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FOKEWORD
By HUBEBT WOBK
Secretary of the Interior

; :

:

-.- ( :-; -t -.-i,^

The Department of the Interior is authorised to investigate,.
through the Geological Survey, and report on the natural resaurces of
the country, including minerals of various kinds and souroesol water
available for use in irrigation, the development of waterL ,powfif,,jiidii$*>
trial processes, and municipal supplies. The whole task is ; enormous
and necessarily must be accomplished in parts. Tb» eajigav,^ is made
to so plan the investigations that infjoonation wiU? b<9 avaUabJe as
needed, and the results accomplished are being u»ed> extensively as, a^
basis fot the safe and sane development of the^pplffic, Jbmsy^i^and; fop
the classification pf Government lands with;resjpecit tp their entry and
use under the publicrlamd laws^. T&is work wp ^«j(eoniipl<|tf<|jic^J^
when all our natural resources have been examined and tb,e :map ctf
our country is made to show their location/ magni^de, and
Congcess has recently provided in tih.e; Temple Act for
of mapping which is designed to complete the- topographic iajftp Q|
the country in 20 years. In the interest of economy ^nd efftoifficr^^
is planned in connection with this program to make such; detail, ,Bur;7
veys of rivers and of dam, reservoir, and power sites as to afford an
adequate topographic basis for comprehensive'plansfor controlling and
utilizing the water resources of the country. This topojgraphic basis
must be supplemented by adequate records of river discharge and
engineering and geologic investigations.
Study of water resources must of necessity anticipate by many
years the needs of development j because surface streams vary widely
hi their discharge, and safe and economical design of hydraulic structures must be based on records showing maxima, minima, and average
yields of rivers over long periods. In wise anticipation t>f the utilization of Colorado River, the Geological Survey began many>years
ago to collect records of discharge of the river and its tributaries, and
as funds were available it has made surveys of stretches of river hv
this basin to show sites for possible reservoirs, water-power plants,
and diversion dams, routes for canals, and the location -of irrigable
lands. The information thus collected has been published 'm the Survey reports and maps and particularly within the last few years has
been largely utilized in the formulation of projects for the control and
development of the resources of Colorado Eiver, which constitute
perhaps the greatest undeveloped asset of several States.
1
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Maps showing the topography of the canyons and gorges, the position of the rapids, and especially the sites for dams that would be
valuable either for the creation of storage reservoirs or for the Idevelopment of water power have also recently been published.
The most urgent needs of development relate to flood control, in
order that lives and property on the lower river may not be subjected to the annual menace of destruction. I am concerned for
the future of the people who are menaced by floods inadequately
continued, and I entertain a lively sense of the necessity : and the
importance of conserving this magnificent potential natural resource
for the great waiting territory that is to be directly benefited, for
the benefits will also extend to the United States a& a whol^.
The Colorado River basin has been under observation,! survey^
and study and has formed the subject of reports to Congress since
the end of the Civil War. The program* of investigations initiated
by the Geological Survey is now substantially completedt M&ps&f
Colorado River and its tributaries are available from the headwateJ1
region to the Mexican boundary, and records of stream floiwitt the
basin have been placed on a sound, continuing basis. When « modest program of preliminary drilling at apparently favorable dam sites
shall- have been completed, the^ time will have arrived when the
Government should decide on at least the main features ojf a e©iri<prehensive plan of development by which this great river, now a
natural menace, may be converted ink) a national resource.; ^

INTRODUCTION
T- NATHAN G. OBOVEB

Colorado River is one of the remarkable rivers of the world in its
value for irrigation and water power. It combines in proper sequence
for complete use a large quantity of water, great com^teatipnftvof
fall, reservoir sites for the control of flow, sites for power plants., and
several million acres of irrigable land below the stretch"where power
may be developed. The Columbia also may be used ,lairgejy- for
both water power and irrigation, but no other river on this,ep^tinenjt
affords such enormous opportunities;.!or .this double use of ,ifcs .w^-tej.
The drainage basin of - t^he Colorado covers. 344 |QQp squa»emil$S|
or one-thirteenth of the area of the United Staie^, situated i& seve^
States. The river flows also.through the Republic of, Mexico^ an<|
its waters are used for irrigation in that -country. Ag, its
which constitute the njost important undeveloped asset of
region, will play an important part,in the growtfapof
in agriculture, industry, population, and wealth, the.problems...qf
their development are of interstate and international interest. . ' f ,\^
. The most urgent need of the basin is flood protection fp? cities,
towns, and large irrigated areas near.Yuma and in the Impe.rial Valley
Property values exceeding $1.00,000,000 and the prosperity of many
thousand people on both; sides of the international boundgxy - are
seriously menaced., As Colorado River carries its jburden. of .silt ty
the Gulf of Californiaift is constantly building up its -bfi^; across ,14^
delta, making necessary a corresponding periodic increase,in, the
height of the levees built to confine it. The n't3O,4inaenra<^e : i|it.thei'e.?t
fore increasing yearly/and the maintenance of the^e^as is becoming
more djjpjcult and costly as time goes on.
... ]-..
Colorado, River and its upper tributaries rise in .ti^ mountains
of Wyoming, Colorado, and Utah, where precipitation, especially i$
the-form of snow, is heavy. The valleys of its .upper tributaries,
have an excellent climate, that is well adapted, to agriculture an4
industry and that combines with beautiful scenery to make'the
region attractive for the building of homes. ......
;,
. The irrigable lands in tfeese. valleys hav«inpart beea irrig^ted^
cities and towns have been built, and a substantial and well-justified
3
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development of the region is under way. Additional irrigation in
this upper portion of the basin will deplete to some extent the present flow of water in the canyon or power section of the river and ,in
the lower part of the basin, where the largest arid areas are situated.
Of the many sites available for constructing water-power plants a
few of small capacity have been utilized and others will be developed
as the population and financial resources of the region increase. The
utilization of water-power sites does not decrease the water supply
of the river except through the increased evaporation caused by the
added water surface exposed to the action of the sun and air in new
storage reservoirs built as essential parts of the power plants:' There
are therefore gbod reasons why the development of tl»; upper basin
and the utilization of the available water supply for both power and
irrigation should be protected and encouraged 1>y all proper means.
The canyon section of the river offers the second largest concentration :of water-power sites in the United States and the third largest on this continent. Its only superiors in this respect are the
St.f Lawrence and Columbia River basins. These rivers also,are
international, and the greater part of the potential power of the
St. Lawrence is in Canada. The equalization of the flow of St.
Lawrence River is accomplished naturally by the Great Lakes. An
equally effective control of the flow of the Colorado is possible
by means of reservoirs, for which nature has furnished sites of
greafr capacity. The value of the power sites in Colorado River
may therefore'be grestly increased by building reservoirs at or near
the upper end of the stretch of great fall, whereby the erratic
natural flow of the river, ranging between flood discharges of mbre
than 200,000 second-feet and low-water discharges of less than
3-,000 second-feet, may be converted to a discharge that wifl be nearly
uniform over a period of years. Dam sites have T>een discovered
and surveyed in the canyon section that make possible the titiligatfoh of the whole fall or any part of it that may be desired. .
'-'-The part of the basinMtuated below BJacfc Canyon has relatively
small power possibilities but has great areas ^of fertile land that asiy
be made productive by irrigation. The distribution throughout the"
year of the needs for water for agriculture are, however, different froni
those for power. Consequently the conversion of ^he rivei; from dne
of widely varying flow into one of uniform discharge tnrougi; Ibhe
canyon section in the interest of power development will not fiffi*£
serve the requirements oi irrigation, for which a reservoir below the
canyon section is desirable to re-regulate the flow in accordance with
the seasonal needs of growing crops^ Here again nature has favored
the region by affording opportunities for building reservoirs to reeon-

J

yert the ,fbw needed for; the be$t utilization of the
.resources in the canyons into the.4owineeded: for
gation of the arid Jandsvof the lower J>^in. r ^ ;
<; t /tiJ <> T
The need for further^ agricultural 4evelop3apai in the Golocado
Eiver, basin will increase gradually, .while /^e^enpauj
.energy in the basin and in regions outside the ba?in but
nomic transmitting distance will increase more rapidly,.
be economical, however, to proceed with a
is greatly in advance of actual requirements. Such a pr
be unwise because uneconomical and would surely; result, in losses
of invested capital. It is important also tljeat any developments,
whenever or wherever made, shall conform t© ^ rational scheme for
the full development, of the riyer that will not needlessly sacrifiw
head available for power or unnecessarily waste waterJ^Tevaj^oratlNPt
from reservoir surfaces.
Although there has never been satisfactory navigation M^
River it has been traversed by steamboats from the Gujf ,«| California
to, the old/fcown of CaUville, at ;the lower end of Boulder ?any on,
The navigation was not great in .amount evea before raikQ^ds iwsje
built in this region, but at that time it was of much local importance.
Since the construction of the railroads navigation has been «oatinije^
as needed for the erection and operation
its relative importance in the general development of
decreased. The greatest obstructions to naviga^Qn hAve besn ti$
shiftingtsand bars in the stretch of river below the ©anyons .ainlthe
dangerous rapids in the canyons. The erection of dams forf sto
and , power will provide safe access by boat to certain parts of,
canyon section of the river .that are now inaccessible^cep^ at great
expense and danger. For example, a dam in &!%& jOanyon'wUl make
easily accessible by motor boat 150 to 200 miles of river abov%in01u4r
ing besides Glen Canyon the wonderful Rainbow Bridge and many
beautiful canyons of tributary streams. The constjruGti^n of.anauto^
mobile road from a trunk-line railroad to somepoint o^tibe.bpise'ater
of such a dam would open up one of the most attractive tourist areas
on the continent and would make accessible a* regujfkjoi ; beauty T^%surpassed anywhere in the world. Other dams wou34 create longer
or shorter stretches of slack water and would . open; to tourists c^p*respondhig parts of the river and canyons. Such slafik.wa^ic would
not impair the beauty of the canyons, as ite dep^ woid4Tgejje^a^f
be little if any more than sufficient to .cover ; t^e debris at fitiwi;M^
of the cliffs, and nowhere would any appreciab%^>art &t, the teauti*ful canyon wa% be submerged. By thus pr0vjtdii^:for -
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the Grand. Canyon, which surpasses in beauty the noted fiords of
Norway, would be made easily accessible and would attract to our
western country many travelers who now go to Europe for re'creation.
As would be expected in the study of problems involving'a region
so large and so diverse in its needs, there are inany opposing views anil
conflicting interests. It is not to be expected that sufficient infor'ma</ion has now been collected to serve as a basis for the settlement
of all questions that may arise. Indeed, some of them can bfe finally
adjusted only as development progresses, bedAuse the details of the
necessary information can only then be known. It'is of prime importance, however; to nave available the essential facts to serve as a
guide in outlining1 the broad lines of development and policy tHat
should be adopted, at least tentatively, before initial large developr
ments are made. !
The question of public or private ownership and operation of'the
^projects involving the development of power has been little discussed
openly in connection with Colorado River, although it has had a
controlling «ffect on the attitude of many people. Federal control
of the floods of a large river has been recognized as good public policy,
; Similarly the financing and building of irrigation works and, in''con-:
section therewith, the construction of large storage reservoirs for
regulating the flow of rivers have for more than 20 years been accepted as proper governmental activities. Tlje possibility of extending such activities into the business of financing, constructing, and
perhaps operating large hydroelectric power plants in a field that
hits heretofore been occupied almost exclusively by privately owned
|mblic-utility companies, operated under governmental regulation,
opens up a big question of policy, on which there are sure to be
sharp and honest differences of opinion. These differences may
delay the construction of large power dams and power plants'/out
they should not be permitted to delay the urgently needed protection against the flood menace.
The Geological Survey has collected records of discharge of some
of the tributaries of Colorado River for many years, but it is only
within, the last five years that the establishment and maintenance of
satisfactory gaging stations on Colorado River itself have been possible. Such stations are now operated at .tees Ferry "above Paria
Eiver, in the Grand Canyon above Bright Angel Creek) aodat kopeck below the Atchison, Topeka & Santa Fe Railway bridge. The
Geological Survey and later the Bureau of Reclamation have collected records of flow for many yeans at Yuma. All these records
have been utilized in the preparation'of the estimates of flow at tne
several sites for reservoirs and power plants.

INTBODUCTIOir
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The Geological Survey has also made available m maps aad phifiles t&e results of surveys of more than 1,800s miles of Colofafe
River and its tributaries, including the river itself from Gfand J\itt6tion, Colo., to the Mexican boundary, the Green from Grfeen River,
Wyo., to its mouth, and the San Juan from Bluff, Utah, to-its junction with the Colorado.
Mr. La Rue, the author of this report, had previously prepared
the first comprehensive report on the utilization of Colorado River,
published in 1916 by the Geological Survey as Water-Supply Paper
395. Prior to the writing of that report he had investigated and
prepared unpublished reports on many power and irrigation projects
in the basin and had seen most of the accessible regions within its
borders. Since that report was written he has worked almost continuously on projects within the basin. He has made boat trips, including canyon sections, as follows: In 1914 from-Green River, Wyo.,
to Horseshoe Canyon, Utah, 75 miles; in 1914 from Moab, Utah,
down Colorado River to the mouth of Green River and thence up
Green River to the town of Green River, Utah, 181 miles; in 1915
from Hite, Utah, through Glen Canyon of Colorado River to Lees
Ferry, Ariz., 162 miles; in 1921 from Green River, Utah, down Green
River to its mouth and thence through Cataract and Glen canyons
of Colorado River to Lees Ferry, Ariz., 332 miles; in September, 1922,
from Halls Crossing, Utah, through Glen Canyon to Lees Ferry, Ariz.,
120 miles; in October, 1922, from Boulder Canyon to Needles, Calif. y
122 miles; in October and November, 1922, from Boulder Canyon to
Yuma, Ariz., 344 miles; in 1923 from Lees Ferry, Ariz., through the
Grand Canyon to Needles, Calif., 456 miles; in September and October, 1924, from Flour Sack Rapids, in lower Grand Canyon, to
Needles, Calif., 191 miles.
When making these boat trips in company with the party of topographic engineers, Mr. La Rue has been charged with the responsibility of selecting the dam sites and supervising the survey of such
sites. He has therefore first-hand knowledge of the problems of the
basin, which has been supplemented by careful study, continued over
many years, of the data relating to the control and utilization of the
river. He has taken more than a thousand photographs to show the
many interesting features of the canyons, especially the dam sites'
and the river and canyon walls near them. A few of these photographs have been used to illustrate this report; others are on file ia
the Washington office, where they may be studied by those who are
interested.
The Geological Survey is net attempting to promote any particular project but is endeavoring to collect and make available the information needed as the basis'for outlining a proper scheme for full
45568° 25 2
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development of the riTer and for selecting ,th^sitej|<](t &gt
ment. It recognizes the fact that the final choice of jiay project
will represent a compromise of conflicting- interests, in which many
factors engineering, economic, and perhaps political must be evaluated and given proper weight. The Survey hopes that this report,
which contains the latest compilation of data relating to the wat$r
supply of the basin and the results of all surveys of; sites for reservoirs
and power dams, may aid in the solution of these important problems-.

WATER POWER AID FLOOD CONTROL OP 6«LOBADO
RIVER BELOW
RIYEB, f IAH
ByE.C.LARuE
SYNOPSIS OF REPORT AND GENERAL CONCJLtJSJONS

The purpose of this report is to present the facts regarding available water supply and all known dam sites on Colorado Kiver between
Cataract Canyon, Utah, and Parker, Ariz., and to show, tlue lelative
value of these dam sites. To determine the relative valueo|lhj&dam
sites, a comprehensive plan of development for Colorado Siyer
below tne mouth of Green Hiver is presented that will provide for
the maximum practicable utilization of the potential powei*, maximum preservation of water for irrigation, effective eliiipdjiati^apf the
flood menace, and adequate solution of the silt problem. This-jftan,
which is preliminary and is offered by the writer to show the basis for
his conclusions relative to flood control, irrigation, power, 4©velQpBO«eiit,
and sUt storage, contemplates the construction o£: 13 dams making
available 3,383 feet of head for the development of power and a masi*
mum- of 42,000,000 acre^feet of storage capacity for the cbfitrdl* of
floods, equalization of flow, and storage of silt. '¥
H
!
The water supply estimated to be available in 1922,*
m equivalent to a uniform flow of 19,300 secottd^fee* «t Leifes
22,600 second-feet at the lower Black Canyon site,%ad
feet at Parker. Under future conditions the flow nat and below'
Grand Canyon2 will be reduced. When development- TEDL
basin, is Completed aad the canyon section and lolnffl! river tire developed as is suggested in this report, the average annual ftow' is 4stinmted.a* IS^CWO^econd-feet at Lees Ferry, 14^40^eec«a<l-f«e% at ttie
lower Black Canyon site, and 13,940 secondi4eet a
i The figures given in this report Delating to available water supply are based on an analysis of the
records of stream flow for years prior to and inelndingl922. The run-off at Lees Ferry for the year 1923
was about 16,800,000 acre-feet and (or 1924 about 41,600,000 acre-feet. The mean anapal flew at ; ftaeft
Ferry for the period 1895-1922, corrected for past depletion due to irrigation in the upper basin, was
14,400,000acre-feet. The average annual Sow during the years 1923 aad 1924 was" 14,200,000 a«S£feei ' It fc
therefore reasonable to assume that for all practical purposes the estimates of ,a*qd]abje water supply $$$&
in this report may be used as applicable in 1925.
* The United 'States Geographic Board on February 4,1925, defined t&e C&apl e4ayi«i as "extending
from the mouth of Paria Kiver and Lees Ferry to Grand Wash Cliffs." -The Grand CJaqjwnM £78 miles'
long and at one place is 13 miles wide and nearly 6,000 feet deep.
9
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Under the plan suggested and with the water supply estimated to
be available in 1922,4,350,000 continuous horsepower may be developed. Ultimate development in the upper basin will deplete the
water supply to some extent and thereby reduce this figure to about
3,420,000 continuous horsepower. Under an annual load factor »f
60 per cent, the aggregate installed capacity of the plants would be
5,743,000 horsepower. This may be taken as the ultimate power
capacity of Colorado River below Green River, Utah, after all demands
for water in the upper basin have been satisfied. The location by
States of the undeveloped power just referred to is shown in the
following table:
Undeveloped water power on Colorado River below an elevation of 4>050feet a
Power site
Cataract Canyon ________ . __ _ ___ __
Glen Canyon _ ______ . _ . __ _______
Marble Gorge ____ ... .. _ . __ .. . _ . __
Mineral Canyon ________ _ . _
____________
Ruby Canyon _ : __ __ . __ _ _. ___ ____
Specter Chasm.. __ . _ . __ _____ . ___ _ ___
Havasu . __ _ _ . ____ _ . ___ . __ ..... __ .
Bridge Canyon
__ . ___ _. ___ . ______________
Devils Slide. _____ .................. .. . _ . _
Hualpai Rapids ______ ________ _ . _
Lower Black Canyon _____________ ____
Parker ______ . _____ . ___ ..... _____

Utah
672,000
491,300

1,163,000

Arizona

66,700
382,000
588,000
495,000
392,000
387,000
1,090,000
317,000
433,400
187,500
36,000
4,363,000

Nevada

4,600
187,500
192,000

California

f>
35,000
35,000

The figures given in the table represent the capacity of the sites in horsepower under a 60 per eent
load factor, with maximum use of water in the upper basin. If a power site lies in two States the
power capacity of such site has been credited to the States in proportion to the fall in the river thai is
utilized in each State.

In order to obtain a maximum use of the water for power and
provide for the most complete use of the water for irrigation, it will
be necessary to utilize a reservoir site below the mouth of <_ireen
River and above Grand Canyon to regulate the flow in the interest
of power development, and another reservoir site below all darge
power sites to prevent floods on the lower river and re-regulate the
flow in the interest of irrigation.
If full use is made of the water in the upper basin, the water supply
of the lower Colorado wiH not be sufficient to serve even the portion
of the irrigable land below Parker in and adjacent to the basin thafc
lies within the United States, If the irrigable land on the delta in
Mexico is also to be served and if 2,000 second-feet of water is
reserved to furnish a domestic water supply .for the cities of southern
California the annual deficiency in water supply will be more than
5,000,000 acre-feet, and in that event about 1,250,000 acres of irrigable land must remain dry.
The preceoUng data show the magnitude and the limits of the
Colorado River project. As the amount of land that can be irrigate*!

COOPERATION AND ASSISTANCE
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and the amount'of power that can be developed/ see limited by the
available water supply, it follows that the most beneficial comprehensive plan of development will be one that precludes an unnecessary
waste of water. The plan here suggested is based on the-results of
accurate surveys of the water supply and of the topography above
water level in the river. Prior to-final decision on any comprehensive .plan of development it is essential that the conditions UBteter
water at the dam sites be also fully explored. Each dam built on.
the river should form a unit of the adopted plan of development,
COOPERATION AND ASSISTANCE

The work of surveying the 186-mile section of Glen Canyon was
carried on in cooperation with the Southern California Edison Co.
This company also cooperated with the Geological Survey in the work
of surveying six additional dam sites below Diamond Creek.
The Geological Survey has been able to maintain gaging stations
on lower Colorado River because the greater part of the expense has
been borne by the States of Arizona and California^ the Bureau of
Reclamation, the Imperial Valley Irrigation District, the Southern
California Edison Co., the Federal Power Commission, the city of
Los Angeles, the United States Weather Bureau, and the Palo Verde
irrigation district.
In connection with the preparation of this report, the author feels
greatly indebted to George F. Holbrook, assistant engineer, who made
most of the studies of stream-flow records and assisted in determining
the relative value of the dam sites; to Dr, Raymond C. Moore, for
his report on the geology at dam sites! in Grand Canyon; and to
Herman Stabler and other engineers for'valuable suggestions.

TOPOGRAPHY AND

CLIMATE

The Colorado River basin is naturally divided into three parts
which are topographically different. The southwestern part is in
general but little above the level of the sea, though isolated moontains rise here and there to elevations of a few thousand feet. The
central part is a great plateau region which has a general elevation
of 5,000 to 8,000 feet. This part is bounded on the east and west
by ranges of high mountains, and most of it is cut by deep gorges5
and canyons. The northern part of tl.e basin is bounded on the
east by the Rocky Mountains, which rise to elevations of more than
14,000 feet; on the north by the Wind River Mountains, in Wyoming, which reach 13,700 feet or mor^; and on the west by tine
Wasatch Mountains, in Utah, which rea^h altitudes exceeding 13,000
feet.
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The differences in the topographic features of the basin at obee
suggest great differences-. in the climate, in the southwestern-desert
region the average annual precipitation ranges froar 1.S to 8 inches
and the temperature from about 32° in the winter to; 120° in tibe
summer. In the central part of the basin the average annual .pre*
cipitation ranges from about 1Q inches over most of thejplateau area
to*>about30 inches in the higher mountains^ an4 altheu^i teiajjeFatures of 100° are not uncommon during the summer, the winter
temperatures in exposed places drop below zero. The northern paA
of the basin, which includes the major areas of high mountains, has
a mild summer climate but very severe winters. Temperatures of
30° .below zero are not uncommon, and the annual precipitation
ranges from less than 10 inches along .Green I&ver to as much as 60,
inches along the Continental Divide.
The differences above set forth explain wny 76, per cent of : thet,
annual discharge of Colorado River at Yuma originates in that part
of the basin aboye and including Green River. .
..
FACTOKS AFFECTING HYDRAUUC STRUCT0BIS8

. _

-

ICE-
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'
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At Green River, Wyo., monthly mean temperatures as low as 18*
F. have been recorded. At Green River, Utah, about 100 miles north
of the Cataract Canyon power site, the lowest monthly mean temperature has been 23° to 24°, and the daily minimum 32°. At
Hite, Utah, which is on Colorado River 23 miles below the Cataract
Canyon power site, the minimum temperature has been 7° and there^
has been an average of 102 days yearly with temperature below,
32°. These data indicate that considerable ice would form iii the
forebay above a dam built in Cataract Canyon. However, it is not
likely that the ice would interfere with the operation of a power
plant. The ice would form at a time when thfe discharge of the river
is low and would probably disappear before the period of spring and
summer floods. It is not likely that ice would be carried over th£
spillway or over the top of an overflow dam or would 'subject the
dam to great pressure.
'
The next important dam site on Colorado River fe situated 4 miles
above Lees Ferry, Ariz., 186 miles downstream from Cataract Catfyon. - This site is 3,127 feet above sea level. Here the summers fUPe
hot and dry and the winters are,mild, with temperatures usuaftf*
well above freezing. However, the following record* shows
Lees Ferry has experienced at least one very severe winter.
»From the journal of A, W. lytos, Salt Lake City, Utah.

On the 8th of January, 1878,1 lift St.- George in company with JSrastus B.
Snow, our destination being northern Arizona and New Mexico,-wh^re we
to do missionary ^wdrk among the'Ptliblo and Navjsj© ifndians^ .-*'.' ^ ' *
fotind tfte rive? (at Lees terry) frozen over for 'the first time since- $e©p&s
lived there. A short distance above the ferry and a few hundred yards below
there are rapids, and the water was free from ice, hut the stilt1 water aJaosrefthe
lower rapids was frozen over from bank to bank.
*
, ; ,.
The ice was not considered safe, but after sounding it we decided to cross.
We had about 1,200 pounds of loading on our wagon: We unhitched the team,
tied a rope to the end of the tongue, and the two of us easily pulled'the wagon
to the south bank. We then led the horses over smgly. There being no fedd
for the horses at the river, Brother Snow went on with the team! to Nav&fo
Springs.
'
.
.
j
; i
* *'- # gpme of the, cattle we were obliged to throw down and hog tie and
drag them across. The ice was so smooth that a man could drag an animal
over without trouble.
\
.
.
On the 20th * *. * the ice was cracked from shore to shekel I could
reach my hand down to running water in many places, but it was about 2 feet
thick and it held untU. we were all safely across.
;
I crossed the river on the ice 32 times. There were many of the travelers
who absolutely refused to go on the ice, and I was obliged to take 'their outfits
over for them* On the 21st we were all safely at Hava'jo Spring»^awts^ frbia
the treacherous river, and that night prayers of thanksgiving went up-from
many hearts. * * *
'r
About the 10th of January, 1866, James M. Whitmore and Rober$ McIntU®
were fcflled by Navajo Indians near Pipe Springs. Just such a period, of cold
weather prevailed at that time. The militia who went in pursuit of the Indians'
suffered greatly because of the intense cold, which followed a heavy snowstorm.
The Indians drove off a floek of sheep which belonged to WMtmore^as well as
some horses and cattle. I understood from reports current ^mang the Ifidiaasr
when I visited them later that they orossed these ,srheep on the iqe a^. the Grqssr
fng of the Fathers, above Lees Ferry. It is certain that they reached their own
country with the sheep, and I do not think a sheep could possibly swim the
river,*the only way they cduld cross at that time except on the iee-. '*? " ;' *>'*

On January 15^ 1925, the river again had an |ce coyer Ski "Lees
suflB.cieiitly thick to support loaded animals, and Indiails lode
poni^ and drove their pack mules across tii^ riv^f oil the ice.
s
At the RedwaB dam site, in Marble Gdrgef 30 mfles below Parlii
River, ih^'flbwage line of the reservoir would be at an elevation of
about 3,108 feet above sea level. No doubt some ice would forni ia
the reservoir every winter, but it seems reasonable to believe^ that ait
no time would the ice cause trouble at the* proposed; dam. The ice
Would disappear before the period of summer floods, anflit is not
likely that any ice would be carried over an open spillway or over
the crest of a dam of the overflow type.
*
It is not expected that ice would cause trouble at any ctani sit-in
the Grand Canyon. Little if any ice would form in the Boulder Ganyoti reservoir. At the'dam site in Mohave Ganydn, 427 feet abovp
sea level, hydraulic works may be built without fear of
from ice.
:
" : ' "'
'
y
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FLOODS

In the design of any hydraulic structure to be installed in Colorado
Rjjver provision should be made to take care of the flood flow of the
riter.
The stream-flow records, which extend back about 30 years, indicate that the maximum flood in Cataract Canyon has been about
150,000 second-feet, and at Lees Ferry about 200,000 second-feet.
Gage readings and traditional evidence, however, show that a flood
ofistill greater magnitude occurred in 1884. On July 4, 1884, a gage
reading of 18.5 feet was recorded by the United States Weather
Bureau at Fruita, Colo. The Geological Survey has maintained a
gaging station at this point for many years. By extending the rating curve for the gaging station at Fruita, Robert Follansbee, dis-*
trict engineer of the Geological Survey at Denver, has estimated
that the flow of the Colorado at Fruita July 4? 1884, Was about
125,000 second-feet. It may be reasonable to assume that at this
tittie Green River was discharging 100,000 second-feet. This would
indicate that the flood of 1884 reached a stage of 225,000 second-feet
in Cataract Canyon.
Jerry Johnson, who was living at Lees Ferry in 1884, relates how
he rescued his cat, which was marooned by the flood and resting uncomfortably in the forks of an apple tree. As he waded out to get
the cat, the height of the water on the trunk of the tree was well
impressed on his mind. Assisted by Mr. Johnson, an engineer of
the Geological Survey ran a line of levels from the apple tree and
determined the probable height of the flood of 1884 with reference to
the gage now installed at Lees Ferry. By extending a well-defined
rating curve for the Lees Ferry gaging station, it was found that tte
flood of 1884 may have reached a stage of about 250,000 second-feet.
Tfyis determination, though subject to some uncertainties,.was «#*,
curate enough for the purpose it was intended to serve, as the
able error was no greater than is inherent in flood estimates. ^
this estimate as a basis for the flood peak, daily gage readings
tained at Yuma in 1884 by the Southern Pacific Co. were "used to show
the total flow of Colorado River at Yuma. These studies indicate
that in 1884 the discharge of Colorado River at Yuma exceeded
100,000 second-feet for 57 days and that the annual run-off was about
32,000,000 acre-feet.
The highest discoverable water marks found near the mouth of
Bright Angel Creek, when referred by G. C. Stevens, hydraulic engineer, of the Geological Survey, to an extension of a well-defined rating
curve at that place, indicate a probable maximum discharge thereof
at least 250,000 second-feet. Water4odged drift, evidently undisturbed for many years, about 8 miles below the mouth of Diamond
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Creek,, when compared with the stage at the samepMee df the flood
of September, 1923, indicates a probable discharge of 2t)0,000 to
220,000 second-feet.
./ .-"[
Under present conditions hydraulic works to be built iafCataract
Canyon should be designed with sufficient spillway capacity to take
care of a flood of at least 250,000 second-feet. At Lees Ferry such
works should be safe against floods of 250,000 to 300,000 second-feet.,
but a dam could be operated in such a way as to take eare of the
flood peak by means of storage in the-reservoir,, and in that case it
would not be necessary to provide a spillway capacity of 300,000
second-feet.
"the preceding statements would apply to the first dam built on
Colorado River below the mouth of Green River. If ten dams were
built on the main stream belew the mouth of Green River, the sites
being developed in their order going upstream, their cost would be
a maximum. It Would be necessary to take care of the annual floods
during the construction of each dam, and it. would also be necessary
to provide a spillway capacity of 300,000 second-feet for the site near
Lees Ferry and each dam below it. If the first dam were built at
the site near Lees Ferry and made sufficiently high to control the
floods, then each dam lower on the river could be built at a greatly
reduced cost. In addition to the reduction in the cost of the .dams,
the amount of power that could be developed below Lees Ferry would
be more than doubled.
LOCHS AND DEBRIS

During flood periods Colorado River carries a large amount of driftwood. In the flood of September, 1923, hundreds of logs 20 to 30
feet long and 2 to 3 feet hi diameter passed through the Grand Canyon. At all hydraulic structures on the river some provision snould
be made to take care of the drift.
:

SILT
;
An exhaustive study of the silt problem of Colorado River^ade^y
R. B. Dole,4 showed that the average annual silt load carried by the
river at iTuma is equivalent to about 80,000 acre-feet ,
silt, such as would be deposited on the bottom of a,
Bureau of Reclamation, as indicated in the statement below,6 estimates
the average annual silt content of Colorado River at Yuma as 105,000
acre-feet.
*- Silt sampling at Yuma has been carried on continuously by the Bureau of
Reclamation since 1969, with over 6,000 determinations to date. A eflt determination is made at practically every gaging for discharge. " A quart sampler is
*U. S. Geel. Survey Water-Supply Paper 39®, pp. 218-226,1916.
*Weymouth, F. E. (chief engineer, Bureau of Reclamation), unpiibfished report on problems of the
Colorado River basin, vol. 4, p. 72, February, 1824.
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attached to a sounding weight and filled byopeninga valve. These samples arep
taken at the top, middle, and bottom of the stream at three different locations
across the stream. After allowing sufficient time for settlement to clear the
liquid, the sediment is dried and weighed. To determine the relation between
weight and volume for sflt, 20 samples of deposited sflt were obtained with & 3inch copper tube at various points on the river in;the vicinity of Yuma. These?
determinations indicate:
.
\
Sflt volume=water yolumeXpercentage of silt by weightXO.727. , The
gravity of the Colorado River sflt h£s been found to average 2.6d, ftnc
weight of wet sflt in place 86 pounds per cubic foot.
''
SUt content of Colorado River at Yuma

sat'^hfl- t-j;-r&"<v.-3'£
Yumajtofr

Discharge at Sttt
4»n- . ;ttwMa
tfcntln - f perceutYuina in
aer<B-feet.
acrMwt . age of ,
totAI

1909-1916. __ . _______ _ .. _ . _ .. ., _
1917...., __ .....__. -... .. __ . __ . __ .. __
1918. __ __ . __ . ____ ... __ . . __ . ______

1919. _

_-. ____ . ______ :,. _ . .....

1920.. __ . __ ,.. ...... ..
. . .... , ___ ,....'.
1921 __ ... _ . __ - __ . .... . __________ . __ 1
1922
.
.
.
L.

146,700,000
20,611,000
13,145,000
10,272,000
21,446,000
19,464,000
17,091,000

1,00^043
89; 082

68,831
68,333
122,829
111,948
nt Agvy

Average (1909-1922)... _____ . _ . __ .....^

0.68

.43
.46
.66
..»
.S7.
»5«

frfifrOik
Brrer In,'.
*er*ft»t l
.8, 4^0381
1,130,000
830,000
740.000

t ooo

000
^8^088

.62

The maximum silt content was found to be present witl} a discharge of 26,000
second-feet. This is also the minimum discharge at which the mean velocity of
the stream reached 6 feet per second, which is exceeded but little with higher
discharge.
-.
:
5
With an average flow at Yuma of 17,000,000 acre-feet at the; present time and
an average silt content of 0.62 per cent by volume, the annual load of sflt
brought to the delta region by the Colorado and Gila averages 105,000 acrefeet, or 170,000,000 cubic yards.
The mean of silt measurements taken when no waier wa& entering from Gila
Biver gave an average content of 0.7 per cent by weight for the period I^S-KHMIQW,
inclusive. This corresponds to a mean content of 0.51 per cent by volume. K
the diversions at Laguna dam were^added to Yuma flow and complete desilting
assumed at Laguna, the sflt percentage could be decreased from 0.51 per cent
to 0.49 percent. As the Colorado River valleys between Yuma and Boulder
Canyon are being raised very slowly,, if at all, it may be concluded that the
sflt content at Boulder is the same as at Laguna dam.
With the construction of reservoirs on, the tributa>ies above Boulde* Canyon,
and especially power reservoirs on the lower .parts of the main- tributafies, tbe
sflt percentages may be expected to decrease materially. The proposed Diamond,
Creek power dam, if constructed, would for many years stop a large part, pf
the sflt which would otherwise pass on into Boulder "Canyon reservoir.
*
FLOOD CONTROL
NEED

,

/
-.

