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WATER RESOURCES OF THE UPPER COLORADO RIVER BASIN—TECHNICAL REPORT

INTRODUCTION AND SUMMARY

By W. V. Iorns, C. ‘H. HeMBREE, and G. L. OARLAND

ABSTRACT

This chapter contains an introduction and a summary.

The introduction gives background information on the area:
geography, geology, physiography, climate, and stream regimen.
Included is a table of hydrologic units, prepared by D. A.
Phoenix, which separates the complex assortment of rocks
according to generalized hydrologic properties.

The rest of the chapter summarizes the quantity and chem-
ical quality of the surface water of the basin. There is a great
deal of water which enters the basin annually as precipitation
(92,739,000 acre-ft). Only a small part of this (2,257,500 acre-
ft) is consumed by humans or is diverted out of the basin. The
rest leaves the basin through outflow (12,733,100 acre-ft) or is
lost by evaporation and plant transpiration (77,748,400 acre-
ft).

The amount and chemical quality of the streamflow vary
with time and place owing to both natural and human causes.
To give a common base for comparing streamflow, an average
was used which would have occurred if the level of upstream
development existing in 1957 had existed throughout water
years 1914-57.

Natural factors affect the streamflow and chemical quality:
the amount of precipitation, the underlying soils, and the
ground water. The human factor, however, greatly influences
streamflow and chemical quality. Water quantity and quality
are changed as the water is diverted for domestic, industrial,
and agricultural uses. Domestic and industrial uses add 33,600
tons of dissolved solids annually to the streamflow; irrigation
adds 3,446,700 tons. Water quality also depends on the propor-
tion of individual constituents and the amount of suspended
sediment.

INTRODUCTION

The first comprehensive study of the water resources
of the Colorado River Basin was made by E. C.
LaRue (1916). The introduction to the report was
written by Nathan C. Grover, Chief Hydraulic Engi-
neer, Water Resources Division, U.S. Geological Sur-
vey. Much of what Grover said about the Colorado
River Basin is as timely today (1957) as it was in
1916:

The region traversed by the Colorado and its tributaries is
for many reasons of intense interest to the people of the United
States. Here was the home of that forgotten people of which
there is almost no record except the hieroglyphics on the rocks,

the ruins of their irrigation systems, and the cliff dwellings by
which they are most widely known ; here were Spanish missions
whose history extends back nearly to the days of Balboa and
Cortez; here is the Grand Canyon, whose sublimity was first
fully disclosed by Maj. Powell and his associates, who navi-
gated it from end to end in 1869 and 1872; here are the greatest
known natural bridges, so remote and inaccessible * * * here is
the mighty river and its tributaries * * *. We are interested in
its mysteries, its traditions, its history, and its possible future;
in the fascination of its deserts, whose immensity awes us; in
the grandeur of its mountains, from the highest peaks of the
Rockies on the east to the beauties of the Uinta and Wasatch
mountains on the west; in the wonders of its canyons, perhaps
the most famous in the world; in the range of its climate, from
its short and cold summer season in Wyoming, where frosts
may occur in every month of the year, to the sub-tropical
temperatures of the valleys of Arizona, where the growing
season never ends.

Its high valleys contain valuable forests and its mountains
extensive deposits of minerals. At many points within its
borders prosperous agricultural communities have been estab-
lished * * *

What is to be the future of this immense region? Doubtless its
forests will be utilized, its mineral wealth will be exploited, its
wonderful scenic beauties will be unfolded. Its greatest de-
velopment must come, however, from its water resources, on
which the development of its other resources must largely
depend * * *

Water in the rivers, creeks, lakes, ponds, and sur-
face-water and ground-water reservoirs of the Colorado
River Basin constitutes the water resources of the
region. This is a continuously renewing resource, and
its visible occurrence in the streams and impound-
ments and its hidden movements underground are
parts of the recurring succession of events known as
the hydrologic cycle. The surface and ground waters
in the Colorado River Basin have their origin in pre-
cipitation, derived mostly from water evaporated from
the Pacific Ocean or the Gulf of Mexico. Some of the
precipitation is returned to the atmosphere by evapo-
transpiration, some percolates downward to the
ground-water reservoirs, and some flows directly into
the surface-water bodies. Part if not most of the water
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2 WATER RESOURCES OF UPPER COLORADO RIVER BASIN

that enters the ground-water reservoirs ultimately
finds its way to the streams. Man takes water from the
surface-water bodies and ground-water reservoirs and
consumes part of it for his sustenance and livelihood.
Eventually, water flowing in the streams, except the
water that is consumed by natural process or man,
flows out of the basin toward the ocean.

Water from the first moment of contact with the
land surface as precipitation is subjected to various
natural environmental factors that influence its phys-
ical behavior and chemical character. The most im-
portant of these factors are climate, topography, type
of rocks and soils, and vegetation. In addition to
natural factors, the activities of man have changed the
natural physical behavior and chemical character of
many of the streams in the basin.

PURPOSE AND SCOPE

Much of the water supply of the Colorado River
Basin is already being used. Additional water de-
velopments are planned to meet the evergrowing de-
mands of the region. As these developments may be
limited by legal, physical, and economic factors, an
appraisal of the water-supply situation is needed.

The U.S. Geological Survey has prepared this report
on the surface-water resources of the Upper Colorado
River Basin as part of an appraisal of the water re-
sources of the entire Colorado River Basin. The sur-
face-water resources of the region are described and
the effects of environmental factors on these resources
are explained on the basis of available data and water
uses existing in 1957. The report does not contain
forecasts of changes in water quantity and quality
which may take place as a result of water-utilization
projects constructed after 1957.

The area encompassed by the report is the drainage
basin of the Colorado River above “Lee Ferry,” Ariz.
“Lee Ferry” is an arbitrary point dividing the Upper
Colorado River Basin and the Lower Colorado River
Basin and is defined by the Colorado River Compact
as “a point in the main stem of the Colorado River
one mile below the mouth of the Paria River.” “Lee
Ferry” should not be confused with Lees Ferry, a small
community at an old ferry site on the Colorado River
about 1 mile above the mouth of the Paria River,
where a gaging station is located.

Studies for the report have included the following:
The assembling of basic data on the water resources;
identification of deficiencies in the data; collection of
additional data to fill obvious gaps; and an analysis
of the influence of natural environmental factors and
the activities of man on the occurrence, quantity, and
quality of the water resource. The influence of natural

factors on water regimen is complex because the fac-
tors and their effects on water are interrelated. The
effects of the activities of man are also complex and are
not easily discriminated from the effects of natural
factors. Nonetheless, so far as can be demonstrated or
reasonably inferred from the basic water data, this
report seeks to explain the current (1957) water situa-
tion of the basin and, in so doing, to discriminate be-
tween natural and human effects. Ultimately, addi-
tional hydrologic research and collection of essential
basic data will be needed to identify, more precisely
than has been possible in this study, the effects of the
activities of man on the chemical quality of the
streams.

LOCATION

The Upper Colorado River Basin (fig. 1) comprises
about 109,500 square miles in western Colorado
(88,670 sq mi), southwestern Wyoming (17,430 sq mi),
eastern Utah (37,310 sq mi), northwestern New Mex-
ico (9,580 sq mi), and northeastern Arizona (6,510
sq mi). The basin is within parts of two large physical
divisions of the United States—the Rocky Mountain
system and the Intermontane Plateau (Fenneman and
Johnson, 1946). The basin extends from lat 35°34’ N.
to 43°27" N., a distance of about 550 miles, and from
long 105°38 W. to 112°19" W., a distance of about 350
miles.

The boundary of the basin from “Lee Ferry,” Ariz.,
northward follows the crests of the Paria, Aquarius,
and Wasatch Plateaus and the Wasatch and Wyoming
Ranges to the Continental Divide at the north end of
the Wind River Range in Wyoming.

The basin boundary from “Lee Ferry” southward
and eastward follows a divide that trends first south-
ward and then eastward across the Kaibito Plateau,
along the north and east rim of Black Mesa, and across
the south end of the Chuska Mountains to the Con-
tinental Divide a few miles northeast of Gallup, N.
Mex. From here northward, the east boundary of the
basin follows the Continental Divide almost 1,000
miles to the north end of the Wind River Range.

STREAM SYSTEM

The Colorado River (fig. 1) rises near the extreme
eastern part of the basin on the east slope of Mount
Richthofen, a peak having an altitude of 13,000 feet on
the Continental Divide, and flows generally southwest-
ward to “Lee Ferry.” The Green River, the largest
tributary, rises in the Wind River Range at the north
end of the basin and flows southward to its junction
with the Colorado River about 60 miles south of the
town of Green River, Utah. The San Juan River, the
second largest tributary, rises on the west slope of the
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shale, argillite, and quartzite. Highly foliated and
metamorphosed rocks crop out in the Wind River
Range, in the Uncompahgre Plateau, and in the Rock
Mountains. :

HYDROLOGIC UNIT 7, IGNEOUS ROCKS

The rocks of unit 7 occur as lava flows, ash falls,
laccoliths, volcanic necks, and diatremes and as dikes,
sills, and larger discordant intrusive masses that trans-
gress bedding in sedimentary or volcanic rocks. Rocks
of this unit occur in small bodies in many localities and
crop out in about 3 percent, or 3,500 square miles, of
the basin.

The most notable of the intrusive bodies of igneous
rocks are the laccoliths of the Henry, La Sal, Abajo,
Carrizo, Ute, and La Plata Mountains. Irregular
bodies of intrusive rock also occur in the Rocky Moun-
tains. Many of the physical and chemical charac-
teristics of these rocks are similar to those in unit 8.

Lava flows and basaltic rocks crop out in the San
Juan Mountains, West Elk Mountains, Grand and
Black Mesas, and the Aquarius Plateau in southern
Utah. Dark-colored basalt flows, the most conspicuous
rocks of this group, are associated with thick deposits
of pale-gray to reddish-brown andesite, latite, dacite,
and rhyolite and with deposits of tuff, agglomerate,
and flow breccia.

HYDROLOGIC UNIT 6, PREDOMINANTLY MARINE ROCKS
The rocks of unit 6 consist of limestone, dolomite,
quartzose sandstone, shale, and saline minerals. These
rocks range in age from Cambrian to Permian and
have been mapped and classified into about 85 forma-
tions. They crop out in about 6 percent, or 6,900 square
miles, of the basin and mostly are extensively exposed
in the White River Plateau; along the flanks of the
Rocky, Uinta, and San Juan Mountains; and in a
large area in southern Utah and northern Arizona.
In the mountainous areas—particularly in the White
River Plateau and surrounding areas in western Colo-
rado, in parts of the Uinta Mountains, and in parts of
the Wyoming Range—these rocks are covered with
talus, with partly decomposed rock, and with soil.

HYDROLOGIC UNIT 5, CONTINENTAL AND MARINE ROCKS

Unit 5 is composed of six formations. The Moenkopi
and Chinle formations, included in the unit, also under-
lie virtually all the other rocks. The rocks crop out in
many places in the Canyon Lands of southwestern
Colorado, southeastern Utah, and northeastern Ari-
zona. About 5 percent, or 5,300 square miles, of the
basin is underlain by this unit.

The formations of the unit are characterized by dif-
ferences in lithology: in places they are composed of
thick deposits of silty mudstone and shale and near
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the middle, of thin lenticular beds of coarse-grained
sindstone and conglomerate. Common minerals are
anhydrite and gypsum. These soluble minerals appear
as beds, seams, and interstitial fillings in the fine-
grained sediments. Much of the exposed upper part is
covered by a thin fluffy coating of bentonitic clay,
which is susceptible to rapid erosion by surface runoff.

HYDROLOGIC UNIT 4, PREDOMINANTLY CONTINENTAL
ROCKS

The rocks of unit 4 crop out in many places in the
Canyon Lands and in southern Utah and southeastern
Colorado. Many of the conspicuous hogbacks and
ridges in the foothills of the San Juan and Rocky
Mountains are formed by these rocks, which crop out
in about 25 percent, or 27,000 square miles, of the basin.

Rocks of this group, from oldest to youngest, are
divided into the Glen Canyon Group, San Rafael
Group, and Burro Canyon, Dakota, and Morrison
Formations. Other formations of related age and
lithology are also included, but because of their re-
stricted distribution are of less importance to the re-
gional hydrology. Siltstone and mudstone interbedded
with fine- to medium-grained quartzose sandstone, and
locally with limestone, characterize the upper part.
Massive quartzose sandstone composes most of the
lower part.

HYDROLOGIC UNIT 3, MARINE AND CONTINENTAL
ROCKS

The upper part of unit 3 contains a large number of
intertonguing and overlapping formations of con-
tinental sandstone and marine shale. The lower part
is mostly marine Mancos Shale and the Mesaverde
Group and related formations.

These rocks crop out in about 23 percent, or more
than 25,000 square miles, of the basin; their area of
outcrop is almost equal to that of hydrologic unit 4.
They crop out in and along the Book Cliffs, the
Wasatch, Aquarius, and Kaiparowits Plateaus, the
cliffs around Black Mesa, and large areas near the
San Juan and Rocky Mountains and in the Green
River basin in Wyoming and in the Uinta Basin.
Many broad valleys underlain by the lower part of the
unit have attracted settlers. Valleys in the vicinity of
Price, Vernal, and Green River, Utah; Rock Springs,
Wyo.; Grand Junction, Delta, and Montrose, Colo.;
Farmington, N. Mex.; and many smaller towns are
underlain by the Mancos Shale and related formations.

HYDROLOGIC UNIT 2, CONTINENTAL ROCKS

The oldest and most extensive formations of unit 2
are the Wasatch, Green River, Uinta, Bridger, and re-
lated formations of Tertiary (Eocene) age. The
youngest rocks include the Browns Park (Miocene?),
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TABLE 1.—Geologic formations in the Upper Colorado River Basin

Colorado

Wyoming

Utah

New Mexico

Arizona

HYDROLOGIC UNIT

1, UNCONSOLIDATED CONTINENTAL DEPOSITS

All unconsolidated deposits in-
cluding alluvial deposits, tor-
rential wash, landslides, terrace
deposits, mudflows, Wisconsin
Till, glacial outwash, Durango
Till, glacial outwash, Florida
Gravel, Cerro Till, moraines.

All unconsolidated deposits in-
cluding alluvial deposits, lake
sediments, landslide deposits,
windblown sand, glacial de-
posits.

All unconsolidated deposits in-
cluding alluvial deposits, ter-
race and pediment gravels,
landslides, mudflows, dunes,
glacial till, moraines, out-
wash.

All unconsolidated deposits in-
cluding altuvial deposits, bol-
son, pediment, windblown
sand, high-level terrace de-
posits, landslides, spring, and
morainal deposits.

All unconsolidated deposits in-
cluding alluvial deposits,
dunes, landslides, playas, and
terrace deposits.

HYDROLOGIC UNIT 2, CONTINENTAL ROCKS
Chuska Sandstone and other formations of related lithology

Bridgetimber Gravel, North
Park Formation.

Browns Park Formation, Creede
Formation, Arikaree Sand-
stone.

Telluride Conglomerate, Blanco
Basin Formation.

Bisho
Par

Conglomerate, Browns
Formation.

Bishop Conglomerate, Browns
Park Formation, Brian Head
Formation.

Santa Fe Group......_.__...___..

Chuska Sandstone, alluvial and
lacustrine deposits, basalt
flows.

Chuska Sandstone, Bidahochi
Formation.

Uinta Formation and other formations of related lithology

Bridger Formation._..__.________
Green River Formation..___.____.

Wasatch Formation, Ohio Creek
Conglomerate, Blanco Basin
Formation, Fort Union For-
mation.

Animas Formation, Middle
Park Formation.

Bridger Formation, Pass Peak
Conglomerate, Fowkes For-
mation.

Green River Formation.________

Wasatch Formation, Almy For-
mation, Fort Union Forma-
tion, also conglomerate along
the southwest flank of the
‘Wind River Mountains.

Evanston Formation.._

Duchesne River Formation..._.
Bridger Formation_.____________

Uinta Formation, Green River
Formation, Currant Creek
Formation.

Wasatch Formation, Flagstaft
Limestone.

North Horn Formation......_.

San Jose Formation, Torrejon
Formation, Puerco Forma-
tion, Nacimiento Formation.

Animas Formation..____________

HYDROLOGIC UNIT 3, MARINE AND CONTINENTAL ROCKS
Mesaverde Formation and other formations of related lithology

Lance Formation, McDermott
Formation, Kirtland Shale,
Fruitland Formation, Pictured
Cliffs Sandstone, Lewis Shale,
Williams Fork Formation, Iles
Formation, Cliff House Sand-
stone, Menefee Formation,
Point Lookout Sandstone,
Mesaverde Formation and
Group, Pierre Shale.

Lance Formation, Lewis Shale,
Almond Formation, Mesa-
verde Formation, Adaville
Formation, Ericson Sand-
stone, Steele Shale, Rock
Springs Formation.

Mesaverde Formation and
Group, Price River Forma-
tion, Blackhawk Formation,
Star Point Sandstone, Kai-
parowits Formation.

0jo Alamo Sandstone, McDer-
mott Formation, Kirtland
Shale, Fruitland Formation,
Pictured Cliffs Sandstone,
Lewis Shale.

Cliff House Sandstone, Menefee
Formation, Point Lookout
Sandstone, Crevasse Canyon
Formation, Gallup Sand-
stone.

Yale Point Sandstone, Wepo
Formation and Toreva For-
mation in the Black Mesa
Basin, Crevasse Canyon For-
mation, Gallup Sandstone.

Mancos Shale and other formations of relate

d lithology

Mancos Shale, Niobrara Forma-
tion.

Benton Shale_...__________.______

Cody Shale, Hilliard Shale,
Blair Formation, Baxter
Shale.

Mowry Shale, Thermopolis
Shale, Bear River Formation,
Gannett Group.

Frontier Formation, Wahweap
Sandstone, Tropic Shale,
Mancos Shale.

Aspen Shale, Straight Cliffs
Sandstone.

Mancos Shale. .- _.____..___.__

Mancos Shale.

HYDROLOGIC UNIT 4, PREDOMINANTLY CONTINENTAL ROCKS
Dakota and Morrison Formations and other formations of related lithology

Dakota Sandstone, Burro Can-
yon Formation.

Morrison Formation._.._.____..__

Cloverly Formation...__.._____.

Beckwith Formation_..._____.__
Morrison Formation..._____.___

Dakota Sandstone, Burro Can-
yon Formation, Cedar Moun-
tain Formation.

Dakota Sandstone___._______._

Dakota Sandstone.

Morrison Formation.

San Rafael Group in the Colorado Plateau province of Arizona, Utah, Colorado, and New Mexico

Summerville Formation, Wane-
kah Formation, Curtis Forma-
tion, Entrada Sandstone.

Twin Creek Limestone______.____

Stump Sandstone, Preuss Sand-
stone, Beckwith Formation.

Twin Creek Limestone._....__..

Summerville Formation, Curtis
Formation, Entrada Sand-
stone, Carmel Formation,
Bluff Sandstone.

Twin Creek Limestone.._....___

Cow Springs Sandstone (not
part of the San Rafael
Group). Bluff Sandstone,
Summerville Formation,
Todilto Limestone, Entrada
Sandstone, Lukachukai
Member of the Wingate
Siandstone, Carmel Forma-
tion.

Morrison Formation and Cow
Springs Sandstone (not part
of the San Rafael Group).
Summerville Formation,
Bluff Sandstone, Entrada
Sandstone, Carmel Formation.
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TaBLE 1.—Geologic formations in the Upper Colorado River Basin—Continued

Colorado

Wyoming

Utah

New Mexico

Arizona

Glen Canyon Group in the Col

of Arizona, Ul

tah, Colorado, and New Mexico

Navajo Sandstone. ...
Kayenta Formation.
Dolores Formation. .

Nugget Sandstone

Navajo Sandstone.
Kayenta Formation.
Wingate Sandstone

-| Navajo Sandstone.

Kayenta Formation.
Wingate Sandstone, Moenave
Formation.

HYDROLOGIC UNIT 5, CONTINENTAL AND MARINE ROCKS

Formations of Triassic age

Triassic rocks undivided (in-
cludes the Chinle and
Moenkopi Formations in
southwest Colorado).

Some Permian rocks undivided
in the vicinity of La Plata,
Placerville, Telluride, Nor-
wood, north of Montrose.

Thaynes Limestone, Woodside
Formation, Dinwoody For-
mation.

Ankareh Shale
Chinle Formation.....____._____

Thaynes Limestone, Woodside
Formation, Moenkopi For-
mation.

Chinle and Moenkopi Forma-
tions.

Chinle and Moenkopi Forma-
tions.

HYDROLOGIC UNIT 6, PREDOMINANTLY MARINE ROCKS
Formations of Permian and Pennsylvanian age

Cutler Formation, Park City
Formation.

Weber Sandstone...
Maroon Formatio
Rico Formation.

Hermosa Formation, Eagle Val-
ley Evaporite, Jacque Moun-
tain Limestone, Minturn For-
mation, Belden Shale.

Phosphoria Formation.__.___.._

Amsden Formation..._...__.___

Cutler Formation, Park City
Formation, Kaibab Lime-
stone, Coconino Sandstone.

Oquirrh Formation. .

Rico Formation

Weber Sandstone
Hermosa Formation_-

Morgan Formation.......__...__

Cutler Formation, San Andres
Limestone, Glorieta Sand-
stone, Yeso Formation, Abo
Formation.

Cutler Formation, Kaibab
Limestone, Toroweap Forma-
tion, Coconino Sandstone,
Hermit Shale.

Supai Formation.

Rico Formation (subsurface),
Hermosa Formation (sub-
surface).

Molas Formation (subsurface).

Formations of early Paleozoic, Devonian, and early Mississippian age

Leadville Limestone...._.__.._._.

Ouray Limestone, Elbert For-
mation, Chaffee Formation,
Manitou Formation, Dotsero
Formation, Ignacio Quartzite,
Sawatch Quartzite.

Brazer Limestone, Madison
Limestone.

Three Forks Shale, Jefferson
tI_Jimestone, Darby Forma-
10n.

Brazer Limestone, Madison
Limestone.

Devonian, Silurian, Ordovician,
and Cambrian rocks un-
divided.

Leadville Limestone (subsur-
face)

Quray ‘Limestone, Elbert For-
mation (subsurface).

HYDROLOGIC UNIT 7, IGNEOUS ROCKS
Extrusive igneous rocks
Basalt flows eapping high Basalt flows____________________ x| Basalt flows eapping high Basalt flows.______._______._.___ Flow rocks locally.
plateaus. plateaus.

Intrusive igneous rocks

Sills, laccoliths, plugs, and dikes
chiefly in La Plata, Ute, San
Juan Mountains.

Chiefly laceoliths in the Henry,
Abajo, and La Sal Mountains.

Scattered diatremes, dikes...___.

Scattered diatremes, dikes.

HYDROLOGIC UNIT 8, IGNEOUS AND METAMORPHIC ROCKS

Precambrian complex

Metamorphic and plutonic rocks
including Uinta Mountain
Group, Front Range Granite
Group, Needle Mountains
Group, Gunnison River Series.

Chiefly granite with minor
amounts of metamorphic
rocks.

Met:

Metamorphic and plut:
rocks.

Uinta Mountain Group.-._...._

phic and plutonic
rocks.
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Bishop (Oligocene or Miocene), Chuska (Pliocene?),
and Bidahochi (Pliocene) Formations. The older
rocks are predominantly lacustrine and fluviatile.
They consist of marl, siltstone, and fine-grained sand-
stone interbedded with diatomite, limestone, evaporite,
oil shale, and trona and related saline minerals. The
younger rocks are principally lenticular deposits of
coarse sand and conglomerate. In part, the younger
rocks are lacustrine and fluviatile and, in part, glacial
and fluvioglacial.

In Wyoming, Utah, and Colorado, the Green River
and many of its tributaries flow for long distances
over these rocks. In other parts of the Upper Colorado
River Basin the rocks occur below altitudes of 7,000
feet in an arid to semiarid region, and direct runoff
is not large. About 30 percent, or 84,000 square miles,
of the basin is underlain by these rocks.

HYDROLOGIC UNIT 1, UNCONSOLIDATED
CONTINENTAL DEPOSITS

Unit 1 consists of all unconsolidated material man-
tling the consolidated rocks. This material is classed as
residuun and alluvium. Residuum consists of products
of rock weathering that have accumulated faster than
they can be removed by water and wind. Material of
this type mantles hillsides and tops of mesas and pla-
teaus. Alluvium consists of products of rock weather-
ing and erosion that have been transported and de-
posited by water. Hunt (1956, p. 72) estimated that
unconsolidated deposits cover bedrock in about 75
percent of the Henry Mountains region of southeastern
Utah. This estimate probably applies to the entire
Upper Colorado River Basin. Much of these deposits
are very thin, but in some areas, especially in the val-
leys, they may be thick.

River and glacial alluvium, which cover an esti-
mated 1,200 square miles, or less than 1 percent, of the
basin, are shown on the hydrologic map (pl. 1).
The deposits of residuum are not shown on the map but
are estimated to cover about three-fourths of the basin,
or 82,000 square miles.

PHYSIOGRAPHIC AND STRUCTURAL FEATURES

The plateaus and mountains that form the bound-
aries of the Upper Colorado River Basin and the high-
lands in the interior are a series of uplifted earth
masses deeply dissected by erosion, by glaciation, and
by weathering. Between the intersecting mountain
ranges in the interior of the basin are plateaus, mesas,
and broad basins, some gently rolling and others deeply
carved by erosion.

Long before the earth movements that created the
present mountains started, the area was the scene of
alternate encroachment and retreat of great inland

seas. The sedimentary material that accumulated and
was not subsequently removed by erosion during the
periods when the land stood above the seas is repre-
sented by the sedimentary rocks that underlie much of
the basin. These rocks are thousands of feet thick and
range in attitude from sharply tilted around the moun-
tains to nearly horizontal in the interior. These events
took place during the Paleozoic and Mesozoic Eras.

Earth movement that formed the present mountains
began in the Mesozoic and continued into the Cenozoic
Era. These movements formed the ancestral Rocky
Mountains and started regional downwarps, which
culminated in at least six large structural basins. These
basins received thick deposits of sediment eroded from
the highlands. During middle Cenozoic time streams
began to downcut into the Cenozoic and older Pale-
ozoic and Mesozoic rocks. Continuous erosion since
middle Cenozoic time has produced the present topog-
raphy.

The topography and stream system divide the area
into three major drainage systems, referred to in this
report as “divisions.” The divisions are designated the
Grand, the Green, and the San Juan. The Grand divi-
sion is the drainage basin of the Colorado River above
the Green River. The Green division is the drainage
basin of the Green River. The San Juan division is
the drainage basin of the Colorado River below the
Green River and above “Lee Ferry,” Ariz. (fig. 2).

CLIMATE

The climate of the Upper Colorado River Basin is
due more to the influence of mountain ranges on the
movement of air masses than to latitude. The high
mountains are comparatively wet and cool, whereas the
plateaus and lower mountains are dryer and are sub-
ject to wide ranges of temperature. The interior valleys
at lower altitudes are hot and dry in the summer and
cold in the winter.

Moist Pacific airmasses can move across the entire
basin. Dry polar air from the north and moist tropical
air from the south move into the basin at times, but
rarely continue all the way across. Movement of both
types of airmasses is obstructed and deflected by the
encircling mountains so that their interactions and
effects within the basin are weaker and more erratic
than airmasses in most other parts of the United
States.

The Pacific Ocean and the Gulf of Mexico, whose
nearest coastlines are 600 and 1,000 miles, respectively,
from the center of the basin, provide most of the mois-
ture for precipitation. Airmasses moving in from
these sources are pushed up to high altitudes and lose
much of their moisture before they enter the basin.
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dale, Utah
Yampa River near Maybell,
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. Green River near Ouray,
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Green River at Green
River, Utah
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Ferry, Ariz.

. Paria River near Lees
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FIGURE 2,—Divisions and subbasins in the Upper Colorado River Basin.
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Generally, from about October through April, air-
masses from the Pacific Ocean dominate. During the
late spring and summer a large part of the basin
receives precipitation from moisture that originates in
the Gulf of Mexico.

Figure 3 shows monthly precipitation and average
monthly temperature at 11 weather stations in the
upper basin. Except in the southern part, the monthly
precipitation is greater in the winter than during the
remainder of the year. The effects of altitude and
latitude on the average annual temperature are notice-
able.

The average annual precipitation ranges from less
than 6 inches in the arid parts of the basin to more
than 60 inches in parts of the Wind River Range and
San Juan Mountains (pl. 1).

Table 2 gives the areal distribution of average an-
nual precipitation (calendar years 1921-50) in the
Upper Colorado River Basin. The average annual
precipitation was 15.88 inches on the basis of pre-
cipitation computed from this tabulation is 15.97
inches. For water years 1914-57 the average annual
precipitation at 46 stations for calendar years 1921-50
and water years 1914-57. Precipitation of 15.88 inches
on 109,500 square miles is equivalent to 92,739,000
acre-feet of water.

Average annual lake evaporation generally ranges
from 28 to 60 inches. The average annual evaporation
from water surfaces in the basin is about 575,000 acre-
feet (table 3).

POPULATION

The population of the Upper Colorado River Basin
is about 835,600 (1960 census), which is only about
615 people per square mile. Approximate distribution
of the population is Colorado, 170,000; Wyoming,
33,100; Utah, 69,000; New Mexico, 59,000; and Ari-
zona, 4,500.

TaBLE 2.—Areal distribution of precipitation in the Upper
Colorado River Basin, calendar years 1921-50

Area
Precipitation range (inches)
Square miles Percent of
total

60-70__ .. 46 0. 04
50-60. . .. 374 .34
40-50_ - e 1, 815 1. 66
30-40_ - oo 7,271 6. 64
25-30 _ oo 6, 906 6. 31
20-25_ e 9, 071 8 28
16-20. - 13, 911 12. 70
12-16 . e 23, 634 21. 59
1012 e 15, 201 13. 88
810 e 15, 417 14. 08
68 e 14, 126 12. 90
46 e 1,728 1 58

Totalo oo .- 109, 500 100 00

WATER RESOURCES OF UPPER COLORADO RIVER BASIN

TaBLE 3.—Average annual evaporation, in acre-feet, from water
surfaces in the Upper Colorado River Basin
[After Meyers (1962)]

Principal reservoirs and regulated lakes . _________.. 83, 000
Other lakes more than 500 acres_ - - - oo - __ 16, 000
Principal streams and canals_ . . 156, 000
Small ponds and reservoirs_ . - oo .oooooo-- 217, 000
Small streams _ - - oo e 103, 000

Total . e 575, 000

The five largest communities and their populations
are Farmington, N. Mex., 23,786; Grand Junction,
Colo., 18,694; Durango, Colo., 10,530; Rock Springs,
Wyo., 10,371; and Price, Utah, 6,802. Rock Springs,
Wyo., the only large community not on a major trib-
utary of the Colorado River, is one of the few that
does not depend on farming and ranching to support
most of its population. Railroad, mining, and oil in-
dustries employ many of the people of Rock Springs.
However, a shutdown of the mines has resulted in some
decrease in population. The population of other towns
in which people depend heavily on mining has de-
creased. On the other hand, some communities such
as Farmington, N. Mex., have had large increases in
population. Farming and stock raising, however, oc-
cupy people throughout the basin and contribute to a
fairly stable economy and a uniform population
growth.

ORGANIZATION OF THE REPORT

To facilitate the presentation of data and appraisal
of the surface water resources of the Upper Colorado
River Basin, a technical report and a basic-data report
have been prepared.

This, the technical report, is composed of five chap-
ters. The first chapter contains the introduction and
summary; the second explains the techniques and cri-
teria used in appraising the surface-water resources;
and the third, fourth, and fifth discuss the surface-
water resources of the Grand, Green, and San Juan
divisions, respectively. In the last three chapters the
divisions are further subdivided into subbasin units
(fig. 2), so that the effects of climate, topography,
geology, vegetation, and the activities of man on the
surface-water resource may be identified locallly.

The basic-data report (Iorns and others, 1964) con-
tains tables of duration of water discharge, monthly
and annual summaries of chemical-quality and sedi-
ment data obtained at sites of continuous record, re-
sults of chemical-quality and sediment analyses at other
sites, data on the chemical quality and other character-
istics of ground water, a map showing location of sur-
face- and ground-water sampling sites, and isohyetal
maps of normal seasonal and annual precipitation.
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PREVIOUS INVESTIGATIONS AND REPORTS

The water resources of the Upper Colorado River
Basin, and plans for their development have been the
subjects of several reports by the U.S. Geological Sur-
vey and the U.S. Bureau of Reclamation. Some of these
reports discussed only parts of the Upper Colorado
River Basin. Others dealt with much larger areas. All
the reports, the first of which was published in 1916,
were based on water-resources data available at the
time of preparation. In addition, other Federal bureaus
and State and other organizations have occasionally
published reports relating to the water resources of
the area. Notable among those pertaining to the Upper
Colorado River Basin are the reports of the State En-
gineers of Colorado, Wyoming, Utah, New Mexico,
and Arizona, and annual reports of the Upper Colorado
River Commission.

The following reports relate principally to the sur-
face waters of the basin and deserve special mention:

Colorado River and its Utilization, E. C. La Rue, 1916:
U.S. Geol. Survey Water-Supply Paper 395.
Water Power and Flood Control of the Colorado River
below Green River, Utah, E. C. La Rue, 1925: U.S.

Geol. Survey Water-Supply Paper 556.

