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SEDIMENTATION AND CHEMICAL QUALITY OF SURFACE
WATERS IN THE WIND RIVER BASIN, WYOMING

By B.R. Colby, C. H. Hembree, and F. H. Rainwater

ABSTRACT

This report gives results of an investigation by the U. S. Geological Sur-
vey of chemical qualityof surface watersand sedimentation in the Wind River
Basin, Wyo. The sedimentation study was begun in 1946 to determine the
quantity of sediment that is transported by the streams in thebasin; the prob-
able sources of the sediment; the effect of large irrigation projects on sedi-
ment yield, particularly along Fivemile Creek; and the probable specific
weight of the sediment when initially deposited in a reservoir. The study of
the chemical quality of the water was begun in 1945 to obtain information on
the sources, nature, and amounts of dissolved material that is transported
by streams and on the suitability of the waters for different uses. Phases of
geology and hydrology pertinent to the sedimentation and chemical quality
were studied. Results of the investigation through September 30, 1952, and
some special studies that were made during the 1953 and 1954 water years
are reported.

The rocks in the Wind River Basin are granite, schist, and gneiss of Pre-
cambrian age and a thick series of sedimentary strata that range in age from
Cambrian to Recent. Rocks of Precambrian and Paleozoic age are confined
to the mountains, rocks of Mesozoic age crop out along the flank of the Wind
River and Owl Creek Mountains and in denuded anticlines in the floor of the
basin, and rocks of Tertiary age cover the greater part of the floor of the ba-
sin. Deposits of debris from glaciers are in the mountains, and remnants of
gravel-capped terraces of Pleistocene age are on the floor of the basin. The
lateral extent and depth of alluvial deposits of Recent age along all the streams
are highly variable.

The climate of the floor of the basin is arid. The foothills probably re-
ceive a greater amount of intense rainfall than the areas at lower altitudes.
Most precipitation in the Wind River Mountains falls as snow. The foothill
sections, in general, are transitional zones between the cold, humid climate
of the high mountains and the warmer, drier climate of the basin floor.

Average annual runoff in the basin is about 3.6 inches on the basis of ad-
justed streamflow records for the Bighorn River near Thermopolis. Runoff
from the mountains is high and is mostly from melting of snow and from
spring and early summer rains. It does not vary greatly from year to year
because annual water lossesare small in comparison to annual precipitation.
In the areas on the floor of the basin, where runoff is low, the runoff is most-
ly the result of storms in late spring and early summer. The annual water
losses nearly equal the annual precipitation; therefore, runoff is extremely
variable, in terms of percentage changes, from year to year and from point
to point during any 1 year.
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Large areas of the Wind River Basin contribute little sediment. Streams
rising in the Wind River Mountains carry negligible amounts of sediment in
large volumes of water. After these streams leave the mountains, they pick
up some sediment from their channels, from irrigation return flows, and
from inflow of tributaries on the basin floor. At the junction of the Wind and
Popo Agie Rivers, the streamflow averages about 86 percent of the flow at
Thermopolis, but the sediment discharge averages only about 16 percent of
the sediment discharge at Thermopolis. In contrast, about 7 percent of the
water and 56 percent of the average sediment discharge of the Bighorn River
at Thermopolis come from Fivemile Creek. Nearly all the sediment dis-
charged by Fivemile Creek comes from within the Riverton irrigation proj-
ect; during 1949 and 1950 about 87 percent came from the bed and banks of
Fivemile Creek.

Relative sediment yields from the different geologic areas and from dif-
ferent tributary drainage basins were estimated and were expressed in per-
centages of the average sediment discharge of the BighornRiver at Thermop-
olis.  The area underlain by Precambrian rocks covers 14 percent of the
basin, yields 59 percent of the water, and yields much less than 1 percent of
the sediment. In contrast, the area underlain by rocks of Quaternary age
covers 16 percent of the basin, yields about 63 percent of the sediment, bt
only about 2.5 percent of the water.

Measured suspended~sediment discharge of the Bighorn River at Ther-
mopolis from October 1, 1946, to September 30, 1951, totaled 23,510,800
tons, an average of 4,702, 000 tons per year. The maximum measured year-
ly sediment discharge was 5,733, 000 tons (1947 water year), and the mini-
mum before the closure of Boysen Dam on October 11, 1951, was 3, 606, 000
tons (1949 water year). Maximum monthly measured sediment discharge for
the same period was 1, 652, 000 tons (June 1948), and the minimum was 8, 044
tons (January 1951).

The median particle size of depth-integrated sediment samples collected
at Thermopolis and analyzed in a dispersion media ranged from 0.145 to
0. 001 millimeter. According to an unweighted average, 74 percent of the
measured sediment load at Thermopolis is finer than 0. 062 millimeter.

The specific weight of a relatively uncompacted deposit that might be
formed from the measured suspended sediment that was discharged by the
Bighorn River at Thermopolis from March 1946 to September 1951 was com-
puted by a method based on the median particle size of the sediment. The
computed specific weight of 58 pounds per cubic foot would convert the sedi-
ment load to an average of 3,700 acre-feet per year.

Computations of total sediment discharge for 8 sediment stations cover a
range in streamflow of 20 to 8, 360 cfs (cubic feet per second) and a range of
measured suspended-sediment discharge of 194 to 366,000 tons per day.
Ratios of computed instantaneous total sediment discharge to measured
suspended-sediment discharge wereas low as 1.05 and as high as 1.75. The
results of the computations were used to estimate average ratiosof total sed-
iment discharge to measured suspended-sediment discharge for most of the
stations in the basin. A plot of unmeasured sediment discharges (the differ-
ence between computed total sediment discharge and measured suspended-
sediment discharge) against water discharges shows that the unmeasured
sediment discharge increased in approximate proportion to water discharge
for 3 streams, as about the 1.2 power of the water discharge for 2 streams,
and as about the 1.5 power for another stream. The percentage of unmeas-
ured sediment dischargebecomes small for large flows that containhigh con~
centrations of suspended sediment. Computed size distributions of the total
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sediment discharge were about the same as those of the measured suspended
sediment at the contracted sections but usually indicated much coarser sizes
than those of the measured suspended sediment at the normal sections.

The chemical quality of the surface water in the Wind River drainage ba-
sin differs widely fromone stream toanotherand is variable inmany streams
from headwaters to mouth. Geologic factors, runoff and streamflow char-
acteristics, and irrigation practices largely determine the nature and amount
of the dissolved minerals that are transportedby the Wind River and its trib-
utaries.

Chemical analyses of the water at 22 selected locations depict the effect
of geology on the quality of the waters. These waters ranged from a dilute
(specific conductance of 50 micromhos), calcium bicarbonate type in a moun=-
tain stream to a highly mineralized (specific conductance of 4, 420 micro-
mhos), calcium and sodium sulfate type in a creek in the more arid region.
Three and four years of water-quality records for the Wind River at Riverton
and the Bighorn River at Thermopolis, respectively, established the relation~-
ships between salinity and water discharge at these locations. In general,
the periods of low dissolved-mineral concentration were associated with pe-
riods of high runoff, whereas higher dissolved-mineral concentrations cor-
responded with days of lower flow. However, maximum salinity did not co-
exist with minimum water discharge but occurred at somewhat higher flows.
The water-quality relations in drains of the Riverton project show that the
mineral content and geochemical character of the applied water are altered
appreciably by evapotranspiration, by dissolving accumulated salts in the
irrigated lands, and by solution of sodium and calcium sulfates from the soil
and mantle rock.

During the period included in this investigation before the closure of Boy-
sen Dam, streamflow removed about 748, 000 tons of dissolved material from
the Wind River drainage basin annually. Computations of discharges of ma-
terial in solution from fivedrainage areas within the basinshow that the rate
of dissolving and of discharge of dissolved material is more dependent on
precipitation and runoff than on the mineral and physical properties of the
soil and rocks. Irrigation is particularly effective in dissolving and trans-
porting large quantities of salt.

Because of their low salinityand other favorable characteristics, many of
the waters are suitable for domestic and some industrial uses. Four differ-
ent methods for classifying water for irrigation were applied to results of
analyses from several of the present sources of supply. All methods con-
curred in showing that the waters were of good quality for irrigation. Most
of the waters were so dilute that little leaching would be required with their
application.

INTRODUCTION

PURPOSE AND SCOPE OF INVESTIGATION

.

The investigation of sedimentation and of the chemical quality
of surface waters in the Wind River Basin in west-central Wyo-
ming was undertaken as a part of the program of the Department
of the Interior for development of the MissouriRiver basin. The
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overall plan for the Missouri River basin includes the develop-
ment of irrigation and hydroelectric power and the storage and
regulation of floodwaters. One of the requirements for success-
ful planning of economically feasible projects in the basin is re-
liable informationon fluvial sediments and on the chemical qual-
ity of the water.

This study of sedimentation was made to determine the quan-
tity of sediment that is transported by the streams in the Wind
River drainage basin, the probable sources of the sediment, and
the probable specific weight of the sediment when initially depos-
ited in a reservoir. The chemical quality of the water was in-
vestigated to obtain information concerning the nature and a-
mounts of dissolved material in the waters and the suitability of
the waters for different uses. This report summarizes the re-
sults of the study to September 30, 1952, and, in addition, in-
cludes some special studies that were made during the 1953 and
1954 water years,

On March 15, 1946, the GeologicalSurvey installed a sediment
station on the Bighorn River at Thermopolis, Wyo. Since that
time, 31 additional sediment stations have been established and
operated on a daily basis for different periods of time on the
streams in the Wind River drainage basin.

The records of measured suspended-sediment discharge do
not, of course, show the total sediment discharge of most
streams. Hence, a few computations of unmeasured sediment
discharge were made for each of eight stations. The results of
these computations were used as the basis for estimating average
percentages of unrmeasured sediment discharge at the different
sediment stations.

Sediment discharges at the sediment stations, even for the
short periods of available record, give a measure of the quantity
of sediment that is transported by the streams at the points of
measurement. Particle-size analyses of suspended-sediment
samples furnished information that aids in computing the amount
of unmeasured sediment discharge and the probable initial spe-
cific weight of the sediments after deposition.

The network of sediment stations in the Wind River Basin was
arranged so that the sediment loads at the stations would delin-
eate the source areas as well as the approximate amount of sed-
iment that each area contributes to the total: sediment load as
measured in the Bighorn River at Thermopolis, Wyo., about 21
miles downstream from Boysen Dam.

The purpose of the chemical-quality section of this report is
to present the available information on the water quality of the
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Wind River Basin that will further proper development, control,
and use of the water resources of the area. In the study the fol-
lowing items were considered: the nature and amounts of min-
eral constituents in solution; the geologic, hydrologic, and cul-
ural factors that influence and determine the water quality; the
amount and probable source of the salts discharged by the
streams; and the suitability of the water for domestic, industrial,
and irrigational uses.

Basic chemical-quality data were obtained at 10 scheduled
sampling stations, which were operated from 1} to 5} years.
These data were supplemented with 85 analyses of water from
48 other locations. The records for the station near Dubois fur-
nish information on the quality of the water near the headwaters,
and the records for the station at Thermopolis furnish informa-
tion on the quality of the water that leaves the basin. The sta-
tions on Fivemile and Muddy Creeks were established for col-
lection of data on the relationship of irrigation to water quality.

The field studies made during the investigation provided a
background of information that was essential to the understanding
and interpretation of the sediment and chemical-quality base
data. Pertinent published reports were reviewed in the study of
the geology and its relationship to the sediment and minerals
that are carried in suspension and in solution by the streams of
the Wind River Basin.

PREVIOUS INVESTIGATIONS

In 1938 the Corps of Engineers, U. S. Army, started a study
of suspended sediment in the Bighorn River and its tributaries.
This study continued through 1944, and some results of the study
are contained in a report on the Yellowstone River and tributar-
ies.l/ The stations at which sediment discharges were meas-
ured for areas in the Wind River drainage basin and the periods
of operation were as follows:

Bighorn River at Thermopolis....,...... April1938 to May 1945
Wind River at Riverton................. May 1940 to May 1945
Fivemile Creek near Shoshoni..December 1939 to October 1940

y United States Army, Corps of Engineers, 1946, Review
report on flood control and other purposes, Yellowstone River
and tributaries, Wyoming, Montana, and North Dakota, supple-
ment VI, Silt studies.
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Data for these years cannot be compared directly with meas-
urements made after 1946 because of the difference in methods
of sampling, types of samplers, and procedures for computing
monthly sediment discharges.

Results of the sediment, erosion, and quality-of-water inves-
tigations made by the Geological Survey from 1946 to 1948 were
made available in a preliminary unpublished report.g/ Chemical
quality of ground water in the Riverton irrigation project has
been discussed by Durum (Morris and others, 1956).

PERSONNEL AND ACKNOWLEDGMENTS

This investigation was made by the Geological Survey in co-
operation with other agencies of the Department of the Interior.
The investigation was conducted by the Water Resources Division
of the Geological Survey, under the general supervision of P. C.
Benedict, regional engineer. The investigation of sediment ac-
cumulations in smallreservoirs was made under the supervision
of H. V. Peterson, staff geologist. .

Chemical analyses of water samples were made under the
supervision of H. A. Swenson, Lincoln, Nebr. The chemical-
quality, sediment, and streamflow stations were operated under
the supervision of T. F. Hanly, Worland, Wyo.

Unpublished records of water discharge were furnished by
F. M. Bell, district engineer, Denver, Colo.

WIND RIVER BASIN
GEOGRAPHY

The Wind River drainage basin in west-central W yoming (pl. 1)
occupies most of Fremont County and small parts of Natrona and
Hot Spring Counties. The Wind River drainage basin almost
coincides with the Wind River Basin, which is a distinct topo-
graphic basin about 150 miles long and 70 miles wide and which
has an area of about 7, 800 square miles. Runoff and the sediment

_2_7 Hembree, C. H., and others, Sedimentation and chemical
quality of water in the Bighorn River drainage basin, Wyoming
and Montana. [Manuscript report in open files of U. S. Geol.
Survey.]
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and dissolved mineral discharge from the basin are measured
at Thermopolis, which is downstream from the "wedding of the
waters'' where the name of the river changes from Wind to Big-
horn. The drainage area upstream from this station is 8,080
square miles. The Wind River Basin is bounded on the north by
the Owl Creek Mountains, the southern tip of the Bighorn Moun-
tains, and the eastward extension of the Absaroka Mountains,
on the west and southwest by the Wind River Mountains, on the
south by Beaver Rim, and on the east by the Rattlesnake Range
and a region of high plains (fig. 1) . The Wind River Basin com-
prises approximately one-fourth of the Bighorn River drainage
basin. Riverton, population 4,142, and Lander, population
3, 349, are the 2 principal centers of population. Lander is the
county seat of Fremont County. Other incorporated towns and
their populations are Hudson 293, Shoshoni 891, Pavillion 241,
Dubois 279, and Lost Cabin 73. (All population figures are from
the 1950 published records of the Bureau of the Census.)

The Chicago, Burlington & Quincy Railroad passes through
the northeastern part of the basin. A spur line of the Chicago
and North Western Railway runs from Bonneville through Riv-
erton to Lander, It connects with the Chicago, Burlington &
Quincy Railroad at Bonneville. Several buslines and the Fron-
tier Airlines serve the basin,

Three United States highways and two State routes form a
good network of paved roads in the basin. U. S. Highways 20
and 26 from Casper enter the basin from the east. At Shoshoni
U. S. Highway 20 turns north down the Wind River and leaves
the basin through the Wind River Canyon. U. S. Highway 26
roughly parallels the Wind River from Shoshoni upstream and
passes out of the basin toward Teton National Parkover Togwotee
Pass. U. S. Highway 287 from Rawlins enters the basin from
the southeast, passes through Lander, and joins U. S. Highway
26 at the Wind River Diversion Dam. From this junction, the
two U. S. Highways follow the same route up the Wind River.
State Route 320 connects Lander and Shoshoni through Riverton.
State Route 28 from historic South Pass enters the basin from
the south and joins U. S. Highway 287 at Perrin, a few miles
southeast of Lander. These highways are oil-surfaced, all-
weather roads. In addition, the basin has several county roads,
some of which are hard surfaced.

In terms of yearly monetary value, the oil-and-gas industry
is the most important industry in the basin. The yearly gross
value of oil and gas produced in the basin is usually double the
gross value of the products of farming and ranching. Revenue
from the tourist trade is important in the economy of the basin.
Mineral industries based on coal, gold, radioactive ores, tung-
sten, and phosphate are potentially important.

388176 O - 56 -2
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GEOLOGY

The rocks exposed in the Wind River Basin are granite,
schist, and gneiss of Precambrian age and a thick series of sed-
imentary strata that range in age from Cambrian to Recent.
(See table 1.) The oldest rocks are exposed in the mountains,
and successively younger rocks crop out with distance from the
mountains toward the axis of the basin. (See pl. 3.)

Rocks of Precambrian and Paleozoic age are confined to the
mountains. Igneous and metamorphic rocks of Precambrian age
are exposed near the crests of the mountains and in the deep
canyons that are cut into the flanks or, like the Wind River Can-
yon, through the mountains. The Paleozoic rocks are mostly
limestones and sandstones. These rocks crop out along the
flanks of the Wind River and Owl Creek Mountains and in a few
small areas on the floor of the basin.

Rocks of Mesozoic age crop out along the flank of the Wind
River and Owl Creek Mountains and in denuded anticlines in the
floor of the basin. On the basis of their composition and area of
outcrop, the rocks of Mesozoic age may be roughly divided into
three groups. The first group is comprised of the formations of
Triassic and Jurassic age and the Cloverly formation of Creta-
ceous age. This group is composed of shale, siltstone, and
limestone. Gypsum is present in many of the beds. The second
group is comprised of a great thickness of alternating thin beds
of sandstone and thick beds of shale that have been divided into
the Thermopolis and Mowry shales, the Frontier formation, and
the Cody shale. The third group, comprised of the Mesaverde
and other post-Cody Cretaceous rocks, is a series of interbedded
sandstones and shales.

Rocks of Tertiary age cover the greater part of the floor of
the Wind River Basin. The Fort Union formation of Paleocene
age crops out in only a few places and consists of sandstone,
shale, siltstone, and some coal. The oldest rocks of Eocene
age in the basin have been named the Indian Meadows formation.
These rocks crop out in a small area near the Wind River in the
northwestern part of the basin. The Wind River formation of
Eocene age covers most of the floor of the basin and consists
mainly of shale, siltstone, and standstone (fig. 4). Rocks of
Tertiary age that are stratigraphically above the Wind River
formation crop out in the northwestern part of the basin and a-
longBeaver Rim in the southeastern part. They are mostly silt-
stone and other fine-grained rocks.

Deposits of glacial debris (fig. 5) are in the mountains and
along the base of the mountains, and remnants of gravel-capped
terraces of Pleistocene age (fig. 2) are on the floor of the ba-
sin, The glacial deposits are limited in area, but the terrace
remnants occu .y a lar-e jrart of the basin.
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Table 1l.--Summary of exposed rock formations in the Wind River Basin
/Branson and Branson, 1941; Brown, 19495 Hares and others, 1946; King, 1947; Love,
1939 and 1948; Love and others, 1945 and 1955; Reeside, 194kh; Thomas, 193L and
1948; Thompson and others, 1949; Tourtelot, 1948; Van Houten, 1950; and Weller

and others, 19487

Age Formation and member Remarks
? Recent Glacial deposits in the mountains,
] Terrace and flood-plain deposits of
§ gravel, sand, silt, and clay along
g Pleistocene the streams, Some areas of wind-
blown deposits,
< Unconformity- Lad
White massive soft tuffaceous sand-
Miocene 1) stone and marl,
N Gray to brown coarsely bedded volcanic
Wiggins formation conglomerate interbedded with white
blocky tuffaceous claystone,
Oligocene f White to pale-pink blocky tuffaceous
Wh}te Ri.\_rer claystone, siltstone, sandstone, and
q\ima on | Jenticular arkosic conglomerate.
AR
s : Green and olive-drab andesitic con~-
Q
3 Tepee Trail formation glomerate, sandstone, and claystone.
[
8 Brightly variegated tuffaceous clay-
) E £ i stone and sandstone grading later-
B Aycross formation ally into greenish-gray sandstone
E and shale,
Eocene ]
£ 4 | Lost Cabin member | pAssemblage of interbedded yellowish,
Eg red, tan, and gray siltstones, sand-
:\-5: 8 | Lysite member stones, shales, and claystones,
=
< Red to variegated claystone, shale,
In gi:mn;zie_igws sandstone, and beds of large boul-
Unconformity: ders., Some algal ball limestone.
Gray and buff sandstone, siltstone,
Paleocene Fort Union formation shale, thin interbedded subbitu-
minous coal, and carbonaceous shale,
conformity:
Light-gray and brown sandstones and
Lance formation interbedded gray shales, claystone,
and carbonaceous shale,
Gray soft marine shale, with many gray
Lewis shale and brown lenticular sandstone beds;
many concretions,.
Light-gray shale, sandstone, and car-
Meeteetse formation bonaceous shale; thin seams of coal
) in the upper half of the formation.
2 Alternating white to buff massive and
g | Oretaceous Mesaverde formation thin-bedded sandstones and shales;
2 sometimes crossbedded.

Cody shale

Shaly sandstone, dark-gray marine
shales, calcareous shale, and a few
thin beds of bentonite,

Frontier formation

Gray and black interbedded sandstone
and shale. Thin subbituminous coal
beds are present.

Mowry shale

Soft black nonsiliceous shales at base
grade up into hard siliceous shale;
contains beds of bentonite and
quartzitic sandstone,
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Recent alluvial deposits are along all the streams in the ba-
sin. The lateral extent and the depth of these deposits are high-
ly variable, but, in general, the thickness and areal extent in-
crease downstream.

RESUME OF THE PHYSIOGRAPHIC DEVELOPMENT

OF THE WIND RIVER BASIN

Orogenic movements that created the Rocky Mountains start-
ed late in Mesozoic time and continued into the Tertiary. The
building of the mountains coupled with attendant and subsequent
erosiondetermined the present-day topography of the Wind River
Basin. Aggradation in the Central Plains east of the mountains
and in the intermontane basins occurred during and after the up-
lift of the mountains. In the Wind River Basin, isolated rem-
nants of late Tertiary rocks (fig. 3) and the basinward sloping
surfaces of these remnants indicate that the aggradation culmi-
nated in deposits of sediment that were about 3, 500 feet thick.
Projection of the sloping surfaces across and above the present
floor of the basindefinesin a general way the altitude of the floor
at the time of maximum fill (Darton, 1906).

The high sediment concentration and the dissolved-mineral
load of the Bighorn River at Thermopolis, before the construc-
tion of Boysen Dam, and of many of the tributaries to the Wind
River reveal that, in general, degradation of the basin, which
began in Tertiary time, still continues. At present, waste wa-
ter from the irrigation projects and the runoff from storms
gather up and transport large quantities of the easily eroded or
dissolved sedimentary deposits that compose much of the sur-
face of the basin floor.

The present course of the Wind River has been interpreted to
mean that,at some time in the past, the upper part of the Wind
River was tributary to the Sweetwater River (Branson and Bran-
son, 1941, p. 147). The former course of the Wind River is
apparently delineated by a low gap in Beaver Rim, southeast of
Lander. The present Wind River turns abruptly northward near
Riverton and leaves the basin through the Wind River Canyon.
One explanation of the peculiar bend is the assumption of capture
of the Wind River by a tributary of the ancestral Bighorn River.
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CLIMATE

The Wind River Basin, owing to the large increase in altitude
between the basin floor and the mountains, has wide local dif-
ferences in temperature and precipitation. These differences
in climate greatly affect the amount of sediment and dissolved
minerals carried by the streams and in conjunction with other
factors partly determine the areas that will furnish most of the
sediment and salts to the streams.

Precipitation in the Wind River. Mountains is relatively high
and falls mostly as snow. Climatological data are not available
for the areas of medium and high altitudes, but precipitation at
some localities in the Wind River Mountains probably exceeds
40 inches a year (Oltman and Tracy, 1949, p. 7). The distri-
bution of average annual runoff (pl. 2) gives an indication of the
increase in precipitation with altitude.

" Oltman and Tracy (1949, p. 8) have shown that annual pre-
cipitation in the Wind River Mountains increases rapidly with
increase in altitude. The relationship that they determined for
a line passing through Riverton and Lander to the top of the
range was an increase of precipitation of 6 inches per 1, 000-foot
increase in altitude.

The climate of the floor of the basin is arid. For the water
years 1924 to 1952 the U. S. Weather Bureau Stations at Diver-
sion Dam, Pavillion, and Riverton recorded annual precipitation
that averaged 9.81, 9.26, and 9. 32 inches, respectively. Dur-
ing this same period the annual precipitation ranged from 5.75
to 15. 54 inches at Diversion Dam, 5.23 to 15.04 inches at Pa-
villion, and 5.72 to 13.21 inches at Riverton. The records
show that there were more years of below average precipitation
than there were years of above average precipitation. (See ta-
ble 2.)

The foothill areas probably receive a greater amount of high
intensity rainfall, with resultant higher rates of runoff, than the
areas at lower altitudes. The foothill sections, in general, are
transitional zones between the cold, humid climate of the high
mountains and the warmer, drier climate of the plains.

The average distribution of precipitation within the year in
the interior of the basin is rather uniform. Almost 50 percent
of the annual precipitation on the floor of the basin falls during
April, May, and June, which is also the time of the melting of
most of the snow in the mountains., An additional 20 percent of
the precipitation falls in September and October. About 19 per-
cent of the annual precipitation occurs in May, which is the
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Table 2.--Annual precipitation by water years at selected U. S. Weather
Bureau Stations
/Figure in parentheses is altitude, in feet/

Precipitation, in inches

Water : > T
Fort Diversion < Middle

year | Dubois Washakie lander Dam Pavillion |Riverton Fork
(6,917) | '”cp3y | (5:562) | (s '5qyy | (554bO) | (L,95L) | g ncy

1918 | 20.2L | vevevens | 13205 | cevveenns | vanens eee |eoveeeas | 18,68
1919 LEN NN NN ] LR NN NN NN ] 7.’-‘»7 L RO RN LA N NN 7.39 10'58
1920 LI NI ) Ses s s 17088 LI B N ) IR N NE NN NI IEE NN NN ] LN NN
1921 S0 e0 0000 e 19058 11098 ®Seeo008s0 CIC AR A N e®es 000
1922 | veeeees | sevsenes | 1161 6.70 ceeneonss |eesences [esesnen
1923 | seeeeen | covennes | 19.90 13.09 cevesenee 17.25 |eecenss
192l | T7.22 16.72 9.93 9.69 9.83 | 19.12
1925 | 8,15 8.46 8.87 9.1h 9.94 | 11.65
1926 8.2 12,90 5.75 8.21 10.65 20.53
1927 | cevecve | soveecas | 14a72 11,25 12,04 10,21 | 17,13
1928 7488 | ceconees | 10,12 8.29 5.70 7.3%9 15,19
1929  5.09 | eeeeens .| 17.24 10,33 7.01 9.30 | 23.61
1930 9.70 17.10 | 17.58 12,73 13,12 10.30 | 20.89
1931 | 7.4t 14.76 | 12.97 10.62 7.72 7.62 | 15.39
1932 9.20 10.2L 8.78 6.88 5.23 6,20 | 13.21
1933 | 7.89 12,49 | 15,13 8.90 9.16 9.86 | 18.28
1934 | 8.6 9.77 | 10.89 6,31 6.35 6,59 | 12,72
1935 | 6.L49 12,57 | 13.98 9.31 6.86 8.97 | 18.88
1936 | 7.87 11.55 | 11.74 8.45 6,42 7.24 | 18,90
1937 8.33 14.33 | 17.08 9.21 9.71 10.97 | 22,00
1938 9.65 9.85 11.80 8.73 8.68 9.38 17,44
1939 | 8.3L 10.k1 | 11,04 7.77 8,45 8,10 | 15.02
1940| 8.56 9.97 | 10.51 9.70 7.82 7.82 | 15.68
1941 | 15,28 15.5L | 18.94 12,33 12,20 13.21 | 23,94
1942 9,68 12,14 | 1y 8.30 8.73 9.99 | 16,53
1903 | cvoenns 10,38 1h.66 7022 7.12 10,60 | 19.ub
19L4h | weeevee | 17032 | 19.57 14,75 15,04 12,07 | 22,42
1945 15,09 13,56 | 15,75 13.10 14,07 11.78 | 20.36
1946 8.89 10,47 11,50 8,87 9.57 9.09 17.21
947 | 11,37 19.03 | 19.91 15.5h 14,38 12,77 29,63
1948 8,82 10,38 11.76 10.75 8,58 7.48 16,60
U9 | 9.26 10,38 | 12,98 10,77 8,12 5.72 | 18.k6
1950 14,09 15,31 | 18.39 12,42 10,21 11,10 2L.26
1951 9,67 9.45 | 13.20 8.20 9.15 7.54 | 17.k2
1952 | 6,01 9.58 | 13.15 9.19 9.95 8,70 | 20,22
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month of greatest rainfall. Few recorded data are available on
intensity of rainfall in the basin, but the available records indi-
cate the possibility of rainfall of moderately high intensity dur-
ing the summer months.

SOILS AND VEGETATION

The effect of altitude on climate, which in turn affects the
soils and vegetation, is evident in the Wind River Basin. The
great variety of soils in the basin is due to the differences in
climate and in kinds of parent material. The soils range from
the types formed in the arid climate of the basin floor to the
types formed in the subhumid climate of the mountains. Thorp
(1931, p. 283-302), from his study of the effect of climate on
soils in northern and northwestern Wyoming, divided the soils
of the region into several major soil groups. He found that the
soils in the foothills and semiarid plains are mainly Chernozem
and Chestnut, that Brown soils are present in the more arid
part of the plains, and that the Chernozems are restricted main-
ly to areas of subhumid climate in the foothills. In the higher
parts of the Wind River Mountains the better developed soils
occur in only small areas. Most of these true soils are Gray-
Brown Podzolic, but some are Alpine Meadow and Podzols.

The soils of the flood plains are developed from water-
deposited silts, sands, clays, and gravels; all are somewhat
calcareous. These soils are usually light gray, but near the
mountains they range from reddish brown to very dark grayish
brown, owing to organic material.