;

On the lower river in California and Arizona and in th,e. Ipiperial
Valley in California and Mexico large areas of land have b«en re-'
claimed by irrigation. Most of the reclaimed lands in the Imperial
Valley are below sea level, and the lands at Yuma and in the Fak>
Verde Valley are bufc little above the flood plain of Colorado River,

To protect these lands from floods extensive levee
built and'must* be; maintained. o The value of-the
menaced by the annual floods exceeds $100,000,000. Although, millions of dollars have been spent in constructing the levees, these
works alone, however well maintained., can not assure protection
from the flood menace. There is grave danger that during periods
of high run-off the levees will be breached and *ht entire flow of 4he
Colorado will find its way into Imperial Valley and the Salton Sea*
If these valuable properties ott the lower river are to be protected,
dangerous stages must be prevented by holding back a part of ( the
flood-aiaking waters: The need for flood control is therefor^ iuj$n$.
HEADWATER RESEBVOIB SITES
FLAMING GORGE RESERVOIR SEEE

The Flaming Gorge reservoir site lies ton <3reen River;UfcIJ*ah and
Wyoming. (See PL I.) The dam sitd is in Horseshoe Canyon,4
miles south of the Utah-Wyoming line. A'cta&rhere that would
raise the.water 200 feet would form aireserveir <sapable of storing
3,000,000 acre-feet of water. The Flaming Gorge is a valuable reservoir site; its chief value, however, would come ifom its operation in
the interest of power development. Its tSse, would not^-reduce
materially the floods oh the lower Colorado.
:

JUNIPER RESERVOIR SITjB

.

-

The Juniper reservoir mte is on Yampa River in Mi»ff6t;Qoiaity,
Colo.j $h& dam site being near the head of Juniper -Canyon, about
6 miles above Maybeti. (See PI. I.) 1"he capacity of a reserv%ar
formed by a 150-foot dam at this site would be 827,000 acre-feet.
By operating the upper 80 feet of this reservoir site in the interest of
irrigation and power development, the flow of Yampa Biv^r would
be under control. Such operation would affect the; i9ow;bf %e loweK
Colorado but would not materially reduce the floods .of the lower
river. '
'
''.".-"
"*.'. \ *...' ^"
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.

,

:

'

"

"

OURAY RESERVOIR SITE
"

,* ;t ,''- . t

'J ',"' -

'-' ': ~

;
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The Ouray reservoir site is on Green Kiver in northeastern Utah.
(See PI. I.) Tfee bagdn above the dam site,is foottied J^^,wi4^hig of the canyon of Green River in the vicinity of :tibe junction of
Duchesne and White rivers with the Green, The capacity of a
reservoir formed by a dam 170 feet high at this site would be $,000|OQQ
acre-feet.
.;
.
By utilizing ihe Ouray li^servoir site, the flow of Green Rive? w$&
be regulated as desh^d for irrigation and the development of power.
Such regulation would also be beneficial to irrigation and tibe development of power on the lower Colorado River. The stored water
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thus released might eventually pass through power houses 'W*bh to
aggregate head of more than 3,400 feet, and the flood flow erf the
lower river would be materially reduced. If the flow of Green Rifier
were regulated, less storage capacity would be-required at all hydraulic
structures huilt on the lower river, whether operated in the interest
6f flood control, irrigation, or power development.,. This statement
shows the value of upstream storage.
DEWEY RESJJRVOIR SITJ3

- ;

.

,

:

The Dewey reservoir site is on Colorado River in eastern Utah,
below Westwater station on the Denver & Rio Grande Western
Railroad. The dam site is 3 miles below the mouth of Dolores River,
where the elevation of the water surface at low water-is 4,087 feet,
above sea level. (See Pis. I and II.)
Data presented by the Bureau of Reclamation ? indicate that a
storage .capacity of 4,000,000 to 4,500,000 acrerfeet would be required
to equalize the flow of Colorado River at this point; but the capacity of the site without interference with the present loeatieaio!
Denver & Rio Grande Western Railroad is only 2|27Q$@Oi
To obtain this capacity, it would be necessary to feuild a> damV-to
raise the water 215 -feet. If a capacity of 1,500,00ft acre-feet were
reserved for regulation of the flow about 90,000 horsepower ^jould
be developed. Operating the site in this way would have a beneficial
effect on the flow of the lower Colorado. In fact, if this site were
developed and operated in conjunction with the Ouray site, on Green
River, the flood flow of the lower Colorado would be greatly reduced
and the normal lowrwater flow ^fould be increased.
. ,:-L -/.-,.
BLUFF RESERVOIR SITE

.

,

,-,,i -..,..'.. .

The Bluff reservoir site is on San Juan River in southeastern tFtalv.
(See Pis. I and II.) This site was, investigated in, 1514 by 4the
Bureau of Reclamation, which found that a dam that would raise the
water 214 feet would create a storage capacity of 1,600,000 acre-feet,
and that a dam 264 feet high would give a capacity of 2,600,000
acre-feet.
. ,
San Juan River is subject to sudden and violent floods. The flood
of October, l&ll, was estimated at 150,000 second-feet* 7 B desired,
a flood-detention ;dam could be built at the Bluff site. Such a dam
with a storage capacity of 600,000 acre-feet wouldf Ja-obably -prevent
the San Juan floods from reaching Colorado River. If only the peak
floods were stored and all flows of 25,000 second-feet or less
6 Problems of Imperial Valley and vicinity: 67th Gong,, 2d sess., S. Doc. 142, p. 181,1922.
7 U. S.'Qeol. Survey Water-Supply Paper 39fr,i>. 213,1918.
;
* ' :

'
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FLOOD CONTROL.
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allowed to pass the dam, the amount of silt that would be deposited
in the reservoir would .^e small. If! this reservoir site were operated
in conjunction with the Quray site on the Green and the Dewey site
on the Colorado, the floods of the .lower Colorado above .the Gil&
could be controlled. However, the utilization, of a ijjiood-pontrol
reservoir site on the main stream below the mouth of Sanf Juaj^Kiver.
would probably afford a better solution of the flood problem., :
The water surface of San Juan Kiver at the Bluff dam,site is,4,i98
feet above sea level. The Glen Canyon flood-control reservoir site
(see below) may be developed to an elevation of 3,513 feejb,without
interfering with the development of the Dark Canyon dam site in
Cataract Canyon. There are sites in th,e canyon of San Juan lUver
below the Bluff dam site where dams may be built: for the development of power. On the assumption that 175 feet ;of head may Be
used for the development of power at the Bluff .site, about; 800 feet
of head may be developed above the flowage line of the Glen Canyon
reservoir. Even with the ultimate irrigation development in the
basin, it may still be possible to develop 150,000 horsepower on lower.
San Juan Biver.
RESERVOIR SITES ON MAIN STBEAM BELOW CATABACT CANTON
GLEN CANYON RESERVOIR SITE

.

Glen Canyon covers the 186-mile section of Colorado Kiver between
Cataract Canyon, Utah, and Lees Ferry, Ariz. (See PL II, in pocket.)
In 1921, in cooperation with the Southern California Edison Co.? the
Geological Survey made a topographic survey of the Glen Canyon reservoir site, carrying observations to an elevation of 3,900 feet' above
sea level. These surveys disclosed the fact that a dam ojC mo4erate}
height constructed 4 miles above Lees Ferry would create a storage
reservoir with a capacity sufficient to regulate the flow of-Colorado
Eiver.
In addition to the site 4 miles above Lees Ferry, which has been
designated Glen Canyon dam site No. 1, there are seven alternative
dam sites in this canyon and one at the head of Marble Gorge,8
Glen Canyon dam site No. 1 is regarded by the writer as the best
location for a dam to utilize the Glen Canyon storage basin and will
be described first. The alternative sites will then be described in
the order of their value. Topographic maps of the alternative sites
are on file in the office of the Geological Survey at WasKingtoja.
8 On February 4,1925, the United States Geographic Board decided " that that portion of the Grand
Canyon between the mouth of Paria Eiver and the mouth of Little Colorado Riverh'eretofdre known as
Marble Canyon should hereafter be called Marble Gorge." That there is BO marble in Marble Gorge
was known to Maj. J. W. Powell when he named this stretch of canyon in 1869, for in &is diary.-on.
August 8,1869 (Exploration of the Colorado River of the West and its tributaries, p, 75,1875), he says,
" The limestone of this,canyon is often polished and makes a beautiful marble."
.
-
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The position of the Glen Canyon reservoir site in the Colorado*
Eiver "basin is shown in Plate II (in pocket). The clam site1 nere
designated Glen Canyon dam site. No. 1 is near the lower end of Glen
Canyon, 4 miles above Lees Ferry, Ariz. The writer first examined
this site in August, 1915, and at that time recommended that a thorough investigation should be made to determine its feasibility for
flood control.
At this locality the canyon of Colorado River is carved in Jurassic
sandstone. The walls rise about 1,000 feet above the river, and a
drill hole put down at the dam site by the Southern California Edison
Co. shows that the sandstone extends 200 feet or more below the
water surface. So far as the dam itself is concerned, therefore, the
construction problem has to deal only with this massive sandstone.
According to Bryan,9
The rocks of the dam site are essentially uniform in character from the water
level to the top of the cliffs. The advantages and disadvantages are thus equal
for any height of dam which may be constructed. The crushing strength of the
rock is low, but the fact that it stands in great walls in a state of nature indicates
that its crushing strength is ample for a high structure.

The following statements regarding the geologic features of the
Glen Canyon dam site No. I are taken from an unpublished report
of a board of engineers of the Bureau of Reclamation, dated
December 20, 1922. The excerpts that relate to geology may properly be credited to F. L. Ransome, then of the Geological Survey,
a member of the board:
The Jurassic sandstone * * * is a fine-grained, very uniform quartzose
sandstone which appears to owe its reddish tint to the superficial redness of
certain individual grains. The grains are imperfectly cemented, and the ^hole
resembles in hardness the type of soft brick known to the trade as salmon
brick. It crumbles under shock, such as that of Ordinary blasting. >* * A
Notwithstanding its softness the rock stands remarkably well in the canycai
walls; forming large smooth cliffs which rise for- 1,000 feet or more above the
river and which in places are within 5° of being vertical. A conspicuous feature of
these walls is the presence of a series of nearly vertical fractures or joints which*
strike approximately east and west. These joints are not everywhere present
but occur in groups, comprising many joints from & few inches to a few feet
apart. At such places the sandstone is divided into great vertical, closely fitting
slices. The joints themselves are very close and appear to be as a rule cemented
by films of calcite. Under the action of weather, however, the joints form zones
of relative weakness, and where they occur there is a tendency for the rocks to
fall off in blocks and for the canyon walls to lose some of their sheer smoothness^
One such zone of jointing crosses obliquely the line along which drilling is now in
progress and constitutes a possible weakness in the abutments. Another section
of the canyon, a few hundred yards downstream from the .present drill line, offers.
better abutments with apparently no greater distance between them, but the top
Bryan, Kirk, Discussion on rock-flll dam, Lees Ferry, Ariz.j Am. Boe. Givfl'Eng. Trans^ vol. 86.
p. 228, 1923.
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of the ChMe <the red sandstone and shale) is probably a few feet nearer the
bottom of the river than it is farther north. The upper bed* of tb»: Caiale,
however, to a thickness of 200 feet or more, would probably be safeTSSftteHai
upon which to base a dam. * * *
' "' ;w~5' * -", '*:
The Jurassic sandstone is unsuitable for use as concrete consfcitaeat."' li large
masses, however, it suecessfully resists the weight of th«-towering oanyoa waBs
and shows no signs of failure at the base of the cliffs where theseeeme down to
the water's edge. Under the atmospheric conditions prevailing at 4he canyon^
moreover, the sandstone in spite of its softness withstands the action of the
weather remarkably well. Some of the smooth walls must have stood without
appreciable change for centuries.
j
In considering possible building materials attention should be given, to the
possibility of using the Shinarump conglomerate jnear Lees Ferry as a source of
sand and gravel. The nearest rock suitable for crushing and use in concrete is
probably the cherty Kaibab limestone, which is exposed over a large area a
mite; or two west of Lees Ferry and forms the walls of Marble Canyon. Considerable gravel, of recent geologic age, occurs at the mouth of the Paria, just
below Lees Ferry, but it is doubtful whether the quantity would be sufficient
for the construction of a dam of the size proposed.
i

The following information regarding the Glen Canyoi* $ani site
I 10 was obtained by personal correspondence with, the Southern
California Edison Co.r Los Angeles, Calif.:
,
Southern California Edison Co. conducted between November, 1922, and
January, 1923; some core-drill explorations in order to determine the depth
from the surface of the water to bedrock in the dam site. * * * Four'vertical
holes were drilled, the first of which is in solid rock for the entire distance. The
second (in the approximate middle of the river channel) showed a-depth of 66
feet^to bedrock, the third (near the right-hand edge of the river channel).a
depth of 80 feet to bedrock, and the fourth (midway between No. 1 ind No. 2)
a depth of 26, feet to bedrock. There were also drilled two other holes No. 5
horizontally and No. 6 at ^n angle of approximately 40° wiija the hbrizqnialr and
in location Ho. 5 and No. 6 correspond very closely with No. I (1*1. V). "For
the purpose of securing some index as to the compressive strength of, the rock,
samples were taken from the cores in hole No. 1. These jsauaples"were eut to
give a length equal to approximately twice the diameter, and they were tested
for compression in the .testing laboratory of the Smith-Emery Col,, testing
engineers at Los Angeles,, *, * * Three such cylinders taken from tfte core
at the approximate depth [of 88 feet showed an average compressive strength of
2,220 pounds per square inelxi three other specimens taken from the core at. an
approximate depth of 210 feet showed an average cdmpressrve'strength of 12,900
pounds per square inch, while three other specimens taken from the core at the
approximate depth of 210 f*et showed compressive strength of 10,480 pounds
per square inch. * *
Among these last three specimens there was a wide
variation in individual performance.

In July, 1924, tests were made to determine the strength of the
dry rock as compare^ with that of a roek sample saturated with
water. The samples tested were parts of the cores from drill holes
Na. 1 and No. £ Mr, Dennis says:
i ;
*s

"Memorandum regarding foundation for dam at Lees Ferry (Glen Caayon), by H. WiDottiiis, chief
construction engineer. Southern California Edison Co., Dec. 19,1904.
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Hole No. 1, as above mentioned, was. a vertical hole, and the bedding
are at right angles to the axis of the eore,. Hole No. 4», as above .mentioned, &
a horizontal hole, and the bedding planes are parallel to the axis of the cores.
* * * There is a diminution in strength of the wet specimen, ap compared
with the dry specimen. * * * However, the lowest crushing strepgth. aoted>
except for the horizontal hole,: is 1,315 pounds per square inchr which is very
much in excess of any unit stress which would be permitted in eonorete of which
the dam itself would be made.
_
~
It is my opinion that the characteristics .of the sandstone at the Lees Ferry
dam site are such as will assure the stability and safety of a§y reservoir daoa
that may be justified financially at this site. The precedent-of design of $ny
such structure would dictate, the: excavatioja of a trench for the full length? of
contact between the dam and the foundation rock not only for the purpose of
insuring the stability of the structure against sliding but to cause the removal
of surface rock which may have partially weathered. Sound engineering practice also shows that great forces in compression may be safely brought upoa
materials that seem to have low cohesive strength provided material is confined
and cannot dissipate or spread, under the effect of such pressure. The sides
and bottom, of such a trench into which this dam would be built would causf
the satisfaction of these conditions of restraining, the material against which the
pressure would be carried, and the natural conditions at Lees Ferry are Such as
to easily permit an adequate spillway so that any surplus water may be tife-^
charged at a point remote from the toe of the dam and thereby eliminate the
erosive action due to scour. The side walls of Glen Canyon and of many side
canyons entering Cjrlen Canyon stand nearly sheer for several hundred feet in
this Jurassic sandstone formation and have so stood for niany thousands of
years, and there are many examples of tremendous pressure brought against
this rock without failure. * * *
.
The tests herein iqaentioned have been made upon small specimens of core taketi
out by a diamond drill. These specimens are approximately 111 inches in diameter, and the test specimens have had a length equal to approximately twice that
.diameter. Failure Jias been typical of the tests of any concrete column nainelj^
by a bulging and by lateral»displacement and it is felt that these tests may fcfc
used as indices onlf and that the actual compressive value" of the material la
large block would be very much greater than the compressive strength asv indicated by these specimens.
.
. i-. - .
In consideration of the homogeneous and uniform naiur§ of the rock, this
results of the test^ imade upon the cores, ahd^the conditions of restraint brought
upon the foundation at the bottom of a' trench, I have*no hesitation in receifimending the site oi the Lees Ferry dam for a flood-contrel reserVopr dam of sucli
height as may be financially justified in the c'ompjete <j6mpreltiensive development
of the Colorado Rifver. :

The fact that the sandstone at the dam site is not suitable for the
concrete aggregate would not add to the <5ost of the dam, because
adequate space for storage of building material is not aTailable at
the site; To complete the under-water monik between saccessive flood
periods it would be necessary to pour from 5,000. to 10,000
yards of concrete a day, and therefore large supplies of ssnd,
and crushed rock must be stored ready fe>r use, Th,e fjuames
.storage bins would be most conveniently located t>n the spacious flat
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PLATE IV

A. GLEN CANYON DAM SITE, 4 MILES ABOVE LEES FERRY

£. COLORADO RIVER AT LEES FERRY, SHOWING SPILLWAY AND POWER-HOUSE SITE OF THE GLEN CANYON FLOOD-CONTROL AND POWER SITE
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ground near the mouth of Paria River, a short distance belew Lefts
Ferry, where there is an ample supply of the neeessaiy ia#ferifd sfd*
concrete.
.
:>
An upstream view of Glen Canyon dam site No, 1 is showainJPlate
IY> A, and a cross section of the dam site, showing, the, resalta of
diamond-drill boring, in Plate V. The explorations incomplete) but
the four holes drilled indicate that the greatest depth to bediocfc is
about 80 feet.
;
:
Lees Ferry is accessible from the north and south by automobile.
A railroad from the south to the dam site would be about 135 miles
long, and its construction would not be difficult. It seems probable,
however, that the Union Pacific System .(Los Angeles & Salt jLake
Railroad) may be extended to the north rim of GraadCaayonv When
this road is constructed, a branch about 50 miles long wouW.!jreaehi
the Glen Canyon dam site No. 1.
. -.
The map in Plate V shows the circuitous course of-Colorado
River in the vicinity of Lees Ferry. Tunnels tot provide a?-permar
nent spillway may be constructed through, the narrow seek of the
loop. The spillway ?would thus discharge back into the riveiv at a
point 4 miles below > the dam. On the lower side df the loop the
canyon walls break away, leaving plenty of room: for the
tion of a power house and outbuildings. (See. PI. IV, B.)
cal conditions at the site are favorable not only for the construction
ol a high dam but ioir the development of powar. However, csa
account of the distance to market, it is not likely th$t power will be
developed at this sit© for some time to come.
.
, ,; v
fin order to determine the probable flow of Colorado Rivez at Leei
Ferry, a study was made of records showing the measured, flow oi
the upper -dolorado and its tributaries since 1895; From ti*ese
refcords the annual discharge at Lees Ferry was computed for tfe0
period 1895 to 1922, By comparison with the record showing the
inflow of Great Salt Lake, the estimate of annual discharge of Cole*
rado River at Lees Ferry has been extended to cover'the period
1851 to 1922. (See Appendix A, p.121.) According to tradition the
maximum .flood at Lees Ferry in recent times occurred.in 1884.
(See p. 14.X This flood probably reached apeak of 250,000 secondfeet. The records indicate that the years ol maximum run-off wer»
1868 and 1884 > in which the total annual run-off was about 2&,00Q,QQO
and 24,000,000 acre-ieet, respectively.
..
By means of mass diagrams it can be shown, that with a storage
capacity of 8,QQQ$OQ acre-feet provided in Glen Canyo^ %$ maximum flood at Yuma, floods in Gila River excepte4»
to 50,000 second-feet or less and the flood
46668° 25 3

24

WATBR POWER AND KDOOB COWE8Q& OF OOLOEADO RIVER

removed. (A capacity of about 8,OQQ,QCK) acre-feet can he obtained
ayb the-G4earCanyon reservoir site without; interfering with-t&e Bark
Canyon dam site, in Cataract Canyon.
uPariaj, tattle Colorado, Kanab, Virgin^ and Williams rivers- join
the Colorado below Lees Ferry* Thfc Paria, Kaaab, Yirgin, and
Williams are unimportant tributaries which seldom, if ever, discharge
a peak flood of 10,000 seeond-leet. The greatest flood of record on
the Little Colorado occurred in September, 1923, when the peak discharge was about 100,000 second-feet and the total volume 370,000
acre-feet. It is apparent that the normal forebay capacity of one or
more pdwer dams in the Grand Canyon would have easily taken care
of this&ood from the Little Colorado. Even without any dams on
the river > this flood was practically consumed by channel storage
before it reached Yttmaj where the peak discharge was only- 56,000
second-feet.
The Dark Canyon dam site is in Cataract Canyon 186 miles above
Lees Perryv where the water surface is 3,528 feet above sea level.
It has been assumed that the Glen Canyon reservoir site c«tild be
utilized to an elevation of 3,513 feet without interfering with .the
development of the Dark Catryon dam site. To utilize the 186-mile
section of Glen Canyon in this way would require the construction
ol a &am near Lees Perry to raise the water 386 feet, giving a storage capacity of about 8,000,000 acre-feet. In the following pages the
alternative dam sites in Glen Canyon are described. It is believed by
the;'writer that the 186-mile section of Glen Canyon can best be
utilized by constructing a dam at the site 4 miles above LeesilTe-eripb
Not-only is this site mdre accessible, but materials for building the
dam, except cement, are conveniently at hand,
4
* The water level of Colorado River at Glen Canyon dam site No. 1
is 3,127 feet above sea level. If the flow of the river is regulated Ijy
storage in Glen Canyon tibe water thus released from the peservoHf
would ^ not only; be available for irrigation on the low-er river but
could be us'ed for the'development of power in the Grand Canyon;
The: continuous power capacity of all power sites in the Grand Canyon and OB? the lower river would be more sthan doubled by storage at
Glen Canyon, aiid in addition every hycbraulic structure subsequently
built <m the river below Glen Canyon could be coastruct^l at a
^*«atly reduced cost; as it would not be necessary-to take esre of
long-continued flows of flood water during'Construction, and the spill^
way and storage capacity required at such worts could be reduced
to a minimum. It is estimated that building the Glen Canyon dam
first would result in a saving of millions of dollars on dams subse*
quently built on -tike river below this point.
-;
'
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The Rainbow Bridge, a graceful natural arch of sandstoiM
enough to span the dome of the Capitolat Wi&Mngton, surpasses in
size and symmetry any other known natural
in the Rainbow Bridge National MQ
Piute Indian Reservation in San Juan County
than 150 miles from a railroad, and can be reach,e<| on
pig in boats the long canyons of Colorado and Sanj J!uan.pipjers or by
traveling with pack train the few and little u$ed fastis, _ ; r\-.
This bridge is one of the scenic wonders, <?f tbs irorld.W; |tj
a height of 309 feet above the creek, or SJ35 ijeet
the inner canyon, and has, a span of 278 feet (EL
Canyon reservoir site were utilized to an elevation- .ofj.,5|3 feet i|b
sea level it would not in any way interfere with thej^Ealabow ^i^feuyal
Bridge. The backwater would extend up JBrid^e- (pjajjjop,,12 ^nj^r ,i^o
a point 1 J^ miles below the bridge. In fact, if the jGlen Canyqn; dam
were constructed to raise the water to the abutme^ of tifc^ Rainbow
Bridge, the storage capacity would be about 32,000,000
four times the capacity proposed. The Glen
provide an easy means of access from the highway
motor boat to the bridge and the other scenic womfie^s of^Ips, almost
unknown region. It is estimated that after the completion $|^utQtv
mobile highways leading to the reservoir the nupibejr ofiour^sts. to
this region would exceed 200,000 annually. .
,,
s : r ...-\
GIIH CAHJOir DAM SITE HO. 8

'"' '

Site No. 2 is 9^ miles by river above Lees, Ferry ancl-5]^ aiilea
above Glen Canyon dam site No. 1. The canyon, walls, at, the,
site are composed of massive red sandstone. .The, depth J*^ 'bedrock.
hi the river channel is unknown but has been esfiijnated at 8^)= feet.,
On account of the circuitous course of the river in this vicinity tlje
site has some rather favorable features. A suggeste4 plan o
ment is shown in Plate VII. A dam could be builjt fo
only with spillway tunnels 1,150 feet in length, pa$sing
canyon walk. At some future time a power plant coipd be biw|t oja
the left bank below the dam, the water to % carried tQ,tH& yower
house by means of tunnels 750 feet long, ^e^iiorage ca^ac^ty o£
the site for given height of dam is practically the same a@ t^at^ pi
site No. 1.. The less favorable features of the site ars its ina$eepsjrv
bility and distance from the limestr ne that would jprobajjIy.S&iUse^
in constructing the dam. The limestone may be, obtaine4'at< the,
" Miser, H. D., Trimbte, K. W., and PaJ®e, Sidney, The Rainbow Sfid*&JlCF«hi d*«^. ft^, vol. U,
pp. 518-531, 1«J3.
18 Not to be confused with Bridge Canyon on Colorado Eiver in Arizona, 236 miles below Lees
Ferry.
1
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mouth of Paria River, which, is about 11 miles downstream from the
dam site.

,

;
SENTI5E1 EOCK DAM SITES HOS. I AHU 2

!
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;
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The topographic map of the Glen Canyon reservoir site discloses
the fact that if a dam were built on Colorado River between the
mouths of Warm and Waweap creeks to raise the water to the 3,60Qfoot contour an open spillway could be provided in a low saddle
between these creeks 2^4 miles from the river. Two possible dam
sites in this stretch and the spillway site were examined September
13 and 14, 1922. The saddle is underlain by a sandstone formation
covered with a few feet of soil, and the conditions appeared favorable for the construction of an open spillway 3,000 to 4,000 feet in
length. A detailed survey was made of Sentinel Rock dam site No.
1, which is 23 ^ miles above Lees Ferry, 4 miles below the mouth of
Warm Creek, and 7 miles above the mouth of Waweap Creek. The
water surface at this site is 3,152 feet above sea level, and a dam to
raise the water to the 3,600-foot contour would have a length of
1,300 feet. The canyon walls are composed of massive red sandstone.
Material for the construction of the dam "may be obtained from the
Kaibab limestone at the mouth of Paria River, about 25 miles below
the dam site. This dam site is somewhat less accessible than the site
near Lees Ferry. A railroad built to it would probably pass over the
plateau region south of the river, and the construction camp for the
dam would necessarily be located on the plateau 700 or 800 feet'
above the river.
A cross section of the canyon was taken at Sentinel Rock dam site
No. 2, which is 18K miles above Lees Ferry and 2 miles above the
mouth of Waweap Creek. The water surface at this site is 3,147 feet
above sea level, and a dam to raise the water to the 3,600-foot level
would have a length of about 1,200 feet. Other conditions at this
site are the same as those at Sentinel Rock dam site No. 1.
A dam at either of these sites high enough to raise the water to
the "3,600-foot level would give a storage capacity of about 13,000,000
acre-feet. The flowage line of the Glen Canyon reservoir, however,
can not be higher than 3,513 feet above sea level without interfering with the Dark Canyon dam site, in Cataract Canyon. Although,
the favorable conditions for a spillway between Warm and Waweap
creeks constitute an attractive feature of .the Sentinel Rock dam sites
this spillway site would have small value if the flowage line of the
Glen Canyon reservoir were limited to an elevation of 3,513 feet, as it
would be necessary to excavate a channel across the saddle 9,706
feet long, with a maximum cut of 100 feet.

FLOOD CONTB0I*
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OAK CBEEK DAM SITE

I,
.

. ;

The Oak Creek dam site is in Glen Canyon 71 "miles abore
Ferry, a quarter of a mile below the mouth of Oak GreeK;, and 7
miles below the mouth of San Juan River. The water surface at this
site is 3,341 feet above sea level. A detailed survey was made of tfeis
site September 1 1 , 1922. It was found that a dam to raise the* water to
an elevation of 3,513 feet above sea level wbuld have a length df 1,300
feet. The canyon walls are composed of massive red slaaidstbne.
The depth to bedrock in the river channel is probably n6t great. A
side canyon on the left bank affords an excellent opportunity for a
permanent spillway for a dam of the height mentioned. The conditions for a dam of this height are favorable, except that tJp& site is
not easily, accessible and materials for construction oi ike dam me
not near at hand.
.
,
SAN JUAN DAM SITE

The San Juan dam site is on Colorado River 78 miles above Leee
Ferry and half a mile below the mouth of San Juan River, where the
water surface of the river is 3,258 feet above sea level. This site
was examined September 9 and 10, 1922. A detailed topographic
survey of a narrow strip covering the center line of the proposed dam
showed that a dam to raise the water to 3,513: feet above sea level
would have a length of 1,700 feet. It is likely that bedrock is near
the surface in the river channel at this point. The conditions 1or
taking care of water during construction and the facilities for a
permanent spillway are good. Owing to its great length t&e volume
of the dam would be relatively large. The site is inaccessible at
present except by boat.
ESC AI ANTE DAK SITE

.

The topographic features of the canyon 7 miles above the mouth
of Escalante River appeared favorable for the construction of a
dam, but a study of the site showed that at this point the river is
cutting through shale, which appears in the canyon walls to a height
of 50 feet above the river. This rock is unfavorable 'for the construction of a dam, and a detailed survey of the site was therefor©
deemed unnecessary.
-,. ,
BEDROCK DAM SITE

The bedrock dam site is on Colorado Riy«r § miles 'below
Crossing and 1 mile below Lake Canyon, where the water surface
is 3,325 feet above sea level. The bedrock, which extends across
the river, is a very hard laminated red sandstone. Theiroek in the
abutment walls was found to be satisfactory, with the exception of
a few layers of soft sandstone. If a concrete dam were .constructed
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at this, point it would be11 mSeeeiaarp t» excavate a considerable diit j^ce. into %ege soft layersfin order to p^vent leakage around the end
;6f ihe dam. ^Jdam at this site to store. 4,000,000 acre-feet woqld
r raise the water 372|eet Tne volume of the dam would be 3,§0t)ip00
,,cubift y$rds. As bedrock is at the surface in the river channel ffcte
construqtion of the dam would be comparatively simple/ However,
,a dam ftt t^s site would either interfere with the development of
power jix. Cataract Canyon .or afford inadequate storage capacity.
?FurtKerm,ore, this volume of tne dam and the InaccessibuiLty of tlja
,sitemakeit less attractive" than other sites lower on the river. <J
;

'

,

MABBLE GOR&I DAM SITE

,

.

J

'- A daai built near the head of Marble Gorge, 4 miles below Farm
''River-; would provide slightly greater storage capacity than & dam
of the same height built at Glen Canyon dam site No. 1* Unfortunately the construction of a high dam at this site is not feasible,
owing to the presence of soft shale in the bed of the river* The
- physical characteristics of the site are discussed under the s heading
^Marble Gorge bridge site" (pp. 52-53).
;
BOULDER CANYON RESERVOIB SITE
After leaving the Qrand Canyon Colorado River forms t
ary3 between Nevada and Arizona for a distance of ll>0 miles.
-Ahe riyer flows through small valleys separated by short stretches of
canyon, At 11 miles below the mouth of Virgin Biver the Colorado
has cut tlirough the Black Mountains, forming what is. known as
Sfoulder Canyon. , Abqwb 18 miles below 4&e head of BouldervCanyon
the river enters Black Canyon, which is separated from Boulder
Canyon by a small valley about 5 miles long. Surveys made by the
engineer^ of the Bureau of Reclamation show that great ,r storage
capacity: pan be obtained by building a high dam hi either Bpulde^r
Canyon .or, Black Canyon.
*

,

\ -

' ..

BOUIDSIL CAB702T DAM SlTl

- J A map and cross section of the Botilder Canyon dam site are shown
m Plate VIII. This site has been described by th« former IMrectar
of the Bureau of Reclamation.13 It was proposed to build* « dam
in Boulder Canyon to serve three purposes flood control, regulation
of the flow -for irrigation, :and the development of power.,
/.- The rocfc in the canyon walls is a fine-grained granite «f good
quality, although it is considerably jointed. The walls rise |»iKapir
tously from the river to heights of 1,200 k> 1,500 feet and continue
upward en a gentler slope to the peaks of the mountain range (PI.
£S, <&):.-. The foundation wa& thoroughly investigated' by means .of
diamond-drill borings, and the greatest depth to bedrock was found
«8 Problems of Imperial Valley and vicinity: 67ta Cong., 2d sess., 8- Doc. 142, 192S.