Upper Colorado River and its Utilization, Robert Fol-
lanshee, 1929: U.S. Geol. Survey Water-Supply
Paper 617.

The Green River and its Utilization, Ralf R. Wooley,
1930: U.S. Geol. Survey Water-Supply Paper 618.

The Colorado River, U.S. Department of the Interior,
1946 : U.S. 80th Cong., 1st sess., H. Doec. 419.

Final Report of the Engineering Advisory Committee
to Upper Colorado River Basin Compact Com-
mission, 1948: Upper Colorado River Basin Com-
pact Comm.

The Colorado River, Ten Rivers in America’s Future:
Rept. of the President’s Water Resources Policy
Comm., 1950, v. 2.

Colorado River Storage Project, U.S. Bureau of Recla-
mation, 1954, 83d Cong., 2d sess., H. Doc. 364.
Water Utilization in the San Juan River Basin, by E.
C. La Rue. This is an unpublished report, avail-
able for public inspection in the offices of the Geo-
logical Survey in Washington, D.C., and Denver,

Colo.

In addition, chapters of this report cite other refer-
ences which contain information on the surface-water
resources.
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SUMMARY
WATER UTILIZATION

The surface waters in the Upper Colorado River
Basin are used for domestic, industrial, and municipal
purposes, including the dilution of sewage and indus-
trial wastes, irrigation, watering of livestock, produc-
tion of hydroelectric power, preservation of fish and
wildlife, and recreation. Water is also exported for
use in adjoining basins. These uses of water by man
have resulted in changes in the natural regimen of
many of the streams in the basin.

The major use of water is for irrigation. In 1957
about 1,413,000 acres of land was irrigated (table 4).
Most of the irrigated lands have been developed by pri-
vate enterprise; however, Bureau of Reclamation proj-
ects furnish water for about 270,000 acres (including
some previously irrigated lands on which supplemental
water is supplied). In addition, the Bureau of Indian
Affairs operates five projects totaling about 93,000 acres
on Indian reservations (President’s Water Resources
Policy Comm., 1950, p. 365).

The average annual irrigation consumptive use of
water has been estimated to be 1,769,100 acre-feet (Up-
per Colorado River Basin Compact Comm., 1948).
Several times this amount is diverted from the streams,
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applied to the lands, and—except for the amount used
consumptively—is returned to the streams.
Ninety-two storage reservoirs each having capacities
greater than 1,000 acre-feet had been constructed in
the basin by 1957. The combined capacity of these
reservoirs, which were constructed to utilize more of the
water supply, is about 1,635,000 acre-feet. Of the total
capacity, about 738,000 acre-feet is primarily used to
provide water for irrigation, domestic, and industrial
uses within the Upper Colorado River Basin. The
rest of the stored water is primarily for export or is
used to supplement the water supply in the basin at
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times when transmountain diversions reduce the flow
of the streams to the point that prior rights are affected.

An average of about 468,400 acre-feet of water was
being exported annually in 42 transmountain canals
and tunnels as of 1957. Part of this water was used
in Colorado, east of the Continental Divide, and part
was used in the Great Basin of Utah. One canal in
Wyoming also diverts water across the Continental
Divide from the Green River basin. An average of
about 2,600 acre-feet is annually imported through
one diversion into the Upper Colorado River Basin
from the Great Basin. Figure 4 shows the increase in

TaBLE 4.—Summary data on utilization of surface water in the Upper Colorado River Basin, 1957

Division
‘Water use Total in basin
Grand Green San Juan
Storage reservoirs having usable capacities greater than 1,000 acre-ft:
WMDY . e 33 41 18 92
Total usable capacity - - - ... e acre-ft. .| 831, 600 575, 400 228, 160 | 1, 635, 160
Transmountain diversions:
NUMD T - - o o o e e e 17 20 7 144
Exported (average annual) . _ _ ___ L _ o ____ acre-ft__| 2453,400 | 112, 200 2,800 | 2568, 400
Imported (average annual) . - __ . _ . __ ... acre-ft__ 0 0 | 3102, 600 3102, 600
Irrigation:
Irrigated . - - oo e acres._| 583,200 | 590,100 | 239,700 | 1,413, 000
Estimated consumptive use (average annual) _ _ _ . ________________.__ acre-ft__| 739,100 | 728,900 [ 301,100 | 1, 769, 100
Domestic and industrial use:
Population (1960) - - e 130, 200 99, 400 106, 000 335, 600
Estimated consumptive use (average annual) . ___.__ . _____.____.___ acre-ft_._ 8, 800 6, 700 7, 100 22, 600
Hydroelectric powerplants:
Number o e 15 5 5 25
Installed capacity. - - - . e kw.._ 47, 610 2, 730 5, 070 55,410
1 Of the 44 transmountain diversions, 42 exported water out of the basin, 1 imported water into the basin, and 1 transported water between divisions of the basin.
2 Includes 100,000 acre-ft. diverted from the Grand to the San Juan division.
3 Includes 100,000 acre-ft. imported from the Grand division and 2,600 acre-ft. imported from the Sevier River (Great Basin).
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FIGURE 4.—Annual transmountain diversions in Colorado and Utah from the Upper Colorado River Basin, water years 1914-57.
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transmountain diversions in Colorado and Utah since
1914.

Consumption of water by domestic and industrial
uses 1s estimated to average about 22,600 acre-feet an-
nually (1957). The total amount of water withdrawn
for this purpose is several times the amount consumed.

In the basin, 25 hydroelectric powerplants have a total
installed capacity of about 55,410 kilowatts. No data
are available on the amount of water passed through
the turbines in the production of hydroelectric power.

WATER SUPPLY

Streamflow in the Upper Colorado River Basin
varies from day to day, month to month, and year to
year. The annual hydrographs in figure 5 illustrate
daily and monthly variations in discharge at four
gaging stations, and figure 6 illustrates the yearly
variations at the same stations for water years 1914-57.

Most of the water supply comes from the mountains
where precipitation is abundant. During the winter
the precipitation in the mountains is mostly snow,
which in places accumulates to great depths. As tem-
peratures rise in the late spring and early summer, the
snow melts rapidly causing the streams to rise and
then subside as the stored supply of snow is exhausted.
Usually by late July, the perennial streams that flow
from the mountains have subsided to a base flow, which
generally prevails until the snowmelt period begins the
following spring; then the cycle is repeated.

Precipitation in the mountains during the summer
does not contribute much water to the streams; native
vegetation consumes most of it.

Large areas in the interior of the basin, where pre-
cipitation is low, contribute little water to the streams.
About 77 percent of the basin receives an average an-
nual precipitation of less than 20 inches, and 42 per-
cent receives less than 12 inches. Many of the tributary
streams that drain the interior areas are dry most of the
time, and water flows in them only after infrequent
storms.

If records of streamflow had been obtained before
and after the activities of man began in the basin, the
magnitude of the change in stream regimen caused by
man’s use of water could be determined accurately;
however, man’s use of water in the basin was far ad-
vanced before collection of records began. Although
precise determinations cannot be made, many useful
appraisals of man’s effect and the effects of natural
environmental factors on the streams can be deter-
mined from available data.

For the appraisal, the streamflow records for the
period October 1, 1913, to September 30, 1957, were
adopted as being indicative of the long-term water
supply. During this period water-use development in-

creased, which decreased the flow of some streams. To
have a common base for comparisons of streams, the
level of development in 1957 was adopted for the re-
port. This common base is useful for comparing
streams that have different environments and for ap-
praising the magnitude of changes in streamflow and
chemical quality of water caused by the activities of
man. Where upstream water use changed during the
base period (1914-57), the streamflow records were
adjusted to be representative of what would have oc-
curred had the water-use developments existing in 1957
been in operation throughout the 1914-57 period.

Flow-duration curves, which show the percentage of
time that water discharges of various magnitude have
been equaled or exceeded during the 44-year base pe-
riod, were computed for many streams from the head-
waters to “Lee Ferry.” At sites where upstream water
use had resulted in changes in stream discharge during
the base period, the curves were adjusted to be repre-
sentative of the level of upstream use in 1957. Flow-
duration curves for four streams are shown in figure 7.
The data for these and other curves for selected gaging
stations are given in table 5. Similar flow-duration
curves and tables were computed for many other sites.
By arithmetically integrating the area under the flow-
duration curves, the average water discharge for the
period represented by the curve may be determined.

The shape and slope of the flow-duration curves for
many streams were used to study and compare the ef-
fects of drainage environmental factors on stream be-
havior. The curves for snowmelt streams, when plotted
on logarithmic-probability paper, tend to have a flat
slope at the upper end and a fairly steep slope in the
central part. The effects of dense vegetation tend to
flatten, whereas the effects of sparse vegetation tend
to steepen the top part of the curve. Flow-duration
curves for streams draining areas underlain by perme-
able rocks tend to have a relatively flat slope because
part of the precipitation infiltrates to ground-water
reservoirs. These reservoirs maintain the flow during
periods of low flow. If the drainage basin is under-
lain by relatively impermeable rocks, the lower part
of the curve is steep.

In the mountains, ground water and surface water
are closely related. Here, precipitation is abundant,
and where the formations are permeable, there is ample
opportunity for recharge of ground-water reservoirs.
Because most streams in the mountains are deeply in-
cised, most ground-water reservoirs are effluent to the
streams at all times and sustain them during periods
of low flow. Ground-water contribution to the streams,
expressed as a percentage of the total water discharge,
is an indication of the relative premeability of the
rocks underlying the drainage basin. For example, 11
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FIGURE 5.—Seasonal pattern of streamflow for selected streams in the Upper Colorado River Basin, 1954 water years.
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percent of the water discharge of Homestake Creek
near Red Cliff, Colo., is base flow contributed largely
by ground water. This drainage basin is underlain by
Precambrian rocks that are relatively impermeable
but are broken by joints and faults through which
water may enter and circulate. However, the intake
rate, capacity of the openings, and rate of release to the
stream system are small. A contrasting example is
Gypsum Creek near Gypsum, Colo. Of the total water
discharge at this station, about 66 percent is base flow,
largely from ground water. The drainage basin of
Gypsum Creek is underlain by rocks and Pennsylvan-
ian and Permian age. They consist of conglomerate,
sandstone, some limestone, and shale beds interbedded
and interspersed with gypsum. These rocks weather
deeply and are relatively permeable.

Yearly variations in stream discharge, except where
modified by the activities of man, are principally the
result of differences in annual precipitation. However,
the geologic environment considerably modifies the an-
nual variations in the discharge of some streams, prin-
cipally through carryover storage in ground-water
reservoirs. Coefficient of variation (ratio of standard
deviation of annual discharges to the average dis-
charge) is a statistical measure of the annual variabil-
ity of streamflow. Perennial headwater streams, whose
source of supply is principally snowmelt, have a rela-
tively narrow range in coeflicients of variation, from
about 0.25 to about 0.38. However, in some drainage
basins the coefficients greatly exceed this range because
of low permeability and structure of the underlying
rocks. Where the rocks are relatively permeable and
extensive ground-water reservoirs are present, the co-
efficient is as low as 0.18. Where the rocks are rela-
tively impermeable, the coefficient is as high as 0.60.
Intermittent streams that flow only in response to in-
frequent thunderstorms have high coefficients, usually
about 0.80.

By considering geographic location, character of
underlying rocks, and the coefficients of variation of
streams having a similar environment, one can estimate
the variability of annual discharge for many streams
that have relatively short periods of record.

WATER BUDGET

Table 6 gives an approximate water budget for the
Upper Colorado River Basin. The budget is based on
the assumption that no water moves from the basin by
ground-water underflow. The irrigation consumptive
use was compiled by the Upper Colorado River Basin
Compact Commission (1948). The total average an-
nual precipitation supply is 92,739,000 acre-feet, which
is equivalent to an average annual precipitation over the
basin of 15.88 inches. All the precipitation supply not

accounted for by outflow from the basin, by transmoun-
tain diversions (less imported water), and by consump-
tive use due to the activities of man is considered to be
evapotranspiration from the land surface and native
vegetation.

TABLE 6.— Water budget, Upper Colorado River Basin

Average annual
(acre-ft)
Outflow from the basin_ . _________________.__ 12, 733, 100
Transmountgin diversions exporting water___.____ 468, 400
Transmountain diversion importing water________ —2, 600
Irrigation consumptive use__ .- _____ 1, 769, 100
Domestic and industrial consumptive use._.__.__ 22, 600
Evapotranspiration _ _ - _______ . ... 177,748, 400
Total o 92, 739, 000

1Includes 575,000 acre-ft estimated evaporation from water surfaces.

CHEMICAL QUALITY OF WATER
DISSOLVED-SOLIDS DISCHARGE AND CONCENTRATION

Water and dissolved-solids discharge and weighted-
average concentration of dissolved solids at selected
sites in the Upper Colorado River Basin are given
in table 7. These data represent the long-term average
that would have occurred if the water-use developments
in 1957 had been in operation throughout water years
1914-57. Similar data at many other sites were also
computed.

The water and dissolved-solids discharge at the sites
listed in table 7 expressed as a percentage of the com-
bined water and dissolved-solids discharge of Colo-
rado and Paria Rivers at Lees Ferry, Ariz. (outflow
from the Upper Colorado River Basin) are given in
figure 8. The precision of the percentages varies, and
the last figure of the values shown in figure 8 may not
be trustworthy for some stations. Comparison of the
percentages at the different sites shows that most of
the water comes from the mountains and high plateaus,
but most of the dissolved-solids content comes from the
lower parts of the basin. Here, precipitation is low
and relatively little water is contributed to the streams.
The rocks exposed in the mountains are generally much
more resistant to the solvent action of water than the
rocks that underlie a large part of the lowlands.

The Grand division, though the smallest in drainage
area of the three divisions, contributes more water and
dissolved solids than either of the other two divisions.
About 44 percent of the water and 48 percent of the
dissolved solids at “Lee Ferry,” Ariz. (combined water
and dissolved solids of Colorado and Paria Rivers at
Lees Ferry) come from the Grand division (26,500
sq mi), about 87 percent of the water and 33 percent
of the dissolved solids come from the Green division
(44,700 sq mi), and about 19 percent of the water and
19 percent of the dissolved solids come from the San
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TaABLE 7.—Water and dissolved-solids discharge at selected stations in the Upper Colorado River Bastn
[Water and dissolved-solids discharge for the water years 1914-57 adjusted to 1957 conditions except as indicated)

‘Water discharge Dissolved solids
Station Chemical-quality station Drainage Average Weighted- Average ‘;‘Zglafle Average
No. area Average annual average discharge ield per annual
(sq i) (cfs) (acre-ft) |concentration| (tons o e | discharge
(ppm) day q (tons)
(tons)
345 Colorado River at Hot Suéphur Springs, Colo._..___.__.__..| 782 244 176, 800 76 50 23 18, 260
690 Eagle River at Gypsum, Colo. .. _______._____ 844 602 436, 100 303 492 213 179, 700
705C Colorado River near Glenwood Springs, Colo. 4,486 2,399 1, 738, 000 270 1,750 142 ),
850 Roaring Fork at Glenwood Springs, Colo.._ 1, 460 1,353 0, 200 225 821 205 5
955 Colorado River near Cameo, Colo...._. 8, 060 4,138 , 998, 000 387 4,320 196 1, 578, 000
1050 Plateau Creek near Cameo, Colo___ __ 604 5 170, 200 285 181 109 66, 110
1145 Gunnison River near Gunnison, Colo......_._ 1,010 753 , 500 126 256 93 93, 500
1230 QGunnison River below Gunnison Tunnel, Colo. 3,980 1,303 3 111 301 36 142, 800
1475 Uncompahgre River at Colona, Colo..._._..__ 437 78 201, 400 376 282 236 , 000
1495 Uncompahgre River at Delta, Colo!.__.._ 1,110 286 207, 1,610 1,240 452,910
1525 Gunnison River near Grand Junction, Colo 8,020 2,601 1, 884, 000 592 4,160 189 1, 519, 000
1665 Dolores River at Dolores, Colo._._._.._.__ R 556 492 , 400 125 166 109 60, 630
1755 San Miguel River at Naturita, Colo. - ——— 1,080 351 254, 300 316 299 101 109, 200
1800 Dolores River near Cisco, Utah_._. - 4,630 940 681, 000 496 1, 260 99 460, 200
1805 Colorado River near Cisco, Utah______._____________ 24, 100 7,639 5, 534, 000 547 11, 280 171 4,120, 000
1885 Green River at Warren Bridge, near Daniel, Wyo_._. 468 540 1, 200 151 220 172 80, 360
2010 New Fork River near Boulder, Wyo_._______.__._____ 552 401 290, 500 69 75 50 27,390
2095 Green River near Fontenelle, Wyo... ———- 3,970 1,609 1, 166, 000 185 805 74 3
2135 Big Sandy Creek near Farson, Wyo.._ —- 320 86.6 2, 740 47 11 13 4,020
2160 Big Sandy Creek below Eden, Wyo_ .. ... ... 1,610 48.8 35,350 1,340 176 40 64,
2165 Green River at Green River, W&\ - 7,670 1,802 1, 305, 000 1,380 66 504,
2250 Blacks Fork near Green River, Wyo.2. .. . _____ 3,670 345 249, 900 537 500 50 182, 600
2345 QGreen River near Greendale, Utah 15,100 2,271 1, 645, 000 378 2,320 56 847, 400
2395 Yampa River at Steamboat Springs, Colo 604 472 341,900 74 94 57 34,330
2425 Elk River near Trull, Colo_______. 415 544 394, 100 47 69 61 25, 200
2510A Yampa River at bridge on county ro: 3, 590 1, 590 1, 152, 000 140 599 61 218, 800
70 Little Snake River near Dixon, Wyo - 988 547 396, 300 91 135 50 49,310
2505C | Little Snake River at bridge on State Highway 318, near
Lily, Colo.__ - 3, 355 622 450, 600 196 330 36 120, 500
2635A | Green River at Jensen, Utah._ . 26,100 4,607 3, 338, 000 316 3,930 55 1,435, 000
2795 Duchesne River at Duchesne, Utab_ ... 660 323 4, 000 218 190 105 69, 400
2885 Strawberry River at Duchesne, Utah_ ... _._..._.___ 1,040 157 113, 700 396 168 59 61, 360
3020 Duchesne River near Randlett, Utah. ... ._.__._____ 3,920 767 555, 700 608 1,260 117 460, 200
3045 White River near Meeker, Colo_. ..o 762 638 462, 200 244 420 201 153, 400
3065 White River near Watson, Utah.__ .o cnommaemaas 4,020 764 553, 500 439 905 82 330,
3070 QGreen River near Ouray, Utah. ... __._o_.oo._._____ 35, 500 223 4, 508, 000 302 6, 590 2, 407, 000
3145 Price River at Woodside, Utah. __ 1, 500 116 84, 2,110 662 161 241,
3150 Green River at Green River, Utah_.____________._____.__.__ 40, 600 6,292 4, 558, 000 427 7, 260 2, 652, 000
3285 San Rafael River near Green River, Utah_ ... ._____ 1,690 141 102, 100 1,370 521 113 160, 300
3300 Fremont River near Bicknell, Utah3. . .. _____ 776 85.8 62, 160 70 33 25, 570
3335 Dirty Devil River near Hite, Utah 4. ___________________..__ 4, 360 102 73,890 1, 960 541 45 197, 600
3350 Colorado River at Hite, Utah____._.._.______.____._______. 76, 14,167 10, 260, 600 527 20, 170 96 7,367,000
3395 Escalante River at mouth, near Escalante, Utah 6. __.___.__ 2,010 85, 61,720 300 69 13 25, 200
3425 San Juan River at Pagosa Springs, Colo_ .. ... __...__.. 208 403 , 000 73 97 28, 850
3565 San Juan River near Blanco, N. Mex 3, 560 1,519 1, 100, 000 125 512 53 187, 000
3615 | Animas River at Durango, Colo.._...____._________ 7" 692 859 622, 183 425 224 155, 200
3645 Animas River at Farmington, N. Mex. S 1,360 971 703, 500 233 611 164 , 200
3680 San Juan River at Shiprock, N. Mex.. - 12,900 2,679 1,941, 000 256 1,850 52 675, 700
3795 San Juan River near Bluff, Utah.._. - , 000 2, 028, 000 361 2,730 43 997, 100
3800 Colorado River at Lees Ferry, Ariz. oo oocoeeooooeaoaeae 107, 900 17, 550 12, 710, 000 499 23, 660 80 8,642, 030
3820 Paria River at Lees Ferry, Ariz 1,570 3L9 23,110 1,000 22 , 300

1 For water years 1939-57.
2 For water years 1948-57.
$ For water years 1938-43, 1947-57.

Juan division (38,300 sq mi). In the San Juan divi-
sion, the San Juan River contributes about 16 percent
of the water and about 11 percent of the dissolved
solids at “Lee Ferry,” Ariz. The weighted-average con-
centration of dissolved solids in the Colorado River
at “Lee Ferry,” Ariz. (12,733,100 acre-ft) is 501 ppm
(parts per million) for water years 1914-57 adjusted to
1957 conditions.

In computing the dissolved-solids concentrations
and discharges given in table 7, duration tables of dis-
solved-solids concentrations and discharges, similar to
tables 8 and 9, were prepared. Four of the stations
given in the tables are at or near the lower end of the
divisions, and four are near the headwaters. In the
computations for these tables the analyses of water
samples, water discharge at the time of sampling,
curves showing relation of dissolved-solids discharge

4 For water years 1947-57.
& For water years 1951-55.

to water discharge, and flow-duration curves of water
discharge were used. The computed dissolved-solids
concentrations and discharges are representative of
conditions in 1957, and will probably continue to be
representative until conditions change.

VARIATIONS IN CHEMICAL QUALITY

The chemical quality of water of the streams in the
Upper Colorado River Basin varies from day to day
and month to month. The concentration of dissolved
solids varies nearly in inverse relation to streamflow;
it is lowest during high flows and highest during low
flows. The relation between water discharge and dis-
solved-solids concentration shown in figures 9 and 10
is representative of streams in the basin.

In the headwaters the range in concentration between
high and low flows is relatively small, but in the down-
stream reaches of many streams the range is large.
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FIGURE 9.—Dissolved-solids concentration and discharge and water discharge, Green
River near Ouray, Utah, 1951 water year.

Yampa River at Steamboat Springs, Colo., is repre-
sentative of headwater streams, and Colorado River
near Cisco, Utah, is representative of streams in down-
stream reaches.

A relation between coeflicients of variation for
weighted-average concentration of dissolved-solids and
for water discharge is indicated by daily records at
chemical-quality stations (fig. 11). In the Grand divi-

1000

sion a linear relation is indicated, whereas in the
Green and San Juan divisions the relation, though
probably linear, is not as clear. Linear equations (com-
puted by the least-squares method) for each of the
divisions are given in figure 11. Chapter B explains
how these equations can be used to compute approxi-
mate long-term coefficients of variation of dissolved-
solids concentration at sites where continuous records
of chemical quality are of short duration or where
chemical-quality data have been obtained only infre-
quently.

RELATION TO STREAMFLOW

The relations between streamflow and chemical com-
position of water at four stations near the lower ends
of the three divisions are given in table 10 and
figure 12. At these locations during high flows, cal-
cium and bicarbonate are the predominate cations and
anions, except in Colorado River near Cisco, Utah,
where sulfate is slightly greater than bicarbonate. At
median and low flows, sodium and sulfate become the
predominate cations and anions, except in San Juan
River near Bluff, Utah, where calcium is greater than
sodium. In this classification of high, median, and low
flows, & high flow is the discharge equaled or exceeded
10 percent of the time, a median flow is the discharge
equaled or exceeded 50 percent of the time, and a low
flow is the discharge equaled or exceeded 90 percent
of the time. These flow rates are also indicated by the
diagrams in figure 12. In table 10 the water discharges
equaled and exceeded 12, 50, and 90 percent of the
time are indicated.

In the headwaters the range in dissolved-solids con-
centrations is not as large as it is in the same streams
at lower altitudes where the terrane is composed of
sedimentary rocks and the climate is more arid. Fig-

DISSOLVED SOLIDS, IN PARTS PER MILLION
I

100 ] | I I T I O | 1

| I I I 1 | I N N

100 1000

10,000 100,000

WATER DISCHARGE, IN CUBIC FEET PER SECOND

FIGURE 10.—Relation of concentration of dissolved solids to water discharge, Green River near Ouray, Utah, Curve isbased on monthly average discharges and monthly
weighted-average concentrations for periods of available data, water years 1951~52 and 1957,
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Basin.

ure 13 shows the relation of chemical composition and
concentration of dissolved solids to water discharge for
four typical headwater streams. Calcium is the pre-
dominate cation in all four streams for all flows, and
bicarbonate is the predominate anion in all four streams
during high flows but only in Yampa River at Steam-
boat Springs, Colo.,, and Duchesne River at Du-
chesne, Utah, for all flows. For median and low flows
bicarbonate and sulfate are about equal in San Juan
River near Blanco, N. Mex., whereas sulfate is pre-
dominate in Uncompahgre River at Colona, Colo. The
difference in composition at median and low flows
seems to be principally dependent on the type of soil
and rocks that underlie the areas upstream from the
stations.
RELATION TO GEOLOGY

The dissolved-solids concentrations of the water and
the proportions of the individual constituents in
streams of the Upper Colorado River Basin differ
greatly from place to place. These differences are the
result of hydrologic and other environmental factors
that prevail in each drainage basin. One of the major
factors that determine the chemical quality of each
stream is the type of rocks that underlie each drain-
age basin,

The headwaters of the Colorado, Green, and San
Juan Rivers and their principal tributaries are under-
lain by rocks that are relatively resistant to the solvent
action of water; these rocks are chiefly granite and

associated metamorphic, volcanic, and the more in-
durated sedimentary rocks.

Igneous and metamorphic rocks are composed of
similar minerals and therefore the waters of the
streams that drain areas underlain by these rocks are
similar in chemical composition and dissolved-solids
concentration. The principal difference between the
waters draining the areas underlain by the voleanic,
granitic, and associated metamorphic rocks is that
waters from the volecanic terranes usually have a
slightly higher concentration of dissolved solids and
silica.

The most dilute surface waters in the upper basin
come from the high mountain areas that are underlain
by igneous and associated metamorphic rocks. The
water of the streams close to the divides may contain
less than 20 ppm of dissolved solids. The weighted-
average concentration of the dissolved solids in streams
at any point in the mountains along the Continental
Divide, in the higher parts of the San Juan Moun-
tains, in the Uinta Mountains, and in some of the high
plateaus never exceeds 100 ppm and seldom exceeds
50 ppm.

The waters of the mountain streams are a calcium
bicarbonate type at all rates of streamflow, but the
waters with concentrations of less than about 30 ppm
may contain relatively large percentages of sodium and
sulfate ions. The concentration of silica in the moun-
tain streams ranges from about 6 to 15 ppm, except
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TaBLE 10.—Relation between water discharge and chemical quality of water
[Chemical-quality data and weighted averages are in parts per million and equivalents per million (italic) except as indicated; data are for the water years 1914-57 adjusted

to 1957 conditions]
Dissolved solids (sum) Hardness as Specific
CaCO; Per- | conduct-
Discharge | Calcium | Mag- | Sodium | Potas- Bicar- | Sulfate | Chloride | Boron cent ance | Sodium-
(cfs) (Ca) nesium (Na) sium bonate (SO4) (Ch (B) | Parts | Tons . 50- (micro- | adsorp-
(Mg) (K) (HCO3) per per | Tons per | Calcium,| Non- | dium | mhos |tion-ratio
million | acre- day mag- car- per cm
foot nesium | bonate at 25°C)
Colorado River near Cisco, Utah
62,270....... 39 6.8 13 2.2 120 2.4
1.95 .56 57 .08 1.97 1.10
59,540_ 39 6.9 14 2.2 121 55 2.5
1.95 .67 61 .06 1.98 1.14 o7
55,710 40 7.1 15 2.2 122 57 2.5
2.00 .68 66 .06 2.00 1.19 o7
47,050._._.__ 41 7.5 16 2.2 125 2.6
2.06 .62 70 .06 2.06 1,81
38,000..___._ 8.5 18 2.2 1 73 3.0
2.15 .70 .78 .06 210 1.52
30,970......_ 9.3 22 2.2 134 3.2
2.25 76 .96 .06 2. 20 .77 09
25,250. ... 47 11 25 2.3 139 97 3.6
2.85 1.09 2.28 2 10
18,760t _.__ 51 13 31 2.5 146 121 4.5
2.64 1.07 1.35 2.39 2.52 .18
11,020, ... 17 47 2.7 1 176 6.6
2.99 1. 40 2.04 .07 2.62 3.66 19
6,060...._._ 70 25 79 3.6 178 1 11
3. 49 2,06 3. 44 09 2.92 5.84 31
4,200 84 33 106 4.3 1 9 15
4. 19 2.71 12§ 61 .11 3.18 8.09 42
3,5403 ... _ 97 37 4.9 4 17
4 84 3.04 5.35 .18 3,31 9,57 48
3,180 102 40 138 51 211 506 19
5. 3.29 6. 00 .18 3. 4 10, 52 54
2,820....... 109 46 160 5.6 219 575 21
5. 44 3.78 6.96 W14 3.69 11.96 59
2,620.ccc.-o 1 50 172 5.9 24
24 Sé 11 7.48 .15 3,77 18. 52 68
2,160 .. ___ 142 190 6.7 230 770 29
7.09 4.98 8.26 A7 3.7 16.02 82
1,580 ..o 1 7 210 8.5 230 975 36
8.98 6. 41 9.14 .22 20. 28 99
975 .. 2 85 215 10 230 1,080 48
10. 98 6.99 9.35 .26 3.77 22. 46 1,35
746 .. __. 235 90 220 12 230 1, 150 60
11.78 7.40 9.67 .81 3.7 23.92 1.69
R 66 21 62 3.2 162 233 8.8
3.29 1.78 2.70 .08 2.66 4.86 .85
Green River at Green River, Utah
63,430...... .- 4 10 19 1.9 160 52
2.20 .82 .83 .05 2.62 1.08
56,430....-_. 44 10 19 1.9 160 52
2.20 .82 .88 .05 2.62 1.08
44 10 19 2,0 160 52
2.20 .82 83 05 2.62 1.08
44 10 20 2.0 160 54
82 .87 .06 2.62 1.12
10 21 2 160
2.26 .82 .91 06 2.62 1.23
11 23 2.3 160
2.25 .90 1.00 .0 2.62 1.83
11 25 2.4 160
2.25 90 1.09 .06 2.62 1. 44
12 2.6 162
2.30 99 1.26 .07 2.66 1.66
14 37 2.8 b 104
2,50 1.1 1.61 07 2.77 2.16
% 8 1.64 2. 44 S| % 3 18
. . 1
75 3.4 214 210
3.24 2.14 3.26 .09 3.61 37
71 31 86 3.6 228 2!
3.54 2.56 3.7% .09 3.74 5.84
74 34 95 3.8 230
3.69 2.79 418 10 3.7 5.82
76 36 100 3.9 232
3.79 2.96 4. 88 .10 3.80 6.24
78 39 106 4.0 4 3
3.89 3. 21 4.61 10 3.84 6.70
81 41 112 4.2 2 5
4.04 3.37 4.87 1 3.87 7.18
42 119 4.5 8
4. 14 3. 46 5.18 12 3.90 4
122 5.0 240 370
4. 24 3.568 5.31 13 3.94 7.70
87 44 122 5.4 0 3
4 3% 3.62 5.81 14 3.94 7.70
6,202 54 18 45 2.8 181 130
2.69 1.48 1.96 N4 2.97 2.70

See footnotes at end of table,
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TABLE 10.—Relation between water discharge and chemical quality of water—Continued
[Chemical-quality data and weighted averages are in parts per million and equivalents per million (italic) except as indicated; data are for the water years 1914-57 adjusted

to 1957 conditions}

27

Dissolved solids (sum) Hardness as Specific
CaCO0; Per- | conduct-
Discharge | Calelum | Mag- | Sodium | Potas- Bicar- | Sulfate | Chloride | Boron cent ance | Sodium-
(cfs) (Ca) | nesium | (Na) sium | bonate | (SOs) [(e))) (B) | Parts | Tons so- | (micro- | adsorp-
(Mg) (K) (HCOj3) per per |Tons per| Calcium,| Non- | dium | mhos |tion-ratio
million| acre- day mag- car- per cm
foot nesium | bonate at 25°C)
San Juan River near Bluff, Utah
32,000._..._. 39 8.4 14 1.9° 118 60 3.7 0.06 183 0.256 15,810 132 35 18 285 0.5
1.96 .69 .61 .06 1.94 1.25 IR (/8 PRSI DRSS PSRRI PRVUSUIIOR RN PV NV FNOIPIREPIE PRISIEPRSPON PRSP
27,000 39 8.6 14 2.0 118 60 3.7 .05 180 .26 13,850 133 36 18 295 .5
1.95 .71 .61 .05 1.94 1.25 .10 -
24,000...-_.. 39 8.6 14 2.0 118 60 3.7 .05 194 .26 12,570 133 36 18 305 .5
1.95 W71 .61 .06 1.94 1.25 .10
19,100...-... 40 8.9 14 2.1 118 3.8 .05 203 .28 10,470 136 40 18 315 .5
2.00 78 .61 .05 1,94 1.88 11 -
14,400.. ... 4; o 9. 36 15 o 2. 36 119 0 68 4.0 .05 217 .30 8,440 140 43 18 340 .5
8 . . . 1.96 1.41 .11
11,400 43 9.4 16 2.4 120 74 4 4.2 .05 230 .31 7,080 146 48 19 355 .6
2.15 77 .70 .06 1. 1.64 .12
9,200 .- 4; o 9. g] 17 ” 2. gg 121 80 4. 53 150 52 19 375 .6
3 . B . 1. 1.66 .1
6,000 ... 46 10 18 2.6 123 5.2 156 55 20 410 .6
2.80 .82 .78 . 2. 1.7% .15
4,400._..... 53 " 12 0 22 % 2.8 132 s llg 6. 69 179 72 21 470 .7
A . . . . 1 X [ 7: 20 PN PN U AN NN U
5 19 14 5 3:1‘! u“ 3.1 145 3 15; 9.3 217 98 25 590 Lo
. 1.1, . .08 2.3 . .
”» 17 0 43 09 8.39 lﬁg o 210 s 13 . 260 128 28 750 1.3
1. . . A . . 7 20 VR DR (R [ NIRRT PO ————
5 89 73 o 3. 59 174 30§ " 17 322 179 32 950 1.7
. 1. . . 2.85 . .
930..cammens 1 85 3.9 182 375 22 # 381 232 32 1,100 1.9
6.24 2.58 3.70 .10 2, 7.80 7 2% PO IS SN SUNUUI ORI NI EPRIE I Ny USTRI SR
760 oo llg o 32 .00 4.0 187 415 26 s 418 264 33 1,170 2.0
. .71 .10 3. 8. ¢ R
() 11 S 11; s P 10% u 4.2 191 29 440 284 33 1,250 2.1
.84 . . 11 3.18 9.26 .82 PR
4403 ... 122 4 % . 11‘1‘.&, 4.5 197 483 o 33 306 34 1,330 2.2
3 . 21 .12 3.23 5 .93
240 .. 122 . 40 " 12% s 5.1 201 39 476 312 35 1,450 2.4
3 3. .81 .18 3.80 10. F 2% {72 PR SRR DRPNPININ PSSP NP AU -
f(: T— 122 3: 42 1350 & 6.4 201 # 46 492 327 36 1,480 2.6
3 8. 45 . .16 3.50 11.23 1.30 -~
200 130 43 1356 8.2 202 49 501 336 36 1,500 2.6
6. 3.53 5.87 .21 3.81 11. 44 1.38
2,800... cccaen 58 14 31 2.8 136 143 8.6 .06 361 .49 2,730 202 90 25 539 .9
2.89 1.15 1.8 N4 2.23 2.9 .24 =
13 22 168 46 22 405 0.7
2.30 1.07 .96
13 22 168 46 22 410 7
2.30 1.07 .96
% % 13 22 171 49 22 415 7
A 1.07 .96 ——— - -
47 13 23 171 49 22 425 .8
2.35 1.07 1.00 -
43 © 13 24 174 50 23 40 .8
. 1.07 1.0
43 » 13 26 g 176 52 24 460 .9
. 1.07 1.18 -
50 14 29 . 182 56 25 480 .9
2.60 1.15 1.26 . RSN USSR NSO MR SR
53 15 35 . 194 64 28 520 1.1
2.64 1,83 1.62 . -
62 19 51 3 232 93 32 660 1.5
3.09 1.56 2.22 D91 278 8.88) 00 87 e cemmcee|mmccmcce | emmcc e | e
16,120...-... 76 25 74 . 292 142 35 890 1.9
3.79 2.06 3.22 . - -
11,280_..._. 02 4 31 5 100 . 352 189 38 1,120 2.3
. 2. 5 . 35 . —
8,6802....._.. 103 37 12% . 409 238 39 1,300 2.6
5.14 3.04 5.81 . [T R (RO PR S,
7,430.._.__. 112 40 135 . 0 444 270 39 1,400 2.8
5.68 3. 29 5. . 3. . - -
6,490........ 118 145 6.2 218 445 17,350
5. 3.62 6.81 .18 3. 5. 26
126 150 6.6 221 15,870
6.24 3.55 6.52 17 3.62 9.98
133 157 7.2 226 510
6.64 4.36 6. .18 3.1 10.61
142 60 105 7.8 230
7.09 4.98 7.18 . 3.77 11. 44
146 173 8.3 230 500
7.29 5.43 7.58 .2 3.77 12,27
147 175 8.6 230 600
7.84 5.58 7.61 .22 3.77 12.48
17,650....... 70 23 62 4.2 174 198
3.49 1.89 2.70 A1 2 412
112 percentile. 250 percentile. 390 percentile.
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FIGURE 13.— Relation of the chemical composition and concentration of dissolved solids to water discharge for streams in the headwaters of the Upper Colorado
River Basin. The concentration of specific ions, in equivalents per million (epm), is shown for the 10th, 50th, and 90th percentiles of the flow-duration curve
for each location. The flow-duration curves are for the water years 1914-57 adjusted to 1957 conditions.