The soils of the terraces and alluvial fans range in color
from light grayish brown to black. These soils are but slightly
leached and are rich in mineral plant nutrients but low in or-
ganic material. The soils of the older terraces and alluvial fans
have a claypan immediately underlain by a thick accumulation of
gypsiferous and calcareous material. In contrast, the soils of
the younger terraces and alluvial fans have little clay in the up-
per subsoil layers and only a moderate accumulation of lime in
the subsoil.g/

In the areas of the basin floor away from the streams, re-
sidual soils have developed on bedrock. These soils are mostly

3/ United States Bureau of Indian Affairs, 1950, Detailed
land planning and classification report on the Indian Reservation
lands in the Wind River Basin: Missouri River Inv. Staff Rept.
102, p. 6-11.
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shallow, and their color and texture depend on the parent ma-
terials. Large areas in the uplands, like the mountains, have
no true soil cover but have only bare rock at the surface.

The native vegetation of the Wind River Basin, like the soils,
changes with altitude. In the mountains, especially in the Wind
River Mountains, large areas are covered with forests, which
consist mainly of coniferous trees. The most common tree is
the lodgepole pine, but there are many other kinds, such as
limber pine, Engelman spruce, Douglas fir, and aspen. (See
fig. 5.) The mountain parks are covered with many kinds of
meadow grasses. Willows grow along most of the streams in
the mountain meadows.

The floor of the basin is characterized by semiarid types of
vegetation, of which sagebrush is the predominant type. (See
fig. 4.) The mostabundant grasses are bluegrass, niggerwool,
junegrass, wheatgrass, gramma, Indian ricegrass, and needle-
and-thread grass. Growths of willows and cottonwoods are
scattered along the streams.

HYDROGRAPHY

PHYSICAL CHARACTERISTICS OF THE STREAMS

The physical characteristics of a stream are controlled by
many factors. Outstanding among them are types of rock ma-
terial, climate, topography, and vegetation. Although the fac-
tors are interdependent, types of rock material and climate are
particularly important in determining the characteristics of a
stream; type and density of vegetation as well as minor topo-
graphic features are dependent on these two factors.

WIND RIVER

The Wind River rises in the northwestern end of the Wind
River Mountains and flows southeastward for more than 100
miles to its junction with the Popo Agie River a short distance
downstream from Riverton, Wyo. The Wind River begins as a
mountain stream and maintains the characteristics of a moun-
tain stream over most of its length. From its source at Togwo-
tee Pass to 81 miles downstream, the Wind River has an average
slope of about 200 feet per mile. (See pl. 4.) From this point
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to DiversionDam the mean fall of the river is more than 25 feet
per mile. From Diversion Dam to its junction with the Popo
Agie River, the Wind River has an average slope of 15 feet per
mile. The Wind River flows in a valley that gradually widens
from canyonlike proportions in the headwaters to substantial
flood plains in the lower reaches. Over most of its length up-
stream from Riverton the Wind River flows over a stream bed
of gravels and boulders, which tend to prevent channel erosion.

Tributaries of the Wind River upstream from Riverton in-
clude the Du Noir River, Horse Creek, North Fork, Crow Creek,
two Dry Creeks, Dinwoody Creek, and Bull Lake Creek., Dry
Creek is the only one of these tributaries that enters the Wind
River between Diversion Dam and Riverton. (See pl. 1.)

The streams that enter the Wind River from the south drain
the northern side of the Wind River Mountains. Most of these
streams originate in the summit area of the mountains, which
is underlain by granitic rocks, and flow through an area under-
lain by rocks of Paleozoic and Mesozoic age. (See fig. 5.) The
stream channels are cut in gravels of Quaternary age and ap-
pear to erode very slowly.

The North Fork and the East Fork Wind River rise in the high
areas of the Absaroka Mountains. They have characteristics
that are similar to those of the streams that enter the Wind
River from the south. (See fig. 6.) The average slope of the
North and East Forks and of the streams that enter the Wind
River from the south is about the same as that of the upper 8%
miles of Wind River, about 200 feet per mile.

Streams that are tributary to the Wind River from the north
and that enter the Wind River downstream from the North Fork
and upstream from Riverton differ considerably from the streams
that enter from the south. Most of these streams from the north
rise in the Absaroka Mountains and flow through areas underlain
by Tertiary volcanic and sedimentary rocks. The Tertiary sed-
imentary rocks are easily eroded, and in some areas they have
been dissected into badlands. The streams generally carry
little flow, but heavy rainfalls occasionally cause high dis-
charges of short duration.

Downstream from its confluence with the Popo Agie River,
the Wind River flows northward and leaves the basin through the
Wind River Canyon. Before the completion of Boysen Dam at
the head of the Wind River Canyon, the Wind River downstream
from Riverton followed a meandering course on an average slope
of 8 feet per mile to the head of Wind River Canyon. From this
point to Thermopolis the Wind-Bighorn River has an average
slope of 15 feet per mile. However, its gradient at the upper
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most part, by the Wind River formation. Small areas at the
head of Canyon and Deer Creeks, headwater tributaries, are
underlain by Mesozoic and Paleozoic rocks, respectively. In
general, the topographic relief of Poison Creek drainage basin
is lower than the relief of the other basins tributary to the Wind
River. The average slope of Poison Creek is about 22 feet per
mile.

PoisonCreek, like most of the streams that entered the Wind
River downstream from Riverton, has been generally aggrading
from its mouth to some distance upstream (fig. 9). The forma-
tion of Boysen Reservoir, which Poison Creek now enters west
of Shoshoni, will probably increase the distance that aggrada-
tion extends upstream. Aggradation may not have been continu-
ous before the construction of Boysen Dam. Probably much of
the aggradation in the lower reaches of Poison Creek, as well
as in other streams that drain the floor of the basin, represents
a temporary storage of sediment between major storms. If this
is true, then the bed of the stream undergoes gradual aggrada-
tion followed by very rapid degradation. Whether the net result
for a period of say 100 to 200 years is aggradation or degrada-
tion is unknown. However, the lake behind Boysen Dam will
certainly cause aggradation in the lower reaches of Poison
Creek by decreasing the gradient.

BADWATER CREEK

Badwater Creek drains the southern slopes of the Owl Creek
Mountains and flows into Boysen Reservoir opposite the mouth
of Muddy Creek. All but one of the tributaries of Badwater
Creek drain areas north of the stream. Alkali Creek, an inter-
mittent stream that rises north of Arminto and flows westward,
joins Badwater Creek near Lysite. Bridger Creek, which joins
Badwater Creek downstream from Lysite, is, on the basis of
runoff, the principal tributary of Badwater Creek. In the moun-
tains, Badwater Creek and its tributaries drain areas that are
mostly underlain by resistant Precambrian and Paleozoic rocks.
The streams, consequently, are relatively clear until they leave
the mountains. Badwater Creek and its tributaries that rise in
the mountains are slowly eroding the upper reaches of their
valleys. The downstream parts of the valleys are underlain by
Tertiary rocks and Quaternary flood-plain material.

Badwater Creek has an average slope of 34 feet per mile and
forms a rectangular drainage pattern. (See pl. 1.) Little run-
off enters from the south. Probably as the ancestral stream
eroded downward, it was pushed southward by the unequal and
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decidedly preponderant supply of alluvial material from the
southern slopes of the Owl Creek Mountains. Slow southward
migration of the stream is probably continuing.

Flow in the upper reaches of the stream and tributaries is
sustained by snowmelt and ground-water inflow, but appreciable
flow in the lower reaches of the main stream is only in direct
response to heavyrainstorms. Most base flow of the stream is
used for irrigation along the upper reaches, and there is little
return flow. For considerable periods no flow passes the gaging
station at Bonneville.

MUDDY CREEK

Muddy Creek rises in the Owl Creek Mountains and flows
southeast on an average slope of 24 feet per mile along a course
about 5 miles northeast and essentially parallel to Fivemile
Creek. Before 1950 Muddy Creek was an intermittent stream
in its lower reaches. However, in 1950 the Bureau of Reclama-
tion completed an addition to the Riverton irrigation project,
and since that time waste water has been released into the chan-
nel of Muddy Creek.

Throughout most of its length, the channel of Muddy Creek is
cut in alluvial deposits. Most of the upper part of its drainage
is underlain by Mesozoic rocks, and the lower part is underlain
by the Wind River formation. Muddy Creek contributed large
sediment loads to the Wind River even before waste water from
irrigation entered its channel. Some sediment was carried
during periods of snowmelt; much sediment was carried during
stormflows, which are usually of short duration though some-
times of high intensity. However, when waste water started
flowing down the channel, the sediment load was increased
greatly. The stream is now (1954) widening its channel by e-
roding the banks.

DRY COTTONWOOD CREEK

Dry Cottonwood Creek rises in the Owl Creek Mountains and
flows eastward on an average slope of 57 feet per mile to enter
Boysen Reservoir about 2 miles upstream .from the dam. The
lower 7 miles of the stream has a gradient of 17 feet per mile.
Almost all the flow of Dry Cottonwood Creek comes from tribu-
taries that rise on the southern slopes of the Owl Creek Moun-
tains and that flow southward to join the parent stream at the
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foot of the mountains. Most of the tributaries start as springs
and do not exceed 10 miles in length. Dry Cottonwood is an e-
phemeral stream, which is usually dry. Most of its yearly nat-
ural flow comes in 2 or 3 days and is the result of storms. Be-
ginning in 1951 waste water from irrigation has entered the
creek channel several miles upstream from the gaging station.

TRIBUTARIES DOWNSTREAM FROM BOYSEN RESERVOIR

Red CanyonCreek and Buffalo Creek, tributaries that are not
a part of the Wind River drainage basin, empty into the Bighorn
River upstream from the gaging station at Thermopolis. These
stream.s enter the Bighorn River just downstream from the
"wedding of the waters,' where the name of the river changes
from Wind to Bighorn. Buffalo Creek heads along the north
slope of the Owl Creek Mountains and flows across an area un-
derlain mostly by Paleozoic rocks. Red Canyon Creek derives
its name from the red color of the Chugwater formation and
other closely related formations of Mesozoic age that underlie
most of its drainage area. Because of their relatively small
drainage areas, the creeks have only small amounts of stream-
flow. However, the erodible nature of the alluvium along the
streams and their steep gradients plus other factors cause the
sediment concentration to be rather high when flow does occur,
Nevertheless, the total sediment load contributed by these two
streams and by minor tributaries in the canyoun is probably not
great.

RUNOFF

Average annual runoff in the Wind River drainage basin is a-
bout 3.6 inches on the basis of adjusted streamflow records for
the BighornRiver near Thermopolis. The adjustments were for
net loss owing to irrigation and for estimated runoff between
Wind River Canyon and Thermopolis. Within the basin, average
annual runoff ranges from less than 0.25 inch to more than 40
inches. Lowest annual runoff is from areas below 6, 000 feet in
the basin, where precipitation averages less than 10 inches an-
nually. The highest runoff is from the mountains at altitudes a-
bove 11,000 feet, where annual precipitation probably averages
more than 45 inches and moisture losses are low. A few small
glaciers are on the slopes of high mountains at the headwaters
of Dinwoody and Bull Lake Creeks in the areas from which run-
off is highest., Oltman and Tracy (1949) discussed the runoff in
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the Wind River drainage basin in detail and showed the distribu-
tion of average annual runoff by lines of equal runoff that are
reproduced on plate 2.

Runoff from the mountains is generated mostly by melting of
snow and by spring and early summer rains. Because annual
water losses are small in comparison to annual precipitation,
runoff from the mountains does not vary greatly from year to
year. In the valley areas, where runoff is low, the runoff is
generated mostly by storms in late spring and early summer.
The annual water losses nearly equal the annual precipitation;
therefore, in terms of percentage changes, runoff is extremely
variable from year to year and from point to point during any
year.

During many years runoff from the basin floor is negligible,
but a general intense rain like that of July 1923 produced runoff
from the basin floor as well as from higher areas. Flow of the
Wind River at Riverton increased from about 4, 500 cfs on July
22 to a peak of 11,400 cfs on July 25. Peak discharge at Ther-
mopolis was 29, 800 cfs on July 24. Estimated peak discharges
on Muddy and Badwater Creeks were 16,300 and 18,600 cfs,
respectively. Such a flood as that of July 1923 may occur only
once in many years, but it does increase considerably the long-
time average runoff and sediment yields from drainage areas on
the basin floor.

STREAMFLOW RECORDS

Many published records of streamflow for the Wind River
drainage basin are available. Periods of record totaling 417
station years are shown by the bar graphs on chart 1. (Not all
these records are continuous during the winter.) In addition,
records of flow were obtained during 1949 and 1950 on many
drains and wasteways along Fivemile Creek in connection with
the measurement of sediment discharges. Locations of the
streamflow stations are shown on plates 1 and 5. Some short
periods, usually less than about 1} years, of streamflow rec-
ords on natural streams were omitted from chart 1. A few
small diversions tabulated in special reports of the State Engi-
neer of Wyoming on diversions from the Wind and Bighorn Riv-
ers also are not shown. All the records of streamflow that are
mentioned above have been released or are being prepared for
publication by the Geological Survey or by the State Engineer of
Wyoming or by both. A detailed inventory of published stream-
flow records befere October 1, 1944, is given in Water-Supply
Paper 1077 (Colby and Oltman, 1948, p. 54-56, 136-138). The
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inventory lists periods of streamflow record together with all
published sources of the records and gives average annual dis-
charges for many of the gaging stations. Periods of gaging-
station operation to September 30, 1950, have been tabulated by
Oltman and Tracy (1951).

In the Wind River Basin streamflow does not vary greatly
from year to year on major streams, because these streams
receive most of their flow from the mountains. (See fig. 10.)
In a period of 35 years the annual flow of Bull Lake Creek near
Lenore (adjusted for storage in Bull Lake Reservoir since 1936)
ranged only from 490 to 1, 290 acre-feet per square mile. The
annual flow of the Bighorn River at Thermopolis ranged from 61
to 288 acre-feet per square mile during a period of 46 years.
In contrast, the streamflow that originates from areas at lower
altitudes is known to be extremely variable from year to year.
The short record, water years 1948-52 only, for Badwater
Creek at Bonneville has a range in annual discharge from 3.6 to
22.2 acre-feet per square mile. Unfortunately, no long-term
records of flow of streams that are not fed principally by pre-
cipitation in the mountains and foothills are available. The lack
of such records is, in itself, an indication of the low and unde-
pendable flow of streams that rise at low altitudes in the Wind
River drainage basin.

An overall picture of the relative amounts of streamflow at
principal gaging stations in the basin is given by plate 6. The
figures in the circles are approximations of the average flow in
terms of average streamflow of the Bighorn River at Thermop-
olis. They are not based entirely on measured streamflow at
the gaging stations; they are intended to represent the average
flow at the respective points after depletions for the irrigated
acreages that existed at the end of the 1951 water year, just be-
fore Boysen Dam was closed, The measured average flow at
Thermopolis during a 41-year period from October 1, 1910, to
September 30, 1951, was 1, 360, 000 acre-feet annually.

Of course, many of the streams, particularly those that drain
the drier parts of the drainage basin, have very short periods
of record. Wherever the records were too short to establish
dependable averages or the diversions for irrigation have been
changing rapidly, the average streamflow was partly estimated
and may, therefore, be somewhat inaccurate. However, the
figures of average percentages do indicate the relative contribu-
tions of water from the different parts of the Wind River drain-
age basin. The percentages do not represent undepleted flow of
the streams; they represent expected average discharges at the
respective points under present development of irrigation and
storage.
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Plate 6 shows that most streamflow in the Wind River drain-
age basin originates in the mountainous areas that are drained
by the upper Wind River, by Wind River tributaries from the
south, and by the Popo Agie River and tributaries. The average
estimated combined flows of the Wind River near Crowheart and
the Popo Agie River near Riverton slightly exceed the average
flow of the Bighorn River at Thermopolis. Thus, exclusive of
the inflow from the Popo Agie River, the Wind-Bighorn River
from the Crowheart gaging station to Thermopolis loses more
water than it gains. From the mouth of the Popo Agie River to
the present site of Boysen Dam, the natural inflow to the Wind
River probably is only 2 or 3 percent of the flow at Thermopo-
lis. (Most of the flow of Fivemile Creek near Shoshoni and part
of the flow of Muddy Creek near Shoshoni are not natural flows
but are waste and return flows from irrigation.)

Flow of most streams in the Wind River drainage basin is
regulated very little by storage in reservoirs., Bull Lake Creek
from the reservoir to its mouth is the principal exception. The
flow of Bull Lake Creek below Bull Lake Reservoir, which has
a usable capacity of 152,000 acre-feet, is almostentirely regu-
lated by reservoir storage. Storage in this reservoir also reg-
ulates appreciably the flow of the Wind River from the mouth of
Bull Lake Creek to Diversion Dam about 4} miles downstream.

Pilot Butte Reservoir (usable capacity 31,500 acre-feet)
stores some of the water that is diverted through the Wyoming
Canal by Diversion Dam for irrigation and for power develop-
ment,

Ray Lake, an offstream reservoir having a usable capacity
of 7,500 acre-feet (Harbeck, 1948, p. 72), and Washakie Res-
ervoir, which has a usable capdcity of 7,940 acre-feet (U, S.
Geol. Survey, 1952, p. 196), impound water from the South
Fork Little Wind River. Shoshone Lake on Shoshone Creek is a
relatively small reservoir that has little effect on the flow of the
North Popo Agie River.

Where the Wind River leaves the Wind River Basin at the en-
trance to Wind River Canyon, the flow has been controlled since
October 11, 1951, by Boysen Reservoir (p. 21).

Many small lakes in the mountains provide natural storage
and a few of them have small dams to furnish controllable arti-
ficial storage, but they have little effect on the flow of the
streams. In the valley, small reservoirs and water-spreading
works, usually on intermittent streams, control small flows and
have some local effect on streamflows.



34 SEDIMENTATION AND CHEMICAL QUALITY OF SURFACE WATERS

Flow of many streams in the Wind River drainage basin is
greatly affected by diversions for irrigation and by return flow
from irrigated areas. In the foothills, many scattered meadows
and pastures are irrigated; but the individual projects are small,
and the net diversions do not appreciably change the flow of any
but small streams. Much more extensive acreages are irri-
gated on the valley floor near Lander and Riverton. According
to the Bureau of Reclamation 5/ the growth of irrigation in the
Wwind River drainage basin by decades can be summarized by
the following table:

Development of irrigation in the
Wind River drainage basin

Year Acres irrigated
1880 5,400
1890 17,625
1900 22, 260
1910 54,195
1920 65,693
1930 72,920
1940 121,605
1950 134,413

About one-third of the irrigation in the Wind River drainage
basin during the past 30 years has been from the Popo Agie Ri-
ver main stem and tributaries. Only a few thousand acres have
been irrigated from the Wind River and its tributaries below the
mouth of the Popo AgieRiver. (See table 3.) During 1949 about
14,000 acres were irrigated upstream from the Diversion Dam
on the Wind River. Slightly more than half of the total irriga-
tion in the basin was with water that was diverted from the Wind
River into the Wyoming Canal and into other canals between the
the Crowheart gaging station and Riverton.

Nearly half the irrigated acreage in the entire Wind River
drainage basin was irrigated either from the Wind River above
the canal at Diversion Dam or from the Popo Agie River and
tributaries. Irrigation from these sources probably has no great
effect on the yield of sediment in the basin although it does reg-
ulate streamflow to an appreciable degree. In contrast, the
irrigation of land north and west of Riverton by water that is
diverted from the Wind River at the Diversion Dam and between
the dam and Riverton does greatly increase the sediment pro-
duction and also affects streamflow markedly.

_§7 United States Bureau of Reclamation, 1950, Summary of
accomplishments on Interior Missouri Basin Field Committee
program for Wind River Basin, Wyo.: Big Horn Dist., Cody,
Wyo.
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Table 3.--Irrigated acreages in the Wind River drainage basin from
reports of the Bureau of the Census, U. S. Department of Commerce

Acres irrigated
1919 1929 1939 1949

Source of water

Irrigation water diverted
from--

Wind River upstream
from the Popo Agie
River.iceeceeceseces 43,620 51,789 73,157 | a 83,000

Popo Agie River.scec.. 22,073 21,131 | L8,LL8 40,219

Wind River downstream
from the Popo Agie
River.o..‘..‘.ac..,b LA N N 3 seev o b6,300 b)-‘-,ooo

Approximate total in
basiN,eseieasssssaneas (69,000 |c76,000 {a 128,000 a 127,000

& Irrigated acreage based on combination of published figures
and acreages indicated by map,

b Irrigated acreage based on map published by Bureau of the
Census,

¢ Includes estimated acreage irrigated by diversions down-
stream from the Popo Agie River,

Major irrigation development in this area north and west of
Riverton began in 1905 and 1906 when the Indian Service,_started
projects that were later extended and developed into the River-
ton Valley Irrigation District and the LeClair-Riverton Irriga-
tion District (U. S. Cong., 1934, p. 37-38). In 1920 the Bureau
of Reclamation began construction of the Riverton project. Ir-
rigation began in 1925 but was developed slowly, and only 15, 000
acres in the project were irrigated in 1935.6/ By 1950 the ir-
rigable land served by the project was 52, 000 acrés. Since
then, the project has been extended considerably.

Return flows and waste water from the Riverton project col-
lected in a large bowl-shaped depression about 20 miles west of
Riverton and formed Ocean Lake. In 19427/ a channel was dug
from Ocean Lake so that the lake would drain into Fivemile
Creek about 12 miles southeast of Pavillion (pl. 5). Since the
outlet channel was dug, the depth and area of Ocean Lake have
been relatively stable. Topographic maps prepared in 1950
show a lake surface of 9.6 square miles. Ahnual outflow from
Ocean Lake averaged 14, 630 acre-feet during the 4-year period
that ended September 30, 1952,

§7 Schroeder, K. B., and Miller, C. R., 1953, A plan of
channel erosion control, Fivemile Creek, Riverton project,
Wyoming: U. S. Bur. Reclamation Proj. Plan. Div., p. 2.

7/ 1dem, p. 20.
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The flow of the Wind River between Diversion Dam and Ri-
verton is considerably augmented by return to the channel of
water that had been diverted for irrigation or power production.
This return flow ranges in quantity from small ground-water
flow and small surface wastes to the major flow of Pilot waste-
way, which returned 124, 700 acre-feet of water to the Wind Ri-
ver during the 1950 water year (U. S. Geol. Survey, 1953, p.
216).

Since 1935 Fivemile Creek has been more affected by return
flow and waste water from irrigation than any other stream in
the drainage basin, although Muddy Creek beginning in 1950 and
Cottonwood Creek beginning in 1951 have also carried large a-
mounts of return flow in proportion to their natural flows. Dur-
ing 4 years of record, the average annual discharge of Fivemile
Creek above the irrigation project was about 1, 270 acre-feet
(drainage area, 143 square miles) compared to about 83, 360
acre-feet (drainage area, 222 square miles) at the Shoshoni
gaging station about 2 1/4 miles upstream from the mouth.
Flow of Fivemile Creek is discussed in more detail in the sec-
tion, "Sediment yields by drainage areas."

FLUVIAL SEDIMENT

Complete information on the fluvial sediment of a basin or
stream would include all the physical and chemical properties
of the sediment as well as information on quantities of sedi-
ment. Complete information is always desirable though not of-
ten obtained. However, the minimum information required for
a satisfactory analysis of the effects of sediment on streams or
structures on streams includes rates and quantities of discharge
of measured suspended sediment and of bed-load sediment,
particle-size distribution and mineral composition of the sedi-
ment, approximate specific weight of deposits that might be
formed from the sediments, and sources of the sediment. Aft-
er definition of terms and a brief explanation of procedure for
obtaining the sedimentation data, the data collected by the Geo-
logical Survey before October 1, 1952, are presented and dis-
cussed,

DEFINITION OF TERMS

As the definitions of terms that relate to fluvial sediment are
not completely standardized, some of the terms in this report
are defined as follows:



FLUVIAL SEDIMENT 37

Sediment is fragmental material that originates mostly from
rocks and is transported by, suspended in, or deposited from
water or air, or is accumulated in beds by other natural agen-
cies.

Fluvial sediment is sediment that is transported by, sus-
pended in, or deposited from water.

Parts per million (ppm) is a unit for expressing concentra-
tion of sediment. It is computed as one million times the ratio
of the weight of sediment to the weight of water-sediment mix-
ture. Note that this definition is not exactly comparable to the
definition of parts per million in chemical-quality terminology;
the weight of the water-dissolved solids-sediment mixture is
used as the base for sediment concentration, whereas the weight
of clear water-dissolved solids solution is used in chemical
computations.

Suspended sediment or suspended load is sediment that moves
in suspension in water and is maintained in suspension by the
upward components of turbulent currents or as a colloid,

Bed load or sediment discharged as bed load includes both
the sediment that moves along in essentially continuous contact
with_the stream bed (contact load) and the material that bounces
along the bed in short skips or leaps (saltation load).

Sediment sample is a quantity of water-sediment mixture that
is collected to represent the average concentration of suspended
sediment, the average particle-size distribution of suspended
or deposited sediments, or the specific weight of deposited sed-
iment.

Depth-integrated sediment sample is a suspended-sediment
sample that is accumulated continuously in a sampler that moves
vertically at a constant transit rate and that admits the water-
sediment mixture at a velocity about equal to the stream veloc-
ity at every point of its travel. Present depth-integrating sam-
plers normally collect a water-sediment mixture only from the
surface to a point about 0. 3 foot from the stream bed. The part
of the stream traversed by depth-integrating samplers is called
in this report the ""sampling zone' or the ""sampled zone."

Sediment discharge is (a) rate at which dry weight of sedi-
ment passes a section of a stream or (b) quantity of sediment,
as measured by dry weight or by volume, that is discharged in
a given time.

Measured suspended-sediment dischargeis the sediment dis-
charge that can be computed directly from the water discharge
and the concentration of depth-integrated sediment samples.
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The water discharge includes not only the water discharged
through the sampling zone but also the water discharged below
the sampled zone.

Unmeasured sediment discharge is the difference between
the total sediment discharge of a stream and the measured
suspended-sediment discharge. It includes sediment that is
discharged as bed load and part of the suspended sediment that
is discharged below the sampling zone.

Normal section, for want of a better term to contrast with a
contracted section at which total or nearly total sediment dis-
charge of a stream is measured, is any relatively unconfined
section of a stream, even though one or both banks may be
somewhat stabilized and parts of the bed may be cohesive ma-
terial rather than unconsolidated sediment. Ideally, a normal
section should be in an alluvial reach of the stream.

Specific weight of sediment deposit is weight of solids per
unit volume of deposit in place.

The particle-size classification is the classification recom-
mended by the American Geophysical Union Subcommitiee on
sediment terminology (L.ane and others, 1947, p. 937). Ac-
cording to this classification, clay-size particles have diam-
eters between 0.0002 and 0.004 millimeter, silt-size particles
have diameters between 0.004 and 0.062 millimeter, and sand-
size particles have diameters between 0.062 and 2.0 millime-
ters.

According to Twenhofel and Tyler (1941, p. 110): "The me-
dian, or median diameter, is the mid-point in the size distri-
bution of a sediment of which one-half of the weight is composed
of particles larger in diameter than the median and one-half of
smaller diameter. The median diameter may be read directly
from the cumulative curve by noting the diameter value at the
point of intersection of the 50 percent line and the curve. "

Water discharge of a stream is the flow of the stream and
includes the sediment and dissolved solids that are contained in
in the water.

COLLECTION AND ANALYSIS OF SEDIMENT SAMPLES

Gilbert (1914) divided the sediment load of streams into two
general groups, bed load and suspended load. He clearly show-
ed that suspension of sediment particles is due to the "upward
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SUSPENDED SEDIMENT

Since March 1946, the Geological Survey has collected sedi-~
ment samples from the Bighorn River at Thermopolis, Wyo. A
total of 31 additional stations in the Wind River drainage basin
has been established and operated for different periods of time.
(See chart 2.) Unscheduled sediment samples have also been

Refer- ] . Water years

M0, Sediment staton 1946 | 1947 [ 1048 | 1949 [ 1950 | 1951 | 1952
1| Wind River near Dubois [l
3 | North Fork Wind River near Dubois B

18 | Wind River at Riverton

30 | Beaver Creek near Arapahoe
31 | Popo Agie River near Riverton
32 | Kirby Draw near Riverton 11
33 | Muskrat Creek near Shoshoni

34 | Fivemile Creek above Wyoming Canal
near Pavillion

35 | Fivemile Creek near Pavillion 11
36 | Powerline wasteway near Pavillion
37 | Pavillion drain near Pavillion

8 Ocean drain at Ocean Lake Outlet
near Pavillion
39 | Ocean drain near Pavillion

40 | Dudley wasteway near Pavillion [
41 | Kellett drain near Pavillion
42 | Dewey drain near Pavillion

43 | Fivemile 76 drain near Riverton

44 | Sand Guich drain and wasteway
near Riverton L]

45 | Fivemile Creek near Riverton 1]
46 | Lost Wells Butte drain near Riverton
47 | Coleman drain near Shoshoni

48 | Sand Gulch near Shoshoni

49 | Eagle drain near Shoshoni

50 | Lateral P-34.9 wasteway near Sheshoni
51 | Fivemile Creek near Shoshoni

52 |Lateral P-36.8 wasteway near Shoshoni |l
53 | Paison Creek near Shoshoni
56 |Badwater Creek at Bonneville
57 | Muddy Creek near Pavillion i
58 | Muddy Creek near Shoshoni

59 | Dry Cottonwood Creek near Bonneville IM

61 | Bighorn River at Thermopolis

WY, [
Periodic record Daily record

Chart 2. --Periods of operation of scheduled sediment stations in the Wind River
drainage basin.
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collected on other tributary streams (tables 4 and 5). Periods
of operation of the scheduled stations to September 30, 1952,
are shown on chart 2, Monthly and annual figures of suspended-
sediment discharge are given in tables 6 to 37. Suspended-
sediment discharges by days, months, and water years are
presented or will appear in the U, S. Geological Survey Water-
Supply Paper series, ''Quality of Surface Waters of the United
States.' Locations of the stations are shown on plates 1 and 5.

Suspended-sediment discharge depends on many interrelated
physical phenomena. Probably the most important of these are
water discharge, turbulence, temperature of the water, and the
particle size of available material. The interaction and varia-
bility of these and other phenomena cause wide fluctuations in
discharge of suspended sediment. A plot of suspended-sediment
discharge versus water discharge for the Bighorn River at
Thermopolis (fig. 13) shows only a general relationship between
the variables. Before the closure of Boysen Dam, the sediment
discharge at Thermopolis and, hence, the concentration, in-
creased rapidly with discharge to about 1, 500 cfs. Above a wa-
ter discharge of about 1,500 cfs the suspended-sediment load
and water discharge increased at about the same rate. Usually
the suspended-sediment concentration of a stream increases at
a faster rate at the lower water discharges because the trans-
porting power of a stream increases with rising stage at a pow-
er greater than one, As long as the supply of sediment par-
ticles of a sizethat the stream is competent to transport is suf-
ficient to meet the carrying capacity of the stream, the increase
in concentration will be at a rapidrate. The transporting power
of a stream is undoubtedly always more than can be utilized be-
cause of the limited sediment supply of a size that the stream
can transport. The deficiency in the sediment supply probably
explains the tendency of the plot of sediment discharge versus
water discharge to approach a 45-degree slope above 1, 500 cfs.