RAINBOW NATURAL BRIDGE, SOUTHEASTERN UTAH

WATER-SUPPLY PAPER 556

PLATE VI

The bridge spans a narrow inner canyon in which runs Bridge Creek, a branch of Aztec Creek, which joins Colorado River 6.5 miles below the mouth of San Juan River
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A. BOULDER CANYON DAM SITE, SHOWING BARGES USED IN DIAMOND-DRILL WORK
Geology by F. L. Ransomc

UPPER BLACK CANYON DAM SITE
Geology by F. L. Ransome

PLATE IX

WATER-SUPPLY PAPER 556

PLATE X

U. S. GEOLOGICAL SURVEY

CAPACITY IN MILLIONS OF ACRE-FEET
1,300

15

20

25

30

AREA AND
Feet above
sea level
647
697
747
797
847
897947
997
1,047
1,097
1,147
1,197
1,247

Contour interval 50 feet
Surveyed November 20-Deeember 1
300 400
SOO 600 TOO FEET
CROSS SECTION AT DAM SITE
(354.6 MILES)

600

40

60
8O
IOO
AREA IN THOUSANDS OF ACRES

MAP, CROSS SECTION, AND AREA AND CAPACITY CURVES FOR BLACK CANYON FLOOD-CONTROL AND POWER SITE

CAPACITY TABLE
Capacity
Area
(acre-feet)
(acres)
0
0
88,000
3,500
362,000
7,500
937,000
15,500
I,950,000
25,000
33,500
3,413,000
5,350,000
44,000
7,875,000
57,000
73,000
II,125,000
15,200,000
90,000
20,175,000
109,000
26,200,000
132,000
33,425,000
157,000
160

M&O& CONTROL

to be 158 feet beldw th6 'water surface.
to furnish data for drawing under-water contour \
tion of the rodk foundation at the site; (See
proposed to build a dam here to raise the waters
a reservoir with a storage capacity of 31j4(to,t>db
height of the dam above its foundation
The Bureau of Reclamation made exhaustive
Canyon reservoir site
On account of the lesser depth to bedrock in Bl&^kCMJftt^ teM'btoffeatures affecting the cost of construction^ the plto "Hi ^
in Boulder Canyon has been abandoned by the Bure^ttW^Bf^^if
in favor of a site in Black Canyon^
; ikfe j *Mniii^
:

.-

:1''^

" Ji»?M r A"»'»kv/- J'

1T2PBR BLACK CANTON DAM SITE"

The upper Black Canyon dam site is about 18 miles M<*w ttw> dam
site at the head of Boulder Canyon (PL*!!, i» p^farti^wsiAWKSu^j
the distance between the walls in Black Canyon is,somewhat greater
than in Boulder Canyon, the depth to bedrock is less, being at most
about 125 feet below the water surface. A dam in Black Cbnyon
would give greater storage capacity than a ctam in BoulderidulTon
constructed to the same height above low waterr -^ioLftpj*f«^i!|ru|ii»
per Black Canyon dam site, a cross section at'the* <Jnai !sitel,!;and! a
diagram showing the area and capacity, of tht
in Plate X. The upper Black Canyonssite wa^
gated by means of diamond-drill borings.'
(PL X) show the position of the rock floor
tion to the water surfaceiof the river.
The rock that forms the foundation
is of volcanic origin and has been classified by^v^'iUitSKHie^ 4s
andesite tuff-breccia. ;The rock is like
of rock fragments cemented together in a solid 4na^.
pressive strength of concrete is determined by t^tittg-fi
6 inches or more in diameter. The compressive strength i>£ 4b&r>96k
that is used as the aggregate may be forty times;
pressive strength of tbe concrete. The
volcanic breccia that forms the walls in Black tkaybn shotdd be
determinedby similaf i^ests. -- "
T v? 1:^,, v>'#t>l ^ib^^nm^
The {dans of the Bureau of Reclamation as pfeeefited %o ;tl^e Coknmittee on Irrigation ^nd Reclamation of the Hou^e of Mepfeaentt^
tives,^ ia February, 1924f call for the eonstnlcti©nittf*»J d«hl VR- BtoK
Canyon to raise the water 605 feet, which would crea4fei
.
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H.This site has been called tbe Black Canyon dam site, but to avoid confasian ykh the (midille Blac*
Canyon and lower Black Canyon sites, described elsewhert ia this report, It iS Jh
i* 68th Gong., 1st sess., Hearings before Comm. Irrigation and Reclamation, Honae of
.29b3, by Mr.^wiag, im '
"
. './ ' ; - W'J* *;- £} Si ?"--'>
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capacity of 34,000,000 acre-feet. ] The heighfc of ;fche dam/above bedrock would be 740 feet. A view t*f the dam siteis shown In Plate IX,
B. This dam is designed to serve four purposes-t*-fc)odcontr;ol,regulflr
tion of flow in the interest of irrigation, development of power, and
storage of silt. For flood control only, F. E. Weymouth, formerly
chief engineer of the Bureau of Reclamation, suggested a dam 523
feet in height above its foundation, which would saise the water to
an elevation of 1,033 feet above sea level and create a storage capacity of 10,000,000 acre-feet. He has estimated the cost of such a dam
at about $28,000,000. The Callville, Boulder Canyon, Virgin .Canyon, Huaipai Rapidsr Grand Wash anyon, and Pierces Ferry dam
sites would be submerged, and the backwater would interfere with
the development of power at the Devils Slide site, which is 1,034 feetabove sea level.
A dam at the upper Black Canyon site for flood control only would
prevent dangerous floods, except those from Gila River.
MOHAVE CANYON RESERVOIR SITE
BESEBVOIB BASUff

,

-.

,,,...

The Mohave: Valley is a large basin extending from Bulls Head
southward to The Needles; The center of the basin is oe
a broad flood plain, which has an area of nearly 50,000 acres. '
the Colorado becomes a meandering stream, iollowing a circuitous
course 50 miles long in passing through the 35^-mile stretch of Mohaye
Valley. Owing to its unstable banks and flat gradient, the course of
the river is ever changing. At the lower end of the valley the low
hills close in, and here the river occupies Mohave Canyon, a narrow
channel 240 feet wide, flanked on both sides by walk of granitic
rock. This narrow channel has a choking*effect, for between high
and low stages of flow the change in water level in Mohave Canyon
is much greater than it is near the head > of the valley, where the
river channel is nearly 1 mile wide. Thus Mohave Valley, with its
narrow outlet, acts as a natural detention basin storing the flood
waters until the carrying capacity of the channel in Mohave Canyon
becomes equal to the flood discharge entering the valley. During
high stages of flow the bottom lands of the valley are submerged,
giving the lower part of the valley the appearance of a large lake<v
If a dam were built in Mohave Gaayon, Cottonwood Valley, which
lies just above Pyramid Canyon, would also be submerged. The
lands in the lower Cottonwood Valley are- now submerged during
flood periods.
Within the flowage line of the proposed Mohave Canyon reservoir
there is about 40,000 acres of land that is classed as irrigable. The
greater part of this area is now subject to overflow during floods.
This land lies in narrow strips along the river and can not be success-
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fully reclaimed by irrigation unless an extensive levee system is-eetostructed. Such a levee system would be required evea if th« floods
were controlled by storage above. As the lands lie within the present flood plain of the river, & drainage system would also^be required.
It would be necessary to pump the drainage water back over the
levee into the river. These, features, combined with- the diversion
works and canal system, would make the reclamation of these lands
by irrigation rather expensive.
:
Lieut. Joseph C. Ives,16 of the Corps of Topographical Engineers,
United States Army, who explored the Colorado Kiver by steamboat,
in 185,7, refers to Mohave Valley as follows:
A system of irrigation and an improved method of agriculture would make the
valley far more productive, but it is not certain that it would ever be a profitable place for white settlements. The shifting of the river, bed, which to the
Indians, who have a certain community of property, is a matter of little importance, would occasion serious embarrassment to settlers who had established permanent locations and improvements, The rapidity and extent ef the changes h*
the position of the Colorado can scarcely be imagined by, one who has not witnessed them. Having an opportunity to compare the conditions of things at
present (1857) with what it was four years ago, I have been able to appreciate
the transformations that are liable to occur and am satisfied that there are few
places in the bottom lands that may not, during any season, be overrun.

Since 1910 about $500,000 has been spent, mostly by a private concern, on irrigation works in Mohave Valley. Diversion works, levees,
and canals were built, and lands with water rights were sold at $60
an acre. The levee was destroyed by the river, and the diversion
works were nearly covered by the deposition of silt. The project
was soon abandoned, practically nothing having been accomplished
in the way of reclaiming by irrigation the Mohave Valley lands.
Lieutenant Ives correctly judged the conditions in this valley.
In view of these facts and the fact that there is more irrigable land
below Parker in the United States than can be served with the available water supply, it seems reasonable to assume that the irrigable
lands in Mohave Valley should not be a determining factor with reference to the feasibility of the Mohave Canyon reservoir site.
As has been explained, the Mohave Valley in its natural state acts
as a detention basin when the river is in flood. Below the flowage
line of the proposed reservoir there is 62,500 acres of land within 16
feet above the low-water level of the river, including the river bed.
The natural loss of water in this area due to evaporation and transpiration from plant growth is about 360,000 acre-feet annually. If
the basin were utilized as a reservoir for flood control, the loss of,
water due to evaporation would not exceed 375,000 acre-feet annually. The annual net loss to the river would therefore be about
15,000 acre-feet.
» Report upon the Colorado River of the West: 36th Gong., 1st sess., Ex. Doc., p. 73,1861.
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- Il:tha MohaY^ Canyon reservoir^ite were ijtilize%it
essary to relocate the town of Meedies, the^Mohave
and .about 20 miles of. the Atchkoa, Topeka&Saaial'eBailway,,
This work could, be doae at a reasonable cost*
, 1 .'
;
; :
HOHATE CAIT20S BAH SITE

- '

'*' : "

, ;-- : '*,

Location mid geologic conditions ,^The Mofeave Canyon dam
2H miles betow Topoek, Ariz. (S&* PI. I!, in1 pocket^
survey was made of the site in June, 1923, and a J>relimiiittry report
in which attention was called to its possible value was prepared byr
thewriter in July, 1923. Here the river has cut a narrbw gorge through;
the granite, the distance between the canyon watts at the dam site
being only 240 feet. Pictures of the dam site and part of the reservoir basin are shown in Plate XI.
The walls at the dam site conlisi of medium to coarse grained
crystalline igneous rocks, which hj|je J)een altered apparently jby
heated aqueous solutions. The rock is massive and hard, -and
although it is somewhat minutely fractured on long-exposed surfaces,
there is no reason to doubt that in strength and in resistance to leakage it would be satisfactory for the foundation and abutments of a,
dam. The granite rocks, extend |r,pm the river back several hundred feet to a saddle on the Arizona side. T!he rooks east of, the
saddle, though granitic, are softer, coarser grained, and more deeply,,
disintegrated than the rocks nearer the riyer. All. the evidence ob-%
served points to the conclusion that there is no likelihood of seepage
of any importance through these rocks. A more detailed description
of the rocks at the dam site is given in Appendix B, page 170.
In Plate XII will be found a topographic map and cross section:
of the dam site and curves showing the area and capacity of the
reservoir. A dam to raise the water 155 feet would eireate a storage
capacity of 10^000,000 acre-feet.
Plan of development. A concrete dam of the overflow^ type, is probably best adapted to fit the Conditions ,at this sitetj The required
height of dam will depend on the amountof stor^e opacity desired
for flood control and on the decision -whether or not power is to be
developed at the dam. The development may be so planned that it
can be operated in the interests of flood control and irrigation and
also permit the development of sufficient power to pay for the cost of ;
the dam. The writer believes that the saying of human lifef the prevention of damage to property, andi the tregulation of the flow to
meet. the demand for water for irrigation are of sufficient mpaortaoee
to justify the construction of a strictly flood-control dani,,wb,K5h
may at all times be operated in thfe interes5ts,of flood control and
irrigation.
A dam in Mohave Canyon to raise the water 95 feet would create
a storage capacity of 4,000,000 aere^feet, which would' be sufficienti to
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MOHA\E CANYON DAM SITE, NEAR TOPOCK, LOOKING UPSTREAM
Geology by R. C. Moore

B.

UPSTREAM VIEW OF COLORADO RIVER AT TOPOCK

Showing lower part of the basin that would be submerged if a dam were built in Mohave Canyon

PLATE XI

WATER-SUPPLY PAPER 556

U. S. GEOLOGICAL SURVEY

PLATE XII

O
D
00
<T>
4k
0O

C
LEVEL
SEA
ABOVE
ELEVATION

O
0
3

,i of Hsm R69

1
Vv^-/^/. ~T>^
/"' J^^Crest of dam 585

A"

Cre£ it of dam 684'

" p"

D

''^1
QD
3
U
"

J:%
200

400

I

_-^T37
x<7^^//v'

cM
N

^sr

^iJiK<

"T-^S-x

r<~?*-~.*-

''_ \7~f^f

DO'
Ores >i of da m 6
^-^-r^

-^>-i^~, .
i"

f r '^^

F

r
,

^ I /_ | v^-o

StviVS!^

^-

\ ^ Is

' GranVte

/,/

""""""

-r^-^^ r^r^^

?n^^ ~" vv'xr" /l '^l^i^ S^3| ^P^

^f
kf^

Granite

_\.%

1
^>,'-'V.I

^7-~<x/- /^~'

600

800

"A" C apacity of res ervoir. 22,00(),000 acre-fee t
"B" C apacity of res>ervoir, 10,351),000 acre-feet
1,000

1,200

1400

1,600

1,800

2JOOO

3,200

3,000

2£00
2400
2/500
2^00
CROSS SECTION AT DAM SITE

3,400

3,600

3,800

4,000

4,200

CAPACITY IN MILLIONS OF ACRE-FEET
10
12
14
16

7OO

4400

4j500

4,800

FEET

18
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0
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PLATE XIII
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(acre-feet)
low water
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reduce to 70,000 second-feet a flood like the one ttiatt :&6GtJffir8d-in
1920. This flood could have been reduced to 37,000 sedond-fefet with
a dam in Mohave Canyon constructed to a height of 1^5 feet above
low, water. (PL XIII). It may be desirable to build the dam 23 feet
higher still, or 158 feet above low-water level, to obtain a storage
capacity of 10,350,000 acre-feet. The additional cost of the* higher
dam would be small in comparison with the to-tal cost of the project,
including the cost of the right of way.
!
Enlarged Mohave (hnyon reservoir. The Mohave Canyon reservoir could be developed-to a capacity of 24,000,000 aeie-feet by constructing a dam with spillway 242 feet above low water and with
high-water line 15 feet above the spillway crest. Stteh fird.am :WQuld
have a total length of 4,760 feet, but its volume "would b« «nly
720,000 cubic yards, little more than half that of the Wilson dam: on
Tennessee River at Muscle Shoals, Ala. The cost of increasing the
capacity from 10,000,000 to 24,000,000 acre-feet would not greatly
exceed the cost of the additional concrete that would be required in
the higher and longer dam. The enlarged reservoir coulij be operated with an ordinary maximum capacity of 10,000,000 acre-fee^ or
less, thus avoiding interference with pow er development on the river
above, the excess capacity over this ordinary maximum being reserved
for use in time of an extraordinary flood due to natural causes or
to the failure of dams upstream.
, ;
The comprehensive scheme of development suggested by tfre writer
(p. 42) provides for 11 dams between the mouth of 0reen River and
Mohave Canyon, and including a dam at the Dewey site the aggregate storage capacity would be 20,000,000 acre-feet, as shown in the
following table:
Dam sites on Colorado Riser above Mohave Canyon that may be
and power development
Elevation
above sea
level

Site

,
Area of
sor- Storage
Height of water
face when .capacity
dam*
reservoir is above dam
ftM

Feet
4,087

Feet

216- 512
ml

3,528

'
XSt 4f¥l
? ?ftn non
2222,050
. m,m
iifl,cw
345
6,?ro
286
m,m
t'l?70 ' s^,^e
223
209
j|640
566 - 12,46^
%m,wo
163
75,000
885
W»,70»' i 1/080{«»
194
. 17,58$
1,200,000

9 1O*T

Red Wall... ____ . _ *,.,.... __

.... _ . .......

Havasu. _________________ . __ __ . .
Devils Slide ... ___ ... __ .. ___ .... __ . _

Acr&feet
Acres
i) jffln i
2,276,000
39,100
3,850,000

O QQA

2,531
2,235
2,062
1, 783
1,207
1,034
799
,595
.

_

, 163t«05

20,65§,000

» The figures in this column represent the elevation of the water surface at the 4am site wben the discharge of the river is 10,-DOO second-fee.t. .
<> The flguws in this Mfa£$m indJcftie flw height of the spilway above averag* low iwater.
'
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Eventually this or some substantially equivalent scheme of development will be carried out. Should such a series of dams fail in quick
succession, the enlarged Mohave Canyon reservoir, operated as suggested above, would control the resulting extraordinary flood of
water without danger to the Mohave Canyon dam and thus prevent
disaster on the lower river.
Although the maintenance of a great storage capacity unused
through a period of years can not ordinarily be justified, the writer
believes that here, as in the Miami Conservancy District, Ohio, the
cost of developing the excess capacity oT the reservoir will be so small
in comparison with the great and ever increasing value of the property thus protected, that such maintenance may be warranted, and
therefore that serious consideration should be given to the development and operation of the 24,000,000 acre-foot reservoir as suggested.
SUMMABY OP FLOOD CONTROL
GENERAL CONDITIONS

The flow of Colorado River at Yuma during floods has exceeded
200,000 second-feet. Properties on the lower river are menaced by
these floods, and there is general agreement that they should be prevented by means of storage.
The Yuma Valley and the Imperial Valley in the United States
and Mexico are menaced by floods from both the Colorado and its
tributary the Gila. The floods of the Gila are commonly short and
violent and usually occur in January, February, and March. The
floods on Salt River, a tributary of the Gila, are now controlled by
the Roosevelt dam. Congress has authorized the construction of a
storage dam on Gila River at San Carlos, which will materially reduce
the floods of the lower Gila. Storage dams are proposed on two
other tributaries of Gila River, the Hassayampa and the Agua Fria.
If these dams are built the waters of the Gila will be stored and released in the interest of irrigation and power development. Incidentally these storage works will solve the flood problem of the
lower Gila.
The most dangerous floods in Colorado River occur during May,
June, and July and are caused by melting snow in the upper part
of the basin, in Utah, Wyoming, and Colorado. Reservoir sites in
the upper basin are described above (pp. 17-19). The Flaming Gorge
and Ouray sites are on Green River, the Dewey site is on the Colorado
above the mouth of Green River, and the Bluff site is on San Juan
River. A few years ago it was believed that the utilization of a
combination of these reservoir sites in the upper basin offered the
best solution of the problem of flood control on the lower river.
However, at that time little was known of the storage sites on the
main stream below San Julan River.
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The operation of a combination of reservoirs in the upper basin in
such a way as to control floods in the lower river might seriously
affect the future irrigation and power development in the upper
basin. As the floods of the lower river can be controlled by utilizing
storage sites in the lower basin, it seems best that the reservoir sites
in the upper basin should be reserved for use in furthering the interests of power development in that basin. Such developments in the
upper basin would incidentally benefit the water users in the lower
basin by creating a more uniform flow in the lower river.
Three reservoir sites below San Juan River suitable for flood control are known namely, Glen Canyon, Boulder Canyon, and Mohave
Canyon. The physical conditions at these sites are described on the
preceding pages. In determining the relative value of the three
sites the following fundamental features should receive serious consideration :
1. The time required to construct the project.
2. The effectiveness of the completed project in eliminating the
flood menace.
3. The benefits' other than flood control resulting from the construction of the project.
4. The adaptability of the project with relation to the full development of the water .resources.
5. The cost of the project as compared with the benefits to be
derived from it.
GLEN CANYON EESEEVOIR SITE

At the Glen Canyon site bedrock lies 80 feet below the water surface. The conditions are favorable for taking care of the water
during the construction period, and with bedrock so near the surface the time required to complete the under-water work would be
reduced to a minimum. It is estimated that a dam which would
provide about 8,000,000 acre-feet of storage capacity could be completed in six years.
Owing to its position on the river, a storage reservoir in Glen
Canyon would afford slightly less effective flood control than a reservoir at either Boulder Canyon or Mohave Canyon. The incidental
benefits that would result from the construction of a .flood-control
dam in Glen Canyon, however, are far greater than those at either of
the other sites. There are 10 dam sites below Glen Canyon where a
total head of 2,523 feet may be utilized for the development of power.
At the present time, without storage, the total power capacity of
these 10 sites is 1,758,000 horsepower. With storage in the Glen
Canyon reservoir, the power capacity of these 10 sites would be
increased to 4,345,000 horsepower. To obtain this amount of power,
however, the reservoir would have to be operated primarily in the
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interest of power development; .but the, floods would incidentally be
controlled. At some future time a reservoir below the Grand Canyon
would be required to re-regulate the: flow in such a way as tameet the
demand for water for irrigation. -It has. been estkaated that with
ultimate development in the upper basin, 334,000 continuous horse*power may be developed at the Glen Canyon dam after reserving
4,000,000 acre-feet of storage capacity for regulation of the flow in
the interest of power development.
The Glen Canyon dam would relieve the flood menace, provide
water for future irrigation development, more than double the quantity
of power that could be developed on the lower river, and greatly
reduce the cost of all dams subsequently built on the river below
Glen Canyon.
In view of the benefits of many kinds that may ensue from the
completed project, the Glen Canyon dam would probably be the
most valuable flood-control dam on the river. The writer believes
that any comprehensive plan of development that provides for the
full utilization of the water resources of the river must include the
Glen Canyon reservoir site.
BOULDER CANTON RESERVOIR SITE

It has been suggested by the Bureau of Reclamation that the
Boulder Canyon reservoir site may be utilized by building a dam in
Black Canyon. According to this bureau, the purpose of such a
project would be to provide either storage for flood control only or
storage at one place to control floods, supply water for irrigation,
and develop power. The dam that would serve for flood control
only will be considered here. Such a dam would raise the water
388 feet and furnish a storage capacity of 10,000,000 acre-feet.
It would be 523 feet in height above its foundation. The depth,
to bedrock is 44 feet greater here than at the Glen Canyon dam
site, and the conditions for taking care of the water during the construction of the dam are less favorable. The time required for the
construction of such a dam at Black Canyon, however, is estimated
at six years) or the same as at the Glen Canyon site.
If 10,000,000 acre-feet of storage capacity at the .Boulder Canyon
reservoir site'were available for flood control, the floods of the lower
river could be eliminated, except those from Gila Eiver. The stored
water, however, would have small value for the development, of
power below the reservoir. The water surface at the Black Canyon dam site is 647 feet above sea level, and it is not likely that more
than 200,000 horsepower will ever be developed on. the river below
this point. This quantity may be compared with the 4^345,000
horsepower which may be developed if storage is provided in Glen
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Canyon. Although a dam at Black Canyon constructed for flood control only could be so operated as to regulate the flow in the? jinterest
of irrigation it w<rald have small value for any other purpose,
If a dam were built at Black Canyon for flood control, it is not
likely that a dam in Mohave Canyon would ever befouilt. It might be
feasible to build a dam. for the development of power at Bulls Head,
where a head of about 100 feet could be utilized. 'A small amount
of power could also be developed at the diversion dam proposed at
Parker. If the plan to build a dam at Black Canyon for flood control only were carried out, it would prevent the development of
400,000 horsepower, for this amount of power could be developed in
the Black Canyon section if storage for flood control and irrigation
were provided at Mohave Canyon.
The Bureau of Reclamation estimates the cost of the Black Canyon
flood-control dam at $28,000,000, which is probably-less than the
cost of a dam to provide the same amount of storage at Glen Canyon.
MOHAVE CANTON RESERVOIR SITE,;

A storage capacity ofH.0,000,000 acre-feet may be cheated at the
Mohave Canyon reservoir site by building a dam to raise the water
155 feet.. The depth to bedrock is unknown, but it seems reasonable
to estimate the height of the dam above its foundation at 240 feet.
This may be compared with 523 feet for a dam at Black Canyon
to provide the same storage capacity. The Mohave Canyon dam
site is easily accessible, being only 2^ miles from the railroad; the
walls are low, and the conditions are favorable for carrying on the
work of construction; and the volume of the dam would be relatively small. All these features lead the writer to believe that the
dam could be built in three years. The work of relocating the
railroad and the town of Needles could be carried on simultaneously
with the construction of the dam and might easily be completed
within the same time.
The Mohave Canyon reservoir site is low on the river, near the
lands that are menaced by the floods, and would therefor^ be more
effective in eliminating the flood menace than a flood-control dam at
either Boulder Canyon or Glen Canyon.
_ '
* .
The favorable features of this site may be summarized as follows:
1. It would provide more effective flood control- than any* other
known reservoir site on the river.
'
2. The project may be constructed in less tune and ^probably at less
cost than any other'project that would provide the same amount of
storage capacity for dHood control.
3. It is the only site where adequate storage capacity may s be
provided for flood control, and at the same time a maximum use of

38

WATEE POWER AND FLOOD CONTROL OF COLORADO RIVER

the water for irrigation and for the development of power may be
permitted.
4. It is the only site on the river where sufficient storage capacity
may be provided to protect the interests on the lower river from
floods due either to natural causes or to the failure of a series of dams
constructed in and above the Grand Canyon, and at the same time
permit maximum power development.
5. It is more accessible than any other known flood-control site on
the river.
6. If deemed advisable, the site could be developed to serve four
purposes flood control, the storage of water for irrigation, the
development of power, and the storage of silt.
7. The net additional loss of water due to evaporation would be materially less here than at any other known storage site on the river.
8. Materials suitable for the construction of the dam are available at the site.
9. For a given height of dam the storage capacity of the Mohave
Canyon reservoir site is ten times greater than the storage capacity
at either Boulder Canyon or Glen Canyon. *
10. Under full irrigation development, no water should be permitted to pass the storage dam except as needed to meet the demand
for water for irrigation. With a storage capacity of 22,000,000 acrefeet provided at Mohave Canyon, the excess flow during wet
years can be stored and released to meet the demands for water
during years of low run-off.
The unfavorable features of the Mohave Canyon site are these:
1. Stored water released at Mohave Canyon would have a minimum value for the development of power.
2. Storage at Mohave Canyon would not lessen the cost of dams
subsequently built farther up the river.
CONCLUSIONS
If flood-control works are not built on the Colorado it is certain
that before many years pass the river will experience a flood that
will cause a property loss amounting to many millions of dollars.
Such a flood may occur next year, or it may not occur for 10 yeaafs.
The benefits that would ensue through the construction of a floodcontrol dam in Glen Canyon, set forth in the preceding discussion,
suggest that this site should be selected if it were known that the
dam could be built in time to prevent the loss of property on the
lower river. Six years may be required for the construction of a
dam in Glen Canyon, whereas the time required to provide adequate
storage for flood control at Mohave Canyon is estimated at three
years. It is desirable to provide flood-control works as quickly as
possible; therefore the Mohave Canyon site deserves first considera-
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tion and should be thoroughly investigated before a'decision is
reached.
WATER POWER

The present study of the water power that may be developed at
sites on Colorado Kiver below the mouth of Green Kiver involves
consideration of power capacities between elevations of 4,040 and 358
feet above sea level. In calculating the water-power value of the
several sites, the problem of flood control and the use of water for
irrigation have received first consideration. The power capacity is
given for present conditions of stream flow and for future conditions
when the flow will have been depleted by the development of
irrigation.
METHOD OF ANALYSIS
UNITS

OF DEVELOPMENT.

A dam may be constructed in Cataract Canyon below the mouth
of Green Kiver to raise the water to an elevation of 4,040 feet above
sea level without damage to the town of Green Kiver or the railroad
bridge at that point and without interfering wit^i the development
of the Dewey power site, .on Colorado River below the mouth of
Dolores Kiver. The lowest power site on the Colorado considered in
this report is 5 miles above Parker, Ariz., where the river surface at
low water is 358 feet above sea level. The difference in elevation
between the forebay of the proposed Cataract Canyon dam and the
tail water at the proposed Parker dam is therefore 3,682 feet. All
the potential power indicated by the total fall of 3,682 feet can not
be made available. About 309 feet of the fall will probably be used
at dams built for controlling floods and regulating the stream flow
in the interest of irrigation and power development. At each power
dam provision may be made for a draw-down in the forebay to take
care of the daily fluctuation in load. Between power dams a certain
amount of fall must be allowed to take care of the slope in reservoir
surfaces. In dividing the river into units for storage and. the development of power allowance has been made for these losses in head.
POWER COMPUTATIONS

The full static head at each power site may be obtained by noting
the difference in elevation between the water in the forebay and the
tail water at the outlet of the draft tubes. The power available for
electrical transmission has been estimated as 70 per cent of the theoretical power, because of losses due to friction in diversion works,
penstocks, water wheels, and draft tubes and losses in generators and
transformers. The formula that has been used is
Horsepower = H X Q X 0.08
45568° 25 4
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in which H <is the average static head in feafe, Q is *tae water supjly
in cubic feet per second, and 0.08 represents the horsepower at 70
per cent efficiency of 1 cubic foot of water per second discharging
uncle? a head ^ of 1 foot.
-.' <

WATEB SUPPLY

A study has been made of the stream-flow records to determine the
available water supply for present and future development on the
lower river. The results of this study are given in detail in Appendix A. Only the conclusions relative to water supply will be given
1. If there were no further Depletion of the water supply in the
upper basin, and if storage were provided at the site near Lees Ferry,
it would be possible to maintain a uniform flow at Lees Ferry of
about 19,300 second-feet. Inflow in the Grand Canyon would increase
the flow available in this section of the river:to a maximum of 22,j600
second-feet at the lower Black Canyon dam site. Losses in the river
channel below this dam site would reduce the amount of water
available at Parker to about 22,100 second-feet.
;.,
flie figures given, in column 1, Table 9, Appendix A, represent the
maximum available water supply, which could be utilized only for a
short term of years. It is known that irrigation development in the
upper basin will continue, to increase, and therefore the maximum
available water supply for the lower river will decrease correspondingly.
.. Under complete development-in the basin the channel of Colorado
River on the delta^ below the lowest canal heading in Mexico would
become dry. Plate XIV shows graphically the average flow that
may reasonably be expepted at all points on Colorado Kiyer, between the mouth,of Green River and the Gulf of California after
complete development of the water resources .has been attained.
This diagram shows that the average flow,of the Colorado ^t the
mouth of Green River will ultimately be about 9,7§0 -second-feet,
and at Lees Ferry 12,000 second-feet. Bejow Lees Ferry the .average
flow will increase, reaching a maximum of 14,730 second-feet at the
lower end of the Grand Canyon, in the vicinity of Pierces Ferry.
Below Pierces Ferry the average flow : will be diminished by evaporation and other losses until rat the. Parker dam site it is reduced to
13,940 second-feet. r
" It is estimated tnat an average of 6,040 second-feet of water may
be Averted at Parker for irrigation. The annual loss of water, ;in ,the
river channel between Parker and the Laguna dam, due to natural
causes, is estimated at 1,000,000 acre-feet. The net loss of .water
" As explained in footnote 1, p. 9, the computations made for conditions in 1922 apply equally well to
1925.
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between Parker and tile Laguna dam will be i*
acre-feet annnaHy,!©r;690 second-feet, :by iha reiam
irrigated^ lands near the river fbelow: Parker«
able at the Laguna dam is .therefore estimated; at $,
At the Laguna dam the entire flow may be diver fad- i
leaving the 'channel- of- Colorado River dry betweehlbhis
mouth of Gila River. >
,- ;^^v</u; ! > ;iui -0
The return flow that may be expected from irrigated lattds-mthe
lower basin of Gila River is estimated at 1,31& 8JB^di»df4eetll« Tiaas
water, with some return flow from th« Yuana :t>ro|ectj;iitayi Wit b©
diverted for the irrigation of about 200,000 acies!0f4aiid4tiikie£ico,
leaving the Colorado dry fer, the last 100 miles fio> its-mteihv 0 )*X '.
2. Under present conditions of development i
without storage, the flow available 50 per .cent of $&&
about 9,540 second-feet at Lees Ferry, 10,900iseeood4eesfc
Canyon, and 11,100 second-feet at. Black Oanyoa^ M6fe.ft^e
and Parker. (See column 2, Table 9, Appendix A*);
d :>. 3. Under present conditions of. development la rtfe&» «f*pei*
without storage, the flow available 90 per cent
about 5,780 second-feet at Lees Ferry, 7,270 second-foe t<; at Bridge
Canyon, and 7,330 second-feet at Black
and Parker. (See column 3, Table 9, Appendix -A,| / ;i; --i rn
4. The data relative- to water supply giveia in tj». preeediltg
elusions would be applicable to any project constructed on
river before large projects for irrigation or, sti^agi^ar^^iiYeloped in
the upper basin. A study to determine to wnat extenl the water
supply will be depleted by ultimate development in the upper basin
should precede the construction of any large |
river. Such a study has been made by the wj?itei!, with :.'
now available.
It seems reasonable to believe that when
attained in the upper basin, and the rivep is developed? in '
yon section and below as outlined in this report, the available
supply, including accretions from return flow, .^Ul bftfeqiti«ftlejit
a uniform flow of about 12,000 second-feet at :L§es;-i?efry,
seconid-feet at Bridge Canyon, 14,600 second-feet? at;
13,970 second-feet at : Mohave Canyon, and 13*
Parker. (See column 4, Table 9, Appendix A,)
5. Under the conditions just outlined, the an
Colorado River available for irrigation below Parker will
9,593,000 acre-feet.. (See, PI. n.) There is ^^O^a^aca
below Parker, in and adjacent to the Colorado :BAr^ fe$si& 93L
United States, that is classed as irrigable. Th0,*iW(^W»^*^
ment for the irrigation of this land would be 9)90ftJOJOp,«^r*-fWt,
annual demand would exceed the water
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acre-feet. These studies show that the entire flow of Colorado
Elver can be used for irrigation in the United States. Only the
return flow reaching Colorado River below the JLaguna dam, esti.mated at 1,143,000 acre-feet annually, would pass into Mexico, an
amount sufficient to irrigate about 200,000 acres.
6. The area of land in Mexico that is classed as irrigable from
Colorado River is estimated roughly at 1,000,000 acres. The irrigation of this land would require about 3,357,000 acre-feet of water
annually, in addition to the 1,143,000 acre-feet of return flow mentioned in the preceding paragraph.
The cities of southern California may find it advisable to divert
2,000 second-feet of water from Colorado River to augment their
domestic water supply. This would be equivalent to an annual diversion of 1,448,000 acre-feet.
The total amount of water required annually to serve the irrigable
lands in the United States and Mexico, referred to above, and to
furnish a domestic water supply to the cities of southern California
would be about 14,714,000 acre^feet. As the annual water supply
will be only 9,593,000 acre-feet, it is obvious that plans for flood
control, irrigation, and power development on Colorado River should
be carefully studied so as to avoid all unnecessary waste of water.
The irrigation of lands from which the waste water and return
flow would become available for use lower on the stream would be
desirable.
COMPREHENSIVE PLAN FOB DEVELOPMENT OF RIVER
DETAILS OF PLAN