INTRODUCTION

for streams that drain areas underlain by volcanic
rocks, such as in the San Juan Mountains and on some
of the high mesas where concentration of silica may at
times exceed 40 ppm and usually averages more than
20 ppm.

The middle and lower reaches of the Colorado, Green,
and San Juan Rivers and their principal tributaries are
underlain chiefly by sedimentary rocks, which contain
minerals that are more soluble than the minerals in
rocks in the headwaters. For this reason and as a re-
sult of irrigation, the concentration of dissolved solids
in the streams increases progressively downstream.
Concurrently, the composition of the water changes
from a calcium bicarbonate type to types that contain
progressively greater percentages of magnesium, So-
dium, sulfate, and chloride. (See pl.2). The diagrams
in plate 2 show the chemical character of the streams
during low flow, when the effect of geology on chemical
quality is more pronounced than it is during high flow.

In general, the weighted-average concentration of
dissolved-solids in streams near the mountains is less
than 100 ppm; the weighted-average concentration in
most main streams and their principal tributaries does
not exceed about 500 ppm, except in their lower
reaches; and the weighted-average concentration in
only a few of the main streams and principal tribu-
taries in their lower reaches exceeds 800 ppm. Figure
14 shows the approximate weighted-average concentra-
tion in streams at 50 sites for water years 1914-57 ad-
justed to 1957 conditions.

The principal natural factors affecting the dissolved-
solids concentration and chemical composition of the
surface water in any area seem to be the underlying
rocks and soils developed therefrom and the amount
of precipitation. The effect of any factor is, of course,
modified by other factors, such as water use.

RELATION TO GROUND WATER

Ground-water inflow to the streams comes from
ground-water reservoirs recharged by precipitation,
from alluvium bordering the streams that is recharged
intermittently by the stream, from thermal springs,
and from ground-water return flow from irrigated
lands. The quality of the ground water entering the
streams greatly influences the quality of the water in
the streams. During periods of low flow most of the
stream water is ground-water inflow and is a mixture
of all ground water entering the stream system.

Extensive ground-water reservoirs occur in the moun-
tains where precipitation is abundant. Estimates of
the amount of dissolved-solids contributed to some
headwater streams by ground water are given in table
11. The estimates are based on the amount of water
contributed to the streams from ground-water reser-
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voirs and the dissolved-solids concentration of the
streams during base flow. Comparison of the weighted-
average concentration of dissolved solids in the ground
water with the weighted-average concentration of
dissolved solids in the stream shows that the ground
water almost invariably has the higher concentration.

The chemical composition of water in the streams and
of water in the flood plain alluvium nearby is com-
monly similar. Both the stream water and the water
in the alluvium are usually mixtures of surface and
ground water because of the interchange of water be-
tween the stream and the alluvium. The interchange
may be due to the rise and fall of the stream or to the
irrigation of lands along the river.

Generally, water in the alluvium contains more dis-
solved solids than that in the streams (pls. 2 and 3).
In the middle and lower reaches of the principal
streams and their tributaries, the ground-water con-
tribution is mostly surface water that has entered the
alluvium during high flow, or is return flow of irri-
gation. This ground water contains dissolved solids
leached from the soluble minerals in the alluvium
through which it has passed. Because of the concentrat-
ing effect of evapotranspiration and the solution of
minerals by the water in its journey through the al-
luvium, the water that enters the streams from the
alluvium usually has a higher dissolved-solids concen-
tration than the water in the stream (fig. 15). Thus, the
dissolved-solids concentration of the stream water is
increased.

High concentrations of certain mineral constituents
occur in water in the alluvium in local areas. In some
arid areas water in the alluvium contains large amounts
of calcium, magnesium, sodium, and sulfate. In these
areas high concentrations of chloride, carbonate, and
bicarbonate also may occur in the streams. In some
local areas concentrations of nitrate in the ground water
exceed 45 ppm. Along some of the northward-flowing
tributaries in the Duchesne River basin, boron in the
ground water exceeds 10 ppm. High concentrations of
boron also occur in the ground water along the lower
reaches of Willow Creek near Ouray, Utah.

Many thermal springs discharge along the streams.
The flow of most springs is small in comparison with
the flow of the streams into which they discharge; and
though their concentration of dissolved solids may be
high, the net effect on the quality of the stream water
is small. Some springs, however discharge substantial
quantities of water containing high concentrations of
dissolved solids into streams and the effect on the quality
of the stream water is marked. For example, computa-
tions based on the flow and dissolved-solids concentra-
tion of hot springs in the reach of the Colorado River
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FIGURE 14.—Weighted-average concentration of dissolved solids at selected sites in the Upper Colorado River Basin, water years 1914-57 adjusted to 1957
conditions.

sodium chloride. The annual water and dissolved solids
contributed by all known thermal springs in the Upper
Colorado River Basin is about 59,100 acre-feet and
541,600 tons, respectively. The amounts of water and

between Eagle River and the Shoshone powerplant,
about 17 miles downstream, indicate that springs in this
reach contribute about 182,600 tons of dissolved solids
to the river annually, of which about 160,700 tons is
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TaBLE 11.—Water and dissolved solids contributed by ground water to selected headwater streams in the Upper Colorado River Basin
[Water and dissolved solids for the water years 1914-57 adjusted to 1957 conditions]

Stream water Ground water
Dissolved solids Dissolved solids
Station Station name
No. Discharge Discharge
(acre-ft per yr) Weighted- |(acre-ft per yr) Weighted-
Tons per year | average con- Tons per year | average con.
centration centration
(ppm) (ppm)
125 | North Inlet at Grand Lake, Colo. . ... _____.... 56, 800 1, 240 16 4, 900 120 18
200 | Willow Creek near Granby, Colo__ .. ___.____._.___ 50, 570 4, 380 65 9, 200 820 66
695 | Gypsum Creek near Gypsum, Colo_.___.__._.._. 26, 950 10, 230 279 17, 700 9, 410 391
1125 | East River at Almont, Colo-.._._.__._.__.____._. 243, 400 48, 580 147 56, 400 15,700 206
1155 | Tomichi Creek at Sargents, Colo_.__.________.__. 131, 100 31,410 83 19, 000 2, 440 94
1855 | Green River at Warren Bridge near Daniel, Wyo__{ 391, 200 80, 360 151 105, 800 48, 000 187
2260 | Henrys Fork near Lonetree, Wyo_ .. _._._____._____ 31, 590 2, 500 59 7, 600 930 90
2665 | Ashley Creek near Vernal, Utah. ________________ 76, 790 5, 840 56 23, 300 2, 600 82
2790 | Rock Creek near Mountain Home, Utah_________ 136, 900 9, 130 49 49, 200 4, 800 72
3245 | Cottonwood Creek near Orangeville, Utah________ 70, 200 22, 280 233 18, 300 7,100 285
3400 | San Juan River near Pagosa Springs, Colo.._._..__ 97, 800 10, 230 77 15, 400 2, 090 100
3610 | Hermosa Creek near Hermosa, Coloawn oo ... 106, 500 31,780 219 20, 400 11, 400 411
36
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FIGURE 15, —~Analyses of water from selected streams in the Upper Colorado River Basin and from the alluvium nearby.

dissolved solids contributed annually by thermal springs
in the three divisions are as follows:

Water discharge  Dissolved-solids

Division (acre-feet) discharge (tons)
Grand.__ .. _____ 41, 000 82, 000
Green. ..o 15, 900 48, 600
San Juan.._ ____________.________ 2, 200 11, 000
Total . . . ___. 59, 100 541, 600

EFFECT OF TRANSMOUNTAIN DIVERSIONS

At the end of the 1957 water year, an average of
about 468,400 acre-feet of water and 37,500 tons of
dissolved solids were being diverted annually out of the

Upper Colorado River Basin in transmountain diver-
sions. Of these, about 858,100 acre-feet of water and
17,800 tons of dissolved solids were being diverted from
the Colorado River and its tributaries above the Gun-
nison River, and about 112,200 acre-feet of water and
19,300 tons of dissolved solids were being diverted from
the Green division, mostly from the Strawberry and
Duchesne River basins in Utah.

There may be relatively large changes in the
weighted-average dissolved-solids concentration of
streams whose flow is greatly depleted by transmoun-
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tain diversions. For example, the transmoutain diver-
sions from the Colorado River above Hot Sulphur
Springs, Colo., have decreased the average annual
water discharge from about 417,300 acre-feet in 1914
to about 176,800 acre-feet in 1957; have decreased dis-
solved-solids discharge from about 34,900 tons to about
18,260 tons; and have increased the weighted-average
concentration from about 61 to 76 ppm. Similarly, the
diversion of 102,100 acre-feet annually through Straw-
berry River and Duchesne River tunnels has increased
the weighted-average concentration of the Duchesne
River below the mouth of the Uinta River from about
533 to 608 ppm.

The net effect of all transmountain diversions on the
weighted-average concentration of the Colorado River
at “Lee Ferry,” Ariz., however, is relatively small.
The weighted-average concentration of the Colorado
River at this point is about 501 ppm for the level of
development in 1957. If there were no water exported
out of the basin, the weighted-average concentration
of the river would be 485 ppm, or 16 ppm less than that
for the 1957 level of upstream development. Without
transmountain diversions, the water and dissolved-
solids discharge of the Colorado River at “Lee Ferry”
would be about 13,201,500 acre-feet and 8,713,800 tons,
respectively, if one assumes no change in stream losses.
Transmountain diversion of water has increased the
weighted-average concentration at “Lee Ferry” about
3.4 ppm for each 100,000 acre-feet of water diverted.

EFFECT OF THE ACTIVITIES OF MAN

Part of the water used for domestic and industrial
purposes is consumed and part returns to the stream
system. The water returned to streams contains dis-
solved solids that were added to the water during its
use for domestic or industrial purposes. The effect
of these uses is to decrease the amount of water that
would flow down the streams under natural condi-
tions and to increase the dissolved-solids concentration
of the streams. This report presents data which show
that about 100 tons of dissolved solids are added to
the stream system annually by domestic and industrial
uses of water for each 1,000 people in the basin.

Part of the water diverted from the streams for ir-
rigation never returns to the stream system, but is used
consumptively by evaporation from the surfaces of
canals, ponded areas, and wetted ground and by tran-
spiration of water by the crops and vegetation. In
evapotranspiration only a small amount of dissolved
solids is taken up and retained in the plants; most of
the dissolved solids remains in the soil or in the soil
solution. The dissolved solids contained in the con-
sumed water must not be allowed to accumulate in
the soil but must be flushed away; otherwise, salinity

of the soil will be increased to a level that will dimin-
ish the productivity of the lands.

To maintain a favorable salt balance, some of the
water applied in irrigation is used to flush, beyond the
root zone, the dissolved solids that were contained in the
consumed water. Part of this water may move over
the ground surface and pick up additional soluble
solids on its way back to the stream system. Another
part of this water, together with water that seeps from
the canals and laterals, moves downward through the
soil and subsoil to the water table. This water, in addi-
tion to transporting its part of the dissolved solids
from the consumed water, also leaches soluble minerals
from the soils and rocks as it moves to and through the
ground-water reservoir on its route back to the stream
system.

The leaching is not confined to carrying away in
solution the soluble salts that have been deposited by
evapotranspiration of irrigation water or that were
present in the soil before irrigation began. The leach-
ing also picks up soluble solids that are constantly be-
ing made available by chemical weathering. In the
irrigated areas, chemical weathering is greatly accel-
erated by moisture and by carbon dioxide from decay-
ing vegetation.

Irrigation water in its journey through the irrigated
areas picks up dissolved solids in addition to those con-
tained in the water at points of diversion; accordingly,
the return flow adds to the dissolved-solids loads al-
ready being carried by the streams. Because of the
added dissolved solids and consumption of part of the
diverted water, the dissolved-solids concentration of
the return flows is much greater than that of the stream
water; thus, the dissolved-solids concentrations of
the streams are increased below the points of return
flow. As irrigated lands are on terraces, benches, and
flood plains, the surface runoff from the irrigated
lands and water from the ground-water reservoirs un-
der these lands are usually tributary to the same stream
system from which the irrigation water is diverted.

The quantities of dissolved solids that are leached
from the land by irrigation and the effect of these ad-
ditional salts on the concentration of the streams to
which the drainage water returns, differ greatly from
place to place. In many of the headwater areas, such
as the Fraser and New Fork River basins, the soils and
rocks that underlie the irrigated lands are composed
of relatively insoluble materials, and the amount of dis-
solved solids picked up by the leaching of irrigation
water is relatively small (table 12). However, most of
the irrigated land is in the arid and semiarid parts of
the basin, where the soils and underlying rocks contain
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minerals that are relatively soluble. Large amounts of
dissolved solids, contained in the return flow from the
irrigated land in these areas, are contributed to the
stream system. The dissolved-solids yield from irri-
gated lands, over and above the amount that would
come from these lands naturally, generally ranges
from 0.1 ton per acre per year in the headwater areas
to 5.6 tons per acre per year in some of the interior
valleys. The irrigated lands in the areas listed in table
12 comprise 41 percent of the total irrigated acreage.
The amount of dissolved solids contributed by irriga-
tion in any area depends principally on the amount of
land irrigated, on the amount of water applied to the
irrigated land, and on the types of soils and underlying
rocks.

The data in this report show that the activities of
man in the basin add about 8,480,300 tons of dissolved
solids to the stream system annually (table 13). Of
this amount, domestic and industrial uses of water,
which consume about 22,600 acre-feet of water an-
nually, are estimated to add about 33,600 tons of dis-
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solved solids annually. Contribution by domestic and
industrial uses is relatively small because of the sparse
population and small amount of industrial develop-
ment. Irrigation, which consumes about 1,769,100 acre-
feet of water annually, probably contributes about
3,446,700 tons of dissolved solids to the stream system.

The average annual water and dissolved-solids dis-
charges from the Upper Colorado River Basin for the
water years 1914-57 adjusted to 1957 conditions, are
about 12,733,100 acre-feet and 8,676,300 tons, respec-
tively. If there were no activities of man, exclusive of
transmountain diversions, the long-term weighted-aver-
age concentration of dissolved solids of the Colorado
River at “Lee Ferry,” Ariz., would be about 263 ppm.
Thus, there is an increase of 238 ppm in dissolved-
solids concentration (501 ppm minus 263 ppm) caused
by domestic, industrial, and agricultural uses of water.
This increase is equivalent to 13.3 ppm for each 100,000
acre-feet of water consumed, and is about four times
that caused by the diversion of an equivalent amount of
water from the basin.

AND SUMMARY

TABLE 12.—Yeld rates of dissolved solids from irrigated lands in 21 areas that comprise about 41 percent of the irrigated lands in the
Upper Colorado River Basin

[Data are for the water years 1914-57 adjusted to 1957 conditions]

Average Dissolved
Area Underlying formation annual solids (tons
precipitation per acre
(inches) per yr)
Fraser River basin, Colorado. . ... . __________ Precambrian rocks and North Park Forma- 16-25 0.1
tion.
Colorado River Basin below Granby and Willow Creek | Alluvium derived from Precambrian rocks, 14-16 1.0
Reservoirs and above Hot Sulphur Springs, Colo., Tertiary volcanics, and Middle Park For-
exclusive of Fraser River basin, Colorado. mation.
Troublesome Creek basin, Colorado_ . ________________ North Park Formation_______.________.______ 12-16 .5
Roaring Fork basin, Colorado. ... ... oo .. Pei‘mian rocks, Mancos Shale, and Mesaverde 18-25 3.0
ormation.
Gunnison River basin below Gunnison tunnel and Un- | Mostly Dakota Sandstone and Mancos Shale 8-16 5.0
compahgre River Valley below Colona, Colo. of Cretaceous age.
Colorado River Basin below Plateau Creek and Gunnison | Manecos Shale_ . ... ______________ 8-10 5.6
River and above Dolores River.
Sa(r}} l}’[iguel River basin between Placerville and Naturita, | Dakota Sandstone and Morrison Formation_ . 12-16 2.8
olo.
New Fork River basin above Boulder Creek, Wyo________ Alluvium of glaeial origin._____.___.________ 12-16 .5
Fontenelle Creek basin, Wyoming._ _____.__.____________ Mostly Wasatech and Green River Forma- 10-16 1.3
tions of Tertiary age.
Big Sandy Creek basin, Wyoming._ _ .. __________________ Shallow alluvium underlain by Bridger For- 8-10 4.4
mation.
Blacks Fork basin above Muddy Creek, Wyoming_.______ River alluvium underlain by Green River 8-10 .9
and Bridger Formations.
Hams Fork above Frontier, Wyo__ __________ . ______._. River alluvium underlain by Wasatch For- 12-16 .3
mation.
Yampa River basin between Morrison Creek and Steam- | Alluvium of glacial origin__________________ 25-30 .2
boat Springs, Colorado.
Elk River basin, Colorado. ... ___________.___________.. Manecos Shale_ . __________ - 20-30 .4
Little Snake River basin above Dixon, Colo. . _._________ River alluvium underlain by Fort Union, 16-30 1.2
Lance, and Bridger Formations and Mancos
Shale.
Ashley Creek basin, Utah_ ____________________________ Alluvium underlain by Mancos Shale. . .._.__ 8-12 2.1
Duchesne River basin above Duchesne, Utah. ___________ Uinta Formation_.____.___________________ 9-14 3.3
White River basin between Buford and Meeker, Colo_____ Permian rocks and Mancos Shale____________ 19-28 4.8
San Rafael basin, Utah_ ______________________________ Shales of Cretaceous age._ _ . .o oo ooeoeoon_ 8-10 3.2
La Plata River basin, Colorado. . ______ .. __._______ Alluvium underlain by Mesaverde Forma- 12-20 .5
tion.
La Plata River basin, New Mexico. - oo Mesaverde Formation and Tertiary rocks....._ 8-12 1.4
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TABLE 13.—Average annual dissolved-solids discharge and Cprobable amounts from natural sources and the activities of man in the Upper
olorado River Basin

[Data are for the water years 1914-57 adjusted to 1957 conditions]

Dissolved-solids discharge
Drainage ‘Water Probable from Probable from
Subbasins and divisions area discharge Acres natural sources activities of man
: (sq mi) (acre-ft) | irrigated (Ttota;
oDS;
Tons per Tons per
Tons sq mi Tons acre
irrigated

Colorado River Basin above the Gunnison River 8,670 | 3,168,200 192,500 | 1,644,100 [ 1,242,100 143 402, 000 2.1
Gunnison River basin_ ... ..__________ , 020 , 884, 269,400 | 1,519, 000 542, 000 68 977, 000 3.6
Colorado River Basin between the Gunnison and Green Rivers. 9,810 1481, 800 121,300 | 1,041,500 469, 900 48 571,600 4.7
T otal for Grand division. __ o e 26,500 | t 5, 534, 000 583,200 | 4,204,600 | 2,254, 000 85| 1,950,600 3.4
Green River basin above the Yampa River_ . ____________.__ 17,000 | 21, 645, 000 258, 400 967,100 646, 600 38 320, 500 1.2
Yampa River basin_ . eacceaL 8, 000 | 31,602,600 73,700 405, 800 343, 400 43 62, 400 0.8

Green River basin between the' Yampa and White Rivers, Including the
White River basin.__..______ 10,800 | 41, 260, 400 198,000 [ 1,034,100 471,800 44 562, 300 2.3
Green River basin below the White River_ .. __.________.____ 8,900 | 5152,100 60, 000 521,100 288, 400 32 232, 700 3.9
Total for Green division. .. oo oe ool 44,700 | 64,660,100 590,100 | 2,928,100 | 1,750,200 39 | 1,177,900 2.0
San Juan River basin . oo 24,900 | 7 2, 028, 000 206,400 | 81,073,000 | 8 784,900 32 288,100 1.4

Colorado River Basin below the Green and San Juan Rivers and above
“‘Lee Ferry,” Ariz 13,400 9 511, 000 33,300 470,600 406,900 30 10 63, 700 1.9
Total for 8an Juan division__ ... 38,300 | 2,539,000 239,700 | 1,543,600 | 1,191,800 3t 351,800 1.5
Total for Upper Colorado River Basin____._ ... oooceo oo . 109,500 | 12,733,100 | 1,413,000 | 8,676,300 | 5,196, 000 47 | 3,480,300 2.5
1 Does not include runoff from 2,400 sq mi between Colorade River near Cisco, Utah, and San Rafael River near Green River, Utah, gaging stations and the Colo-

Utah, gaging station and the Green River.

2 Does not include runoff fromr 1,900 sq mi in the subbasin between Green River
near Greendale gaging station and the Yampa River.

8 Doesnot include runoft from 800 sq mi in the subbasin between Yampa River near
II\{'I‘aybell, Colo., and Little Snake River near Lily, Colo., gaging station and the Green

iver.

¢ Includes runoft from the two areas described in footnotes 2 and 3.

§ Does not include runoff from 2,400 sq mi between Green River at Green River,

FLUVIAL SEDIMENT

Water and suspended-sediment concentration and
discharge at 42 sites in the Upper Colorado River
Basin are given in table 14. Most of the data in the
table represent the long-term average that would have
occurred if the water-use developments as of 1957 had
been in operation throughout water years 1914-57.
The data for shorter periods are probably representa-
tive of the long-term average and 1957 conditions.

Figure 16 shows the water and suspended-sediment
discharge at the sites listed in table 14, expressed as

percentages of the combined water and suspended-

sediment discharge of Colorado and Paria Rivers at
Lees Ferry, Ariz. (outflow from the Upper Colorado
River Basin). The precision of the percentages varies,
and the last significant figure shown in the values pre-
sented in figure 16 may not be trustworthy for some
of the stations. Of the combined sediment discharge
of the Colorado and Paria Rivers (103,955,000 tons),
about 20,495,000 tons (20 percent) comes from the
Colorado River Basin above Green River, about
27,875,000 tons (27 percent) comes from the Green
River basin, and about 55,585,000 tons (53 pero‘ent)
comes from the remainder of the Upper Colorado
River Basin below the mouth of the Green River. Of

the amount from the basin below the Green River,

rado River.

J Inglud%s runoft from the two areas described in footnotes 2 and 3 but not that de-
seribed in 5.

7 From San Juan River basin above gaging station near Bluff, Utah,

8 Includes 17,000 tons of dissolved solids imported from the Dolores River,

% Includes contribution from San Juan River basin below the gaging station near
Bluff, Utah, and from the areas described in footnotes 1 and 5.

10 Includes 700 tons of dissolved solids imported in the Tropic and East Fork Canal.

about 39,840,000 tons, or 38 percent of the combined
suspended-sediment of the Colorado and Paria Rivers,
comes from the San Juan River basin.

Of the streams listed in table 14, the drainage basin
of the San Juan River above the gaging station near
Blanco, N. Mex., has the highest annunal yield of sus-
pended sediment per square mile of drainage area
(2,607 tons). However, a greater annual yield was
computed for the 2,332 square miles intervening above
this station and below the stations on San Juan River
at Rosa, N. Mex.; Los Pinos River near Bayfield,
Colo.; and Spring Creek at La Boca, Colo. This com-
puted yield is about 8,900 tons. The area involved is
mostly underlain by shale, siltstone, sandstone, and
conglomerate of Tertiary age.

From another intervening area, that between the
stations on the Colorado River and Roaring Fork at
Glenwood Springs, Colo., and the station on Colorado
River near Cameo, Colo. (2,040 sq mi), about 8,475,000
tons of suspended sediment is contributed to the Colo-
rado River annually. This amount of sediment is
equivalent to a yield of about 4,200 tons per square
mile per year. Most of the drainage area south of the
river is underlain by the Wasatch Formation of Ter-
tiary age. This formation also crops out in part of

the area north of the river, where a large area of the
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Green River Formation is also exposed. Other units
exposed on the north side of the river are the Mesa-
verde Formation, Mancos Shale, Dakota Sandstone,
Morrison Formation, and rocks of Permian and Mis-
sissippian ages. Most of the rocks are siltstone, sand-
stone, and shale and are relatively soft and erodible.
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AND SUMMARY

The high sediment yield is caused by the erodible
rocks, which occur at all altitudes in this area of
rugged relief where precipitation is as much as 30
inches annually.

Similar rocks underlie large areas in the interior of
the basin. If these interior areas were less arid, the

Percentage of. combined streamflow of Colorado
@ and Paria Rivers at Lees Ferry, Ariz.

Percentage of combined sediment discharge of

Colorade and Paria Rivers at Lees Ferry, Ariz.
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FIGURE 16,—A pproximate water and suspended-sediment discharge expressed as percentages of the combined streamflow and combined suspended-sediment
discharge of the Colorado and Paria Rivers at Lees Ferry, Ariz.
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TaBLE 14.—Water and suspended-sediment discharge at gaging stations in the Upper Colorado River Basin

[Discharges for the water years 1914-57 adjusted to 1957 conditions, except as indicated]

Suspended sediment
Average annual
Station Station name water discharge Weighted- Discharge
No. (acre-ft) average
concentration
(ppm) Tons per year Tons per sq
mi per year
725 Colorado River at Glenwood Springs, Colo_ . ... ____________.__ 1,738,000 200 485, 800 107
850 Roaring Fork at Glenwood Springs, Colo_-____.___ . ________ 980, 200 220 287, 100 197
920 Rifle Creek near Rifle, Colo. . _ . __ . 17, 800 1, 800 43, 500 311
955 Colorado River near Cameo, Colo. .. ______ . _.._____ 2, 998, 000 2,300 9, 248, 000 1, 150
965 Plateau Creek near Cameo, Colo- - ____________________________ 170, 200 180 19, 000 216
1275A Gunnison River above Gunnison tunnel, Colo________________.___ 1, 281, 000 105 183, 000 46.
1285 Smith Fork near Crawford, Colo_ .. ._ . ___________________.______ 39, 600 224 12, 000 287
1295 Iron Creek near Crawford, Colo.2. ___ ______ _______________._____. 12, 200 986 16, 400 245
1435 Surface Creek near Cedaredge, Colo®_ . ___ .. ________________.___ 19, 600 112 3, 000 70
1525 Gunnison River near Grand Junction, Colo__.___________________ 1, 884, 000 806 2, 067, 000 258
1665 Dolores River at Dolores, Colo__ .. __ . ___________________.._____ 356, 400 245 119, 100 214
1800 Dolores River near Cisco, Utah 4. __________________________.____ 549, 900 3, 370 2, 524, 000 545
1805 Colorado River near Cisco, Utah 5______________________________ 5, 141, 000 2,050 | 14, 351, 000 595
1885 Green River at Warren Bridge, near Daniel, Wyo_.______________ 391, 200 36 19, 000 41
2095 Green River near Fontenelle, Wyo__..__________________________. 1, 166, 000 180 292, 000 74
2165 Green River at Green River, Wyo____________________________._ 1, 305, 000 350 625, 000 81
2250 Blacks Fork near Green River, Wyo.b___________________________ 249, 900 3, 000 1, 020, 000 278
2295 Henrys Fork at Linwood, Utah_ __ . ____________________________ 65, 800 960 85, 800 162
2510A Yampa River at bridge on county road, near Maybell, Colo_______ 1, 152, 000 196 308, 000 90
2550 Slater Fork near Slater, Colo__._____ ______ . ____ 60, 800 212 17, 500 109
2555 Savery Creek at upper station, near Savery, Wyo________________ 36, 800 146 7,300 39
2595C Little Snake River at bridge on State Highway 318, near Lily, Colo.. 450, 600 1,790 | 1,099, 000 295
2610 Green River near Jensen, Utah_________________________________ 3, 333, 000 1,300 | 5,902,000 226
3030 White River at Buford, Colo_______.___________________________ 239, 800 102 33, 200 131
3070 Green River near Ouray, Utah 7________________________________ 4,448, 000 2,120 | 12, 824, 000 361
3145 Price River at Woodside, Utah_________________________________ 84, 000 33,900 | 3,879,000 2,586
3150 Green River at Green River, Utah 5____________________________ 4, 067, 000 3,760 | 20, 800, 000 512
3285 San Rafael River near Green River, Utah_______________________ 102, 100 6, 700 931, 000 551
3335 Dirty Devil River near Hite, Utah 8___ . ________________________ 73, 900 50,200 | 5, 000, 000 1,147
3350 Colorado River at Hite, Utah__________________________________ 10, 260, 000 4,000 | 55,960, 000 731
3395 Escalante River at mouth, near Escalante, Utah *________________ 61, 700 20, 900 1, 757, 000 874
3505 San Juan at Rosa, N, Mex._ _ _____ . ____________ . ________. 875, 100 3, 800 4, 400, 000 2,211
3535 Los Pinos River near Bayfield, Colo_ . _ .. _______________________ 287, 600 5 1, 800 6
3550 Spring Creek at La Boca, Colo_________ ________________________ 25, 600 940 32, 000 552
3565 San Juan River near Blanco, N. Mex_ ________ __________________ 1, 100, 000 6, 400 9, 280, 000 2, 607
3645 Animas River at Farmington, N. Mex_ _ - _________ . __.______ 703, 500 1,800 | 1,720,000 1,263
3665 La Plata River at Colorado-New Mexico State line_ - _.__________. 27,900 740 28, 000 85
3680 San Juan River at Shiprock, N. Mex______ __ ______ o _.____ 1, 941, 000 11, 600 | 30, 600, 000 2,372
3715 MecElmo Creek near Cortez, Colo._____ . _______ __________________ 38, 800 2, 600 141, 000 605
3795 San Juan River near Bluff, Utah____________ . __________________ 2, 028, 000 13, 500 | 37, 100, 000 1,613
3800 Colorado River at Lees Ferry, Ariz_ __ . ___________ . __________ 12, 710, 000 5,800 (101, 300, 000 939
3820 Paria River at Lees Ferry, Ariz_ _ . _____ o ____ 23,100 84,400 | 2,655,000 1,691

1 For water years 194046, 1953-57.
2 For water years 1948-52,
3 For water years 1918-57.
4 For water years 1952-57.
5 For water years 1930-57.
sediment yield to the Colorado River would be much

higher.