Measured suspended-sediment discharge of the Bighorn Riv-
er at Thermopolis from October 1, 1946, to September 30,
1951, totaled 23, 510, 800 tons, an average of 4, 702, 000 tons per
year. The maximum measured yearly discharge was 5,733, 000
tons for the 1947 water year, and the minimum measured year-
ly discharge, before the closure of Boysen Dam, was 3, 606, 000
tons for the 1949 water year. (See table 37.) Maximum month-
ly suspended-sediment discharge for the same period was
1,652, 000 tons for June 1948, and the minimum was 8, 044 tons
for January 1951, The maximum daily load was 330, 000 tons in
September 1950, and the minimum was 6 tons in January 1950,

The drainage area of 8,080 square miles upstream from
Thermopolis is large enough to impart some regularity to the
water and sediment discharge at Thermopolis. The cycdlic
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pattern of water and sediment discharge and weighted mean con-
centration is readily apparent from plate 7. This pattern also
reflects the effect of runoff from the mountains. The runoff
from the mountains fluctuates very little from year to year and
is characterized by maximum flows in the late spring and by
minimum flows in the winter. (See p. 28.) The trap efficiency
of Boysen Reservoir is well illustrated by the large decrease in
sediment discharge after October 1951. The increase in sedi-
ment discharge during the spring of 1952 is probably the result
of the flushing action of clear water released from Boysen on
sediment deposits along the river downstream from the dam.
Part of the increase is due perhaps to stormflow from Red Can-
yon and Buffalo Creeks.

The uniformity of flow and sediment discharge shown by plate
7 immediately suggests the possibility of some type of rating
curve (fig. 14). Yearly loads at Thermopolis may be approxi-
mated from figure 14.

Weighted annual mean concentrations for Thermopolis before
the closure of Boysen Dam varied from 2,140 ppm during the
1951 water year to 2,890 ppm during the 1948 water year. The
weighted average from October 1, 1946, to September 30, 1950,
was 2, 510 ppm. The water discharge at the station in the 1951
water year was 807,157 cfs days. If the weighted mean concen-
tration of 2,510 ppm is applied to the water discharge for 1951,
the sediment discharge would be 5, 470, 000 tons. This is com-
pared to 4,667,000 measured tons. If a long-term weighted
mean concentration is used, the error in the computed load in
this one example is not large in comparison with the possible
error in measured daily sediment loads.

SIZE COMPOSITION OF SEDIMENT

Particle-size analyses of sediment samples were an integral
part of the sediment investigation. (See tables 38 to 72). Dur-
ing the period June 20, 1946, to June 11, 1952, a total of 134
suspended-sediment samples was collected at the Thermopolis
station specifically for particle-size analysis. These depth-
integrated samples are representative of the average concentra-
tion and particle sizes at the cross section for the time of col-
lection. Representative depth-integrated samples were also
collected and analyzed for most sediment stations in the basin.
In addition, depth-integrated samples for particle-size analysis
were collected at several unscheduled sediment stations (table
1)
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Figure 14. --Relation of streamflow to suspended-sediment discharge by water
years, Bighorn River at Thermopolis.
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During special studies on Fivemile Creek near Riverton and
near Shoshoni, point-integrated samples were collected and an-
alyzed for size (tables 48, 54, 60, and 62). Some of the analy-
ses of the point-integrated samples were used in studies of bed-
material transport. They also help show the efficiency of the
artificial flume at Fivemile near Shoshoni and of the natural
contracted section at Fivemile near Riverton to suspend the to-
tal sediment discharge of the stream.

Bed-material samples were collected at selected sediment
stations and were analyzed for particle size. In the computation
by the method of Colby and Hembree (1955, p. 66-111) of total
load at a normal section, the size distribution of the bed mate-
rial must be known. Particle-size analyses of bed-material
samples are listed in tables 46, 52, 57, 63, and 72.

A study of the particle-size analyses of depth-integrated sam-
ples collected at Thermopolis (table 70) shows that the median
particle size of the samples analyzed in a dispersion media
ranged from 0.145 to 0,001 millimeter. According to an un-
weighted average, 74 percent of the measured sediment load at
Thermopolis is finer than 0. 062 millimeter, which is the lower
limit of sand. Almost half, or 11 percent, of the sand fraction
is very fine sand (from 0. 062 to 0. 125 mm).

The percentages of suspended sediment finer than 0. 062 mil-
limeter are given in table 73 for most of the sampling stations
in the Wind River drainage basin. The number of samples used
to compute the average is an indication of whether or not the
figure shown in the ""Percent-finer" column is representative of
the stream at the station. A single sample from a station is not
likely to be representative of the stream, though it might be.

In August 1952 an artificial contraction was built upstream
from the sampling station at Fivemile Creek near Shoshoni. The
increased turbulence created at the sampling station by the arti-
ficial contraction caused an apparent increase in the average
sand fraction of the measured suspended sediment from 37 to 50
percent. Assume that these averages are accurate and that the
method of sampling and the size distribution of total sediment
discharge of the stream at the station were the same when both
averages were established, then the percentage of sediment finer
than sand sizes was decreased from 63 to 50 by the increase in
the sand fraction. Hence, 63 divided by 50, or 1.26, indicates
that the additional sediment load that was measured after the
contraction was constructed was about 26 percent of the meas-
ured sediment load without the contraction. Thus the unmeas-
ured load at the gaging station before the construction of the
flume must have been a significant fraction of the total load.



FLUVIAL SEDIMENT 49

Table 73.--Average percentages of measured suspended sediment
finer than 0,062 millimeter, Wind River drainage basin
/Percent firer is not weighted with water or sediment

discharge/
Number Percent
Station of f;;l:;”
samples
P 0,062 mm

Bighorn River at ThermopoliS.eseceseccees 100 7h
Dry Cottonwood Creek near Bonneville,... 6 89
Muddy Creek near ShoShONi..e.seseeseeses 96 7h
Muddy Creek near PavillioN......eeeecees 38 80
Badwater Creek at Bomneville....eseeeseo 51 86
Fivemile Creek near ShoShONi...eseseesss 173 a 63
Do........l..‘....I‘...I...I“o..... b29 CSO
Fivemile Creek near RivertoN.......see.. | b128 63

Fivemile Creek above Wyoming Canal near
PAVAi1liON. e ouevocecenvcessansssennsoss 36 85
Poison Creek near ShoshONi..eeecsccscsas 13 96
Muskrat Creek near ShOSHONi...eeeeescsss 2 98
Popo Agie River near Riverton......esess 20 80
Beaver Creek near Arapaho€......eeeeesse 7 8L
Little Wind River near Arapahof......... 1 30
Little Popo Agie River at Hudson,....... 1 17
Wind River abt RiVEItON.e..eeseseseseesss 21 61
Dry Creek near MOrtoN.....ececeeeesscases 1 93
Wind River near Crowheart....ceeseeeeses 1 h
Crow Creek near Crowheart.....oeeeeseees 1 Lh
Wind River near BurriS'ocolooﬂloootooooo l 50
North Fork Wind River near DUbOiS....... 1 58
East Fork Wind River near Duncan........ 1 32
North Fork Wind River near DuUncan....... 1 56
Wind River below DubOiS..e.esesescesesss 3 8L
Horse Creek at DubOiS.eesceceicscscccocss 1 L5
Wind River near DuboiS.eeeerecscacssesso 1 72

a Percentage based on samples collected before con-
struction of an artificial contraction upstream,

b Samples probably represent total load.

c Percentage based on samples collected subsequent to
construction of an artificial contraction upstream.
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In general, the median particle size of the suspended sedi-
ment transported by the Wind River decreases in a downstream
direction. In the Wind River Basin, streams draining areas of
high sediment yield transport sediment finer than that from a-
reas of lower sediment yield. Fivemile Creek is an exception
because it is undergoing an adjustment to an unnatural volume
of streamflow and much of its sediment load comes from the
deposited material of the flood plains in the lower reaches.

SPECIFIC WEIGHT BASED ON MEDIAN PARTICLE SIZE

The diameter of the sediment particles of a sediment depos-
it, along with other factors, largely determines the specific
weight of the deposit, If a deposit were made up of spheres of
uniform size, the specific weight would vary with the arrange-
ment of the particles and not with their size. However, it is
highly improbable that anatural deposit will be of uniform par-
ticle sizes; usually a sediment deposit is a mixture of particles
of many different sizes.

Particle sizes in deposits tend to become more uniform with
a decrease in median size. Therefore, deposits of material
whose sediment particles approach clay size usually have great-
er porosity and smaller initial specific weight than do deposits
that are composed mostly of sand sizes. Also, the smaller in-
itial specific weight of deposits that ar e composed mostly of
particles of clay size are probably duein part to the low specific
gravity of some of the clay minerals and the colloidal properties
of the particles. Deposits of sand usually are composed of non-
uniform particle sizes and, consequently, are more likely to
have the voids between the larger particles filled with particles
of smaller size.

A relationship of specific weight of sediments deposited in
reservoirs to median particle size is shown in figure 15. The
samples on which the relation is based were collected from res-
ervoirs in several drainage basins. All or nearly all these
samples were collected near the surface of submerged deposits
and, as such, are representative of natural deposits that have
not been compacted to any great degree by overlying deposits.
Additional information on these samples is given by Hembree
and others (1952, p. 82-87).

The specific weight of a deposit that might be formed from
the measured suspended sediment that was discharged by the
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Bighorn River at Thermopolis from March 1946 to September
1951 was computed by a method that is based on the median par-
ticle size of the sediment. The median particle size of each set
of depth-integrated samples that were analyzed in a dispersion
media was plotted against the instantaneous sediment discharge
in tons per day (fig. 16). The curve in this figure was so drawn
that about 50 percent by weight of the particles of all samples
within each of several ranges of sediment discharge would be
finer than the median size that is indicated by the curve. The
median particle sizes for corresponding class intervals of
suspended-sediment discharge were taken fromthe curve of fig-
ure 16 and were listed in table 74.

The specific weight of a relatively uncompacted deposit that
might be formed from the suspended sediment discharged by the
BighornRiver at Thermopolis was determined from the relation-
ships shown by figures 15 and 16. The computation procedure
is indicated by table 74. The computed specific weight of 58
pounds per cubic foot can be used to convert tons of suspended
sediment, measured at Thermopolis, to acre-feet of sediment.
The volume of relatively uncompacted sediment that might be
formed from the 23,510,800 tons of suspended sediment that
was measured at Thermopolis from October 1, 1946, to Septem-
ber 30, 1951, is 18,600 acre-feet and averages about 3,700
acre-feet per year.

Table Th.--Initial specific weight based on median particle size, Bighorn River at
Thermopolis, March 1946 thrcugh September 1951

Suspended-sediment discharge
Middle of class | Total tons | Median particle | Specific weight | Total tons divided
interval in class size (mm) (1b per cu ft) | by specific weight
(tons per day) interval

L 3,182 0.0230 63 50

19l 17,266 0220 62 278

358 3L,368 0200 62 Ssh

660 91,080 -0190 61 1,193

1,21) 201,52 <0175 61 3,304

2,250 59k, 000 0160 60 9,900

l,170 1,547,070 0150 60 25,768l

7,705 1,826,085 0140 59 30,952

2 2,579,250 .0130 59 43,716

26,350 5,559,850 0120 58 95,859

48,600 7,047,000 L0115 58 121,500

90,000 6,300,000 .0110 57 110,526

166,000 2,158,000 0110 57 37,860

306,500 613,000 .0110 ST 10, 75k

cesscssssscsses | 28,571,675 | convesseraasess | sesescscncenans 4s2,530

28,571,675

Specific weight, in 1b per cu ft = 32,536 = 58
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DIAMETER, IN MILLIMETERS

Figure 16. --Median particle size versus suspended-sediment discharge,
Bighorn River at Thermopolis.



54 SEDIMENTATION AND CHEMICAL QUALITY OF SURFACE WATERS

SEDIMENT ACCUMULATIONS IN SMALL RESERVOIRS

BY N. J. KING AND K, R, MELIN

A full understanding and evaluation of the erosion and the
long-term movement of sediment in the Wind River Basin re-
quire some quantitative data on the upland sources of sediment;
therefore, studies have been made of several pilot upland areas.
In planning these studies, emphasis was placed on (1) delinea-
tion and comparison of the areas of erosion and sources of sed-
iment, (2) the relative influence of the local and areal factors
in the progress of erosion, and (3) the processes by which sedi-
ment is moved from the upland to the main streams. Results of
these studies are a prerequisite for effective action on conser-
vation of land and on protection of downstream developments.
However, for the Wind River Basin, as well as other areas,
little information is available. Because the Bureaus of Land
Management and Indian Affairs have active land-conservation
programs on the extensive area in the Wind River Basin under
their management, basic information of this kind has been much
in demand.

As conditions are diversified and erosion processes are com-
plex in areas as large as those of the major subbasins on which
the sediment stations are maintained, detailed investigations
could notbe made on such areas in the Wind River Basin. There-
fore, studies were made in several small basins, each typical
of a part of the upland, so that some approximate indexes might
be formulated for appraisal of the upland. These smaller areas
conform closely in size and conditions to those in which an ero-
sion control structure in upland areas is usually built. Gener-
ally, the study units are small enough and sufficiently homoge-
neous that the influence of precipitation, topography, geology,
soil, vegetation, and other factors can be determined with rea-
sonable accuracy.

Studies were based on sediment accumulations in stock-water
and other small reservoirs. Records of runoff and sediment
deposition are maintained on the reservoirs and are correlated
with the records pertaining to characteristics of the reservoir's
drainage basin. In an intensive study, such as that of Graham
Draw, determinations are made of runoff by maintaining records
of water stage in the reservoir and of sediment yield by making
recurrent surveys on established ranges. In the drainage basin,
progress of erosion is measured on established ranges, precip-
itation is determined by the conventional gages, and an index of
each of the other factors is obtained by appropriate, systematic,
and recurrent observations.
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GRAHAM DRAW EROSION STUDY

Graham Reservoir, which lies about a mile north of the
Moneta Post Office, has a catchment area of 3.12 square miles.
It is on Graham Draw, which is a tributary of Poison Creek in
the east-central part of the Wind River Basin. (See pl. 1.)

The drainage areais roughly rectangularand is about 23 miles
long and 13 miles wide. Its maximum relief is about 430 feet.
Typical of many basins of this size, the Graham drainage area
contains two rather distinct units that have contrasting topog-
raphy and erosional features: a belt of dissected bedrock table-
land, buttes, and cliffs along the basin boundaries; and a central
area of slight relief, which slopes gradually to the valley of
Poison Creek. Surface runoff from the upper dissected slopes
converges into three main forks, called in this study the East,
Middle, and West Forks. All three forks have cut meandering
channels across the alluvial slope to their junction, which is in
the desilting basin of the main reservoir. The channels, for the
most part, are steep-banked gullies, though in some short
reaches they are wide and shallow. The channels carry flow
only in direct response to rainstorms or melting of snow. The
annual precipitation in the Graham catchment area, as deter-
mined from records for the nearest Weather Bureau Stations
and from those obtained in this study, averages about 8 inches.

The drainage basin is underlain by the Wind River formation,
which consists of shale, siltstone, and sandstone. In the central
area, the bedrock is covered by a blanket of alluvium, 5 to 10
feet thick, which was derivedfrom erosion of the boundary area.
Soils in the drainage basin, like some of those on the uplands of
the Wind River Basin, have not developed a recognizable struc-
ture or profile, and except for being unconsolidated they are
scarcely distinguishable from the underlying rock. Thus the
soils range in character from rather coarse grained and highly
permeable on the areas of sandstone to fine grained and rela-
tively impermeable on the areas of shale or of alluvium from
shale.

Vegetation is generally sparse. Examinations made by the
Bureau of Land Management show that the density ranges from
less than 1 percent to about 20 percent and averages about 15
percent. The type of vegetationvaries with type of soil and rock
and consists mainly of big sage and grass on the sandy or
medium-textured soil and of salt sage and dwarf sage on the
fine-textured soil. Because the drainage basin is crossed by a
public-stock driveway, which was heavily used in the past, the
vegetation probably has been somewhat depleted and, in general,
is sparser than that of adjacent areas.

388176 O - 56 - 5
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The Graham study at present (1954) includes maintenance of
records on three reservoirs--Graham Reservoir, on the main
stream at the lower end of the drainage basin; and one reservoir
each on the East Fork and West Fork. When the study was
started in 1946, only the Graham Reservoir had been built. The
West Fork Reservoir was built in 1947 and the East Fork in 1949,

Graham Reservoir was built in 1940 and had an initial capac-
ity of 25.6 acre-feet. Its capacity in 1947 was 19.2 acre-feet.
The reservoir has no outlet except an overflow spillway. At the
head of the reservoir is a low, auxiliary dam, which forms a
desilting basin in the channel upstream. The West Fork Reser-
voir had an initial capacity of 3.1 acre-feet, and the area of its
drainage basin is 0. 38 square mile. The East Fork Reservoir
had an initial capacity of 12.6 acre-feet, and the area of its
drainage basin is 0. 81 square mile. The only outlets from these
reservoirs are overflow spillways.

The reservoirs are equipped with staff gages on which water
stages areread. Changes in stage are applied to capacity curves
to ascertain the amount of runoff from the basin. The sediment
level in the reservoirs is determined by soundings or rod read-
ings along established ranges, and the volume of sediment is
computed.

A system of permanent ranges was established on which level
readings are made periodically to determine the amount of ero-
sion or deposition. These ranges cover both channels and col-
luvial slopes. Also, several are spaced successively on the
main drainage courses so that erosion and movement of sedi-
ment can be traced from the head of the drainage basin to the
reservoir.

During most of the period of study, three nonrecording pre-
cipitation gages have been maintained in the drainage basin. In
addition to these, a recording precipitation gage has been main-
tained since 1950, Gages are maintained for only part of the
year, generally from April to October.

When the study was started, a line transect, 300 feet long,
was established for vegetation counts. In 1949, the observa-
tional system was expanded to include 14 additional locations,
which were distributed a quarter of a mile apart along the legal
landlines. Each plot consists of 4 quadrants, 1 foot square.
Recurrent counts are made of all the plants in each of the quad-
rants. The vegetation counts are made by the Bureau of Land
Management.
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RAINFALL AND RUNOFF

During the 7 years of record, flow into the reservoirs has
been limited to the period from April through October, and ap-
preciable amounts of inflow have occurred only during the peri-
od from June through September. Although winter storms infre-
quently may cause small flows in the channels, no inflow to the
reservoirs has occurred. Therefore, for this report, precipi-
tation for only the 7 months, April through Qctober, is consid-
ered.

The records of precipitation and runoff for 1947-53 and clas-
sification of the daily precipitation for each season are summa-
rized in table 75. Also, a hydrograph showing the precipitation
and the fluctuations of the reservoir contents for 1947 and 1948
indicates the rainfall-runoff relations inthe basin. (See fig. 17.)
The total runoff included outflow through the spillway of Graham
Reservoir. Outflow occurred three times in 1948. The volumes
of outflow were estimated on the basis of observations of the
spillway and probable duration of flow. The estimates are sub-
ject to some error.

Precipitation varies considerably from season to season.
Runoff, although consistently representing a small fraction of
the seasonal precipitation, does not fluctuate in conformity with
the seasonal precipitation. Rather, the runoff is dependent on
the size of the storms and probably even more on short-period
intensities within a storm.

Table 75,--Classified seasonal precipitation in Graham drainage basin and runoff
into Graham Reservoir, April through October

Number of days in which
Potal precipitation exceeded Runoff
Year precipitation designated amount in inches I oot
(inches) cre-66
0.25 | 0.50 | 1.0 | 1.5 | 2.0 per Inches
square mile
1947 9.18 1 6 2 1 [ acose 5.2 0.10
1948 4.6l I 3 1 1 1 a16,9 32
1949 7.48 10 3 1 1 | eeees als.ly .29
1950 14,06 N 1 0 0 | eeeee 2,0 0l
1951 3.83 2 0 0 0 [ oeese 0 0
1952 Lo16 3 1 0 0 PPN 0 0
1953 2,97 1 0 0 0 | cease 0 0

a Includes an estimate of water spilled from Graham Reservoir,
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The sediment yields determined by surveys of the reservoirs
are summarized in table 76. Quantities are given for the peri-
od 1940~53, which represents the period of observation of Gra-
ham Reservoir. The total volume of sediment deposited in the
reservoir was determined by probing to reconstruct the original
bottom of the reservoir and then by computing the difference be-
tween the original reservoir capacity and that in 1952. In No-
vember 1249, the volume of the sediment deposit was the maxi-
mum observed; since that time, sediment inflow has not been
significant, and earlier deposits have compacted. A profile of
the Graham Reservoir, showing the reconstructed original bot-
tom and successive surfaces of the sediment deposit, is pre-
sented in figure 18. The profile for August 1953 so closely co-
incides with that for May 1952 that it is not shown on figure 18.

Because the total volume of sediment for the period 1940-53
includes some compacted sediment, this quantity is not compar-
able with the quantities for the shorter periods. Also, because
the sediment surveys were not made at the same time each year,
determination of the annual sediment yields for the periods May
1947 to July 1948 and July 1948 to November 1949 required ad-
justment for amounts of deposition between observations. The
adjustment was made on the basis of the runoff events during
these seasons. Despite uncertainties involved in these adjust-
ments, results show that fluctuations in sediment yields are
large from year to year; long-term records are necessary to
obtain reliable information for areas like the Graham drainage
basin. The annual unit sediment yields for the period May 1947
toNovember 1949 are much greater than sediment yields for the
Poison Creek drainage area, of which Graham Draw is a part.
Evidently, sediment yielded by other tributary basins similar to
the Graham drainage basin, but not controlled by reservoirs, is
held in deposits along the channels of Poison Creek or lower
reaches of the tributaries. Although these deposits may become
temporarily stable or even essentially permanent, they are sub-
ject to movement when a flood occurs on Poison Creek. This
stream, like several others that drain the eastern part of Wind
River Basin, has not had large flows for several years. Thus,
movement of a large accumulation of sediment is probable at
some future time.
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The decrease in volume of the sediment deposit between the
observations of November 1949 and May 1952 amounted to 21
percent of the volume in 1949, During most of this period, the
reservoir was dry. Figure 18 indicates that the compaction
varied from place to place; it was greatest generally where the
the deposit was thickest, but it did not follow a uniform rela-
tionship with the thickness. Near the dam where the thickness
was 9 feet or greater, the compaction amounted to about 15 per-
cent; whereas, near the spillway where the thickness averaged
only about 3 feet, the compaction ranged from 22 to 33 percent.
The greater compaction presumably was due to the concentra-
tion of fine-grained sediment in the spillway area. In contrast,
the deposit at the head of the reservoir, which was about equally
as thick but was made up largely of coarse-grained material,
showed compaction of only 13 to 17 percent.

Erosion and deposition

Over the period of record, observations of changes at refer-
ence points and erosion-measurement ranges yielded little con-
clusive data on the details of erosion or sediment movement,
but they suggest some general trends. First, the quantity of
sediment delivered to the lower end of the drainage basin, even
in as small a unit as the 3.12 square miles upstream from the
Graham Reservoir, does not show all the erosion that is occur-
ring; part of the eroded material is not carried but is deposited
at various places inthebasin, Areasoflocal deposition, whether
in defined channels or on open slopes, seem to be controlled by
the size of the transporting stream and by breaks in gradient
rather than absolute gradient. For example, gravel reaching
the desilting basin of the Graham Reservoir is transported in
the larger gullies on gradients of only 1 percent, whereas fine
sand is deposited in some channels on gradients of 2 percent.
The deposition generally is associated with a reduction in gra-
dient.

Sheet erosion was detected by instrumental observations only
on the steep shale slopes and in a few other local areas, and
evenin these places the amount was generallyless than the lim-
it of possible instrumental error. Observations of gully pro-
gress indicate that, except for one headcut that advanced 40 feet
during the summer of 1949, the growth of the gullies was not
conspicuous, but moderate widening occurred generally. Be-
cause the total length of the gullies in the Graham drainage basin
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is relatively great, widening could account for a large quantity
of sediment. On the basis of the available data and because
material in the silt basin appears far too coarse grained to have
been derived by sheet erosion under existing conditions in the
basin, an estimated 75 percent of the sediment delivered to the
reservoirs and desilting basin was derived by gullying.

Because vegetation was sparse during the period of observa-
tion, its influence on local erosion or deposition was not clearly
shown. Ranges where vegetation was relatively abundant show-
ed practically no erosion, but some of the other ranges that
were almost devoid of any protective cover also showed little or
no erosion. Hence, the results are inconclusive. Establish-
ment of comparative ranges in other drainage basins, where
contrast in vegetative cover is greater, may be necessary to
obtain conclusive data.

SIGNOR DRAW

The study of Signor Draw included measurement of sediment
yield from a reservoir drainage basin of 8.2 square miles.
Signor Draw is a tributary of Conant Creek, which in turn is a
tributary of Muskrat Creek. The reservoir, which was built in
1946, is in sec. 6, T. 33 N., R. 92 W,, about 25 miles south-
west of Moneta. The drainage basin differs from the Graham
drainage basin in having a gently rolling terrain that has prac-
tically no barren escarpments. For the most part, it is under-
lain by relatively permeable rock and soil; it probably has a
relatively low runoff factor,

The study included probing of the sediment deposit in the
reservoir and computing the volume of sediment. The annual
unit sediment yield from the drainage basin determined for the
period 1946-51 is 0. 03 acre-foot per square mile.

MAHONEY DRAW

The study of Mahoney Draw is similar to that of Signor Draw
and is on a reservoir drainage basin of 15. 5 square miles. Ma-
honey Draw is tributary to Muskrat Creek, and the reservoir
lies about 18 miles south of Moneta. The drainage basin, for
the most part, is gently rolling, is fairly well vegetated, and
appears to have a moderately low runoff factor.
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The average annual sediment yield for this basin, determined
for the deposit in the reservoir for the period 1941-51, is 0,03
acre-foot per square mile, the same as that determined for
Signor Draw.

Both the Signor and Mahoney areas show very low sediment
yields, particularly in comparison with data available for other
small areas in the west.

PAINTPOT DRAW

Paintpot Draw is tributary to Coal Draw, which in turn is
tributary to Maverick Spring Draw. It drains an area in the
Wind River Indian Reservation about 20 miles northwest of Pa-
villion. Measurement of the sediment deposit was made on a
reservoir on one of the forks of Paintpot Draw. The drainage
area is 3.7 square miles and is occupied largely by badlands of
the Wind River formation. The sediment deposit, which com-
pletely filled the reservoir, is reported to have accumulated in
a period of 3 years (1938-41). The measurement of the deposit
showed an annual sediment yield of about 2 acre-feet per square
mile. Actually, the yield may have been somewhat greater, be-
cause the reservoir had been breached and some sediment may
have been carried out.

BLUE DRAW

Blue Draw drains a small basin a few miles north of the
Paintpot drainage basin and is tributary to Dry Muddy Creek,
which is one of the main tributaries of Muddy Creek. The basin
is alined along steep, barren slopes of Mowry shale. A series
of reservoirs on the draw are filled with sediment, which is re-
ported to have accumulated within a period of 3 years (1938-41).
Although accurate measurements could not be made of these
sediment deposits, estimates show a sediment yield of 2 to 3
acre-feet per square mile while the reservoirs were functioning.

INTERPRETATION OF DATA

The data that have been collected, although not complete,
show that a wide range of sediment yields occur inthe Wind River
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Basin and provide some information for evaluation of the causa-~
tive factors. Of the causative factors, the types of rock and soil
seem to have the greatest influence on runoff and erosion. This
fact is shown by the sediment yields of Signor and Mahoney
Draws as contrasted with those of Paintpot and Blue Draws. In
all these basins the vegetation is closely related to the rock and
soil types. It is generally very sparse on the areas of shale,
which are the least permeable andhave the highest runoff factor,
and is moderately dense on the areas of the more permeable
rocks,

UNMEASURED SEDIMENT DISCHARGE

Standard methods and equipment for measuring the suspended-
sediment discharge of streams determine only part of the
suspended-sediment discharge and, of course, none of the bed-
load discharge. For swift, shallow streams that flow on sand
beds, the unmeasured sediment discharge may be an appreciable
fraction of the total sediment discharge. Also, this fraction may
change rather rapidly from point to point along a stream. Ac-
cordingly, some determination of the unmeasured sediment dis-
charge of streams in the Wind River drainage basin is necessary
as a basis for cemparison of sediment discharges at different
points in the basin. Also, sediment yields obviously should be
based on total sediment discharges rather than on measured
suspended-sediment discharges. Some measurements of total
sediment discharge have been made on Fivemile Creek near
Riverton and near Shoshoni, and some computations of total sed-
iment discharges at sediment stations on several streams in the
basin have been made. Although these measurements and com-
putations arefar from adequate to determine yearly unmeasured
sediment discharges with good accuracy, they give enlightening
information on these unmeasured sediment discharges.

Nearly total sediment discharge of Fivemile Creek is meas-
ured at the sediment station near Riverton. The sediment is
forced into suspension by the turbulence created in a natural
contracted section, and the measurements made at the sediment
station are considered to be of nearly total load., On4 days dur-
ing 1951, sediment concentrations were determined at about the
same times at a normal section about three-eighths of a mile
upstream from the gaging station and at the daily sampling sec-
tion, which is also the contracted section. As the streamflow is
essentially the same at both sections, the concentration ratios
may be consideredto be equal to the ratios of suspended-sediment
discharge. Ratios of suspended-sediment discharge {(or concen-
tration) at the daily sampling section to suspended-sediment
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discharge (or concentration) at the normal section ranged from
1.07 to 1. 44 and averaged 1. 31 for the 4 days. (See table 77.)
These ratios indicate that the measured sediment discharge at
thenormal section must be increased by 7 to 44 percent to equal
the sediment discharges that were measured on the 4 days at
the daily sampling station where the creek is confined to a nar-
row, steep channel in which the flow is very turbulent.

