac-
terize supposedly ungraded streams. Culling (1957) considers 
the nature of the graded profile, but he does not present any 
new criteria for recognition of equilibrium conditions. 

The foregoing review of recent literature demonstrates 
that there is considerable uncertainty about the diagnostic 
properties of graded streams. In this connection, it should be 
noted that there have been two rather different approaches 
to the problem. One involves the form of the graded longi-
tudinal profile, whereas the other is concerned with adjust-
ments in response to the amount and particle size of load 
supplied. With regard to the latter approach, there are dif-
ferences of opinion about the relative adjustability of slope 
as opposed to channel cross-section. The dearth of reliable 
criteria for recognizing equilibrium conditions in modern 
streams is a serious shortcoming of the concept of grade. 

Returning now to the consideration of high mountain 
streams, our objective is to determine the extent to which 
their properties differ from those of graded streams. The fact 
that the water of Sangre de Cristo streams is confined in 
definite channels indicates a certain degree of adjustment. It 
was shown (table 1) that channel width and depth are rather 
variable locally, but probably no more so for mountain streams 
than for others. Also, it was found (table 2) that these streams 
undergo systematic changes in channel dimensions at tribu-
tary junctions. In fact, the data presented in this paper show 
that downstream relations of channel dimensions to drainage 
area (and discharge) are very similar for both mountain 
streams and streams at lower altitudes (table 7). Furthermore, 
the downstream rates of change of channel dimensions of 
mountain streams compare as favorably with the same proper-
ties of regime canals as do the examples cited by Leopold and 
Maddock (1953) and Wolman (1955). 

Mackin (1948, p. 491) emphasizes that the profile of a 
graded stream is a slope of transportation, not influenced 
directly by either corrasive power of the stream or by bedrock 
resistance. Holmes (1952, p. 900-901) states that a graded 
stream must have the competence to carry whatever sediment 
is delivered to it, which he interprets to mean that debris 
cannot be shed directly from the valley walls into the channel. 
Culling (1957, p. 263) makes statements which are similar 
to those of Holmes. 

At many places, though not all, Sangre de Cristo streams 
do not have these characteristics of grade. Several lines of 
evidence indicate that most of the streambed material is im-
mobile at bankfull flows. Furthermore, there are many places 
where steep cliffs contribute coarse debris directly into the 
channel. 

It seems appropriate, however, to inquire how essential 
more or less continuous transport of elastic bedload is to the 
concept of grade. Does it mean that a stream which carries 
no elastic load can never achieve equilibrium? A stream 
flowing on an immobile bed is no different in this respect 
from one flowing on bare bedrock. Furthermore, even if we 
grant that transport of elastic bedload is an essential part of 
the definition of grade, what kinds of exceptions are allowed? 
Surely we could not change a graded reach to an ungraded 
condition simply by putting in one boulder too coarse for 
transport. If 1 isn't enough, how about 10 or 50? 

High mountain streams generally lack pools and riffles, 
apparently because of small discharges and very coarse bed 
material. According to Leopold and Wolman (1957, p. 59), 
pools and riffles are features of nearly all natural channels, 
but whether this refers to graded streams only is not stated. 
As was mentioned previously, the channel of a mountain 
stream has a definite thalweg, which at most places wanders 
or meanders in much the same manner as for streams at lower 
altitudes. Except locally, high mountain channels do not have 
meanders or braids, nor are they perfectly straight. In any 
case, channel pattern probably is of little use for distin-
guishing between graded and ungraded streams (Leopold 
and Wolman, 1957, p. 73). 

Mackin (1948, p. 483) notes that ungraded profiles are 



superficially similar to graded profiles, though completely 
different in origin. Leopold and Maddock (1953, p. 51) sug-
gest that conditions of approximate equilibrium are attained 
as soon as a more or less smooth longitudinal profile is estab-
lished. How smooth the profile must be, or the maximum 
extent to which the slope of a graded stream can change at 
lithologic contacts, is not clear. Mackin (1948, p. 491) main-
tains that differences in bedrock resistance have no direct 
influence on the slope of a graded stream, though slope may 
be affected if contrasting lithologies alter the amount and 
caliber of load supplied. If this is true, there still remains the 
question of how to distinguish a graded stream, in which 
slope changes are caused by differences in amount and caliber 
of load, from the ungraded condition, in which slope changes 
at lithologic contacts are due entirely to differences in rock 
resistance. 

Longitudinal profiles of several streams on the western 
slope of the Sangre de Cristo Range (see examples in fig. 24) 
are fairly smooth except in the headmost portions. Also, 
except for the falls on the Rio Nambe, no major break in slope 
occurs at the contact between the unconsolidated Santa Fe 
formation and the more resistant older rocks. Although 
smooth profiles of the kind shown in Figure 24 may suggest 
the condition of grade, there are several other facts to be 
considered. As was mentioned previously, a roughly threefold 
increase in channel width occurs at the mountain front. 
However, in cases where the stream has cut gorges through 
several closely spaced outliers (e.g., the Rio Quemado, fig. 24), 
the widening occurs only below the last granite exposure, 
where size of the bed material decreases abruptly. Coarse 
debris is shed directly to the channel in each of the short 
gorges but does not seem to affect channel slope. Another 
point is that, in contrast to the situation for streams at higher 
altitudes, a large fraction of the bed material in reaches near 
the mountain front probably can be transported at the bank-
full stage. Finally, there is abundant evidence that the arroyos 
of the Rio Grande Depression either are, or recently have 
been, actively downcutting (Leopold and Miller, 1956; Miller 
and Wendorf, 1958). 