SUITABILITY OF WATER FOR VARIOUS USES
DOMESTIC USE

Concentration of dissolved minerals in water is a
criteria used for judging the suitability of water for
domestic use. The criteria sets specific maximum
limits for concentration of total dissolved solids and
concentration of specific constituents such as iron,

manganese, chloride, fluoride, nitrate, and sulfate.
The waters of most perennial streams, near their
headwaters, have less than the maximum specified con-
centrations of dissolved solids and are suitable for

6 For water years 1948-57.
7 For Dec. 1, 1950 to Sept. 30, 1955, and Nov. 1, 1955, to Sept. 30, 1957.
8 For water years 1914-57.
¢ For water years 1951-55.

domestic use. After the streams leave the mountains,
the waters of some streams become unsuitable for
domestic use during periods of low flow, principally
because of high concentrations of total dissolved-
solids or high concentrations of one or more of the
chloride, nitrate, and sulfate ions. Some streams, how-
ever, are not suitable for domestic use even during
times of high flow.

On the basis of maximum total dissolved-solids con-
centration (limit 500 ppm), streams listed in table 7
whose waters have weighted-average concentrations of
500 ppm or more would be suitable for domestic use
no more than 30 percent of the time.
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Table 10 indicates that the total dissolved-solids
limit is exceeded in Colorado River near Cisco, Utah,
when the water discharge is less than about 9,000 cfs
(cubic feet per second). Sulfate concentration also
exceeds the limit (250 ppm) at about the same dis-
charge.

Table 10 indicates that the total dissolved-solids
limit is exceeded in Green River at Green River, Utah,
when the water discharge is less than about 7,000 cfs.
The sulfate concentration exceeds the limit for dis-
charges less than about 3,000 cfs.

Table 10 indicates that the total dissolved solids in
San Juan River near Bluff, Utah, exceeds the limit
when the discharge is less than about 1,800 cfs. The
sulfate limit is exceeded when discharge is less than
about 1,500 cfs.

Table 10 indicates that the total dissolved solids in
Colorado River at Lees Ferry, Ariz., exceeds the limit
when discharge is less than about 21,500 cfs. The sul-
fate limit is exceeded when the discharge drops below
about 15,000 cfs.

The waters of the perennial streams in their head-
waters are usually soft but become progressively harder
with increasing distance from the mountains. Beyond
the mountains, softening of the surface waters would
be desirable for most uses and almost mandatory for
some uses.

The monthly weighted-average concentration of
nitrate has been as much as 40 ppm in Colorado River
near Cisco, Utah, and as much as 61 ppm in Dolores
River near Cisco, Utah. Though nitrate is present in
all streams, it is usually not in sufficient concentrations
to constitute a hazard for domestic use except locally
during low flows.

Some of the surface water, whose source is prin-
cipally springs, such as Steamboat Springs, Colo., con-
tains flouride in amounts sufficient to cause mottling of
children’s teeth if used continuously for drinking and
cooking.

AGRICULTURAL USE

Agricultural use of water in the Upper Colorado
River Basin includes among other uses watering live-
stock and irrigation. A high concentration of dissolved
solids and of certain ions in the water may cause the
water to be unsuitable for these purposes.

Sheep and cattle are the main livestock in the basin.
They apparently have the ability to tolerate rela-
tively high concentrations of dissolved solids in their
drinking water, although low concentrations of certain
constituents, such as selenium, are toxic. Most of the
surface water is suitable for watering livestock.

Data indicating the suitability of water for irriga-
tion at the 50 sites listed in table 7 and shown in
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figure 8 are given in table 15. Methods proposed by
Wilcox, Blair, and Bower (1954, p. 259-266), U.S.
Salinity Laboratory Staff (1954), and Eaton (1954)
were used to compute the data. The classifications are
based entirely on chemical analyses of water at high,
medium, and low discharges. Not taken into account
are minerals that may be present in the soils irrigated,
irrigation practices, and other factors that may sig-
nificantly change a water-usability classification based
only on chemical analyses of applied water.

Terms in the box heads of table 15 are those pro-
posed for the classification of water for irrigation in
the cited references. In the classification of water dis-
charges, high flows are those greater than the flow ex-
ceeded 20 percent of the time; low flows are those less
than the flow exceeded 80 percent of the time; and
medium flows are those greater than the flow exceeded
80 percent of the time but less than the flow exceeded
20 percent of the time.

Of the streams listed in table 15, residual sodium
carbonate exceeded 1.25 equivalents per million only
in Strawberry River at Duchesne, Utah. This concen-
tration is considered to be the lower limit for waters
marginal for irrigation. Mixing of Strawberry River
water with Duchesne River water a short distance
downstream should result in a water much lower in
residual sodium carbonate. A few other streams in-
vestigated also exceeded the limit for residual sodium
carbonate, but these were in areas where the water is
not used for irrigation.

As indicated in the table, most sources of water sup-
ply serving irrigated lands range from C1-S1 to C3-
S1. According to the U.S. Salinity Laboratory Staff
(1954), waters in the C1 category can be used for irri-
gation of most crops on most soils with little likelihood
that soil salinity will occur, and waters in the C3 cate-
gory cannot be used on soils with restricted drainage.
The S1 category implies that the water can be used for
irrigation on almost all soils with little danger of the
occurrence of harmful levels of exchangeable sodium.
Water in the poorer quality categories, for the most
part, occurs in the lower reaches of the streams below
irrigated lands and in canyon areas where the water
is not used for irrigation.

The degree of leaching required for good crop yields
as computed for the sources of water supply that serve
irrigated lands is generally low, and probably higher
percentages of applied water actually pass through
most irrigated soils than are indicated in table 15.
Waters in downstream reaches of some streams have
high required leaching percentages. These waters, for
the most part, are in tributary streams below the
points that water is diverted for irrigation. As the
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TaBLE 15.—8Suitability of surface water for irrigation in the Upper Colorado River Basin

[Calcium g, to adjust water to 70 percent sodium; calcium b, to offset bicarbonate f1)1-(5(<l:§pit%lzi011; and calcium ¢, to supply calcium plus magnesium taken by plants in excess
of sodium]

Water discharge Classification
Specific
conduct- Sodi- | Resid- After Eaton (1954) !
ance Per- um- | ual so- .
Station Source Date . (micro- | cent (adsorp-| dium | After U.S.
No. Cubic feet | Classifica- | mhos 50- tion- | car- Salinity Cal- Cal- Cal- Re- Re-
perd tion ;:'ezr5 21(1)1 dium | ratio | bonate Lalé(éraéory cium ¢ |cium b | cium ¢ uire;ld qun-‘;.gl
Secon al a each lgyps
) (1954) ing- | (Ib per
Milliequivalents per (per- | acre-
liter cent) ft)
345 Colorado River at Hot Sulphur 10-56 53.6 0.22 —1.29 1.66 0.30 1.2 157
Springs, Colo. 6-57 2,111 .08 |+C1-81..__.| —.52 .67 .30 7 105
) 857 174 .21 —1.09 1.43 .30 1.1 150
690 Eagle River at Gypsum, Colo. . ﬁg 192 . 88 %& %g lg 0 g
405 . . . .
6-49 2,829 .00 1.21 .30 1.4 0
705C Colorado River near Glenwood 3-57 825 .00 2.06 .26 12 0
Springs, Colo. 6-57 | 14,020 .00 1.51 .30 1.3 5
9-57 1,485 .00 2.03 .27 9.0 0
850 Roaring Fork at Glenwood 9-15-54 610 .00 2.96 .28 5.4 0
Springs, Colo. 10-18-55 365 .00 3.11 .27 8.4 0
6-3-58 8, 250 .00 1.11 .30 .8 0
955 Colorado River near Cameo, 10-55 1,476 .00 2.24 .23 23 0
olo. 6-56 | 10,700 .00 1.54 .29 4.1 0
7-56 2,810 .00 2.11 .26 13 0
1050 Plateau Creek near Cameo, 9-17-47 88 .38 6.11 .29 7.0 440
olo. 11-11-50 35 .35 6.70 .28 8.2 477
) 5-7-58 1,490 .10 2.89 .30 1.1 133
1145 Gunnison River near Gunni- 10-8-45 342 .00 2.47 .30 1.3 26
son, Colo. 5-7-58 2,100 .00 1.33 .30 .8 44
1280 Gunnison River below Gunni- | 10-30-57 570 .00 1.93 .30 11 19
son tunnel, Colo. 5-29-58 | 12, 500 .00 1.03 .30 T 68
1475 Uncompahgre River at Colona, | 5-28-58 | 2,150 .00 1.63 .30 15 0
Colo. 8-7-58 193 .00 2.83 .28 8.2 0
1495 Uncompahgre River at Delta, 4-22-58 1,000 .00 2.96 .28 7.8 0
Colq. . 8-8-58 119 .00 2.41 .15 49 0
1525 Gunnison River near Grand 9-56 341 .00 1.43 .12 60 0
Junetion, Colo. 2-57 986 .00 2.77 .23 24 0
6-57 | 19,630 .00 2.07 .29 2.3 0
16656 Dolores River at Dolores, Colo.| 5-16-41 4,080 .00 1.52 .30 4 2
11-15-56 25 .00 1.34 .28 5.4 0
4-8-57 100 .00 1.76 .29 4.1 0
1755 San Miguel River at Naturita, | 10-24-57 287 .00 2.54 .28 7.2 0
colo Rl % %0 8 I I I
8-7-! 86 . 5 . .
1800 Dolores River near Cisco, Utah..| 3-18-32 450 .00 2.11 .20 35 0
5-21-32 5, 600 .00 2.22 .29 2.5 0
. 10-22-32 86 8 (N FRSNE U 00 (...
18056 Colorado River near Cisco, 9-56 1, 369 .00 1.39 .13 58 0
Utah. 2-57 3,018 .00 2.13 .20 33 0
6-57 | 48,040 .00 2.02 .29 2.4 0
1885 Green River at Warren Bridge, | 10-3-39 246 .00 1.45 .29 2.7 0
near Daniel, Wyo. 5-15-58 1, 040 .00 3 2.00 .30 1.4 0
2010 New Fork River near Boulder, | 8-26-39 130 .00 }Cl—Sl —1.80 | 1.86 .30 .8 84
Wyo. . 5-15-58 525 .09 il —.80 .97 .30 .8 110
2095 Green River near Fontenelle, 5—14—% :{, 978 . 88 }02_51 —g. gg 3452 % 1; %.;.
yo- 84 , 08 e 00 [P -2 ) . .
2135 Big Sandy Creek near Farson, 1-7-57 5.0 .6 .03 -. 80 1.00 .30 1.2 117
Wyo. 4-1-57 40 .8 .00 [,C1-S1__ _ -.72 .85 .30 1.4 101
7-1~57 835 4 .00 -.35 .42 .30 .8 87
2160 Bi‘tlgv Sandy Creek below Eden, 1}-%%—2; 32 6'211 . 88 }C 4 S2 —10. 69 .49 .05 I% 0
yo. 27 5. LS00 f TR E [ ]eeeeea] 100
6-2-58 206 2.0 001 Cc2-81 .. | -—1.75 1.32 .28 5.4 0
2165 Gx;%en River at Green River, 132:5; ggg 1.7 . % C3-S1__.._ —g. 378 %g 378 (Si 89 g
. 5 1.7 . —4. .
6-57 8, 007 .5 .00 }CZ—SI---_ { —2.46 2.39 .30 1.8 54
2250 Blgvcks Fork near Green River, &g% 3, (E? }1”4) 88 Ci-81 —gﬁ g_?{.‘; 222 13.8 73
0. : . B 3 .
v 9-53 2.5 6.5 .00 C3-82____ -3.23 2.33 .19 38 0
2345 Gxi?(:nhRiver near Greendale, 12—3-5756 L %(158 i.s 88 }03—81 { —2. gz gi; % gi& (())
ah. , .7 . U -4 . . .
6-57 11,420 .9 .00 [ C2-81____ —-2.79 2.56 .29 2.8 12
2395 Yampa River at Steamboat 6-3-50 2,210 - .00 | C1-81____ —. 56 .48 .30 .5 51
Springs, Colo. 11-9-50 117 - .00 }02—81 { —2.44 2.36 .30 14 51
. 10-20-55 67 .5 .00 T —2.45 2.48 .30 1.6 7
2425 Elk River near Trull, Colo...._. 6-3-50 2, 000 .03 —.42 .51 .30 .6 91
10-20-55 50 gg C1-S1.... -1. gg 1.933 gg 37) (75?
8-7-58 88 . - . . .
2510A | Yampa River at bridge on 10-56 126 .00 }02—81 { —2.62 3.14 .28 6.8 187
Boto.y road, near Maybell, | & |, 408 Slore ' Ti8| T®| k| To|
olo. s . -S1.__..f -1 . . .
2570 Li%le Snake River near Dixon, lg_-ﬁgg . 1(1)8 . 88 8?—%_- . -2. 3% 2.33 'g'g l.é lég
vo 8-13-58 "o 126 ] C2-81.-°0| -2.67| 3.5 2| 35 274
2505C Little Spake River at bridge on 10-56 7.2 .00 C3-82_.__ -1.13 3.28 .25 22 562
State Highway 318, near Lily, 6-57 3,632 10| C1-81____ —1.42 1.70 .30 1.3 136
Colo. 8-57 129 .26 C2-S1._.__ -1.75 3.30 .28 7.8 428
2610 Green River near Jensen, Utah. g—_g y gs . gg C3-51 -é. i"?j g % %77 %(13 g
, 838 .00 |foRL- o —5. . .
6-57 | 32,180 .00 02-81 { —2.90 2.73 .29 2.7 28
2795 Duchesne River at Duchesne, 10-19-55 83 .00 -o--L —4.91 3.77 .29 4.1 0
2885 Strawberry River at Duchesne, 20-48 38 .2 .83 [pC3-81.___|{ —4.15 6.28 .29 8.0 566
Utah. 10-22-57 96 .4 1.32 —~3.52 6.24 .29 8.5 704
5-23-58 | 1,000 .8 23V czs1.__ ' -3530 418 .30 2.5 222
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TaBLE 15.—Sustability of surface waler for irrigation in the Upper Colorado River Basin—Continued

‘Water discharge Classification
Specific
conduct- P Soai- lEt’aelsid- After Eaton (1954)!
ance er- um- 80~
(micro- | cent |adsorp-| dium | After U.S.
Station Source Date | Cubic feet mhos S0- tion- | car- Salinity Cal- Cal- Cal- Re- Re-
No. . eEe]rJ a Clatsisiﬁea- t(;rsg%l) dium | ratio |bonate Labé)gatgfory ciume |cium b|cium ¢ ixuired quired
0] on al ] € - |gypsum
(1954) ing | (lb per
Milliequivalents per (per- | acre-
liter cent) ft)
3020 Duchesne River near Randlett, 1-51 425 1,100 37 2.3 .00 | C3~S1____. ~5.84 4.07 .26 13 0
Utah. lg_-g’(’i 3 Ogg 3 2, igg g % g . 38 C3-82._.. -8. gﬁ 3. z; .18 40 0 0
. . ~2.95 2. . 3
3045 Wéute River near Meeker, ﬁgg 1, 860 367 (oo | . 100 }02-31-__- —2.56 | 2.10 Bl s 0
446 | _______ ) .00 ~—3.98 2.66 .29 2.9 0
3065 Whlte River near Watson, 9-56 217 997 38 2.2 .00 }03—81 —4.59 2.99 .26 13 0
e S| s Yus| @l %8| ®lfcesi| 3B 33| B B4
, 2 . . -81....| -3 3.32 . ,
3070 Green River near Ouray, Utah. 9-52 2,787 870 38 2.1 .00 }03—81 —4.37 3.19 .2 10 0
oo | a2 380 | a4 %8| % C?,s{'"{ A B e TR
3 .8 . > - —2. 2. . 2.
3145 Price River at Woodside, Utah_ 9-56 8.33 5, 600 51 9.1 .00 0483 __ -l meen ? .......... 100 |--_.-.
3-57 43.6 5,360 52 8.9 .00 } “"{ ________________ 100 ..
. 8-57 478 3,280 45 5.5 .00 | C4-82____ .35 .02 92 0
3150 Green River at Green River, 10-56 1,243 1,040 42 2.6 .00 2.99 .26 13 0
Utah. g:g; 3:;, 3448 ggg ;g 2.7 .00 } { 2.96 . % 12 22
. .8 B 2.37 . 2.
3285 San Rafael River near Green 10-56 .85 5, 200 45 7.3 . 88 ________________ 100 o
River, . tg; L 533 7 3, l)g;) g; ?z . % 1.11 .07 78 8
» 8 . . 3.28 .27 8.
3300 Fremont River near Bicknell, 8-31-49 78 500 15 5 .00 2.51 .29 3.3 0
Utah. lg_—%g; lié ig 16 7 .00 2. 92 .27 9.4 0
________________ .00 2.3 .29 3.2 0
3335 Dirty Devil River near Hite, 11-53 106 2,130 26 2.2 .00 1.46 .15 50 0
veed. coons| 4o (0 I Y iy e v s s (e 6
3350 Colorado River at Hite, Utah.__. 956 | 2,607 1,620 38 30 -00 }Ca-Sl__.- —8.11{ 2.26| .21{ 30 0
&5 | 80100 Vimloa| %R Dl ahl | Zel 0
3 . .00 —2. 2. . 2.
3395 Escslante Rlver at mouth, near 7-51 17.1 670 25 11 .00 C2-81 —4.19 2.70 .28 7.0 0
Escalante, Utah. 10-51 69.4 561 19 .7 00 ) T —4.27 2.80 .29 4.9 0
5-52 158 379 17 .5 .00 —-3.08 2.48 .29 2.5 0
3425 San Juan River at Pagosa 5-20-58 2, 550 67 1o .04 —.38 .51 .30 7 101
Springs, Colo. 8-8-58 68 185 32 .8 .00 |;C1-81____{ —1.05}| 1.27 .30 15 122
3565 San Jnan River near Blanco, 6-52 7,241 136 16 .3 .00 —1.09 1.04 .30 .9 5
e o won | oBlaw.f 3R 2R OB ST
3615 A%lmas River at Durango, 10-21»:3-% ) égg S T S I TN -3er| 206 .29( 3.4 0
y 204 |- 00| C1-81____ -1.79 1.38 .30 1.0 0
3645 Auimas Rlver at Farmington, 10-56 87 1,140 29 1.8 .00 —7.24 3.28 .26 14 0
N. M 3-57 300 804 B U3 opessf ZRE 3@ H| i 0
. 6-57 6, 077 226 10 .2 .00 C1-81___._ —1.87 1.32 .30 13 0
3680 San Juan River at Shiprock, 9-45 358 978 42 2.6 .00 C3-81___.| —-4.15 2.54 27 12 0
N. Mex. 7-57 8,869 318 31 .9 .00 }CZ—SI { -1.84 178 .29 2.4 54
9-57 2, 012 516 36 1.5 .00 i —2.64 2.26 .29 4.3 0
3795 San Juan River near Bluff, 9-56 64.5 1,470 45 3.4 .00 }03-81 { —5.66 1.88 .23 23 0
Utah. 3-57 1,150 996 32 1.8 .00 e —5.88 2.63 .26 12 0
6-57 13 220 318 21 .6 .00 | C2-S1___. —2.16 1.72 .29 2.0 0
3800 Colorado River at Lees Ferry, 10-56 3, 034 1,830 38 3.1 .00 }C&Sl —9.44 2.10 .19 36 0
A AR E1I I soun = 1 T 1 PR
Y . . —3.26 . . X
3820 | Paria River at Lees Ferry, Arlz.| 7-15-48 4.2 556 2| 10| ‘oo }CZ'S‘---- —361| 1s82| .28| 54 0
12-1-48 14 1,080 30 1.7 .00 0O3-S1 —6.99 2.77 .26 13 0
3-1-49 137 1,440 42 3.2 .00 } " -6.75 2.75 24 21 0

1 For good yield.

flow of the tributaries is small compared to that of the
main stream, the required leaching percentage of main-
stream water is not materially increased by inflow
from the tributaries.

The amounts of gypsum required (table 15) for
good crop yields are based on the assumption that all
calcium required to adjust the sodium percentage to
70, to offset bicarbonate precipitation, and to supply
the calcium needs of the plants must come from the
irrigation water. This may not be applicable to all
irrigated lands in the Upper Colorado River Basin, as
most soils are gypsiferous and the addition of gypsum
is not necessary for good crop yields.

INDUSTRIAL USE

The water of headwater streams can be used in many
industrial applications without treatment. Most of
the water in the middle and lower reaches of the
streams cannot be used for many industrial applica-
tions without treatment, and the water in the streams
near most of the larger towns and cities would re-
quire extensive treatment. Most of the surface water
could be used without treatment by mining industries
and for certain phases of metal fabrication, where the
tolerances of dissolved solids are high.

RECREATIONAL USE

Most streams are suitable for recreation. The few

exceptions include tributary streams during periods of
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low flow or when suspended-sediment concentrations
are exceedingly high. Specifically, the dissolved-solids
concentrations in the lower reaches of Blacks Fork and
the Duchesne, Price, San Rafael, and San Miguel
Rivers and in several smaller streams are intermit-
tently high enough to be objectionable for some recrea-
tional uses and to be detrimental to aquatic life.
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GLOSSARY

Acre-foot is a unit for measuring volume and is equal to the quantity of water or other material required to cover
1 acre to a depth of 1 foot or a volume of 43,560 cubic feet.

Average annual precipitation is an average of the yearly precipitation usually expressed in inches of water that
falls or is computed to fall at a point or on an area during a specified number of calendar or water years.

Base flow is sustained or fair-weather streamflow. In most streams, base flow is composed largely of ground-
water effluent. .

Chemical-quality station is a particular site on a stream, canal, lake, or reservoir where water samples are collected
on a systematic basis for chemical study.

Chemical quality of water is a term that embodies all the chemical and physical properties or attributes of water
which are imparted to the water by the amounts and kinds of chemical constituents in colloidal suspension
or dissolved in the water.

Coefficient of variation is the ratio of the standard deviation to the average of an array of data.

Concentration is a term used to describe the amounts of a material or substance in relation to the total mixture.
In this report concentration is expressed in parts per million and in equivalents per million.

Consumptive use is the quantity of water discharged to the atmosphere or incorporated in the products of the
process in connection with domestic use, vegetative growth, food processing, or an industrial process.

Cubic feet per second (cfs) is a unit expressing rates of discharge, and is equal to the discharge through a rec-
tangular cross section, 1 foot wide and 1 foot deep, flowing at an average velocity of 1 foot per second.
Direct runoff is the water from rainfall or melting snow that enters the stream system rapidly either as overland
flow or as subsurface flow that does not reach the zone of saturation and whose time spent underground is so

brief that its rate of movement into the stream is almost as rapid as overland flow.

Dissolved solids are solids that originate mostly from rocks and are in solution. Some colloidal material is treated
as if it were in solution in determining dissolved solids.

Dissolved-solids discharge is (1) the rate at which dry weight of dissolved solids passes a section of a stream or
other conveyance channel or (2) the quantity of dissolved solids, measured by dry weight or by volume, that
is discharged in a given time.

Dissolved-solids yield. Se¢e Tons per square mile per year.
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Duration curve is a cumulative frequency curve that shows the percentage of time that specified water, dissolved-
solids, or sediment discharges, or dissolved-solids concentration are equaled or exceeded. A duration curve
of water discharge is called a flow-duration curve.

Equivalents per million (epm) is a unit for expressing the concentration of chemical constituents in terms of the
electrically charged particles, or ions, in solution. One equivalent per million of a positively charged ion
(cation) will react with 1 equivalent per million of a negatively charged ion (anion). Parts per million are
converted to equivalents per million by multiplying the reciprocal of the combining weight of the ion. The
reciprocals for the more common constituents (ions) are given in the following table:

Cations Faclor Anions Factor
Calcium (Ca*t+) ... __________ 0. 0499 Carbonate (CO3™ ™) w oo oo 0. 0333
Magnesium (Mg++)__________.__.__ . 0823 Bicarbonate (HCOs;™) . .- _______ . 0164
Sodium (Na*)___________________ . 0435 Sulfate (SO« ) . 0208
Potassium (K*) ... _.__.________ . 0256 Chloride (C17) .. _______._.__ . 0282
Nitrate (NOg™) oo oo . 0161

Evaporation is the process by which water is changed from the liquid or solid state into the vapor state.

Evapotranspiration is the process by which water is withdrawn from a land area by evaporation from water surfaces
and moist soil and transpiration by plants.

Flow-duration curve See Duration curve.

Fluvial sediment is sediment that is transported by, suspended in, or deposited from water.

Gaging station is a particular site on a stream, canal, lake, or reservoir where systematic observations of gage
height or water discharge are obtained. A streamflow gaging station is a gaging station on a stream.

Gallons per minute (gpm) is a unit expressing rates of discharge. One cubic foot per second is equal to 448.8
gpm or 646,272 gpd (gallons per day).

Hardness is a property of water which has generally been associated with the effects observed in the use of soap,
or with the deposit left by some types of water when they are heated. Hardness, expressed in terms of an
equivalent quantity of calcium carbonate (CaCOs), is calculated from the equivalence of calcium and
magnesium, or is determined by direct titration. Hardness caused by calcium and magnesium (and other
ions if significant) equivalent to the carbonate and bicarbonate is called carbonate hardness; the hardness in
excess of this quantity is called noncarbonate hardness.

Histogram is a graphical representation of yearly variability of annual water discharge by rectangles.

Hydrogen-ion concentration (pH) is the negative logarithm of the concentration of hydrogen ions. The pH is
a measure of the activity of the hydrogen ions and thus is a numerical value or measure of the alkalinity
or acidity of the water. Ordinarily, water having a pH of 7.0 is regarded as neutral; a pH lower than 7.0
indicates acidic properties; and a pH higher than 7.0 indicates alkalinity. However, a water that is acid,
alkaline, or neutral according to the pH scale is not necessarily the same by another standard.

Hydrograph is a graph showing stage, flow, velocity, or other property of water with respect to time.

Index station is a precipitation or streamflow-gaging station, the data from which is used as an index in adjusting
or computing the precipitation or streamflow at other stations.

Intermittent stream is one which flows part of the time, as after a rainstorm, or during part of the year.

Ion is an electrified particle formed when a neutral atom or group of atoms loses or gains one or more electrons.
If electrons are lost, the particle is positively charged and is called a cation. If electrons are gained, the
particle is negatively charged and is called an anion. When a molecule goes into solution, it breaks down into
one or more cations and one or more anions. For example, a molecule of the mineral gypsum or calcium
sulfate (CaSO,) when dissolved in water dissociates into a calcium ion (Cat*) and a sulfate ion (SO,™7).

Irrigation is the controlled application of water to arable lands to supply water requirements not satisfied by
rainfall.

Leaching percent is the ratio, expressed in percentage, of the amount of water that passes downward through
the root zone of crops to the amount of water that is applied to the land surface.

Low, medium, and high flows are arbitrary designations based on the percentage of time a water discharge was
equaled or exceeded. High flows are those greater than a discharge that was equaled or exceeded 20 percent
of the time; low flows are those less than a discharge that was equaled or exceeded 80 percent of the time; and
medium flows are those greater than a discharge equaled or exceeded 80 percent of the time but less than a
discharge equaled or exceeded 20 percent of the time.
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Parts per million (ppm) is a unit for expressing concentration of dissolved solids and sediment. A part per mil-
lion of dissolved solids is a unit weight of dissolved solids in a million unit weights of a water-dissolved solids
solution. A part per million of sediment is a unit weight of sediment in a million unit weights of water-
sediment mixture.

Percent sodium is the ratio, expressed in percentage, of equivalents per million of sodium ions to the sum of
equivalents per million of calcium, magnesium, sodium, and potassium ions.

Perennial stream is one which flows continuously from source to mouth during most years.

Precipitation is the discharge of water, in liquid or solid state, out of the atmosphere, generally upon land or water
surface. The term is also used to designate the quantity of water that is precipitated.

Probable deviation. An array of data that is normally distributed has a spread of values on each side of the mean
within which 50 percent of the individual values fall. Such a spread is defined as one probable deviation
above and one probable deviation below the mean. It is equal to 0.6745 times the standard deviation.

Rainfall is the quantity of water that falls as rain only. The term is not synonymous with precipitation.

Residual sodium carbonate (RSC) 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 carbonate.

RSC=(C0O,;+HCO,)— (Ca+Mg)

Return flow is the water returned to the stream system or source after being used. Return flow is generally equal
to water use less consumptive use.

Runoff is that part of the precipitation that appears in surface streams. It is the same as streamflow unaffected
by artificial diversions, storage, or other works of man in or on the stream channels or on the drainage area.

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

Sediment discharge is (1) the rate at which dry weight of sediment passes a section of a stream or (2) the quantity
of sediment, as measured by dry weight or by volume, that is discharged in a given time.

Sediment station is a particular site on a stream, canal, or other waterway where a record of sediment discharge
is obtained.

Sediment yield. See Tons per square mile per year.

Sodium-adsorption-ratio (SAR) is related to the adsorption of sodium by the soil and is an index of the sodium,
or alkali, hazard of the water. In the computation of SAR, concentrations of constituents are in equivalents
per million.

+
SAR— N2

\/Ca""" FMg+F
2

Specific conductance is a measure of the capacity of a solution to conduct an electrical current and is expressed
in micromhos per centimeter at 25°C. It is 1 million times the reciprocal of specific resistance at 25°C.
Specific resistance is the resistance in ohms of a column of water 1 centimeter long and 1 square centimeter
in cross section. 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 general relations
are applicable:

Specific conductance X (0.65-+0.10)=ppm dissolved solids
Specific conductance total epm
100 2

Standard deviation of an array of data that is normally distributed is:

S=_ (2% _
n—1

where S is the standard deviation, z is the difference between the value of an individual item and the average
of all the items in a sample, and » is the number of items in the sample.

Streamflow is the water discharge that occurs in a natural channel, whether or not the water discharge is af-
fected by regulation or underflow.

Suspended sediment is sediment that is supported by the upward components of turbulent currents or by colloidal
suspension if the sediment particles are very small.
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Tons per day is & unit for expressing discharge and is commonly used in expressing the discharge of dissolved solids
and sediment.

Tons per square mile per year is a unit for expressing the discharge of dissolved solids or sediment from an area.
Sediment yield and dissolved-solids yield is usually given in tons per square mile per year.

Use (water) is the total quantity of water pumped, diverted, applied, or utilized for any purpose.

Variability index is the standard deviation of the logarithms of stream discharge (Lane and Lei, 1950). The
index may be determined approximately from a flow-duration curve plotted on logarithmic probability paper
by scaling vertically the number of log cycles between the points defined by the intersection of the flow-
duration curve with the 16 and 84 percent lines and dividing this number by 2.

Water and dissolved-solids budget is an accounting of the water and dissolved-solids inflow to and outflow from
a drainage area, including additions and losses in the drainage area.

Water discharge is the flow of a stream or canal, outflow from a basin, or flow of water from a pipe. Water
discharge includes the sediment mixed with and solids dissolved in the water.

Water type is a term used to denote the predominate cations and anions in water. Whether certain cations
(calcium, magnesium, sodium, and potassium) and certain anions (bicarbonate, sulfate, and chloride) pre-
dominate depends on the concentrations in equivalents per million and the relation of the concentration
of the individual ions to each other. For example, if the concentration of sodium makes up most of the total
cations and the concentration of bicarbonate makes up most of the total anions, the water is classified as a
sodium bicarbonate type. However, if the second most abundant cation or anion is more than half the
most abundant cation or anion, and the third most abundant cation or anion is more than half the second,
they are included in the water-type classification in order of magnitude. Examples of these more complex
water types would be calcium magnesium bicarbonate, calcium magnesium bicarbonate sulfate, and sodium
magnesium calcium chloride sulfate.

Water year is the 12-month period October 1 through September 30 of the following calendar year. The water
year is designated by the calendar year in which it ends.

Water years 1914-57 adjusted to 1957 conditions means that the data given are representative of what would
have occurred if the upstream water developments existing in 1957 had been in operation throughout the
water years 1914-57.

Water yield is the runoff from a drainage basin.

Weighted-average concentration is a discharge-weighted average that approximated the dissolved-solids con-
centration of water that would be found in a reservoir containing all the water passing a given station during
a specified period after thorough mixing in the reservoir. The effects of evaporation, precipitation, or the
addition or removal of dissolved constituents by plants or animals is not considered in this definition.