Similar ratios of suspended-sediment discharge at a con-
tracted section to sediment discharge at a normal section were
determined on Fivemile Creek near Shoshoni for 2 days in Au-
gust 1953. The measured sediment discharges in an artificially
confined section were 1,43 and 1. 56 times the measured sedi-
ment discharges at a normal section 400 to 500 feet upstream
from the contracted section. (See table 77.) Of course, these
2 determinations for Fivemile Creek near Shoshoni as well as
the 4 determinations for Fivemile Creek near Riverton are in-
adequate to define satisfactory average ratios with which to
compute total sediment discharge from the measured sediment
discharge. Also, an unweighted average ratio may be unsatis-
factory.

The total instantaneous sediment discharge of a stream can
be computed from the concentration and the size distribution

Table 77.--Comparison of computed total sediment discharge and
measured sediment discharge, Fivemile Creek near Riverton
and near Shoshoni

/Qc, measured sediment discharge at a contracted section; Qp,

~ measured sediment discharge at a normal section; and Qg,
computed total sediment discharge/

. Ratios of sediment
Water Concentration (ppm) discharge
Date dis(ggzl)”ge Normal | Comtracted | Qo - Qn | Qo | Qt
section section Qo Qn on
Fivemile Creek near Riverton
1951
May 1 71 51,000 Sh,LOO 0.06 1.07 | 1.22
July 6 157 19,500 25,700 o2k 1,32 | 1.32
19 179 21,000 33,300 .30 1.hh | 1.33
Aug. 3 17h 18,000 25,300 .29 1,40 { 1.50
Fivemile Creek near Shoshoni
1953
Aug, 12 289 7,600 10,900 0.30 143 | 1.k2
27 259 5,450 8,510 .36 1.56 | 1.75
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of measured suspended sediment at anormal section plus a
streamflow measurement, water temperature, and particle-size
distribution of bed material at the same section. These data
have been obtained at several sediment stations on streams in
the Wind River drainage basin, but only occasionally has enough
information been obtained at any one time. Bed-material sam-
ples were rarely collected for particle-size analyses. Also, of
course, many of the sediment stations, such as the station Wind
River at Riverton, are operated at cross sections that are not
normal sections. The stream bed at these sections may be
mostly heavy gravel, cobblestones, or consolidated material.
Some data that were available for suitable cross sections have
been used to compute total sediment discharge.

Only at two stations on Fivemile Creek, at each of which
there is a contracted section, can a direct check be made on the
accuracy of the computed total sediment discharges. These
checks can be made for only the 6 days that are listed in table
77. The last column of this table gives the ratios of computed
total sediment discharge tomeasured sediment discharge at com-
parable times at a normal section. These ratios agree reason-
ably well with and average slightly higher than the ratios in the
preceding column. Ratios in these two columns would be equal
if measured and computed sediment discharges were precisely
correct and if all the sediment discharge of the stream were
measured at the contracted section. If not all the total sediment
discharge was measured at the contracted sections, the ratios
in the last column should exceed those in the preceding column
by a small amount.

Agreement between the ratios inthe last two columns of table
77 is good and may be partly fortuitous, particularly in view of
thefacts thatany suspended-sediment concentration thatis listed
in the table is subject to chance error of several percent and
that the average depth in the normal section near Riverton was
only about 0.4 foot. This depth is too shallow to sample satis-
factorily by usual methods and is also too shallow to have rela-
tively uniform hydrologic characteristics across the section.
The agreement (fig. 19) probably can be taken to mean that the
computed total sediment discharges are reasonably accurate
even when based on some relatively unsatisfactory measuring
and sampling sections.

The procedure (called the modified Einstein procedure) used
to compute these total sediment dischargesis based on a method
that was suggested by Einstein (1950) for the computation of sed-
iment discharge of particles of sizes that are found in apprecia-
ble quantities in the stream bed. The modified procedure was
developed (Colby and Hembree, 1955) to use measurements of



68 SEDIMENTATION AND CHEMICAL QUALITY OF SURFACE WATERS

100,000

Line of perfect ogreemenf\

10,000

IN TONS PER DAY

1000

EXPLANATION

PROCEDURE,

o
Fivemile Creek near Riverton

| ]
Fivemile Creek near Shoshoni

COMPUTED TOTAL SEDIMENT DISCHARGE FROM MODIFIED EINSTEIN

100

1000

10,000

100,000

MEASURED SEDIMENT DISCHARGE, GONTRACGCTED
SECTION, IN TONS PER DAY

Figure 19. --Comparison of computed sediment discharge from modified
Einstein procedure for a normal section with measured sediment discharge

at a contracted section.
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streamflow and of measured suspended-sediment concentration
and particle-size distributions in combination with the Einstein
method so that readily measurable data from one cross section
of analluvial stream could be used to compute the total sediment
discharge of the stream.

The modified procedure is based on an equation for the ver-
tical distribution of velocity plus a trial-and-error method of
approximating the vertical distribution of suspended-sediment
concentration of several particle-size fractions. For each range
of particle sizes, the vertical distributions of velocity and of
sediment concentration are combined into a vertical distribution
of suspended-sediment discharge. With graphical aids, the
suspended-sediment discharge can be integrated from the water
surface to the top of the bed layer to obtain the total discharge
of suspended sediment. For some of the smaller particle sizes,
the vertical distribution of suspended-sediment discharge is
based largely on concentration in the sampling zone as deter-
mined by depth-integrated samples; for thelarger particle sizes
it is based to a considerable degree on the bed-material dis-
charge concept of Einstein (1950), but the method of computing
bed-load discharge has been changed to obtain better size dis-
tributions in the computed total sediment discharge. For each
size range, computed bed-load discharges are added to the total
suspended-sediment discharges to get figures of total sediment
discharge of the stream by size ranges. Finally, the computed
discharges of sediment of all size ranges are added to obtain the
computed total sediment discharge of the stream.

Particle~size distributions of the computed total sediment
discharge are necessarily somewhat inexact. They contain in-
accuracies indeterminations of the size distributions of the sus-
pended and bed-material sediments as well as the errors inher-
ent in the complex mathematical procedure that is based on
uncertain assumptions. However, they frequently approximate
fairly closely the size distributions as shown by the analyses of
suspended-sediment samples that were collected at a contracted
section. (See figs. 20-22,) Usually they show appreciably more
sediment in the coarser sizes than the size distributions of a-
nalyses of depth-integrated samples for the contracted sections.
Samples that were collected near the stream bed at the con-
tracted sections with a Tait-Binckley or a Bureau of Reclamation
sampler seem to indicate that some coarse material sometimes
moves through the section without being adequately sampled with
a depth-integrating sampler. (See tables 49, 50, 55, and 56.)
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Relatively large differences between particle-size distribu-
tions of the total sediment discharge as measuredandas computed
for May 1, 1951, for Fivemile Creek near Riverton (fig. 21A)
were due directly to the computed total sediment discharge ex-
ceeding the measured sediment discharge by 15 percent. Large
differences for Fivemile Creek near Shoshoni for August 27,
1953 (fig. 20B) are due to the fact that the size analyses of the
sediment samples are not representative,

For almost every computation, the particle sizes of the com-~
puted total sediment discharge were appreciably coarser than
the particle sizes of the suspended sediment in the sampling
zone at a normal section (figs. 20-25), In fact, for some of the
shallow cross sections of Fivemile Creek near Riverton, the
size distribution of the suspended sediment from depth-integrated
samples gives very little idea of the size distribution of the total
sediment discharge.

Computations of total sediment discharge were made 1 to 4
times for each of 8 sediment stations. (See table 78.) Except
for the two Fivemile Creek stations that were used for special
studies and have already been discussed, the computations were
based on sections at which the daily samples of suspended sedi-
ment were collected. Thus, except for Fivemile Creek, the
computed total sediment discharges and the computed unmeas-
ured sediment discharges were for the same cross sections as
the measured suspended-sediment discharges.

These computations of total sediment discharge cover a range
in streamflow of 20 to 8,360 cfs and a range of measured
suspended-sediment discharge of 194 to 366, 000 tons per day
(table 78). Ratios of computed total sediment dischargeto meas-
ured suspended-sediment discharge were as low as 1.05 and as
high as 1.75. Although these ratios tend to be low when the
measured suspended-sediment discharge is high, they have an
overall appearance of being somewhat random or inconsistent.
For example, the ratios for the Bighorn River at Thermopolis
do not seem to vary with a change in water discharge, whereas
for Muddy Creek near Shoshoni they increase rapidly with de-
creasing water discharge. However, the unmeasured sediment
discharges when plotted against water discharge, as on figure
26, follow a generally logical pattern in spite of inherent inac-
curacies in the computations and a lack of complete and accurate
base data. The unmeasured sediment discharges increased in
approximate proportion to water discharge for the Popo Agie
River near Riverton, Fivemile Creek near Riverton, and the
Bighorn River at Thermopolis. They increased as about thel. 2
power of the water discharge for Beaver Creek near Arapahoe
and Muddy Creek near Shoshoni and as about the 1.5 power for
Badwater Creek at Bonneville. Scatter of points from the lines
is caused, in part at least, by differences in the size distribu-
tion of the suspended sediment.
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The line for Badwater Creek on figure 26 was used to com-
pute roughly the unmeasured sediment discharge during the wa-
ter years 1948 through 1952. Sediment discharges from the line
were used with groups of days rather than with each individual
day throughout each year. Annual computed unmeasured sedi-
ment discharges ranged from 15,000 tons during the 1952 and
1951 water years to 165,000 tons during the 1948 water year.
(See table 79.) Ratios of computed total sediment discharge to
measured sediment discharge by years also are shown in table
79. These ratios were determined from total annual measured
and unmeasured sediment discharges and are thus weighted with
sediment discharge.

Average computed ratios for 1949, 1951, and 1952 are about
equal and are not far from 1.2. However, the ratios are 1.43
for 1950 and 1. 65 for 1948. These higher computed ratios are
due to low suspended-sediment concentrations for given water
discharges. Much of the sediment in these 2 years, especially
1948, was carried by water from snowmelt. Unmeasured sedi-
ment discharge, at least as computed here, is principally a
function of water discharge, is to some extent a function of size
distribution, andis relatively independent of suspended-sediment
concentration. Hence, it is relatively constant for a given water
discharge and velocity, whereas the suspended-sediment dis-
charge for a given water discharge is directly proportional to
the suspended-sediment concentration.

The general decrease in proportion of unmeasured sediment
with increasing concentrationat other sediment stations is shown
by plotting suspended-sediment concentration against the ratio
of computed total sediment discharge to measured suspended-
sediment discharge. (See fig. 27.) Besides inherent errors in
the computation of unmeasured sediment digcharge, many fac-
tors, such as changing relative depth of sampling zone, changing
local stream slopes, and changing size distributions of the sus-
pended and bed sediments, may cause the points of figure 27 to
scatter somewhat. However, except for the Bighorn River at

Table 79.--Ratios of computed total sediment discharge to measured
sediment discharge by water years for Badwater Creek at Bonneville

Sediment discharge Ratio of total to
Water year Unmeasured Measured measured sediment
(tons) (tons) discharge
1948 165,000 252,300 1.65
1949 41,000 232,700 1,18
1950 27,000 62,700 1.43
1951 15,000 79,042 1.19
1952 15,000 58,625 1.26
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Thermopolis, for which all the computed ratios are nearly the
same, a tendency for the ratio to increase with decreasing con-
centration is shown. The conclusion from figure 27 is that the
percentage of the unmeasured sediment dischargebecomes small
for large flows that contain high concentrations of suspended
sedimernt., Nevertheless, at such large flows the unmeasured
tonnage is much higher than at small flows (fig. 26).

Available information onunmeasured sediment discharge was
used to estimate average ratios of total sediment discharge to
measured suspended-sediment dischargefor most sediment sta-
tions in the Wind River drainage basin. In making such esti-
mates the fact was considered that much of the sediment dis-
charge of tributaries of the Wind River downstream from River-
ton is dischargedat times whenthe suspended-sediment discharge
isvery high, and the relative proportion of unmeasured sediment
islow. The estimates are, of course, for ratios that are weight-
ed with sediment discharge. Estimated ratios weighted with
time would be very much higher, Also, sediment stations, like
the Wind River at Riverton and the Bighorn River near Thermop-
olis and at many times Fivemile Creek near Shoshoni, have beds
of cobblestones or consolidated rock rather than finer alluvial
material. Logically, the ratios for such stations will be appre-
ciably lower than for similar streams with alluvial beds of finer
particle sizes. Those average estimated ratios that entered
directly into computations of sediment yields in tons will be
shown where they are used.

SOURCES OF THE SEDIMENT

Streams and the mass-wasting processes (mass movement of
rock debris) with which they are so intimately associated are the
most important agents of erosion known (Longwell and others,
1950, p. 71). Of course, the streams are the ultimate means of
transporting the products of weathering to the sea, but a large
part of the waste is made available to the streams by the proc-
esses of mass wasting. Inthe mountains where the slopes are
steep, mass movement of rock waste is relatively rapid, and
material is sometimes delivered directly to the larger streams
and tributaries faster than it can be removed. The results are
local but short-lived aggradation. In areas of lower elevation
where the slopes are more gentle, creep, which is the principal
process of mass wasting, is still effective but operates at a
much slower rate, and the slumping of the alluvial banks of
streams is the most noticeable form of mass wasting. The re-
moval of the debris by the streams prevents the stoppage of the
processes of mass wasting and keeps the means of sediment
supply in operation.
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The size and shape of a stream channel and the local slope of
the stream bed constantly undergo adjustments to changes in both
water and sediment discharge. Streamflow and sediment dis-
charge fluctuate through a range, usually a wide range, and the
characteristics of the stream within this range may be consider-
ed to be the regimen of the stream. If the profile and the cross
section of a stream were completely adjusted to the flow and to
the particle sizes and quantities of sediment, the stream would
be at equilibrium. However, changes in the environment of a
stream prevent the actual attainment of equilibrium. Equilibri-
um is merely the goal that all streams tend to approach. If a
stream approaches equilibrium, it is said to be graded. All
graded streams are degrading streams; that is, downcutting con-
tinues but the profile remains essentially constant. Local slopes
of a stream bed are constantly being adjusted so that the stream
can just transport the sediment load. Adjustments in local
slopes and cross sections occur with every flood. Local aggra-
dation in a reach, although usually caused by a decrease in the
transporting power of a stream from the upstream to the down-
stream end of the reach, has the net effect of an attempt by the
stream to increase its slope, and hence its carrying capacity,
downstream from the point of deposition and to decrease its
slope, and hence its carrying capacity, upstream from the point
of deposition.

An increase in water discharge brings an increase in the ca-
pacity of a stream to do work. Consequently, the total amount
as well as the size of the sediment transported by a stream u-
sually increases as the water discharge increases. Most of the
increase in sediment load may come from the beds and banks of
the stream. In general, streams that have steep gradients and
low sediment concentrations are degrading streams, especially
in their upper reaches. Conversely, streams with low gradients
and high sediment concentrations are usually aggrading streams
in their lower reaches.

Rates of erosion vary widely within the Wind River drainage
basin. In the highest mountain areas, the average annual sedi-
ment yield is perhaps 10 or 20 tons per square mile and 0. 01
ton per acre-foot of water. On the floor of the valley, the
amount of erosion is limited principally bythe quantity of runoff.
In some years and in some areas the runoff, and hence the ero-
sion, may be so small as to be unmeasurable. In other years,
runoff, although by no means the maximum possible, may be
0.25 inch, and accompanying sediment yield may be as much as
1,600 tons per square mile. This tonnage corresponds to an
average concentration of about 120 tons per acre-foot of water
or 80, 000 ppm. The fact is noteworthy that high sediment yields
do not come from areas Wwhere annual runoff is very high nor
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from areas where annual runoff is very low. Where runoff is
very high, the readily available sediment has already been erod-
ed; where runoff is very low, the quantity of water is too small
to transport much sediment, even at high concentrations. Some
of the highest sediment yields are from areas, such as Fivemile
Creek, to which water is artifically supplied and in which sedi-
ment is readily available under a climate that produces very low
natural runoff.

One of the principal objectives of the sedimentation studyby the
Geological Survey was to determine the major source areas of
the sediment that is eroded in the basin and is transported to
Boysen Reservoir, Practical measures to control erosion should
be concentrated in those areas from which most of the sediment
is being eroded or along those channels through which most of
the sediment is being transported.

The network of sediment stations was established to delineate
sediment discharge from different areas in the Wind River drain-
age basin. These stations, except for the special study along
Fivemile Creek, were maintained only on streams that carry
appreciable quantities of sediment or have high concentrations
of sediment. Supplementary spot determinations of suspended-
sediment discharges were made during 1953 at many places at a
time of high flow and at a time of low flow to obtain information
on the sediment discharges at places other than regular sedi-
ment sampling stations. Streamflow, concentration of suspended
sediment, and discharge of sediment are given in table 4 for
each of these spot determinations. Locations of the sampling
points are shown on plate 1.

One of the difficulties in determining the principal sources of
the sediment in the basin is that sediment, unlike the water in
which it is carried, may move intermittently along stream chan-
nels. Another way of stating the problem is that changes in stor-
age of sediment between two places along a stream may repre-
sent large percentages of the eroded sediment and the changes in
storage of the sediment usually cannot be measured by practical
methods. In spite of the incomplete coverage by sediment sta-
tions and the alternate deposition and pickup of sediment along a
stream, a reasonable approximation was made of the quantities
of sediment from different areas according to kind of underlying
rocks and according to individual streams.

Relative sediment yields from the different geologic areas
and from the different drainage areas are expressed in percent-
ages of the average sediment discharge of the Bighorn River at
Thermopolis during the period of sediment records by the Geo-
logical Survey before the closing of Boysen Dam. The average
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measured suspended-sediment discharge during this period was
4,702, 000 tons per year. Unmeasured sediment discharge was
estimated to average 8 percent of the measured sediment dis-
charge (p. 89). Hence, the average sediment discharge at
Thermopolis was used as 5, 080, 000 tons per year. Because of
deposition along the Wind River and its tributaries below River-
ton, the average annual sediment discharge at upstream points
probably totals more than 100 percent of the sediment discharge
at Thermopolis.

SEDIMENT YIELDS BY GEOLOGIC AREAS

Within a broad stratigraphic classification the different for-
mations will by no means have equal rates of erosion even for
equal quantities and distributions of precipitation. However,
such a broad stratigraphic classification may eliminate large
areas of the drainage basin from consideration as significant
sources of sediment. One approach to estimating the total sedi-
ment yield from areas that are underlain by rocks of different
geologic types can be made by determining the amount of runoff
from these areas and by estimating the average concentration of
sediment in the runoff. Another approach is to make crude es-
timates of average annual sediment yield per square mile and to
apply these estimates to an area. Estimates by either approach
would be easier to make if the geologic areas were each in one
continuous area rather than scattered around the Wind River
Basin,

The Wind River Basin was divided into five groups of areas
that are underlain by Precambrian, Paleozoic, Mesozoic, Ter-
tiary, and Quaternary rocks. Lines of average annual runoff
from plate 2 were transposed on a copy of the geologic map of
plate 3, and the areas underlain by each rock type were plani-
metered between each set of adjacent lines of equal runoff.
Cross products of area and runoff were totaled for each geologic
area to obtain the approximate runoff from each. As a check on
the work, the total runoff from all areas was found to represent
3.7 inches or 1, 590, 000 acre-feet per year at Thermopolis. On
the basis of adjusted streamflow records at Thermopolis, the
measuredaverage annual runoff fromthedrainage areaupstream
from Thermopolis was 3.6 inches. The comparison is good.

In table 80 the amounts of runoff in percentage of the total
runoff are given for the five geologic areas. For comparison,
the percentages of areaunderlain by the five rock types are also
shown., Estimates of sediment yield from these different geo-
logic areas are based partly on information in table 4.
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Table 80.--Yields of water and sediment! from five geologic areas in percentage
of total water and sediment discharges of the Bighorn River at Thermopolis

Total yield
Types of underlying Areas i
recks (percent) Water Sediment
(percent) (percent)
Precambrian....cec.... ceves i 59 0.5
Pale0Z0iCeesecsceansscncans 10 9 .
MES0BCiCeceecassacassccnans 12 2.5
Tertiaryeesceceseeassnnanss 48 27 28
QUALEITATY vearsvnrssrennnes 16 2,5 +63
Tetalessescssessocess 100 100 100

1 The yield of water is based on runoff (virgin flow); the sediment yield
is estimated on the basis of net yield under the development of irrigation and
reservoir storage at the end of the 1951 water year just before Boysen Dam was
closed,

AREAS UNDERLAIN BY PRECAMBRIAN ROCKS

The Precambrian rocks have a very incomplete soil mantle,
and the rocks themselves erode very slowly. Consequently, the
runoff from the areas of Precambrian rocks contains little sed-
iment. For example, the Little Wind River near Fort Washakie,
the North Fork Little Wind River near Fort Washakie, Dry
Creek at Burris, Meadow Creek near Crowheart, and the Middle
Popo Agie River near Lander are streams whose flow comes
mostly from areas that are underlain by Precambrian rocks.
However, each of these streams flows across areas that are
underlain by rocks of younger age and presumably collects ad-
ditional sediment before reaching the points where the measure-
ments of suspended sediment (table 4) were made. Probably
even with an allowance for small amounts of bed-load discharge,
the average concentration of suspended sediment in these 5
streams when they leave the areas that are underlain by Pre-
cambrian rocks is not more than 20 ppm. Flow from the highest
areas in the mountains may, on the average, contain consider-
ably lower sediment concentrations. A concentration of 20 ppm
in the total outflow from the areas that are underlain by Pre-
cambrian rocks amounts to only about 25, 000 tons of sediment
per year or about 0.5 percent of the average annual sediment
discharge of 5,080,000 tons (estimated unmeasured sediment
discharge included) at Thermopolis from October 1, 1946, to
September 30, 1951,
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Although the estimated sediment yield of 25, 000 tons may be
considerably in error, it does show clearly the slow rate of e-
rosion from approximately 1,100 square miles of area that is
underlain by the Precambrian rocks. This area, which covers
14 percent of the drainage basin, yields 59 percent of the water
and much less than 1 percent of the sediment.

AREAS UNDERLAIN BY PALEOZOIC ROCKS

In general, the Paleozoic rocks erode slowly. Few areas of
true soil have been developed on them. Runoff from the areas
that are underlain by the Paleozoic rocks averages between 3
and 4 inches annually but fails to cause much erosion. Streams
flowing across these areas are clear mountain streams. Their
beds are composed of cobblestones, boulders, and small a-
mounts of gravel. Thelarger streams carry flow that originates
principally on the areas that are underlain by Precambrian
rocks. Many of the streams have cut deep canyons in the Pale-
ozoic rocks over long periods of time, but the rate of cutting
was obviously very slow, and the steep gradients of the canyons
indicate slow erosion.

Quantitative estimates of the average sediment yields are
difficult to make because the Paleozoic rocks underlie narrow
areas that many streams cross but few streams drain exclusive-
ly. However, sediment concentrations in runoff from these
areas are obviously low. Streams such as Meadow and Willow
Creeks obtain much larger proportions of their flow from these
areas than do the Little Wind River near Fort Washakie, the
North Fork Little Wind River near Fort Washakie, and the Mid-
dle Popo Agie River, but they do not have appreciably higher
concentrations than the three rivers. An overall estimate of
150 ppm average sediment concentration may be reasonable for
runoff from areas that are underlain by Paleozoic rocks. This
concentration indicates that about 0.5 percent of the average
sediment yield from the Wind River drainage basin comes from
these areas.

AREAS UNDERLAIN BY MESOZOIC ROCKS

Areas that are underlain by Mesozoic rocks differ widely in
susceptibility to erosion. The large area along the foothills of
the Wind River Mountains may not yield more than 100 or 200
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tons of sediment per square mile to the Popo Agie River and
tributaries. A reservoir on Mahoney Draw accumulated sedi-
ment at a rate of only about 0. 03 acre-foot per square mile per
year over a period of 10 years from a drainage area that, ac-
cording to the geologic map (pl. 3), is mostly underlain by Mes-
ozoic rocks, This rate is on the order of 40 tons annually per
square mile, On the other hand, the rate of sediment accumu-
lation in a series of reservoirs on Blue Draw, whose drainage
area is mostly underlain by Mowry shale of Early Cretaceous
age, indicates that the sediment yield from some small areas is
2 to 3 acre-feet per square mile per year(p. 64). Although sed-
iment yields from small areas may not berepresentative of yields
from larger areas, the annual yield of perhaps 3, 000 tons per
square mile on Blue Draw indicates a high potential sediment
yield from some of the areas that are underlain by Mesozoic
rocks. An average sediment yield of 400 tons per square mile
annually from all the areas that are underlain by the Mesozoic
rocks may be a logical estimate. This rate when applied to the
total area that is underlain by the Mesozoic rocks indicates that
the sediment discharge from these areas is about 8 percent of
the average sediment discharge at Thermopolis.

AREAS UNDERLAIN BY TERTIARY ROCKS

Both runoff and sediment yield vary greatly within the areas
that are underlain by Tertiary rocks. These areas comprise
nearly-half of the Wind River drainage basin. They predominate
on the basin floor and also include much of the drainage area
near the headwaters of the Wind River. Large parts of the
drainage areas of the Wind River near Dubois, the East Fork
Wind River near Duncan, and Crow Creek near Crowheart are
underlain by Tertiary rocks. At high flows, these streams may
have sediment concentrations of 1, 000to 2, 500 ppm; at lowflows,
the sediment concentrations are very low. (See table 4.) The
areas having the highest runoff seem toyield water that contains
the lowest concentrations of sediment. Some sediment comes
from alluvial deposits along the stream. For aboutl, 000 square
miles of area that is underlain by Tertiary rocks and is up-
stream from the Diversion Dam on the Wind River, the average
concentration is estimated to be 700 ppm of sediment in 390, 000
acre-feet of water. The estimated tonnage per year is, there-
fore, about 370, 000 tons.

In the remaining 2, 800 square miles that is underlain by Ter-
tiary rocks, the runoff is generally low, but sediment concen-
trations during periods of stormflow are usually high. During a
period of 13 years the sediment accumulations in reservoirs

388176 O -56 -7
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on a drainage area of 3.12 square miles equaled 0.7 acre-foot
or perhaps about 900 tons per square mile annually. (See table
76.) In contrast, the average sediment yield during nearly 4
years of record from the Poison Creek drainage area of 519
square miles was about 6, 000 tons annually or about 12 tons per
square mile per year. The small drainage area is underlain by
Tertiary rocks as is most of the drainage area of Poison Creek.
Average annual runoff for the 2,800 square miles is estimated
to be about 0. 15 inch, and average sediment concentration in the
runoff is estimated to be about 3.5 percent. Annual sediment
discharge would be about 1,070, 000 tons. For the entire area
that is underlain by Tertiary rocks, the estimated annual sedi-
ment yield would be the sum of 370, 000 and 1, 070, 000 tons or
1, 440,000 tons, which is 28 percent of the average sediment
discharge of the Bighorn River at Thermopolis before Boysen
Dam was closed.

AREAS UNDERLAIN BY QUATERNARY DEPOSITS

Much sediment that is carried to the Wind River by its tribu-
taries comes from the Quaternary deposits along many of the
streams in the Wind River Basin, Along streams in the foot-
hills, these deposits are usually coarse textured and contribute
little sediment; but along streams on the floor of the basin, the
deposits are much finer textured and erode readily where suf-
ficient water is available. Because the rates of erosion vary
greatly and the Quaternary deposits occur in streaks andpatches,
the total contribution of sediment from these deposits can be es-
timated only by difference. In some areas these deposits are
being gradually increased by natural deposition of sediment.
Also, sediment diverted in irrigated water and deposited on land
surfaces may be 5 percent of the average sediment discharge at
Thermopolis. As the estimated sediment yields from the other
4 geologic areas total 37 percent, the estimated net sediment
yield from the areas of Quaternary deposits is 100 minus 37
percent or 63 percent of the average sediment discharge of the
Bighorn River at Thermopolis,

Although this estimate as well as those for the other geologic
areas is only a rough approximation, the large sediment contri-
butions from the areas of Quaternary deposits are evident. The
relative areas, volumes of runoff, and yields of sediment of the
five geologic groups are entirely different. (See table 80.)
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SEDIMENT YIELDS BY DRAINAGE AREAS

Another way of delineating the general source areas of sedi-
ment is by the sediment yield of drainage areas upstream from
sediment stations. Principal difficulties in such a delineation
are that the sediment station network is incomplete, the avail-
able records cover much too short a time to define dependable
averages, and not all the sediment is measured at most stations.
Other difficulties include changes during the period of sediment
records in irrigation, channel stabilization, and canal and res-
ervoir operation, Also, net degradation or net aggradation ina
reach often may prevent sediment records at upstream stations
from being consistent with those at downstream stations. In
spite of these difficulties, an attempt was made to estimate
within approximate limits the probable average total sediment
yield at many places in the Wind River drainage basin in terms
of the average sediment discharge at the Bighorn River at Ther-
mopolis, This average sediment discharge at Thermopolis was
computed to be 4,702,000 measured tons per year plus 8 per-
cent, or 5, 080, 000 tons per year. Unmeasured sediment yield
was estimated as 8 percent of the measured sediment discharge.
Estimates of sediment yield at Thermopolis and at all other sed-
iment stations were intended to represent averages under the
regimen of manmade control works and practices that existed at
the end of the 1951 water year just before the closing of Boysen
Dam.

Estimates of average sediment discharge for individual drain-
age areas upstream from gaging stations were based principally
on sediment records, if such records were available for an area.
Averages indicated by the records usually were increased some-
what for streams that have low and variable flows. On such
sireams, occasional floods may considerably raise the average
sediment discharges above the normal sediment discharges.
For example, the flood of 1923 might, if averaged over a period
of 50 years, increase computed average sediment discharges of
Muddy Creek near Shoshoni by 50, 000 tons per year or about 8
percent of the average sediment discharge for the water years
1950 through 1952.

Average sediment yields at some streamflow stations were
estimated from fragmentary sediment records or from a very
few sediment samples. For these stations the average stream-
flow was first computed or estimated., Average flows of streams
that derive most of their water from the mountains are fairly
accurately defined by records; average flows of streams that
rise at low altitudes and have variable and usually intermittent
flow generally had to be estimated or partly estimated from
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available records, the runoff map (pl. 2), Bureau of Reclama-
tion estimates of peak discharges of 10-, 25-, and 50-year
floods, and general information on the drainage basin. Most es-
timated averages were appreciably larger than the averages for
short available records of streamflow.