Although this report deals primarily with the development of
power below Green River, Utah, it is necessary in working out a plan
of development to give due consideration to the possibilities for
utilization of the water resources in the whole basin of Colorado
River. If the plan presented here for the development of a part of
the river is" sound, it should form a part of a comprehensive plan for
the entire basin. The main features of such a comprehensive plan
may be summarized as follows:
1. Provision to take care of the urgent need for flood control.
2. Maximum practicable irrigation development on headwater
tributaries, together with such diversions from the basin as can be
justified, accompanied by water storage so far as needed, for such
purposes.
3. Maximum practicable power development in the upper basin,
subject to irrigation development.
4. Power development in the canyon section below Green River,
Utah, with storage reservoirs on this stretch of the river operated
primarily in the interests of power develpoment.
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5. Construction of a storage reservoir to be operated primarily in
the interests of irrigation and flood control, the reservoir; to be
located as far downstream as practicable and to trespass onrthe
canyon section only as faij as may be found necessary.
8. Maximum practicable irrigation development l>elow Parker. ; .
The plan of development presented here will show wiib, fak accuracy the power possibilities on Colorado River below an elevation
of 4,050 feet above sea level, with adequate provision for flood con^
trol and maximum irrigation development. (See Pis. II and III, itl
pocket.) The plan is only a suggestion, and it is expected that - a
revision of the plan may be necessary when more data become
available.
. -,-.
Between Green River, Utah, and Mineral Canyon,.Ariz., at elev^r
tions of 4,050 and 2,531 feet above sea level respectively, there is but
little choice with respect to sites to be included in the plan of dev^lopment. There are three dam sites in Cataract Canyon, but the
Dark Canyon site has been adopted in this report as the best for the
development of power. In the 186 miles of Glen Canyon, between
Dark Canyon and Lees Ferry, there are eight dam sites, of which
seven have been classed as less favorable than Glen Canyon dam
site No. 1, 4 miles above Lees Ferry. The unfavorable features of
the alternative dam sites in Glen Canyon are their inaccessibility,
wide sections, and lack of suitable building material. Owing to its
position on the river, large storage capacity, and other favorable
features, Glen Canyon with a dam near Lees Iferry has been selected
as the site best adapted for the storage of water in the interest of
power development in the Grand Canyon and below.
Owing to the presence of shale in the walls'and river channel,
there are no favorable dam sites in Marble Gorge until the Redwall limestone appears, "30 miles below the mouth, of Paria River
(PL XV). An excellent dam site was found in the Redwall formation
at 2,886 feet above sea level. The Redwall dam site is presented
as one unit of the comprehensive plan for power development.
As the Redwall rises above the river the underlying Bright Angel
shale appears in the river channel and canyon walls. The next favorable dam site was found at Mineral Canyon, in Granite Gorge, 18 at
i» There are three granite gorges in the Grand Canyon. On February 4,1925, the Geographic Board
named these gorges Granite Gorge, Middle Granite Gorge, and Lower Granite Gorge. -The Granite
Gorge, which is 41 miles long, begins below Hance Rapids at mile 77 below Paria River. The MiddW
Granite Gorge is 4 miles long and begins 8^ miles below the Granite Gorge. The Lower Granite
Gorge is about 50 mites long and extends from mile 216 below Paria River to mite 206.
In Maj. J. W. Powell's diary, on August 14,1869 (Exploration of the Colorado Elver of the West and
its tributaries, p. 81, Smithsonian Institution, 1875), the name Granite Gorge as applying to the
inner canyon below Hance Rapids is first mentioned. That there is very little granite in the so-called
Granite Gorge was known to Major Powell, for in the publication cited he inserted & footnote explaining the use of the word granite as follows: " Geologists would call these roclcs metamorphic crystalline
schists, with dikes and beds of granite, but we will use the popular name for the whole Beries granite,''
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2',53i>feet above sea level. (See p. §6.) It is safe .to assume that
this site would forni a unit of a plan for the development of'power
in the Grand Canyon.
;
./
:
The preceding suggestions call for the, construction-of four dams
to utilise that part of Colorado: River between elevations of.1 4,050
and 2,531 feet "above sea level a power dam in Cataract Canyon, a
eombination storage and power dam near Bees Ferry, a power dam
inr Marble Gorge 30 miles below- Paria River, and a power dam at
the mouth of' Mineral Canyon. The'physical conditions are such as
to preclude any material change in this portion of the plan.
-Below Mineral Canyon dam sites are numerous. Many plans may
be suggested for the utilization of the water resources of this section
of the rivers For example, in th© 79-mile section between Mineral
Canyon and Havasu Creek 10 dam sites were surveyed and other
reasonably favorable sites could be found. The fall in this stretch
of the river is only 748 feet. In view of the physical conditions at
the dam sites and their respective elevations above sea level, it seems
probable that this section, of the river may best be developed by
utilizing ( three sites Ruby Canyon, Specter Chasm, and Havagu.
(See p. 60.) The development of power in this section of the Grand
Canyon is a project for the distant future: Although a different
plan of development may eventually be adopted, it will&ot change
appreciably the figures given for the water-power value of this section
of the river.
In the near future projects may be developed that will affect that
part of Colorado River below Havasu Creek; which enters the river
just below the west boundary of the Grand Canyon National Park.
The plan of development for this stretch of the river therefore deserves serious consideration at this time. A careful examination was
made of the 69-mile seetion of the river between Havasu and Diamond
creeks. (See p. 86.) Here the rocks occurring in the walls and river
channel are unfavorable for the construction of a dam except at one
place where granite appears in the walls above the water surface.
(See PI. XV, in pocket.) A dam site was surveyed at this place
(Prospect dam site), but.it may not be feasible to build a dam here
of sufficient height to back the water to Havasu Creek (p. 86). It
may therefore be preferable to utilize the fall in the river below
Havasu Creek by constructing a high dam at Diamond Creek or at
some site below this point.
There are two good dam sites at Diamond Creek (pp. 88-91). The
site above the mouth of the creek affords an excellent opportunity for
the construction of a dam of moderate height for the development
of power., However, to utilize fully the fall in the river below Hayasu
Creek it will be necessaiy to build a dam of sufficient height to raise
the water to elevation 1,773 feet above sea level. Such a dam may
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be built either immediately below the month of
at the Bridge Canyon site, 10 miles farther downstream.^ .^iaM'l M!I
It is the writer's opinion that it may be feasible ;tof build a high
dam at Bridge Canyon to form the point of diversion for
system to furnish a domestic water supply for .the cjttiest of
California. Such a dam would also make possible th,e fulOliai^iJ^atap
of the fall in the river between Havasu Creek and Bridge ^Wyon.
It is therefore suggested that the Bridge Canyon dam site should be
reserved (p. 74). This site is presented here as a, unit of ja cpjaajw^e-y
hensive plan for the full development of the river.
. .,--,; , ..
The plan here suggested for developing that section of the^ driver.between Bridge Canyon and Parker has taken account of the following facts:
.-. ' »
1 . As the water supply, with ultimate development in the uppef
basin, is inadequate to serve all the irrigaWe land below Parberr it
follows that, in order to permit maximum irrigation development a^L.
unnecessary losses of water due to evaporation from reservoirs.pliouid,
be prevented.
,
^ v. ,.,
,, n
2. A reservoir on the river below the canyon section, near tne lands
to be benefited, would provide the most effective control of floods and
the most efficient regulation of the flow in the interest of irrigation
and would permit maximum development of power in the canyon
section.
3. As there is more land below Parker than can be irrigated with
the available water supply, it would not be good policy to abandon
a favorable reservoir site in order to save a relatively small area of
irrigable land in Mohave Valley.
Some 15 plans for developing the section of the river between
Bridge Canyon and Parker were analyzed, by the writer. Th©: |>lana
may be divided into two classes, including (a) those that call for the
construction of a high dam to serve four purposes that is> flood
control, storage for irrigation, development of power, and storage^ of
silt and -(&) the plan that calls for the construction of a dam at
Mohave Canyon for flood control and irrigation storage, leaving the
canyon section free for the development of power. The analysis of
these plans showed that by providing flood control and storage lor
irrigation at Mohave Canyon and developing power in tne canyon
section, the floods can be most effectively controlled, more land can be
irrigated, and a maximum amount of power can be developed. (See
pp. 68-73.)
; v -" *
The plan that has been selected by the writer to f otm s JSfert of
the comprehensive plan of development presented in this -report ealtel
for the construction of power dams at the Bridge Canyon^ Devils SBcie1, 3
Hualpai Rapids, and lower Black .Canyon dam sites, a storage
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at Mohave Canyon, and a combination diversion and power dam at
the Parker dam site.
SUMMARY OP PLAN FOR POWER DEVELOPMENT

^ The plan for power development is shown in Plates II and III (in
pocket). The power value of Colorado River between Green River,
Utah, and Parker, Ariz., may be summarized as follows:
1. With the water supply as determined in 1922 and with storage
at the site near Lees Ferry, the total continuous power available
would be about 4,345,000 horsepower. If the plants operated under
a load factor of 60 per cent, the total installed plant capacity would
be 7,242,000 horsepower.
2. Without storage and with the water supply as determined in
1922, the total power available would be 1,758,000 horsepower 90 per
cent of the time and 2,747,000 horsepower 50 per cent of the tune.
3. With ultimate development in the upper basin, the total available continuous power would be about 3,419,000 horsepower. If the
plants operated under a 60 per cent load factor, the total installed
plant capacity would be 5,743,000 horsepower.
Water power on Colorado River between Green River, Utah, and Parker, Ariz.
Horsepower

Power site

Mineral Canyon ___ _ . _ .
Specter Chasm _________
Bridge Canyon ___ . _ . ......
Devils Slide... ___ ...... .
Lower Black Canyon. ___ ...
Parker ______ . __ . ......

Static
head
(feet)

With stor- Without storage, water With maximum use of
supply as in 1922
water in upper basin
age in Olen
Canyon,
water supInstalled
ply as in
Con1922, con- 90 per cent- 60 per cent tinuous capacity ,60
of time
of time
percent
tinuous
power load
factor
power

512
»393
222
345
286
223
209
666
163
225
194
90

(»)
346,000
566,000
476,000
375,000
363,000
1,015,000
294,000
407,000
351,000
152,000

190,000
182,000
104,000
177,000
149,000
117,000
116,000
329,000
95,600
132, 000
114,000
52,800

309,000
300,000
171,000
282,000
233,000
184,000
179,000
494,000
143,000
200,000
172,000
80,000

403,000
334,000
217,000
353,000
297,000
235,000
232,000
654,000
190,000
263,000
225,000
16,000

672,000
557,000
362,000
588,000
495,000
392,000
387,000
1,090,000
, 317,000
438,000
375,000
« 70, 000

3,428

4, 345, 000

1,758,000

2,747,000

3,419,000

5,743,000

* Olen Canyon site used for storage of 4,000,000 acre-feet; average bead available for power 348 Jeet.
* Olen Canyon site used for storage only.
* With water passing Parker diversion dam regulated for irrigation only, an installed capacity of 70,000
horsepower would utilize the high flow during summer.

POWER SITES

Most of Colorado River from its source in C olorado to the Mexican boundary and of Green River from its source in Wyoming to its
junction with the Colorado has been surveyed by the topographic
engineers of the Geological Survey and examined by hydraulic engineers and geologists. The hydraulic engineers selected and supervised the survey of all dam sites. The geologists examined the geologic
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setting at each dam site and ascertained the feasibility of the site as
determined by the nature and structure of the tbck formations.
- Colorado River below Green River, Utah, is no longer a mystery.
The recent surveys have made it possible to record for the first time
the true course of the river, its fall, its rapids, the topography of its
canyons, the geologic structure of the region through which it flows,
and the location and physical characteristics of the possible dam sites
and to formulate a plan for the utilization of its water resources.
Detailed information regarding each dam site will be found ia the
following pages, in which the sites are presented in downstream
order. (See Pis. II and III, in pocket.)
CATARACT CANYON POWER SITE
DARK CANTON DAM SITE

Location. As a result of detailed surveys and diamond-drill borings,
the Bureau of Reclamation 19 in 1914 reported unfavorable foundation conditions for a dam immediately below the mouth of Green
River. The writer having visited this region in 1914, was familiar
with the conditions when in September, 1921, he assisted in the survey of Cataract Canyon. Although a careful examination was made,
no dain sites were found near the head of this canyon. On .account
of wide sections and unfavorable rock structure, a feasible dam site
was not found until 30 miles of the canyon below Green River had
been surveyed. This site is 3 miles above Dark Canyon, near the
lower end of Cataract Canyon, and 186 miles above Lees Perry.
(See PI. II, in pocket.)
Physical characteristics. At the Dark Canyon dam site the river
surface at low water is 3,528 feet above sea level. The width, of the
canyon at the water surface is 260 feet, and a dam 532 feet in height
above low water would have a length on top of 1,060 feet. (See PL
XVI, A.) In Plate XVII will be found a cross section of the,dam
site, showing the rock structure, a map of the site, and the area and
capacity curves of the reservoir.
Sidney Paige, geologist, of the Geological Survey, who accompanied
the Cataract Canyon survey party, reports as follows on thegeology at
the Dark Canyon dam site:
The rocks at the Dark Canyon dam site comprise limestone and sandstone.
Some of the limestone is arenaceous, and some of the sandstone is calcareous.
It is believed that these rocks are of quite sufficient strength to provide anchorage and foundation for a concrete dam. The presence of the limestone, which
is compact and nowhere cavernous or porous, adds to the strength of the mass
as a whole. Both side anchorage and foundations, however, should be earned
to solid rock and preferably set in a notch in such rock to afford added assuran.ee
against seepage. The depth to bedrock does not exceed 40 feet, and it is believed
to be less than this figure, perhaps 20 feet.
» Bed. Service Fifteenth Ann, Kept. p. sis, 1914.
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Leakage threwgh tlie rooks at the dam site -or along beddiDb planes .'
limestone and sandstone should be negligible.
.
,,\\ -, > *,6.ti;.;

]»

Plan of development.-*--The conditions atre f avbrable- foi* construction of a high concrete dam. The yater surface tinder therauWad
bridge at Green River, Utah, is 4,050 feet above sea level. In order
that this bridge and the town of Green River may not be damaged,1 the
elevation of the flowage line of the reservoir has been placed at 4,0.40
feet. It is proposed to place the power house in the eanyon at $he
base of the dam and to take, cape ol the surplus Wate*r by means of
tunnels leading to a side canyon on the left bank through a narrow
section of the canyon wall. The plan of development is clearly shown
in Plate XVII. By this plan the water should never pass over the
dam, and it is therefore suggested that a 20-foot freeboard should be
provided. The crest of the dam would be 20 feet above the flowage
Kne of the reservoir, or 4,060 feet above sea level'. Such a dam would
rise 532 feet above low-water level and would contain about 2,200,000
cubic yards of concrete. The effect of ice, de*bris; and silt on any
hydraulic structure built in Cataract Canyon is referred to in th,e
discussion beginning on page 12.
Water supply. A full' discussion of water supply is given in Appendix A, where Table 9 shows the water supply available at all power
sites below Green River, Utah. It | will be notecj that m'tn the'water
used as in 1922 and without storage thie supply available at the Cataract Canyon power site would be 4,650 second-feet 90 per cent of the
time and 7,540 second-feet 50 per cent of the time. With ultimate
development in the upper bas^in, which obviously would require
storage, a continuous flow of about 9,840 second-feet would be available in Cataract Canyon.
Power capacity. The static head at the Cataract Canyoirsite woujd
be 512 feet. The power capacity with this head and with the water
supply given in the preceding paragraph would be as follows:
Without storage and with the irrigation and power development in upper basin as in. 1922:
Horsepower
Capacity 50 per cent of time.: _ __'_______ _ :__L309,000
Capacity 90 per cent of time. __ __ __ .-___JJ__ 190,000
With storage and with ultimate irrigation and power de-i
velopment in upper basin :
.-...,
Continuous power available.---- ----I---- ---!---- 403, OOt)
Installed capacity (load factor 60 per cent) _ _"_ _ 1 _ _ _ _ $7% 000

Right of way. The flowage line of '.the proposed Cataract Canyon
reservoir is shown in Plate XVIII. The flowage damage in'Oataract
Canyon and on Green River would be very small.1 On/Colorado
River the small settlement of Moab would be submerged, and it
would be necessary to relocate the highway bridge at this point. The
town of Moab could be moved to a higher and better location on
MiU Creek.
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Crest of dam 4060 feet

Capacity in millions of acre-feet
12345

AREA AND CAPACITY TABLE
Feet above Area
Capacity
sea level
(acres)
(acre-feet)
3,528
0
0
75
750
3,540
3,560
210
3,600
9,200
3,580
350
17,700
3,600
500
3,620
650
29,200
3,640
815
43,800
3,660
980
61,800
3,680
1,150
83,100
3,700
1,310
108,000
3,720
1,480
136,000
3,740
1,660
167,000
3,760
202,000
I,850
3,780
241,000
2,040
284,000
3,800
2,250
3,820
331,000
2,490
3,840
2,780
384,000
3,860
443,000
3,140
510,000
3,880
3,510
3,900
587,000
4,190
3,920
II.19Q
740,000
1,010,000
3,940
15,600
3,960
21,000
1,370,000
3,980
27,600
1,860,000
4,000
2,450,000
31,180
4,020
3,110,000
34,870
3,850,000
4,040
39,060
45,240
4,690,000
4,060
5,700,000
4,080
55,700
6,900,000
4,100
63,760

-x;^^V Sandstone
..'! i !'.\V
. !i iV' 1 Limestone
^^!^^JSSj Sandstone
Limestone
^:££££: ^Sandstone

i. i i 11 i' i 11 11 i i 11 ' i i 11 11 i i i i i 11 i i i i i i i i i i
i.......................................'...
ri
i i i i i i i i i i i i i;i i i i i i rrn i i i i i i i ij i i i i i i i. i:i
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Contour interval 25 feet
Surveyed September 24-25,1921
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MAP OF RESERVOIR BASIN ABOVE DARK CANYON DAM SITE
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CAPACITY IN MILLIONS OF ACRE~FEET
234-5

AREA AND CAPACITY TABLE
Area
Capacity
Feet above
(acres)
sea level
(acre-feet)
0
3,880
0
320
3,000
3,900
7,000
80.000
3,920
11,100
250,000
3,940
16,200
550,000
3,960
22,500
940.000
3,980
25,800
1,420,000
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39.000
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The Cataract Canyon; power site is >&©t readily
accessible at this time. The development of the project is ^remote.
When a railroad now proposed is built to the great agricultural region
near Moaticello, Utah, a 60-mile extension byway of Dltrk CaayoB,
would reach the Cataract Canyon power site.
:t
' ^: ..
Value: Although the development of the Cataract ,Canyoa power
site would tend to equalize the flow of the river in the interest of
irrigation below, its chief value would come from the development
of power. Its value as a flood-control site is small, owing,to the
fact that there are other sites lower on the river
where"the floods
'';.'
may be more effectively controlled at a much lower cost* However,
at some future time the capacity of the Glen, Canyon .storage site
may be seriously reduced by the deposition. of silt., , When this
occurs it may be desirable to utilize the upper 100 feet of the Cataract Canyon power dam for river regulation. This would reduce
the power capacity of the Cataract Canyon site .and make available
3,200,000 acre-feet of storage capacity for flood control.
AITBEHATIVB PIANS OF DKVEIOPMSUT

1

'

Junction dam stfe. The Junction dam site is about J^SWd feet below
the mouth of Green River, at a point where low water in Colorado
River stands 3,880 feet above sea level. Investigations made by the
Bureau of Reclamation indicate that the conditions a,t, this "point are
unfavorable for the construction of a concrete clam. The bureau's
report on drill operations50 is as follows:
Diamond-drill work at Junction dam site was begun in August, 1914, the drffl
being hauled down from Green River, Utah, 25 miles to Wimmer's ranch^ from
which point it was taken down the river on scows. On August 29 the first hole
had reached a depth of 90'feet, encountering nothing but river sand; there being
no more drfll rods on hand, hole No. 2 was started, and on September W a depth of
124.5 feet had beep reached, 50 feet of which was river sand and the remainder
sand and sandstone boulders. On September 30 hole No. 3, about |325 feet
downstream, had reached a depth of 120 feet in boulders and sand, at; which
point a piece of casing broke off, lodging crosswise of the hole, and the drill was then
moved to hole No. 4, approximately a quarter of a mile below the Junetioa. On
October 3 rock, probably a boulder, was encountered at 101.5 feet depth.'*- By
shooting it was penetrated 0.4 foot that day. On the following day the rives
suddenly rose nearly 8 feet, and the drift, notwithstanding the efforts of the; men
to hold the scows, snapped the cables and broke off the casing and rods in the
hole. The drill was saved, and several days spent trying to recover the rods and
easing, which proved impossible. Further drill work was then abandoned.

In Plate XIX will be found a map of the dam site, a erdss section at
the dam site, and area and capacity curves for the reservoir. The map
also sho^m, a plan of development, which calls for .the coB^truction of
a rock-fill dam. A safe dam of this type could: no doubt b© built, as
the spillway conditions are favorable. The crest of the dam would
7_ .

.

20 U. S. Bed. Service Fifteenth Ann. Kept., p. 515,191&

;

i p,

:
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be 4,065 feet above sea level, or 25 feet above the flowage line of the
reservoir.
The static head at the Junction site would be 160 feet. The power
capacity with this head and with the water supply given on page 48
would be as follows:
Without storage and with irrigation and power development in tipper basin as in 1022:
Horsepower
Capacity 50 per cent of time___________________ 96t 400
Capacity 90 per cent of time_-----______________ 59, 600
With storage and with ultimate irrigation and power development in upper basin:
Continuous power available.---.---.------------- 126, 000
Installed capacity (load factor 60 per cent) ________ 210, 000

Statements relative to flowage damage and accessibilty of the
Dark Canyon dam site would apply also at the Junction dam site.
A plan to utilize the Dark Canyon dam site in connection with the
Junction dam site should be studied. However, it seems probable
that the more practicable plan for utilizing the fall in the river between Green River, Utah, and lower Cataract Canyon is that calling
for the construction of a relatively high dam at the Dark Canyon site.
MiUe Crag Send dam site. The Mille Crag Bend dam site is near
the lower end of Cataract Canyon, at the head of Mille Crag Bend,
7^2 miles below the Dark Canyon dam site and 178^ miles above
Lees Ferry. This site is very similar to the Dark Canyon dam site.
(See PI. XVI, J5.) Plate XX shows the topography, cross section,
and rock structure at the dam site and includes curves showing the
area and capacity of the reservoir.
The river surface at low water at the Mille Crag Bend dam site is
3,475 feet above sea level. A dam built at this site to utilize the fall
in the river from Green River, Utah, would rise about 630 feet above
its foundation. A more practicable plan for utilizing the fall below
Green River, Utah, would be to build this dam in connection with
the dam at the Junction site, below the mouth of Green River.
Under this plan the Mille Crag Bend dam would raise the water to
an elevation of 3,870 feet, which would require a dam about 445 feet
in height above its foundation.
The static head at the Mille Crag Bend site would be 395 feet.
The power capacity with this head and with the water supply given
on page 48 would be as follows:
Without storage and with irrigation arid power development in upper basin as in 1922:
Horsepower
Capacity 50 per cent of time__.___-_______ 238,000
Capacity 90 per cent of time.-----------.--____ 147, 000
With storage and with ultimate irrigation and power
development in upper basin:
Continuous power available__________________ 311, 000
Installed capacity (load factor 60 per cent) ________ 518, 000
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The Mille Crag Bend site, if developed in combination with the
Junction site, would produce 8 per cent mose power than the Dark
Canyon site, being lower on the river. However, a dam at th© Mille
Crag Bend site would seriously interfere with the development of the
Glen Canyon storage reservoir site. It is desirable to reserve a storage capacity of about 8,000,000 acre-feet in Glen Canyon, and this
capacity could be provided if the dam in Cataract Canyon-were built
at the Dark Canyon site. Development of the Mille Crag Bend site
would limit the storage capacity of the Glen Canyon reservoir to
about 5,000,000 acre-feet.
The utilization of the Dark Canyon dam site, in CataracyOanyon,
would provide full development of the potential power between the
dam site and Green River, Utah, and the plan confining the development to one site, where the required height of dam is not unreasonable, would be more practicable than the plan calling for the construction of a dam at Mille Crag Bend hi combination with a dam
at the Junction site.
GLEN CANYON POWER SITE

Owing to the position of Glen Canyon on the river and the relatively large storage capacity that may be obtained by building a
dam at a site near Lees Ferry, the Glen Canyon section is chiefly
valuable for providing storage. Detailed information regarding this
site is therefore presented in connection with the discussion of the
flood-control problem. (See p.19.)
It is impossible at this time to determine to what extent the flow
of Colorado River at Lees Ferry will be equalized as a result of irrigation and power development in the upper basin. It seems reasonable, however, to assume that at some future tune the effective
storage capacity required at or near Lees Ferry to regulate the flow
of the river in the interest of power development in tfte^Qrand
Canyon and below will not exceed 4,000,000 acre-feet, a capacity
that would be afforded in the Glen Canyon reservoir between .elevations of 3,423 and 3,513 feet.
The results of rather meager observations in the upper basin indicate that perhaps half of the silt entering Glen Canyon is contributed
by San Juan River. This stream enters the reservoir site downstream
from the major part of the storage basin, at an elevation: ,266 feet
below the maximum flow line and through a narrow boje canyon
that has little storage capacity. Owing to these condition^ &nd to the
flushing effect of occasional heavy flood flows, the delivery^! s$t from
San Juan River will probably not result in any material, encroachment on the effective storage capacity of 4,000,000 acre-feet in the
upper 90 feet of the reservoir.
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It has been assumed that at some futare tim0 it wffl be j
develop £ower at the dam, reserving 4,000,000 atire^feet of '
capacity for river regulation. The plan for development of
is shown in Plate V.
.:,, '
Power capacity. The static head at the Glen Canyon site would
be 34£ feet. The power capacity with this head arid with th« water
supply available after ultimate development has been attained in the
upper basin and with 4,000,000 acre-feet of storage capacity provided
at this site would be as follows:
Borsepowjw

Continuous power available _---___-,-.---__----_--_-_ 334,000
Installed capacity (load factor 60 per cent) ______ _!___- 557,000

.

MARBLE GORGE POWER SITE

The name Marble Gorge is applied to the 60-mile section of the
Grand Canyon between the mouths of Paria and Little Colorado
rivers. The river falls from an elevation of 3,115 feet above sea
level at Paria River to 2,715 feet at the Little Colorado, a drop of
400 feet. The height of the canyon walls above the river ranges
from practically zero at the Paria to 3,400 feet at the Little Colorado. (See PL XXI, A.) Hotel El Tovar (PL XXI, S), on the south
rim of the Grand Canyon, rests on the Kaibab limestone 6,900 feet
above sea level, or 4,500 feet above the river, yet near Lees Ferry,
at the head of Marble Gorge, :89 miles upstream, the river flows over
the top of the Kaibab limestone at 3,115 feet above sea level. (See
PL XV.)
Although the lower part of Marble Gorge is 3,400 feet deep, the
walls are all in the sedimentary formation. The geologic structure in
Marble Gorge is described in detail by R. C. Moore in Appendix B.
MARBLE GORGE BRIDGE SITE

The so-called bridge site is in Marble Gorge 4 J^ miles below Paria
River: Here the depth of the canyon is 400 feet arid the distance
between tHe walls at the top is but little more than 600 feet. The
site is easily accessible from both sides of the river and the conditions
are favorable for the construction of a highway bridge at this point.
(See PL XXII.)
In July, 1923, the writer made a thorough study of this locality
to determine its suitability as a site for a storage dam to utilize the
Glen Canyon basin. For this purpose the water should be raised to
an elevation of 3,513 feet above sea level. It was found that the
walls at tlie bridge site are of sufficient height to permit the construction of such a dam. However, examination of the rock formations' ify 'the canyon with B. C. Moore, geologist, showed that the"
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MARBLE GORGE 5 MILES BELOW LEES FERRY, SHOWING BRIDGE SITE

PLATE XXII
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PLATE XXI

JUNCTION OF LITTLE COLORADO AND COLORADO RIVERS, SHOWING THE END OF MARBLE GORGE
Geology by R. C. Moore

Walhalla Plateau

B.

Eiev.SESOft

THE GRAND CANYON AS SEEN FROM THE SOUTH RIM AT GRANDVIEW POINT, 10 MILES EAST OF HOTEL EL TOVAR

The width of the canyon as measured between Grandview Point and Walhalla Plateau is 9 miles. The rim of Walhalla Plateau is 5,750 feet above the river, and its horizontal distance from
the river is 5 miles. Photograph by N. W. Carkhuff
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REDWALL DAM SITE, MARBLE GORGE 30 MILES BELOW PARIA RIVER
Geology by R. C. Moore
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A CLOSE-UP VIEW OF THE REDWALL DAM SHE
Geology by R. C. Moore!

PLATE XXIV

3,900-

Right
bank

U. S. GEOLOGICAL SURVEY

^^^f^

WATER-SUPPLY PAPER 556 PLATE XXV

^^H ^V~ Left

bank

o or\/>'

r:.v-~
';'-'--' "

':.--/-.' *

500

IOOO FEET

''. :---A

<&t / vy \J

7" ^"/ T~r%

Contour interval 10 feet
3,600'-

Surveyed August 7, 1923

Z
O

" ''. '. '.-' .'' '.' *.'A
' '." "" " " ". " -x^

'Hit

~^r

^f

. J_^is.

':^lA^

34OO'-

|
i "f

W
(/) 3.2OO-

i

i""^

la i

ui

gQj! 3,1 OO'-

EXPLANATION

i

x.--

i \

Supai formation, 900-1100 feet
(Medium to massive yellow and

|

/

\
p-A

w
J^j

f
L^^

2J80O' -J

l

/

^

l

iyr
z

I

\**~~^ 1 2886'
/
\ *
-/

Nr~1

'''

..

, ,.,

Redwall limestone, 500-600 feet

r
1

i

^

AREA AND CAPACITY TABLE
Feet above
Area
Capacity
sea level
(acres)
(acre-feet)
2,886
0
0
2,900
72
500
2,950
274
9.150
3,000
654
32,350
3,050
1,010
73,950
3,100
1,778
143,650
3,150
4,637
304,000

o

--

IU

|

(Massive fine-grained bluish-gray
limestone)
"11

J^

Ij-nS

2<60O'-

Muav limestone, 400 feet

r

"i

T

'

i
n

,
-

,
'-]

,
'-j

>?

2300'-

2,4OO 0

i

l

i

i

i

IOO

2OO

3OO

4OO

BOO

i

11*1

30O

l-r

___ __

'

^

3,20O

CAPACITY IN THOUSANDS OF ACRE-FEET
IOO
I5O
2OO
25O

Ul

|

\

......j.. ...... j

f" '7" 'i
i

\

lower part beds of sandy limestone and red to purple shale)
|
_. ^r*

T

r~

,,l ' H ! ^"l TRF^TOFnAM 3IO8 FEET /-1
-\
__
j

reddish cross-bedded sandstone;

2,7OO'-

£
I/)

' :" .'. . : .'.-.*. ".. .. -'I^1*

=S,

UJ
> 3300'-

LJ
-J

ff w

iy.v } "."": fv.-V."

3500'-

O
(- 3,000'<

Jf

("' ." "; I"-'."-;.**.""""

|

t

6OO
7OO
8OO
9OO
l,OOO
I,IOO
CROSS SECTION AT DAM SITE
(3QO MILES)

i

i

I2OO

I3OO

i

1.4-00

i

^500

i

I, O0

I,7C

MAP, CROSS SECTION, AND AREA AND CAPACITY CURVES FOR MARBLE GORGE POWER SITE
(REDWALL DAM SITE)

2.8OO'

234
AREA IN THOUSANDS OF ACRES

350

A'-'/!'? -K!/

'

j ;.-

POWER SUBS; '

canyon walb.at the Wdgeisite Smdiide practicidly all
milestone, and Coconmo sandstone. It foliows?: 'therefore7 that the
river h^s cut through these formations and that its bed.is now in
the soft Hermit shale, which underlies the Coconino sauid&tond: f£he
Hermit shale consists of soft red shale and thin-bedded sandstone
and is unsuitable for the, foundation of a high dam. In Plate XXIII
:isi a maj> of tte site and a cross section showing the reek structure-.
Further informatioaa regarding the,geology of this |iai&rt&<$4fei&i6
Gorge will be.found in Appendix B (p. 134). Ass shown by the topographic map of the biidge site, it would not be possible to build a
dam farther upstream,,because the^w^ils are ^o .torw-fca- s^port: &
dam of the required jheight. About d.miles abova the bridge site
the foundation may be favorable, but the waHs arelowyand;* dam
of the maximum practicable height would create a storage capacity
of less than 4,000,000 acre-feet and would not permit full utilization
of the;Olen Canyon reservoir site. :
; iv; ; /^/ ;
'

BEDWALl DAM SITE __';''

.'

" ~'^

","",'"""

Locatifm.-^-As the top of the Hermit shale is exposed in tfa© fri^er
channel A^milea.bebwParia River, it t^ats evidenfetfel no favorable
dam site,wp«ldcbe found in. J^arbla. Cbrge until a point had been
reached where theriverhhadeut through the: SWife^b/ofjtlie Hermit
shale and the 800 feet of the Supai formation and well into the Redwall limestone. Such a site was found 30 miles below Paria; River
and is here referred to;as the Redwall dam site. (SeePis. II andXV,
in pocket.)
; ;,!;; , J
Physbcql cfarQjste^ties. JffaK several miles above,AJid
Redwall dain si^te the river flows between nearly 3
wall limestone, At the site selected the 'Water surfae« at
second-foot stage is 2,880 feet above sea level,21 wni thft widtil^of the
river at the dam site is 160 feet. Here the Redwall
to an elevation of 3,200 feet above sea levei, which 1$
feet higher than wowj$ be necessary to support^ dam.of
height to back the water to the Lees Ferry;site*, View%0
site aresbownJn Plate*XXIV.
, -. -.' . .-,i
.: : 'fe;-<
The Redwall lime^to^e is «<» © than 400; feet*^tM^» a»4 fl^-iwly 300
feet of thji formation is exposed in thd cajiyjqai wallss, it follows that
more than 200 feet of the same fonnation is in place below the water
surface at? tibs dam site. (1^^ PL XXV.) The^RedwaJJis a massive
fine-grained bluish-gray limestone, very firm and pracMoallyfree'from,
bedding planes and solution channels. So far as the rock structure
" For that part of the river baloW'1.6es Perry the figores given to fcwlicate tbe'efievalioi
surface at lox water haye been obtained by adju^Iag tae*eeorded daUS« as to riBj*K»enS
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is concerned, the conditions at this site are ideal for the eoftst&iietion
of a dam. Bedrock will probably-be found at a depth between ;i4®
and 60 feet below the water surface. More detailed information
regarding the rock structure at this site is given in Appendix B

(p. 136).

. .

-

; l

Plan cf development. The river surface at the GlM-? Canyon; data
site is 3,127 feet above sea.l«veL i; If that site should b^l "asedfoY ti*e
development of power, the power house would be placed at the
lower end of the loop, 4 mHea below the dam site, where ;the w-a&er
surface is 3,118 feet above sea level; It has been assumed that the
water level at the Redwall dam site may be raised to an elevation
of 3,108 feet above sea level without interfering with power development at the Glen Canyon site.
:
:'
The Redwall dam site is hi a box ! canyon, where t&ewalls - rise
from the river almost vertically for 300 feet. There is HO natural
spillway site near by, and the overflow type of dam is-probably feest
adapted to fit the conditions at the, site. The power house may be
located at the mouth of a small side canyon on the left bank about
1,100 feet below the dam site. The suggested plan of development
is clearly shown1 in Plate XXV. In this plan the'tunnels leading td
the power house would be about 1,100 feet long. Further" study of
the site on the ground may show that it would fee feasible to build
the dam farther downstream, shortening the length of the; power
tunnels to 400 feet. By fixing the crest elevation of the dam at
3,108 feet above sea level, the static head at the power plant would
be 222 feet.
Material suitable for the construction of the dam, except cement,
is available at this site. The Redwall limestone is'satisfactory for
use as the concrete aggregate, and sand in any quantity nifty ^be&ad
by crushing the sandstone in the; lower part of the Sup ai'formation,
which forms a slope above the Redwall cliff. Although ^mre lime^
stone suitable for the manufacture of Portland ;eement is availablej
the other constituents of cement, such as shale of suitable-quality,
are not to be found in this locality,
Water supply. A full discussion of the water supply is given in
Appendix A, and the data relating to the Redwall dain site are given
in Table 9 (p. 113). With the water used in the u-|>per basin 'as in
1922 and without storage, the flow available ai the BfedwaH dam site
would be 5,880 second-feet 90 per cent of the time anid J9,640 secondfeet 50 per cent of the time. With ultimate development? m the
upper basin, a continuous flow of about 12,200 second-feet would be
available at this site and in the lower part of M'arble Gorge. With
the water used as in 1922 and with storage in Glen Canyon, the
available flow would be about 19,500 secon'd-feet.

would be 222 -feW,^ 1%l fSbw^iwater supply given in th^preqediug par^g^vph would be as follows:
,'"

Without sto^ags^pd ifcitih iir
f opment in ^pijer'oasifl as in

.,' With storage m -GiuB-Ganycm and with ii?rig$
: .
.
..^.
with storage and !with ultimate .Irrigation , and powef
'*' - '
1^ u"
' : if ^'r

Cftnybn etotiigiB daih
site i

O

*

If J * '* f~"V'' * *

would require an inclined railroad or a road coitetrtteWWI /c<§'?lfc
of 5 or 6 per cent. -J r *" ^".';>'i ''" <-" / »*' ?:I^K -^
: Adagt(&ttity of.^lm,f la dis^ussui^ the flf>o<l-contri
^er^calle4^atiishtion'.^-^^'-^-- L -* 1^"-1Av>^'^
site.. ^Ipe^ .p.'^SlX "W ^ ^t^ev.ed^ii|i*at ,fnal | ti^t*
best adapted-to e6iierre an^ulaliz'fin ihe^fc i&t"
re^oui'ce^ol the lowe? ^/oloia.^^'W i^cip<|e'i&6r'
agei pjrme^iV It fo^ws ma3t^^no^YelopnieiMlni (4
r^ise 'the*water to &n.Jetfvatibn 'su^SfcientVliolnfe^ Pte*©;
opi]Qaen£o:f
(Ben,,Cany
on site,
alteiiia
ave^-iir^TviTftii
4^-^- ~,--~
r,-. .77T . the^
r^'i.^.'i*-,'
^..T^-'HTar-u, ^<Two
j-»iUi/
T^S^*-*
lower part ,otMarble,yorge fere refecreo| to bciasF^ »;-

! The writer be^ey;*E«"!^'aib~,tn'e'most priac|ica|/; M^I" o| 4ei
iit jny^'site in the t^raiwi^ C*^7on?,^tTiat- whicfvc t^]^[
tion
of dams
to xa^e* '^'--'
the' JVater
between 300
lu c
**4f'L*"1*!
* "^ t' ' * : ' ' li
* v i * '' ( "- ^ - - -" "^ L* :
7 JiU-i^
-^--- |o favorable c<)nqpiiom at certain sife^ it

T -;u s,\ MIS Y4i ; J^i_. U«"* ; '.m*r iiiir^tjL- 1,^^
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; < - Wf^eF, .t®^. ^yjft, ?flP *^4^ I^^W^P^
^oweyer? the«^edw^ !|itle;m^f^e ^velopa^Q |"^" "-"-* '
ifor
powder of 222 ieefc without 'integer" ~ ~-^
' 1 1 ~*f t -,- *.
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wall site is therefore suggested as the first step for development of
the potential :power in the canyon below Lees Ferry.
<f
'

AEHatKAlTVl DAK SITES

T

'
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In addition to the Redwall dani site, two otlierpossible sites were
selected in lower Marble Gorge. One of them, is 1 mile^ above the
Redwall site, where the water surface of the river is 2,894 feet above
sea level. The conditions here are very similar to those at the Redwall site, except that there is no fault in the waJls such as that below
the Redwall site, and in consequence the upper site is not quite so
accessible. However, this site should ]be examined further when the
time arrives for the construction of a power dam in Marble Gorge.
A view of the upper dam site is shown in Plate XXVI, A. In Plate
XX.VII will be found a map of-the site, a cross; section, and ear-yes
showing the area and .capacity of the reservoijF.
. ;
. The other alternative dam site is a»t Vaseys Paradise, 2,2 miles
below the Redwall site, where the water surface of the river is 2,808
f§et ^bove sea level. This site is in a box canyon, whicl^. is inaccessible except by boat (PL XXVI, J5). The rock stoi<iture of the
site is the same as that which has been described in connection with
the Redwall dam site. There is no favorable place for a power house
;<xp, a construction.eampx and the site is mentioned here only ast a
possibility.. A V^&P and cross section <)f this dam site are given in
PJate XXVUlJ ,
^
;
;
MINEBAL CANYON POWEE SITE

...