WATER RESOURCES OF THE UPPER COLORADO RIVER BASIN—TECHNICAL REPORT

HYDROLOGIC TECHNIQUES AND CRITERIA USED IN APPRAISING THE
SURFACE-WATER RESOURCES

By W. V. Iorns, C. H. HEMBREE, and G. L. OARKLAND

ABSTRACT
This chapter of the report on the water resources of the
Upper Colorado River Basin explains the techniques and cri-

teria used in appraising the surface-water resources of the
area.

The base used in evaluating streamflow, dissolved-solids dis-
charge and concentration, and sediment yield is the average
which would have occurred if the level of upstream develop-
ment existing in 1957 had existed throughout water years 1914-
57. The available basic data, which were adjusted to this base,
are briefly discussed as are other data used in the appraisal
such as climatic data, topographic and geologic maps, and maps
of native vegetation and irrigated lands.

The methods used in computing and adjusting to the common
base precipitation data, flow-duration curves, duration curves
of dissolved-solids concentration and discharge, and sediment
yield are described in some detail if the procedures have not
been previously described in published hydrologic literature.
Statistical methods for determining the variability of stream-
flow, dissolved-solids concentration, and sediment yield are ex-
plained. A method is given for computing the amount of water
and dissolved solids contributed to stream systems by ground
water. In addition, the method used to estimate the amount of
dissolved solids added to the stream system by the activities
of man is outlined. The criteria used in appraising the suit-
ability of water for various users are also given.

INTRODUCTION

This chapter outlines the hydrologic techniques and
criteria used in appraising the surface-water resources
of the region. Brief discussions of precipitation maps,
vegetation maps, and other data used in the appraisal
are also included.

Many methodologies for solving hydrologic prob-
lems are given in the engineering and hydrologic litera-
ture. Published methodologies were applicable to some
of the problems encountered in this study, but other
problems could not be solved by the methods available.
It was necessary, therefore, to develop methods of
analysis, based on accepted hydrologic concepts, to
answer some of the problems that were unique to this

study. Some of the hydrologic techniques that have
not been previously published are relatively new, hav-
ing been developed prior to this study by one or more
of the authors and others or by the authors during this
study.

This chapter will not only assist the reader in under-
standing the methods used to determine the answers to
specific problems discussed in other chapters of the
report, but will also serve those who may wish to solve
similar problems for streams and areas in the basin for
which solutions are not included in this report.

BASE FOR APPRAISING THE SURFACE-WATER
RESOURCES

The period beginning October 1, 1913, and ending
September 30, 1957, was selected as a base period repre-
sentative of long-term climatic conditions in the Upper
Colorado River Basin. Previous studies by the Upper
Colorado River Compact Commission (1948) and the
U.S. Bureau of Reclamation (1954) used the periods
1914—45 and 191447, respectively. All three periods
include years of high runoff and the extended drought
period between 1930 and 1940. Consequently, the gen-
eral water-supply picture portrayed by- these two
previous studies and the present one should be about
the same. Precipitation is probably the best measure
of climatic differences for the three study periods.
Table 1 shows the average precipitation for groups of
stations for the water years 191445 and 191447 in
relation to the average for the water years 1914-57.

The average precipitation values for the water years
191445 and 191447 are consistently slightly higher
than those for the water years 1914-57 in the Upper
Colorado River Basin and its subdivisions. The minor
difference in mean precipitation in various periods
chosen for study does not affect the conclusions of the
present investigation. Rather, it is clearly desirable
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TABLE 1.—Average precipitation for groups of stations in the
Upper Colorado River Basin for water years 1914—46 and 1914—
47 in relation to the average precipitation for water years 1914-67

Average annual pre-
Number | cipitation expressed as
of precipi- | percentage of 1914-57
Station tation precipitation
stations
1914-45 191447
Colorado River Basin above Green River.... 17 101. 64 101. 15
Green Riverbasin_ _ ... ___.__.________ 16 100. 48 100. 06
San Juan basin. .o . oo ____._ 8 105. 07 103. 67
Colorado River Basin below Green and San
Juan Rivers and above “Lee Ferry”_ _____. 5 102,13 102. 86
Colorado River Basin above “Lee Ferry” . _.. 46 101.03 101. 35

to include years of record after 1947, during which
much additional streamflow, chemical quality, and
sediment data became available.

The native vegetative cover and water use existing in
1957 were selected as the environmental base for ap-
praising the water resources of the basin. Changes in
natural environmental factors and the activities of man
during the water years 1914—57 have resulted in modi-
fications in the streamflow, chemical quality of water,
and sediment yield of some of the streams. Except in
the irrigated areas, which constitute only a small per-
centage of the total area, little change has occurred
during the water years 191457 in the hydrologic effect
of the natural environmental factors such as topog-
raphy, rocks, and soils. Although there may have been
some changes in the native vegetative cover, the mag-
nitude of the hydrologic effect of any such change on
streamflow, chemical quality of water, and sediment
yield was considered negligible.

The major expansion of irrigation took place before
1914. Between 1914 and 1957 irrigation increased, but
the increase was small as compared with the amount
of land being irrigated in 1914. For this study, it was
assumed that the effect of irrigation on stream deple-
tion remained about the same throughout the water
years 1914-57.

In 1914 there were only a few reservoirs and diver-
sions out of the basin. Between 1914 and 1957 the
number of reservoirs increased, and the diversions in-
creased greatly. Data on these water-use facilities,
constructed since 1914, are generally sufficient to eval-
uate their effect on stream regimen and to adjust
historical records of streamflow to be representative of
1957 conditions of upstream development.

In this report the term “water years 1914-57 ad-
justed to 1957 conditions,” means that the data given
are representative of what would have occurred if the
upstream water-use developments existing in 1957
had been in operation thoroughout the water years
1914-57.

WATER RESOURCES OF UPPER COLORADO RIVER BASIN

AVAILABLE DATA
STREAMFLOW

Collection of streamflow data in the Upper Colo-
rado River Basin began in 1891, when a short period
of record of the discharge of Green River at Green
River, Wyo., was obtained by the State Engineer of
Wyoming. Systematic streamflow measurements, how-
ever, did not begin until 1894, when the U.S. Geological
Survey established gaging stations on Colorado and
Gunnison Rivers at Grand Junction, Colo., Green River
at Green River, Utah, and Price River at Wellington,
Utah.

Stream gaging expanded slowly, and by 1911 records
were being obtained at only 116 sites (fig. 17). From
1911 until the early 1930’s the number of gaging stations
decreased more than 50 percent. The adoption by
Congress in 1929 of dollar-for-dollar cooperation with
the States for stream gaging by the Geological Survey,
the serious droughts of the early 1930’s, and the need
of the Bureau of Reclamation for more streamflow data
gave impetus to the stream-gaging program. When
the Upper Colorado River Compact was adopted by
Congress in 1949, additignal stations were established
at the request of the Upper Colorado River Commis-
sion.

During 1894 to 1957 continuous records were ob-
tained at 753 sites. At 93 of these, less than 1 year of
record was obtained, but for one site, 62 years of con-
tinuous record is available. The following tabulation
shows the number of sites for which records of the
stated lengths, or longer, are available:

Number Years of | Number Years of
of sites record of sites record

) I 62 | 189 oo 20
100 . 50 | 198, .. 15
B8 e 40 | 294 ... 10
61, .. 30 | 489 .. 5
85 e 25 | 660.. - .. 1
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FIGURE 17.—Number of streamflow-gaging stations operated annually in the Upper
Colorado River Basin, water years 1894~1957.
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An inventory of streamflow records is included in the
basic data report (Iorns and others, 1964, table 292).

CHEMICAL QUALITY

The first chemical analyses of surface water in the
Upper Colorado River Basin by the Geological Survey
were made in 1905 and 1906 to determine the quality
of waters likely to be used for reclamation projects.
Chemical-quality data were obtained by the Geological
Survey at six stream-gaging sites in these years. In
1916 and 1917 the Utah State Agricultural College ob-
tained and analyzed samples of water used for irrigation
at 16 sites (Greaves and Hirst, 1918).

Systematic collection of chemical-quality data began
in 1928 when chemical-quality stations were established
on Colorado River near Cisco, Utah, and on Green
River at Green River, Utah. The following year, a
station was established on San Juan River near Bluff,
Utah. Figure 18 shows the number of stations that
have been operated annually.

By the end of the 1957 water year, daily records of
chemical quality had been obtained at 41 sites. The
records range in length from 7 months to 29 years and
total about 340 station years of record. The following
tabulation shows the number of sites for which records
of the stated lengths, or longer, are available:

Number Years of | Number Years of
of sites record of sites record
2 . 29 | 120 ... 9
R 28 | 18cc e 7
4 e 26 | 22 e 6
[ S 24 ) 23 e 5
[ 17 | 26 . 4
C e e 16 | 30 . 2
B 10 | 88 . 1

In addition to the daily records of chemical quality,
chemical analyses are available for more than 850
miscellaneous sites. Most of these sites are at, or
near, streamflow-gaging stations. From 1 to 100
determinations of water quality were obtained at
each of these sites.
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F1GURE 18.—Number of daily chemical-quality stations operated annually in the
Upper Colorado River Basin, water years 1905-57.
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An inventory of chemical-quality data is included
in the basin data report (Iorns and others, 1964, table
292). The report also contains monthly and annual
summaries of chemical-quality analyses for daily
stations and analyses of water obtained at other sites.

SEDIMENT

Suspended-sediment data were obtained periodically
at five sites in the Upper Colorado River Basin in 1905
and 1906. The periods during which data were ob-
tained ranged from 6 to 14 months. No other sus-
pended-sediment data were obtained unitl 1928,
when daily data were obtained for 2 months on San
Juan River near Bluff, Utah. Daily sampling began
at this station the following year and has continued.
A daily suspended-sediment station was established on
Colorado River near Lees Ferry, Ariz., in the 1929
water year, and except for two short breaks the record
has been continuous. Daily sampling of suspended
sediment was begun on Colorado River near Cisco,
Utah, and Green River at Green River, Utah, in 1930
and has been continuous. Between 1948 and 1951 the
number of daily suspended-sediment stations was
greatly increased (fig. 19).

By the end of the 1957 water year daily suspended-
sediment data had been obtained at 21 sites. The
records range in length from 1 year to more than 28
years and total about 192 station years of record. The
following tabulation shows the number of sites for which
records of the stated lengths, or longer, are available.

Number Years 0 Number Years of
of sites recor of sites record
) 288 e 7
S S 2718 . . 6
L SIS 1716 5
L TP B0 ) T 3
0 el 917 2
f e e 821 o 1

In addition to the daily suspended-sediment data
collected at the 21 stations, suspended-sediment samples
have been collected at about 200 other sites. Particle-
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FIGURE 19.—Number of daily sediment stations operated annually in the
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Upper Colorado River Basin, water years 1928-57.
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size analyses of many of the suspended-sediment sam-
ples have been made. An inventory of the suspended-
sediment data collected in the Upper Colorado River
Basin is included in the basic data report (Iorns and
others, 1964, table 292). The basic data report also con-
tains monthly and annual summaries of suspended-sedi-
ment discharge at the daily stations, measurements of
the suspended-sediment discharge at the 200 other sites,
and particle-size analyses.

CLIMATE

The U.S. Weather Bureau, in cooperation with the
Survey, developed average (calendar years 1921-50)
seasonal precipitation maps, October to April and May
to September, and an average annual precipitation map
for the Upper Colorado River Basin. The seasonal and
annual maps, at a scale of 1:500,000, are contained in
the basic data report (Iorns and others, 1964, pls. 2, 3,
and 4). The maps are adjusted for topography, ex-
posure to airmass movements, and other parameters.
The techniques used in developing the maps are dis-
cussed by Peck and Brown (1962), and the base maps
used were the latest Sectional Aeronautical Charts
published by the U.S. Coast and Goedetic Survey.

The average annual precipitation maps (calendar
years 1921-50) at scales of 1:750,000 are shown on
maps for chapters C, D, and E of the report. These
maps also show average annual lake evaporation from
maps prepared by Kohler, Nordenson, and Baker
(1959, pl. 2). Other data on precipitation, tempera-
ture, and frost-free seasons given in the report were
obtained from publications of the U.S. Weather
Bureau.

BASE MAP

The base map for the report was adapted from the
Sectional Aeronautical Charts of the U.S. Coast and
Geodetic Survey. Other maps, such as quadrangle
maps, State maps, county maps, and 2-degree Army
Map Series were also used in this study.

HYDROLOGIC MAP

The consolidated and unconsolidated rocks in the
Upper Colorado River Basin have heen studied and
mapped for deposits of minerals, for resources of coal,
gas, and oil, and to a much less degree for the water
resources they influence and contain. Regional and
State geologic maps of various parts of the Upper
Colorado River Basin have been published (Burbank
and others, 1935; Andrews and Hunt, 1948; Love and
others, 1955; Dane and Bachman, 1957). On these
maps more than 200 formational units have been dis-
tinguished; some are thin and crop out only locally,
whereas others are thick and exposed over large areas.

The rocks range in age from late Precambrian to Re-
cent, and owing to folding, faulting, and weathering,
the system of exposure is complex.

In an effort to simplify this complex assortment of
rocks into a system for hydrologic study, the rock
formations have been classified into eight units by
D. A. Phoenix and are shown on hydrologic maps
(pls. 1-3). Each of the groupings, besides conform-
ing to the conventional time-rock system of classifica-
tion, includes those formations having similar hydro-
logic properties, and each group is called a hydrologic
unit. The formations in the eight hydrologic units are
listed in a table and their general characteristics are de-
scribed in chapter A. The classifications into hydro-
logic wunits, however, pertain more to geochemical
properties and sediment production than to the effect
of the rocks on the physical behavior of streams.

The names of specific rock formations shown on
regional and State geologic maps have been used in
discussing the hydrologic effects of geologic factors on
streams. The hydrologic units, into which the different
rock formations have been classified, may be de-
termined by reference to the hydrologic map (pl. 1)
and to table 1, in chapter A.

MAP OF NATIVE VEGETATION AND IRRIGATED
LANDS

Native vegetation zones shown on the maps of
native vegetation and irrigated lands in chapters C,
D, and E were adapted from a map compiled by F. A.
Branson, U.S. Geological Survey. The irrigated lands
shown on these maps were compiled from maps in a
report entitled “The Colorado River” (U.S. Dept. of
the Interior, 1947).

COMPUTING AND ADJUSTING PRECIPITATION DATA

The average annual preciptiation for calendar years
1921-50 was determined for the Upper Colorado River
Basin and subareas by planimetering the areas between
the isohyetal lines on the precipitation maps. Average
annual precipitation at 46 index stations, scattered
over and adjacent to the basin, was also computed
for water years 1914-57. On the assumption that the
precipitation at the index stations, which are in valleys,
is proportional to that occurring over the adjacent
areas, the precipitation map data were adjusted to the
index-station data to obtain areal precipitation data
for desired periods of time.

The following tabulation demonstrates the adjust-
ment of 1921-50 average annual precipitation data to
the water years 1914-57 in the Grand division.

1921-50 191467
(inches) (inches)
17 index stations.._.____.______ 15.95 15.86
Grand division. .. ____________ 20.39 120.27

1 By proportion.
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Index-station data are also used to compute average
annual precipitation over drainage basins for comparison
with annual runoff, as follows:

2027
Factor= 1586 1.278

The factor is used with the average annual precipita-
tion for the 17 index stations to obtain precipitation
over the division for each water year. (See following

tabulation.)
Average, Average,
17 indez Grand
stations division
Year (inches) Factor (inches)
1914 ... 18. 41 1.278_ . 23. 53
1915, . 14.27 1.298 .. 18.24

Another use of index-station data is to compute
average annual precipitation for periods of years for
which runoff data are available. An example would
be the computation of the average annual precipitation
in the drainage basin above the streamflow-gaging
station on Mill Creek near Moab, Utah, for water years
1951-57. The 1921-50 average annual precipitation as
planimetered from the precipitation map is 16.70
inches. Of the 46 selected stations, the precipitation
stations at Moah, Utah (Grand division), and Bland-
ing, Utah (San Juan division), bracket the Mill Creek
drainage basin. For these two stations the ratio of the
1951-57 average annual precipitation (8.90 in.) to the
1921-50 average (10.86 in.) is 0.82. Thus the average
annual precipitation in the drainage basin for water
years 1951-57 is computed as 16.70 times 0.82, or 13.69
inches.

The precipitation quantities obtained by the above
procedures are subject to deficiencies inherent in the
precipitation maps and are affected by possible varia-
tion between annual valley precipitation and annual
area precipitation. The computed precipitation for
individual years may differ from reality by an un-
known and possibly significant amount, but computed
values for long periods of time are probably close to
reality.

COMPUTING AND ADJUSTING STREAMFLOW DATA
FLOW-DURATION CURVES

The flow-duration curve is a means of representing
streamflow data and combines in one curve the flow
characteristics of a stream throughout the range of
discharge. As described by Searcy (1959), the flow-
duration curve is a cumulative-frequency curve that
shows the percentage of time specified discharges were
equaled or exceeded during a period of time. It can
be used to study and to compare the effects of environ-
mental factors on the behavior of streams. A flow-
duration curve that represents the long-term flow of a
stream may be used to estimate long-term dissolved-
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solids and sediments yields and the distribution of
future streamflow for waterpower, water supply, and
pollution studies.

In the Upper Colorado River Basin about 8,400 sta-
tion years of daily streamflow records had been ob-
tained at more that 750 sites by the end of the 1957
water year. Historical flow-duration tables were pre-
pared for stations at 174 of these sites by using an
electronic computer to process about 4,000 station years
of daily streamflow records. The historical flow-dura-
tion tables for the 174 stations are given in the basic
data report (Iorns and others, 1964, tables 1-174).
Flow-duration curves of the historical data and flow-
duration curves adjusted to the 44-year base period
and to 1957 conditions were prepared for this report.

Many writers have discussed the development and
statistics of flow-duration curves, and the reader is re-
ferred to the hydrologic literature on this subject. The
basic techniques used in this study for adjusting flow-
duration curves or short periods to represent long-term
conditions are described by Searcy (1959). The follow-
ing discussion of flow-duration curves is limited to the
special techniques developed for this study.

GENERAL CHARACTERISTICS

A large part of the annual runoff of most of the
streams in the Upper Colorado River Basin is derived
from snowmelt. During the winter snow ac-
cumulates in the high mountain ranges. As tempera-
tures rise in the late spring and early summer, the
accumulated snow melts. The streams rise to a peak,
then subside to near a base or minimum flow, which
generally prevails until the cycle is repeated the
following spring.

This annual, cyclic hydrograph pattern results in a
typical shape of flow-duration curve characteristic of
snowmelt-type streams; that is, about 5 to 15 percent
of the days will have sustained high flow during the
melting period. This results in a flow-duration curve
which has a flat slope at the upper end and a fairly
steep slope in the central part. The lower end of the
curve may be either relatively flat or steep, depending
on ground-water conditions and natural regulation by
lakes. Differences in topography, geology, and vegeta-
tive cover also cause some variations in individual
curves, but in general, the curves tend to have the
characteristics described.

The runoff in streams draining the areas of lower
altitudes is intermittent and is mostly derived from
infrequent thundershower-type storms. The shape of
the flow-duration curves for these streams is entirely
different from those for snowmelt-type streams. Gen-

erally, the curves for these streams are steep at the
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upper end and vertically intersect the bottom line of
the logarthmic-plotting paper. The flow from this type
of stream, which may be dry as much as 90 percent of
the time, constitutes only a minor part of the runoff
of the major streams in their downstream reaches.

ADJUSTING FLOW-DURATION CURVES TO BASE PERIOD

Flow-duration curves for short periods of record
were adjusted to the base period, water years 1914-57.
The index-station method (Searcy, 1959, p. 12-17) was
used for adjusting most of short period flow-duration
curves to the base period. In addition, three others
were developed to adjust records to this base. These
methods, which have been named “record-completion
method,” “monthly means method,” and “substitute
method,” were used where applicable to fill out the
periods of missing record.

The record-completion method was used where
streamflow records were missing for part of a year.
If the missing record consisted of periods when little
streamflow fluctuation normally would occur, an aver-
age discharge was estimated by interpolation or cor-
relation with index stations, and the estimated aver-
age was used for each day of missing record. If the
missing record consisted of periods when streamflow
fluctuation was likely, an estimated hydrograph based
on index stations was prepared and daily discharges
filled in from the hydrograph. The completed years
of record were combined with other years of daily
flow-duration data to fill out the base period. Gen-
erally, this method was used for years in which the
streamflow record was mostly complete.

The monthly means method was used where 1 or
more years of record were missing and reliable monthly
estimates could be obtained by correlation with index
stations. A flow-duration curve was prepared for the
missing years of record using the estimated monthly
means. The high and low extremities of this curve
were drawn parallel to the flow-duration curve pre-
pared from the historical flow-duration data. The two
curves were then combined into one curve for the base
period.

The substitute method was used for stations where
historical flow-duration data were missing for a few
years and satisfactory daily or monthly estimates were
impossible, but where acceptable annual averages had
been or could be estimated. The method consisted of
substituting for years of missing record the historical
flow-duration data for other years which had approx-
imately the same average discharges. Flow-duration
data for nearby stations and stations on the same
stream were used as guides in selecting the substitute
years. The method was used only where few. years
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had to be substituted and not where the discharge for
missing years was much more, or less, than any of
those for which historical data were available.

ADJUSTING FLOW-DURATION CURVES TO 1957 CONDITIONS
OF UPSTREAM DEVELOPMENT

A characteristic of the snowmelt streams in the Up-
per Colorado River Basin is that within any geo-
graphic area, over which the climate does not vary
greatly, the runoff events occur at about the same time
at all stations. The similarity in time of occurrence of
runoff events is shown in the relation between annual
hydrographs of daily discharge of the streams. It is
also displayed in the relation of annual flow-duration
curves for the streams: the percentage of time that
flows of relative magnitude (high, medium, and low
flows) occur is about the same.

As the source of water supply of the main-stem
streams is principally the snow-fed tributaries, the
time of occurrence of runoff events in the main-stem
streams is also approximately the same as in the head-
water streams. Annual hydrographs of the streams at
successive downstream points are similar, although
there is some time lag and flattening of peaks in a
downstream direction. Annual flow-duration curves
for these streams at successive downstream points,
where not influenced by artificial factors, agree closely
in the percentage of time that flows of relative magni-
tude occur.

Beginning at upstream gaging stations, the authors
developed two flow-duration curves for the period of
years corresponding to each level of upstream de-
velopment. One curve was representative of stream-
flows which would have taken place had the water
development project not been in existence and the other
curve was representative of streamflows after develop-
ment. These duration curves were computed by ad-
justing the historic records as described in the next
four paragraphs.

An approximation of what the discharges at the gag-
ing station for water years 1914-57 would have been
had the upstream developments not been in existence
was obtained by adjusting the historical record at the
gaging station for the effect of the upstream changes.
As upstream changes principally involved transmoun-
tain diversions and reservoir operations (effect of irri-
gation was assumed to be constant because total acres
of irrigated land remained relatively constant), the
historical record during each leve] of development was
adjusted by adding to it the quantities diverted out of
the basin or stored in the reservoirs (subtracted if
water was released from the reservoir). Because data
of diversions and reservoir changes were available only
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in monthly quantities, the reconstructed record could
only be prepared in terms of monthly quantities.

From the reconstructed monthly record a flow-dura-
tion curve representative of conditions had the de-
velopment not taken place was prepared for the period
of each level of development and was compared with
the historical flow-duration curve for the same period.
The differences in discharge between the two curves at
selected percentages were used as the adjustment due
to the development. This adjustment was applied to
the historical flow-duration curve for the station for
the period before the upstream development became
effective.

For some streams several levels of upstream develop-
ment existed in the 44-year base period. For these
streams the adjustments, beginning with the time the
last development became effective, were cumulated and
applied to the historical flow-duration curves for each
earlier level of development. The adjusted curves were
then combined with the latest curve, which required no
adjustment, to obtain a final adjusted curve for the
water years 1914-57. The curves were combined by
giving weight to the number of years each curve was
applicable and to the percentage of time shown by each
curve for a given discharge.

Each tributary stream on which upstream develop-
ments took place was treated in a similar manner. The
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age point were cumulated in a downstream direction
and applied to the historical flow-duration curves at
downstream stations. Although the adjustment basic-
ally requires that the downstream flow-duration data
be divided into as many periods as there were different
levels of upstream development, there was little differ-
ence in results if adjustments based on the difference
between the final adjusted curve and the historical
curve at main-stem control points for the 44-year
period were applied to other downstream 44-year his-
torical flow-duration curves.

A summary of the adjustments for upstream de-
velopments which have appreciable effects on flow-
duration curves at downstream points is given in table
2. The summary does not include adjustments for
many small reservoirs and diversions whose effects,
except locally, were negligible. It was not necessary to
adjust for the diversion from the Dolores River to the
San Juan basin or from the Strawberry Reservoir in
Utah to the Great Basin because these were virtually
in full operation throughout water years 1914-57.

Controls were maintained at all stages of computa-
tions by checking the average discharges computed
from the flow-duration curves against average dis-
charges computed from summarization of actual rec-
ords. Within the limits of accuracy of plotting flow-
duration curves and picking data from them, close

TaBLE 2.—Summary of adjustments, in cubic feet per second, to correct historical flow-duration curves to conditions of upsiream develop-
ment existing in 1957

Total ad- Total ad -

justment, justment,| Roaring | Gunnison| Colorado| Green San Juan | Colorado

Percent of time that | Colorado| Jones | Hoosier | Willlams| Green | Colum- | Colorado| Fork at | Riverat [ River | Riverat | Colorado| River River

indicated adjustment | River Pass Pass Fork [Mountain| bine and | River at |Glenwood | Grand near Green | River near | at Lees

in cfs was equaled or | at Hot | tunnel | tunnel | Reservoir|Reservoir] Wurtz |Glenwood | Springs, | Junction, | Cisco, River, | at Hite, | Bluff, Ferry,

exceeded Sulphur ditches | Springs, | Colo. 3 Colo. ¢ | Utah s Utah 6 | Utah? Utah s Ariz.¢

Springs, Colo. 2
Colo.!
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
-5, 730 0 0 -390 | -1,380 —7.0| -—7,627| —300 (-3 400 —11,227 { —570 -11,797 | —850 —12, 647
—35, 005 0 0 —350 | —~1,440 -7.0| -6,802| —260 (-1,100 —8,162 | —570 —8,732 | —650 —9,382
—4, 390 0 -10 —330 | -—1,500 -7.0| —6,237 | —250 —800 —-7,287 [ —550 —7,837 —510 —8, 347
—3,420 0 -10 -~200 [ —1,470 —7.0| —5197| —250 —600 —6,047 | —480 —6,527 | —360 —6, 887
—2, 440 -9 -30 —-100 [ -1,260 -12.7 —3,942 -170 —400 —4,512 | —400 -—4,012 —220 —4,132
-1,900 -21 —40 —85 —980 —14.1 —3,040 [ —140 —350 —3,530 | —347 3,877 | —184 —4, 062
-1,488 -30 —35 —~40 -670 -17.6 | —2,281 -120 —250 —2,651 —290 —2,041 —-150 -3, 001
-1, 000 —21 -22 +15 —320 —13.4 | —1,361 —80 —200 -1, 641 —198 -1,839 | —120 —1,959
—420 —-13 —13 +12 —80 —5.6 —~520 —50 —160 —730 -~83 -~813 (] —883
-178 -7 -5 +26 +143 -3.7 —25 —15 -100 —140 —36 -176 —60 —236
—108 -2 -1 422 4247 -0.7 +157 -5 -50 4102 -19 483 -30 +53
—68 -1 0 +15 4250 -0.1 4107 -5 —50 +142 —-14 +128 ~10 4118
—44 0 0 +11 +217 0 +184 -5 —40 +139 -1 +128 ~10 +118
—29 0 0 +8 4165 0 +144 —3 —40 +101 -9 492 -5 +-87
-19 0 0 +6 +108 0 493 0 —40 +53 -7 +46 0 +46
—14 0 0 +6 33 0 +25 0 —35 —10 -6 —16 410 —6
-12 0 0 +11 -~52 0 —b53 0 0 —53 -4 -57 +10 —47
-9 [} +.3 +6 —62 0 —65 0 420 —45 -3 -48 +6 —42
-10 0 +.4 —6 —51 0 —~67 0 +33 —34 -3 -37 +4 —-33
Weighted

average. ... —332 -54 —6.5 0 0 -3.1 —347| -—20.6| -—95.4 —460 | —62.0 —531 | —42.5 —-578

1 Includes adjustments for Berthoud Pass ditch, Moffat tunnel, Grand River
ditch, Colorado Big-Thompsen project, and Willow Creek Reservoir.

2 Sum of adjustments in columns 2-7.

! Includes adjustments for Twin Lakes and Busk-Ivanhoe tunnels.

¢ Includes adjustments for Taylor Park Reservoir and Gunnison tunnel.

$ Sum of columns 8-10.

¢ Adjustment for Duchesne tunnel only.
7 Sum of columns 1! and 12,

. 8 dAsdJustment for Vallecitos Reservoir and increase in water use on reservoir project

an

% Sum of 13 and 14.
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agreement was maintained between the two sets of
data.

Tables in chapters C, D, and E, indicate the methods
used to adjust the flow-duration curves to the 44-year
base period, list the upstream developments that neces-
sitated the adjustment to 1957 conditions, and rate the

accuracy of the results.
RELATION OF GEOLOGY AND GROUND WATER TO
STREAMFLOW

Flow-duration curves were used to assess the relation
between geology and streamflow and the amount of
ground water contributed to the stream systems.

Searcy (1959, p. 22) in his discussion of the shape
of flow-duration curves said:

As the shape of the flow-duration curve is determined by the
hydrologic and geologic characteristics of the drainage area, the
curve may be used to study the characteristics of a drainage
basin or to compare the characteristics of one basin with those
of another. A curve with a steep slope throughout denotes a
highly variable stream whose flow is largely from direct runoff,
whereas a curve with a flat slope reveals the presence of surface-
or ground-water storage, which tends to equalize the flow. The
slope of the lower end of the duration curve shows the charac-
teristics of the perennial storage in the drainage basin; a flat
slope at the lower end indicates a large amount of storage; and
a steep slope indicates a negligible amount. Streams whose high
flows come largely from snowmelt tend to have a flat slope at
the upper end. The same is true for streams with large flood-
plain storage or those that drain swamp areas.

Later in his discussion of the effect of geology on low

flows Searcy (1959, p. 24) stated:
The flow-duration curve is a valuable medium for studying and
comparing drainage basin characteristics, particularly the effect
of basin geology on low flows. Except in basins with a highly
permeable surface, the distribution of high flows is governed
largely by the climate, the physiography, and the plant cover
of the basin. The distribution of low flows is controlled chiefly
by the geology of the basin. Thus, the lower end of the flow-
duration curve is a valuable means for studying the effect of
geology on the ground-water runoff to the stream. Where the
stream drains a single formation, the position of the low-flow
end of the curve is an index of the contribution to streamflow
by the formation.

Lane and Lei (1950) introduced a method of meas-
uring the slope of flow-duration curves that was used
in this study. Their measure of slope is called the
“variability index” and was defined as the standard
deviation of the logarithms of stream discharge. On
log probability paper, this index represents the fall
(in terms of log cycles) of the duration curve in one
standard deviation. It may be determined approxi-
mately by scaling vertically the number of log cycles
between the 16-percent and 84-percent intersection
points of the flow-duration curve and dividing this
by 2.
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The variability indexes for many streams were de-
termined. For headwater snowmelt streams, the index
values were found related to the relative permeability
of exposed rocks in the drainage basins. The index
values are high for basins underlain by impermeable
rocks. In these basins the impermeable rocks offer little
opportunity for infiltration of water to the ground-
water reservoirs and subsequent release to the stream
system during periods of low flow. On the other hand,
the index values are low for basins underlain by rela-
tively permeable rocks. In these basins the opportunity
for ground-water recharge and discharge is great.
There is, however, no means of assighing permeability
values to rock formations except in generalized terms
such as the following: Intrusive igneous rocks are rela-
tively impermeable, and coarse-grained sandstones are
relatively permeable. Where several rock formations
are exposed in a drainage basin, any relative permeabil-
ity classification would be exceedingly complex to
formulate.

A method of using flow-duration curves to determine
the amount of ground water contributed to streams was
developed by the authors. The method is principally
applicable to headwater streams of the snowmelt-type
that are affected little by the activities of man and
which have minimal regulation by natural lakes. In
the following paragraphs, the method is described and
results are compared with the results obtained from
hydrographs.

Two types of discharge occur in most streams in
the mountainous areas of the Upper Colorado River
Basin, direct runoff and base or sustained flow. Direct
runoff is water from rainfall or melting snow that
enters the stream system rapidly either as overland
flow or as subsurface flow that does not reach the
zone of saturation and whose time spent underground
is so brief that its rate of movement into the stream
system is almost as rapid as overland flow. The base
or sustained flow of the streams is mostly water dis-
charged from ground-water reservoirs. Natural lake
and marsh storage may also contribute water to the
base flow of some streams, but in this study, this
contribution was considered negligible. Generally, the
rate of contribution of ground water to the stream
system in the mountains is a maximum immediately
after the snowmelt period and gradually diminishes
until the snow begins to melt the following spring.
For most streams ground water continues to con-
tribute to the stream system during the snowmelt

_period.