After amounts of average streamflow were obtained and were
entered on plate 6 in percentage of average flow of the Bighorn
River at Thermopolis, sediment concentrations or sediment dis-
charge per square mile or both were estimated. Usually, esti-
mates of sediment discharge per square mile were given little
weight because sediment discharges per square mile from small
areas of the Wind River drainage basin vary greatly from year
to year and from place to place in the basin. (See p. 87.) From
the available data, the average sediment discharges were esti-
mated in percentage of the average sediment discharge at Ther-
mopolis before Boysen Dam was closed, All the percentage es-
timates are shown on plate 6. Of course, because of scour or
deposition, the sum of upstream sediment discharges does not
necessarily equal the sediment discharge at Thermopolis.

Average sediment yields(pl. 6) show clearly that large areas
of the Wind River drainage basin contribute little sediment.
Streams rising in the Wind River Mountains carry negligible a-
mounts of sediment in large volumes of water. After these
streams leave the mountains, they pick up some sediment from
their channels, from irrigation return flows, and from inflow of
tributaries on the basin floor. Thus the Popo Agie River at its
mouth contributes about 35 percent of the water at Thermopolis
but carries only about 6 percent as much sediment as the Big-
horn River at Thermopolis, and most of this sediment seems to
come from the stream channels and low-altitude drainage areas
of the Little Popo Agie River and Beaver Creek. Although the
Wind River tributaries that flow from the Wind River Mountains
have very low concentrations of sediment, the Wind River near
Crowheart is estimated from meager data to carry 14 percent
as much sediment as the Bighorn River at Thermopolis. Some
of this sediment comes from stream channels, but appreciable
amounts also come from tributaries that enter the Wind River
from the north. Between the Crowheart and the Riverton gaging
stations, the Wind River has a net loss of about 4 percent of the
average sediment discharge at Thermopolis, according to the
estimated average sediment discharges. In this reach of the
Wind River, large quantities of water and its sediment load are
diverted for irrigation and power.

At the junction of the Wind aad Popo Agie Rivers .near River-
ton, the streamflow averages about 86 percent of tn€ flow at
Thermopolis, but the sediment discharge averages only Lbout 16
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percent of the Thermopolis sediment discharge. Thus, most sed-
iment that was discharged past Thermopolis before Boysen Dam
was closed came from areas and from stream channels down-
stream from Riverton even though natural inflow in this reach
is a very small percentage of the streamflow at Thermopolis.
For water years 1949 through 1952, an annual summary of rec-
ords of streamflow, measured suspended-sediment discharge,
and computed total sediment discharge was prepared for the
Wind-Bighorn River from Riverton to Thermopolis (tables 81
and 82). In addition to the natural tributaries, several drains
and wasteways discharge unmeasured amounts of sediment and
water into the Wind River downstream from Riverton. Water
discharge and sediment discharge in table 81 and 82 are shown
both as quantities and as percentages of the discharges at Ther-
mopolis. The basis for the average ratios that were used to
compute total sediment discharges from measured sediment dis-
charges was discussed on pages 65 to 81. In general, the rela-
tive sediment discharges are not much different whether they
are based on computed total sediment discharges or on measured
sediment discharges. The summary (table 82) covers only a
short period of record, particularly for Kirby Draw, Muskrat
Creek, and Lateral P-36.8 wasteway. However, it gives helpful
information on the sediment yields of the streams. For most
stations the longtime average percentages of total sediment dis-
charge on plate 6 agree closely with the average percentages in
table 82. The amount of departure in the percentages for any
one station is a measure of how representative the average per-
centages for total sediment discharge for a 3-year period of
record are considered to be.

During 1950 the computed total sediment discharges of the
streams for which sediment was measured totaled 102 percent of
the computed total sediment discharge at Thermopolis in spite of
the fact that the sediment yields of some streams were not in-
cluded in the total. Also, the estimated average total sediment
discharges on plate 6 from Riverton downstream add up to more
than 100 percent. This fact may be attributed to inaccuracies in
the estimates for the tributaries, to an average sediment dis-
charge at Thermopolis that is too low for a correct longtime
average, or to the deposition of sediment along the Wind River
downstream from Riverton. The last reason may be the most
significant of the three. Before Boysen Reservoir was in exist-
ence, sediment deposition was obviously occurring, at least at
times, at the mouths of Fivemile Creek and Muddy Creek.
Muskrat Creek has deposited large quantities of sediment along
its channel a short distance upstream from its mouth and down-
stream from the sediment and gaging station.
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Because tributaries in the Wind River Basin downstream
from Riverton discharge large amounts of sediment into the
Wind River, these tributaries are discussed individually. Each
of these tributaries has at least short periods of sediment rec-
ords at a sediment station near its mouth.

KIRBY DRAW

All the drainage area of Kirby Draw is at comparatively low
altitudes. Streamflow is in response to relatively intense sum-
mer precipitation plus perhaps an occasional very small flow
from snowmelt. Even at low flow, the sediment concentrations
are high (table 11), but quantity of sediment discharge is limited
by the low runoff. Probably an infrequent storm runoff may
some day yield more sediment than several years of more nor-
mal runoff.

The drainage area upstream from the sediment station is a-
bout 155 square miles. Even an annual runoff of a few hun-
dredths of an inch in which the sediment concentration averages
perhaps 8 percent will give an estimated sediment discharge of
about 20, 000 tons per year, which is equivalent to an estimated
0.4 percent of the average sediment discharge of the Bighorn
River near Thermopolis.

MUSKRAT CREEK

The branching patterns of Muskrat Creek and of its tributary,
Conant Creek, indicate that much of the flow of the creek origi-
nates near Beaver Rim in an area where the runoff is greater
and altitudes (pl. 2) are higher than on the floor of the Wind
River Basin. The drainage area upstream from the gaging sta-
tion, which is 13 miles upstream from the mouth, is 760 square
miles. The channel of lower Muskrat Creek is several hundred
feet wide (fig. 7), has vertical banks in many places, and has
built up an alluvial fan near the Wind River. The stream chan-
nel has the appearance of carrying large sediment loads at in-
frequent flows.

Records for 2 water years, 1951 and 1952, show widely dif-
ferent sediment yields (table 12). For 1952, less than 2, 000
tons of suspended sediment was reported; for 1951, the
suspended-sediment discharge was given as 241, 000 tons (esti~-
mated total sediment discharge 255,000 tons), which was



FLUVIAL SEDIMENT 95

transported in only 1, 700 acre-feet of water. Thus, more than
5 percent of the average sediment discharge at Thermopolis
was transported in a flow of only 2. 24 acre-feet of water per
square mile, which is little more than 0. 04 inch of runoff per
year. Average annual runoff is likely to be on the order of
magnitude of 0, 08 or 0,10 inch or about double the runoff during
the 1951 water year. Although concentrations may not average
so high as during the 1951 water year, the sediment yield from
Muskrat Creek may, as shown by plate 6, average 8 percent of
the average sediment discharge at-Thermopolis before Boysen
Dam was closed. An appreciable fraction of the estimated sed-
iment discharge at the gaging station may be deposited between
the gaging station and the Wind River.

POISON CREEK

Nearly all the drainage area of Poison Creek is at relatively
low altitudes in an area where runoff is very low. Except near
the headwaters, the drainage area of the creek is narrow, and
tributaries are very small. Both peak discharges and volumes
of water in many stormflows are likely to decrease as the flows
move downstream along the channel. Probably, the average
annual runoff per square mile from the Poison Creek drainage
basin is lower than for any other named tributary of the Wind
River downstream from Riverton with the possible exception of
Kirby Draw. During a period of nearly 5 years, including the
1953 water year for which provisional records are available,
the discharge of Poison Creek near Shoshoni has averaged less
than 400 acre-feet per year from a drainage area of about 519
square miles or between 0. 01 and 0. 02 inch of runoff per year.
This amount of runoff is certainly below a longtime average.
Estimated 10-, 25-, and 50-year peak flood discharges for Poi-
son Creek have been given by the Bureau of Reclamation8/ as
2,730, 6,460, and 9, 690 cfs, respectively. Although these es-
timated flood peaks may be too high and certainly seem to be
inconsistent with the short available records of flow, they do
indicate that average annual runoff is likely to be considerably
higher than the average runoff during the period of record. The
longtime average runoff of Poison Creek near Shoshoni is esti-
mated to be about 0.1 percent of the average flow at Thermopo-
lis, or about 1, 400 acre-feet, equivalent to 0. 05 inch, annually.

§/ Filaseta, Leonard, 1952, Sediment in the Wind River
drainage basin: Unpublished report in files of U. S. Bur. of
Reclamation.
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Sediment concentrations weighted with water discharge have
averaged less than 2 percent by weight (table 32). On May 28,
1953, when the average flow for the day, from provisional rec-
ords, was 31 cfs, the average concentration was reported as a-
bout 4 percent by weight. Thus, the average concentration dur-
ing minor stormflows seems to be much lower for Poison Creek
than for Muskrat Creek or Kirby Draw. An estimated average
concentration of 4 percent in 1, 400 acre-feet of runoff would be
76, 000 tons, or slightly less than 13 percent of the average sed-
iment discharge at Thermopolis. Poison Creek is, therefore,
estimated on the average to yield 1 percent of the average sedi-
ment discharge at Thermopolis. The appearance of the channel
supports the estimates of low sediment and water discharges.
(See fig. 9.) '

Some uncertainties in determining sediment yields from areas
of low runoff are brought out by comparison of sediment yields
from Poison Creek and from Graham Draw, a tributary of Poi-
son Creek. The drainage area of Poison Creek near Shoshoni is
about 519 square miles, and the average sediment yieldas meas-
ured during a continuous period of nearly 5 years, including pro-
visional records for the 1953 water year, was about 6, 000 tons
per year (table 32). The drainage area of 3.12 square miles on
Graham Draw yielded 16.7 acre-feet (table 76) of uncompacted
sediment or 5.6 acre-feet per season during the summer seasons
of 1947 through 1949, At an estimated weight of 40 pounds per
cubic foot of the sediment deposit, the yield per season would be
about 4, 880 tons. This is nearly as much as the average sedi-
ment discharge that was measured from 519 square miles. Dur-
ing the 3 summer seasons 1951 through 1953, no runoff was re-
ported from the drainage area of 3.12 square miles (table 75).
Therefore, there was no sediment yield.

Average sediment accumulation from the drainage area of
3.12 square miles from 1940 to 1953 was 31. 8 acre-feet or 2.27
acre-feet per year. At an estimated weight of 60 pounds per
cubic foot in 1953, the annual sediment yield wouldbe about 2, 970
tons or nearly 1, 000 tons per square mile, whereas the average
yield from about 519 square miles during the period of sediment
records was about 6,000 tons. An average sediment yield of
1,000 tons per square mile from the entire 519 square miles of
area would indicate that Poison Creek should discharge more
than 10 percent of the average sediment discharge at Thermopo-
lis during theperiod of sediment records or 10 times what it was
estimated to discharge. These relationships indicate, as Brune
(1950) has shown, a probable error in using sediment yields
from small areas as a measure of sediment yields from much
larger drainage areas.
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are tabulated because each has its own advantages and disadvan-
tages. Measured sediment discharges do not contain the inac-
curacies that are involved in estimates of unmeasured discharge,
but they can only be used with the understanding that they do not
include all the sediment discharge at most stations. Total sed-~
iment discharges are theoretically more correct, but they con-
tain the inaccuracies of the computations of unmeasured sedi-
ment discharge.

Tables 83 and 84 are mostly self-explanatory. Tributary in-
flows of water and sediment are totaled for the 8 tributaries be-
tween the Pavillion and the Riverton gages on Fivemile Creek
and for the 5 tributaries between the Riverton and the Shoshoni
gages. Most tributary discharges of sediment are small (tables
15-16, 18-23, and 25-29), but Pavillion drain near Pavillion,
Ocean drain near Pavillion, and Sand Gulch near Shoshoni each
discharges measured sediment at a rate in the range of 10, 000
to 100, 000 tons per year,

In the section of table 84 in which measured sediment dis-
charges are listed, the estimated sediment loads in the unmeas-
ured inflow are estimates based on the unmeasured water inflow
and on monthly measured sediment concentrations (table 85),
weighted with water discharge, in thel3 tributary inflows. Con-
centrations in the inflows are low. Estimated sediment dis-
charges in the unmeasured inflow are small, but they are in-
cluded to make the computations complete and to showthe
relative insignificance of the sediment that is carriedto Fivemile
Creek in the unmeasured inflow. From March through September
1949, 1, 284, 000 tons of sediment out of 1, 563, 000 tons that were

Table 85,--Monthly suspended-sediment concentration, weighted with
water discharge, in water of 13 tributaries to Fivemile Creek

Suspended-sediment concentration
Month (ppm)
1949 water year 1950 water year
OCtOberescessersscnannans “0s0e00000s0ss0sse 210
November.......-....-.... se0 e sessssesssen e 209
December.......-.......-. s000%ese0seese0sOs e 126
JANUATrY,eeeeesssseesvssee ss00800es00s0s 00 e 106
FebruaryoooccoccoooooOno' %3920 00000 00000 OES 29h
MarCh................'... 5h3 667
Aprilaooonocooco.noeoo.oo 5h9 1,580
MaYesesesessss0cscscsncns 1,280 821
Ju-nectcctcoo'otoo.OQO'.oo 1,5,40 13130
JUly"o.......n.o..-.... 1’680 1,180
August,.veecsvesvecscanes 1,010 1,070
Septembereeceecsacenssses 535 502
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measured at the Shoshoni station are not accounted for except by
erosion from the channel. During the1950 water year 3, 035, 000
tons out of the 3, 406, 000 tons that were measuredat the Shoshoni
stationare not accounted for except by erosion from the channel.

In the section of table 84 on total sediment discharge, the
same type of data is given as in the section on measured sedi-
ment discharge. The only difference is that the computations
were adjusted to include estimated unmeasured sediment dis-
charges. Measured sediment discharges were increased by 8
percent for Fivemile Creek near Pavillion, were not increased
for Fivemile Creek near Riverton because approximately total
sediment discharge is measured, and were increased by 15 per-
cent for Fivemile Creek near Shoshoni. (See tables 77 and 78
and p. 79.) Unmeasured sediment discharge of the tributary in-
flows was estimated at a flat 20 percent of measured sediment
discharges. One computation for Pavillion drain near Pavillion
showeda ratio of computed total sediment dischargeto measured
discharge of 1.43. Nearly total sediment is measured at sta-
tions onsome drains and wasteways. The estimate of 20 percent
is highly questionable but does not involvelarge tonnages of sed-
iment.

The total sediment discharge at the Shoshoni station from
March through September 1949 was computed to be 1,798,000
tons. Of this amount, about 1,477,000 tons, or 82 percent,
came from the reach of channel between the sediment stations
near Pavillion and near Shoshoni. During the 1950 water year
the total tonnages near Shoshoni andnear Pavillion were 3, 916, 000
tons and 174, 600 tons, respectively, Inthe 1950 water year the
computed net sediment eroded from the channel between the Pa-
villion and Riverton stations was 1,850,000 tons. Between the
Riverton and Shoshoni stations the computed net sediment from
the channel was 1,642,000 tons (table 84). A total of about
3,492,000 tons, or 89 percent of the computed total sediment
load for the Shoshoni station, was eroded from the channel be-
tween the Pavillion and Shoshoni stations. About 47 percent of
the computed total load for Shoshoni was eroded from the chan-
nel between the Riverton and Pavillion stations. A comparable
figure for the reach between the Riverton and the Shoshoni sta-
tions would be 42 percent.

BADWATER CREEK

The southern end of the Bighorn Mountains and the southern
slopes of about a third of the Owl Creek Mountains are drained
by the headwaters of Badwater Creek and by tributaries that
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enter the creek from thenorth. The upper ends of some of these
streams reach high enough altitudes (pl. 2) to collect appreciable
amounts of snowmelt and to have well-sustained low flow. Much
of the low flow is used for irrigation, and little return flow from
irrigated land reaches the stream channels. At the streamflow
and sediment station atBonneville where the drainage area is a-
bout 790 square miles, Badwater Creek carries no flow for many
days each year.

On the basis of sediment concentration, the water discharged
by Badwater Creek is of two general classes. The water of one
class has relatively low suspended-sediment concentrations of
about 10, 000 ppm or less (table 33) and comes from snowmelt
and light rains on the slopes of the mountains. The water of the
other class comes from summer and fall rains, which may be
on the valley floor as well as in the mountains. Water discharge
of this second class has suspended-sediment concentrations that
are roughly 100, 000 ppm and that are comparable with the con-
centrations in water discharge from Muskrat Creek during sum-
mer storms. (See tables 12 and 33.)

During the 5 water years of sediment records that are sum-
marized in table 33, approximate average annual discharge of
water was 7, 070 acre-feet and of measured sediment was 137, 000
tons. Estimated average unmeasured sediment discharge based
on information from table 79 is about 53, 000 tons per year.
Thus, during the 5-year period, the water discharge was about
0.5 percent and the total sediment discharge was nearly 4 per-
cent of the longtime average water and sediment discharges at
Thermopolis. These figures are only slightly greater than the
average percentages for the 1949, 1950, and 1951 water years.
(See tables 81 and 82.) Because an occasional year of high wa-
ter and sediment discharge may increase the averages appreci-
ably, the longtime average water and sediment yields from Bad-
water Creek are estimated to be 0.7 and 6 percent, respectively,
of the water and sediment yields at Thermopolis before storage
in Boysen Reservoir,

MUDDY.CREEK

The branching headwaters of Muddy Creek rise high along the
south side of the Owl Creek Mountains. During the spring,
snowmelt contributes appreciable quantities of water at rela-
tively low rates of flow., Later in the year, the flow is mostly
in response to rainfall along the south slopes of the Owl Creek
Mountains. Storm runoff is usually of short duration, but the
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peak discharges may be relatively high. Concentrations of sed-
iment are high during the stormflows. Since the summer of
1950, waste water and return flow from irrigation have entered
the channel of Muddy Creek.

Since early 1949, two sediment stations have been maintained
on Muddy Creek. One is 9% miles northeast of Pavillion and up-
stream from the irrigated lands of the Riverton project; the
other is 9 miles northwest of Shoshoni and about 5 miles up-
stream from the mouth. Before water from irrigation was
wasted into the channel of Muddy Creek, recorded streamflow
was usually lower at the gaging station near Shoshoni than at the
gaging station upstream near Pavillion. (See tables 34 and 35.)
Sediment discharge increased, however, in a downstream direc-
tion because of channel erosion. From March to September 1948
the weighted mean concentration was about 6 percent by weight
at the upstream station and about 10 percent by weight at the
downstream station. During this period, the measured sediment
discharge at the station near Shoshoni was 1. 53 times the meas-
ured sediment discharge at the station near Pavillion. Annual
measured sediment discharges at the Pavillion station for the
1950, 1951, and 1952 water years were multiplied by this ratio.
The resulting products when subtracted from the measured sed-
iment loads at the Shoshoni gaging station indicated that105, 000,
571,000, and 352, 000 tons of sediment at this downstream sta-
tion might be attributed to irrigation water during the 1950,
1951, and 1952 water years, respectively. These sediment ton-
nages would be increased several percent if adjustments were
applied for estimated unmeasured sediment discharge. The in-
creases in water discharge between the Pavillion and the Sho-
shoni stations by water years were 2,580, 14,530, and 15,150
acre-feet. An overall average of something less than about 35
tons of sediment at the Shoshoni station seems to be the sedi-
ment discharge that can be attributed to each acre-foot of water
that is wasted or returned from irrigated lands during the water
years 1950 through 1952. Since irrigation return flows have
been carried by Muddy Creek, the creek has unquestionably be-
come second only to Fivemile Creek as a contributor of sedi-
ment to the Wind River (fig. 33).

Before irrigation water was wasted into Muddy Creek, appre-
ciable tonnages of sediment were eroded fromthe channel during
periods of flow. The erosion contrasts sharply with the deposi-
tion that was assumed to occur along the channel of Poison Creek
during the period of sediment records. The difference inbehav-
ior of the two streams is not due to channel slopes, which are
approximately equal (pl. 4). Probably it is due mostly to differ-
ences in runoff. Except near the mouth of Poison Creek, the
channel is dry most of the time. Flows, when they do occur,
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Figure 33. --Comparison of sediment loads for several streams in the
Wind River drainage basin, 1950 water year.

are usually low, and they move down a channel that has usually
been dry for many weeks. Theflows are too small and too infre-
quent to maintain many cutbanks. The channel tends to stabi-
lize between periods of active erosion. Thus, both flows and
sediment discharges seem to decrease downstream along much
of the Poison Creek channel.

In contrast, flow in the upper reaches of Muddy Creek is
nearly continuous, stormflows are relatively frequent, and many
of the stormflows are moderately high. In thereach between the
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two sediment stations, volumes of stormflows may be decreased
by losses to the banks and bed of the channel; but these water
losses, expressed as percentage of flow, are probably small as
compared with losses along Poison Creek. Storm rises are
frequent enough to keep much of the channel actively eroding;
even the low flows from snowmelt erode some sediment from
the channel,

For the irrigation development at the end of 1951, the water
discharge is estimated to average 1.4 percent and the sediment
discharge 16 percent of the average water and sediment dis-
charges at Thermopolis before Boysen Dam was closed.

DRY COTTONWOOD CREEK

The drainage area of Dry Cottonwood Creek is about 170
square miles. The headwaters of the creek (pl. 4) and the trib-
utaries fall rapidly from the flanks of the Owl Creek Mountains
to the floor of the valley. Some of the snowmelt enters the creek,
but in many years all the snowmelt enters the ground before
reaching the gaging and sediment station near the mouth of Dry
Cottonwood Creek. Before the summer of 1951, water flowed
past the station on only a few days each year. The flows usually
resulted from local thunderstorms along the Owl Creek Moun-
tains. Measured discharge of suspended sediment for the storm
season of the 1949 water year was 10, 090 tons (table 36) and for
the entire 1950 water year was estimated to be 1,120 tons, of
which 1, 000 tons was discharged during 1 day. Because natural
runoff from the drainage area of the creek is very low, the nat-
ural potential sediment yield of the creek isalso rather low even
though a rare flood may sometimes producea high sediment dis-
charge for a day or two.

In the summer of 1951, return water from irrigation was first
wasted into Dry Cottonwood Creek, and since that time the av-
erage sediment yield of the streamhas been somewhat increased.
However, the 78, 000 and 232, 000 tons of sediment that were re-
ported for the 1951 and 1952 water years, respectively, were
mostly discharged during periods of storm runoff. Irrigation
return flows probably amounted to only about 500 acre-feet dur-
ing the 1951 water year and to perhaps 2, 300 acre-feet during
the 1952 water year. Monthly weighted concentrations during
months without storm runoff indicate that theaverage concentra-
tion in the irrigation flows is probably not more than 4, 000 ppm.
This concentration in 2,300 acre-feet of water is only 12,500
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tons of sediment. No estimate is made of possible increase in
sediment discharges that might be caused during stormflow by
the effect on the channel of water from irrigation.

The longtime average sediment yield from Dry Cottonwood
Creek with only a small amount of return flow from irrigation
is estimated to be 3 percent of the average sediment discharge
at Thermopolis before Boysen Dam was closed. (See pl. 6.)

DISSOLVED MINERAL CONSTITUENTS

DEFINITION OF TERMS

Most terms used in the field of water chemistry are common
and readily understandable. Some are more limited in usage,
and still others have been used to convey a variety of meanings.
As an aid to the clarity of this section of the report, some of the
terms that are not corpletely standardized are defined as follows:

Scheduled sampling station is a location at which water sam-
ples are collected on a systematic basis for chemical study.
Three types of stations, dependent on the sampling frequency,
were operated inthis investigation: daily station--water sampled
once or more each day; periodic--water sampled about once a
month; infrequent--water sampled less frequently, usually at 3-
to 4-month intervals.

Unscheduled sampling point is a location at which samples
are collected less frequently and systematically than at a sched-
uled station; usually only 1 or 2 samples were collected for a
specific purpose.

Salinity is the dissolved mineral content or total concentra-
tion of solids in solution.

Alkalinity is caused primarily by the presence of carbonates
and bicarbonates and less frequently by hydroxides, borates. sil-
icates, and phosphates. These components are determined col-
lectively by titration with a standardized solution of a strong
acid and are reported as carbonate and bicarbonate.

Parts per million {ppm) is a unit for expressing the concen-
tration of chemical constituents by weight, usually as grams of
constituents per million grams of solution.
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Equivalents per million (epm) is a unit for expressing the
concentration of chemical constituents in terms of the interre-
acting values of the electrically charged particles, or ions, in
solution. One equivalent per million of a positively charged ion
will react with one equivalent per million of anegatively charged
ion. Parts per million are converted to equivalents per million
by multiplying by the reciprocal of the combining weight of the
ion.

Cations Factor Anions Factor
Calcium (Catt)------- 0. 0499 Carbonate (CO3™7)---- 0.0333
Magnesium (Mgtt)---- 0822 Bicarbonate (HCO3™)-- .0164
Sodium (Nat)--------- . 0435 Sulfate (SO4~")------- . 0208
Potassium (Kt)------- .0256  Chloride (C17)-------- . 0282

Fluoride (F~) -------- . 0526
Nitrate (NO3~) ------- .0161

Composite is amixture of two or more water samples. -Com-
plete analysis of individual daily samples is impractical; there-
fore, analyses are usually made on composites of several daily
samples.

Equal-volume composite is a composite made of equal
volumes from each daily sample.

Discharge composite is a composite for which the vol-
ume that is taken from each individual sample is propor-
tional to the water discharge when the sample was col-
lected.

Weighted average represents approximately the chemical
character of the water if all the water passing a point in the
stream during the year were impounded and mixed in a reser-
voir. It is calculated by dividing the sum of the products of wa-
ter discharge and concentration of individual analyses by the sum
of the water discharges for the period that the analyses repre-
sent.

Specific conductance is a measure of the ability of a water to
conduct an electrical current and is expressed in micromhos at
25°C. Because the specific conductance is related to the number
and specific chemical types of ions in solution, it can be used
for approximating the salinity of the water. The following gen-
eral relations are applicable:.

Specific conductance x (0. 65 + 0, 05) = ppm dissolved solids

Specific conductance _ total epm
100 2
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Salt discharge is the rate at which dry weight of dissolved
mineral solids passes a section of a stream or the quantity that
is discharged in a given time.

Percent sodium is the ratio, expressed in percentage, of so-
dium to the sum of the positively charged ions (calcium, magne-
sium, sodium, and potassium)--all ions in equivalents per mil-
lion.

Sodium-adsorption-ratio is related to the adsorption of sodi-
um by the soil and is an index of the sodium, or alkali, hazard
of the water. Concentrations of constituents are in equivalents
per million,

Na
/Ca + Mg
Leaching percent is the ratio, expressed in percentage, of

the amount of water that passes downward through the root zone
to the amount of water that is applied to the land surface.

SAR =

"Residual sodium carbonate' (Eaton, 1950) is the amount of
carbonate plus bicarbonate, expressed in equivalents per million,
that would remain in solution if all the calcium and magnesium
were precipitated as the carbonate.

Residual sodium carbonate = (CO3 + HCO3) - (Ca + Mg)

CHEMICAL-QUALITY RECORDS

Beginning in 1945, data on the quality of surface waters have
been collected in the Wind River Basin. This report includes
all the data for scheduled stations through the 1952 water year
and information from unscheduled sampling points through the
1953 and 1954 water years. The periods of record and the sam-
pling frequency at the scheduled sampling stations are shown in
chart 3. In addition, 85 water samples from 48 other locations
have been collected and analyzed. The locations of the sampling
points are shown on plates 1 and 5.

Long-term, daily records of analyses are always desirable
for defining the chemical-quality characteristics of a stream.
Unfortunately, such records seldom have been obtained. How-
ever, the available records for the Wind River Basin are con-
sidered to be adequate for predicting long-term and average
quality traits because(l) the concentration of salts in solution in
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the main streams fluctuates over relatively narrow ranges when
compared with other rivers in the semiarid parts of the Great
Plains and(2) the runoff duringthe sampling period approximated
the 39-year average runoff measured at Thermopolis. The av-
erage water discharge at Thermopolis for the 1947-49 period,
during which time daily stations were operated on the main stem,
was 1, 883 cfs; whereas the 39-year average from 1910 to 1949
was 1,910 cfs. The water-year discharges at Thermopolis for
1947, 1948, 1849, and 1951 averaged 1,962 cfs.

Boysen Dam was closed October 11, 1951, and the filling of
the reservoir began. Although analyses of water at Thermopolis
for 1952 are presented in the tabular data, they are not included
in the discussion and computations of chemical characteristics
because records obtained during reservoir filling are represent-
ative of neither preimpoundment flows nor reservoir outflow
during normal operation. They provide a historic record.

CHEMICAL ANALYSES

Chemical analyses of water from scheduled sampling stations
are presented in tables 86 to 95. Two weighted averages appear
at the foot of most of the tables; the first represents only the
sampled period, and the second includes estimated concentra-
tions for nonsampled periods. The chemical analyses of water
from unscheduled sampling points are presented in table 96,

METHODS

The daily samples were collected in 12-ounce, soft-glass
bottles that have pressure-seal caps. Two compositing proce-
dures were used in the Wind River study. During the initial
stages of the program equal-volume composites were prepared,
and specific conductance of the sample was used to determine
the composite periods. When the specific conductance indicated
that the total mineralization of the water was changing, a new
composite was begun., Later, discharge composites were pre-
pared. Probably the discharge method is superior whenthe qual-
ity of water to be impounded is in question, as the composite
contains a higher percentage of high-discharge water than low-
discharge water. Other than daily samples were collected in
pyrex bottles with either tinfoil-wrapped corks or rubber stop-
pers.
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Specific conductance, percent sodium, and boron were deter-
mined as these qualities have a direct bearing on the rating or
classification of the water for irrigation, Silica, iron, calcium,
magnesium, sodium, potassium, bicarbonate, sulfate, chloride,
fluoride, and nitrate, together with pH and hardness, affect the
suitability of the water for general use. All samples were ana-
lyzed by methods in general use by the Geological Survey.

The weighted averages that appear at the foot of the tables
were determined by weighting each analysis in proportion to the
water discharge for the period the analysis represents. The
weighted-average concentrations at any station should be about
representative of the total flow for the year. Actually, the
weighted average for a part of a year may be misleading if the
streamflow or chemical concentration during the omitted part of
the year was much higher or much lower than average. This
may be true even though the flow during the omitted part of the
year was a relatively small percentage of the annual flow.
Hence, before considering the quality of water in the Wind River
Basin in terms of the amount of salts transported and usage of
the water, adjustments were made on some of the records to in-
clude estimates of concentrations of chemical constituents for
periods without samples, These estimates were made on the
basis of all available chemical and hydrologic data.