General features. Below Vaseys P'aradise the river continues to
flow between vertical cliffs' of Redwall limestone. At mile 35.2 below
Paria River the top of the Muay limestone appears in the river
channel, the entke thickness of the RedwaU formation being exposed
in the canyon walk. At mile 46 the Muav limestone, here nearly
500 feet thick, is exposed above the river, and a short distance downstream the very dark green sandy shale and shaly sandstone of the
Upper part of the Bright Angel shale appear. As shown in the geologic section (PI. XV, in pocket), at mile 24.2 the top of the.Redwail
limestone appears in the river channel at 2,944 feet above sea level,
and at mile 46, where the water surface is 2,811 feet above sea level^
tlie bottom of the Muav limestone is exposed. For the 2,2 miles
between these points the river flows through the Redwall and Muav
formations. Lying above the Redwall is the Supai formation, an<|
below the Muat the Bright Angel shale appears. The rocks of both
of these'formations are too soft to serve as dam abutments and
f6u|icfations, and it therefore';follows\that favorable dam sites in
Marble1 Gorge are limited to tKat portion of the gorge between mile
24.2 and mile 46 below Paria River.

POWER SITES

\ :*"/ '>j ;*:-:;# . "^..

gf

Having located & suitable dam site at
where the water surface is 2,886 feet abovw
made a careful search for another site at or near an elevation cil
2^636 feet above sea level, J?rom mile 46 -t© ^inile :01.£ the Bright
Angel shale is present in the river channel and GsUty®®. JtWBtt6->: Afe
the mouth of the Little Colorado (mile 61.5^ tl»e fto^of th«*1*aijeffMi
sandstone appears above the river (PL XXI/ 4) ^and^S'tadHfete 'farther
downstream this formation rises in the walls to a height of 290 feet
aboye the river. Although the topographic features of this Tapeafeg
gorge are favorable, all hopes of finding a feasible dam site : were
abandoned when the geologist recognized the
channel as the soft shaly sandstone belonging to the*
The water surface here is 2,687 feet above sea level. Below the
Tapeats gorge the lower part of the Grand Canyon is iride and open,
as here the river has carved its way through the relatively ^we&fe
Algonkian rocks
, > r
. .
At 15 miles below Little Colorado River and half a mile abo^e
the Hance Rapids the Colorado flows through us narrow eaayoii
where the walls rise several hundred feet ab@re the river. The1
presence of shale in the lower part of the walls renders this site
unfavorable for the construction of a dam. Here the river ^surface
is 2,565 feet above sea level.
From Hance Rapids the beginning of Granitei Gorge could be seen
a short distance downstream. This being the first' supply* station,
the Survey party remained here several days. A short trip "fld^wn^
stream on foot disclosed a practicable dam site at the mouth 'of
Mineral Canyon, 1 mile below Hance Rapids. Hei«e the : water surface is 2,531 feet above sea level. To back the: water from this point
to the Redwall dam site in Marble Gorge would require a data of
sufficient height to raise the water 345 feet;
;
The preceding description of the canyon between the Redwal a&d
Mineral Canyon dam sites shows that no suitable dam sifces exist
between mile 46, where the river surface is 2,811 feefrafeov&sea
and Mineral Canyon, where the elevation is 2,531 feet. "Jhese
ditions require a departure from the preferred plan for building power
dams to a height between 200 and 300 feet above ttoe riv^p4«vel. - * ?
Location. The Mineral Canyon dam site is in the
near the head of Granite Gorge, 77.8 miles bekrw Paria River,
miles below Little Colorado River, and 1 mile below Hance Rapids.
(See PI. II, in pocket.) ;* ;
Physical diaracteristic8.~*-About a quarter of a mle below1 HaricW
Rapids the Archean rocks first appear in the river, -and within a dil^
tance of less than 1 mile these hard crystalline rocks form the eaftyoa
walls to a height of 400 feet above the river.
;

$8
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Thesitesel^cted for^hedam is just below the inoufch o
Qanyon, i. Here ihe rock ^ walls consist of a complex of gmeiss>
gi-anite, and pegmatite,* These are'all hard crystalline roefe, which
form a coinpact, solid mass that is; entirely satisfactory iordation and abutment walls for adam(Pli yS£-E5+~A)v
det ailed* de$eript}e>n ©f the rocks is given in Appendix B (p. 142),
The tofiographiotfeatutes of Jn© site (FL
the construdfen of the; dani, spillway, and power house.
to bedrock l>4«w ?the,wfeter=siirfaoeis estimated At 40t0r 50-feet;* <J
Plan of de®$oprtimt>* The river surfaf» at the Redwall dam site,
i& Marble Gorge, is ^27S86 feet abor« sea: level when the discharge is
liQ,OOQ second-feet, and as it seems reasonable to assume, for the purpose
of estimates, that a difference of 10 feet in el©T^,tioa is sufficient te
take care of the slope in titte backwater fooua a daan btdlt at the site
flext,bek>Wr tbe mornn^l elevation of*Hie water iiurfaee of * tfcw^es^
ervoir at the proposed Mineral Canyon dam has been-' fixeduat
2,87 fe^t.iabo^e.se^- level; - A^ tfaef^^^ter^surfade^of the river at
the Mineral CSanyoft-dam site i^!2,53l leet ab^ve sea level, and the
w-ater may be raised *o 2^87&f«ietyat foHow« titafc £ st&tie1 iieed bf
345, feet mayj be utilised for the developiaent of power. ^
. ;
4* concrete dam of the overflow type, is BHgg^ted as b©s* adapted
to fit the conditions at this site. The crest elevation of the dam
Baay be filled, at, 2^76 ,feet above sea ^IfFeK By providing! di»eharge
tunnels in th^ dam, the wat©r4everin the reservoir'can be maintaitied
at ox near tiie crest. No water would pass or«r the dam except during
periods of flood. It is thus clear thai the works could be operated in
such a manner as to &Voidim^erferenee;wiihilhe proposed development
at the Redwall site. , .-, >,s-.i Jr. I > - ! , , -' ':' ". - .]
.Across section and a map of thedam site are shown in Plate XXX,
The writer believes that it wowld be more economical to pkkfee^tkfe
power house on the^left bank ahoufc 1>00 'leset below the' d*m and
utilize^tibe side ;canyon;as a site for^UT*rsk«a worlds. '
^ .'/ - '"'
; Materials suittuble loo? the^constoraetaoii of '>fb& diwi,
am available at>the site. (See Appendix B, p. 142,) ^ .- .- :-!
,,, ffiiimi^pply.-T-nWiik development in the upper basin Hs-itt
and without storage, the water supply available at the Mineral
yon dam site 43 6,400 secoad-feelfc 90 per cent «f fche^iioie, or 10}to
second-feet 50 pisft* cent, of the tane. With storage provided ittT(3te«f
CJanyoft aad ifrit& ;the use ol water as-in 1^22, a ( contlnudtiii fkrtffcf
about 20,500 second-feet could be made available; (Witji ultimate
deyelopment in the upper basin, tlie oontinuous flow available would
hferedupe<i to about 12,830 second-feet. (See Appendix A, p. 113.)
,.- Power ^w^ty.-^The-static head at the Mineral Oa&yon &it^ would
be 345 feet. The power capacity withi this .head and the water ifapf
ply given in the preceding paragraph would be as follows:
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ALTERNATIVE DAM SITE IN MARBLE GORGE 29 MILES BELOW PARIA RIVER
Geology by R C. Moore

.B.

ALTERNATIVE DAM SITE IN MARBLE GORGE AT VASEYS PARADISE, 32.2 MILES BELOW PARIA RIVER .
Geology by R. C. Moore

PLATE XXVI
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CAPAC1TV
1OO

O

THOUSANDS OF ACRE-FEET
ISO
2OO

25O

100
200
300
4OOFEET
CROSS SECTION AT DAM SITE
(29.0 MILES)

AREA AND CAPACITY TABLE
Feet above
sea level
2,894
2,900
2,950
3,000
3,050
3,100
3,150

Zjaoo

Area
(acres)
0
42
244
624
980
1,748
4,607

Capacity
(acre-feet)
0
130
7,280
28,980
69,080
137,380
296,380

234

IpOO FEET

AREA IN THOUSANDS OF ACRES

Contour interval 50 feet
Surveyed August 7, 1923

MAP, CROSS SECTION, AND AREA AND CAPACITY CURVES FOR MARBLE GORGE POWER SITE
(ALTERNATIVE DAM SITE NO. 1)
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A

PUBLIC PflCPEIITT

3,900'

3,200

CAPACITY IN THOUSANDS OF ACRE-FEET
IOO
2OO

300

AREA AND CAPACITY TABLE
Feet above Area
sea level (acres)
2,868
0
2,900
162
2,950
364
3,000
744
3,050
1,100
3,100
1,868
3,150
4,727

Capacity
(acre-feet)
0
2,590
15,690
43,390
89,590
163,890
327,890

2868'

O

Surveyed August 8, 1923
Contour interval 50 feet

200

400

6OO
8OO
I/DOO
CROSS SECTION AT DAM SITE
(32.2 MILES)

1,200

I4-OO

1.600 FEET

MAP, CROSS SECTION, AND AREA AND CAPACITY CURVES FOR MARBLE GORGE POWER SITE
(ALTERNATIVE DAM SITE NO. 2)

2,800'

J

2
3
AREA IN THOUSANDS OF ACRES

ENGRAVED AND PRINTED BYTHE L
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U. S. GEOLOGICAL SURVEY

A.

MINERAL CANYON DAM SITE, GRAND CANYON, 1 MILE BELOW HANCE RAPIDS
Geology by R. C. Moore

B.

RUBY CANYON DAM SITE, GRAND CANYON, 16 MILES BELOW BRIGHT ANGEL CREEK.
Geology by R. C. Moore

PLATE XXIX
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PLATE

EXPLANATION

Auxjlrary
spillway

Crest of dam 2,876'

(Light-gray fine-grained dense
magnesian limestone, medium to massive beds-cl\ffs)

Hotauta conglomerate
(Dark coarse conglomerate urith
wellrrounded pebbles and cobbles)

Archean gneiss and schist
(Crystalline complex of gneiss,
schist, granite, and pegmatite)

IGNEOUS ROCKS
1400 FEET
CROSS

SECTION AT DAM SITE
(77.6 MILES)

Diabase (Algonkian)
(Intrusive in Baas limestone)

CAPACITY IN HUNDRED THOUSANDS OF ACRE-FEET

AREA AND CAPACITY TABLE
Feet above Area
Capacity
sea level (acres) (acre-feet)
0
2,531
0
45
2,550
420
357
2,600
10,520
930
2,650
42,720
1,800
2,700
111,220
2,750
225,220
2,750
2,800
4,130
397,220
5,940
649,220
2,850
7,290
980,220
2,900
August 17-1
Contour interval 20 feet

2345
AREA IN THOUSANDS OF ACRES

MAP, CROSS SECTION, AND AREA AND CAPACITY CURVES FOR MINERAL CANYON POWER SITE
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storage and with irid^ation and ixatror develop- ,-r-?*! '
ment in upper basin as in 1922:
Horsepower
Capacity fiQ par tent of time .-_..i-__i--_ i _-i-yitiUv<
Capacity 90 pet cent of tipie--.^, L.
- t-.-t^ -HH- a
With storage, in (pen Canyon and wjth irrigation ^d
p6wer development in upper Tbasin as in 1922: ,
^
Cdntimious power availablei'_;_.l__l. __'_'_ -I1. rll i
With storage 'and with ultimate irrigation and po*#er &e¥el- : f r
f " ?
opnaeht in upper, basiri; , .; ; .. -, .
, -A -\> *-jl i>tt ; - y/u!. -i. '-.
. Continuous power available.,---,_ n<- T --f:-f:!---.-;-H 353*000 , .
Installed capacity (Ipad factor 60 per " qent) __,_,. .,4.. _ T ^f^QpQ , r|

Accessibility. The Mineral Canyon pow^r site is at tii^ tefctom of
the Grand Canyon, 4,500 feet below the ^latefttt ?o|a thd-stiuth. ^
end of theTailroad at Hotel El Tovar^ on 'th.e; sowtlj, j-i^i
yon, is about 30 miles from the dam site. Coma©etid» syi$i t&e 4fl,m
site could be provided by extending this railroad about J12^a»Ib&
along the rim and building an inclined railroad into the canyon. At
some future time a series of dams may be built in the Grand1 "Canyon, the lower sites being developed first and each making the
site next above accessible by means of the backwater.
Adaptability of plati,. The Mineral Canyon power site is 77.8 miles
below Paria River j where the river surface is 2,531 feet above sea
level. The tail water of the proposed power plant at Lees Ferry
would be 3,118 feet above sea level. The writer believes;tJwE^;t^i9
fall of 587 feet in the section of the river between these points cast
best be utilized by developing two power sites the Bedwali site iti
Marble Gorge and the Mineral Canyon site lower dowa ;ia:;;tli^
Grand Canyon. This belief is based on the theory that the niostpractical plan of development is that which calk for the construction
of a series of dams of moderate height, ft) develop the fall in th« river
between Lees Ferry and Mineral; Canyon in oi^e i
a. 4am at Mineral Canyon about 600 feefchigih. f
tions in the canyon from Oreen River, Utah, at,4»Q§O
l^vel, to Mineral panyonr!at ^631 feet;abov:e
dam site in this stretch, is ,d?espribed. ,
storage site to r^ulate the |low of tiie river;in; tjie
control, irrigation^, and -, (development of
Glen Canyon fixed .as tha proper location, for a, s^f^ge; reservoir,
dam sites in Cataract Canyon and MarJ»l& ^r^ imd the Miii*a'ftl
Canyon site in the Granite Gorge, may
interests of power, : \The plan above presented
use of the fall in the river between Green River^ Utah,
Canyon.
,
'
-,
.^. I-.H^-.-M*:-,
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OTHER POWEE SITES IN GRAND CANYON NATIONAL PAJRK

The seast boundary of the Grand Canyon National Park crosses Colorado River at the mouth of Little Nankoweap Creek, 51.9 miles below
Paria River and 9.5 miles above Little Colorado River. The west
boundary of the park crosses the river about 1,000 feet above Havasu
Creek. The river enters the park at an elevation of 2,795 feet above
sea level and leaves it at 1,785 feet. Within the park the course of
the river is 104.7 miles long, and the fall in this distance is 1,010 feet.
In the preceding pages a detailed description of the Mineral Canyon dam site is given. This site is in the upper part of the Grand
Canyon National Park. There are no favorable dam sites within the
park in the 26 miles above Mineral Canyon.
In the 79-mile: section of the river between Mineral Canyon and
Havasu Creek nine dam sites were surveyed, as follows:
Dam sites in the Grand Canyon between Mineral Canyon and Havasu Creek
Distance
below
Paria
Kiver

Site

Clear Creek ____........ ________ . __ .
Granite Wall ______ . __ . ________ ... _
Cremation ____ . ________ . _____ . ___
Pipe Creek _____________ ... ... _ . _ . __
Euby Canyon _ ___ . __ . _____ . __ ......
Hakatai. ____ . __ ....... . ___ .. _ ___ .
Big Bend ___ , __ . _ .,.. _____ ... . .. __
Specter Chasm _ ... __^._ .. . _ ...
__ .
Havasu ___ __ __ __________ ______

Elevation
of water
surface
above sea
level

Miles
84.4

85.1
86.3
89.0
103.9
110.7
113.3
130.0
156.6

Rock, at. dam site

Feet
2,452

2,441
2,433
2,400
2,235
2,157
2,122
2,002
1,783

Do.
Granite and schist.
Schist.
Granite gneiss.
Schist and gneiss.
Muav limestone.

PLAff OF DEVELOPMENT

The gross head to be utilized between Mineral Canyon and
Havasu Creek is 748 feet. Detailed information relating to each of the
nine sites listed in the precediag table is presented below (pp. 61-68).
A careful study of these data shows that in many respects the physical features of the dam sites are similar. For example, at each site
the rock is satisfactory and the depth to bedrock is probably not
great, and each site is inaccessible at the present time; The topographic features at some of the sites are more favorable for the location of power houses and auxiliary structures than at others. How*
ever, there would be relatively small differences in the cost of dams
of given height constructed at the nine sites.
The development of power in this section of the Grand Canyon is
a project for the distant future. The market will probably be found
in southern California and southern Arizona, the transmission distance being from 200 to 350 miles. Power can not be transmitted
such distances economically except in large blocks.
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The writer believes that the gross head of 748 feet between Mineral Canyon and Havasu Creek can best be utilized by constructing
power dams at the Ruby Canyon, Specter Chasm, and Havasu sites.
With ultimate development in the tipper basin the continuous power
available at these three sites would be 297,000, 235,000, and 232,000
horsepower, respectively; and the installed capacity, with a 60 per
cent load factor, would be 495,000, 392,000, and 387,000 horsepower.
The Clear Creek, Granite Wall, Cremation, and Pipe Creek'dam
sites were excluded on account of their position on the river. In
order not to interfere with the development of the Mineral Canyon
site, the elevation ol the'water surface above a power dam built below
this site is limited to 2,521 feet above sea level. Therefore, a, static
head of only 69 feet could be developed at the dear Creek dam site,
80 feet at the Granite Wall site, 88 feet at the Cremation site, and
121 feet at Pipe Creek. At the Ruby Canyon site, wMeh is next
below Pipe Creek, a static head of 286 feet could be develdpedi The
next site in downstream order is the Hakatai, but utilization of this
site to develop the head below Mineral Canyon would require a
dam about 400 feet high. The construction of a dam of tms unprecedented height may be avoided by selecting the Ruby Canyon site for
development.
To avoid interfering with the development of the Rtiby Oanyon
site, the next power dam below must have its flowage line fixed at
an elevation not greater than; 2,225 feet above sea level. At the*
Hakatai site, under this limitation, a static head of 68 feet could be
utilised; at Big Bend, 103 fe.et; and at Specter Chasm, 223 feet.
The next dam site below Specter Chasm is the Havasu, at an elevation 219 feet lower. If the Specter Chasm site were developed a
static head of 209 feet could be utilized at Havasu. These two sites
have therefore been selected to form units of the plan here presented
for the development of power in the Grand Canyon.
The plan of development and the position of all alternative dam
sites are shown on the profile of the river (PL III, in pocket)' and
on the map (PI. II, in pocket). In the following pages will be
found a detailed description of the nine dam sites between Mineral
Canyon and Havasu Creek.
RUBY CANTON POWER SITE

Location. The Ruby Canyon dam site is in the Grand Canyon half
a mile above Ruby Canyon and 16 miles below Bright Angel Creek.
(See PL II, in pocket.)
Physical characteristics. At the dam site the river ha& carved a
V-shaped canyon through the Archean granite and schist. The walls
have a slope of about 45°, and a dam here would have a somewhat
greater volume than a dam constructed where the walls are more
nearly vertical. However, the gentle slope of the walls would make
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construction oper^tit>ns ieas di-fiicuU* ,^e :;d9pJfelv.J^ bedr(x-4c below
tjae.wafcer surface is estimated at 40 feet. ' < ;
, j" i .= .-. - n ; r *
, The granite, and schist at: t^ sjite $jre> sati$f a«^ry; forr jtaa #on?
struction. of a high dam, ? A detaileid description of these recks "is
given in i Appendix B (p. 147) , wh^re reference i$ a-JsOiinade to materials for construction, , A -view* of f>her ; clam
,, Plan of development.-rr-A concrete; dam of the overflow type is ssiiggested as best- adapted to fit the topographic conditions *i this site,
as there is no natural; site.lor a spillw.ay available. When, the site
\pig surveyed,^ was thought th^tiit=would be feasible to locate the
power house in- the side, canyon,on-, theright, bank below the dam,
with the pawe? tuijoiel : heading, i& the side eanyon om the same side
just above ther ,dara. , AJter a study of t&e^iaapiQf the sate it-seems
to plase the, power, house; on the right jbftfik afeout 800 feet
v the danQL4ttd r<3op9structrtae tunn.elhea<iing at the dau^ near an
elevatiqn erf 2^§00 fe^t above 0e> leyek * The plan, suggested fejshowia
in Plata XXXI* -The side canyons r^elrr0d,tb are of value hi. that
they afford access, to ,the; bottom of the;Kiain|^a|iyoai dstring the C«BH
struction period. ,; !
- .
*\
:- ; :
The water surface at the dam site is 2,235 feet above sea lei?eL -I The
water may :bei raised to an elev-ation o£2?521 feei;WitiK>utl interfering
with .the proposed development, at; Mineral ;<3any©ii; ; A static head
of 286 feet may, therefore b^ utilized fpr Jiie .development of power.
WateKswppfyi-*-A^discussion of water supply will be fouad^in Appendix A (p. 113). ; With the water in the uppe^ basin used as in 1922
the water supply available at Euby Canycrti dam sife^ would be.6,500
secopd-feetr90 per oeiit 01.,the,time, #p-10,200isecond-feet50 percent
of the time. ,;> ; With storagf ift OleniGMQ^oiJ. a-cootintious flow<rf 20^8 fr
secqnd-feet could ,lxe inade available.* iW-benfuH^developmeErt has
been attained in the upper feasiD, tilte eontiiaosis^untforiaflow available
at ^uby Cajqiyon will .be r^fluc^d to ab«wt 1 3iQ(K> second-feet.
, POWW eatpa^ty. fThp static heed'-at Ihe ,Kuby Canyon site would
be 286 feet, The^power <£apaeity withf this Jbead and the water
ply.giYen in the: preceding paragraph would be; -as follows:

;

Without storage and with irrigation and power develop-*
{ "" ' "
inent in upper basing IB 19S22:.- .
,
Horsepower
Capacity 50 percent of timej___,___T -,,^_- 233,000
, Capacity 90 per cent of time _ _ _ _ _ _ _ __'_______ 1 _._ _ ^, 149, 000
With storage'in'Glen Canyon and with irrigation and
power development in upper basin as in 1922:
-.-* :
?
Continuous power Available^ _, i i. _-___--- -t __ - - -i v 474*tWO
,, With stance ,a*id with, iiltimate iwigatioh and; powejr ^e,
velopment inmpjper basm:
-;
, , , s -, , , -,.; i
Continuous power available._-1-----------_% _--J-__ 29!?, 000
'
Installed capacity Ooad factor feO per cent) _ _l_^,_ _ - _ k9o; 000
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1;V"' .<,; ^^5^f¥*^^T* 1"
A. UPPER SITE

B. LOWER SITE
SPECTER CHASM DAM SITES, GRAND CANYON, 42 MILES BELOW BRIGHT ANGEL CREEK
Geology by R. C. Moore
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CAPACITY TABLE
Area
Capacity
(acres)
(acre-feet)
0
0
210
5,040
612
25,590
998
65,790
1.488
127,990
2.100
217,690
2,760
339,190
3,634
498.990
4,596
704,790
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Right of way. -If .tjnje iwtfcter^ere-raised. ^:^fj
feet above sea level* it ^eujid be necessary to ijej^c^
pension bridge*, If sucE a dam w,ere, built,. hpw^v.er^ ,ft, $jfjl
not be necessary, as a motorj-drjiven ferry cpul-4^
traffic. The Phantom ranchj in the canyon .$fv
would be ajbout 30 feej; above .the flpwage line $
The backwater would extend up the river for £
dam. The inner gprge p£ tlie Grand C/anypn^w^a
accessible to all who visit $iis region. Qwing to$i:
a trip t>y boat through the Grand Canyon is, t
taking. Exclusive of ;tlie mem|>er$ of tjie^rand, j
of 1923, probably Jess tl$an,5 men now .living £
canyon throughout its length. If daias,w^re,J
portation could be provided, and ijhe ; scenic{i
gorge of the Grand jQanypn would tUus beconie
In this report the wj^ter,is simply caUin^ attention to ^hp ,p(j«^iJ>jsiities for power devejppmenjb in the Grand
the effect of such, development witii respect tpjbej
canyon. He is not, hoYever> advocating: the <^n«|tfj
damS.

;

......

:

- .;

(,>.-{ -t Lff- W j nJT

If a dam were biiilt at RubyrCanyop the ^^Q^t^/jfnif^a^a.^
property, except to t!he Kaibab bridge, would be 8^^.77 ^j^n
Acctssi&ility.- ^^his and a]yi other daftisi^esi^
National Park are not eas^y accessible,: APS®^
provided in the manner,indicated for t^e Mineral
(P.

59).

'

y

V

'

',';.'

Adaptability of plan,, ^Thfi pl.an ipr power; de
Canyon National Park is .discussed onpa^^0,;, s
the transmission of jower from the Grand ,0aii;
market, a distance of 200 to, 350 miles, would uot,
in blocks of 200,000 hors,epo,wer or more. The installed,
the Ruby Canyon sjte^ with a 60 per cent load fa^cto^wpulcjf
from 248,000 to 495,OCK) hpreepower, depending f
i , SPSCTIB OHASM POWEK SITE !

' ' -i\^- »!<'$, ifi!>it«*f

Location. ^The Spectef Chasm dam gites are'40 miles ^elo^B^ni
Angel Gt^ek and -13.5 miles above Kana^ Crejek.'A 'i(^^l'?n^,xSCf.,pa
pocket.)
'"" "
.
:
v " : '* 1 ' ^'"'"'.VA'I* : I""'.',,
Physical chafactefisUcs.^A.t th:e S^eciter'CSatem sites t^e,nv4r J^&
cut through massive Archean schist and gneiss. ,,.(jrhese har^f -^ '" *'4
line roeks: fprm almbst Jf^rtical Walls'yb.ofe i^lfar*^l&ieel|.-i
^;aoove
i\\
xrckt» ' TStrrk
o TTV ' irff.iaif' ' Tir£>T«fl
thea:: «i
river.
Two AdamI'k&eff
were ai-it4**rA-^riil? * 4^4i^it^Be'' wr Tirt«^ei«J
sho^ln in Plate XXXW. *ll.e rock at both sit'es is satisfac|iory 'for
the foundation and Jabutnierit walls of a danl oif any ^eig^ W''"^
550 !feet.
'
*.-'*. . ' - - :-t-ihr//.>.-ir..»««!«, >«:r/
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The lower site, which is 1,800 feet below the upper site, offers the
more favorable conditions. Here the canyon is very narrow, the distance between the walls at the water surface being only 150 feet.
A dam to raise the water 223 feet would have a length on top of 315
feet. About 1,300 feet below the lower site the walls break away,
leaving a comparatively open space on both sides of the river. Here
the power house and other necessary buildings may be located.
(See PL XXXIII.)
A discussion of the geologic setting at the dam site and the materials available for the construction of the dam will be found in
Appendix B (p. 151).
Plan of development. The water may be raised to an elevation of
2,225 feet above sea level at this site without interfering with the
development of power at the Ruby Canyon site. As the water surface at the Specter Chasm site is 2,002 feet above sea level, a static
head of 223 feet may be utilized for the development of power. No
doubt a dam of the overflow type would best fit the conditions at
this site. The crest elevation of the dam may be fixed at 2,225 feet
above sea level, as the water could be held at or near this level by
the proper operation of discharge tunnels constructed in the dam.
The power house may be placed in the open space on the left bank
about 1,300 feet below the dam. The planpf development is shown
in Plate XXXIII.
Although the writer believes that the more practicable plan for
Utilizing the 529-foot drop in the river between Mineral Canyon and
Specter Chasm is that which calls for the construction of two dams
of moderate height, it seems desirable to call attention to the fact that
at Specter Chasm the conditions are favorable to the construction of a
dam of sufficient height to back the water to Mineral Canyon. On
account of the great length and small width of the pond that would
be created, it Would be desirable to allow 15 feet to take care of the
backwater curve. The fiowage line of the reservoir created by a high
dam at Specter Chasm, therefore, would be fixed at 2,516 feet above
sea level. Such a dam would create a static head of 514 feet. The
length of the dam at the present water level would be 150 feet and
its length on top would be only 660 feet. Under present conditions
of development in the upper basin and with storage near Lees Ferry,
863,000 continuous horsepower could be developed. With a 60 per
cent load factor, the required installed capacity would be 1,440,000
horsepower.
Water supply. With the water in the upper basin used as in 1922
and without storage the water supply available at the Specter Chasm
dam site would be 6,580 second-feet 90 per cent of the time, or 10,300
second-feet 50 per cent of the time. Under these conditions of development, and with storage provided hi Glen Canyon, the continuous
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water supply would be 21,000 second-feet. With complete idevdopment in the upper basin, the water supply available at Specter Chapm
will have been reduced to about 13,200 second^eet.
, ,
Power capacity. The static head at the Specter Chasm site would b«
223 feet. The power capacity with this head and the water supply
given in the preceding paragraph would be as follows:
Without storage and with irrigation and power development in upper basin as in 1922:
Horwpowsr
Capacity 50 per cent of time__________._ 1&4, 000
Capacity 90 per cent of time_________________ 117,000
With storage in Glen Canyon and with irrigation and power
development in upper basin as in 1922:
Continuous power available________________!___ 375, 000
With storage and with ultimate irrigation and power de.
velopment in upper basin:
Continuous power available__________________ 235,000
Installed capacity (load factor 60 per cent) _____ 392, 000 "

Right of way. The building of a dam at Specter Chasm to raise the
water 223 feet would submerge a small area in the bottom of the
Grand Canyon. The flowage damage would be negligible.
Accessibility. The Specter Chasm dam site is in the bottom of the
Grand Canyon, nearly a mile vertically below the canyon rin^. To
build a railroad to the site would be an expensive undertaking;. Access
could be provided in the manner indicated for the .Mineral Canyon
dam site (p. 59).
Adaptability of plan. The writer believes that the building of a
dam at the Specter Chasm site to utilize a head for power of 223
feet will become practicable when the demand for power justifies
the development of the sites in the Grand Canyon National Park.
As has been explained (p. 60), the utilization of the Specter Chasm
site as here suggested, together with the sites at Ruby Canyon and
Havasu, will provide full use of the fall in the river between Mineral Canyon and Havasu Creek, and the developments will be of a
size that are economically feasible of construction.
HAVASU POWER SITE

Location. The Havasu dam site is in the Grand Canyon 450 feet
above the mouth of Havasu Creek and 600 feet below the west
boundary of the Grand Canyon National Park. (See PL II, in
pocket.)
Physical characteristics. At the Havasu dam site the river .has
carved a narrow box canyon in the Muav limestone. (See Appendix B, p. 154.) The distance between the walk at the water surface
is 150 feet, and a dam to raise the water 209 feet would be 330 feet
long at the top. On the assumption that the depth to bedrock is
40 feet below the water surface, a dam of the overflow type would
have a volume of 375,000 cubic yards.
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Mtiiwr; limestone rises in the walls to alieight of about 500
th#'river and is estimated r to extend 200 feet below the
water surface. Thelimestonei;iis fine* grained, hardy and entirely" free"
froria? Solution channels. Efext bdow the Muav -is tbe^Bright Angel
shale, but this formation is believed to lie at a depth of 200 feet <ar
more below the water surface at the dam site, fit so far as the roek
is concerned, it is believed that the «o,ndJitions are favorable for the
construction of a dam of the height1 proposed. In Plate XXXIV is
a cross section at the dam site, which shows the rock structure.
Further information regarding the geologic conditions at the site
will be found in Appendix B (pi, 154).
The .Muav limestone when crushed; will form excellent material
for the concrete aggregate. Sand in any desired quantity may be
obtained by crushing the sandstone in the lower part of the Supai
formation, which caps the river cliffs..
Plan of development. Although the overflow type of dam is recommended, it would be advisable to avoid all overflow except at unusually high stages, The Jbas6 of the dam would rest on the lower part
of the Muav limestone, which is relatively weaker than the upper
part of the same formation. It would therefor^ seem advisable to
provide fey-pass tunnels or discharge tunnels hi the dam to take care
of all surplus water except during floods.
The power house may be built on the shelving limestone at the
water's edge on the left bank, just below the mouth of Havasu Creek
an$ 600 feet below the dam. The penstocks could pass over the
inner gorge of Havasu Creek, as the gorge is only 6 feet wide at a
point 40 feet above the water. An Upstream view of the1 dam site
is shown in Plate XXXV, A.
The dam may be built to rais6 thtf water to an elevation of I;992
feet ^bove sea level without interfering with the utilization of the
Specter Chasm site. As the river surface at the dam site is 1,783
feet above sea level, a head of 209 feet rctay be used for the development of power. The plan of development is shown hi Plate XJL&JV.
"Water supply. With the water ^used as in 1922 and without storage the watetf supply available at the Havasu dam site would be
6,920 second-feet 90 per cent of the time, or 10,700 «eeond-rfeet 50
per c4nt of the time, (See Appendix A, p. 113.) With the water used
as in 1922 and with storage in Glen Canyon, the continuous flow
available would be 21,700 second-feet. . With ultimate development
in the upper basin, the available water supply would be reduced
to about 13,900 Second-feet.
"Power capacity.' The static head at the Havasu site would be 209
feet. The power capacity with this head and thevrater supply
given hi the preceding paragraph would be as follows;
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A.