The average time that the flow in a snowmelt-type
stream is controlled by ground water may be approxi-
mately determined from a flow-duration curve by
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drawing a line tangent to the steep part of the curve
and noting the percentage point at which the lower
part of the curve definitely departs from the straight
line. (See fig. 20.) The flow represented by the
part of the curve below this point consists principally
of water discharged from ground-water storage. The
streamflow that comes from ground-water storage can
be computed by arithmetically integrating the area
under the flow-duration curve between the departure
point and 100 percent of time.

In the mountain areas the streams are deeply in-
cised, and the slope of the ground-water table is toward
the stream channels. Consequently, even during
periods of high discharge (when flow is controlled by
direct runoff) the ground-water reservoirs are effluent
to the streams. In this study the average rate of
ground-water discharge during the time that the
streams are controlled by direct runoff was found to
be approximately equal to the flow-duration-curve
discharge that is equaled 70 percent of the time.
By adding the ground-water increment of flow, for
the percentage of time that the flow-duration-curve
discharge is greater than the departure-point dis-
charge, to that obtained by integrating the area under
the flow-duration curve below the departure point,
the amount of ground water contributed to the stream
is obtained.
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Flow-duration curves and tables for high and low
water years and for a period of years for Gypsum
Creek near Gypsum, Colo., and Homestake Creek
near Red CIliff, Colo., are used as examples to illustrate
the method. (See fig. 20 and table 3.) Figure 21
shows hydrographs for the respective annual flow-
duration curves given in figure 20. On these hydro-
graphs the estimated flow contributed by ground
water is shown. Table 4 gives the comparative data
of the amounts of water computed using the duration
curve and hydrograph methods. Data are also given
in the table for other water years computed in the
same manner. In the determinations, data from the
plotted flow-duration curves and hydrographs were
used. No attempt was made to balance average annual
discharges computed from the flow-duration table
and from the actual record.

Gypsum and Homestake Creeks were used to illus-
trate the method of determining the amount of ground
water contributed to streams because of their widely
different stream behavior and difference in geology.
The drainage basin of Gypsum Creek is underlain by
the Eagle Valley Evaporite. This formation is com-
posed of sandstone and shale containing much gypsum.
Rocks of this formation weather to thick deposits of
permeable material. The soil mantle in Gypsum Creek

basin supports thick stands of vegetative cover. Such
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FI1GURE 21.—Hydrographs of discharge and estimated ground water for Gypsum and Homestake Creeks.



HYDROLOGIC TECHNIQUES AND CRITERIA USED IN APPRAISING THE SURFACE-WATER RESOURCES

51

TaBLE 3.—Computation of total discharge and ground-water discharge of Gypsum Creek near Gypsum and Homestake Creek near Red
Cliff, Colo., by flow-duration tables

Total discharge Ground-water discharge

Time limits Time interval Mean of Discharge Increment Time limits Time interval Mean of Discharge Increment

(percent) (percent) interval (cfs) of (percent) (percent) interval (cfs) of discharge
(percent) (cfs) (percent) (cfs)
GYPSUM CREEK NEAR GYPSUM, COLO.
1952 water year

0. 00~ 0.02 0. 02 0.01 350 0.07 | e e emmme e em e mc e mm e
.02~ 0.10 .08 . 06 350 I 2 NI UUURU) RIS BN NI I
.10- 0.20 .10 .15 347 B 1 T VSRR [EUOUURPIRIURPN UPIPRPIP I USRI EPOUOIPR PP
.20- 1.00 . 80 .6 320 2. 55 0. 00-15 15 oo 22 3.30

1.00- 3.00 2.0 2.0 275 5.50 e e

3.00- 5.00 2.0 4.0 220 4,40 | e e e

5.00- 9.00 4 7.0 150 6.00 | e e a2

9 -~15 6 12 80 4,80 | e e e
15 -~ 25 10 20 47. 5 4.75 15 -25 10 20 47. 5 4.75
25 - 35 10 30 35 3. 50 25 - 35 10 30 35 3. 50
36 -~ 45 10 40 29. 5 2. 95 35 - 45 10 40 29. 5 2. 95
45 -~ 55 10 50 26 2. 60 45 - 55 10 50 26 2. 60

.55 - 65 10 60 24 2. 40 55 - 65 10 60 24 2. 40
65 -175 10 70 22 2.20 66 - 75 10 70 22 2.20
75 - 85 10 80 20.7 2.07 7% - 85 10 80 20.7 2. 07
8 - 95 10 90 19 1. 90 8 - 95 10 920 19 1. 90
95 - 99 4 97 18.7 .75 95 - 99 4 97 18.7 .75
99 - 99.8 .8 99. 4 16. 8 13 99 -99.8 .8 99. 4 16. 8 .13
99. 8 -100 .2 99.9 16. 2 .03 9.8 -100 .2 99. 9 16. 2 .03

Totals___. 100. 00 |- |- 47. 23 | oo 100. 00{- - o |eoe . 26. 58
1954 water year

0.00- 0.02 0. 02 0.01 54 JO 1) T DRSO RUUD VD RURU DEUUTUUDEPEPOUU DIUNPIURIPRPIPIUR: BUPIPIPIPIPVEN [PPSR

.02- 0.10 . 08 .06 54 B 17 S TR TR NI UURPIPU NI NI

10- 0.20 .10 .15 54 IS 17 3 PR ROURURRNUORRU (RPURURRURUUUTN PSRRI TR IO

.20~ 100 . 80 .6 49 .39 0.00- 3.00 F: N I 19 0. 57

1.00- 3.00 2.0 2.0 41 R . 72 DRI DURUIPEPUOUPEU RSO PPN PR

3.00- 5.00 2.0 4.0 34 . 68 3.00- 5. 00 2.0 4.0 34 . 68

5.00- 9.00 4 7.0 30. 5 1,22 5.00- 9.00 4.0 7.0 30.5 1. 22

9 -15 6 12 27. 5 1. 65 9 -15 6 12 27. 5 1. 65
15 - 25 10 20 25. 0 2. 50 15 - 25 10 20 25.0 2. 50
25 -35 10 30 23.0 2.30 25 -35 10 30 23.0 2.30
35 - 45 10 40 21. 8 2. 18 35 - 45 10 40 21. 8 2.18
45 - 55 10 50 20.7 2. 07 45 - 55 10 50 20.7 2. 07
56 - 65 10 60 19.9 1. 99 556 - 65 10 60 19.9 1. 99
65 - 75 10 70 19.0 1. 90 65 - 175 10 70 19.0 1. 90
75 -85 10 80 18. 2 1. 82 75 - 85 10 80 18. 2 1. 82
8 - 95 10 90 17.2 1.72 86 - 95 10 90 17.2 1.72
95 - 99 4 97 16. 2 .65 95 - 99 4 97 16. 2 . 65
99 - 99.8 .8 99. 4 15.3 .12 99 - 99.8 .8 99. 4 15. 3 .12
99. 8 -100 .2 99. 9 14.5 . 03 99. 8 -100 .2 99. 9 14.5 . 03

Totals..._ 100.00 | oo 22,14 | __ L ___ 100. 00| . e 21. 40
Water years 1951-55
0.00- 0.02 0. 02 0.01 350 0. 07
.02- 0.10 . 08 .06 335 .27
.10~ 0.20 .10 .15 314 .
.20- 1.00 . 80 .6 257 2.

1.00- 3.00 2.0 2.0 162 3.

3. 00- 5.00 2.0 4.0 102 2.

5.00- 9.00 4 7.0 66 2. .

9 -15 6 12 46 2.76 10 -15 5 12. 5 45 2 2. 26
15 -25 10 20 34 3. 40 15 -25 10 20 34.0 3.40
25 -35 10 30 27.3 2.73 25 - 35 10 20 27.3 2.73
35 - 45 10 40 25. 2 2. 52 35 - 45 10 40 25. 2 2. 52
45 - 55 10 50 23 2.30 45 - 55 10 50 23.0 2.30
56 -~ 65 10 60 21. 4 2.14 55 - 65 10 60 21. 4 2.14
65 -75 10 70 20. 0 2. 00 66 - 175 10 70 20.0 2. 00
7% -85 10 80 18.3 1. 83 7% -85 10 80 18. 3 1. 83
8 -95 10 90 16. 4 1. 64 8 - 95 10 90 16. 4 1. 64
95 - 99 4 97 14.2 . 57 95 99 4 97 14. 2 . 57
99 - 99.8 .8 99, 4 12.3 .10 99 -99.8 .8 99. 4 12. 3 .10
99. 8 -100 .2 99.9 10. 9 . 02 99. 8 -100 .2 99.9 10.9 .02

Totals.___ 100, 00 {o oo e 32.64 }. s 100.00 || 23. 51
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TasLe 3.—Computation of total discharge and ground-water discharge of Gypsum Creek near Gypsum and Homestake Creek near Red
Cliff, Colo., by flow-duration tables—Continued

Total discharge Ground-water discharge
Time limits Time interval Mean of Discharge Increment Time limits Time interval Mean of Discharge Increment
(percent) (percent) interval (cfs) of discharge (percent) (percent) interval (cfs) of discharge
(percent) (cfs) (percent) (cfs)
HOMESTAKE CREEK NEAR RED CLIFF, COLO.
1951 water year
0.00- 0.02 0. 02 0.01 780 0.16 |occ oo e e
.02- 0.10 .08 .06 760 B PN FNR) AR NS R
.10- 0.20 .10 .15 740 B 7% I NI AR NS AR
.20~ 1.00 .80 .6 715 5.72 0. 00-40 40 | ... 7.0 2.80
1.00- 3.00 2.0 2.0 640 12, 80 |oc oo e ce e et e e eaa e
3.00- 5.00 2.0 4.0 550 11,00 |o oo e |
5.00- 9.00 4 7.0 445 1780 | oL
9 -15 6 12 325 ST 3011 N RN ORRO R AO
15 - 25 10 20 190 19.00 |occm e e e 2
25 - 35 10 30 70 01 5 e I N
35 - 45 10 40 15 1.50 | 40 - 45 5 42.5 13.7 .66
45 - 55 10 50 9.3 .93 | 45 -85 10 50 9.3 .93
55 - 65 10 60 7.9 .79 55 - 65 10 60 7.9 .79
65 - 75 10 70 7.0 .70 65 -175 10 70 7.0 .70
75 - 85 10 80 6.2 .62 75 -85 10 80 6.2 .62
85 ~ 95 10 90 5.5 .55| 85 - 95 10 90 5.5 .55
95 ~ 99 4 97 5.0 .20 95 - 99 4 97 5.0 .20
99 - 99.8 .8 99.4 4.7 .04 99 - 99.8 8 99. 4 4.7 .04
99.8 -100 .2 99.9 4.5 .01 | 99.8 -100 2 99.9 4.5 .01
Totals____ 100.00 |- oo 99.67 | ... 100,00 o e 7.30
1954 water year
0.00- 0.02 0.02 0.01 354 101 A RN (RSP RS AN MR
.02~ 0.10 .08 .06 350 [ T PPN ISURUIIPIPRPRUSY NI ONIPIPIIDIPIPIP PSPPI
.10~ 0.20 .10 .15 340 [ 7: K PRSI [SPRPUPIPIPRU SN PRUUPR PPN MNP PIP
.20~ 1.00 .80 .6 310 2048 || e
1.00- 3.00 2.0 2.0 260 5.20 0.00- 35 36 oo 6.5 2.28
3.00- 5.00 2.0 4.0 215 A" N I O SN N -
5.00- 9.00 4 7.0 165 6.60 || |||l
9 -15 6 12 118 708 | e e e e
15 - 25 10 20 65 6.50 || e
25 - 35 10 30 26 2,60 || oo
35 - 45 10 40 14 1.40 | 35 -45 10 40 14 1.40
45 - 55 10 50 9.0 .90 45 - 55 10 50 9.0 .90
556 - 65 10 60 7.3 .73 55 - 65 10 60 7.3 .73
65 -175 10 70 6.5 .65 66 - 75 10 70 6.5 .65
75 - 85 10 80 6.0 .60 75 - 85 10 80 6.0 .60
85 -95 10 90 5.5 .55 85 - 95 10 90 5.5 .55
95 - 99 4 97 5.0 .20 95 - 99 4 97 5.0 .20
99 - 99.8 .8 99. 4 4.8 .04 99 - 99.8 8 99. 4 4.8 .04
99. 8 -100 .2 99.9 4.6 .01 99.8 -100 2 99. 9 4.6 .01
Totals___. 100.00 oo |- 40.53 |- e 100.00 |- oo 7.36
‘Water years 1951-55

0.00- 0.02 0.02 0.01 867 (180 A PRI SUPURSIIPIUS) UIUUIURPPIRIPN APUIPPIPPRON RSN
.02- 0.10 .08 .06 840 IS 0 PN IOV (UNIpNIpR MUNUIPUPIUIPUPI PRI
10- 0.20 .10 .15 810 1S - N SRR IR PN NNPEPRPSUEUIORY (RPN OUURUNY UIPIPIPRPIPIR PP
.20- 1.00 .80 .6 720 Fs Ty £ i T IO UURRUURNNY PRSI FUUPIURNESUUNI S UPPPIPI U
1.00- 3.00 2.0 2.0 580 11,60 |- eee]emcaceme e mmm e e e
3.00- 5.00 2.0 4.0 460 9.20 0.00- 44 4 . 7.2 3.17
5.00- 9.00 4 7.0 335 18.40 {o oo e e
9 - 15 6 12 220 18.20 Jocm oo ecemcafmmmmmmecee e e e
15 - 25 10 20 115 11,850 oo e e et e e et e e e e e
25 - 35 10 30 50 5.00 |- e e
35 - 45 10 40 21 2.10 44 - 45 1 44.5 16.7 .17
45 - 55 10 50 11.5 1.15 45 - 55 10 50 11.5 1.15
55 - 65 10 60 8.2 .82 55 - 65 10 60 8.2 . 82
656 - 75 10 70 7.2 .72 65 -75 10 70 7.2 .72
75 - 85 10. 80 6.5 .65 75 - 85 10 80 6.5 .85
86 - 95 10 90 5.8 .58 85 -~ 95 10 90 5.8 . 58
95 - 99 4 97 5.0 .20 95 - 99 4 97 5.0 .20
99 - 99.8 .8 99. 4 4.4 .04 99 - 99.8 8 99. 4 4.4 .04
99.8 -100 .2 99.9 4.0 .01 99.8 -100 2 99.9 4.0 .01
Totals__. 100.00 |- oo . T7.88 | e 100.00 | ___ .l ____ 7.51
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TaBLE 4.—Comparative dota tn compuling ground-woler coniri-
bution, in cubic Cfeet per second, Gypsum Creek near Gypsum
and Homestake Creek near Red Cliff, Colo.

Average annual Average ground-
discharge water discharge
Water year
Actual | Flow-dura-| Hydro- | Flow-dura-
record tion curve graph tion curve
Gypsum Creek near Gypsum, Colo.
1951 32.5 32.3 23.1 23.0
1952. - 47.7 47.2 26.9 26.6
1953 e eeeeeee 346 34.8 26.4 26.4
1954 - 21.9 22.1 20.6 2L.4
1955. 25.0 25.8 19.0 20.2
Average 32.3 32.4 23.2 23.5
1951-55 1 326 [ccomaaoat 23.5
Homestake Creek near Red Cliff, Colo

P L USRI 98.6 99.7 8.4 7.3
1952 ———— 102 101 8.7 8.1
1953, 78.6 80.0 9.4 7.4
1954 4.8 40.5 8.6 7.4
1955, 63.0 64.5 8.0 8.8
AVerdgO . o icccaacana 76.8 77.1 8.6 7.8
1951851 i |imemccaeaes 7.6 [ccccaameaeee 7.5

| Computed from flow-duration curve for water years 1951-55.

an environment is favorable to infiltration of precipita-
tion, part of which would build up the ground-water
table which, in turn, would maintain the stream during
the low-flow periods.

In contrast to Gypsum Creek basin, the drainage
basin of Homestake Creek is underlain mostly by
granite and much of the land surface is bare rock.
This rock is relatively impermeable, but apparently
absorbs some moisture along joints and faults and
discharges it downgradient to the stream. Ground-
water storage capacity in such formations is not large;
the openings in the rock will accept only a small amount
of recharge; and because of restricted passageways,
ground water would discharge to the stream at a rela-
tively constant rate.

Ground-water contribution to streams computed by
the flow-duration curve method, when expressed as a
percentage of the total stream discharge, shows good
correlation with variability indices (table 5 and fig. 22)
computed by the method proposed by Lane and Lei
(1950). Stream sites above and below irrigated lands
are included. Chapters C, D, and E give additional
data on the variability indices and percentages of
ground-water contribution to the streams and discuss
the geologic characteristics of the drainage areas.

STATISTICAL ANALYSIS OF ANNUAL FLOWS

The probability techniques described by Leopold
(1959) in an analysis of streamflows for Colorado
River at Lees Ferry, Ariz., were used to determine the
variability of the annual discharges of streams and to
estimate the probable future flow of streams. The effect

TABLE 5.—Variability index of streamflow and percentage of avem%e
annual discharge estimated to be contributed by ground water to the
stream system at selected sites in the Upper Colorado River Basin

[Data are for the water years 1914-57 adjusted to 1957 conditions except as indicated]

Percent
Varia- |of average
Sta- . bility | annual
tion Station index of |discharge
No. stream- | contrib-
flow uted b
groun
water
125 | North Inlet at Grand Lake, Col0O...coono oo 0.75 9
200 | Willow Creek near Granby, Colo. .56 18
860 | Williams River near Leal, Colo... .48 30
470 | Blue River at Dillon, Colo__.. .47 31
520 | Rock Creek near Dilion,.Colo ...... .59 22
595 | Pine Creek near State bridge, Colo._..._. .54 20
645 | Homestake Creek near Red Cliff, Colo. .74 11
695 | Gypsum Creek near Gypsum, Colo. .19 66
780 Ftyinglpzm Creek near Norrie, Colo. .59 24
825 | Crystal River near Redstone, Colo. .52 23
965 | Plateau Creek near Collbran, Colo. .55 16
975 | Buzzard Creek near Collbran, Colo. .81 13
1125 | East River at Almont, Colo___.._ .53 23
1155 | Tomichi Creek at Sargents, Colo. .34 42
1245 | Lake Fort at Gateview, C0l0. o oo rooooaicimcmacan .52 24
1315 | Muddy Creek at Bardine, Colo .58 16
1475 | Uncompahgre River at Colona, Colo.. . ocooamooooo. .43 31
1665 | Dolores River at Dolores, Colo_._..._.. - .67 13
1725 | San Miguel River at Placerville, Colo.._.. ... .. - .39 31
1855 { Green River at Warren bridge near Daniel, Colo. - .51 27
2030 | East Fork near Big Sandy, Wy0-ccceoocomanoan - .72 11
2045 | East Fork at Newfork, Wyo_..... .40 a1
2055 | North Piney Creek near Mason, W .48 29
2085 | LaBarge Creek near Viola, Wyo_ .28 52
2105 | Fontenelle Creek near Herschler h, % s
2125
.56 19
2140 .56 21
2165 .42 30
2185 | Blacks Fork near Millburne, Wy0.2. ... .53 22
2230 | Hams Fork near Elk Creek ranger station, Wyo. - .58 17
2260 | Henrys Fork near Lone Tree, Wgo .............. - .52 24
2375 | Yampa River near Oak Creek, Colo.... - .25 60
2410 | Elk Creek at Clark, Colo.___........... - .58 19
2530 | Little Sandy Creek near Slater, Colo......__.._. .67 12
2555 | Savery Creek at upeer station near Savery, Colo. . .48 33
2665 | Ashley Creek near Vernal, Utah____....._..._. .40 30
2775 | West Fork Duchesne River near Hanna, Utah .36 32
2790 | Rock Creek near Mountain Home, Utah. .42 36
2925 | Yellowstone Creek near Altonah, Utah_ .34 44
2995 | Whiterocks River near Whiterocks, Utah .40 30
3045 | White River near Meeker, Colo__._._..... - .26 57
3180 | Huntington Creek near Huntington, Utah_ .38 32
3245 | Cottonwood Creek near Orangeville, Utah__.__. .46 26
3265 | Ferron Creek (upper station) near Ferron, Utah. - .53 18
3400 | San Juan River near Pagosa Springs, Colo...__. - .64 16
3425 | San Juan River at Pagosa Springs, Colo.... - .62 17
3460 | Navajo River at Edith, Colo..._...._._.. .80 25
3495 | Piedra River near Piedra, Colo. .61 17
3505 | San Juan River at Rosa, Colo.._......_ .61 19
3575 | Animas River at Howardsville, Colo. .58 20
3610 | Hermosa Creek near Hermosa, Colo. .58 19
3615 | Animas River at Durango, Colo. .46 28
3655 | LaPlata River at Hesperus, Colo .60 17
3795 | San Juan River near Bluff, Utah .51 26
3800 | Colorado River at Lees Ferry, A .40 36

1 Water years 1952-57.
2 Water years 1940-57.

of drainage-basin environmental factors were investi-
gated by comparing the variability of annual dis-
charges for streams. Variations in annual runoff are
principally due to variations in precipitation, but other
environmental factors also influence the magnitude of
annual variations.

Not all the records of streamflow were long enough
to make a reliable statistical analysis. However, a study
of frequency data for the long-term records revealed
two important characteristics. First, the distribution of
the annual discharges of many streams for the water
years 1914-57 was approximately normal. Second, the
coefficients of variation (slope of the frequency curve
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FIGURE 22.—Relation between the variability index of streamflow and percentage of average annual discharge estimated to be contributed by ground water for selected
streams in the Upper Colorado River Basin, water years 1914-57 adjusted to 1957 conditions.

expressed as the ratio of the standard deviation of the
average discharge) had geographic significance. These
two characteristics provide a basis for probability state-
ments about streams which have short streamflow rec-
ords.

The standard deviation of an array of data that is
normally distributed is computed by the formula

_ [z
8=Vuz=t’

where S is the standard deviation, z is the difference
between the value of an individual item and the average
of all the items in a sample, and » is the number of
items in the sample.

If the individual items are expressed as ratios of the
average of all the items, z becomes the difference
between the individual ratios and 1.00, and the computed
standard deviation would also be in terms of a ratio to
the average. Expressing annual-discharge data as a
ratio to the average discharge eliminates most of the
effect of size of drainage area and difference in annual
runoff between basins. Normally distributed data ex-
pressed as ratios to the mean will plot on probability
paper as a straight line passing through an abscissa
value of 1.00 and an ordinate value of 50 percent.
The line also passes through (1) an abscissa value of
1.00 plus the ratio of the standard deviation to the
average discharge and an ordinate value of 84.1 percent,
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and (2) another abscissa value of 1.00 minus the ratio
of the standard deviation to the average discharge and
an ordinate value of 15.9 percent.

The probable deviation expressed as a ratio to the
average discharge can be either determined from prob-
ability plotting at 25-percent or 75-percent abscissa
values or computed by multiplying the ratio of the
standard deviation to the average discharge (coefficient
of variation) by the factor 0.6745. Deviations from
the mean (1.00 ordinate value) can be scaled from a
probability plotting or computed by multiplying the
standard deviation by a factor for other probabilities.
For example, the factor for the deviation at 10 percent
and 90 percent is 1.282, at 5 percent and 95 percent is
1.645 and at 1 percent and 99 percent is 2.326.

The computed effect of persistence of hydrologic data
(tendency for grouping of years of high runoff and
years of low runoff) for streams in this area generally
agreed with the variability of mean values of streamflow

for records of various lengths derived by Leopold ;

(1959, p. 8). The following tabulation shows average
values used in this report to correct for the effect of
persistence of hydrologic data:

Variability Veriability

as ratio of as ratio of

variability veriability

Number of years of mean 1- Number of years of mean 1-
included in mean year flows included in mean year flows

) P 1.00 | 10 __ .47
2 e 82| 20 .. .37
4 . .66 | 44 . ___ .27

Most streams in the area are affected by changes in
irrigation depletion, transmountain diversions, or
reservoir regulation. In the statistical analysis of the
variability of annual runoff of streams affected by these
changes, the records of streamflow were adjusted to a
fixed level of upstream development to eliminate the
effect of changing conditions.

Annual irrigation depletions have been approxi-
mately constant as there has been little change in ir-
rigated acreage. Irrigation depletion, therefore, has
little effect on the variability values of annual runoff
when expressed as the ratio of the standard deviation
to the average discharge.

The annual discharges of streams, affected by trans-
mountain diversions and reservoirs were adjusted to a
1914 base by adjusting for changes in diversions and
reservoir storage after 1914. Coeficients of variation
computed on this base can be used with the average
discharge of streams for water years 1914-57 adjusted
to 1957 conditions to determine the variability of
runoff for the level of upstream development existing
in 1957.

Streamflow data for Roaring Fork at Glenwood
Springs, Colo., were used as an example to show ad-
justments to the 1914 base, the frequency distribution

55

curve, the coefficient of variation, and frequency distri-
bution for periods of different lengths. To adjust the
streamflow record for the effect of changes in trans-
mountain diversions, the annual quantities diverted by
the Twin Lakes and Busk-Ivanhoe tunnels were added
to the historical record of streamflow of Roaring Fork
at Glenwood Springs (table 6). The discharges were
then arranged in order of magnitude and converted to
ratios of the average discharge for the 44-year period;
the probability plotting position was computed from

the formula

. . 100m
Plotting positon=100— g

in which m is the order number and » is the number of
years of record (table 7). The ratios and probability
values were then plotted on probability plotting paper,
and a straight line was drawn to conform to the points
(fig. 23).

The standard deviation as a ratio to the average
discharge is represented by ¢ and &’ at abscissa values
of 84.1 percent and 15.9 percent on figure 23. The
ratio value scaled from the graph is 0.27.

TABLE 6.—Adjustment of streamflow records for Roaring Fork at
Glenwood Springs, Colo., to 1914 base, in thousands of acre-feet

Adjustments
Historieal Discharge
Water year discharge 1914 base t
Twin Lakes | Busk-Ivan-
tunnel hoe tunnel
1,845 0 0 1,845
748.5 0 0 748.5
1,231 0 0 1,231
1,463 0 0 , 463
1,362 0 () , 362
913.9 8 g L gg.ﬂ
1,356 »
1,285 0 0 1,285
1,072 0 0 1,072
1,236 0 0 1,236
990. 4 0 0 990. 4
978. 5 0 1.61 980, 1
987.6 0 4.19 991, 8
1,170 0 5.76 1,176
1,100 0 4.65 1,105
1,206 0 6.64 1,213
944.1 0 5.28 946.4
547.9 0 2.96 550,9
1,141 0 6.37 1,147
948.6 0 5.20 953.8
499.1 0 3.47 502.6
899, 2 18.02 5.01 922.2
1,048 23.24 7.07 1,079
789.1 31.92 5.35 826.4
1,194 45.46 5. 54 1,245
767.1 37.06 5.32 809.5
589.9 27.04 4,02 621.0
861. 6 36.09 3.81 901. 5
1,008 13.40 .82 1,022
933.5 48,02 4.85 986.4
884.4 37.73 2.10 924.2
805.7 44,78 4.90 945.4
798.3 39,32 4.64 842.3
1,156 37.31 1.44 1,195
1,087 25.03 1.00 1,113
958.6 38.19 4.30 1,001
798.0 34,88 3.41 836.3
872.7 44,92 5.13 922.7
1,239 51. 36 6.34 1,297
800.1 40,30 5.08 845.5
477.9 27.47 3.20 508.6
660. 8 35. 06 5.27 701.1
717.4 36.44 4.40 758.2
1,521 32,74 5.51 1, 559
- - - 1,021

1 Quantities rounded to four significant figures.
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FIGURE 23.~—Distribution of average flows for periods of various length, Roaring Fork at Glenwood Springs, Colo., water years 1914-57 adjusted to 1914 base.

The standard deviation may also be computed from
the adjusted annual discharges in table 6 by the formula
given on page 54. The average of all the discharges
in the 44-year period-is 1,021,000 acre-feet, and n is
44. The computed standard deviation is 273,000 acre-
feet, which when expressed as a ratio to the average

273, OOO, or 0.27
1,021, 000 o

In this report the coefficient of variation is defined
as the ratio of the standard deviation to the average
discharge, though in hydrologic literature it is sometimes
expressed in percentage. This ratio, or coefficient of
variation, is also a measure of the slope of the fre-
quency curve when plotted on probability paper
(ordinate @ in fig. 23). The frequency curve for a highly
variable stream would have a steep slope and a high
coefficient of variation. A less variable stream would
have a flatter slope and lower coefficient of variation.

The lengths of the ordinates b and 4’ in figure 23 at the
75 and 25 percentiles are equal to the ratio of one prob-

discharge is

able deviation to the average discharge. This length
is plotted above and below the average (1.00). The
oxdinate distances ¢ and ¢’, d and d’, and e and ¢’ are
the ratios of deviations to the average flow at the 10
and 90 percentiles, 5 and 95 percentiles, and 1 and 99
percentiles, respectively.

The frequency distribution for the 2-, 4-, 10-, 20-, and
44-year average discharges are also plotted in figure
23 as dashed lines. The slopes of these lines were ob-
tained by multiplying the slope of the 1-year period
line by the ratios in the tabulation on page 55. Ordinate
values in terms of ratios to the average discharge at
various percentiles may be scaled from the distribution
graph or computed by multiplying the coefficient of
variation by the appropriate factor.

The standard deviation and coefficient of variation
were computed for many streams where streamflow
records spanned the 44-year base period or where miss-
ing data could be estimated. Some records of shorter
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TaABLE 7.—Computation of ratios of the average discharge and plot-
ting position in probabilily analysis, Roaring Fork at Glenwood
Springs, Colo.

{Data are for the water years 1914-57 adjusted to 1914 base]

Annual discharges in

order of magnitude Plotting

position
(probability,
in percent)

Order No.
Ratio of
average

discharge

Discharge
(thousands of
acre-ft)

e et
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length were also used. The computed coefficients of
variation were plotted on maps and the environmental
factors examined to explain possible causes of differ-
ences in the coefficients for various drainage areas. By
taking into consideration, climate, and other environ-
mental factors, coefficients of variation ecan be estimated
for many streams in the basin for which streamflow
records are not long enough for a 44-year statistical
analysis.

In addition to providing data on the variability of
annual discharges in the 44-year period, the frequency
data may be used to estimate how much future average
streamflows for different periods of years are likely to
deviate from the average observed in the 44-year period.
For example, if the average discharge during water
years 1914-57 and the coefficient of variation are known,
or can be estimated, the probable difference between
the average water discharge during the next 44-year
period, or other selected periods of years, and the
historical average can be computed for different selected
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confidence limits from the factors given in table 8 and
the following equation:

Range in deviation=V,QF,

where V), is the coefficient of variation of annual dis-
charge for the 44-year base period, @ is the average
annual discharge for the 44-year base period, and F
is the factor for means of periods of years for the se-
lected confidence limits given in table 8.

TABLE 8.—Factors for compuling probable range in deviation of
the average discharge for various periods of years and confidence
limits from the average discharge in a 44-year period

Factors (F) for mean of periods of years indicated
Confidence limits

(percent)

pe 1 2 4 10 20 44
0.67 0.58 0.48 0.37 0.30 0.26
1.28 1.11 .91 .59 .68 .49
1.64 1.42 1.17 .89 .74 .63
2.33 2.01 1.66 1.26 1.06 .89

Incorporated in the factors in table 8 is the variability
of the mean of the 44-year sample and the variability of
the means for various periods of years. For example,
the factor in the table for a confidence limit of 50 per-
cent and a 10-year period is 0.6745+/(0.27)2+ (0.47)2,
or 0.37. The ratios 0.27 and 0.47 are from the tabula-
tion for the 10-year and 44-year periods (p. 55).

Where the distribution of data is known to be ap-
proximately normal, the probable values of average
flows for various periods in the future may be deter-
mined by computing the average discharge and stand-
ard deviation and by using the equation on page 54 with
the factors given in table 8. For example, one may
want to determine how much the average flow for
Roaring Fork at Glenwood Springs for various periods
of years might vary from the average observed during
the water years 1914-57, adjusted to the 1914 base.

The standard deviation computed from the equation
on page 54 and the data in table 6 is 273,000 acre-feet.
By use of the equation for range in deviation for se-
lected confidence limits and periods of years

Range in deviation = §,, F,

where §,, is the standard deviation for the 44-year

period and F is the factor for means of periods of years

for the selected confidence limits from table 8, the fol-
lowing estimates of future average discharges (assum-
ing a 50-percent confidence limit) can be made:

1. There is a 50-percent chance that the average dis-
charge for any future year will lie between
1,204,000 acre-feet (1,021,0004183,000) and
838,000 acre-feet (1,021,000—183,000), and there
is a 25-percent chance, or one chance in four, that

the average for any 1 year will be less than
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838,000 acre-feet and the same chance that it will
be more than 1,204,000 acre-feet.

2. There is a 50-percent chance that the average dis-
charge for any future 2-year period will lie be-
tween 1,179,000 acre-feet (1,021,0004-158,000)
and 863,000 acre-feet (1,021,000—158,000), and
there is a 25-percent chance that the average will
be less than 863,000 acre-feet and the same chance
that it will be more than 1,179,000 acre-feet.