FACTORS AFFECTING THE CHEMICAL QUALITY OF THE WATER

Rainwater or snow is relatively devoid of contamination ex-
cept for small quantities of dissolved atmospheric gases. As
soon as the water from rain or melting snow and ice comes in
contact with the earth's crust, it begins to dissolve materials.
The water may run off into streams quickly and dissolve only a
small amount of material, or it may travel more slowly over
the surface or infiltrate to ground-water reservoirs and eventu-
ally be discharged into a stream. The latter movement favors
solution of material, and the resultant water is usually more
mineralized. The chemical character and concentration of a
surface water may fluctuate widely. Some of the factors that
affect the chemical quality of a water are variations in climate,
impoundment and diversion, tributary inflow, geology, and in-
dustrial, municipal, and agricultural effluents. Size and topog-
raphy of the drainage basin may often modify or intensify the
effect of these factors. Thus the chemical quality of the water
is the resultant of its overall environment.
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CHEMICAL QUALITY IN RELATION TO GEOLOGY

The chemical character of a river water is dependent prima-~
rily on the mineral and physical properties of the geologic for-
mations that are traversed and on the time the water is in con-
tact with the rocks. The river carries the soluble products of
weathering in ionic solution or as colloidal dispersions. The a-
mount of these materials varies according to the climate and to
the chemical composition and physical properties of the rocks
and soils in the catchment area. Clarke (1924, p. 69) points out
that a river water is the average, or composite, of all its tribu-
taries. River water is thus in unstable equilibrium and is un-
dergoing continuous change by chemical reactions.

Granitic rocks and well-leached sands and gravels yield wa-
ter of low mineralization. However, in arid regions sands and
gravels often contain large amounts of soluble material. Fine-
grained rocks, such as siltstone and shale, expose considerable
surface to the solvent action of the water; water in contact with
such material may become highly mineralized. Certain types of
cementing materials in sandstones and indurated shales are
easily dissolved during the weathering process. Calcium car-
bonate dissolves rather easily in water that contains carbon
dioxide.

Plate 8 shows the geochemical character andionic concentra-
tions of some surface waters in the Wind River Basin. Most
samples used for this illustration were collected during low flow
when the effect of geology on the chemical quality is more evi-
dent than during high flows.

The equiaxial quadrilaterals in plate 8 diagramatically depict
the concentration and geochemical relations of the ions in solu-
tion, and the size and shape of the'kite'" diagrams show pictori-
ally the suitability of the water for irrigation. The total ionic
concentration in equivalents per million is equal to twice the
length of either the vertical or horizontal axis. Potassium has
been included with sodium in the lower vertical axis to show the
geochemical character of the water. This grouping is not in ab-
solute agreement with the agricultural definition of percent so-
dium, but potassium is present in such small quantities that its
inclusion with sodium is insignificant in percent-sodium inter-
pretations from the illustration. If themajor part of the quadri-
lateral is in the upper half, the water has low percent sodium.
The percent sodium is the ratio of the length of the sodium line
tothe total length of the vertical axis. If the major part is in the
upper left quarter, the water is the most desirable type for irri-
gation; sulfates and chlorides of calcium and magnesium pre-
dominate. If the figure shifts to the upper right quarter, percent
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sodium is low but residual sodium carbonate is a possibility.
The slope of theline joining the plots of calcium plus magnesium
and carbonate plus bicarbonate is the ratio of these constituents
and indicates the presence or absence of residual sodium car-
bonate. If the slope is greater than 45° there is no residual
sodium carbonate; conversely, residual sodium carbonate in-
creases as the slope decreases from 45° Percent sodium is
high if the major part of the diagram tends toward the lower
half. Location of the larger area in the lower right quarter in-
dicates water least desirable forirrigation; high percent sodium
and residual sodium carbonate are both present. The signifi-
cance of these water-quality characteristics are discussed in
the section ''Criteria for rating irrigation waters."

Headwaters of the Wind River rise primarily on the Wiggins
formation of Tertiary age, which is composed of volcanic con-
glomerate interbedded with tuffaceous sandstone and marl, Wa-
ter from this area, sampled 7 miles northwest of Dubois, is
generally dilute, comparatively high in content of silica, and
calcium bicarbonate in type. The Wind River at Dubois is in-
fluenced by the inflow of Horse Creek, whose salt load comes
principally from rocks of Mesozoic age. The North Fork Wind
River drains areas of varietal geology, and the quality of the
water is similar to the Wind River upstream from Dubois. In-
flow of the North Fork Wind River and tributaries to the Wind
River from the south dilutes the water in the main stem by the
time it reaches Burris. Samples from Dinwoody Creek and Dry
Creek collected downstream from outcrops of rocks of Mesozoic
age show the pickup of calcium sulfate and carbonate (as bicar-
bonate), which are associated with some of the formations of
this era. Salinity further decreases between the stations near
Burris and near Crowheart. This dilution and counteraction of
some of the effect of relatively mineralized tributaries are at-
tributed to inflow of Bull Lake Creek. Bull Lake Creek heads
high in the mountains on Precambrian rocks, traverses a narrow
band of Paleozoic rocks, and is protected from contact with
Mesozoic rocks by channel alluvium, The sample collected near
Lenore, downstream from Bull Lake Reservoir, had only 48 ppm
dissolved solids and 2,1 ppm silica and was principally a calci-
um bicarbonate type water.

Spot samples from the Popo Agie River and tributaries show
the progressive trend and water-quality changes in relation to
the geology of the area. The Little Popo Agie River upstream
from Red Canyon Creek and the South Fork Little Wind River
are dilute, low-silica, calcium bicarbonate type waters and are
typical of runoff from areas underlain by Precambrian and
Paleozoic rocks. Red Canyon Creek, whose quality reflectsthe
influence of the Chugwater formation, had a specific conductance

388176 O -56 -9
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of 909 micromhos and large quantities of calcium sulfate and bi-
carbonate, The pickup of salts, principally calcium and sodium
sulfates, from the Mesozoic rocks is also apparent from the a-
nalyses of waters from the Little Wind River near Arapahoe and
the Little Popo Agie River at Hudson. Much of the drainage area
of Beaver Creek is underlain by the Wind River formation, but
the sample from Beaver Creek near Arapahoe was very similar
in type to the samples from the lower Little Wind River and the
Little Popo Agie River.

At low stage, waters of different geochemical character mix
where the Wind River and the Popo Agie River join near River-
ton. Calcium carbonate predominates in the Wind River water
and calcium and sodium sulfate in the Popo Agie River water.
(See pl. 8.)

Badwater Creek heads in the Owl Creek Mountains in the
northeast part of the Wind River Basin. The geology is analo-
gous to that in the upper Wind River drainage basin, and the
chemical character of Badwater Creek at Lybyer's Ranch near
Lost Cabin closely resembled that of the Wind River near Burris.
Silica was a predominant constituent of the water at Lybyer's
Ranch and probably comes from the decomposition of andesitic
tuff and siliceous limestones in the White River formation and
other upper Tertiary rocks. Between Lybyer's Ranch and
Bonneville, Badwater Creek drains a large area underlain by the
Wind River formation and older formations; at Bonneville, Bad-
water Creek was very similar in chemical character to Beaver
Creek near Arapahoe and the Popo Agie River near Riverton.
The Wind River formation is a continental deposit of erosional
debris from older rocks and is, therefore, a complex mixture of
many types of rocks. Probably water from no single location in
the Wind River formation can be said to be typical of the forma-
tion; but, in general, the quality of water from areas underlain
by the Wind River formation will be similar to a mixture of wa-
ter from areas underlain by Precambrian, Paleozoic, and Meso-
zoic rocks.

The Cody shale of Mesozoic age crops out over a wide area in
the catchment basin of Fivemile Creek above the Wyoming Canal
near Pavillion. The water at this station was definitely the cal-
cium and sodium sulfate type and was so highly mineralized that
the "kite'" diagram is drawn to only half scale on plate 8. Part
of the runoff of Muddy Creek near Pavillion is over Mesozoic
rocks and part from the Wind River formation of Tertiary age.
The mixed water, therefore, has geochemical characteristics of
both sources. This is evident by comparing the diagrams on
plate 8 for Fivemile Creek above Wyoming Canal and Badwater
Creek at Bonneville with Muddy Creek near Pavillion.
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In summation, surface waters in the Wind River Basin are of
many types and vary in concentration over wide ranges. The
types of rock play a large role in determining the chemical
characteristics of the waters, Water from Precambrian and
Paleozoic rocks is generally very dilute, and calcium bicarbon-
ate is the major constituent. Some of the formations of Meso-
zoic age contain much readily soluble material, and water in
contact with them dissolves appreciable quantities of calcium
and sulfate and lesser amounts of sodium and carbonate. Water
from Tertiary rocks of volcanic origin is generally siliceous,
dilute, and the calcium bicarbonate type. Streams that drain
the Wind River formation are geochemically similar to streams
that traverse Precambrian, Paleozoic, and Mesozoic rocks.
The approximately equilateral diagram on plate 8 shows that the
water released from Boysen Reservoir is a mixture of many
waters and has no pronounced geochemical types.

CHEMICAL QUALITY IN RELATION TO STREAMFLOW

Runoff and streamflow have a definite influence on the chem-
ical characteristics of water in any drainage area. The first
factor influencing the quality of the water is velocity. Whereas
high stream velocity is generally associated with increased sed-
iment concentration, the opposite is more likely with dissolved
constituents. This is true because the solution of minerals is
much more dependent on time of contact between the rocks and
the water than on the energy relationships. In the mountainous
areas of the Wind River Basin rain and snowmelt have little op-
portunity to dissolve material before reaching the stream and
cascading to the valley plain. The slower runoff and streamflow
on the flatter areas are naturally more favorable for solution
of salts. These trends modify the effect of geology in determin-
ing the salinity of the water.

The second factor is stream discharge. Thechemical quality
of water in a flowing stream varies from day to day and from
hour to hour in relation to the stage of the river. As a general
rule, thelow, orbase, flow of the stream is sustained by ground-
water inflow that has leached the soluble minerals of rocks and
soil particles before reaching the stream. At high stages, and
during floods, the salt concentration of the base flow is diluted
by snowmelt and surface runoff. This relationship is generally
applicable, with some reservations, to the waters of the Wind
River Basin. Figure 34 shows the chemical characteristics of
some of the streams during relatively high and relatively low
stages.
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The general streamflow-quality pattern is modified somewhat
by the diversified geology and runoff characteristics of the Wind
River Basin. Figure 35 shows the relationship of dissolved so-
lids to water discharge for the Wind River at Riverton. Obvi-
ously, the salt content has varied over relatively wide ranges,
and the probability of obtaining accurate results by using water
dischargeto estimate chemical qualityat a specific time is poor.
However, the mean concentration within selected discharge
ranges shows a definite trend in quality., Salinity is maximum
during low but not during lowest flow periods. On the basis of
average concentrations, the Wind River at Riverton is most sa-
line when the discharge is about 400 cfs, whereas the water has
about the same dissolved solids at 250 cfs as at 700 cfs. Re-
lease of the very dilute water from Bull Lake Reservoir proba-
bly has considerable bearing on the wide range of salinity be-
tween 300 and 600 cfs. The reversal of the curve at minimum
flow is attributed to the fact that during very dry periods much
of the flow originated from snowmelt or rain high in the moun-
tains.

The average discharge-salinity pattern at Thermopolis is
similar to that at Riverton, but the percentage deviation of indi-
vidual analyses from the average is somewhat less. (See fig.
36.) Outflow from Ocean Lake is not significant in the changes
in the quality of the water at Thermopolis because the rate of
release was relatively uniform and the quantity is negligible.
Snowmelt and runoff duringthe winter months make up the mini-
mum flow, and the water is relatively dilute. Maximum salinity
probably accompanies low precipitation on, or ground-water
discharge from, the Mesozoic and Tertiary rocks. At high
stages and during floods, the normal low and base flows are di-
luted by overland runoff.

The quantity of different ions in the low-flow water at Ther-
mopolis substantiates the foregoing general observations. Fig-
ure 37 shows average calcium, sodium, bicarbonate, and sulfate
content of the water for discharges less than 2, 000 cfs. In this
range sodium increases more with decreasing discharge than
calcium, although both decrease at very low flow. Sulfate,
which is a characteristic constituent of Mesozoic and Tertiary
rocks, rapidly increases in concentration as discharge falls to
about 900 cfs and then decreases appreciably as the discharge
decreases further. In contrast, the increase in bicarbonate, an
ion which is associated more with Precambrian and Paleozoic
rocks, is very slow as discharge decreases to 1, 000 cfs but be-
comes more rapid with continued lessening discharge.
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CHEMICAL QUALITY IN RELATION TO IRRIGATION

Stream water is widely used in the Wind River Basin to irri-
gate small meadows in the mountains or large tracts on the val-
ley floor. (See pl. 9.) The Riverton project is the largest irri-
gation development in the basin and has been more intensely
studied in respect to water quality than any other. (See pl. 5.)
However, the trends and magnitudes shown by the studies in this
area are also generally applicable to other areas in the basin
where geology, soil, climate, and irrigation practices are simi-
lar.

Irrigation water from the Wind River, as determined from
nine samples collected at the gaging station near Crowheart, a-
bove Diversion Dam, and from the Wyoming Canal below Diver-
sion Dam from 1948 to 1953, is very uniform in character, di-
lute, and calcium bicarbonate in type. Residue on evaporation
ranged from 106 to 262 ppm and averaged 153 ppm. This water
is applied to an area covered by the Wind River formation and
alluvial terrace deposits. These deposits contain appreciable
soluble material--principally sulfates of sodium and calcium--
that is readily leached. The tendency of the water to dissolve
minerals from soils of the canal bed is discernible even in the
Wyoming Canal. Quality of the canal water on August 18, 1953,
was as follows:

Analyses of Wyoming Canal
lﬁesults in parts per million except as indicateg?

Specific
CORNe ]{llk.a;
ductance | ca + Mg | Na + K inity
Location (micro- (as Ca) (as Na) (as 50},
mhos at HCO3)
250¢)
Near Lenore.ceessesso 235 37 11 92 34
At Fivemile Creek
waswwayl..l.'..... 238 e00 0000 00089000 00000 o000
At Muddy Creek waste-
way-.l....l‘.t..... 2h8 o9 es0e e 080 see0 00000 LR X
In Dry Cottonwood
Greek basinlouo-ooo 395 h? 36 98 loo

1 Sw} sec, 20, T. 4 N., R. 4 E.
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These data show that in the oldest reach of the canal bed,
which has been subjected to leaching for a long time, change in
quality is negligible; in the newer section between Fivemile
Creek and Muddy Creek, salinity increases slightly; but in the
recently completed canal into Dry Cottonwood Creek basin, cal-
cium and sodium sulfate are being rapidly dissolved from the
canal bed.

A somewhat similar increase in mineralization occurs along
the Pilot Canal system. Specific conductance, as measured in,
Pilot Canal below Pilot Butte Reservoir near the head of the
project and in Lateral P-34.9 on the eastern border, increased
from 234 to 307 micromhos, and sodium sulfate about doubled
in concentration.

Whenthe irrigation water is applied to theland and infiltrates
the soil, the opportunity for solution of minerals may be in-
creased further by the greater surface area of soil particles ex-
posed and by thelonger time that the water is in contact with the
soil and mantle rock. Contact time, particularly, is dependent
on the permeability of the deposits; that is, water flows rapidly
through coarse-grained material and has little time to dissolve
minerals, whereas the movement through fine-grained material
is slow and a large amount of soluble matter may be dissolved.
Mineral salts dissolved from irrigated land add to the salt load
of the streams draining the region and affect the quality and us-
ability of the water downstream.

Fivemile Creek receives most of the waste water and drain-
age of the Riverton project. Some of the drains and wasteways
flow directly into the creek; whereas others enter Ocean Lake,
and the water eventually reaches Fivemile Creek viaOcean Lake
drain, Changes in chemical character and concentration as the
Wind River water passes through the Riverton project are shown
in figure 38. The water is described on the basis of percentage
composition in equivalents per million. The plotting does not
show differences in total salinity; a water containing 100 ppm
dissolved solids will plot at the same point as one containing
1,000 ppm if the two have identical percentage composition.
Consequently, the specific conductance of each sample is shown
on figure 38. Figure 38A shows that increase in total minerali-
zation of drains into Fivemile Creek is accompaniedby a decided
and relatively uniform change in percentage composition. The
fact that all the plotted samples from drains fall close to a
straight line indicates singularity of the geochemical progres-
sion. The dilute, calcium bicarbonate type water from the Wyo-
ming Canal dissolves appreciable quantities of sodium and calci-
um sulfates and, to a lesser extent, carbonates from the Wind
Riverformation and terrace deposits. The drains carry mixtures
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of infiltrated water and unapplied waste water. The chemical
quality of the water of Fivemile Creek near Shoshoni is the re-
sultant of irrigation and bears little, if any, similarity to the
quality of the stream near Pavillion.

Comparable conditions and reactions determine the quality of
the water of the Ocean Lake drainage system. However, factors
other than simple solution of minerals modify the quality of the
water of Ocean Lake. Analyses of water from Ocean Lake and
Ocean drain near Pavillion, 1947-50 and 1953, indicate a uni-
formity of concentration and percentage composition. (See ta-
bles 90 and 96.) Ocean Lake is a large and relatively shallow
body of water on the arid basin floor, The dissolved salts in the
lake may be expected to become more concentrated by loss of
water through evaporation, and the specific conductance of sam-
pled drains and lake water (see fig. 38B) suggests that the dis-
solved salt content of the lake is notably higher than average
drain water.

During the concentration of salts by evaporation, precipita-
tion of sparingly soluble calcium carbonate also occurs. Figure
38B shows that Ocean Lake water is characterized by more so-
dium salts of strong acids than would be expected from the av-
erage trend (indicated by the arrow) of the drains that enter the
lake. A companion indication of precipitation of salts is the low
carbonate-bicarbonate content of the lake water. Alkalinity,
expressed as bicarbonate, of the drains into Ocean Lake ranged
from 98 to 278 ppm; whereas the alkalinity of 18 samples col-
lected from the lake or the drain out of the lake ranged from 55
to 172 ppm-~-a decrease rather than an increase. (See tables 90
and 96.) Simple evaporation would increase the concentration of
all constituents proportionally, The loss of calcium carbonate
by precipitation is probably attributable to several factors. A-
quatic flora and fauna abound in Ocean Lake, and these organ-
isms accelerate calcium carbonate precipitation by depletion of
dissolved carbon dioxide and by excretion of ammonia. Carbon-
dioxide content of the water may also be reduced by increasing
the temperature; the surface and shallow bays are particularly
subjected during the summer to warming from the sun. Another
commonly occurring phenomenon is the depression of solubility
or "salting out" of a sparingly soluble salt by high concentrations
of other salts.

No quantitative measurement of the load of dissolved salts
that enter or leave Ocean Lake has been made. However, the
amount of calcium carbonate precipitation can be estimated with
fair assurance by (1) assuming that, if no precipitation occurs,
the alkaline earths(calcium and magnesium) and alkalis (sodium
and potassium) would be present in the same proportions in

P
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both the water entering the lake and the water leaving the lake;
(2) computing the calcium carbonate necessary(that precipitated)
to satisfy these conditions; (3) multiplying the deficient calcium
carbonate per unit volume by the water discharge from Ocean
Lake. When the water discharges of 1949 and 1950 are used,
10, 000 tons of calcium carbonate per year are roughly estimated
to be removed from solution and deposited in Ocean Lake.

Specific conductance of daily samples collected near Pavil-
lion, Riverton, and Shoshoni give information concerning the ef-
fect of irrigation on the quality of Fivemile Creek. Plate 10
shows the specific conductance of these samples compared with
the average specific conductance of samples collected from the
Wind River near Crowheart and at points along the distribution
system. During the nonirrigation season the base flow of Five-
mile Creek near Riverton and Shoshoni is principally irrigation
drainage, whether it be outflow from Ocean Lake or seepage in-
to the drains that enter the creek. The water near Riverton is
a little more dilute than near Shoshoni, particularly during the
irrigation season. This relation exists because Ocean Lake
drain empties into Fivemile Creek upstream from the Riverton
station and carries water that is more dilute (average specific
conductance of about 3, 000 micromhos) than the water of other
drains.

In summation, the changes in both salinity and percentage
composition show that irrigation appreciably alters the chemical
quality of some streams in the Wind River Basin. Ocean Lake,
by means of the chemical reaction therein, acts as a differenti~
ating agent in retaining some of the calcium carbonate and in
increasing the sodium sulfate percentage of the emitted water.
However, this retention is of little consequence in relation to
the combined salt discharges from the project and is insignifi-
cant in the basinwide considerations.

DISSOLVED MINERAL TRANSPORT
CHEMICAL QUALITY OF THE WIND-BIGHORN RIVER

From its headwaters to Thermopolis, the Wind-Bighorn Riv-
er traverses about 190 miles and drains an area of 8, 080 square
miles, about 7, 800 of which are in the Wind River Basin. The
cumulative concentrations of mineral constituents are shown in
figure 39. On the basis of the three station records on the main
stem, the river water increases in total concentration in an ap-
proximately straight-line relationship with the drainage area.
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This means that the inflow for one section is probably more con-
centrated than upstream inflow and more dilute than downstream
inflow; or, stated in another way, a given volume of water dis-
solves more salt from a unit area in a lower part of the basin
than in the upper part. If this were not true, the total salt con-
centration, represented by the topline of figure 39, would be
horizontal or slope downward to the right. This is a very gen-
eral *relationship and summarizes several areas that are known
to yield different concentrations of dissolved material.

Variations in the concentrations of individual constituents are
noteworthy and are indicative of the major source of these con-
stituents. The silica content of the water is highest near the
headwaters and remains constant between Riverton and Ther-
mopolis. Calcium increases rather rapidly between Dubois and
Riverton but only slightly downstream from Riverton, the change
in bicarbonate approximately parallels that of calcium. Sodium
and sulfate are the most significant additions between Riverton
and Thermopolis.

The foregoing discussion is purely qualitative and should not
be construed to refer to rate of solution or total quantity of ma-
terial in transport. These latter items are dependent on the
quantity of water in addition to concentration and are discussed
in the section "Salt discharge."

BOYSEN RESERVOIR

At the time of the preparation of this report (1954), Boysen
Reservoir had not been in operation long enough for the water to
have obtained chemical-quality characteristics that would be
representative of routine operation. However, a reconnaissance-
type salinity survey of the reservoir made ‘on June 29, 1954, is
probably indicative of water-quality patterns during periods of
rapid filling. Abnormally high temperatures were rapidly meli-
ing the snow and ice in the Wind River Mountains, and two cloud-
bursts had occurred in the upper Wind River Basin. During the
24-hour period preceding the sampling, 15, 700 acre-feet of wa-
ter is reported by the Bureau of Reclamation to have entered the
reservoir; and at midnight on June 28, the water surface was
3.9 feet below the top of the spillway; spilling was being consid-
ered for the first time since closure of the dam.

The location of the three cross sections and the specific con-
ductance of the water at each point in the verticals are shown on
plate 11. Analyses of the samples are given in table 97. The
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Table 97.--Chemical analyses of Boysen Reservoir, salinity survey, June 29,

195l (water-surface altitude L4,721.10 feet)

T Hardness . Spegiftf
. €Mm= |s5ilica|Sodium| as caCo er- |conduc -
Location Depth |pera~| (5i0,) | (Na) |( calciumB, cent| ance adiggi :::on-
(ft) [ture magnesium) |s0d- | (micro- b
(°F) — jum |mhos at ratio
Parts per million 2590)
Range line 1g A

Station lee..of 2 60 Lh.2 67 212 I 705 2.0
DOvenvesnoes| 10 6h Lo2 67 21 Lo 705 2,0
DOsessasuaas] 20 63 | L.2 68 212 Y 707 2.0
DOurrovaseas| 30 63 | L.2 | 68 213 A 709 2,0
DOuecveoenss| UO 61| 3.9 | 70 219 I 728 2,0

Station 2.eees 2 6L | k.3 67 21l Lo 0L 2.0
DOssvssesses| 15 62 Lo3 66 211 Lo 70L 2.0
DOcossevassel 25 63 | k.3 | 68 21 A} 710 2.0
DOusssvacess 35 63 h.2 68 212 I 710 2.0
DOcsvescasns| LS 59 3.6 70 220 I 728 2,0
DOsevecsnaeo| 55 58 3.9 70 221 hi 737 2.0
DOcessecanss| 65 56| 3.9 | 72 225 i} ying 2.1
DOuensvonnas 715 53 L.5 77 243 i 798 2,1

Station 3.se00f 3 63 | L.3 67 211 i 700 2.0
DOsessnssnsol 15 6L | L3 | 67 210 i} 703 2.0
DOsssscseses| 25 63 k.1 67 21, Lo 706 2,0
DOsecevesses| 35 6L | 3.8 67 213 h 708 2.0
DOcseesusens LS 60 3.8 70 219 A} 727 2,0
DOsessoensnss| 55 58 3.7 70 222 la 7L0 2,0
DOuesenceses| 65 58 3.7 7 22l L1 739 2.1
DOueeroeeaned 75 sh| L2 | 76 237 I 719 2,2
DOesenncenes] 85 52 | L.5 | 77 246 I 805 2,1

Station bev.ss 3 63 3.8 68 213 Nl 701 2,0
DOossesosses] 15 6l 3.9 68 215 N} 709 2,0
DOssessenses] 25 N 3.7 68 21 L1 709 2.0
DOssvesesses 35 6l L.3 68 21 N} 709 2,0
DOseerneeens LS 61 3.0 70 219 I} 725 2,0
DOceesseness 55 58 2,9 71 225 L1 737 2,1
DOoecsasesns] 65 57 3.2 | T2 226 n 743 2,1

Range line 2;

Station l...es 3 6l 5.2 55 176 Lo 590 1.8
DOsvevoveees 15 63 5.0 | 57 179 n 603 1.9
DOssesevesas| 35 62 | Ll | 63 201 I 668 1.9
DOseessceons 50 59 | Lo | 67 210 I 699 2.0

Station 2..... 3 6L | 5,5 | 56 173 I 58l 1.9
DOoeeesenese 18 63 5.0 ST 185 Lo 617 1.8
DOssesesseao 38 61 3.6 66 208 A 689 2,0
DOecvecasses 58 58 5,9 68 217 A 705 2,0

Station 3..... 3 6l 6,1 | 56 177 I 592 1.8
DOcssescsnss] 15 63 5.7 57 18L Lo 615 1.8
DOoesvsesses] 30 62 | L3 65 204 I 682 2,0
DOsesseocass| 50 58 7.7 | 68 219 L0 712 2,0

Station h.....| 3 63 5.7 57 181 n 60l 1.8
Dossessansso 20 63 | L.3 66 204 1 67h 2.0
DOseesveccns 35 62 Lok 66 206 Nl 685 2.0

Station 5,..ss 3 63 Seh 60 189 n 62, 1.9
DOueoesenses| 15 63 [ 5.2 59 189 Lo 633 1.9
DOesessenssa 26 62 b3 66 209 I 688 2,0

Range line 3:
Station leesee| veees] 63 9.5 16 86 29 248 N:)
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dissolved-salt content was very uniform horizontally in each
section but increased appreciably with depth. The increase in
concentration with depth was relatively uniform at range line 1
near the dam; but the zones of quality demarcation, or stratifi-
cation, at range line 2 was more pronounced, particularly at a-
bout 20 to 30 feet. The slightly higher conductance of the left-
side samples at range line 2 possibly reflects the inflow of highly
mineralized irrigation return flow from Fivemile and Muddy
Creeks. During periods of low flow on the Wind River the effect
of these creeks would probablybe verynoticeable, but at thetime
of the surveythe effect was almost completely obliterated by the
preponderant mountain runoff.

Apparently the water from dilute snowmelt and surface runoff
was both pushing ahead and overriding the more concentrated
residual reservoir water. Wind River water entering the reser-
voir was diluting the stored water near the surface more rapidly
than the water near the bottom, and although only the lower 10
feet at range line 2 was more concentrated than 700 micrombhos,
all the water below 25 feet at range line 1 was more mineralized.

The water temperatures in the longitudinal cross section a-
long the axis of maximum sampled depth, figure 40A, decreased
at the deepest vertical from 63° or 64°F in the top 35 feet to 52°F
at 85 feet and were almost completely uniform horizontally.
The apparent relation between water temperature and salinity,
as shown in figure 40B, is very good. This is not to say that
either temperature or salinity are dependent on the other, but
the correlation of lower temperature and higher salinity with
increasing depth suggests that the deeper, colder, more miner-
alized water has been affected less by inflow than the water near
the surface. Similar overriding by dilute spring inflow has been
reported in Lake Mead, Ariz. and Nev. , by Howard 10/ and
has been observed in Shadehill Reservoir, S. Dak. Such flows
are considered to be a type of density current; the differences
indensity are caused by differences in suspended-sediment load,
dissolved-mineral content, and temperature, all of which make
the water lighter or heavier than the surrounding water. In
Boysen Reservoir, the suspended sediment either settled rapid-
ly or was present in insufficient concentration to prevent the
overriding by the dilute, warm inflow.

10/ Howard, C. S., 1954, Physical and chemical character-
istics of the inflowing water, inSmith, W. O., and others, Lake
Mead comprehensive survey of 1948-49, v. 2, p. VII-174 (ad-
vance report for official use),

388176 O - 56 - 10
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The survey of June 29, 1954, shows the chemical character-
istics only at one time and under a single environmental pattern.
Complete appraisal of the water-quality behavior of Boysen Res-
ervoir would require extensive study over a long period. Nev-
ertheless, at this time the loss of silica in the reservoir is ob-
vious. The minimum silica content of analyzed samples from
the Bighorn River at Thermopolis from 1947 to 1951 was 9.0
ppm, and the mean of the weighted averages was 18 ppm. (See
table 95) During the summer of 1953, four samples were col-
lected from. the reservoir. A sample from the upstream end of
the reservoir had 9.5 ppm silica, and 3 samples collected near
the dam contained 3.4, 4.4, and 4.1 ppm. (See table 96.) A
decrease in the silica content of impounded water has been ob-
served in other localities. The precipitation mechanism is not
completely understood, and little published information on the
subject is available. Some investigators believe it to be corre-
lated with plankton activity.