HAVASU DAM SITE, GRAND CANYON, 600 FEET BELOW WEST BOUNDARY OF GRAND CANYON NATIONAL PARK
Geology by R. C. Moore

B.

GRANITE WALL DAM SITE, GRAND CANYON, ABOUT 2 MILES ABOVE BRIGHT ANGEL CREEK
Geology by R. C. Moore
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Without storage .aad^Fit^i i|rjgatio« and powop devdqpment in upper basin as in 1922:
if^OOQ
Capacity 50 percent of time.
Capacity 90 pgf cent of time.
Witti storage in Glea Oaiayon and with irrigatio n and power
development in upper basin as in 1922:
3^000 ,[ .
Continuous power available
With storage and with ultimate irrigation and pow;er
development in upper basin: ,
Continuous power available. _ __~ __ _i_____ '__-__ 232,000 ' '"".,'
Installed capacity (load factor 60 per cent) __ _ _ 387 $9& -': "'

Right of way. It a dam/were Built at the Havasu, site to raise the
water 209 feet, the backwater would extena up the river about5 2^4
miles, forming a reservoir with a water-surface area of 1,630' acresi
There would be no property damage.
,
* , ; ,"
Accessibility. The Havasu dam site is in the bottom of the Crrancl
Canyon, and the cost of building a railroad to the site 'Would be
great. The best means of making the site accessible is that i^adic
for the Mineral Canyon site Xp. 59).
,
Adaptability of plan. 1*Eeplan for developing
Canyon National Park is presented on page 001 *The fall! in "the
river between Mineral Canyon and Havasu Creek w$l 'jb^*'e^!^jeijF
utilized if the Havasu site forms the lowest unit in any plan for the
development of power on this section of the ri^rer,, TIliere^are.nQ
reasonably favorable dam ; sites in the Grand Ganyon for a distance
of 69 miles below Havasu Creek.
ALTERNATIVE DAM SUSS IH GRAHD CASY015 ^ATIQHAI PAEK ;

Clear Creek Kind Granite Watt sites. The Clear Creek 'dam
about 1,600 feet below the mouth of Clear Oreek'-and
above Bright Angel Greek. The Granite WE 11 site is a/2001 feieft below
the Clear Creek site. At each site the rock : "Ormati&ttfe and the
graphic features are favorable for the ebnstruetiofc
(See Appendix B, pp. 144-145.) A mfep of the
tions, and area and capabity curves are
downstream view of the1 Granite Wall'
Plate XXXV, B. '
- -' '
Cremation site. The C|remation dam siteife I^2rttii!%s abbve
Angel Creek. Here, too, the condition^1 are favorable* for- t'he'.
struction of a high dam, the granite walk tisita^
above thariver. (See Appendix B, p. 145.)
of the dam site, with .curves showing the
reservoir, are shown in Plate XXXVII.
.. "- !
Pipe Creek #tie. ^The Pipe Cresefc dam site 'is jttst
of Pipe Creek, 1.4 miles below Bright Angel Creek. The walls at the
dam site are composed of Archean granite, gneiss, and schist. The
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conditions are favorable for the construction of a dam of any height
up to 400 feet. (See PL XXXVIII and Appendix B, p. 146.) A
downstream view of the dam site is presented in Plate XXXIX, A.
Hakatai site. The Hakatai dam site is 800 feet above the mouth
of Hakatai Creek (PL XXXIX, B) and 23 miles below Bright Angel
Creek. The walls at this site are composed of the Archean Vishnu
schist, and the conditions are favorable for the construction of a
dam of any height up to about 225 feet. (See PI. XL and Appendix
B, p. 149.)
Big Bend site. -The Big Bend dam site is 26 miles below Bright
Angel Creek. When this part of the canyon was being surveyed,
the writer was aware of the fact that the course of the river continues
south for a few miles and then turns west and north, forming a loop.
The Big Bend dam site was therefore surveyed with the idea that a
power-house site might be found on the lower side of the loop.
The distance through the neck of the loop, however, was found to
be 10,000 feet, and a favorable site for a power house on the lowei
side of the loop does not exist. The dam site therefore has small
value, for it is in a box canyon (PL XLI, 4)» which is inaccessible
except by boat. Information regarding the dam site will be found
in Plate XLII.
PLAN OF DEVELOPMENT BETWEEN WEST BOUNDARY OF GRAND CANYON
NATIONAL PARK AND PAKKER, ABIZ.
OUTLINE OF FLAN

There is general agreement to the effect that construction work
should start at an early date for the purpose of providing flood-control works and water-power development on Colorado River. It
seems probable that the first, dam to be built on the river will be in
the interest of flood control, with provision made for a small amount
of storage to take care of present irrigation needs during occasional
periods of low water. It is also probable that a dam for developing
power will be built at an early date. These dam& may be located
below the west boundary of the Grand Canyon National Park.
In the building of the cities of Washington, D. C., and Salt Lake
City, Utah, a definite plan was followed. The soundness of this
policy can not be successfully refuted. These cities, however, are
exceptional. In other cities planning commissions are,recommending that buildings be torn down or moved back so that streets may
be widened, that new streets be opened, that parks be provided, and
that business, industry, apartments, and residences be restricted to
definite districts. To modernize in part the plan of these cities will
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A. PIPE CREEK DAM SITE, GRAND CANYON, 1.4 MILES BELOW BRIGHT ANGEL CREEK
Geology by R. C. Moore

£.

HAKATAI DAM SITE, GRAND CANYON, 23 MILES BELOW BRIGHT ANGEL CREEK
Geology by R. C. Moore

PLATE XXXIX
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A.

BIG BEND DAM SITE, GRAND CANYON, 26 MILES BELOW BRIGHT ANGEL CREEK
Geology by R. C. Moore

B.

PROSPECT DAM SITE, GRAND CANYON, 33 MILES BELOW HAVASU CREEK
Showing granite outcrop in the river channel.

Geology by R. C. Moore
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cost millions of dollars. To make most of our larger citfes really
modern in plan would be infeasible on account of the cost.
In developing the water resources of our country the same haphazard policy has been followed. With respect to the development of
our important rivers the writer does not know of an instance in-which
a comprehensive plan of development was prepared in advance of
construction. Engineers have been sent into the field to locatJe the
sites where water might be stored or power developed at a minimum
cost. Almost without exception the projects for immediate development have been selected with little regard for future developments
or the full utilization of the water resources of the region. Railroads
have been built through valuable dam sites, and dams have been
built that will forever prevent full utilization of the water resources
except at prohibitive cost. Such mistakes should not be made on
Colorado River.
Twenty-three dam sites on Colorado River between the West boundary of the Grand Canyon National -Park and Parker, listed in the
following table, have been surveyed, and at four of the sites the
character of the foundation has been determined by diamond-drill
borings:
Dam sites on Colorado River belween the west boundary of-the Grand Canyon
National Park and Parker, Ariz.
Distance Elevabelow
tion
Paria above sea
River
level"

Site

Diamond Creek (upper) ____

__

Devils Slide ___________

. .....

Hualpai Rapids _____________ , ...
Callville . . -- _ .. .. .....
Middle Black Canyon ___ . _______
Eagle Rock _________________

. Miles
156.6
190.1

225.5
225.9
228.6
236.3
246.2
255.6
266.0
277.3
284.2
301.6
304.7
334.1
341.8
354.6
364.9
373.9
377.1
397.0
421.9
475.0
524.0

Character of rock at site

Feet
1,783

1,579
1,335
1,323
1,294
1,207
1,105
1,034
960
905
867
799
790
705
684
647
622
595
590
553
505
427
358

Limit
in
height of
dam'
Feet
300

Granite _._________
.....do __
._
__ do ___________
do

..do.... ....- ...
.....do ......... __ .... _ .
. do _ _ _ __ _ .. ...
.....do ._. ___

.. __ ...

200
320
680
950
800
650
370
250
150
400
320
400
1,000
240
950
500
450
100
160
100
240
100

a The figures given in this column represent the elevation of the water surface at the dam site when
the river is discharging 10,000 second-feet.
'The figures given in this column indicate the height of dam which may be built at the site as determined by the cross section, height of abutment walls, elevation of spillway saddle, and rock formations.
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rapid, incre&se in population an4"the dfPught in 19241iave
caused the, people of the cities of southern California to realize, that
before many years pass they ,must procure an, additional domestic
water supply from Colorado River. The use of water for domestic
purposes is rated as a higher use than irrigation or the development of
power. Therefore, in preparing a plan for the development of lower
Colorado River consideration should;be given the fact that at some
future time 1,000 to 2jOOO second-feet of water may be diverted from
the river to augment the domestic water supply of, southern
California,
;
,
Irrigation is rated as a, higher .use than the development of power,
and the problem is further complicated, by the fact that there are
valuable properties on the lower river that are menacjed by the summer
floods. The floods should J>e prevented, and the use of water for
domestic purposes, irrigation, and the development of power should
be harmonized so far as practicable. It has been shown that with
ultimate development in the upper, basin the available water supply
is not sufficient to furnish a. domestic water supply to the cities of
southern California and serve all the lands adjacent to the river in
the United States that are classed as irrigable. Therefore the plan
of development that will provide the greatest benefit to the community is that which will best conserve the water supply, adequately
control floods, provide a domestic water supply, and permit maximum irrigation and power development.
In the 368-mile section of Colorado Eiver between the west boundary of the Grand Canyon National Park and Parker, Ariz., the fall is
1,425 feet. Some of the 23 dpm sites surveyed on this section of
the river, as is shown below, are relatively poor and should be
abandoned. Obviously the bietter dam sites should be utilized if
their position on the river will permit a maximum utilization of the
water resources.
All the plans heretofore suggested for the development of this
section of the river have been based on incomplete data as to dam
sites. In September and October, 1924, the writer directed the survey of six dam sites below Diamond Creek that had not previously
been considered. At least two of these sites are admirably adapted
to form units of a comprehensive plan of development.
The numerous plans that have been suggested for the development of lower Colorado River may be divided into two classes. One
class embraces those plans which are based on the theory that the
best solution of the problems involved may be obtained by buttd-
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A.

UPPER SITE

£.

LOWER SITE

DAM SITES AT THE MOUTH OF DIAMOND CREEK, GRAND CANYON
Geology by R. C. Moore

PLATE XLV
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PLATE XLVI

A. VIEW DOWN GRAND CANYON FROM POINT ON MESA 2,500 FEET ABOVE SEA LEVEL, ABOUT THREE-FOURTHS MILE BELOW THE MOUTH OF
DIAMOND CREEK
Geology by R. C. Moore

B. TRAVERTINE CANYON DAM SITE, GRAND CANYON, 3 MILES BELOW THE MOUTH OF DIAMOND CREEK
Geology by R. C. Moore
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ing a high dam at or near Boulder Canyon to serve four purposes
flood control, storage for irrigation, storage of silt, and thie development of power a scheme of development which has never been
tried. The other class embraces the plans which are based on the
theory that major regulation of flow by storage .can be developed
by dams at or above Lees Ferry and that one dam should be built
in Mohave Canyon to furnish preliminary and eventually supplemental storage for flood control and irrigation, the canyon section
of the river being left free for power development, with the power
dams incidentally providing for the storage of silt. One plan of
the latter class is suggested by the writer. (See PL L») Though a
high dam is included in this plan for the purpose of showing the
power value of the stretch of river between the Bridge Canyon site
and the boundary of the Grand Canyon National Park, in the
opinion of the writer dams of great height should not be built unless
alternative plans for development of this stretch of river by lower
dams are found infeasible or unless one such dam is decided upon
as a point of diversion for a gravity water supply for irrigation in
Arizona or for domestic use in the cities of southern California.
For the remaining stretch of the river here considered, between
Bridge Canyon and Parker, all plans of the first class include a storage dam of unprecedented height, whereas the plans of the second
class (see PL L) include only dams of moderate height, well within
the limits set by modern engineering practice.
The plan suggested by the writer is based on the theory that a
more efficient use of the available water supply may be had by separating the problem of flood control and storage for irrigation from the
power problem. In his plan 10,200,000 acre-feet of storage capacity
for flood control and irrigation is to be provided at MoBave Canyon.
A diversion dam at Parker is recommended so that the "waters of
Colorado River may be used for the irrigation of lands situated in
the United States. For the stretch' above the Mohave Canyon
reservoir the plan calls for the construction of dams that may be
operated to obtain a maximum development of power. These dams
step up the river to the west boundary of the Grand Canyon
National Park, so as to permit full use of the fall in the river for,
power. Four power dams are suggested at lower .Black Canyon,
Hualpai Rapids, Devils Slide, and Bridge Canyon. (See PL L:) An
analysis of the suggested plan of development is given in the following table:
45568° 25

6

Feet
1,207
1,034
799
595
427
358

Acre-feet
44,000
1,670
39,800
65,200
15,000
112,000

277, 670

0
0
0
0
10, 200, 000
0

10, 200, 000

1,405

Acre-feet

Feet
566
163
225
194
158
99
61, 730

Acres
9,780
370
8,850
14,500
3,330
24,900
384

Sec.-feet. Sec.-feet.
22, 340
61
22,440
2
22,480
55
90
22,390
21
155
1,238

2, 127, 000

Feet Horsepower Sec.-feet
566 1,012,000
61
293,000
163
2
225
405,000
55
194
347,000
90
0
0
/269
'155
* 70, 000
90
Sec.-feet
14,400
14, 540
14,600
14, 480
13,720
13, 690

1,345

1, 519, 000 2, 203, 000

Feet Horsepower Acres
566
654,000
163
190,000
225
263,000
225,000
194
117,000
107
* 70, 000 ... _.
90

With ultimate development
Reduc- Reduction
in
Average
Average
Reduction in ir- water
Power ca- tion in
flow
static
rigable
Water Average
available head
pacity at
static
area due supply
that
water
supply
Power ca- Area
due to
for
available present a
bead
to evap- evaporamay be
supply
available
power/
available
pacity a irrigated
for
power
oration <* tion*
for
*
due to
for
evapora- power ft power
tion*

0 Elevation above sea level of the water surface of the river at the dam site when the river discharge is 10,000 second-feet.
* Height the water is to be raised at the dam site.
e Evaporation loss from reservoir surface minus loss from present river channel.
<* Based on the assumption that the average annual water requirements will be 4.5 acre-feet per acre, measured at the point of diversion.
« Rate of flow that is equivalent to the average rate of evaporation at the dam site.
/ Water supply available after the normal supply has been reduced by an amount equal to the net loss of water due to evaporation.
a Continuous horsepower, except at Parker dam site.
* Water supply available after full development of the water resources above the dam site has been attained.
* Amount of land that could be irrigated with the remaining water supply with a head-gate duty of 4.5 acre-feet a year. However, a part of the water may be used for domestic purposes in the cities of southern California.
/ At the Mohave Canyon site 4,000,000 acre-feet of storage capacity is to be reserved for flood control and irrigation storage. Using the Mohave Canyon site in this way would permit a loss of 269 second-feet of water through evaporation. Without power development, the net loss due to evaporation from the Mohave reservoir would be 21 second-feet,
which would leave 13,940 second-feet available at Parker dam site.
* Water passing the Parker diversion dam is to be regulated only in the interest of irrigation. With an installed capacity of 70,000 horsepower, the high flow during the summer could be utilized for power.
i The calculated evaporation loss due to Parker diversion dam is 180 second-feet, and the average inflow from Williams River is estimated at 150 second-feet, leaving a net loss
between Mohave Canyon and the Parker dam site of 30 second-feet.

Lower Black Canyon _________

Bridge Canyon ____ ______
Devils Slide __________________

Dam site

Reservoir Loss of
Elevacapacity
water
tion of Height
available
of
due to
dam dam*
for flood
site"
control'and evaporation c
irrigation

[Length of river involved, 368 miles; total fall, 1,425 feet]

Analysis of plan for development of Colorado River between west boundary of Grand Canyon National Park and Parker, Ariz.
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PLATE XLVIII

A. VIEW DOWN GRAND CANYON FROM A POINT ON THE RIM, SHOWING BRIDGE CANYON DAM SITE, 10.5 MILES BELOW THE MOUTH OF DIAMOND CREEK
Geology by E. C. La Rue

£.

A CLOSE-UP VIEW OF THE BRIDGE CANYON DAM SITE
Geology by R. C. Moore
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PLAN OF DEVELOPMENT OF COLORADO RIVER BETWEEN GRAND CANYON NATIONAL PARK AND PARKER, ARIZONA
Names below profile represent alternative dam sites
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With the water supply now available and with development accomplished as suggested by the writer the loss of water due to evaporation would be reduced to a minimum, and a maximum amount of
power could be developed. If the plan of development tKa* calls
for a high dam at or near Boulder Canyon were followed the additional loss of water due to evaporation from the water surface of the
reservoirs would be about 800 second-feet, and the consequent loss
of power would exceed 230,000 horsepower.
The loss of water at present is not a serious matter, for a great surplus passes into the Gulf of California each year. Before many years
pass, however, the demand for water will be greater than the available supply. It would therefore be unwise to carry out a construction
plan that would forever prevent the full use of the water resources of
the river. The real test of the soundness of the several plans suggested lies in a comparison on the basis of ultimate development of
the water resources of the region. A thorough analysis of the plans
that call for a high dam at or near Boulder Canyon shows that with
complete development in the upper basin and with the lower river
developed as suggested by the writer, 103,000 acres moreJtan<i could
be irrigated and an additional 251,000 horsepower could be.cteveloped.
The Mohave Canyon storage reservoir, operated solely in the interest of flood control and irrigation, would provide the most satisfactory solution of this phase of the problem, as it would be 120 miles
nearer the lands that would be benefited by such storage than the
Boulder Canyon site.
It would be possible to provide 2,000,000 acre-feet of available
storage capacity at the Parker dam site, but such a plan would seriously interfere with the full use of water for irrigation. Un4er such
a plan it would be necessary to pump the water an additional 33 feet
to reclaim by irrigation some 700,000 acres of land below Parker.
With the Mohave Canyon reservoir in operation, it would not be
necessary to provide available storage capacity at the Parker, dam site.
The writer suggests that his plan should be given serious consideration for the following reasons:
1. It provides the most effective means of flood control and storage
for irrigation.
2. It solves the problem of silt storage for several generations.
3. It provides a maximum use of water for both irrigation and
power development.
4. It calls for a minimum departure from present engineering
practice in the construction of dams.

74

WATER POWEE AND FLOOD CONTROL OF COLORADO RIVER
SITES EECOMMEHDBD
BBIDGE CANTON POWEE SITE

Location. "the Bridge Canyon dam site is about 236 miles below
Lees Ferry and 10^ miles below Diamond Greek. (See Pis. II and
III, in pocket.)
Physical characteristics. The Archean crystalline rocks rise above
the river at a point 10 miles above Diamond Creek and are continuously exposed in the canyon walls for a distance of about 50 miles.
This section of the canyon is known as the Lower Granite Gorge.
(See footnote, p. 43; also PL. XV, in pocket.) Here, as in the Granite
Gorge, the rocks are very hard and form walls that rise steeply from
the river banks. The Bridge Canyon dam site is near the deepest
part of the inner gorge where the crystalline rocks form the canyon
walls to a height of nearly 800 feet above the river. The rock is a
rather complex mass of granite gneiss with thin veins of pink granite
and pegmatite. All these rocks are hard and closely joined together,
forming one solid mass. The rock in the river channel and canyon
,walls is highly satisfactory for the foundation and abutments for a
dam of any height up to 800 feet. (See Appendix B, p. 163.)
Abundant materials suitable for the construction of the dam are
conveniently avaijable at the site. Just above the site for the construction camp will be found the massive beds of dolomitic limestone
in the upper part of the Bright Angel shale. This limestone When
crushed will make excellent material for concrete aggregate. Bordering the camp site is the Tapeats sandstone, from which sand and
gravel may be obtained (PI. XLVIII, A). It would be necessary
to transport the cement from some distant point, as all the materials
necessary for the manufacture of cement are not to be found in the
vicinity of the dam site.
The cross section of the canyon at the dam site is relatively narrow,
the width of the river being only 160 feet. A dam to raise the water
566 feet would have a crest length of 740 feet. The narrow gorge at
the1 dam site is clearly shown in Plate XLVIII, B.
, Plan of development. The plan of development is shown in Plates
XLVIII and XLIX. The power house may be placed below the dam
on the left bank. The surplus water may be taken care of by means
of tunnels 400 feet long, leading to the side canyon on the left bank.
The rock in the side canyon is schist, which is much harder than
concrete. It would therefore not be necessary to pave the side
canyon with concrete in order to prevent erosion.
The flat bench in the Bright Angel shale on the left bank above
the dam site would afford an excellent site for the construction camp
and permanent living quarters. (See Pis. XLVIII, A, and XLIX.)
The concrete mixers, storage bins, and other apparatus may also be
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placed on this bench in convenient position above the dam
position of the dolomitic limestone for the concrete
the sandstone for the sand and gravel with respect to
is shown in Plate XLVIII, A.
' :
Although the conditions at Bridge Canyon are favorable for the
construction of a dam of any height up to 800 feet above the river
for the purpose of this report, in showing the possible w«ter-"power
resources of Colorado River, a dam to raise the water 566 feet has
been selected. Such a dam would back the water to the-tEavasti
power site, at the west boundary of the Grand Canyon' National
Park.
Water supply. Without storage and with the water in the upper
basin used as in 1922, the water supply available at the Bridge Canyon
dam site would be 10,900 second-feet 50 per cent of the time/ or 7,270
second -feet 90 per cent of the time. Under the ssane conditions of
use, but with storage in Glen Canyon, the water supply would be
22,400 second-feet. With ultimate development in ihe tipper basin
and in the canyon section above Bridge Canyon" the supply would
be reduced to about 14,440 second-feet. (See Appendix A,*' pi 1 IB.)
Power capacity. The static head at the Bridge Caaayon- site would
be 566 feet. The power capacity with this head and the water supply
given in the preceding paragraph would be as follows :
::
:
Without storage and with irrigation and power development in upper basin as in 1922 :
Capacity 50 per cent of time_-_-__----_-___--__
Capacity 90 per cent of time..- __ .___ _ ___-_
With storage in Glen Canyon and with irrigation and
power development in upper basin as in 1922 :
Continuous power available. ___ ________________
With storage and with ultimate irrigation and power
development in upper basin:
Continuous power available-,-- _ ______ _ _ r __
Installed capacity (load factor 60 per cent)_v.
-

Horsajxww
494^000
329,000
1,015,000
'i
.
654,QQQ;,
1,^90,000;

Right of way. If a dam were built at the Bridge Canyon site to
raise the water 566 feet, a lake would be formed having. & length, of
78 miles and a surface area of 8,500 acres. There are no important
improvements in this part of the Grand Canyon, TheJbwage damage would therefore be negligible.
, S~
Accessibility. In May, 1924, the writer made, a reconnaissance
investigation to determine the feasibility of building a raUrofcd to the
Bridge Canyon dam site. It was found that a railroad :e©ul$f 1>£ constructed from Peach Springs, Ariz., which is on the-main Jin^of the
Atchison, Topeka & Santa Fe Railway, to the northeast comei-of T.26
N., R. 12 W. Gila and Salt River meridian, a distance of 18 swles, with.
a ruling grade of probably less than 1 per cent. This part of tlie railroad could be constructed at a minimum cost, as it would be located
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on a plateau or relatively smooth table-land. The construction of the
remaining 13 miles to the dam site would be more difficult. A planetable survey to determine the best location for this portion showed that
by building a tunnel 1 Y^ miles long the head of Bridge Canyon could be
reached. The construction from the head of Bridge Canyon to the dam
site would not be difficult. The ruling grade in the tunnel and down
Bridge Canyon would be 5.8 per cent. The location of the proposed
railroad from the mouth of Bridge Canyon to the construction-camp
site is shown in Plate XLVIII, A. The total length of the construction
railroad from Peach Springs to the Bridge Canyon dam site would be
about 31 miles. The data available indicate that so far as the cost
of constructing a railroad to the site is concerned the Bridge Canyon
dam site is more accessible than the Diamond Creek sites described
on pages 88-91.
Adaptability of plan. The Bridge Canyon power site has been
selected to form a unit of a comprehensive plan for the full development of the water resources of Colorado River. This selection is
based on the following facts:
1. The narrow cross section and the rock formations at the dam site
are favorable for the construction of a dam of any height up to 800
feet above the river.
2. There is a good site for a power house on the left bank below
the dam site, and the spillway site is excellent. These favorable
features, together with the presence of an ideal site for a construction camp, the ready accessibility of building material, and the
relative ease with which the dam site could be connected with a
main-line railroad, indicate that the project could be constructed at
a reasonable cost.
3. Owing to its position on the river with respect to other dam
sites, the utilization of the Bridge Canyon site will permit full development of the power resources of the river both above and below
the site. With respect to the development of power at the Bridge
Canyon site the facts are as follows: A head of 118 feet at the Bridge
Canyon site may be utilized without interfering with the development
of the upper dam site at Diamond Creek (p. 88); if the Prospect site
(p. 86) is to be developed instead of a site at Diamond Creek, then
the head available for power development at Bridge Canyon would
be 362 feet; if the Havasu site (p. 65) is to be developed in connection with Bridge Canyon, the available head at the Bridge Canyon
site would be 566 feet.
At some future time it may be necessary to divert 1,500 to 2,000
second-feet of water from Colorado River to augment the domestic
water supply of the cities of southern California. If a gravity system
is built, the point of diversion would probably be at Bridge Canyon
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dam site. The gravity system would require a diversion dam aljout
825 feet in height above its foundation, or to an elevation of 1,992
feet above sea level, and the construction of a 72-mile tunnel to
carry the water to a point near Topock, Ariz., where it would be
carried across Colorado River by means of inverted siphons operated
under a maximum head of perhaps 1,300 feet. With the present
use of water in the upper basin, with storage in Glen Canyon, and
with 2,000 second-feet of water diverted at Bridge Canyon, there
would remain available at the Bridge Canyon dam site a flow of
20,400 second-feet. Under a static head of 785 feet, the amount of
power that could be developed at the diversion dam would be 1,280,000
horsepower. The installed capacity of the plant, at a 60 percent
lo ad factor, would be 2,133,000 horsepower. With complete development in the upper basin and with 2,000 second-feet of water diverted
at Bridge Canyon 781,000 continuous horsepower could be developed,
and at a 60 per cent load factor the installed capacity of the plant
would be 1,302,000 horsepower. The value of this power would
more than offset the cost of the diversion dam. It therefore appears
that the plan calling for the construction of a gravity system has
merit. In view of these facts, it is suggested that, pending a decision
as to the plan for furnishing the southern California cities witt a
domestic water supply, the Bridge Canyon power site should be
reserved for development to an elevation of 1,992 feet above sea
level. The diversion dam to this elevation would back the water to
the Specter Chasm power site, in the Grand Canyon National Park,
and would, of course, preclude the utilization of the Diamond Creek,
Prospect, and Havasu sites.
DEVILS SLIDE POWER SITE

Location. The Devils Slide dam site is in the lower part of the
Grand Canyon, 255^ miles below Lees Ferry and 30 miles below
the mouth of Diamond Creek. (See PI. II, in pocket.)
Physical characteristics. At the Devils Slide dam site the river
has carved its channel in the hard granitic rock. The granite is
capped by the Tapeats sandstone at 366 feet above the river. (See
cross section of dam site, PL LI.)
The cross section is relatively narrow, the width of the river at
the dam site being only 170 feet. The canyon of Salt Creek joins
the Colorado 500 feet above the dam site. Spillway tunnels or an
open spillway cut may be constructed from the canyon of Salt Creek
to discharge into the river 800 feet below the proposed dam.
The dam site is in the Devils Slide Rapids. The rapids indicate
that the river is shallow and that its channel is firm (PI. LII, A).
Coffer dams could be built at a minimum cost. The 4epth to bedrock in the river channel is estimated at 50 feet.
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Materials necessary for the construction.of the dam are available
at the site. Sand and gravel may be obtained by crushing the
Tape&ts sandstone, and coarser aggregate for the concrete may be
obtained by crushing the dolosnitic limestone in the upper part of
the Bright Angel shale. (See Appendix B, p. 166.)
Plan cf development. Hie plan suggested by the writer calls for
the construction of a dam at the Devils Slide site to back the water
to the Bridge Canyon site. Such a dam would raise the water 163
feet, or to an elevation of 1,197 feet above sea level. A dam of the
nonoverflow type is probably the best adapted to the conditions, as
adequate spillway capacity may be provided by constructing tunnels
or an open cut through the narrow ridge between the canyon of
Salt Creek and the main canyon of Colorado River. There is a good
site for a construction camp. The power house may be built at the
base of the dam, as the spillway tunnels would discharge into the
river at a point BOO feet farther down. (See PI. LI.)
The canyon above the Devils Slide dam site is very narrow, and
its Walls are steep. The lake above the dam would be confined between the walls of the Lower Granite Gorge. (See PL LIT, B.)
The area of water surface exposed to evaporation would be 880
acres, and the net additional loss of water thus entailed by the
building of the dam would be about 2 second-feet.
Water supply. With development in the upper basin as in 1922,
the water supply available at the Devils Slide dam site would be
7,336 second-feet 90 per cent of the time, or 11,006 second-feet 50
per cent of the time. Under the same conditions of development but
with storage in Glen Canyon, the available flow would be 22,500
second-feet. With full use of water in the upper basin and with
power development in the canyon section as outlined in this report,
the water supply available at the Devils Slide dam site would be
reduced to 14,540 second-feet. A detailed analysis of the watersupply records may be found in Appendix A.
Power capacity. The static head at the Devils Slide site would be
163 feet. . The power capacity with this head and the water supply
given in the preceding paragraph would be as follows:
Without storage and with irrigation and power development in upper basin as in 1922:
Horsepower
Capacity 50 per cent of time-_______-____---____- 143,000
Capacity 90 per cent of time______________________ 95, 600
With storage in Glen Canyon and with irrigation and
power development in upper basin as in 1922:
Continuous power available ____.___--__-__---__-_ 294, 000
With storage and with ultimate irrigation and power
development in upper basin:
Continuous power available ______________________ 190, 000
Installed capacity (load factor 60 per cent)-___.___ 317, 000
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Right of way. The dam proposed at the Devils. Slide-site >
form a lake in the Lower Granite Gorge with- a surface area of 880
acres., No improvements of any kind would be affected, 4&d the
flowage damage would therefore be negligible.
\ y
:
Accessibility. A railroad could be built to the Devils* Slide^daitt
site from Antares station, on the main Hne of the Atchison, Topeka <fe
Santa, Fe Railway. Such a road would be 87 miles long and would
follow the.Hualpai Valley to Red Lake and thence go; 0¥ i£ a low
divide to Grapevine Wash, down Grapevine Wash to Colorado .Ri^er^
and up the canyon of the river to the dam site, Abo^t 37» miles of
the railroad would require heavy construction, but oa thfr other 50
miles the construction would be unusually light.
,,-.,
.
It seems probable that the Devils Slide dam site wiJJ- b0eome acces*
sible by means of the backwater from a dam built lower on theiriveifj
and in that event it would not be necessary to construct a railroad to
the site.
T i .,*.!.
Adaptability of. plan. The Devils Slide power site forms a unit
of the comprehensive plan here suggested. (See PI. L and discussion
under heading "Outline of plan.")
; ,-.
HUALPAI RAPIDS POWER SITE

During September and October, 1924, the writer made a thorough
investigation of the river from a point 13 miles above Pierces ferry
to Needles, Calif., in which six new dam sites were surveyed. The
Hualpai Rapids dam site, one of the six, has many favorable features,
and it is suggested as a unit of the comprehensive plan of; development. The site had been examined by J. B. Lippineott, consulting
engineer, Los Angeles, Calif., in October, 1902.
, , Location. The Hualpai Rapids power site is at the head of-,Virgin
Canyon, just below the mouth of Hualpai Wash, about 302 miles
below Lees Ferry, 3^ miles below Greggs Ferry, and about 60 miles
due north of Eongman, Ariz. (See PI. II, in pocket.)
Physical characteristics. After passing through the valley at Greggs
Ferry the river enters Virgin Canyon, a narrow gorge about 4 miles
long. At the upper end of this canyon the conditions are favorable
for the construction of a dam. The topographic features of the dam
site are shown in Plate LIII.
,
...
The width of the river at this site is 310 feet, and a dam to raise
the water 225 feet would have a length on top of 910 feet,; TJi^hariL
Arahean crystalline rocks form the abutment walls and foundation.
The depth to bedrock in. the river channel is estimated at 60-feet..
The canyon walls at the dam site are low and extend back on a
gentle slope from the river. The whole site would b& easily accessible during the construction period. (See PL LIV, A) These, favors
able features may be compared with those existing at dam, sites
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located in deep, narrow canyons, where the walls are precipitous and
the sites are inaccessible except by boat.
At Hualpai Rapids there are two sites where the conditions are
favorable for the location of a construction camp. One is on the
flat mesa about 100 feet above the river on the north bank of Hualpai Wash. This site, however, might be submerged before the dam
was completed. The camp site shown on the map in Plate LIII is
on the low hills 2,000 feetfrom the dam site. Here permanent quarters
could be built, for the site would not be submerged when the project is constructed and placed in operation.
The dam site is about 300 feet above the lower end of Hualpai
Rapids, which are about 1,400 feet long. It is therefore apparent
that a firm foundation for cofferdams would be found at a moderate
depth below the water surface. There is a boulder bar above the dam
site which could be used as the base for the upper cofferdam. (See
PL LIV, B.) Very little additional work would "be necessary to divert
the river into a flume or by-pass tunnels. In the opinion of the
writer the cost of taking care of the water during construction
would be less at the Hualpai Rapids site than at any other dam
site on the lower river. Building materials are available at the site.
Plan of development. At the Hualpai Rapids site a dam to raise
the water 225 feet, or to an elevation of 1,024 feet above sea level,
would not interfere with the development of power at Devils Slide,
or the construction of a bridge across Colorado River at Pierces Ferry.
A dam of the overflow type is suggested, although a spillway separate from the dam could be provided by utilizing the saddle 3,000
feet east of the dam site. (See PL LIII.) For the height of dam
proposed, it would be necessary to excavate the saddle to a depth
of 70 feet or more.
The power house may be placed on the left bank 400 feet below
the dam. The combined length of power tunnels and penstocks
would be about 1,000 feet. The suggested plan of development is
shown in Plate LIII.
Water supply. With the use of water in the upper basin as in 1922
and without storage, the water supply available at the Hualpai Rapids dam site would be 7,330 second-feet 90 per cent of the time, or
11,100 second-feet 50 per cent of the time. Under the same conditions of use but with storage in Glen Canyon, the available water
supply would be 22,600 second-feet. With full use of water in the
upper basin and with the canyon section of the river developed as
outlined in this report, the water supply available at the Hualpai
Rapids dam site would be reduced to 14,600 second-feet.
Power capacity. The static head at the Hualpai Rapids site would
be 225 feet. The power capacity with this head and the water supply given hi the preceding paragraph would be as follows:
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Without storage and with irrigation and power development in upper basin as in 1922:
Horsepower
Capacity 50 per cent of time.._____________ 200, 000
Capacity 90 per cent of time_____________ 132, 000
With storage in Glen Canyon and with irrigation and
power development in upper basin as in 1922:
Continuous power available._____________________ 407,000
With storage and with ultimate irrigation and power development in upper basin:
Continuous power available._____________________ 263, 000
Installed capacity (load factor 60 per cent)_________ 438, 000