3. There is a 50-percent chance that the average dis-
charge for any future 10-year period will lie be-
tween 1,122,000 acre-feet (1,021,0004101,000)
and 920,000 acre-feet (1,021,000—101,000), and
there is a 25-percent chance that the average will
be less than 920,000 acre-feet and the same chance
that it will be more than 1,122,000 acre-feet.

4. There is a 50-percent chance that the average dis-
charge for any future 44-year period will lie be-
tween 1,092,000 acre-feet (1,021,0004-71,000) and
950,000 acre-feet (1,021,000—71,000), and there
is a 25-percent chance that the average will be less
than 950,000 acre-feet and the same chance that
it will be more than 1,092,000 acre-feet.

COMPUTING CHEMICAL-QUALITY DATA
DURATION TABLES OF DISSOLVED SOLIDS

The concentration of dissolved solids of most streams
in the Upper Colorado River Basin varies nearly in
inverse relation to the discharge of the stfeam. Figure
24 shows a typical curve of this relation. The con-
centration is maximum during low-flow periods when
the flow of the stream is predominately effluent ground
water. At times of high discharge, the higher concen-
tration of the ground-water inflow is diluted by the
lower concentration of the surface runoff. For high
mountain streams draining areas of metamorphic and
granitic rocks in the Upper Colorado River Basin, the

—
[}
[«]
o

shape of this curve is rather flat, and the range between
maximum and minimum concentration is small. For
streams draining areas where highly concentrated
ground water enters the stream, the curve has a pro-
nounced reverse S-shape on log-log paper, and the
range between maximum and minimum concentration
is large (fig. 24).

Curves showing relation between the concentration
of dissolved solids and the discharge of the stream at
the time of sampling were prepared for many streams.
Data obtained from these curves were combined with
the flow-duration tables of streamflow for water years
1914-57 adjusted to 1957 conditions to obtain values
for duration tables of dissolved-solids concentration
and dissolved-solids discharge. (See table 9.) Foot-
notes to table 9 explain the computations. The sum
of the increments in column 5 is the average water
discharge, and the sum of the increments in column 8
is the average dissolved-solids discharge. Weighted-
average concentration is computed by the following
equation:

t
00027 ¢
where
C,=weighted-average concentration of dissolved

solids,
t=tons per day of dissolved solids,
g=average water discharge in cubic feet per
second, and
0.0027=a factor used for converting the product
of concentration in parts per million
and water discharge in cubic feet per
second to tons per day. This factor is
based on unit density of water and
introduces no error of practical im-
portance for water containing less than
about 7,000 ppm of dissolved solids.
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FIGURE 24.—Relation of weighted-average concentration of dissolved solids to water discharge, Green River near Ouray, Utah. Curve is based on monthly average
discharges and monthly weighted-average concentrations for periods of available data, water years 1951-52 and 1957.
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TABLE 9.—Duration table of water discharge and dissolved-solids concentration and discharge of Green River near Ouray, Utah
[Data are for the water years 1914-57 adjusted to 1957 conditions]

Duration table percentage ‘Water discharge Dissotved solids Dissolved-solids discharge
concentration for
Increment of dis- mean of time Discharge for mean | Increment of dis-
Time limits Time interval Mean of interval | Discharge for mean charge in time interval (ppm) of interval Stons charge in time
of interval (cfs) interval (cfs) per day. interval (tons
per day)
1 2 3 4 5 6 7 8

0. 00— 0. 02 0. 02 0.01 63, 000 13 261 44, 400 9
.02~ 0.10 .08 . 06 55, 500 44 262 39, 260 31
10- 0.20 .10 15 49, 700 50 263 35, 290 36
.20~ 1.00 . 80 .6 39, 800 318 266 28, 580 228
1.00- 3.00 2.0 2.0 30, 200 604 270 22,9020 440
3.00- 5.00 2.0 4.0 24, 900 498 277 18, 620 372
5.00- 9.00 4 7.0 20, 000 800 286 15, 440 618
9- 15 6 12 15, 400 924 301 12, 520 751
15— 25 10 20 9, 600 960 353 9, 150 915
25— 35 10 30 5, 450 545 475 6, 990 699
35— 45 10 40 3, 750 375 568 5, 750 575
45— 55 10 50 2, 850 285 615 4, 730 473
56— 65 10 60 2, 380 238 642 4,130 413
65— 75 10 70 2, 060 206 660 3, 670 367
75— 85 10 80 1, 750 175 678 3, 200 320
85— 95 10 90 1, 420 142 682 2, 610 261
95— 99 4 97 990 40 695 1, 860 75
99- 99. 8 .8 99. 4 580 5 700 1,100 9
99. 8 -100 .2 99. 9 370 1 700 699 2
Totals. | oo e 6,223 | e 6, 594

1. Limits of spread of time interval used in integrating area under duration curves by
partial areas.

2. Spread of time interval,

i. Selected percentages on duration curves used in duration tables for this study.

Flow-duration table of water discharge for the water years 1914-57 adjusted to 1957

conditions.

Computations similar to those illustrated in table 9
were used to develop duration tables of dissolved-solids
concentration and tables of dissolved-solids discharge
for many streams. (See chapters C, D, and E))
Curves showing relation between dissolved-solids con-
centration and water discharge were based on data
obtained during the latter part of the 44-year period;
consequently, the computed dissolved-solids concentra-
tion and loads are representative of conditions existing
in 1957.

DISSOLVED SOLIDS CONTRIBUTED TO STREAMS BY
GROUND WATER

The amount of dissolved solids carried into snow-
melt-type streams in ground water was computed. The
computations are. based on the method described on
pages 48-53 for computing the amount of ground-
water contribution to streams from ground-water reser-
voirs, and the dissolved-solids concentration of the
streams during the times that the flow is maintained
principally by ground water. Duration tables of dis-
solved-solids discharge are used for the computation.
Table 10 gives an example of the procedures applied
to the records for Green River near Ouray, Utah.
About 3,779 tons per day or 1,380,000 tons per year is

5. Column 2 times column 4 divided by 100,

6. From fig, 24 for water discharges in column 4. This is duration table of dissolved-
solids concentration,

7. Column 4 times column 6 times 0.0027, This is duration table of dissolved-solids

discharge,
8. Column 2 times column 7 divided by 100,

TaBLE 10.—Computation of dissolved solids contributed to the
siream system by ground water, Green River near Ouray, Utah

[Data are for the water years 1914-57 adjusted to 1957 conditions]

G - lved-
Duration table percentage rousgg dv;?iesg gi;sg% ved:
Discharge for | Increment of
Time limits Time interval Mean of mean of in- | discharge in
interval terval (tons | time interval
per day) (tons per day)
1 2 3 4 5
0.00-35 36  |ocoeceae-- 3,670 1,284
35-45 10 40 5,750 575
45-55 10 50 4,730 473
55-65 10 60 4,130 413
65-75 10 70 3,670 367
75-85 10 80 3,200 320
85-95 10 90 2,610 261
95-99 4 97 1, 860 75
99-99. 8 .8 99. 4 1,100 9
99.8 -100 .2 99.9 699 2
Totals._ . 100 3,779

1. Limits of spread of time interval used in integrating area under duration curve
by partial areas. The time limit for the first line is the spread from 0.00 percent
to the point of departure percentage on the fiow-duration curve. (See page 48.)

. Bpread of time interval.

. Selected percentages on duration curve used in the duration tables for this study.

. From duration table of dissolved-solids discharge for water years 1914-57 adjusted
to 1957 conditions, except first line which is estimated  to be the same as the
dissolved-solids discharge equaled or exceeded 70 percent of the time.

5. Column 2 times column 4 divided by 100.

N
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contributed to the stream system above the Ouray sta-
tion by ground water. The Ouray record was used as
an example because the same record was used to illus-
trate the computation of total water discharge and total
dissolved-solids discharge. (See table 9.)

VARIABILITY OF DISSOLVED-SOLIDS
CONCENTRATION

Continuous chemical-quality records were available
at relatively few locations in the basin, and the length
of these were for relatively short periods of time as
compared with the 44-year base period. Annual
variability is a parameter which may be ascertained
even from relatively short records. Data on the
annual variability of concentration of dissolved solids
for the 44-year base period were developed.

For concurrent periods of daily chemical-quality and
streamflow records in the different basin divisions,
the coefficients of variation for annual weighted-
average concentrations of dissolved solids and annual
historical discharges were computed. Table 11 and
figure 25 show the relation between the concentration
and discharge coeflicients in the Grand division.
The plot shows that empirically there is a linear relation
for major streams in this division. The empirical
relation computed by the least-squares method is
defined by the following equation:

V3=0.573V,+40.036,

where V,; is the coefficient of variation of annual
weighted-average concentration of dissolved solids
and V, is the coefficient of variation of annual dis-
charge.

TaBLE 11.—Variability of annual weighted-average concentration

as related to variability of annuael water discharge for stations
in the Colorado River Basin above the Gunnison River

Coefficient of
variation
Station Water
No. Station years Weighted-
Stream-| average
flow | concentra-
(Ve) tion
(Va)
690...__.-_. Eagle River at Gypsum, Colo.......__| 1048-57 0.28 0.19
705C....... Colorado River near Glenwood
Springs, Colo_ oo 1042-57 .26 .20
L1 S, Colorade River near Cameo, Colo.....| 1934-57 .25 a7
1528... .. ... Gunnison River near Grand Junction,
Colo....- 1932-57 .39 .26
1800 oo oo Dolores River near Cisco, Utah_.._._.| 1948-57 .67 .42
1806 cao o Colorado River near Cisco, Utah......| 1929-57 .34 .23

This relation was derived from actual records. The
relation is a means for developing statistical expres-
sions of the variability of dissolved-solids concentra-
tions for the 44-year base period for stations where
continuous records of chemical quality were not avail-
able, but where infrequent chemical-quality data had
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FIGURE 25.—Relation of the variability of dissolved-solids concentrativn to the
variability of water discharge in the Grand divison. A4, Dolores River near
Cisco, Utah; B, Gunnison River near Grand Junction, Colo.; C, Colorado River
near Cisco, Utah; D, Eagle River at Gypsum, Colo.; E, Colorado River near
Glenwood Springs, Colo.; and F, Colorado River near Cameo, Colo.

been obtained. The coeflicients of variation of annual
water discharge were computed for a number of sta-
tions and are given in tables of the respective subbasin
in which the stations are located. These coefficients were
also plotted on maps. Coeflicient values for other loca-
tions were interpolated from the maps. By use of
computed or interpolated coefficients of variation of an-
nual water discharge, and the empirical equation above,
the coefficient of variation of weighted-average an-
nual concentration of dissolved solids can be computed.
As the coefficient of variation is the ratio of the stand-
ard deviation to the average concentration, the stand-
ard deviation in parts per million may be computed
if the average concentration in parts per million is
known or can be determined.

The foregoing may be illustrated by the example of
an analysis of Roaring Fork at Glenwood Springs,
Colo., where the coefficient of variation of water
discharge is 0.27, and the weighted-average concentra-
tion is 225 ppm for water years 1914-57 adjusted to
1957 eonditions. Substituting the coefficient of varia-
tion of water discharge in the equation

V,=0.573V,+0.036
=(0.573)(0.27) +0.036
=0.19,

and as

Sy=VaitC,
=0.19X225
=43 ppm,

wherein V, is the coefficient of variation of annual
water discharges, V, is the coefficient of variation of
annual weighted-average dissolved-solids concentra-
tions, O, is the weighted-average concentration of
dissolved solids, and S, is the standard deviation of
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annual weighted-average dissolved-solids concentra-
tions.

If the weighted-average concentration of dissolved
solids for periods of various length are assumed to
have variances comparable to those of streamflow, the
factors in table 8 can be used to compute probable
values of concentration for various periods in the
future. For example, if the level of development exist-
ing in 1957 were to exist during the next 44-year period,
there is a 50-percent chance that the weighted-average
concentration of dissolved solids of Roaring Fork at
Glenwood Springs, Colo., will lie between 236 ppm
(225 + 43 X 0.26) and 214 ppm (225 — 43 X 0.26)
and there is a 25-percent chance that the weighted-
average concentration of dissolved solids for the pe-
riod will be less than 214 ppm.

EFFECT OF TRANSMOUNTAIN DIVERSIONS ON THE
CHEMICAL QUALITY OF WATER OF STREAMS

Water diverted out of the Upper Colorado River
Basin carries with it the minerals dissolved in the
diverted water. The effect of a diversion on the master
stream at a downstream point is to deplete the flow
and to change the dissolved-solids discharge. Whether
the diversion increases or decreases, the weighted-
average concentration of the master stream at a down-
stream point depends on the relation of the weighted-
average concentration of the diverted water to the
original weighted-average concentration of the master
stream at the downstream point. If the diverted water
is the more dilute, the effect will be to increase the
concentration of the master stream; and if less dilute,
the effect will be to decrease the concentration of the
master stream. If no changes in water loss are assumed
to occur in the master stream channel, the relation
between water discharges and weighted-average concen-
trations would be as follows:

Ce(Qut @) =0QuCat Q0

— Qa0a+ Qbob,
C==0F0

or

where

Q.=average discharge of master stream at down-
stream point when water is being diverted,

C,=weighted-average concentration of the water
in the master stream when water is being
diverted,

Q,=average discharge of diversion,

Cy=weighted-average concentration of diverted
water, and

C.=weighted-average concentration of master
stream at downstream point when no water
is being diverted.
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EFFECTS OF THE ACTIVITIES OF MAN ON DISSOLVED-
SOLIDS DISCHARGE

GENERAL

The program for collecting data on chemical-quality
of water in the Upper Colorado River Basin is not
designed to identify the dissolved-solids loads contri-
buted to the stream system by irrigation, mining, in-
dustry, and other sources. The data program is directed
toward evaluating the chemical character of water and
streamflow at various points in the stream system.
Where the drainage area above a sampling site has
little or no water-use development, the data are repre-
sentative of natural conditions. Where the sampling
site 1s below areas containing irrigated tracts of land,
communities, industries, and other activities of man,
the dissolved-solids load at the site is the total contribu-
tion from natural sources and the activities of man.

In the studies conducted specifically for the report,
chemical-quality data were collected to help deter-
mine the effects of man; so, collection sites were both
above and below areas containing irrigated tracts of
land and communities. From analysis and correlation
of these data and other available chemical-quality data
with the geology, location of irrigated lands and com-
munities, soil characteristics, and other factors, the
general effects of the activities of man on the dis-
solved-solids loads of the streams can be identified.
The results of the study can be further refined by ad-
ditional data collection specifically designed to identify
the effects of man’s activities.

Part of the water used by communities and indus-
tries is consumed, and part is used to transport waste
products for disposal, usually to the nearest stream
channel. Although some of the wastes from these activ-
ities are treated for removal of organic mattér and
purification, the treatment does not remove the dis-
solved solids which have been added.

Partial analyses of samples of water supply and
sewage for three communities in the Great Basin in
Utah and two communities in the Upper Colorado
I 'ver Basin are shown in table 12. The analyses by
ths Utah State Department of Public Health were fur-
nished by L. M. Thatcher and C. K. Sudweeks (written
commun,, 1961). Population figures are those collected
for the 1960 census.

Little data are available on the average annual
amount of water used by the communities or the aver-
age annual sewage discharge except for Salt Lake City.
The average daily use of water by Salt Lake City has
been estimated to be 45 million gallons daily (U.S.
Dept. of Health, Education, and Welfare, 1962), and
the sewage discharge has been estimated to average 32
million gallons daily (U.S. Dept. of Health, Educa-

tion, and Welfare, 1959). The average daily supply of
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TaBLE 12.— Partial chemical analyses, in paris per million, of water supply and sewage for three communities in the Great Basin and two

communities in the

pper Colorado River Basin, Utah

ki lati 8 h Fork u- Vernal ulation Duchesne ulation

e i e il

Water Sewage 2 Water Sewage 4 Water Sewage’ Water Sewage 7 Water Sewage 8

supply ! supply # supply ¢ supply ¢ supply 3
Caleium (Ca) ..o 51 138 46 75 105 93 14 50 97 66
Magnesium (Mg). ... o.._... 14 46 18 35 18 50 4 18 23 35
Sodium and potassium (Na-+ K)_. 10 445 4 162 63 230 1 34 30 114
Bicarbonate (HCOs) .- ... ___._ 184 407 165 403 248 555 56 196 381 490
Sulfate (8O¢) - - o ___ 45 292 35 109 148 192 4 52 64 86
Chloride (C1) - - o o= 12 635 13 133 89 159 0 22 11 9
Total dissolved solids...__...____ 240 1, 780 216 731 593 1, 006 67 322 435 599

1 Weighted average of one sample each from five sources of supply, analyses U.S.
Geol. Survey (Lohr and Love, 1954, p. 427 and 428).

2 Average of two analyses by U.S. Geol. Survey, 1950 (written commun., 1961).

3 One analysis by Utah State Dept. of Health (written commun., 1961).

water is about 240 gpd (gallons per day) per capita,
and the average daily sewage discharge is about 170
gpd per capita.

Most of the difference between Salt Lake City’s
water supply and sewage discharge (70 gpd per capita)
is probably water used in watering lawns and washing
streets. The amount of water consumptively used in
households and by industry is probably small. If the
amount of water consumed in households and by in-
dustry is assumed to be negligible, and 170 gpd per
capita is used for both the water supply and the sewage
discharge, the increase attributable to domestic and in-
dustrial uses is about 400 tons per year per 1,000 peo-
ple.

In Murray, Spanish Fork, and Vernal, Utah, indus-
trial establishments are few or none. The sewage dis-
charge for these small communities probably averages
about 140 gpd per capita. If the water consumed in
households and by industry is assumed to be negligible
and the supply is 140 gpd per capita, the data in table
12 indicate the dissolved solids added per year by each
1,000 people are: Murray, 112 tons; Spanish Fork, 88
tons; and Vernal, 54 tons.

An important factor not taken into account in these
determinations is the possibility that ground water in-
filtrates into the sewage disposal system. Ground-water
infiltration may result in dilution or in increased dis-
solved-solids concentration. The latter alternative is
probably partly the reason for the relatively high re-
sults obtained for Salt Lake City as compared with
those obtained for the smaller communities. Also, Salt
Lake City is highly industrialized, and its sewage prob-
ably includes wastes from at least one petroleum re-
finery.

Most communities in the Upper Colorado River
Basin are comparable to Spanish Fork and Vernal,
Utah, although some, which have a few industrial es-
tablishments, are comparable to Murray, Utah. A con-

¢ Average of five analyses by Utah State Dept. of Health (written commun., 1961).
s Average of six analyses by Utah State Dept. of Health (written commun., 1961;.
8 One analysis by U.S. Geol. Survey, 1958 (Iorns and others, 1964, table 223, p. 560).
7 Average of two analyses by Utah State ept. of Health (written commun., 1961).

servative figure of 100 tons per year per 1,000 people
has been adopted for this report as the amount of dis-
solved solids added to the stream system by domestic
and industrial uses of water.

Part of the water that is diverted for irrigation
never returns to the streams or to ground-water stor-
age. This part is consumed by evaporation in the ir-
rigation canals and fields and by evapotranspiration.
A relatively minor amount of water is retained within
the plants themselves. The dissolved solids in the ir-
rigation water remain either in the soil, in ground-
water recharge, or in the return flow to the stream sys-
tem. Except in areas where the ground water is not
tributary to the stream system, the ground-water res-
ervoirs reach a state of equilibrium, and any recharge
from irrigation is rejected as part of the return flow to
the stream system.

In addition to the increase of dissolved-solids con-
centration caused by the consumption of water by ir-
rigation, the total salt load is increased by leaching of
the irrigated land. The amount of dissolved solids
added to the return flow by leaching depends largely
on the amount and solubility of the minerals in the ir-
rigated soils and in the underlying rocks, though other
factors—such as irrigation practices, addition of chem-
ical amendments, and fertilizers—may also contribute
to the amount of dissolved solids in the return flow.
All soils and rocks are soluble to some extent, and thus
there will always be additions of dissolved solids to
the return flow over and above the amount contained
in the diverted water. The only exception will be those
few areas where salts are actively increasing in the
soil—a situation which finally eliminates possibility of
continued irrigation farming.

COMPUTATION OF DISSOLVED SOLIDS ADDED TO
THE STREAMS BY THE ACTIVITIES OF MAN

For many areas in the Upper Colorado River Basin,
sufficient data were available to compute approximate
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amounts of dissolved solids that are added to the
streams by the activities of man. The results of these
computations were used to estimate the amounts of
dissolved solids added to the streams in other areas
where data were insufficient to compute the effect of
the activities of man and the environmental factors
such as geology, extent of irrigated lands, and density
of population and industry are similar.

Computations were made for drainage basins above
gaging stations where determination of long-term dis-
solved-solids discharge had been computed or for
reaches along the main streams where determinations
of dissolved solids entering and leaving the reach had
been computed. These areas include about 41 percent
of the lands under irrigation in the Upper Colorado
River Basin—a sample representing a considerable
part of the total. The increase in dissolved solids over
and above that which can be accounted for in the in-
flow and natural contributions in these areas is con-
sidered to be the amount added to the stream system
by the activties of man. Long-term water and dis-
solved-solids discharges adjusted to 1957 conditions are
used, and any transmountain diversions in the areas
were assumed to have been in place and in operation
throughout water years 1914-57 at their 1957 level of
development.

Two examples, which follow, illustrate the method
of computation for areas with widely different environ-
ments—first, for the basin of the Fraser River, typical
headwater stream in Colorado; and second, for the
Grand Valley area, which is at an intermediate altitude
along the Colorado River between the gaging stations
near Cameo, Colo., and near Cisco, Utah.

In the first example, the Fraser River basin, meas-
ured inflow is known for the gaging stations on Fraser
River near Winter Park (27.6 sq mi )and St. Louis
Creek near Fraser (32.8 sq mi). Measured outflow is
known for the station on Fraser River at Granby (285
sqmi). Intervening between the inflow stations and the
outflow station are 194 square miles of mountainous
watershed and 31 square miles (about 20,000 acres) of
valley land. Of the valley land, 10,200 acres is irrigated
from streams within the area; the remaining 9,800
acres is undeveloped. Table 13 is a summary budget
of the water and dissolved solids contributed to and
discharged from the intervening area.

The budget for the intervening area is estimated and
involves the following considerations:

1. The one unmeasured item of the outflow budget,
water consumed on irrigated land, is estimated
on the basis of a consumptive use ranging from
0.7 to 1.0 foot. On 10,200 acres, therefore, ag-
gregate consumption is from 7,000 to 10,200
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acre-feet a year. This consumption represents
net depletion of streamflow for conditions exist-
ing in 1957. Solids that were dissolved in the
consumed water must, in the long run, be dis-
charged from the area as part of the dissolved-
solids load passing the gaging station at Granby.

2. Unmeasured natural inflow to Fraser River may
be considered in two parts, ground-water con-
tribution and direct runoff (surface water).
The geology of the area indicates that the
ground-water contribution to the Fraser River
would mostly come from the valley fill under-
lying the 20,000 acres of valley land. Precipita-
tion, which over the valley land averages about
20 inches annually, would be the principal
source of ground-water recharge under natural
conditions. Evapotranspiration at this altitude
consumes about 12 to 15 inches of the annual
precipitation. Of the remainder it is estimated
that under natural conditions 3 to 5 inches re-
charged the ground-water reservoir and 2 to 3
inches was direct runoff. Accordingly from the
20,000 acres of valley land, the unmeasured
ground-water inflow to Fraser River under
natural conditions would be from about 5,000
to 8,400 acre-feet a year. Presumably, its na-
tural dissolved-solids content would have ranged
from 35 to 50 ppm, in accord with chemical
analyses of water from adjacent streams during
low flow (Fraser River near Winter Park, 38
ppm; St. Louis Creek near Fraser, 58 ppm;
and Ranch Creek near Tabernash, 37 ppm).

8. The surface-water inflow is calculated to balance
the inflow-outflow budget. So calculated, the
amount ranges from 91,200 to 97,700 acre-feet
a year, or on the average from 405 to 435 acre-
feet a year per square mile of intervening area.
The calculation agrees in magnitude with virgin
yields per square mile from adjacent gaged
drainage areas that have a similar hydrologic
environment: Williams Fork above Williams
Fork Reservoir, 490 acre-feet per square mile;
and Willow Creek above Willow Creek Reser-
voir, 480 acre-feet per square mile. Concentra-
tration of dissolved solids in this unmeasured
surface-water inflow under natural conditions
should not differ greatly from the mean of
weighted-average concentrations at the stations
near Winter Park and near Fraser. A concen-
tration of 36 ppm is assigned in the budget.

Effluent ground water and net depletion by irriga-
tion are complimentary in the sense that if the esti-

mate of one tends to be too large, that of the other
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TaBLE 13.—Water and dissolved-solids budget, Fraser River basin and Grand Valley area
[Data are for water years 1914-57 adjusted to 1957 conditions]

Dissolved solids
Drainage Average annual
area discharge (acre-ft) ‘Weighted-
(sq mi) average Tons per year Tons per square
concentration mile per year
(ppm)
FRASER RIVER BASIN, COLORADO
Inflow:
Fraser River near Winter Park._____.. 27.6 15, 100 30 620 22.5
St. Louis Creek near Fraser..________. 32.8 17, 000 41 950 28.9
Unmeasured surface water.__._.______ 225 91, 200-97, 700 36 4,470-4, 790 19.8-21.3
Unmeasured natural ground water..___ 31 8, 400-5, 000 35-50 570-240 18.4-7.8
Total - oo 131, 700-134,800 (- _-._.__ 6, 600 23.2
Outflow:
Consumed on irrigated land .. _______|__________ 7,100-10,200 | - e
Fraser River at Granby.______________ 285 124, 600 47 8, 040 28.2
Totalo o e 131, 700-134, 800 |- .- _..___. 8,040 | ____
Increase from unbudgeted sources. . - .. _ | | .. 1,440 190.6
GRAND VALLEY AREA
Inflow:
Colorado River near Cameo, Colo..____ 8, 060 2, 998, 000 387 1, 578, 000 196
Plateau Creek near Cameo, Colo_____. 604 170, 200 285 66, 100 109
Gunnison River near Grand Junction,

Colo- oL 8, 020 1, 884, 000 592 1, 519, 000 189
Dolores River near Cisco, Utah_._____ 4,630 681, 000 496 460, 200 100
Unmeasured natural runoff from drain-

age area north of Colorado River__.| 2,216 22, 100 900-1, 470 27, 000-44, 200 12-20
Unmeasured natural runoff from drain-

age area south of Colorado River.._. 554 17,700 200-350 4, 800-8, 400 9-15
Natural ground water___ .. ____|o_._____ ) N PR (G T

Total. . - e 5,773,000 |- _______. 3, 655, 100-3, 675, 900 152-153

Qutflow:
Natural channel and riparian-vegeta-

tion losses_ .| 39,000 |- e
Other depletions... .. __ . ___ o joeooo____ 200, 000 | |
Colorado River near Cisco, Utah______ 24, 100 5, 534, 000 547 4, 120, 000 171

Total . - e 5,773,000 |- . ___ 4,120,000 |-coooo_ -

Increase from unbudgeted sourees. - - - - _ || e 464, 900-444, 100 3 3,580

1 Equivalent to 0.14 ton per acre of irrigated area.
2 Nominal only.

tends to be too small. In this particular subbasin bud-
get, the volumes and dissolved-solids loads (tons per
year) compensate one another algebraically.

The inflow items of the budget are so derived as to
account for all the dissolved-solids load that should
pass the measured-outflow station if there were no ac-
tivities by man within the area. Yet the computed out-
flow load includes the effects of man’s activities as of
1957. For the Fraser River basin, it exceeds the com-
puted inflow load by 1,440 tons per year. This differ-
ence is due to man’s activities, principally irrigation.

In the second example, that of the Grand Valley
area, water and dissolved-solids inflow are recorded at
the gaging stations on the Colorado River and Platean
Creek near Cameo, Colo., Gunnison River near Grand

acto of Jgaiad Iank afies deubling domestis and indusiriel conteibution. © "o
Junction, Colo., and Dolores River near Cisco, Utah
(chap. C, table 14). Water and dissolved-solids out-
flow are recorded at the gaging station on Colorado
River near Cisco, Utah (chap. C, table 14).

The area that intervenes between the inflow and
outflow stations is 2,770 square miles—about 2,216
square miles north of the Colorado River and 554
square miles south of the river. Here, mean altitude
and relief of the land surface are considerably less
than in the Fraser River basin just described. Average
yearly precipitation is from 8 to 10 inches on the lower
part of the area. Of the intervening valley lands, about
78,700 acres (123 sq mi) is irrigated; 3,000 acres of this
irrigated land is in the basin of the Little Dolores
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River. Table 13 summarizes inflow and outflow of
water and of dissolved solids.

In this second example the unmeasured natural run-
off from the intervening areas north and south of the
Colorado River is known to be relatively small and is
estimated to average 10 and 32 acre-feet per square
mile per year, respectively. Some of these average
values are derived from inflow data in a report by
the Upper Colorado River Basin Compact Commission
(1948, p. 48), and others are determined from the
characteristics of a few streams in other parts of the
Colorado River Basin, under much the same hydrologic
environment. In this runoff the dissolved-solids con-
centration is estimated to range from 900 to 1,470 ppm
in the north-side area. This range is based on partial
chemical analyses of storm runoff in eight stock ponds
in Badger Wash (K. R. Melin, oral commun.,) and the
specific conductance of Westwater Creek in the sum-
mer of 1958. In contrast, the dissolved-solids concen-
tration in the south-side area is estimated to range
from 200 to 350 ppm. This range is based on chemical
analyses of Little Dolores River near the Colorado-
Utah State line and of West Creek at Gateway, Colo.
(Iorns and others, 1964, table 220).

The conclusion that there would be no appreciable
ground-water inflow from the intervening area under
natural conditions is compatible with topographic,
geologic, and climatic characteristics. In such an area
substantially all the precipitation, about 8 to 10 inches,
either runs off or is returned to the atmosphere by
evapotranspiration.

Among the outflow items is one designated as “other
depletions.” Depletions in this category include water
lost as evapotranspiration by irrigated crops and un-
derflow that bypasses the outflow station or adds to
ground-water storage beneath the irrigated area. In
the Grand Valley area a depletion of 200,000 acre-feet
a year is compatible with an irrigated acreage of
78,700, a precipitation of 10 inches or less, and a con-
sumptive use of 30 inches by irrigated crops. This
value is somewhat larger than the value given by the
Upper Colorado River Compact Commissjon ; their esti-
mate of consumptive use of water in the Grand Valley
was 146,000 acre-feet a year. Available records indicate
that virtually no underflow can bypass the outflow sta-
tion at Cisco. Continuing accretion to ground-water
storage is considered unlikely because irrigation in the
Grand Valley has been practiced so long that ground-
water storage and return flow to the river have probably
reached a state of approximate equilibrium.

Of the increase from unbudgeted sources, less than 1
percent may conceivably be caused by domestic and
industrial wastes. About 35,000 people live in the area
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—19,000 in Grand Junction and 16,000 on farms and in
other communities. If the dissolved-solids contribution
from domestic and industrial wastes were assumed to
be 100 tons per year per 1,000 people, the aggregate
from all the area would amount to about 3,500 tons
annually. This estimate is probably large (see p. 62) ;
even so, it is only about 0.8 percent of the total dis-
solved-solids increase derived in the budget.

For the Grand Valley area the unbudgeted increase
in dissolved-solids load—at least 440,000 tons per year,
or 5.6 tons per year per irrigated acre—may be attrib-
uted to irrigation.

In the preceding two inflow-outflow budgets, used as
examples, the indicated yields of dissolved solids per
unit of area range widely. In this connection it is note-
worthy that a large yield per unit area requires not
only a substantial quantity of available soluble mate-
rial in the rocks, in their weathering products, and in the
soils—but also sufficient percolating and flowing water
to dissolve the soluble and transport it to a stream.
Conversely, a small dissolved-solids yield per unit of
area implies any one of three environmental condi-
tions: (1) little soluble material exists or ever existed
in the soil and rocks of the area, (2) precipitation and
runoff are so great and so widely dispersed that all the
soil and rocks long since have been thoroughly leached
to a substantial depth below the land surface, even
though solubles may be plentiful at greater depth, or
(3) precipitation is so very little that, even though
solubles may be plentiful, leaching and transport of
salts to the stream are minimal. All three of these
environments exist in the Upper Colorado River Basin.
It is implicit in this situation that, to characterize any
particular area, water and dissolved solids contribu-
tions must be considered jointly.

Water and dissolved-solids budgets were made for
19 other areas in the Upper Colorado River Basin and
are given in chapters C, D, and E of this report. All
these budgets were derived by methods discussed in
the preceding two examples. In these budgets the ex-
cess of dissolved-solids outflow over dissolved-solids in-
flow is commonly derived as a range also. This range
may be construed as defining probable minimum and
maximum values for the effect of man’s activities
in the particular subbasin, because each inflow budget
seeks to conservatively account for all natural accre-
tions to the dissolved-solids at the outflow station, so
far as those accretions are measured or can reasonably
be inferred from existing data. Only the minimum
values are carried forward into summaries at gaging
stations, for the subbasins, and for the divisions in the
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Upper Colorado River Basin.
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The results of the computations on the probable ef-
fect of irrigation in 21 areas are summarized in table
14, which includes data on average precipitation on
the areas and information on the underlying forma-
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tions. The effects of irrigation on the dissolved-solids
load on the streams vary with major rock classes, as
the rocks influence the relative quantities of soluble
salts contained in the overlying soils.