Profiles of streams elsewhere in the high mountains cannot 
be presented, because topographic maps are not available and 
no special surveys were made. However, such information as 
was obtained at sampling stations suggests that slope changes 
at most lithologic contacts range from moderate to very slight. 
The greatest breaks in slope occur near the heads of the 
glaciated valleys (fig. 24) and are apparently the result of 
glacial erosion. 

Mackin (1948, P. 493-494) states that a graded stream will 
steepen its slope in response to an increase in load or a de-
crease in discharge. If these are typical reactions of a graded 
stream, we may inquire about the behavior of an ungraded 
stream subjected to the same conditions. As has been dis-
cussed previously, Pleistocene glaciation must have affected 
discharge and load of Sangre de Cristo streams, and appar-
ently left a residue of material too coarse for modern streams 
to transport, except possibly at very infrequent intervals. At 
many places, additional coarse debris is being contributed to 
the channels by modern processes. Should we expect an 
increase of slope, so as to promote transport, or is this a 
property restricted to graded streams? Whatever answer one 
might deduce, the fact is that evidence of slope adjustment 
by aggradation is nonexistent; that is, alluvial deposits (mostly  

gravel) in and adjacent to channels are thin everywhere, 
though they apparently thicken slightly downstream. 

It might be supposed that the presence of a flood plain is 
an indication of grade or equilibrium. Wolman and Leopold 
(1957, p. 103), however, present evidence that this may not 
be true. In any case, the high mountain streams considered 
here lack flood plains except at a few places. 

In principle, one cannot object to Mackin's (1948, p. 492) 
statement that recognition of the differences between graded 
and ungraded streams is an essential prerequisite for efficiency 
in gathering and analyzing stream data. However, as has been 
brought out by the foregoing discussion, the necessary ground 
rules for making such distinctions have not been formalized; 
indeed, there is reason to believe that it may be impossible to 
do so. The present study was begun on the presumption that 
high mountain streams have not achieved an equilibrium 
condition. However, it is not possible to conclude unequivo-
cally that Sangre de Cristo streams are ungraded. They 
definitely possess many of the characteristics generally asso-
ciated with the condition of grade. On the other hand, they 
appear to lack certain other properties which are supposed to 
be typical of graded streams. It seems probable, however, that 
some of these shortcomings may reflect deficiencies in the 
present definition of equilibrium conditions. Thus, results of 
the present investigation seem to blur rather than sharpen 
the definition of grade, hence rendering this concept even 
more elusive than before. 

As a general framework for studying ancient stream fea-
tures, the concept of grade seems to serve a useful purpose. 
It cannot be denied that many streams have in the past 
achieved a condition of grade, as is shown by corrasion sur-
faces (rock-cut terraces). However, even this supposedly in-
fallible criterion of grade calls for further study to determine 
the magnitude of imperfections in such surfaces. 

As applied to modern streams, the concept of grade has not 
yet undergone any appreciable fraction of the testing which 
any valid fundamental concept must withstand. No one 
has yet proved conclusively that certain streams, or certain 
reaches, have attained a steady-state equilibrium, whereas 
other streams, or other reaches, are tending toward this con-
dition but have not yet reached it. If the fact of equilibrium 
has not been proved and its attendant conditions described, 
surely it is too early to make prejudgments about which var-
iables can provide unmistakable field evidence of equilibrium 
or the lack thereof. Many writers have pointed out that 
several of the variables involved in stream action are mutually 
interdependent. The greatest need at present is for additional 
quantitative information on the complex interrelations be-
tween factors affecting transport of sediment particles by 
flowing water. 

In conclusion, it seems necessary to add one further remark 
so as to forestall misinterpretation of the argument set forth 
above. The author does not recommend abandonment of the 
terms grade and equilibrium, nor necessarily declaration of a 
moratorium on their use. However, it has been argued that 
the terms graded and ungraded as applied to modern streams are 
without precise meaning. For this reason, there is a real need 
for reexamination of the concept of equilibrium, by 
subjecting it to the detailed, rigorous investigation which it 
deserves by virtue of its prominence in present-day geomor-
phic thought. 
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Figure 24 
LONGITUDINAL PROFILES, SHOWING RELATIONS OF GEOLOGY TO CHANNEL GRADIENT 



Conclusions 
This investigation of high mountain streams serves to em-

phasize some of the numerous difficulties involved in at-
tempting to understand the behavior of modern streams. The 
main problems arise from the fact that most streams which 
are small enough to be studied conveniently and safely lack 
a hydrologic record of any kind. Although there are uncer-
tainties stemming from this and other sources, the data 
obtained seem to indicate several important conclusions. 

Despite their generally steep slopes, high mountain streams 
have many properties in common with streams at lower alti-
tudes. This is especially true for downstream changes in 
channel dimensions and velocity. Bed material, which is very 
coarse at all except a few places, may increase, decrease, or 
remain constant in size downstream; local changes in compo-
sition and particle size depend especially on the bedrock 
lithologies traversed, as well as on contributions from tribu-
tary streams. The amount of bed material transported during 
any long period of time (centuries or millennia) is unknown, 
but it seems evident that flows up to the bankfull stage do 

not attain sufficient velocities for appreciable transport of the 
coarse material present in most channels. 

Except for effects resulting from the marked differences 
between hard rocks of the mountains and unconsolidated 
deposits at their western margin, geology seems to exert no 
recognizable influence on channel properties, although it 
definitely affects the size and lithologic composition of bed 
material. It was noted that streams of basins underlain en-
tirely by granite have smaller channels than those on other 
"hard" rock lithologies, but probably this is not completely 
an effect of lithology. 

Perhaps the most significant result of this study is the 
demonstration that "ungraded" streams of the high mountains 
have so many of the properties generally attributed to graded, 
or equilibrium, streams, that there are no definite criteria for 
distinguishing between them. This conclusion indicates that 
a detailed reexamination of the concept of grade is in order. 
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