Right of way, If a dam were built at the Hualpai Rapids dam
site, a few mining claims and a small ranch at Greggs Ferry would
be submerged. The lake above the dam would be 73 miles long
and cover an area of 9,700 acres. The flowage damage would be small.
Accessibility. The Hualpai Eapids dam site is easily accessible
from the south. At the present time an automobile may be driven
to the site over the Greggs Ferry road. The site may be connected
with the main line of the Atchison, Topeka & Santa Fe, Railway by
constructing a branch road 43 miles long. This branch would start
from the main line near Antares, Ariz. The first 30 miles of the
railroad in Hualpai Valley could be built at a minimum cost, as
very little grading would be necessary. The last 13 miles, which
would be in Hualpai Wash, would require somewhat heavier work.
Kingman, Ariz., 64 miles from the dam site by automobile road, is
the nearest important town.
Adaptability of plan. The Hualpai Rapids site is one of the best
dam sites on the lower river, if the depth to bedrock is not too great.
As explained under "Outline of plan," its utilization in connection
with sites above and below will permit a maximum development of
the water resources of the river. If this site were utilized as suggested
here, the net additional loss of water due to evaporation from the
lake formed by the dam would be about 55 second-feet.
LOWEK BLACK CANYON POWER SITE

Location. The lower Black Canyon dam site is 19,Hj miles below
the upper Black Canyon site, suggested by the Bureau of Reclamation
(p. 29), 6 miles above the mouth of Eldorado Wash, and 24 miles
northeast of Searchlight, Nev. (See PL II, in pocket.)
Physical characteristics. For several miles above and below the
dam site the river has carved its channel in a massive formation which
has been classified as volcanic tuff-breccia. This formation is hard
and resists erosion remarkably well. The character of the rock appears
to be satisfactory for the construction of a dam of any height up to
450 feet above the river. A map and cross section of the dam site
and the area and capacity curves for the reservoir are given in
Plate LV.
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The width between the canyon walls at the water surface is 325
feet, and a dam to raise the water 194 feet would have a length on
top of 750 feet. A view of the dam site is presented in Plate LVI,
A. The depth to bedrock in the river channel is unknown but may
be as great as 100 feet.
As there is a deposit of fine silt in the river channel, the diversion
of the water during the construction period would be more difficult
than at the Hualpai Rapids site. A 10-acre flat on the right bank
immediately below the dam site and a 40-acre flat about half a mile
farther downstream afford excellent locations for a railroad terminal
and the construction camp.
The volcanic breccia when crushed would be satisfactory for the
coarser concrete aggregate. Sand and gravel of suitable quality may
be found in the wash on the Nevada side about 2 miles south of the
dam site. There is an excellent location for a power house on the
right bank at the upper end of the 10-acre flat. (See PL LVI, B.)
Plan of development. As there is no natural site for a spillway at the
lower Black Canyon dam site, the overflow type of dam is suggested.
The power house may be placed on the right bank 600 feet below the
dam, as shown in Plate LV. The dam would raise the water 194 feet,
or to an elevation of 789 feet above sea level; this height would not
prevent the utilization of the Hualpai Rapids power site, where the
water surface is 799 feet above sea level.
Water supply. With the use of water in the upper basin of Colorado River as in 1922 and without storage, the water supply available at the lower Black Canyon dam site would be 7,330 second-feet
90 per cent of the time, or 11,100 second-feet 50 per cent of the time.
Under the same conditions of development but with storage in Gjen
Canyon, the available water supply would be 22,600 second-feet.
With ultimate development in the upper basin and with the canyon
section of the river developed as outlined in this report, the water
supply will be reduced to 14,480 second-feet.
Power capacity. The static head at the lower Black Canyon site
would be 194 feet. The power capacity with this head and the
water supply given in the preceding paragraph would be as follows:
Without storage and with irrigation and power development in upper basin as in 1922 5
Horsepower
'Capacity 50 per cent of time__-___-____-__- _ T 172, OCO
Capacity 90 per cent of time-________ .___-__.____ 114, 000
With storage in Glen Canyon and with irrigation and power
development in upper basin as in 1922:
Continuous power available-__-_-__-_-__----_--__ 351, 000
With storage and with ultimate irrigation and power
development in upper basin;
Continuous power available _-______----_--_-----_ 225,000
Installed capacity (load factor 60 per cent) ________ 375, 000
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Right of way. If a dam were built at the lower Black Canyon site
to raise the water to an elevation of 789 feet above sea level, the
surface area of the reservoir would be 17,500 acres. A narrow strip
of land on each side of the river between the dam site and Virgin
Canyon would be submerged. The backwater would extend up .the
channel of Virgin River to a point 3 miles above its mouth. Some
placer claims near the river would be affected. However, the flowago damage would be relatively small, for there are no towns, railroads, improved farm lands, or mining properties that are being
operated within the flowage line of the proposed reservoir. This' pflan
may be compared with the one that calls for the construction 6f a
dam near the head of Black Canyon to raise the water 605 feet, or
to an elevation of 1,252 feet above sea level. (See p. 29.) If such
a dam were built 160,000 acres of land would be submerged, including, in addition to mining properties, the towns of St. Thbmas and
Overton, Nev., improved farm lands, and about 8 miles of railroad.
Accessibility. The conditions at the lower Black Canyon dam
site are favorable for carrying on construction-work. The dam site
proper is easily accessible, as immediately below the site the canyon
widens out, so that it would be possible to locate the railroad terminal,
shops, storage rooms, and other buildings close to the dam site.
The dam site is also favorably located with respect to a connection
with a main-line railroad. A railroad from either Las Vegas or Searchlight, Nev., could be built to the site at a reasonable cost. A railroad
from Searchlight, which was the terminus of a former branch of the
Atchison, Topeka & Santa Fe Railway, could be built to the dam
site without the necessity of any heavy construction work except on
the last 8 or 9 miles. Such a railroad would be about 39 miles long1.
Although the rails on the branch to Searchlight have been taken wp,
they could be relaid at small expense.
Adaptability of plan. As this site is near the lower end of Black
Canyon, it is possible to develop a head for power with a minimum
loss of water (90 second-feet) due to evaporation from the water
surface of the reservoir. The- flowage damage would also be reduced
to a minimum, as the area of land that would be submerged is relatively small.
The dam site is well located with respect to the Mohave Canyon
storage site/ as it would permit the development of 10^260^000 acrfcfeet of available storage capacity at the Mohave Canyon site*
With upstream storage and with a 60 per cent load factor, an
installed capacity of nearly 600,000 horsepower at the loweu Blaek
Canyon site would be justified. It is thus seen that power may.be
developed in sufficient* quantity to permit its being transmitted
economically over distances of 300 miles or more.
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As shown in the discussion of the comprehensive plan on pages
68-73, development of the lower Black Canyon site, in connection with
a diversion dam at Parker, a storage dam at Mohave Canyon, and
power dams at Hualpai Rapids, Devils Slide, and Bridge Canyon,
will permit a maximum use of the water for irrigation and a maximum development of power and provide adequate flood control and
irrigation storage.
MOHAVE CANTON DAM SITE

Two miles below the lower Black Canyon dam site the river passes
into Cottonwood Valley, through which it flows for 43 miles. Below
Cottonwood Valley the river passes through a short stretch of canyon
and then follows a circuitous course 50 miles long through the great
Mohave Valley. The river has its outlet from this valley through
Mohave Canyon. A dam built in this canyon would submerge the
valleys just mentioned and form a reservoir with far greater storage
capacity for a given height of dam than any other known site in the
Colorado River basin. Owing to its position on the river and its
great storage capacity the Mohave Canyon site has been selected by
the writer as chiefly valuable for flood control. A detailed description of the site is given in the discussion of the flood-control problem
(pp. 30-34).
PARKER DIVERSION DAM SITE

[

After the water of Colorado River has been used to develop more
than 4,000,000 horsepower it may be diverted at Parker to reclaim
by irrigation approximately 1,000,000 acres of land in Arizona and
California. With this project developed, and with the extension of
the irrigation system at Yuma and Imperial Valley, the entire flow
of Colorado River may ultimately be used for the irrigation of lands
in the United States. Under this plan the return flow reaching
Colorado River below the Laguna dam would be sufficient to irrigate
about 200,000 acres in Mexico, which is about the amount of land
irrigated in that country from Colorado River in 1924. The plan of
development is shown on the map (Plr II, in pocket). The amount
of water that may ultimately pass into Mexico may be amicably
determined by negotiation between the two Governments.
Location. The Parker dam site is 5 miles northeast of Parker,
Ariz., and three-quarters of a mile above the east boun'dary of the
Colorado River Indian Reservation. (See PI. II.)
Physical characteristics. At the Parker dam site the low hills close
in, confining the river to a relatively narrow section. A dam to raise
the water 99 feet, or to an elevation of 457 feet above sea level, would
have a bottom length of about 600 feet and a crest length of 1,200
feet. On the California side about 1,000 feet from the west end of
the proposed dam there is a low saddle which may be used as a spill-
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way site. A view of the Parker dam site, looking upstream, is presented in Plate LVII, A.
Plan of development. The Parker dam site has been investigated
by the Beckman & Linden Engineering Corporation, of San Francisco^
Calif. This firm has suggested the rock-fill type of dam as beiag
best adapted to fit the conditions at the dam site. The design calls
for the construction of a reinforced-concrete core wall resting on a
pile foundation, and a double row of steel sheet piling, to prevent
the flow of water under the core wall. The back fill on the upstream
side of the core wall is to be composed of a clayish material, and on
the downstream side a loose rock fill is to be used. A spillway capacity of 200,000 second-feet is to be provided by building a concrete
structure in a low saddle on the California side 1,000 feet from th3
west end of the proposed dam. The spillway crest of 1,000 feet is
to be provided with gates, so that the water level in the reservoir
can be regulated through a range of 15 feet. This plan calls for a
power house to be built on the Arizona side near the east end of the
proposed dam.
At some future time a dam at the Parker site may be used as the
point of diversion for the irrigation of an aggregate area of about
1,000,000 acres of land in Arizona and California. The water that
must be diverted for the irrigation of lands under the Yuma project
and in the Imperial Valley could be used for the development of
power. An average head of about 90 feet could be utilized. The
amount of water to be diverted at the Parker dam would vary in
accordance with the demand for water for irrigation. It is suggested
that an installation of 70,000 horsepower would be justified, so that
a large part of the flow might be utilized during the months when
the demand for water for irrigation is greatest. The plan of develop*
ment is shown in Plate LVIII.
Adaptability of plan. The data now available indicate that a
diversion dam should be built at the Parker site, for it seems probable that with such a dam in operation, in connection with an adequate irrigation system, the entire flow of Colorado River may
ultimately be used for the irrigation of land in the.United States.
ALTERNATIVE DAM SITES

The sites listed here as alternative dam sites are those between
the west boundary of the Grand Canyon National Park and Parser
not included in the writer's suggested plan of development described
above. Although the character of the rock at the sis dam,,sites
included in the writer's plan has been determined, these sites-have
not been drilled to determine the depth to bedrock. If the foundation at some of these sites should be found unfavorable, it would
be necessary to change the plan by substituting sites where the con-
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ditions are favorable. The data at hand relative to the physical Conditions at the alternative dam sites will be presented, so that anyone
who desires to study the problem may have all the facts available
before him. The Boulder and upper Black Canyon dam sites are
described on pages 28 and 29.
PROSPECT SITE

General features. As, a result of the river survey, the water surface at the Havasu dam site (p. 65) was found to be 1,783 feet above
Sea level. The water surface at the mouth of Diamond Creek was
known* to be 1,335
feet above sea level. The fall between these
'
points is therefore 448 feet. When the 69 miles of canyon between
Havasu and Diamond creeks was being surveyed, the writer made a
careful search for a dam site at an elevation of about 1,560 feet
above sea level. A dam site midway between Havasu and Diamond
creeks is desirable in order to avoid the necessity of constructing a
high dam at Diamond Creek to Utilize the 448 feet of fall below
Havasu Creek.
Immediately below Havasu Creek the Muav limestone begins to
rise, and at a point 9 miles below this creek the Bright Angel shale
appears in the river channel. The shale is exposed in the wall and
river channel for a distance of 10 miles, and then the top of the
Tapeats sandstone appears above the water surface. For the next
14 miles alternating beds of sandstone, limestone, and shale appear
in the canyon next to the river.
Owing to the width of the canyon and the character of the rocks,
no possible dam sites were found until the Prospect site was reached,
33.5 mites below Havasu Creek. Here the formations have been
raised sufficiently by faulting to expose the pre-Cambrian crystalline
rocks in the river channel. For a distance of 1 mile the Archean
granite appears in the walls, but at no place does it rise more than
80 feefe above the river. A dam-^ite survey was made near the upper end of this granite gorge. Below the gorge the Bright Angel
shale reappears in the river channel. At a point 39.5 miles below
Havasu Creek a fault crosses the river, and for a short distance the
Muav limestone appears next above the water; this is followed by
the Bright Angel shale, which gradually rises until the Tapeats sandstone is exposed. Here the inner walls spread apart for a mile or
more, forming an open basin to which the name Granite Park was
given, granite being exposed in the side canyons on the left bank.
Granite Park is 52 miles below Havasu Creek, Below Granite Park
the Tapeats sandstone rises gradually until the whole of this formation is exposed above the river 10 miles above Diamond Creek.
The crystalline rocks appear above the water surface at this point
and remain continuously exposed for a distance of 51 miles^ At a
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point 4 miles below Diamond Greek the granite and associated
crystalline rocks rise in the canyon wall to a height of 725 feet a&ove
the river. More detailed information relative to theroekformatioas
in the canyon between Havasu and Diamond creeks will be found in
Appendix B (pp. 155-159). The reader is also referred to Plate XV
(in pocket).
,
^
The preceding data show clearly that the geologic formations are
decidedly unfavorable for the location of a dam on Colorado Rivei' between Havasu and Diamond creeks except possibly at the Prospect
site.
Location. The Prospect site is in a short granite gorge 33 miles
below Havasu Creek and 36 miles above Piamond Creek. ,@2>ee PI.
II, in pocket.)
Physical characteristics. In the 1-mile gorge that contains the
Prospect dam site, the Archean granite gneiss is exposed iij. tiie left
wall to a height of 65 feet above the river and in the right wall to a
height of about 80 feet above the river. The granite gneiss, which
would form an excellent foundation for a danv is cappecj sby the
Tapeats sandstone. A downstream view of the dam site Rowing
the granite outcrop in the river channel is presented in Plate 3tLI,
B. To utilize the fall below the Havasu dam site, it woukj be necessary to raise the water to an elevation of 1,773 feet above sea level.
The top of the granitic rock on the left bank at the dam site is, 1^644
feet above sea level. It is thus clear that the Tapeats sandstone,
which here shows more than the usual surface jointing, wouljd have
to form the abutment wall for the upper 129 feet of.ithp dam. The
appearance of the sandstone raises some doubt in the writer's min4
as to whether a safe dam can be constructed at this, point, at a
reasonable cost.
*
More detailed information relative to the rock* formations^at the
site and the materials available for the construction of a dam is given
in Appendix B (p. 157).
Plan of development. If a safe dam can be built at the Prospect
site, no doubt a concrete dam of the overflow type would be chosen
as the best adapted to fit the existing conditions. The power house
may be built on the left bank near the mouth of a side canyon 1,000
feet below the dam.
The water may be raised to an elevation of 1,773 feet above s§a
level without interfering with the Havasu site.above. As tbte water
surface at the Prospect site is 1,579 feet above sea level, it would be
possible to utilize a head of 194 feet for the development of power.
The plan of development is shown on Plate XLflll.
Water sup$y. With development in the upper basin as in 1922,
the water supply available at the Prospect dam sitewouM.be7,000
45568° 25 7
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second-feet 90 per cent of the time, or 10,800 second-feet 50 percent
of. the time. Under the same conditions but with storage in,Glea
Canyon, the available water supply would be about 22,000 second^feet
continuously. With ultimate development in the -upper basin, the
available supply would be reduced to 14,200 second-feet.
Power capacity. The static head at the Prospect site would be 194
feet. The power capacity with this head and the water supply given
in the preceding paragraph would be as follows:
Without storage and with irrigation and power development in upper basin as in 1922:
Capacity 60 per cent of time. __ __ ._ _ _ __
Capacity 90 per cent of time._____..___.___
With storage in Glen Canyon and with irrigation and
power development in upper basin as in 1922:
Continuous power available______.___--______---_
With storage and with ultimate irrigation and power
development in upper basin:
Continuous power available...__________________
Installed capacity (load factor 60 per cent)________

Horsepower
168, 000
109,000
357, 000
222, 000
370, 000

Right of way. If a dam should be built at the Prospect site, the
flowage damage would be negligible.
Accessibility. The Prospect site may be more easily accessible
from the south rim of the canyon than the dam sites in the canyon
above. A wagon road approaches within 4% miles of the site) and
from the end of this road there is a trail leading to a mine 1J^ miles
from the site. If the construction of a dam at this site should be
found feasible, however, the site may prove to be most accessible by
means of the backwater from a dam built at or below Diamond
Creek.
Adaptability of plan. As explained above, a head of 194 feet may
be utilized at the Prospect site without interfering with the Havasu
site. The next site below is at Diamond Creek, where a head of
234 feet may be utilized without interfering with the Prospect site.
The writer believes that the plan of utilizing the Prospect dam site
is of doubtful feasibility. Attention is called to the site so that it
may be investigated further, if at some future time it should be
decided that this site must be utilized hi order that the power resources of the river may be fully developed. In the writer's opiniori
the fall in the river between Havasu and Diamond creeks can best
be utilized by building a relatively high dam at Diamond Creek or
at Bridge Canyon. (See p. 68.)
UPPER DIAMOND CHEEK SITE

More than 10 years ago James B. Girand, of Phoenix, Ariz., filed
with the Federal Government an application for a permit to develop
power on Colorado River at Diamond Creek. The dam site was
surveyed, and the depth to bedrock in the river channel was deter-
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mined by means of diamond-drill borings. An investigation of the
project was made by the firm of Barclay Parsons & Klapp, consulting
engineers, of New York City.
Location. The upper of the tw^> dam sites in this vicinity is just
above the mouth of Diamond Cr^ek, 225.6 miles below Paria River
and 17 miles north of Peach Springs, Ariz., a station on the mainline
of the Atchison, Topeka & Santa Fe Kailway. (See PL II, in
pocket.)
Physical cTiaracteristies. For a dam of moderate height, the upper
dam site at Diamond Creek has several favorable features. As
disclosed by diamond-drill borings, the maximum depth to bedrock
is 50 feet below the water surface at low-water stage. The distance
between the canyon walls at the water surface is 235 feet, and a
dam to raise the water 234 feet would have a crest length of 750
feet.
The granitic rock that would form the foundation and abutment
walls is satisfactory for a dam of any reasonable* height, Unfortunately, there are two weak zones i\n the wall on the left bank, due to
faulting. (See PI. XLIV.) In constructing the spillway or pressure tunnels, these fault zones should be avoided. A detailed
description of the rocks and information regarding building materials will be found in Appendix B (p. 159).
Plan of development. The water surface may be raised to an
elevation of 1,773 feet above sea level without interfering with the
development of the Havasu power site, which is at the west boundary of the Grand Canyon National Park. A dam to raise the water
that much would be 488 feet in height above its foundation. The
dam site is not well adapted to the building of a dam of this height,
as the wall on the left bank is not high enough. Unless a new site
were selected farther upstream, it would be necessary to construct
the upper part of the dam on a narrow ridge crossing over the two
faults which have been referred to. The position of the faults1,
shown on the map in Plate XLIV, indicates that it would not be
desirable to select a dam site 400 to 600 feet farther upstream. It
is not probable, therefore, that the site immediately above Diamond
Creek will be selected for a dam that would raise the w&ter to an
elevation of 1,773 feet above sea level.
Attention is called above to a possible dam site at 1,579 feet above
sea level. (See Prospect dam site, p. 86.) Utilization of< this site
would limit any development at Diamond Creek to an elevation of
1,569 feet. It would not only be feasible to build a dam at the
upper site at Diamond Creek to raise the water, 234 feet, or to an
elevation of 1,569 feet above sea level, but the project would hasre
several attractive features. The favorable section and satisfactory
rock walls have been referred to. In building a dam no higher than
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234 feet the fault zone could be avoided, and the tunnels leading ?to
a, power house on the flat at the mouth of Diamond Creek need not
enter the fault zone. The suggested plan of development is shown
in Plate XLIV. A view of the upper dam site at Diamond Creek is
presented in Plate XLV, A.
"Water supply. With the water in the upper basin used as in 1922,
and with storage in Glen Canyon, it would be possible to maintain
at Diamond Creek a flow of 22,300 second-feet. Under the same
conditions, but without storage, the flow of Colorado River at Diamond Creek would be about 10,900 second-feet 50 per cent of the
tune, or 7,180 second-feet 90 per cent of the time. With full development in the upper basin, the uniform flow at the Diamond Creek
power site may be about 14,400 second-feet. (See Appendix A,
p. 113.)
Power capacity. The static head at the upper Diamond Creek site
would be 234 feet. The power capacity with this head and the
water supply given in the preceding paragraph would be as follows:
Without storage and with irrigation and power development in upper basin as in 1922:
Horsepower
Capacity 50 per cent of time________-_--_______ 204, 000
Capacity 90 per cent of time.___________________ 134,000
With storage in Glen Canyon and with irrigation and
power development in upper basin as in 1922:
Continuous power available._____________________ 418, 000
With storage and with ultimate irrigation and power
development in upper basin:
Continuous power available._______________ 270, 000
Installed capacity (load factor 60 per cent)________ 450, 000

Right of way. The building of a dam at Diamond Creek to raise
the water 234 feet would form a lake about 28 miles long, the surface
area of which would be 3,700 acres. There are no improvements on
the land that would be submerged. The flowage damage would
therefore be negligible.
Accessibility. In contrast with the power sites in the Grand Canyon above Diamond Creek, this site is fairly accessible. A branch
from the main line of the Atchison, Topeka & Santa Fe Bailway at Peach Springs, Ariz., to the construction-camp site at the
mouth of Diamond Creek could be built at a reasonable cost. The
length of such a railroad would be about 37 miles, and the last 10
miles would involve heavy construction work. The upper Diamond
Creek site is accessible by automobile at the present time (1925) j the
distance from the highway at Peach Springs being about 22 miles.
Adaptability of plan. If the upper dam site at Diamond Creek
were utilized as suggested above, it would be necessary to develop
the Prospect dam site also in order to utilize all of the fall in the
river between the west boundary of the Grand Canyon National Park
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and Diamond Creek. Tke development of the upper site at Diamond
Creek in the manner described in the preceding pages would fit i&
well with a development at the Prospect site. However., the feasibility of developing, the Prospect site is doubtful. It therefore .seems
better to select a dam site below Diamond Creek> at some point where
a, dam can be built of ^nfficlent height to back the water fto.the west
boundary of the GraW Canyon National Park. Sueh a sit© is
.described in the next Section.
IJ.OWER DIAMOND CREEK SITE

On the completion d>f the survey of the canyon between the west
boundary of the Grand Canyon National Park and Diamond Creek
(October 2, 1923) the writer made a thorough study of the upper
Diamond Creek dam site. After deciding that it would not be desirable to build at the lipper site a dam of sufficient height to utilize
the fall in the river b^slow the park, he recommended. ,tha!t \ the dam
site immediately beloifF the mouth of Diamond Creek should be sor-r
veyed. At that time nothing was known with respect to dam. sites
hi the canyon for a distance of 50 miles below Diamond Creek. -;
Location. The lower Diamond Greek dam site is about 600 feet
below the mouth of tljie creek. (See PI. XLIV,)
Physical characteristics. A topographic map and cross section of
the lower dam site ajb Diamond Creek are shown in Plate XLTV.
Here the river has carved its channel in granitic rock, which rises1 in
the canyon walls to ^n elevation of 1,950 feet above sea level, or
more than 600 feet ajbove the river. This rock is capped by '& .vertical wall of Tapeats sandstone about 100 feet thick. The relative
position of the rock formations is clearly shown in the view presented
in Plate XLVI, A. The vertical wall of sandstone is very hard and
well adapted to form the abutment for the upper part of a high
dam. So far as the cfoss section and rock formations at this site are
concerned, it would b^ feasible to build a dam of any height up to 700
feet above the water surface of the river. There are no fault zones
near the dam site thjat might be expected to cause trouble'/ (See
Appendix B, p. 159.)
The width of the river at the dam site is 190 feet, and a dam to
raise the water 450 feet, or to an elevation of 1,773 feet above sea
level, would have a length on top' of 1,120 feet. The jnaximum
depth to bedrock belc^w the water surface is estimated at 50 feet.
Building material in abundance is available near the dam site,
though it would be necessary to obtain the cement elsewhere. (See
Appendix B, p. 159.) j
s
Plan of development. If a relatively low dam is to be built neiar
Diamond Creek to bajck the water to the Prospect dam sitey such a
dam should be locate)! at the upper site. However, if the Prospect
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dam site is not to be utilized, then it would be necessary to build a
high dam at Diamond Creek or at some site below in order to utilize
all of the fall in the river below the Grand Canyon National Park.
The site 600 feet below Diamond Creek is well adapted to the eonsteuction of a high dam. At this site the water may be raised 450
feet without interfering with the development of power at the Havasu site, at the west boundary of the park. There is a good gate for
a power house on the flat 900 feet below the dam site. (See PL
XLV, B.) The construction of a dam of the overflow type is suggested for this site, but in order that the discharge over the dam
may not be long continued, it may be advisable to provide discharge
tunnels in the dam in order to hold the water level at or near the
crest except during the peak of a flood.
As shown by the reservoir capacity curve (Pi. XLIV), the capacity
of the reservoir would be 1,780,000 acre-feet. The storage capacity
provided by the upper 50 feet of the dam would be 480,000 acre-feet.
Such, a dam could be so operated as to equalize the flow of the highest recorded flood which has entered Colorado River from tributaries
below Lees Ferry.
There is an excellent site for a construction camp and permanent
buildings for housing the power-house operators on the flat above
the dam site on the left bank. (See PL XLIV.)
Water supply. The water supply would be the same as that available at the dam site just above Diamond Creek. (Sefc p. 90.)
Power capacity. The static head at the lower Diamond Creek site
would be 450 feet. The power capacity with this head and the water
supply given in the preceding paragraph would be as follows:
Without storage and with irrigation and power development in upper basin as in 1922:
Capacity 50 percent of time_____-___._
Capacity 90 per cent of time- __ __. _ __ __
With storage in Glen Canyon and with irrigation and
power development in uppef basin as in 1922:
Continuous power available_________________
With storage and with ultimate irrigation and power
development in upper basin:
Continuous power available.___._________
Installed capacity (load factor 60 per cent)-____

Horsepower
398, 000,
258,000
803, 000
51,8, 000
863, 000

Right of way. A dam to raise the .water 450 feet would form a
reservoir 67 miles long, the water-surface area of which would be
10,700 acres. No valuable improved property would be submerged,
and the flowage damage would therefore be negligible.
Accessibility. The lower dam site at Diamond Greek is reasonably
accessible. A railroad constructed to this site would be about 2
miles shorter than one constructed to the upper dam site, as it would
not be necessary to cross Diamond Creek. (See p, 90.)
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Adaptability of plan.-^-ThQ lower dam site at Diamond Creek is well
adapted to the construction of a power plant to utilize thexfull head
available between Diamond Greek and the west boundary of the
Grand Canyon National Park. For a relatively low dam to back
the water to the Prospect dam site, the conditions here are less favorable than those that prevail at the dam site immediately above Diamond Creek.
Although the conditions are favorable for the construction of a
high dam below Diamond Creek, there is another site 10 miles
farther down the river, at Bridge Canyon, where the conditions for
the construction of a dam Of any height up to 800 feet are even more
favorable. The data presented on pages 74-77 show that possibly a
high dam should be built at the Bridge Canyon site. If this should
be done, the dam sites at Diamond Creek, as well as the Prospect dam
site, would be submerged.
TRAVERTINE CANYON SITE

As the survey was carried down the river from Diamond Creek a
careful watch was kept for a site where it would be feasible to build
a dam high enough to raise the water to an elevation of 2,000 or 2,100
feet above sea level. Such a site was found 3 miles below Diamond
Creek. Here the Archean granitic gneiss rises in the walls to a height
of 700 feet above the river. A view~of the dam site is presented in
Plate XLVI, B. The gneiss is capped by a bed of Tapeats sandstone
200 feet thick.
Travertine Canyon is a narrow gorge carved through a massive
deposit of travertine by a small stream of water that enters the Colorado from the left at a point half a mile below the dam site. A map
and cross section of the dam site are shown in Plate XLVII. A more
detailed description of the rocks at the dam site will be found in
Appendix B (p. 162).
Although this site has some favorable features, yet, owing tO; its
position on the river, it is not likely that the Travertine Canyon dam
site will form a unit of a comprehensive plan for the full development
of the water resources of the river.
SPENCER CANYON SITE

Location. The Spencer Canyon dam site il in the Grand Canyon
immediately below the mouth of Spencer Canyon and 20 miles below
Diamond Creek. (See PI. II, in pocket.)
.
,;
Physical characteristics. At this site the river has carved the lower
part of its canyon in hard granitic rock. The granite is capped by
the Tapeats sandstone at a height of 650 feet above the river. A
detailed description of the rocks will be found in Appendix B (p. 164).
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The center line of the proposed dam is Jwated in a rapid which is
beset with large rocks (see PI. LVII, B), some of which appear to be
granite in place, and it seems likely that the maximum depth to: bedrock will not exceed 40 feet.
;
The work of taking care of the water dicing the construction period
would be simple, as the obstruction in the river channel that causes
the rapid would afford a shallow and firm foundation for the cofferdams.
The distance between the canyon walls at the water surface is only
130 feet. The wall on the left bank is nearly vertical, but the slope
of the right wall would render the dam site reasonably accessible
during construction.
As shown by the cross section in Plate LIX, the slope of the walls
becomes very flat above an elevation of .1,700 feet above sea level.
The practicable height of a dam at this site is about 650 feet. A
dam of that height would raise the water to an elevation of 1,755
feet above sea level. If the dam were built much higher, the cost
would be excessive.
If a dam were built to raise the water to an elevation of 1,700 to
1,750 feet above sea level, the saddle on the left side of the river,
shown on the map in Plate LIX, could be used as a spillway site.
To raise the water only 200 to 300 feet a dam of the overflow type
would probably be best adapted to fit the conditions that prevail at
the site.
There is a fan- site for a power house on the left bank about 700
feet below the dam site. Water could be conveyed to the power
house by means of tunnels leading from Spencer Canyon.
Bight of way. There are no improvements in Lower Granite Gorge
that would be affected by the building of a dam at the Spencer Canyon
dam site. The flowage damage would therefore be negligible.
Accessibility. The Spencer Canyon dam site is reasonably accessible from a main-line railroad. A branch from the Atchison, Topeka
& Santa Fe Railway near Peach Springs, Ariz., could be built to the
dam site by way of Spencer Canyon. Such a branch would be about
36 miles long, and about 16 miles of it would entail heavy construction.
The ruling grade would probably be about 6 per cent.
FLOUR SACK RAPIDS SITE
»

Location. The Flour Sack Rapids dam site is in the Grand Canyon
41 miles below the mouth of Diamond Creek and about 13 miles above
Pierces Ferry (now abandoned). (See PL II, in pocket.)
Physical characteristics. The Flour Sack Rapids dam site was
examined by the writer September 16, 1924, in connection with a
search for favorable dam sites between Devils Slide and Pierces
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Ferry. . The surveying instruments having been lost, dwing to "the
capsizing of the boat, the investigation was confined to estimates of
the width of the river and the distance between the canyon iwalfe
and a study of the roeks. With the river-survey map as a basis, a
cross section was prepared for the Flour Sack Rapids dam site.
(See PL LX.) The distance between the canyon walls at 985 feet
above sea level is about 270 feet, and'on September 16, 1924,-the
river was confined to a channel 100 feet wide. Granite is exposed
for a distance of . 160 feet on the left bank'anxJ1'for'iabout* 10
feet on the right bank. The granite is- capped by a layer of'tfife
Tapeats sandstone, above which is the Bright !Angel shale. A view
of the dam site is presented in Plate LXI, A.
The foundation of a dam at this site would be in granite, and the
Tapeats sandstone cliff would form the abutment walls to a height
of about 55 feet above the river (PI. LX). -A dam to raise the
water more than 55 feet would extend into a weaker fonriation. By
constructing adequate cut-off walls into this formation a safe dam
could undoubtedly be built here, but its cost would be relatively
high. The dam site is described in this report only as a possibility.
PIERCES PERRY SITE

Location. The Pierces Ferry dam site is near the lower end of
the Grand Canyon, 1^ miles above the abandoned Pierces Ferry
and 52 miles below the mouth of Diamond Creek. (See PI. II, in
pocket.)
;....;
Physical characteristics. At this site Colorado River has cut
through the Tapeats sandstone and well into the Archean crystalline
rocks. Here the canyon is boxed next to the river, forming an inner
gorge with low walk. (See PL LXI, B.) The granite appears in
the walls to a height of 100 feet above the river. Above the granite
the Tapeats sandstone rises precipitously about 100 feet. By means
of soundings made September 18, 1924, under the direction of the
writer, the maximum depth of the water at the dam site was fottnd
to be 70 feet. The sounding weight was resting on silt at a depth
of 70 feet below the water surface. Soundings made some years ago
by James B. Girand, of Phoenix, Ariz., are reported to have shown
a maximum depth of water of 90 feet. The depth to bedrock is
unknown.
The height of the walls and the character of the rocks are favor*able for the construction of a dam to raise the water 200 feet. However, the cost of the cofferdams necessary to by-pass th^ wkt*ef ^during the construction period would be very high. The dam site !&
reasonably accessible, and materials for the Construction of a dam
are near at hand.
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A detailed description of the rooks at the dam site will be found
in Appendix B (p. 168). A map of the dam site is shown m Plate
LXII.
GRAND WASH CANYON SITE

Location. The Grand Wash. Canyon dam site is 5 miles below
Pierces Ferry (abandoned) and 2,000 feet above the mouth of Grand
Wash. (See PL II, in pocket.)
Physical characteristics. This site was surveyed September 24,
1924. As no geologist was in the party, it was necessary for the
writer to make a study of the rocks, and he is responsible for the
statements relating to the geologic formations in the vicinity of this
dam site.
Beginning at a point 1% miles above the mouth of Grand Wash
the following formations are exposed in the canyon walls or on the
skyline: Kaibab limestone, Coconino sandstone, Supai shale, Redwall limestone, and Muav limestone. Plate LXIII, B, shows the
formations on the right bank of the river just above the entrance to
Grand Wash Canyon. In Grand Wash Canyon the Redwall and
Muav limestones form the canyon walls. At the dam site the formation next to the river is believed to be the Muav limestone, which
is overlain by the Redwall limestone. As a result of excessive
faulting, the formerly horizontal bedding planes lie at an, angle of
about 45°. (See PI. LXIII.)
By soundings made at the dam site the greatest depth of water
was found to be 20 feet. Here the river flows over a bed of sand
and silt, and the depth to bedrock in the river channel is unknown.
The topographic features of the site are favorable. There is a good
site for a power house on the right bank at the mouth of Grand Wash,
about 2,000 feet below the dam site. The cost of taking care of the
water during the construction period would not be excessive if a suitable foundation is found at a reasonable depth. The character of the
rocks in the canyon walls and the height of the walls would permit the
construction of a dam of any height up to 400 feet above the river.
A cross section and map of the dam site and curves showing the area
and capacity of the reservoir basin are presented in Plate LXIV.
Accessibility. The Grand Wash Canyon dam site is reasonably
accessible. By building a railroad 56 miles long, the site could be
connected with the main line of the Atchison, Topeka & Santa Fe
Railway at Antares, Ariz. The route of such a branch leading to
the Hualpai Rapids dam site is described on page 81. The extension
of this branch from Hualpai Wash to the Grand Wash Canyon dam
site, would not be difficult.