TaBLE 14.—Yveld rates of dissolved solids from irrigated lands in 21 areas that are about 41 percent of the irrigated lands in the Upper
Colorado River Basin

{Data are for the water years 1914-57 adjusted to 1957 conditions]

Average Dissolved
Area Underlying formation solids (tons
precipitation per aere
(inches) per yr)
Fraser River basin, Colorado. . ... ____._____. Precambrian rocks and North Park Forma- 1625 0.1
tion.
Colorado River Basin below Granby and Willow Creek | Alluvium derived from Precambrian rocks, 14-16 10
Reservoirs and above Hot Sulphur Springs, Colo., ex- Tertiary volcanics, and Middle Park For-
clusive of Fraser River basin, Colorado. mation.
Troublesome Creek basin, Colorado_ .. ... ____.__. North Park Formation_____ ... ___.______ 12-16 .5
Roaring Fork basin, Colorado. .. _ .o _____._.__ Pelli"mian rocks, Mancos Shale, and Mesaverde 18-25 3.0
'ormation.
Gunnison River basin below Gunpison tunnel and Un- | Mostly Dakota Sandstone and Mancos Shale 8-16 50
compahgre River Valley below Colona, Colo. of Cretaceous age.
Colorado River Basin below Plateau Creek and Gunnison | Mancos Shale__ __________ . __________.___ 8-10 5.6
River and above Dolores River.
Saxcl llVIiguel River basin between Placerville and Naturita, | Dakota Sandstone and Morrison Formations_. 12-16 2.8
olo.
New Fork River basin above Boulder Creek, Wyo_.______ Alluvium of glacial origin___________________ 12-16 .5
Fontenelle Creek basin, Wyoming._ .. .. _..___ M°?t,11¥ r\gasatch and Green River Formation 10-16 1.3
of Tertiary age.
Big Sandy Creek basin, Wyoming - ... oo .- oo Shallow alluvium underlain by Bridger For- 8-10 4.4
mation.
Blacks Fork basin above Muddy Creek, Wyo._._ ... __.. River alluvium underlain by Green River and 8-10 .9
Bridger Formation.
Hams Fork above Frontier, Wyo_ ... . ______.. River alluvium underlain by Wasatch Forma- 12-16 .3
tion. R
Yampa River basin between Morrison Creek and Steam- | Alluvium of glacial origin_______._________.__ 25-30 .2
boat Springs, Colo.
Elk River basin, Colorado. - - .. oo Manecos shale. __ . _____._____ 20-30 .4
Little Snake River basin above Dixon, Colo_ .. ... ______. River alluvium underlain by Fort Union, 16-30 1.2
é.anlce, and Bridger Formations and Mancos
hale.
Ashley Creek basin, Utah.________ . ______._._. Alluvium underlain by Mancos Shale________ 8-12 2.1
Duchesne River basin above Duchesne, Utah_________.___ Uinta Formation_ .. ____.___ 9-14 3.3
White River basin between Buford and Meeker, Colo_.___ Permian rocks and Mancos Shale_____._._..._ 19-28 4.8
San Rafael basin, Utah_ . el Shales of Cretaceous age._ - - - _—_-_____ 8-10 3.2
La Plata River basin, Colorado. . ..o oo _ Alluvium underlain by Mesaverde Formation._ _ 12-20 .5
La Plata River basin, New Mexic0. - o oo oo o__ Mesaverde Formation and Tertiary rocks. ____ 8-12 14

COMPUTING SEDIMENT DATA

Curves showing relation between the concentration
of suspended sediment and the discharge of the stream
at the time of sampling were prepared for many streams
where samples had been collected on less than a daily
basis. Figure 26 is an example of this relation.
On the basis of data obtained from these curves and the
flow-duration tables of streamflow for water years
1914-57 adjusted to 1957 conditions, duration tables
of suspended-sediment discharge were computed. (See
table 15.) As the curves showing relation between
suspended-sediment concentration and water discharge
were based on data obtained during the latter part of
the 44-year period, the computed suspended-sediment
discharges are representative of condifions existing
in 1957. A more detailed explanation of this method of

computing suspended-sediment discharge, is given by
Miller (1951).
WATER-QUALITY CRITERIA

Water is commonly described as good or bad; these
relative terms are meaningless unless the use for the
water is known. For example, a high-percent-sodium
water may be bad if it is used for irrigation, but ac-
ceptable if it is used for domestic purposes.

PROPERTIES AND CHARACTERISTICS OF WATER
PHYSICAL PROPERTIES
Water is used in each of its three physical states.
Water as a gas is water vapor; as a liquid it is water,
dew, or rain; and as a solid it is ice, snow, hail, or
frost. Temperature determines the physical state of
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water and also its density. A unique characteristic of
water is that it freezes at 32°F but has its greatest
density at 39.2°F.
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FIGURE 26.—Relation of concentration of suspended sediment to water discharge,
Savery Creek at upper station near Savery, Wyo.
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The rate of evaporation from a water surface is con-
trolled by such factors as temperature of the air and
water, differences in vapor pressure, humidity, solar
radiation, wind movement, altitude or barometric pres-
sure, and the chemical quality of the water. Surface
tension is one of the fundamental properties of liquid
surfaces and produces capillarity, which is of great im-
portance in the movement of ground water.

Water in movement has the ability to suspend and
transport sediment. The amount of sediment that can
be transported by water depends upon the size, specific
gravity, and shape of the sediment particles, the forces
acting upon the particles, and the amount of water
flowing.

CHEMICAL PROPERTIES AND CHARACTERISTICS

Water that falls to the earth as rain or snow is vir-
tually devoid of dissolved constituents except for small
amounts of dissolved gases, such as carbon dioxide.
Natural waters in streams, lakes, oceans, and ground-
water reservoirs contain dissolved mineral matter in
variable amounts. These dissolved minerals are derived
from the rocks and soils with which the water has been
in contact. Differences in the dissolved-mineral compo-
sition and concentration of waters are due to differ-

TaBLE 15.—Duration table of water discharge and suspended-sediment discharge and concentration, Savery Creek at upper station near

Savery, Wyo.
[Data are for the water years 1914-57 adjusted to 1957 conditions]
Duration table percentage Water discharge Suspended-sedi- Suspended-sediment diseharge
ment concentra-
tion for mean
Discharge for mean | Increment of dis- of time interval Discharge for mean | Increment of dis-
Time limits Time interval | Mean of interval | of interval (efs) |charge in time inter- (ppm) of interval (tons | charge in time in-
val (cfs) per day) terval (tons per day)
1 2 3 4 5 6 7 8

0.01 0. 02 515 0.1 900 1,250 0.2
. 06 08 475 .4 780 1, 000 . 8
.15 .10 440 .4 680 808 .8
.6 . 80 370 3.0 505 504 4.0
2.0 2.0 288 58 327 254 5.1
4.0 2.0 229 4.6 220 136 2.7
7.0 4 178 7.1 143 69 2.8
12 6 128 7.7 80 28 1.7
20 10 74 7.4 47 9.4 .9
30 10 38 3.8 38 3.9 .4
40 10 27 2.7 36 2.6 .3
50 10 22 2.2 35 2.1 .2
60 10 18 1.8 35 1.7 .2
70 10 15 L5 35 1.4 .1
80 10 12 1.2 34 1.1 .1
90 10 9.3 .9 34 .9 .1

97 4 4,2 .2 34 .4 0

99. 4 .8 .9 0 33 .1 0

929. 9 .2 .5 0 33 .0 0
100. 00 oo 50. 8 (e 20. 4

1, Limib ts of spread of time interval used in integrating area under duration curves
y areas,

2. Spread of time interval.

3. Selected percentages on duration curves used in duration table for this study.

4, Flec:)wgilltlimtion table of water discharge for water years 1914-57 adjusted to 1957
nditions,

5. Column 2 times column 4 divided by 100.

6. From fig, 26 for water discharges in column 4. ‘This is duration table of suspended-
sediment concentration.

7. Column 4 times column 6 times 0.0027. This is duration table of suspended-sedi-
ment discharge.

8. Column 2 times column 7 divided by 100.
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ences in the mineral composition of the rocks and in
the solubility of these minerals. The different types of
rocks and soils and the solubility of the minerals there-
in affect the rate of leaching.

The mineral constituents that affect the value of
water for most uses are silica, iron, manganese, calcium,
magnesium, sodium, potassium, carbonate, bicarbonate,
sulfate, chloride, fluoride, nitrate, and boron. Detailed
discussions of these constituents are found in Clarke
(1924), California Institute of Technology (1957),
and Hem (1959).

Other ' chemical properties and characteristics of
water that are of importance are temperature, dis-
solved-oxygen content, color, turbidity, hydrogen-ion
concentration, acidity, alkalinity, specific conductance,
hardness, sodium-adsorption-ratio, and corrosiveness.
These terms are explained by Lohr and Love (1954
p. 2-13, 427, 428) and Hem (1959).

Water is classified as to type on the basis of pre-
dominate mineral constituents. Whether certain ca-
tions (calcium, magnesium, sodium, and potassium)
and certain anions (bicarbonate, sulfate, and chloride)
predominate depends on the concentrations in equiv-
alents per million and the relation of the concentration
of the individual ions to each other. For example, if
the concentration of sodium makes up most of the total
cations and the concentration of bicarbonate makes up
most of the total anions, the water is classified as a
sodium bicarbonate type. However, if the second most
abundant cation or anion is more than half the most
abundant cation or anion, and the third most abundant
cation or anion is more than half the second, they are
included in the water-type classification in order of
magnitude. Examples of these more complex water
types would be calcium magnesium bicarbonate, cal-
cilum magnesium bicarbonate sulfate, and sodium mag-
nesium calcium chloride sulfate.

WATER-QUALITY CRITERIA FOR MAJOR USES

The chemical and physical properties of a water are
often the factors that control its use. An ample supply
of water is of little moment if the quality of water is
such that it cannot be used for the purpose desired.
For example, the ocean is an unlimited source of water,
but the high concentration of dissolved solids in sea
water prevents its use at the present time except for
very limited purposes. The following discussion of the
criteria that are used to appraise the suitability of
water for various uses is by no means complete, and
the reader is referred to the literature for more com-
plete discussions of water-quality criteria. Only the
dissolved constituents that are normally determined by
the Geological Survey were used in the appraisal.

DOMESTIC USE

A water that is turbid, or noticeably colored, or has
an unpleasant or unusual odor or taste should ob-
viously not be used for domestic purposes if clarifica-
tion is practicable or if a more acceptable supply is
available. (U.S. Public Health Service, 1962.) More-
over, the water should be reasonably cool and non-
corrosive, should not form deposits, and should be free
of disease-causing organisms.

The U.S. Public Health Service (1962) has devised
standards for the drinking water furnished by inter-
state carriers. This agency was empowered to set the
standards under the provisions of the Interstate Quar-
antine Regulations, which were enacted in 1914. The
standards are mandatory only for waters used for
drinking and cooking on railroad cars, aircraft, vessels,
and any other carriers engaged in interstate traffic.
However, the American Water Works Association has
adopted and has recommended these standards for all
public water supplies. The standards for the chemical
constituents usually considered to be most important
are listed in the following tables. Water containing
dissolved material in excess of the listed concentrations
should not be used where more suitable supplies are,
or can be made, available.

Mazimum
conecen
trations

Substance (ppm)
Tron = 0.3
Manganese .- oo ceeeeoao .23
Chloride. - acec oo ceeeememe e 250
Nitrate. . v ceoccm e e e 45
Sulfate . - o oo e 250
Total dissolved solids.... ... ... 500

When fluoride is naturally present in drinking water,
the concentration should not average more than indi-
cated in the following table:

Mazimum

concen-
tration of

Annual average of mazimum fluoride

daily air temperatures (ppm)
50.0-53.7 e oo - mmm e ———————— 1.7
53.8~58.8 - - e cacmmm————aan 1.5
58.4-63.8_ e 1.3
63.9-70.6 - oo oo ceemema eee L2
70.7-79.2 e e 1.0
79.3-90.5. - e .8

Concentrations of chemical constituents that exceed
certain limits may be very undesirable. Surface waters
seldom contain as much as 1 ppm of dissolved iron;
although in some regions, where the water is acid, large
concentrations of iron may be in solution. Iron and
manganese in solution may cause reddish-brown stains
on porcelain or enameled ware and fixtures and on
fabrics washed in the water. The effect of sulfates and



HYDROLOGIC TECHNIQUES AND CRITERIA USED

especially magnesium sulfate on the digestive tract is
well known, and concentrations of these salts high
enough to produce cathartic effects should be avoided.
The salty taste of water due to chloride can be de-
tected by most people when the concentration of
chloride exceeds 500 ppm.

Small quantities of fluoride in the water supply have
been shown to lessen the incidence of dental caries.
The American Dental Association recommends that
water used for drinking by children should contain
about 1.0 ppm of fluoride. However, when the fluoride
content of the water supply exceeds about 2.00 ppm,
the enamel of children’s teeth may become irregularly
stained or mottled (Dean, 1936).

In a report by the National Research Council,
Maxcy (1950, p. 271) stated that nitrates in excess of
44 ppm may cause cyanosis in infants (blue babies).
Nitrate in surface water is usually present in concen-
trations of less than 5 ppm, which is too low to ad-
versely affect the value of the water for most purposes.
In surface waters the aquatic vegetation is constantly
utilizing nitrate by converting it to organic nitrogen in
the plant cells by photosynthetic action. Thus, nitrates
are seldom abundant in surface water. Nitrate may be
present in ground water as a result of leaching of
fertilizer or effluent from cesspools; and because photo-
synthetic action is not active beneath the ground, the
nitrates in ground water will remain. Harmful
amounts of nitrate are much more likely to be found
in ground water than in surface water.

Hardness is the characteristic of water that is most
often recognized by the difficulty of producing a lather
or by the increased quantity of soap necessary to form
a lather. Hard water is also objectionable because it
causes the formation of scale in pipes, boilers, and
other equipment. Hardness is caused principally by
compounds of calcium and magnesium. Other con-
stituents such as iron, aluminum, strontium, barium,
zine, and free acid also cause hardness, although these
constituents are usually not in the water in sufficient
quantity to be troublesome.

Hardness may be classified as follows:

Hardness
(ppm) Rating Usability

<60._... Softm e Suitable for many uses with-
out further softening.

61-120... Moderately hard... TUsable except in some indus-
trial applications. Soft-
ening profitable for
laundries.

121-180-_. Hard._._______.___ Softening required by laun-
dries and some other in-
dustries.

>180___. Veryhard___._._____ Softening desirable for most

purposes.
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INDUSTRIAL USE

The mineral constituents in water and the properties
and characteristics of water determine whether the
water can be used for specific industrial purposes.
Water-quality tolerances for some industrial applica-
tions are given in table 16. The chemical analyses of
waters, when compared with the data in table 16, indi-
cate the suitability of the water for industrial purposes.

AGRICULTURAL USE

The successful use of water for irrigation depends on
many factors such as climate, texture and internal
drainage of the soil and subsoil, management of the
soil or farming practices, crops, and the chemical
quality of the water used for irrigation. The impor-
tance of individual ions depends on their effect on the
structure of the soil, their physiological effect on the
plants, and on how they combine with other ions after
the water is applied to the land.

IMPORTANT MINERAL CONSTITUENTS

The following constituents are important in deter-
mining the suitability of water for irrigation:

Calcium.—The element calcium is essential for plant
growth and, in addition, has a beneficial effect on the
soil. Therefore, in reasonable concentration, calcium
is a desirable constituent in irrigation water. If sufhi-
cient calcium ions are adsorbed on the soil colloids,
the soil will be friable and will readily absorb and
transmit water. High concentrations of calcium, how-
ever, as of any other ion, can be harmful to plants.

Magnesium.—In many respects magnesium is similar
to calcium and is essential for plant growth. Water
in which the concentration of magnesium is high is
undesirable for irrigation because of the adverse effect
of high concentrations on plants.

Sodium.—One of the essential plant nutrients is
sodium. In irrigation, however, its importance as a
plant nutrient is often outweighed by its undesirable
effects on the soil. If the concentration of sodium in
equivalents per million exceeds that of calcium plus
magnesium, the sodium will tend to replace the calcium
ions on the soil coloids. Such a soil becomes almost
impermeable to water and drains with difficulty.

Potasstum.—An essential plant nutrient is potassium,
whose chemical reactions are similar to those of sodium.
Concentrations of potassium in waters are usually so
low as to have no effect on the classification of the
waters for irrigation.

Carbonate and bicarbonate.—If calcium and magne-
sium are precipitated in the soil as carbonates, the per-
cent sodium would obviously increase and an alkali soil
would result. Therefore, the ratio of the concentration
of carbonate and bicarbonate to calcium, magnesium,

and sodium is sometimes a critical factor in the classi-
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fication of an irrigation water. Residual sodium car-
bonate may be present if the carbonate is in excess of
the combining weights of calcium and magnesium.

Sulfate and chloride—Sulfate is an essential plant
nutrient, whereas high concentrations of chloride are
toxic to most land plants, especially fruit trees. Sul-
fate is about half as toxic as chloride.

Boron.—The presence of boron in irrigation water
is eritical because a very slight amount of boron is
toxic to many plants. However, boron is one of the
essential plant nutrients and some must be available
to plants for proper growth. Limiting concentrations
of boron for several classes of irrigation water for
different crops (Scofield, 1936) are given in the follow-
ing table.

Permissible limits of borom, in parts per million, for several
classes of irrigation water

Classes of water Crops
Rating Grade Sensitive Semi- Tolerant
tolerant
S Excellent. ... .o 0.33 0,67 1.00
2. Good. ool 0.33-0.67 | 0.67-1.33 1. 00-2. 00
. S Permissible. ... __.___ .67-1.00 | 1.33-2,00 2. 00-3. 00
4 .| Doubtful wee-| 1.00-1.25 | 2.00-2.50 3.00-3.75
[ Unsuitable ... __.__.___ 1.25 2. 50 3.75

SUITABILITY FOR IRRIGATION
Irrigation specialists have known for a long time
that the chemical quality of the water is important in
determining the economic feasibility of any irrigation
project. Several methods of classifying water for irri-
gation have been developed, and all are based on the
mineral content of the water. The different classifica-
tions are empirical in that they are based on field ob-
servation, experience, and research in plant tolerance
and are predicated on the presumption that the soil to
be irrigated is neither impermeable nor exceptionally
porous, that the correct soil management practices are
followed, and that, in general, average conditions pre-
vail.

Wilcox developed a diagram that may be used to rate
water for irrigation on the basis of specific conductance
and percent sodium. Thorne and Thorne (1951, p. 10)
modified the Wilcox diagram to include more classes of
water and to define more clearly the probable effect of
the water and the required irrigation practices, soils,
and drainage.

The U.S. Salinity Laboratory Staff (1954) introduced
the sodium-adsorption-ratio (SAR) as a method of pre-
dicting the sodium or alkali hazard in the use of irriga-
tion water. SAR is calculated by dividing the sodium
concentration by the square root of one-half the cal-
cium and magnesium concentration (all concentrations

are in equivalents per million). The interpretation of
salinity and sodium hazards indicated by a diagram
(fig. 27) devised by the Us. Salinity Laboratory Staff
is as follows:

Low-salinity water (C1) can be used for irrigation with most
crops on most soils with little likelihood that soil salinity will
develop. Some leaching is required, but this occurs under
normal irrigation practices except in soils of extremely low
permeability.

Medium-salinity water (C2) 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.

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 circumstances. The soils must be permeable, drainage *
must be adequate, irrigation water must be applied in excess
to provide considerable leaching, and a very salt-tolerant crop
should be selected.

The classification of irrigation waters with respect
to SAR is based primarily on the effect of exchangeable
sodium on the physical condition of the soil. Sodium-
sensitive plants may, however, be injured as a result of
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FIGURE 27.—Classification of irrigation waters by U.S. Salinity Laboratory Staff.
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sodium accumulation in plant tissues when exchange-
able sodium values are lower than those effective in
causing deterioration of the physical conditions 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 sodium. However, sodium-sensitive crops such
as stone-fruit trees and avocados may accumulate injurious
concentrations of sodium.

Medium-sodium water (S2) will present an appreciable sodium
hazard in fine-textured soils having high 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 ex-
changeable sodium in most soils and will require special soil
management, good drainage, high leaching, and organic-matter
additions. Gypsiferous soils may not develop harmful levels
of exchangeable sodium from such waters. Chemical amend-
ments may be required for replacement of exchangeable
sodium, exeept that amendments may not be feasible with
waters of very high salinity.

Very high sodium water (S4) is generally unsatisfactory for irri-
gation purposes except at low and perhaps medium salinity,
where the solution of calcium from the soils or use of gypsum
or other amendments may make the use of these waters
feasible.

When the content of bicarbonate and carbonate of an
irrigation water exceeds that of calcium plus magne-
sium, residual sodium carbonate may form if the
calcium and magnesium are precipitated as carbonates.
Thus, the formation of residual sodium carbonate will
accompany the increase in percent sodium. The re-
sidual sodium carbonate will cause the water to be
alkaline, and the organic material of the soil will dis-
solve. The color of the soil will become a grayish
black, a condition referred to as ‘black alkali.” Wil-
cox, Blair, and Bower (1954, p. 265-266) studied the
effects of residual sodium carbonate. The following
tabulation summarizes their tentative conclusions:

Residual sodium carbonate (epm) Suitability for irrigation

2.5 e Not, suitable.
1.25-2.5 e Marginal.
<125 e Probably safe.

They point out that the amount of leaching will modify
the permissible limit to some extent.

Leaching is required because the water applied to
the land will be reduced in volume and the salts will
become more concentrated by evaporation and plant
uptake. Water, as it moves through the soil, will dis-
place the antecedent water downward. Therefore, to
keep salts from accumulating in the root zone of the
soil, part of the applied irrigation water must be used
to leach and transport the salts beyond the root zone.
Obviously, the more saline the applied water, the more
water necessary for required leaching.

The deleterious effects caused by using irrigation

water of unsuitable quality can be partly offset by add-
ing gypsum to (1) adjust the percent sodium below 70
(considered to be a maximum safe level), (2) offset car-
bonate precipitation with calcium and magnesium, and
(3) supply calcium and magnesium taken by the plants
in excess of sodium.

Eaton (1954) presented a method for estimating (1)
the percentage of irrigation water that must move
downward beyond the root zone and (2) the amount of
gypsum required to reduce the percent sodium and
residual sodium carbonate of an irrigation water to
safe levels. The ratio of the amount of water that
moves downward through the root zone to the amount
of water that is applied to the land is the percentage
of leaching. “Required leaching” is the percentage of
leaching that is necessary to keep the root zone free of
excessive accumulations of salts.

Eaton’s formulas (1954) and explanation of symbols

used in the formulas are as follows:

Sw—Salinity of irrigation waters expressed as milli-
equivalents per liter of chloride plus one-half the
sulfate.

d and D—Tentative (d) and final (D) are percentages
of applied irrigation water passed through the
root zone as drainage.

Mss—Salinity of mean soil solution measured as
chloride plus half the sulfate, milliequivalent per
liter. The value 40 is taken as a Mss concentra-
tion that is expected to produce reasonable yields;
and the value 20, to produce good yields of crops
of intermediate salt tolerance grown in a semiarid
climate, such as that at Riverside, Calif.

Required leaching for good yield—tentative

g Swx100
T (2X Mss)—Sw
or
d= SwX100
T (2X20)—Sw
Calcium requirements—calcium in milliequivalents
per liter:

a. To adjust water to 70 percent sodium:

(NaX0.429) — (Ca+Mg) =Cha
(retain plus or minussign)

b. To offset HCOs precipitation:
HCO;X (100—d)
100 =Ca
¢. To supply calcium plus magnesium taken by
plants in excess of sodium:

0.30% (100—d) _
— oo —°®

“Total Ca”=a-+b-+c
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Multiply “total Ca” by 234 to get pounds of
gypsum per acre-foot of irrigation water. .
Required leaching for good yield—final

(Sw-+¥% “total Ca’) X100

(2X Mss)— (Sw+¥% “total Ca’’) =D

Eaton (1954) defined a reasonable yield as the pro-
duction level of crops; that is, between 70 and 80 percent
of yields obtained in a semiarid climate on nonsaline
soil; he defined a good yield as 85 to 90 percent.

By use of the previously described methods and
chemical analyses of water for high, medium, and low
discharges, the suitability of the water for irrigation
at many sites in the Upper Colorado River Basin was
investigated and the results tabulated in tables in the
report. The data indicate the chemical suitability of
water for irrigation where average conditions prevail
with respect to soil, irrigation and drainage practices,
climate, and type of crops. Deviations in these vari-
ables may permit the use of a water of poor quality or
cause a water of good quality to be unsafe for irriga-
tion. Successful irrigation with marginal waters is
possible in many places having soil and water amend-
ments and good management practices.

The amounts of required gypsum computed by
Eaton’s formulas are based on obtaining good yields
and on the assumption that all calcium to adjust the
percent sodium to 70, to offset bicarbonate precipita-
tion, and to supply the calcium needs of the plants
must come from the irrigation water. This may not
be applicable to all irrigated lands in the Upper Colo-
rado River Basin as generally the soils are gypsiferous,
and the addition of gypsum would not be necessary
until the natural gypsum was depleted.
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WATER RESOURCES OF THE UPPER COLORADO RIVER BASIN—TECHNICAL REPORT

SURFACE-WATER RESOURCES OF THE GRAND DIVISION

By W. V. Iorns, C. H. HEMBREE, and G. L. OAKLAND

ABSTRACT

This chapter presents the results of an appraisal of the
surface-water resources of the Grand division, which includes
the 26,500 square miles of the drainage area of the Colorado
River above the Green River. Water uses existing in 1957 are
reported, and interpretations are made of stream behavior, chem-
ical quality of water, and sediment yield on the basis of the aver-
age that would have occurred if the 1957 level of upstream devel-
opment had existed throughout water years 1914-57. The
appraisal will be useful in planning additional development of
surface-water supplies and evaluating changes in streamfiow,
chemical quality of water, and sediment yield that may result
from water-development projects constructed after 1957.

An average of about 28,648,300 acre-feet of water was an-
nually precipitated in water years 1914-57. Had the develop-
ments in 1957 prevailed throughout the 44-year period, the
average annual consumption of water for irrigation would have
been about 739,100 acre-feet. An average of about 8,800 acre-
feet would have been annually consumed for domestic and
industrial uses, about 453,400 acre-feet would have been di-
verted annually out of the division, and an average of about
5,534,000 acre-feet would have been annually discharged in the
Colorado River. Evapotranspiration probably accounted for
the remaining 21,913,000 acre-feet on the assumption that there
was no ground-water outflow.

About 34,800 tons of dissolved solids in 453,400 acre-feet of
water was annually carried out of the division by the trans-
mountain diversions existing in 1957. These transmountain
diversions have caused an increase of about 39 parts per million
in the weighted-average concentration of the Colorado River
below the mouth of the Dolores River.

The dissolved-solids discharge from the Grand division in the
Colorado River was computed to average about 4,204,600 tons
annually for water years 1914-57 adjusted to 1957 conditions.
About 2,254,000 tons of this amount comes from natural
sources; about 482,000 tons of this total comes from thermal
springs.

Activities of man, other than the diversion of water out of
the area, consume water and result in the addition of dissolved
solids—about 1,950,600 tons annually—to the stream system.
Exclusive of the effect of transmountain diversions, the
weighted-average concentration of dissolved solids of the
Colorado River below the mouth of the Dolores River is esti-
mated to have been increased about 291 parts per million as a
result of the activities of man. The major part of this in-
crease is attributed to irrigation.

769-332 O-65—~7

Domestie, industrial, and irrigation uses of water in the
division have caused about five times as much increase in con-
centration of dissolved solids of the Colorado River below the
Dolores River for each acre-foot of water consumed as the
transmoutain diversions have caused for each acre-foot of
water exported.

The average annual suspended-sediment discharge from the
division totals about 20,495,000 tons and from each subbasin is
as follows : 9,269,000 tons from the Colorado River Basin above
the Gunnison River; 2,067,000 tons from the Gunnison River
basin; and 9,159,000 tons from the Colorado River Basin be-
tween the Gunnison and Green Rivers.

Most of the surface water in the headwaters is suitable for
domestic and industrial use. However, the waters of many
streams in the central and western parts of the division are not
suitable for domestic use because of high concentrations of
sodium, magnesium, sulfate, chloride, and nitrate. The waters
of practically all the streams are suitable for irrigation.

INTRODUCTION
PURPOSE AND SCOPE

This chapter presents an appraisal of the surface-
water resources of the Grand division. The following
items are considered: The present utilization of the
surface-waters supplies, the flow characteristics of the
streams and the effect of environmental factors on
streamflow, the chemical-quality characteristics of the
streams and the influence of environmental factors on
the quality of water, and the sediment yield of the
streams.

The basic data, hydrologic techniques, and criteria
used in this appraisal are discussed and explained in.
chapter B, which also contains a glossary of the tech-
nical terms used.

LOCATION AND SUBBASINS

The Grand division of the Upper Colorado River
Basin is the area drained by the Colorado River above
the mouth of the Green River (chap. A, fig. 2). The
division includes parts of western Colorado and eastern
Utah and has an area of 26,500 square miles.

To facilitate presentation of data and the analysis
of the effects of natural environmental factors and the
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76 WATER RESOURCES OF UPPER COLORADO RIVER BASIN

activities of man on the hydrology of the streams of

the division, it was divided into three subbasins, as

follows:

1. The subbasin of the Colorado River above the Gun-
nison River is the area (8,670 sq mi) drained by
the Colorado River above a point just below the
mouth of Plateau Creek. Gaging stations on
Colorado River and on Plateau Creek near
Cameo, Colo., measure the outflow from the sub-
basin. These gaging stations are 3.4 and 1.1 miles,
respectively, upstream from the mouth of Plateau
Creek.

2. The Gunnison River subbasin is the area (8,020 sq
mi) above the gaging station on Gunnison River
near Grand Junction, Colo. This gaging station
is 2 miles upstream from the mouth of the Gun-
nison River.

3. The subbasin of the Colorado River between the
Gunnison and Green Rivers is the remaining area
(9,810 sq mi) in the division. Computations of
outflow from the subbasin are based on records
for the gaging station on Colorado River near
Cisco, Utah. The station is 97 miles above the
Green River. There is some tributary inflow be-
tween the gaging station and the Green River.

HYDROLOGIC ENVIRONMENT
PHYSIOGRAPHY AND STREAM NET

The plateaus and mountains that form the boundaries
of the Grand division (fig. 28), in a clockwise direction
from the mouth of the Green River, are the East Tava-
puts and White River Plateaus and the Park Range
on the north; the Snowy and Sawatch Ranges on the
east; and the San Juan, La Plata, and Abajo Mountains
on the south. Other important topographic features
include the Gore Range, Elk Mountains, Grand Mesa,
Battlement Mesa, Book Cliffs, Uncompahgre Plateau,
and La Sal Mountains. Some of these features form
the natural boundaries between the subbasins in the
division.

The western part of the area is essentially a dissected
plateau, and the eastern part is a series of uplifted
mountain masses, weathered and deeply dissected by
agents of erosion, such as water and glaciers. The
streams in the eastern part of the division flow in deep
canyons or in V-shaped valleys between the mountain
masses. Most of the flatland is restricted to relatively
narrow flood plains and terraces along the main streams.

In much of the west half the relief is not so great as
in the east half. In places, the streams flow through
wide valleys bordered by extensive areas of relatively
level land, such as the Grand Valley and the Uncom-
pahgre River valley. However, in other places the

streams flow in deep, narrow canyons cut below benches
and table lands. All the division is at an altitude of
more than 3,880 feet, and many of the mountain peaks
exceed an altitude of 13,000 feet.

The drainage pattern is the result of the action of
many forces during a long period of geologic history.
Some streams follow ancient synclinal valleys, and
other streams in parts of their courses follow strike
valleys, where softer rocks are exposed along the
fringes of uplifts. Some streams are antecedent in
parts of their courses; that is they were able to main-
tain their courses across an uplift by downcutting
while the uplift was taking place. Others have main-
tained a course superimposed from a drainage pattern
that was established on rocks overlying those now ex-
posed. In general, the main stem of the Colorado River
follows a southwesterly route across the division near
the north boundary. The major part of the area is
drained by tributaries flowing generally northwestward
to their junction with the main stem.

Long before the start of the earth movements that
created the Rocky Mountains, the area was the scene
of alternate encroachment and retreat of great inland
or epicontinental seas. When the area was above sea
level, erosion was active. When the area was covered
by the great seas, erosion ceased but was still active on
the surrounding emerged land. Streams drained the
surrounding land and carried the products of erosion
into the sea. Thus, during each submergence, great
thicknesses of sediments of all sizes and types and beds
of chemical precipitates, such as calcium carbonate,
were built up. The sedimentary material that accum-
ulated and that was not subsequently removed by ero-
sion during the periods when the land was above sea
level is represented by the sedimentary rocks that now
underlie much of the area. These rocks, in total, are
thousands of feet thick and range in attitude from the
sharply tilted strata around the mountains to the flatter
lying beds of some of the younger rocks in the inter-
montane basins.

The earth movements that culminated in formation
of the Rocky Mountains and the erosion that ac-
companied and followed these movements were instru-
mental in determining the present topography and the
structure of the rocks on which it is formed. In the
latter part of the Tertiary period, which ended about
a million years ago, the mountains were eroded, and
part of the eroded material was deposited in basins be-
tween the mountains.

The exposed rocks in the Grand division range in
age from late Precambrian to Recent. The pattern o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>