SALT DISCHARGE

The quantity of soluble material transported by a stream is
proportional to the product of the concentration of the soluble
materials and the water discharge. Figure 41 shows the cumu-
lative discharges of dissolved salts and of water for a typical
year at Thermopolis. During the winter months the base flow is
relatively more mineralized than in other periods, and the per-
centage of annual salt discharge exceeds the percentage of wa-
ter; high flows of dilute surface runoff in May and June reverse
this trend. Salt discharge at this station is more uniform with
respect to time than water runoff.

One ordinarily thinks of the dissolved minerals in water as
very minute quantities, or impurities. This is true when con-
sidering a glassful or other small volume of water, but when the
volume of water in a flowing stream is considered, the move-
ment of material in solution becomes one of the important mech-
anisms for modifying landforms and molding surface topography.
Transport of salt is often associated with sediment movement
because consolidated deposits that are leached of their cement-
ing material are much more susceptible tothe mechanical forces
of erosion. Furthermore, the deposition of certain kinds of
salts from circulating water may cause changes in the structure
of the soils; these changes may decrease the resistance of the
soils to erosion. The annual salt discharges at daily quality-of-
water sampling stations are given in table 98. The average
quantity passing Thermopolis annually during 1947, 1948, 1949,
and 1951 was 748,000 tons, about 13 percent of the estimated
yearly total sediment and dissolved-solids load.
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Figure 41. --Cumulative salt and water discharge, Bighorn River at
Thermopolis, 1949.

Table 98,--Annual salt discharges

Tonss
Station Year Acre-feet, | Tons per Tons 1947-k9
acre-foot average
Wind River near
DuboiSesesssee | April 1947- 146,400 0.15 22,000 | ceeecese
March 1948
Wind River at
RivertoNesees. 1947 913,300 «23 210,000
DOssasoacnne 1948 665,700 o2k 160,000 179,000
DOcesevsecas 1949 561,200 .30 168,000
Fivemile Creek
near Shoshoni, 1950 87,380 2.33 204,000 coesssno
Bighorn River at
Thermopolis.., 1947 1,78L,000 U7 838,000
DOeeesnensse 1948 1,185,000 «59 699,000 730,000
DOvencconnne 1949 1,124,000 .58 652,000
DOsascscncee 1951 1,601,000 .50 801,000 | seseveses
DOsecesncans 1952 a 542, 300 .58 a2 315,000 {sevoassee

a Flow controlled by Boysen Reservoir,
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Minerals are being dissolved and removed from all parts of
the Wind River Basin, but the rates at which this process is
proceeding are far from uniform. Plate 12 shows the Wind Riv-
er Basin divided into five areas and the average tons of salt per
square mile that are being eroded from each area. The per-
centages approximate the total salt discharge at Thermopolis
that originates in each area. The quantities of salt for areas A,
B, and D were determined from satisfactory quahty—of-water ’
and streamflow records. The average annual salt load from the
Popo Agie River basin (area C) was estimated from specific
conductance versus water discharge relationships of miscella-
neous sediment and chemical-quality samples, which were col-
lected over several years and were fairly equally distributed
throughout the normal range of streamflow. The salt discharge
from area E was computed as the difference between the quanti-
ties measured at Thermopolis and from the other areas. These
estimated figures from areas C and E are compatible with known
geology, runoff characteristics, and chemical quality of the wa-
ter; therefore, they are probably of the proper magnitude. The
salts carried by the Wyoming Canal into area D originated from
area B and, consequently, have been included with the quantities
measured in the Wind River at Riverton and deducted from the
basins of Fivemile, Muddy, and Dry Cottonwood Creeks.

Plate 12 illustrates several important erosion-by-solution
characteristics in the Wind River Basin. Precipitation and run-
off are very important factors. Although the streams in areas
A, B, and C are generally dilute, these mountainous and foothill
areas that are subjected to heavy precipitation are undergoing
chemical erosion about twice as fast as the arid region in the
eastern section. The fact that the Popo Agie River basin is ap-
parently being leached a little more rapidly than the upper and
middle Wind River drainage basins is probably the result of the
extensive outcrops (about 500 square miles) of more soluble
Mesozoic rocks.

Areas D and E are similar in geology, climate, elevation,
topography, and stream gradient and, under natural conditions,
should be similar in salt discharge. The dissimilar environ-
mental factor is the manmade modification of the natural regi-
men, irrigation. Irrigation, by simulating heavy precipitation
and increasing the surface and ground-water runoff, has in-
creased the speed of solution in area D. The salt load from the
irrigated section cannot be completely segregated from the non-
irrigated part, but much of the increased load comes from irri-
gation drainage into lower Fivemile and Muddy Creeks. In 1951
Fivemile Creek basin between the upper station near Pavillion
and the lower station near Shoshoni, an area of 254 square
miles, discharged about 140, 000 tons of dissolved minerals in
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excess of the quantity entering the area via the Wyoming Canal.
This is about 500 to 600 tons per square mile, or more than 10
times the load that would be expected without irrigation.

WATER QUALITY AND USE

Water is one of the most widely used resources of our land.
However, the chemical quality of water is often a limiting factor
in determining the effective utility or worth of a water supply to
the consumer. Surface waters of many types and concentrations
flow in the Wind River Basin; but, except for some tributary
streams, mostly minor, the water is of generally good quality
for many uses. To present water-quality criteria for all pur-
poses would be an endless task; therefore, only the major water
uses will be included in the following discussion.

DOMESTIC PURPOSES

Any water supply for domestic use should be clear, pleasant
to the taste, of reasonable temperature, neither corrosive nor
scale forming, and free from pathogenic organisms. To meet
this ideal, departments of health have from time to time estab-
lished standards for the quality of water. The only nationwide
standards pertaining to the quality of potable water supplies are
the Drinking Water Standards of the U. S. Public Health Service
(1946). These standards were first enacted in 1914 under the
provisions of the Interstate Quarantine Regulations and have
since been revised in 1925, 1942, and 1946. Specifically, these
standards apply only to the waters that are used for drinking and
culinary purposes on railroad cars, aircraft, and vessels in
interstate traffic. However, they have been adopted by the A-
merican Water Works Association as recommended limitations
for public water supplies. Those standards that pertain to
chemical constituents are reproduced, in part, in the following
table:

Allowable limits, in parts per million, for potable water

Constituents Limiting concentrations
Iron and manganese together....... .- 0.3
Magnesium ....vvveveennnnnese 125
Chloride..vovieeeneeeenneeecncannss 250
Fluoride. .. oo evrvenenncnnonoonens 1.5
Sulfate .vovvreenvenreeneenns 250
Dissolved S0lidS. cvcvevvuveevneroeanne a 500

a 1,000 ppm permitted if no other water is available.
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Some concentrations of certain chemical constituents may be
very undesirable. Iron and manganese in high concentrations
areobjectionable for domestic uses because they may stain por-
celain, enamel, clothing, and other fabrics. Water containing
large quantities of magnesium in conjunction with sulfate (Epsom
salts) has saline cathartic properties. Chloride in concentra-
tions much more than 500 ppm imparts a characteristic salty
taste.

High fluoride concentration in water is known to be associ-
ated with the dental effect known as mottled enamel if the water
is used for drinking by children during calcification, or forma-
tion of the teeth. However, the consumption of water that con-
tains small quantities of fluoride during the same period has
been shown to lessen or prevent the incidence of dental caries
in teeth. The American Dental Association and many State and
local health agencies recommend about 1.0 ppm of fluoride in
the drinking water for children during the calcification period of
the teeth.

Nitrate in water may indicate previous contamination by sew-
age or other organic matter as it represents the final stage of
oxidation in the nitrogen cycle. Cyanosis in infants (blue babies)
has been attributed to drinking water that had a high nitrate
content.

Hardness is the characteristic of water usually recognized by
the increased quantity of soap required toproduce a lather or by
the deposits of insoluble salts formed when the water is heated
or evaporated. Calcium and magnesium are the principal causes
of hardness of water. Other constituents, such as iron, alumi-
num, strontium, barium, zinc, or free acid, also cause hard-
ness; however, they are not present in sufficient quantities, as
a rule, to have any appreciable effect. Specific limits cannot be
set on hardness, but the following gradations are generally rec-
ognized and are convenient for classification and description:

Hardness
(ppm) Rating and usability
Less than 60 Soft--suitable for many uses without further
softening.

61-120 Moderately hard--usable except in some in-
dustrial applications. Softening profitablefor
laundries.

121-200 Hard--softening required by laundries and

some other industries.
More than 200 Very hard--requires softening for most pur-
poses.
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The suitability of the water from each source, within the lim-
its of the completeness of record, can be determined from the
chemical analyses in tables §6-96.

INDUSTRY

Industry uses water in many ways. The quality of the water
is often of more concern to industry than the quantity; to treat
the water may cost more than to develop the original supply.
When the water is used in processing a product, its quality is a
critical consideration and must be adapted to suit the particular
requirement. Often uniformity in quality of the water is as nec-
essary as special chemical characteristics. The extremes giv-
en in tables 86, 88, and 95 show that the water of the main stem
of the Wind-Bighorn River is relatively uniform in chemical
quality throughout the year, when compared with other surface
waters of the Missouri River basin. The requirements of water
quality for different types of industry and processes are given
in table 99.

Turbidity of water is due to suspended material, such as silt,
clay, finely divided organic material, and microscopic organ-
isms, In addition to the obvious objections to turbidity, the ab-
rasive action on pumps, valves, and turbine blades may be
very costly.

Hardness is objectionable because of the formation of scale
in boilers, water heaters, radiators, and pipes, with the result-
ant loss in heat transfer, boiler failure, and loss of flow. How-
ever, some calcium carbonate in water does advantageously
form protective coatings on pipes and other equipment. Calcium
salts are often added to increase the hardness in water used by
the brewing industry. Iron and manganese are objectionable in
water for several reasons. Oxidized iron and manganese are
very slightly soluble in alkaline solutions; consequently, the
precipitation of these oxides may interfere with a process by
producing turbidity. Iron and manganese also form colored
complexes with several organic and inorganic radicals or com-
pounds. Aluminum, iron, and certain other metals are objec-
tionable for the manufacture of photographic film. High
dissolved-solids concentration may be closely associated with
the corrosive property of a water, particularly if chloride is
present in appreciable quantities. Water containing high con-
centrations of magnesium chloride may be very corrosive be-
cause the hydrolysis of this unstable salt yields hydrochloric
acid.
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Water to be used forboiler feeding must meet the most exact-
ing quality requirements. High-pressure boilers require water
from which almost all organicand inorganic solids and dissolved
gases have been removed.

Water for industry is usually withdrawn at a rather uniform
rate, which is not dependent on the river stage. For this rea-
son, discharge composites (the type used most in this investiga-
tion)are not altogether satisfactory for defining the average wa-
ter quality of a composite period, nor are the annual weighted
averages in tables 86, 88, 89, 91, and 92 truly applicable. Con-
stituent concentrations determined on discharge composites or
calculated as weighted averages are generally lower than the
concentrations that would be obtained from equal-volume com-
posites and annual arithmetical averages or by uniform with-
drawal from the stream. For example, for the sampled period
of the Wind River at Riverton in 1849, the weighted-average
specific conductance was 315 micromhos, whereas the arithmet-
ical average of conductances of daily samples was 374 microm-
hos. On the other hand, if a large reservoir is upstream from
the withdrawal point and mixing is complete, the user receives
a water that has been mixed inproportion to the discharge of the
water that entersthereservoir. In thiscase, discharge-weighted
averages of chemical constituents compiled before impoundment
aredesirable data forpredicting average quality characteristics.
The chemical-quality record at Thermopolis is an example, and
the weighted-average concentrations in table 95 are probably
representative of the average quality of water available to users
between Boysen Reservoir and the major hot-springs inflow
downstream from the sampling station at Thermopolis.

The Wind River at Riverton is generally suitable for many
industrial purposes, without or with minor treatment. The wa-
ter has a low salinity and a low chloride content, and it is mod-
erately hard. The pHof composited samples ranged from 8. 4 to
7.2. Because of its low temperature, the water is well suited
for cooling. The frequency distribution of water temperatures,
determined once daily, is shown in figure 42. Ninety percent of
the readings of water temperature were less than 68°F; 70 per-
cent, less than 60°F; and 50 percent, less than 50°F.

IRRIGATION

Irrigation is an integral part of the agrarian economyin
some sections of the Wind River Basin. In 1950, 134, 413 acres
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of land were under irrigation.11/ One of the major features of
the program of development in the basin is the extension of irri-
gation to additional available lands and the delivery of supple-
mental water to some land now being irrigated. The location
and extent of irrigated and irrigable lands are shown on plate 9.
Water impounded by Boysen Dam is also used for irrigation
downstream.

CRITERIA FOR RATING IRRIGATION WATERS

Irrigationists have long recognized that the success or eco-
nomic feasibility of irrigation is closely associated with water
quality, and a better understanding of the subject is developing
rapidly. The interpretation of the analysis of an irrigation wa-
ter has been described as empirical in the sense that an expla-
nation of the analysis is based on field observation, experience,
and plant tolerance research. Thus the rating and classification
of an irrigation water under such circumstances would appear to
be wholly arbitrary; but, although different avenues of approach
are often used, the agreement among workers in this field is
good., The following statements have been drawn largely from
publications in the field of irrigation, particularly the subject of
quality of water for irrigation (Wilcox, 1948; Scofield, 1936;
Israelsen, 1950; Chem. and Eng. News, 1951; Eaton, 1950;
Thorne and Thorne, 1951; Eaton, 1954; U. S. Salinity Laboratory
Staff, 1954; U. S. Bureau of Reclamation, 1953; Wilcox, Blair,
and Bower, 1954).

Chemical-quality factors that determine the suitability of a
water for irrigation are (1) the total salt content and amount of
some constituents of the original water, (2) the relative propor-
tions of some of the ions in the solution, and (3) the concentra-
tion of salts and the chemical changes that take place in the soil
because of evapotranspiration. Poor irrigation practice or ap-
plication of water of unsuitable quality may often decrease the
productivity of the land. It has longbeen recognized that without
adequate drainage and (or) application in excess of normal re-
quirements, water classified as excellent for irrigation has re-
sulted in saline and relatively impervious soils. Conversely,
relatively saline waters, when applied in excess of normal

11/ TUnited States Bureau of Reclamation, 1950, Summary of
accomplishments on Interior Missouri Basin Field Committee
program for Wind River Basin, Wyo.: Big Horn Dist., Cody,
Wyo.
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requirements to permeable, well-drained soil, have been used
successfully. The net effect of applying water that has seem-
ingly adverse quality characteristics has often been adjusted or
controlled by increasing the drainage, by applying sufficient wa-
ter in exces5 of crop needs to maintain a healthy soil structure
and crop environment, or by applying chemicals.

Investigations have shown that a high concentration of dis-
solved salts in the soil or root zone is generally undesirable.
However, varieties of plants differ, not only in tolerance of total
salts but also in their tolerances of various ions that are in the
soil solution. Plants take more water from dilute than from
concentrated solutions because of lower osmotic pressure in the
dilute soil solution.

Boron in small amounts is essential for the normal growth of
all plants; however, it is toxic tocertain plants in concentrations
that are required for the optimum growth of others. Wilcox
(1948, p. 27) recommends the following limits for boron in an
irrigation water:

Permissible limits of boron for several classes of irrigation

water

Sensitive Semitelerant Tolerant

Classes of water crops crops crops
Rating Grade Parts per million

1 Excellent... < 0,33 < 0,67 < 1,00
2 GOOdooaoo-oo 0033 to 0067 0067 to 1033 l 00 to 2 OO
3 Permissible, .67 to 1,00 | 1,33 to 2,00 | 2.00 to 3.00
L Doubtful,.e. | 1.00 to 1.25 | 2,00 to 2,50 | 3.00 to 3.75
5 Unsuitable,, > 1,25 > 2,50 > 3.75

The nature and concentration of the cations (positively charged
ions) in a water are significant in determining the suitability of
the water for irrigation, because the reactions of the cations
with the soil affect the soil texture. Calcium and magnesium
tend to keepa soil permeable and in good tilth; unfavorable phys-
ical conditions can result if sodium is the predominant cation.
Waters that have high ratios of sodium salts (percent sodium)
adversely affect the soil through the chemical process of base
exchange, in which sodium replaces calcium and magnesium in
the soil complex. Studies in base exchange in the soil show that
the soil particles may become dispersed when the percent sodi-
um exceeds 50 or 60 in the irrigation water.

Wilcox (1948) has developed an empirical diagram that has
been widely used to rate waters for irrigation on the basis of
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salinity and percent sodium. {(See fig. 43.) Classification is
made by this method on the assumption that irrigation prac-
tice, soil characteristics, and drainage are normal. On Wilcox's
diagram the effects of high percent sodium and high salt content
are combined intoa single rating system, even though the effects
of the two factors are largely independent,

Thorne and Thorne (1951)have gone a step further
indeveloping a rating diagram that shows salinity hazard
and sodium hazard independently and that includes soil
texture and drainage in theinterpretation. (Seefig. 44.)
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Figure 43. -~-Diagram by Wilcox for classificetion of irrigation waters.



150 SEDIMENTATION AND CHEMICAL QUALITY OF SURFACE WATERS

100 IE
10 —2E 1
e \\20\_-\* 4E 5E
90 \\ 30 I
1B N C
\ 2 40D
) N ~_] 5
8 P—
AN 3C —

4C
70 28 \

N 5C
=) I
o
w
? 50 N 48
2
: \ 58
@
g 40 A \\\
\
2A
30
3A
20 4
5A
10
(o]
(o] 1000 2000 3000 4000 5000 6000

SPECIFIC CONDUCTANCE, IN MICROMHOS AT 25°C

Figure 44. --Diagram by Thorne and Thorne for classitication of
irrigation waters.

Interpretation of the Thorne and Thorne diagram (1951) is as
follows:

Class Rating
1 Water can be used safely on all soils.
2 It can be expected to cause salt problems where drainage is poor and

leaching of residual salts from previous irrigation is not consist-
ently practiced.

3 Water can be used on medium to high salt tolerance crops, on soils
of good permeability, and with irrigation practices which provide
some leaching.
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Class Rating .
4 It can only be used in successful farming with crops of high salt tol-

erance, on permeable and well-drained soils, and with -arefully
devised and conducted irrigation and soil management practices.

5 Waters are generally unsuitable and should be used for irrigation
only under special situations.

Group Rating
A There should be no difficulty from sodium accumulation in soils.
B Where soils are of fine texture and do not contain gypsum or lime,

where drainage is poor, and where small quantities of water are
applied with each irrigation, there may be some evidence of sodi-
um accumulation but usually not enough to injure seriously soils
or crops. Serious sodium accumulation may occur in waters high
in carbonates or bicarbonates.

C Serious alkali formation should not occur on permeable soils (sands
to silt loams), unless poor drainage, residual carbonates in wa-
ters, or limited water use are problems. Fine-textured soils
must be managed with care.

D Some alkali formation should be expected in all soils irrigated with
group D waters. Sandy or permeable soils high in gypsum might
be irrigated with such waters without highly injurious sodium ac-
cumulations. Loams or finer textured soils irrigated for some
time with 3D or 4D waters and then irrigated with waters of low
salt content would probably puddle and require gypsum for recla-
mation,

E Generally unsatisfactory for irrigation.

Note. --1C, 1D, and lE waters often can be improved in quality by treating
with gypsum to reduce the sodium percentage.

The sodium-adsorption-ratio (SAR) has also been proposed
as a method for predicting the sodium, or alkali, hazard in-
volved in the use of irrigation water (U. S. Salinity Laboratory
Staff, 1954). This method is dependent on the equilibrium rela-
tions between the exchangeable cations on the soil and the cations
in the water. For example, the chemical reaction between a soil
saturated with calcium and a water containing sodium ions is

Ca*tX, + 2Nat T—= 2NatX + Cat+t

where X designates the soil exchange complex. This reaction is
reversible and will not go to completion in either direction, be-
cause as long as soluble calcium exists in the solution phase
there will be adsorbed calcium on the exchange complex and vice
versa. Instead, an equilibrium is established between the ions
adsorbed by the soil and the ions in solution. Normal methods

388176 O - 56 - 11
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and equations for the determination of equilibrium constants that
are applicable to relatively simple solutions cannot be satisfac-
torily applied to soil-water reactions., The difficulties arise in
part from the presence of mixtures of different kinds of cation
exchange material in the soil and mixtures of different cations
in solution. The formula for calculating SAR is empirical.
Laboratory analysis has shown that when a soil is leached with
a solution containing sodium and calcium until equilibrium is
established, the proportions of sodium adsorbed by the soil is
dependent both on the quantity of sodium and on the total cation
concentration (sodium plus calcium)in the leaching water. (Mag-
nesiumreacts similarly to calcium,) Several investigators have
proposed that the influence of total concentration is taken into
account when the concentration of sodium(epm) is divided by the
square root of one-half the calcium and magnesium (epm).

Na

Wg

On the basis of the relationship between exchangeable sodium
percentage of soil samples and calculated SAR, the U. S. Sali-
nity Laboratory Staff (1954) reports that SAR appears to be a
useful index for designating the sodium hazard of irrigation wa-
ter. Figure 45 shows the diagram recommended by the U. S.
Salinity Laboratory Staff (1954) for the classification of irriga-
tion waters. The curves have a negative slope to compensate
for the dependence of sodium hazard on total concentration. The
designers of the diagram point out that:

SAR =

In the classification of irrigation waters, it is assumed that the water will
be used under average conditions with respect to soil texture, infiltration
rate, drainage, quantity of water used, climate and salt tolerances of crop.
Large deviations from the average for one or more of these variables may
make it unsafe to use what, under average conditions, would be a good water;
or may make it safe to use what, under average conditions, would be a water
of doubtful quality.

Selection of class demarcation is discussed in detail in the pub-
lication by the U. S. Salinity Laboratory Staff (1954). Inter-
pretation of the diagram is as follows:

Salinity Hazard

LOW-SALINITY WATER (Cj) can be used for irrigation with most crops
on most soils with little likelihood that soil salinity will develop. Some leach-
ing is required, but this occurs under normal irrigation practices except in
soils of extremely low permeability.

MEDIUM-SALINITY WATER (C3) can be used if a moderate amount of
leaching occurs. Plants with moderate salt tolerance can be grown in most
cases without special practices for salinity control.
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HIGH-SALINITY WATER (C3) cannot be used on soils with restricted
drainage. Even with adequate drainage, special management for salinity
control may be required and plants with good salt tolerance should be selected.

VERY HIGH SALINITY WATER (C4) is not suitable for irrigation under
ordinary conditions, but may be used occasionally under very special cir-
cumstances. The soils must be permeable, drainage must be adequate, ir-
rigation water must be applied in excess to provide considerable leaching,
and very salt-tolerant crops should be selected.

Sodium Hazard

The classification of irrigation waters with respect to SAR is based pri-
marily on the effect of exchangeable sodium on the physical condition of the
soil. Sodium-sensitive plants may, however, suffer injury as a result of
sodium accumulation in plant tissues when exchangeable sodium values are
lower than those effective in causing deterioration of the physical condition
of the soil.

LOW-SODIUM WATER (S1) can be used for irrigation on almost all soils
with little danger of the development of harmful levels of exchangeable sodi-
um, However, sodium-sensitive crops such as stone-fruit trees and avoca-
dos may accumulate injurious concentrations of sodium.

MEDIUM-SODIUM WATER (S2) will present anappreciable sodium hazard
in fine-textured soils havinghigh cation-exchange-capacity, especially under
low-leaching conditions, unless gypsum is present in the soil, This water
may be used on coarse-textured or organic soils with good permeability.

HIGH-SODIUM WATER (S3) may produce harmful levels of exchangeable
sodium in most soils and will require special soil management--good drain-
age, high leaching, and organic matter additions. Gypsiferous soils may
not develop harmful levelsof exchangeable sodium from such waters. Chem-
ical amendments may be required for replacement of exchangeable sodium,
except that amendments may not befeasible with waters of veryhigh salinity.

VERY HIGH SODIUM WATER (S4) is generally unsatisfactory for irriga-
tion purposes except at low and perhaps medium salinity, where the solution
of calcium from the soil or use of gypsum or other amendments may make
the use of these waters feasible.

Regardless of the method of expressing the relative propor-
tion of sodium, continued application of water that contains a
high sodium ratio may cause the soil to become relatively im-
permeable to the downward movement of water and may ulti-
mately bring about serious drainage problems, saline soils, and
crop damage. The phrase "Hard water makes soft land and soft
water makes hard land" is an accurate summation of cationic
relations.

In studies of water quality for irrigation, the concentrating
action of evapotranspiration and the chemical changes that take
place in the water through precipitation of some salts and selec-
tive plant uptake must also be considered. Surface evaporation
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and plant extraction of water (H90), almost always in excess of
the intake of salt, increase the concentration of salts in the soil
solution. The concentration usually increases with depth through
the root zoné. Carbonates, because of their ability toform spar-
ingly soluble salts with calcium and magnesium, are the princi~-
pal constituents influencing changes in percentage composition,
In the following discussion the term '"carbonate' is used for both
carbonate and bicarbonate collectively. As the water solution
becomes increasingly concentrated, the changes in chemical
quality may follow three general patterns: (1) If little or no car-
bonate is present, there will be a proportional increase in the
quantity per unit volume of all the dissolved constituents until
the limit of solubility of any salt is exceeded. (2) If carbonate
is present in chemically equal proportions (equivalents per mil-
lion) to calcium plus magnesium, calcium and magnesium car-
bonate may precipitate and the percent sodium of the resultant
solution will increase. (3) If the carbonate content of the origi-
nal water exceeds that of calcium plus magnesium, residual so-
dium carbonate will accompany the increase in percent sodium.
The residual sodium carbonate, being the salt of a strong base
(sodium)and a weak acid {carbonic), has strong alkaline proper-
ties. The organic material of the soil is dissolved by strong
alkaline solutions (pH 8.4 or higher), and the soil takes on a
grayish or blackish color; such a soil condition is referred to as
"black alkali." Wilcox, 12/ from experiments with Rhoades
grass and drainages of 25 and 6. 25 percent, reports:

The importance of bicarbonate in irrigation waters has been under inves-
tigation at the laboratory for several years. It has been found that bicarbon-
ate watersare less desirable for irrigation purposes than chloride or sulfate
waters. Eaton defined the term ''residual sodium carbonate' as the excess
of bicarbonate over calcium plus magnesium expressed in milliequivalents
per liter. Based on the findings of this experiment, it is thought that waters
with more than 2.5 meq/l "residual sodium carbonate' are not suitable for
irrigation purposes. Waters with from 1.25-2.5 meq/l are marginal and
those with less than 1.25 meq/l '"residual sodium carbonate' are probably
safe. In connection with the marginal group of waters, good management
practices and proper use of amendments might make it possible to use some
of these waters successfully for irrigation. These conclusions are based on
limited data and are, therefore, tentative.

E/ Wilcox, L. V., 1952, Salinity and alkali problems as
they relate to theuse of western irrigated land, and the relation-
ship of these problems to water quality: Minutes of the 18th mtg.
of the Pacific Southwest Federal Interagency Tech. Comm., Dec.
3-4, 1952, attachment 2.
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In dilute irrigation water, the percent sodium may be appre-
ciably increased by the preferential assimilation of calcium and
magnesium by plants.

Eaton(1954) has used another approach to the irrigation-water
subject. Rather than rating a water as good or unsuitable, he
has developed formulas that, when applied to any water, define
the leaching and amount of chemical additives required. The
formulas estimate (1) the percentage of the applied water (ir-
rigation water retained on the land) that should be leached down-
ward beyond the root zone as drainage to maintain low enough
salt concentrations in the soil for reasonable yields, and (2) the
quantity of gypsum required to prohibit unfavorable sodium ra-
tios. The required gypsum is the amount that must be added to
the water to limit the percent sodium to 70, to replace carbonate
precipitation of calcium and magnesium, and to replace calcium
and magnesium removed by crops. ''Good yield" designates, for
crops with intermediate salt tolerances, a production level that
is between 85 and 90 percent of yields in a semiarid climate ob-
tained on nonsaline land; "'reasonable yield,' 70 to 80 percent.
A summary of Eaton's formulas (1954) in the order of use and
the designations used in the formulas are as follows:

Sw--Salinity of irrigation waters expressedas meq/l{or equivalents per mil-
lion) of Cl plus $S04.

d% and D%--Tentative (d) and final (D) percentage of applied irrigation wa-
ter passed through the root zone as drainage.

Mss~-Salinity of mean soil solution measured as Cl plus $S04, meq/l. The
value 40 is taken as a Mss concentration that is expected to produce rea-
sonable yields, and 20 to produce good yields, of crops of intermediate salt
tolerance grown in a semiarid climate, such as Riverside, Calif.

Required leaching--tentative

Sw x 100 = d%
2 x Mss - Sw

Sw x 100
_Swx 10U .4
o s rio-sw - 9%

Calcium requirements--Ca in meq/1

a. Toadjust water to 70 percent sodium:
Na x 0. 429 - (Ca + Mg) = Ca (retain plus or minus sign)
b. To offset HCO3 precipitation:

HCO3 x (100 ~ d%}
100

= Ca
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¢. To supply Ca plus Mg taken by plants in excess of Na:

0.30 x (100 - d%) _
100 =ta
"Total Ca" =a+b+c

Multiply "total Ca' by 234 to get pounds of gypsum per acre-foot of irrigation
water.

Required leaching--final

(Sw + % "total Ca') x 100
2 x Mss - (Sw + % "total Ca')

= D%

In developing the leaching formulas, Eaton expresses the sa-
linity of the irrigation water, soil solution, and drainage water
as Cl + $804 in milliequivalents per liter (equivalents per mil-
lion). This method was adopted because sulfate is about one-half
as toxic to many plants as chloride. The figure for the mean
soil solution is empirical; 40 is expected to produce reasonable
yields and 20 to produce good yields.

If no salt is lost by precipitation or plant use, the percentage
of leaching can be calculated from the increase in salt content of
the irrigation water solution as it loses water (HyO) byevapo-
transpiration.

applied water concentration
leached water concentration

Leaching (%) = 100 x

Because the soil solution increases in concentration with depth,
Eaton has assumed that the mean soil-solution concentration
(Mss) is the average of the irrigation water and the effluent at
the bottom of the root zone.

Mss = applied water concentration + leached water concentration
2

and

Leached water concentration
= 2 x Mss - applied water concentration

When the desired mean soil-solution concentration is inserted in’
the leaching-percent equation, leaching becomes "required
leaching. "

Precipitation of calcium and magnesium carbonate and the
assimilation of calcium and magnesium in excess of sodium for
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a unit volume of water decreaseas the rate of movement through
the soil increases. Hence, the factor (100 - d)/100 is used in
the equations for calculating these calcium requirements. The
0. 30 milliequivalent per liter to supply calcium taken up by
plants in excess of sodium is also empirical; the basis for its
selection is discussed in detail in Eaton's paper (1954).

Sulfate added with the calcium (CaSO4) also exerts a toxic
effect on the plants and must be included in the final required
leaching computations. Because calcium and sulfate are added
in equal proportions as gypsum, the quantity of 3 "total Ca" is
synonymous with $SO4 in expressing salinity.

SUITABILITY OF THE WATERS FOR IRRIGATION

Present irrigators in the Wind River Basin are fortunate in
having water of very good quality. Table 100 gives the classifi-
cations of water samples from most of the streams that supply
irrigation water. When rated by Wilcox's diagram, all the wa-
ters, except the low-flow sample from the Little Wind River
near Arapahoe, are classed as "excellent to good.'" Similarly,
Thorne and Thorne would rate these waters as '"1A," which
means that the water could be used safely on all soils and without
difficulty from sodium accumulation in the soils. All the sam-~
ples have a low sodium hazard and all but one have a low or me-
dium salinity hazard when classified by the method of the U. S.
Salinity Laboratory Staff, Calculations of required leaching by
Eaton's formulas show that the waters are generally so dilute
that very little leaching is required to maintain a satisfactory
soil-solution concentration for even the best yields if the water
were the only source of salt. No additional calcium is required
to maintain a percent sodium of less than 70 or to offset bicar-
bonate precipitation. The required gypsuin for some of the more
dilute waters is needed to replace plant uptake., The amounts of
gypsum shown on table 100 are based on the assumption that all
calcium for plant assimilation would come from the irrigation
water, This assumption is, of course, not totally applicable in
the Wind River Basin because of the generally gypsiferous nature
of B-zone soils derived from the Wind River formation and ter-
race deposits on the floor of the basin. The amount of gypsum
required is verysmall, and if it were not added, the soil calcium
would probably be depleted at only a slow rate, Variations in
individual crop requirement for calcium per acre-foot of water
exceed most of the calcium requirements in table 100. Supplying
needed calcium by the application of water in excess is often an
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alternative to adding gypsum. However, this process has little
promise with the dilute waters of the Wind River Basin. Exper-
imental computation with Eaton's formulas indicate that high
leaching percentages would be required to supply needed calcium
and still maintain a satisfactory mean soil-solution concentration.

The reader should note that the sampling station on the Big-
horn River at Thermopolis during the time of this study was a-
bove the major hot-springs inflow. Also, the stream traverses
and receives drainage from a rather wide expanse of Mesozoic
rocks downstream from Thermopolis. For these reasons the
chemical-quality records may not be truly representative of the
water available to users downstream from the Thermopolis
station.

Waterlogging, ponding, lake formation, and surface salt de-
posits are present in some irrigation projects of the Wind River
Basin. The water classifications in table 100 show that these
conditions are not caused directly by the dissolved constituents
of the applied water but probably arise from one or more other
factors, such as permeability of the surficial deposits, salin-
ity of the soil, or irrigation practices.

Little information is available on the practices or conditions
relating to quality of water in the privately operated irrigation
projects. Most investigations in the Wind River Basin have been
in connection with the Riverton project, which is managed by the
Bureau of Reclamation. Most quality-of-surface-water data per-
taining to irrigation practices were collected in this area. A re-
port entitled "Ground-water resources of the Riverton irrigation
project area, Wyoming, with a section on the chemical quality of
the ground water'" has been prepared. In this report, Morris
and others (1956) state that

The rate of movement of water toproperly constructed drainsis dependent
upon the permeability of the adjacent surficial deposits. The greater the
permeability, the more efficient the drain; if the deposits are relatively im-
permeable, either because of a high content of sodium salts or because of
the fine-grained texture, the drain receives water from only a short distance.
In many parts of the Riverton irrigationproject the permeability of the water-
logged material is low and, although the hydraulic gradient is steep, the
drains are ineffective except for short distances on either side. The low
permeability of the waterlogged material isthe principal obstacle todrainage
of many waterlogged areas within the Riverton project.

The salt content of the irrigation water that infiltrates is in-
creased by transpiration and solution of minerals from the soil.
During the irrigation season Fivemile Creek carries a mixture
of infiltrated water and overland runoff or waste. Overland



160 SEDIMENTATION AND CHEMICAL QUALITY OF SURFACE WATERS

6T 8°T 62° gt | g0°2- TS=20 VT =g 0 L° 02 162 °g1_*adeg|**°**aroazesed o33ng 30TId
6161
mm MOH OMG mdoﬁ moolﬁ| leﬁﬂo ﬁ w|m o mo HN mMN oowH owﬂﬂq X E TR R RET NN TN N T oo'-oog
, €561
O M‘H OMo N@e.ﬁ mme.ﬁl .le.ﬂo 4._” Ulﬂ O .Jo O.ﬁ @#—N .@Emm oe o-‘ooccoooc.-oooog
66T
T n°t og* 9€°T | 09°T- TS-10 vt - 4] g (074 [414 ooty *qdegereecc ot cu( UOTSIAAT]
mMoTeq Teue) SuTUOLM
J.H MoN mNo m@-N HmoNl T8-20 VT - 0 @o 02 Nmm o.ﬁ eqoQ o e et e eree ey
UOTSIOAT( ©AOQE JOATH PUTM
8MéT
MO N...H Om. mwo.ﬂ mw..ﬂl HW|NU j D 0 N.o mN mMN oHN o.u.ﬁmw o..o...o..o-..oo.oo.a
H@ No.ﬂ Om' NN.H @No.ﬁl HWINO 4@._” Ulm O @o :N N@N oom oﬁﬂmm o.-o--o-oo-..-anoaa
g NoH OMo NM.H mwo.ﬁl TS-T0 T - 0 @- :N OJN eo@N .Wﬁﬁ«. L L KT 1
61 6 | og* 61°T | g2°1- 15-10 Vi | o= 0 € [T | ST [°c€T Arnp|cececreonececcerectiog
9 6° og* 8L°T | 28°T~ TS-T0 vt b4 0 € €1 0€2 °*iT eun[ [°31e0UMOI) JESU JOATY PUTM
04.— mo.ﬂ Om.— MMnN @JoNl HWINO <H Cl@ O mo @.ﬁ MNM n-@ QPQDM Seesesvosntesnsnte .-oOﬁn
T9 9°0 0€°0 107 b A P oy TS-10 vt - 4] 10 L oLt *efp_sunp|f®c®*sTaIng JeSU JOATY PUTM
€561
(3ue0
qF-eaoe | T JI99TT
ﬁ.uwa qat) m2ed) | ed S1USTRATNDOTTTTH .:mmﬁ . TG6T (0052
unsd£S nwﬁm._” . Irels suIoyy | NéT eqeuoq | otaex |untp| qe soyu
~yoesT = a e 03eJ0Q8] | pue XOOTTIM -J80 -uot -og| -oxoTu)
sxrnb o umTo unto{e UNTo 1343 T
p oy | PeImb|_ o T nu,ﬁw% —rep | £3tuttes |euzoul | 2937V | untpos |-daospelqueo| eoue oqed 801108
! S Nl 2993V | aeq3Y TenpTeel |-unTpog |~aed [ -3ompuco
96T ‘uotyed 1013Y otgToedg
UOT4BOTITISSEBT)

untoTeo Lrddns of

B_S.nvOm Jo sseoxe ut sjueTd £q ueye} umntTseudeuw snyd

35 umtoTe) pue fuorqeqrdroead e3eUCQIBOTQ 18530 OF

UOT1e3TIIT J0F saejem JO £9TTTqeITnS--"00T oTqEl

tq unToTe) funTpos queoged ) 01 Jeqem gsulpe o] i€ sp..noadbw



161

DISSOLVED MINERAL CONSTITUENTS

°pToTL pood Jod T

0 9N | é8° 91°z | 8L°2- T8-20 VT -4 ) SR ERES TGET |t rer e reeeog
0 Ls | ge® s€°e | G6°e 15-20 VT D-3 0 LT |lE | 919 Gner |eeeeeeereeieag
0 L*s 92° €ee €T €= T8-20 YT D-q 0 9°T 9€ 065 aneT R s
0 q°h 62° 91°2 | S6°2~ 18-20 YT D-g 0 €1 1€ 905 LMET  |*°° - *eBeaeae pojusTaM
$ gttodowray]
qe JOATY ugoydtd
0 6T | f2* 6Lz | Lil- TS-€0 V2 d-p 0 Gz log | o9t |0t ades ciereesaanagg
O Mo.ﬁ Oﬂe ﬂOoH go.ﬁl HmIHO ¢.ﬂ Olﬁ O m. ON .ﬂHN o-ﬁ aunp -...-.c-.-ooyaogﬁoﬁmﬁ.ﬁw
Teou JOATY PUTM oT43T1
€961
€9 g* oc* 9¢° 6€° - 18-10 VT -3 0 2 €T | os *eogT KBH|*ec et n T Y
n.m 1 °J n@ *598 .Mzm
anéT saeaTy
PUTM 9T39TT %I04 y3nog
% T°e 6e° 10°2 | 61°2- T8-20 VT D=4 0 g°* 92 62€ GHET (o rretectreteiton
€9 8°T o¢* 68°T | 26°T~ 18~20 T D= 0 L* 62 292 QET  |*rrerrectceeceg
0 n°t oc* 9L°T | T2~ 18-20 A15 D-a 0 U qt 0le IN6T  |**°**eBeasae poqyBToM
SUOLISATY 9' JBATY PUTM
0 9°2 62° 68° 00°¢- T8-20 YT D3 0 L T2 ™ °*GT *900(°"° et tTtue( UOTSIBAT(Q
ITer) 9T 3e JeATY PUTM
81t
9 2°e 62° ns°t | aL°t- 18-20 VT D-g 0 6° € log *cgr eumpicteeerectecgeng~d Texonel
€961
O m'.ﬁ OMG ,—Nmo.ﬁ Dwo.ﬁl HmlND QH Olﬂ O m. ON HNN oo.ﬁ omﬂm0m @steseteecs tecses ..QOQ
ghsT
QN NoH Om.- Nmn.ﬁ ON-HI HmIHO ¢.ﬂ Olﬂ O .:n w.n .JMN -'mH owﬂ.< “0ecerseeve oo v .o.oa
€961
.Hm .HnN mN- N.Oo.ﬁ .JN.-HI HWINO ¢.ﬂ QI@ O wn QN wwN ...-Q«vooa oo-n-.-..ooon.o.ﬁmﬂ,ﬂO PQ.H.—H_.




162 SEDIMENTATION AND CHEMICAL QUALITY OF SURFACE WATERS

runoff becomes more concentrated only by evaporation and sur-
face contact with the soil; this water is much more dilute than
infiltrated water. Although it is recognized that soils of low
permeability are difficult to irrigate without waste by surface
runoff, infiltrated water (except for losses by seepage from ca-
nals) is generally productive, and overland runoff and waste are
unproductive.

Plate 10 shows the coincidence of the irrigation season with
the striking dilution of the base flow of Fivemile Creek by over-
land runoff and waste water. The salinity of the nonirrigation
season drainage measured near Shoshoni was about 3, 800 micro-
mhos, and the average salinity of the applied water was about
260 micromhos. When irrigation was begun, the concentration
of dissolved salts decreased rapidly and the conductance reached
1,400 to 1, 500 micromhos in 1950 and 1951. At the Shoshoni
station the average salinity from May to September was about
1,800 micromhos. Discontinuance of irrigation in September is
accompanied by a similarly sharp return to high mineralization,

If the base-flow salinity is considered to represent the maxi-
mum concentration for infiltrated water and if the salinity of the
applied water is considered to represent the minimum concen-
tration for surface runoff and waste, then during the irrigation
season the water of Fivemile Creek more closely resembles the
latter.

In summation, the irrigation water is of such quality that it
may be used rather sparingly without danger of accumulation of
harmful salts from the applied water. However, in some sec~
tions the low soil permeability and the application of large quan-
tities of water are generally incompatible and are conducive to
waterlogging, surface encrustations, and salinization of the soil.

CONCLUSIONS

Large areas in the Wind River Basin contribute little sedi-
ment. Streams rising in the Wind River Mountains carry negli-
gible amounts of sediment in large volumes of water. After
these streams leave the mountains, they pick up some sediment
from their channels, from irrigation return flows, and from in-
flow of tributaries on the basin floor. Mineral salts are dis-
solved from rocks and soils throughout the basin. The type of
material in solution depends primarily on geology, whereas the
quantity of material being transported is more closely related to
the quantity of water that comes in contact with the soil androcks.
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Average annual runoff in the basin is about 3. 6 inches on the
basis of adjusted streamflow records for the Bighorn River near
Thermopolis. The runoff originates mostly in mountain areas
from melting snow plus spring and early summer rains. Because
annual water losses are small in comparison to annual precipi-
tation, runoff from the mountains does not vary greatly from
year to year. On the floor of the basin runoff is low and is gen~
erated mostly by storms in the late spring and summer. The
annual water losses nearly equal the annual precipitation; there~
fore, runoff is extremely variable, in terms of percentage
changes, from year to year and from place to place during any 1
year.

Measured suspended-sediment discharge of the Bighorn River
at Thermopolis from October 1, 1946, to September 30, 1951,
totaled 23,510,800 tons, an average of 4,702, 000 tons per year.
The estimated total sediment discharge for this sameperiod was
5, 080, 000 tons per year. The suspended sediment measured at
Thermopolis from October 1, 1946, to September 30, 1950, if
converted to acre-feet by using a computed specific weight of 58
pounds per cubic foot, would equal 18, 600 acre-feet; an average
of about 3, 700 acre-feet per year of relatively uncompacted sed-
iment.

Ratios of computed instantaneous total sediment discharge to
measured suspended-sediment discharge obtained from compu-
tations for 8 sediment stations were as low as 1. 05 and as high
as 1.75. The computations of total sediment discharge cover a
range in water discharge of 20 to 8, 360 cfs anda range of meas~
ured sediment discharge of 194 to 366, 000 tons per day. Un-
measured sediment discharge increased in approximate propor-
tion to water discharge for 3 streams, as about the 1.2 power of
the water discharge for 2 streams, and as about the 1,5 power
for another stream. The percentage of unmeasured sediment
discharge becomes small for large flows that contain high con-
centrations of suspended sediment. However, at such large flows
the unmeasured tonnage is much higher than at small flows.

Particle-size distributions of the computed total sediment
discharge, although subject to large computation errors, seemed
to befairly good approximations of the particle-size distributions
of suspended sediment at contracted sections. Computed parti-
cle sizes of the total sediment discharge usually showed far
coarser sediment than was collected in depth-integrated samples
at normal sections.

The area underlain by Precambrian rocks covers 14 percent
of the basin; it yields 59 percent of the water and much less than
1 percent of the sediment. In contrast, the area underlain by
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rocks of Quaternary age covers 16 percent of the basin; it yields
about 63 percent of the sediment but only about 2.5 percent of
the water.

At the junction of the Wind and Popo Agie Rivers, the stream-
flow averages about 86 percent of the flow at Thermopolis, but
the sediment discharge averages only about 16 percent of the
sediment discharged past Thermopolis. Fivemile Creek alone
contributes about 56 percent of the average sediment discharge
but only 7 percent of the average water discharge of the Bighorn
River at Thermopolis. Only a féw percent of the sediment dis-
charge of Fivemile Creek comes from outside the Riverton irri-
gation project. On the basis of records during 1949 and 1950,
about 87 percent of the sediment discharge comes from the bed
and banks of Fivemile Creek within the project area. Since the
summer of 1950, return flows from irrigation have increased
the sediment yields from Muddy Creek. Its sediment yield now
(1954) exceeds the sediment yield of any other Wind River tribu-
tary except Fivemile Creek. Muskrat and Badwater Creeks also
discharge much sediment during some years.

Sediment yields from different tributary drainage basins,
particularly those from Graham Draw and Poison Creek, indicate
that much sediment in transport in small headwater tributaries
may never, or only after long periods of time, reach the mouths
of the larger streams under the unregulated regimen of the
stream. Major reductions in sediment yield on streams whose
natural regimen is not affectedby irrigation would require regu-
lation of sediment and water during the rare, large floods. The
impoundment of sediment during these floods is likely to be less
effective than the regulation of flow in reducing sediment yields.

Surface waters of the Wind River drainage basin differ widely
in total dissolved-solids concentrations and proportions of indi-
vidual constituents. The chemical quality of each stream is the
resultant of individual environment. Climate and runoff charac-
teristics, geology, and irrigation practices are the major factors
that determine the quality of these waters.

Water that flows over only Precambrian and Paleozoic rocks
is generally very dilute, and calcium bicarbonate is the principal
dissolved salt. Some of the formations of Mesozoic age contain
much readily soluble material, and water in contact with them
dissolves appreciable quantities of calcium and sulfate and lesser
amounts of sodium and carbonate, Water that drains from Ter-
tiary rocks of volcanic origin is generally high in silica, dilute,
and of the calcium bicarbonate type. Some streams rise high in
the mountains and, in turn, traverse Precambrian, Paleozoic,
and Mesozoic rocks; these streams are geochemically similar to
streams that drain the Wind River formation.
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Streamflow has a marked effect on water quality. Water dur-
ing high river stage is generally more dilute than during low
stage, but the differences in qualily from time to time for a giv-
en water-discharge range can be very great. However, the high-
est concentrations of salts do not accompany the lowest water
discharges. The water at very low stage, or base flow, origi-
nates primarily from snowmelt or precipitation high in the moun-
tains and is dilute; maximum salinity probably results from mild
precipitation on, or ground-water discharge from, the highly
mineralized Mesozoic and Tertiary materials.

When the dilute calcium carbonate-type water from the Wyo-
ming Canal is diverted onto the Rivertion project, its salt content
and geochemical character are altered by evaportranspiration,
by picking up accumulated salts in the irrigated lands, and by
solution of minerals from the soil and mantle rock. Samples
collected from drains into Fivemile Creek and Ocean Lake indi-
cate that the geochemical processes are similar throughout the
area--sodium and calcium sulfate, and to a lesser extent car-
bonate, become the predominant ions in solution. Ocean Lake,
by means of the chemical reactions therein, acts as a differen-
tiating agent in retaining some of the calcium carbonate and
thereby increases the percentage of sodium sulfate in the effluent
water., An estimated 10, 000 tons per year of calcium carbonate
is being removed from solution and deposited in Ocean Lake.
However, this retention is of little consequence in relation to the
combined salt discharges from the project and is insignificant in
basin-wide considerations.

The average annual discharge of minerals in solution from
the Wind River Basin measured at Thermopolis, before closure
of Boysen Dam, was 748,000 tons. The quantity of material
leached from soils and rocks is more dependent on the quantity
of water that the land is subjected to than on the amount or solu-
bility of the salts, Because of theheavy precipitation in the Wind
River Mountains, the annual rate of erosion-by-solution in the
Wind River Basin upstream from Riverton and in the Popo Agie
River basin is about 100 tons per square mile. This is about
twice the quantity dissolved from a square mile of the more arid
region in the nonirrigated eastern part of the basin, Most of the
salt load from the Fivemile- Muddy-Dry Cottonwood Creeks sys-
tem comes from the irrigated section; in 1951 about 140, 000 tons
of dissolved minerals, in excess of the load brought in by the
Wyoming Canal, was discharged from the Fivemile Creek drain-
age area between the Wyoming Canal and the station near Sho-
shoni. This amount represents removal of 500 to 600 tons per
square mile per year, or approximately 10 times the solution
rate that would be expected without irrigation.
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Most of the surface waters are generally satisfactory for do-
mestic use. Because of low salinity and chemical character,
much of the water is also of good quality for some industrial
uses. The Wind River at Riverton has desirable cooling proper-
ties; 90 percent of daily water-temperature readings were less
than 68°F.

Present sources of irrigation supply are of very good quality.
When rated by Wilcox's diagram on the basis of salinity and per-
cent sodium, these waters are classified as "'excellent to good."
Similarly, Thorne and Thorne's system for rating, which is for
normal drainage and irrigation practices, indicates that the wa-
ter could be used safely on all soils without difficulty of sodium
accumulation, Low sodium hazards and low or medium salinity
hazards are predicted by the method of classification recom-
mended by the U. S, Salinity Laboratory Staff. Calculation of
required leaching by Eaton's formulas shows that the waters are
generally so dilute that very little leaching is required to main-
tain a satisfactory soil-solution concentration for even the best
crop yields if the water were the only sourceof the salt., Quality
of the irrigation water indicates that the salt accumulation and
drainage problems, which are present in some of the irrigated
areas, have not been caused by the application of poor- or
questionable-quality water.
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Table 5.~-Periodic determinations of suspended-sediment discharge at
scheduled and unscheduled stations

Date

Instantaneous
water discharge
(cfs)

Suspeaded sediment

Mean
concentration
(ppm)

Instantaneous
discharge
(tons per day)

Wagon Gulch near Dubois

1948

APTre 2uieosiecensccssssonsse

a8

33,900

700

Wind River below Dubois

1951

—_—

ADry Devececccsncscnsnncesan
May Tooseesscesesvevsscccscns
May 3lecescecescocnscanssnce
June Wlovseessscecscscasacss
JUly 1Teececocsnccecccsscncs

1952
May 26ecevsscsssscsasaccnnes
June 23.ecseeecssssscsssasne
JULY 23cecsccsessanssnassses

b 316
b 630
b 3,0L0
b 3,050
b 2,180

b 1,330
b 840
b 607

194
526
660
6L9
220

71k
39
21

166
895
5,420
5,340
1,290

2,560
88
3k

Wind River, 800 feet upstream

from mouth of North ForkWind River, near Dubois

1949
Septe 16eecsveersessscsacsne

350

225

213

North Fork Wind River near Dubois

1950
May Llesecesnacosoncsercocacs
Docssssseensesnacscnces
May 2cecescecessascoscscssen

May 3eceeecoscersocccssnance

Docecsscrrccocrsassecscs
Hay h..ol'ccontoo.ooot.c-oo.

esessisesccesassencns
M3y Seevecesnccrncscncaccens

DOsscecerascncascnncens

May B.oc--ooou..oo-oovooocco

May Doeesesecesesssscncccocns

3

May 10ceceseacsssssoscccconnse

May 1lecccoscesossesscscsnasce
eesesstescssesscssnne
o
cesescsrecssscasssenee

May 15ceccccccesonsnsassssas

May 16ececescscnsnssscnsssnn

Docesasocecasarasvenase
May 17ecceecccssenscocsnanee
May 18escecececencsserccnean

See footnotes at end of

65
83
80
86
91

80
80
69
66
86

93
68
68
83
60

9L
77
229
136
625

597
Li66
700

788

table.

18y
221

Lo
153
179

256
172
286

62
890

606
702
276

32
8.6
105
Ly
55
53
207
152
129
51
93
51
310
Lo2
28
1,270
783

1,kh20
1,650
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Table 5.--Periodic determinations of suspended-sediment discharge at
scheduled and unscheduled stations--Continued

Date

Instantaneous
water discharge
(cfs)

Suspended sediment

Mean
concentration
(ppm)

Instantaneous
discharge
(tons per day)

North Fork Wind River near Dubois~-Continued

1950
May 18ecececcecsossassscnnss
AR N E R N NN NN NN R RN Y
May 19cecsccessaccessannnces
Septe 16eesarscsscscsacsscon

590
708
392
216

Lg2
LLg
5L
1)

Wind River near Burris (just upstream from mouth of Dinwoody Creek)

1949

Septs 1Beccverssccosscsesenasn 720 210 Lo8
Beaver Creek near Arapahoe

1950
APT: 134eececesscnccnaccasne 37 5,000 500
ADTs 1Teveccoeseesessaresece 72 5,310 1,030
ATy 204cescncnccsonconsnses 105 8,500 2,ln0
ADPs 254 eieencennesnnceccons 110 6,700 1,990
May 10secessesserascncosnces 89 11,600 2,790
- I 110 4,680 1,390
JUNE 2leveeevscsnocssasasoss 56 1,670 253
JULY Lleosevoosoacsconnnsnne 16 1,300 56
JULY 18eeuvscsecesscannscsce 5.5 332 L9
JULY 2leseresrensaccennssaas 9.9 9,840 263
JULY 2Boeeassssosoacsnssanne Lol 4,210 l7
Septe 22cescerscseccrsscnnsse 20 6,600 356
Septe 27eeecsrssecssscscosan 9.2 1,620 Lo

Fivemile Creek near Pavillion

1948

Septe 20essessceconcocosanss a3 11,400 92
Ocean drain at Ocean Lake Outlet near Pavillion

1949
OCte 3eacscnsonnsossenccones 28 2 0,15
OCte lecossoacssurocaneanasss 28 5 .38
OCts Seoeassosssssacsnconces 27 316 23
OCte Teesesssssoncscoccncasse 24 7 L5
0Cts 1leesssssseonaceoconses 2l 180 12
OCte 12¢etuscescecccocenncns 23 12 .75
OCte 19aessonanesecsncessnan 24 22 L.k
0Cte 2Llesensonroasssnsesscnn 25 6 10
OCts 2uennrereesnranccnnsss 25 6 10
NOVe 2ececcssssansnnsoncnnas 23 8 «50
NoVe Lessoeessncsssceescaces 23 6 <37
Nove 16ecesencsnes cretecsses 16 22 *95
NOVe 23uecccacconccncarnsnas 17 89 ol
NOVe 28aeseessecscccsanssens 15 186 7.5

See footnotes at end of table.
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Table 5.--Periodic determinations of suspended-sediment discharge at
scheduled and unscheduled stations--Continued

Suspended sediment
Instantaneous

s Mean Instantaneous
Date water(i;z;harge concentration discharge

. (ppm) (tons per day)
Ocean drain at Ocean Lake Outlet near Pavillion--Continued

1949
DeCe Tevsssasvososrsscensans i
Dece Lieersscoressssnonnsces 13
Dece 2leeeasececcrossscnscan 13
Decs 23ceeiccncscnccsascones 12
Dec. 28.-.--.»-.--.--«-.-.-. 9-8

0.11
<07
.07

.05

NN NDW

1950
Jan. Ueereeseononscsnnncncns 8
Jane 18esssecsasscnscscsasan 3
Febe 150e0ceccvescnssascsnas 16
Febe 220csvascsssscecccsanee 1
1

Febe 28eveincrcascscssanncns

Mare 10esecescsccoosnsssecoe 15 L .16
Mare 17ececsccecsscnsccanane 15 12 A9
Mar. 23eeeecescccsconorences 15 21 .85
Mar. 29eececsscovssasssonces 12 370 12

Apry Leseseseeseorsecncannss 22 17 1.0

ADre 12iiiteecnsocncencncnas 31 3 +25
JUNE 29uieceecsncnsoncnacens 17 16 .73
JULY 27eeececccccccoascanses 19 16 .82
JULY 3lecececesecracnncanane 19 11 56
Septe 2Tessesccssecasanncnne 28 L5 3.k

Octe 2¢cncrracescscnscncnsan 26 7
NoVe 13ceccescscoaccsconsnen 25 6
Nov. 27.-.-..-....--......-. 27 3 .2
Dece 1leeeseossoscasascnanne 26 1
Dece 2600ecnvcecccnesansanne 25 2

1951
Jane Beceensossscsarsesscnnse 26
JUIY 12u0eenerosccrscrncnnns 17
Aug. 17eeecssssacscsscensene Lo

VAN B g
.
N

Ocean drain near Pavillion

19h7
Auge 20coercenrcsscccccocans a 50 k4,810 600

JUNE Teseesanonrenencnes vees 21 932 53
JULY 12e0cuacanconncnoaans e 68 2,880 529
AUZ. 1Teesecccnsnennncanns . 71 1,620 311
Auge 3lesiuinciorconsarennans 66 1,320 235

Sand Gulch near Shoshoni

1951
JULY 12eccuicaccccocnnnnnnsns 51 520 72
Aug. 17eeeveecsscccssnocnnes 52 552 78

See footnotes at end of table.
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Table 5.--Periodic determinations of suspended-sediment discharge at
scheduled and unscheduled stations~-Continued

Suspended sediment

Instantaneous
Dat ; Mean Instantaneous
© uater(d;sgharge concentration discharge
ceis (ppm) (tons per day)
Fivemile Creek near Shoshoni
1947
June 20ceeseecrveccsccsccnns a 750 23,700 48,000
Buge 26uu-necreccanncsnnnnns a 250 18,600 13,000
1948
Mare 26eevsesessccensssonnns a 50 16,000 2,000
Apr. 1Tesecesnveoccccscascas| oesaccocnrnncas 12,200 essesssecesean
Apre 26.iceececessoacressss| sveencennnnsnns 9,180 tecsrennnrenns
May 19eevscevesrasocecscacea a 50 7,940 1,000
June 3esesecnerecincencannns a 100 2);,000 6,000
JULY 28evecceccraccncensece] envocencasences 25,900 ceceestasesens
Auge 18sceiveerernensnnnnnne a 275 21,300 16,000
Badwater Ureek at Bomneville
1947
May Teseceesscosesaransannsse 158 7,270 3,100
June 20eeeseecscsscccsocnane 109 20,100 5,910
JULY 24censocscocracsasnasns L9 2,100 278
JUly 17ecccesccesscssccncnse 29 8,140 638
< T 18 hy720 229
JULY 22400s0snssconscncnsanee 35 37,600 3,550
JULY 23eceresersecscncnnenes 1.8 15,800 77
1.7 14,500 67
T S o 1.6 18,600 80
Dococesoncrsonesnsosens 1.6 20,700 89
AUZe 12usieennnsesnnnancnens 1.6 27,400 118
Septe 18uuscecerccnsscassanse 2.9 L, 400 347
cesesecsssenesancasas 1.5 41,200 167
Wyoming Canal spillway into Muddy Creek near Pavillion
1951
MaY Deveverercarsasssssnsnce b Ll 77 9.1
Muddy Creek near Shoshoni
1947
May leseesconusessosavencone a 30 19,300 2,000
1948
Mare 26eecicecccsacercsanens a 25 7,070 500
Apre 1Teececersacserennnccae| soveancnnenscse 16,100 S
Apre 26ecseeenescsecsneesans| asovencronnanns 10,400 cessessssssens
May 17ceeseenecsonssonaansss as 1,860 20
JUne 3ecevessstcsirtrcncnnne a 25 10,400 700
Wind River below Boysen Dam
1951
JUNE Taeesennsrersansansnsee 4,530 2,420 29,600

a Estimated.

b Streamflow measurement.
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