U. S. GEOLOGICAL SURVEY

WATER-SUPPLY PAPER 556

PLATE LX

Right bank

Left bank
1,300

LI

1 1,100'
<
z

2 1,000

.

H
<

5

Bright

Bright Angel shale

shale

Tapeats sandstone!^

Tapeats sandstone

G r an ite^i-SZs-r*'
900

j_ _i
ZOO

4-00

600

800

CROSS SECTION AT DAM
(266 MILES)

I,OOO

1,200

SITE

t____i____L

1,400
I6OO FEET
Surveyed Sept 16,1924

CAPACITY IN HUNDRED THOUSANDS OF ACRE-FEET
I
2

AREA AND CAPACITY TABLE
Feet above Area
Capacity
960
1000
1050
1100
1150
1200
1250
900'

0
222
659
1,068
1,563
2,097
2,817

0
4,440
26,460
69,640
135,420
226,920
349,770

I
I
2
AREA IN THOUSANDS OF ACRES

CEOSS SECTION AND AREA AND CAPACITY CURVES FOR FLOUR SACK RAPIDS POWER SITE

WATER-SUPPLY PAPER 556

U. S. GEOLOGICAL SURVEY

A.

FLOUR SACK RAPIDS DAM SITE, GRAND CANYON, 13 MILES ABOVE PIERCES FERRY
Geology by E. C. La Rue

E.

PIERCES FERRY DAM SITE, GRAND CANYON, 1.5 MILES ABOVE PIERCES FERRY
Geology by R. C. Moore
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A.

PLATE LXIII

GRAND WASH CANYON DAM SITE, 5 MILES BELOW PIERCES FERRY
Geology by E. C. La Rue

£.

ROCK FORMATIONS ON RIGHT BANK OF COLORADO RIVER JUST ABOVE ENTRANCE TO GRAND WASH CANYON
Geology by E. C. La Rue
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VIRGIN CANTON SITE

Location. The Virgin Canyon dam site is in 'Virgin Canyon of
Colorado River, 3 miles below t]he mouth, of Hualpai Wash and 6
miles below Greggs Ferry. (See PL II, in pocket.)
Physical characteristics. At 3 miles below Greggs Ferry Colorado
River enters Virgin Canyon, cut in the hard crystalline rocks of the
Virgin Mountains. The canyon is about 4 miles long and more
than 1,000 feet deep. A relatively narrow cross section was observed
about 3 miles below the mouth of Hualpai Wash. Here the topography of a narrow strip was mapped. (See PI. LXV.) The distance
between the canyon walls near the water surface is 400 feet. If a
favorable foundation should be found a dam could be built to raise
the water 400 feet. Such a dam would have a length on top of 1,150
feet.
Soundings made by the writer September 28,1924, indicated that
the river was flowing on a bed of silt, and the greatest depth of
water was found to be 9^ feet. The depth to bedrock in the river
channel is unknown*
Accessibility. As the dam site is in a deep canyon, where the canyon walls are precipitous, the accessibility of the site for carrying on
the work of construction is unfavorable. There are no good sites
for a power house or construction camp. A view of the dam .site is
presented in Plate LXVI, A. The cost of a railroad built to the
dam site from Antares, Ariz., would not be excessive. Such a railroad would be about 46 miles long. A branch from Antares to the
Hualpai Rapids dam site is described on page 81. To reach the Virgin
Canyon dam site from Hualpai Rapids it would be necessary to extend
the road 3 miles down Virgin Canyon. The cost of this 3-mite extension would be relatively high.
CALLVU.M SITE

Location. The Callville dam site ig at the lower end of Boulder
Canyon, 1^ miles above the Callville ruins. (See PI, II, in pocket.)
Physical characteristics. This site has many favorable features.
The granitic rock in the walls and river channel is satisfactory. Th#
foundation has been tested by the Southern California Edison (X
The maximum depth to bedrock as determined by tbaree holes drilled
in the river channel is 80 feet. The canyon walk are low and would
permit easy access to the dam site during the construction period.
A view of the dam site is presented in Plate LXVI, B.
r^
- Immediately below the danl site on the Nevada side of the river
is a flat tract of land comprising about 400 acres. This flat affords
an ideal location for a power house, railroad terminal, and construction camp. (See PL LXVII.)
;-^
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A low saddle on the Nevada side of the river limits the maximum
practicable height of a dam at the Callville site to about 240 feet.
Such a dam would raise the water to an elevation of 924, feet above
sea level. Even then it would be necessary to build an auxiliary
dam in the saddle just mentioned.
A railroad could be built to the site from a point on the Union
Pacific system near Las Vegas, Nev. There are two feasible routes,
by Las Vegas Wash or Callville Wash. The railroad, which would
be 35 to 40 miles long, could be built at a reasonable cost.
Although the Callville site is one of the best power sites on lower
Colorado River, it does not fit in well with any plan thus far suggested
for the full development of the river.
MIDDLE BLACK CANTON

Location. The middle Black Canyon dam site is in Black Canyon,
2 miles above the mouth of Jumbo Wash, 9 miles above the lower
Black Canyon: site (p. 81), and 33 miles northeast of Searchlight, Nev,
(See PL II, in pocket.)
Physical characteristics. The writer examined the middle Black
Canyon dam site October 1, 1924. A map showing the topography
of the site was made from an enlargement of a section of the Bulls
Head reservoir- survey (PI. LXVIII).
A side canyon that may be used as a spillway site joins the main
canyon a few hundred feet below the dam site. About 2,000 feet
below the dam site the high walls are succeeded by low hills. These
conditions make the dam site accessible from the lower side. There
is a good site for a power house and construction camp on the right
bank about 1,300 feet below the dam site. (See PL LXIX,A)
It is the writer's belief that the rock exposed in, the walls at the
dam site is volcanic tuff-breccia and that granitic rocks are exposed
near the water surface a few hundred feet below the dam site. He
is of the opinion that the depth to bedrock in the river channel may
be as great as 100 feet and that the foundation of a dam at this site
may be in granite.
:
Accessibility. The site is reasonably accessible from Searchlight,
Nev., and Chloride, Ariz. An automobile may be driven from
Chloride to the mouth of Jumbo Wash, which is 2 miles downstream
from the dam site.
ELDORADO SITE

Location. The Eldorado dam site0 is at the lower end of Black
Canyon, 3^2 niiles above Eldorado Wash, and about 24 miles north-.
east of Searchlight, Nev. (See PL II, in pocket.)
Physical characteristics. The Eldorado dam site was surveyed
October 4-5, 1924, and a detailed study of the rocks at the dam site
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A.

VIRGIN CANYON DAM SITE, 3 MILES BELOW MOUTH OF HUALPAI WASH
Geology by E. C. La Rue

B.

CALLVILLE DAM SITE, AT LOWER END OF BOULDER CANYON, 1.5 MILES ABOVE CALLVILLE RUINS
Geology by E. C. La Rue
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A. MIDDLE BLACK CANYON DAM SITE, 2 MILES ABOVE MOUTH OF JUMBO WASH

ELDOBADO DAM SITE, 3.5 MILES ABOVE MOUTH OF ELDOBADO WASH
Geology by D. F. Hewett

PLATE LXIX

SJTES

waslmade September 26, 27|i«ntl >28i~192&, by Di FjHewett,
gist, United .States Geological' rSurYey. Mr, Hewetk has> classified
the rock in both abutment walls ;as lafite flow-breccia (jPlvUSISij 2?)
and. is of ; the opinion that these rocks are sufficiently, resistant^
strong to serve .as the abutments for a dam to .raise the ws
feet. He noted a gravel deposit -600 feet west of thei aright abutment
wall that would permit serious leakage if a dam were built to raise
the water higher than 100 feet. Aside from this gravel deposit, the
walls' on the right bank are relatively low, a condition twhieh-in itself
renders the site unsuitable for the construction of a dam* higher? than
100 feet above the present low-water level.
. XH-»».J
The width of the river at the dam site is 580 feet, and a* date to
raise the water 100 feet would hare a length on top of about 950 feet.
The depth to bedrock in the river channel is .unknown. The-darn
site is reasonably accessible from Searchlight, Nevi
",,^.a
A. map and cross section of the dam site and curves showing ;'ih4
area and capacity of the basin above the dam site .asre shown : in
Plate LXX.
=
EAGLE BOCK SITE

' -r

"

. .'

'

Location. The Eagle Rock dam site is in Eagle Rock Canyon,
near the head of Cottonwood Valley, about 60 miles by river afjqve
Needles, Calif.
"^ ;
^ { :/
Physical characteristics. Eagle Rock anyori :waWsurve(yed"lt|'ttie
United States Reclamation" Service in 1903. Lee^2 descrioefc the
conditions at Eagle Rock Canyon as follows :
.
*'"
At Eagle Rock, near the,, southern end of Round Island^ the f*|ver te*ve^ thf
flood plain and flows through a narrow rock gorge about a mile long and 1^0 feet
deep. * * * 'Phe gravel-filled channel to the east connects'the Rounrf Island
Talley with 1;he s Cottonwood Valley proper. In other %onJs; ;Cb!orado '"RiMei1,
during one of its periods of eanyon cutting, * * * failed to refexcai^ite''!^
old gravel-filled channel at. Eagle Rock and cut a new. channel in tJie rocji fVRe^t
of the old one.
.
-,
, . .^. r . .... . -. '
.f,,i ''

< Lee class^ies the rock in the narrow gorge ; as andesitex
map, reproduced here as part of Plate LXXI^he skowa: the rfelalion
of the rock, gorge to the, old gravei-fiUed river chto
Sldepl the liveRsb ;

;'c I >^;:

;>

^: .--,; -;-; : -i

Under the dbection of.jtfe®. writer, & survey ,was
1922, tcj I determine; Accurately th;e cross section at %B dam a<^ / It
was found that a .dam jt0 ra^e the water XOO feet,-»e|c to ,an efevation
of 650 feet above sea level, would have a length at th$! waiter. suirJaoe
of 730 feet and a lengttt on top of 940 feet. However, if a dam were
built in the present river channel to raise the water 100 fee^ $erip«s
leakage would probably occur in the old gravel-filled channel shown
M Lee, W. T., Geologic reconnaissance of a part of western Arizona: U. 8. Qeol. Survey Bull. 352, p. 39,
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ofl the map in Plate LXXL The depth to bedrock in the 6kl channel, as well as in the present channel, is unknown. The dam site
seems of doubtful practicability, and is mentioned here only as a
possible site which may be investigated further if there is urgent
need for a dam at an elevation of about 550 feet above sea level. A
view of the dam site is presented in Plate LXXH, A.> "
U&L8 HEAD SITE
'"

,*".--.

" ' ' * f

°

'

- '

Location. The Bulb Head dam site is near the lower end of Pyra*
mid Canyon, 25 miles due north of Needles, Calif. {See PL*IIj in
pocket.)
:
:
Physical characteristics. This site was thoroughly investigated) by
the United States Reclamation Service in 1902-3.28 Three sites were
investigated by means of diamond-drill borings. The first one was
abandoned owing to an unsatisfactory foundation for a dam 100 feet
high Tests at the other two sites also gave unsatisfactory results.
The engineers of the Reclamation Service found no suitable place for
the construction of a dam 100 feet high at Bulls Head, but they
reached the conclusion that the conditions were favorable for the
construction of a diverting weir 20 feet in height above low water,
with| a waste weir founded on solid rock on the Arizona si<|e- With
this conclusion the writer is in full accord. Howevery engineers of
the Bureau of Reclamation have recently prepared tentative designs
and estimates for an earth dam to raise the water 170 feet at this
site._
Lee3* has clearly described the geologic history of Pyramid Canyon
below Bulls Head Rock. Using the data furnished by the Reclamation Service, supported by facts obtained on the ground, he conr
structed a map showing the present river channel in relation to the
oM gravel-filled channel and cross sections showing the probable
depth to bedrock at 'the three sites which were tested by drilling.
These data are presented in Plate LXXIII. At the three dam sites
investigated the gravel filling in the river channel was found to be
more than 100 feet deep.
In Plate LXXII, B, is presented & view of Bulls Head Rook, show->
ing the present river channel, the old gravel-filled channel, and Bulls
Head dam site No. 1, as seen from the south.
As the foundations at the three dam sites at Bulls Head Rock are
unsatisfactory, the cost of a d»m of any type built here would be
relatively high.
»U. 8. Reel. Service Second Ann. Kept., p. 134,19M.
p. dt., p. 39.
'

:
*

'.- ..:
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A.

EAGLE HOCK DAM SITE, AT THE HEAD OF COTTON WOOD VALLEY, 60 MILES BY RIVER ABOVE NEEDLES

B.

BULLS HEAD DAM SITE, 25 MILES DUE NORTH OF NEEDLES
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APPENDIX A. WATER SUPPLY
By E, C. LA RITE and GEORGE F. HOLBROOK
STREAM-FLOW BBCOKDS

>

The middle section of the basin of the Colorado is probably the
most remote and inaccessible region within the domain of the United
States exclusive of Alaska. Throughout the canyon region, from
the mouth of Green River to the Grand Wash, a distance of 500 miles,
there are only three points at which it is possible to reach the river
with a wheeled vehicle. At a few other places pack animals maybe
taken to Ihe water's edge. Because of the inaccessibility and the
absence of permanent inhabitants in this region, no stream-gaging
stations have been established here until recent years.
In the summer of 1921 the Geological Survey, in cooperation with
the Southern California Edison Co., established a gaging station at
Lees Ferry, Ariz. Early in 1923 a station was established at the
mouth of Bright Angel Creek, in the Grand Canyon. The records
obtained at these stations are good but cover only short periods.
Estimates of the water supply available in this section of the river
must be based on stfeain-flow records obtained in the upper basin
or the record of discharge obtained by the Bureau of Reclamation
at Yuma, Ariz. The short-time records obtained at Lees Ferry and
Bright Angel have proved very useful in connection with the work
of estimating the inflow to the river in the canyon section.
The Yuma record is continuous from the year 1902, .the date of
the beginning of construction on the Yuma project of the Bureau of
Reclamation. The chief difficulty in applying this record to the
canyon section lies in the fact that there is a large and variable loss
of water by evaporation from the stream channel, especially from the
overflowed lands in the valleys between Yuma and Pierces Ferry.
These lands are submerged and saturated by the annual summer floods.
The area thus flooded varies from year to year, and the considerable
amount of water passing into the dry, heated desert air by evaporation
and transpiration from the rank growth of vegetation also varies. It is
impossible to estimate accurately the amount of water thus lost. A
more accurate estimate of the water supply for the canyon section
can be obtained from the records of the flow of the main stream and
its tributaries in the upper basin.
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The lowest gaging station on the Colorado above the Green at
which a continuous record has been obtained is that at Fruita, Colo.
This station, however, is above the mouth of Dolores River. Stations
have been maintained for periods of a few years near Cisco and Moab,
Utah. Both of these stations are low enough to catch practically
all the run-off from the basin of the Colorado above the mouth of
Green River. The records at Cisco .and Moab, extended by comparison with the continuous record at Fruita, have therefore been used
to represent the discharge of Colorado River above Green River from
1911 to 1923. This record is presented In column 3, Table 2.
Green River has been measured continuously at Little Valley,
near Green River, Utah, from 1910 to 1923. San Rafael River,
which is the only considerable tributary of the Green below Little
Valley, has been measured near its mouth from 1909 to 1918, and
stations were being maintained in its upper basin in 1923. By comparing the record of discharge of the San Rafael at its mouth with
the sum of the records of its three largest tributaries, Huntington,
Cottonwood, and Ferron creeks, the figures for the San Rafael have
been extended through the years 1919 to 1923. These figures, added
to those for the Green at Little Valley, give a reliable estimate of
the total contribution of the Green River to the Colorado. It is
presented in column 1, Table 2. The sum of the discharge of the
Green at its mouth and of the Colorado above the mouth of the
Green is given in column 4 of Table. 2 and represents the flow of
Colorado River in the section between Green and Fremont rivers.
It is assumed that any ; slight inflow from springs or intermittent
surface drainage between the principal tributaries above Lees Ferry,
Ariz., will be balanced by the evaporation from the broad surface of
the river through Glen Canyon.
,
The only tributaries to the river of any importance between the
mouth of Green River and Lees Ferry are Fremont, Escalante, and
San Juan rivers. Gaging stations were maintained on the headwaters of Fremont and Escalante rivers during the period 1909-1914.
From the records of these stations it has been estimated that the
average annual discharge of the Fremont is about 200,000 acre-feet.
These streams flow out from the mountains of southern Utah, and
their basins are adjacent to that of San Rafael River, for which there
is an accurate record of discharge from 1911 to 1923. It is believed
that the annual discharge of Fremont and Escalante rivers for any
year of this period will bear the same relation to their mean annual
discharge as the annual discharge of the San Rafael for that year
bears to its mean annual discharge. A percentage factor based upon
the San Rafael record has therefore been applied to the estimated
mean annual discharges of Fremont and Escalante rivers to give an
estimate of the annual run-off for each year of the period 1911-1923.
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Figures for monthly run-off were obtained by applying to the annual
discharge a percentage factor for each month of each year determined
from the San Rafael record. Estimates of monthly discharge so
obtained may, of course, be considerably in error for any individual
month, but such errors will be compensating, and as the quantities
involved are relatively small in comparison with the discharge of
Colorado River, the errors become negligible when such quantities
are added to the record of that stream.
Column 5, Table 2, which represents the flow in Colorado River
in the section from the Fremont to the San Juan, is derived directly
from column 4, by adding the computed flows of Fremont and Escalante rivers.
In the San Juan River basin stream-flow records have been obtained at several stations since 1904. For the purpose of this study
it has been assumed that the record of discharge at any station below;
the mouth of Animas River would represent the flow of the San Juan
at its mouth. This involves the same assumption as that made on
the Colorado, namely, that inflow from springs and small intermittent
streams is balanced by evaporation. From 1912 to 1923 the record
is continuous at Farmington and Shiprock, N. Mex., and at Bluff,
Utah. All these stations are below the mouth of the Animas. Fof
the period 1907 to 1912 it is necessary to add the discharge of the
Animas at Aztec, N. Mex., to that of the San Juan as measured a$
a station above the Animas. The monthly discharge record of the
San Juan thus obtained is given in column 2, Table 2. The figures
in column 2, added to those in column 5, which is the record of Colorado River above San Juan River, give column 6, which represents
the flow of Colorado River from the mouth of the San Juan to Lees
Ferry, Ariz.
At Lees Ferry a gaging station has been in operation since the
summer of 1921. On September 30, 1923, two full climatic years of
record were completed at this station. Table 1 is presented to show
the variation between the figures computed as outlined above for
these two years and the measured record:
TABLE 1. Comparison of measured record and computed figures showing the discharge of Colorado River at Lees Ferry, Ariz.,
Error in computation
Climatic year

1922 __

Measured Computed
discharge discharge

Acre-feet

Acre-feet

....... _ ... _ . __ . __ ..... ........ 16,372,000 16, 422, 000

1923... _ . ___ .. _________________ . _ ......

45568° 25 8

16,135,000 15,889,000

Percentage
Acre-feet of measured
record
4-50,000
-246,000

H-OL8
-1.5
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TABLE 2, Monthly discharge, in acre-feet, a/ Oreen, San Juan, and Colorado
rivers, 1911-1923
Colorado River

Month

1911
January .r __________
February ____ r -. __ . __ .
March. ___ ..............K
April .__.___.-_. __.--_...__,

,

1

2

322.000
363,000
723,000
768,000
2,290,000
3, $30, 000
1,470,000
484,000
343,000
725,000
357,000
288.000

6

172,000
156,000
225,000
387,008
2,000,000
2,71^000
1,400,000
487.000
251,000
280,000
229,000
198,000

281,000
264,000
458,000
783,000
3,020,000
5,040,000
2, 410, 000
914,000
470,000
529,000
450,000
294,000

286,000
270.000
467,000
791,000
3,060,000
5,180,000
2,430,000
921,000
475,000
564.000
468,000
298,000

346.000
327,000
538,000
891,000
3,520,000
5,740,000
2,710,000
1,030,000
529,000
622,000
533,000
329,000

1,901,200

8,495,000

14,913,000

15, 210, 000

17, 115, 000

143,000
127,000
264,000
782.000
1,080,000
1, 180, 000
912,000
269,000
242,000
223,000
200,000
107,000

28,500
26,200
42,000
277,000
493,000
350,000
109,000
38.200
86,300
91,000
55,500
42,100

200,000
166,000
273,000
690,000
1, 310, 000
1, 180, 000
475,000
186,000
245,000
249,000
215,000
142,000

343,000
'388,000
537.000
.1,470,000
2,390,000
2,360,000
1,390,000
449,000
487,000
472,000
415,000
249,000

347,000
297,000
549,000
1,500,000
2,490,000
2,400,000
1,400,000
454,000
508,000
479,000
426,000
255,000

376,000
338,000
591,000
1,780,000
2,980,000
2,750,000
1,510, t)00
492,000
594,000
670,000
482,000
297,000

5,529,000

1,638,800

5,325,000

10,855,000, 11,105,000

12,745,000

123,000
151,000

36,700
104,000
213,000
267,000
488,000
589,000
262,000
124,000
95,800
189,000
94,000
62,700

180,000
152,000
224,000,
584,000
2,080,000
2, 810, 000
1, 130, 000
499,000
265,000
374,000
209,000
144,000

303,000
303,000
625.000
1,350,000
3. 930, 000
5,030,000
1,980,000
786,000
423,000
627,000
373,000
242,000

308,000
308,000
633,000
1, 370, 000
4,080,000
5, 180, 000
2,010.000
790,000
425,000
642,000
377,000
248,000

345,000
412,000
846,000
1,640,000
4,570,000
5,770,000
2,270,000
914,000
521,000
831,000
471,005
310,000

2,525,200

8,651,000

15,972,000

16,371,000

18,900,000

62,100
129,000
137,000
478.000
570,000
601,000
399.000

130,000
141,000
176,00)
578.000
1, 120, 000
1,550,000
615.000

225,000
242,000
375,000
1,030,000
1, 820, 000
2,500,000
996.000

229,000
246,000
394,000
1,050,000
1,860,000
2,540,000
1. 000. 000

291,000
375.000
531,000
1, 530, 000
2. 430. 000
3,140,000
1. 40(1 000

60,000
57,000
70,700
90,900
461,000
557,000
278,000
110,000
54,000
58,100
64,900
30,600

. .... 6,418,490

March _____________
401,000
April ...... ....-.. .........
765,000
May __ ........... _ ........ 1,850,000
2,220.000
July.... ................
854,000
August ____ . __ ........
287,000
September _____ . _ . .....
158,000

253,000
164,000
97,800

Theyear ___ . ..
7,323,800
1915
January ________ . .....
95.200
February _______ .......
101,000
199,000
April.. __ .. ........
455,000
Mav __ .. ............ .
699,000
July..........................

165,000
161,000327,000
432,000
1,540,000
1,840,000
941,000
299,000
217,000
469,000
220.000
183,000

5

14,707,000

109,000
108,000
233,000
396,000
1,020,000
2,330,000
1. 010, 000
427,000
219,000
249,600
221,000
96,400

1914

4

6.794,00fr 11,163,000. 11,407,000

3,317,000

April,.. . .....-..,-.
May.
...
.
July ..
. . ....

1

377,000
434,000
1,010,000
1,200,000
2,990,000
3,710,000
2,090,000
562,000
409,000
, 1.130; 000
442,000
353,000

4,365,000

..

Fremont San Juan
Above
Green
mouth of
River
River to
River to
Green to Fremont San Juan Lees
Ferry
River
River
River

343,000
379,000
738,000
783,600
2, 340, 000
3,080,000
1,480,000
4*2,000
357,000
758,000
363,900
294,000

34,600
54,400
270,000
422,000
658,000
631,000
615,000
70,100
51,900
371,000
79,700
59,300

The year...
...
. 1912
January ____ . ______
February .. ____ . _____
March __ . ___ . __ . _ .
April;.. . .. .........-..._
May........... ...............
July -.. -........-..-.,._-._.

Taeyear,-..
1913

San Juan
River at
mouth

157,000
90% 000
396,000
336,000
749,000
1, 190, 000
526,000
185,000
126,000
256,000
137,000
105,000

July . __ _ .._.._..__.. __
August _____ __ . ___
September ____ . __ .. ....
December . _.-_ _ ....

Green
River
at mouth

955,000
381.000
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TABLE 2. Monthly discharge, in acre-feet, of Green, San Juan, and' Colorado
rivers, 19I1-192S Continued
Colorado River
Month

1915

The year _ _

5

8
414,000
382,000
473,000
391,000
315,680

3,731,200

2,677,400

5,116,000

8,840,000

8,992,000

11; 672, 000

110,000
134,000
581,000
637,000
1, 320, 000
1, 430, 000
645,000
375,000
157V OOQ
359,000
157,000
132,000

80,600
80,500
382,000
450,000
574,000
625,000
317,000
438,000
154,000
483,000
61,900
41,100

181,000
186,000
422,000
756,000
1,680,000
2,010,000
855.000
633,000
286.-000
424,000
206,000
167,000

291,000
320,000
1,000,000
1,390,000
3,000,000
3,440,000
1,500,000
1, 010, 000
443,000
783,000
363,000
299,000

296,000
327,000
1,030,000
1,410,000
3,050,000
3,520,000
1,520,000
1,040,000
449,000
861,000
370,000
307,000

377,000
407,000
1,420,600
1,860,000
3,620,000
4,150.000
1,840,000
1,480,000
603,086
1,949,000
432,000
348,006

6,037,000

3, 687, 100

7,806,000

13,839,000

14, 180, 000^

17,877,000

. .

81,000
122,000
214,000
720,000
1,660,000
2,890,000
1,740,000
417,000
252,000
204,000
189,000
171,000

42,700
69,400
84,200
352,000
560,000
833,000
521,600
177,000
111,000
39,700
28,700
25,400

123,000
139,000
193,000
530,000
1,520,000
3,300,000
1, 510, 000
422,000
231,000
188,000
186,000
205,000

204,000
261,000
407,000
1,250,000
3, 180, 000
6,190,000
3,250,000
839,000
483,000
392,000
375,000
376,000

206,000
269,000
419,000
1,270,000
3,260,000
6,390,000
3,290,000
849,000
502,000
398,000
382,000
382,000

249,060
339,006
803,000
1,620,000
3,820,000
7,230,000
3,810,000
1,030,000
613,006
438,000
411,000
407/006

..

8,660,000

2, 844, 100

8, 547, 000

17,207,000

17,617,000

20,470,000

147,000
140,000
258,000
391,000
857,000
1,760,000
741,000
210,000
161,000
231,000
183,000
134,000

28,200
43,600
115,000
182,000
364,000
470,000
173,000
94,600
117,000
29,600
48,100
33,800

185,000
175,000
270,000
430,000
1,550,000
2,590,000
727,000
206,000
243,000
220,000
215,000
170,000

332,000
315,000
528,000
821,000
2, 410, 000
4,350,000
1, 470, 000
416,000
404,000
451,000
398,000
304,000

337,000
321,000
538,000
831,000
2,420,000
4,410,000
1,520,000
427,000
415,000
459,000
404,000
310,000

365,006
36*. 000
653,001
1,010,000
2,780,000
4,880,000
1,690,000
522,000
582,606
489,006
- 452,000
343,'OpO

6, 981, 000

12,199,000

12,392,000

14,081,006

138,000
229,000
122,000
223,000
220,000 < 502,000
558,000
1,050,000
1, 410, 000 2,390,000
940,000
1,510,000
372,000
487,000
205,000
284,000
248,000
135,000
272,000
146,000
172,000
301,000
160,000
254,000

234,000
229,000
509,000
1,070,000
2,490,000
1,530,000
497,000
292,000
257,000
278,000
307,000
260,000

268,000
277,000
681,000
1,410,000
3,060,000
1,980,000
978,000
436,000
356,000
345,000
363,000
323,000

4, 578, 000

7,953,000

10,477,000

_ ...

--.,.. ....

April . ____ ....... __ ....
May ._
. .
.
July

4

312,000
320,000
415,000
351,000
275,.000

--.- _

The year .
1018

3

312,000
317,000
414,000
340,000
269,000

1917

July -.....

2

184,000
129,600
172,600
165,000
.156,000

The year ___ .... .....

April _ .

1

Above
Green
Fremont San Juan
mouth of
River
Rivarto River to
Green to Fremont San Juan Lees
Ferry
River
River
River

102,000
62,500
57,900
39,700
39,200

April .........................

October __ . ___

San Juan
River at
mouth

128,000
188,600
242,000
175,000
113,000

1916

July ...__.. .

Green
River
at mouth

.

December _____ .. ........
The year ________ 5,213,000 1, 698, 900
1919
January
^_
90,900
33,600
February ___________
101,000
48,300
March ____________
282,000 . 172,000
May . ______________
July................. ......

488,000
980,000
569,000
115,000
79,000
113,000
126,000
129,000
94,400

October... ....................
December ..
The year ____ . _ ,._ 3,167,300

342,000
576,000
448,000
481,000
144,000
99,200
66,600
55,900
63,000

2, 529, 600

7,750,000
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TABBE 2. M&nMy discharge, in acre-feet, of Green, San Juan, and Colorado
rivers, 1911-1983 Continued
Colorado River
Green
River
at mouth

San Juan
River
at mouth

1

2

3

4

5

132,000
212,090
262,000
. 429,000
1,000,000
879,000
337,000
151,000
62,400
64,800
50,100
34,700

165,000
180,000
192,000
272,000
2,830,000
3,090,000
1,060,000
374,000
198,000
240,000
230,000
178,000

277,000
324,000
441,000
666,000
4,540,000
5, 180, 000
1, 700, 000
660,000
354,000
404,000
431,000
299,000

282,000
330,000
448,000
674,000
4, 640, 000
5,280,000
1,710,000
672,000
361,000
410,000
437,000
305,000

414,000
542,000
710,000
1, 100, 000
5,640,000
6,160,000
2,050,000
823,000
423,000
475,000
487,000
340,000

3, 614,000

9,009,000

15, 276, 000

15, 549, 000

19,164,000

125,000
173,000
477,000
449,000
1, 590, 000
2.920,000
686,000
350,000
210,000
152,000
153,000
140,000

38,000
61,600
109,000
161,000
399,000
850,000
476,000
377,000
179,000
34,200
51,500
59,000

180,000
160,000
272,000
325,000
2,000,000
3,660,000
1,040,000
535,000
321,000
198,000
215,000
214,000

305,000
333,000
749,000
774,000
3, 590, 000
6,580,000
1, 730, 000
885,000
531,000
350,000
368,000
354,000

311,000
339,000
756,000
783,000
3,650,000
6, 790, 000
1, 760, 000
903,000
540,000
362,000
379,000
364,000

349,000
400,000
865,000
944,000
4,050,000
7,640,000
2, 240, 000
1,280,000
720,000
396,000
430,000
423,000

The year _____ . ..... 7,425,000
1922
January ____________
114,000
February _______ . .....
142,000
March
401,000
April .........................
369,000
May.. ____ ...
1,720,000

2,795,300

9,120,000

16,549,000

16, 937, 000

19,737,000

36,400
120,000
237,000
298,000
837,000
780,000
149,000
46,400
22,700
20,700
23,300
34,300

164,000
134,000
245,000
434,000
2,280,000
2, 120, 000
485,000
247,000
151,000
138,000
188,000
189,000

278,000
276,000
646,000
803,000
4,000,000
4,440,000
1,030,000
510,000
330,000
269,000
347,000
328,000

288,000
283,000
656,000
816,000
4,100,000
4,570,000
1,060,000
529,000
340,000
275,000
354,000
338,000

324,000
403,000
893,000
1,110,000
4,940,000
6,850,000
1,210,000
576,000
363,000
296,000
377,000
.372,000

2,604,800

6,775,000

13, 257, 000

13,609,000

16,214,000

55,400
39,900
29,800
131,000
484,000
474,000
204,000
152,000
235,000

184,000
154,000
172,000
432,000
1,750,000
2,210,000
1,040,000.
521,000
295,000

330,000
280,000
399,000
1,050,000
3,380,000
4,120,000
1,870,000
885,000
497,000

340,000
287,000
408,000
1,060,000
3,430,000
4,200,000
1,900,000
901,000
509,000

395,000
327,000
438,000
1,190,060
3,920,000
4,680,000
2, 100, 000
1,050,000
744,006

1.805,100

6,758,000

12,811,000

13, 035, 000

14,844,000

Month

1920

.

112,000

February __________
144,000
249,000
March ____________
394,000
April . ._.
May ......................... 1, 710, 000
June .. ____________ 2,090,000
July...
.
639,000
September __ . _ .*. ..........

286,000
156,000
164,000
201,000
121,000

December _ ____ . ........
The year ___ __ __ 6,266,000
1921
February ___________
April.........................
May __ .. ........ .
June ____________ ....
July
August .....................
September ____ ............
October __________ . ...
November _______ ,-,
December .. _ __ . .......

July..........................
August... ____ . _ .... ....
September __ ..... ._..
October ____ . _ ...
November.. ____ ___ ..
December _______ . __ .

2,320,000
547,000
263,000
179,000
131,000
159,000
139,000

The year. ________ 6,484,000
1023
Jaauary ____________
146*000
February ____ ... ..
126,000
March _____________
227,000
April __ . __ . ___ ........
615,000
May.. ___ ........ .
1,630,000
1, 910, 000

July...... ..... ...... .......
828,000
August ___ .- __ ...
364,000
September. ____ .. __ _ ..
202,000
The period ____ . .... 6,048,000

Green
Fremont San Juan
Above
River to River to
mouth of
River
Green to Fremont San Juan Lees
Ferry
River
River
River
6
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The 13-year period from 1911 to 1923 is known to be att incomplete
cycle of precipitation and run-off in the southwestern part of the
United States. It does not include any period of years of abnormally
low run-off such as occurred in the period 1900-1905. In the Colorado River basin a study of stream-flow records reveals the fact that
the period 1911 to 1923 yielded a mean annual discharge 6 per cent
larger than that of the 29-year period 1895 to 1923, even without
making any allowance for the increased consumption of water by
irrigation in the upper basin in recent years over that of the earlier
years of the 29-year period. If such a correction for increased irrigation consumption is applied, the mean annual discharge for the
13-year period is 11 per cent larger than that for the 29-year period.
Therefore, to obtain a more reliable estimate of water supply, it is
necessary to extend the 13-year period of continuous stream-flow
records back to include the preceding period of years of low run-off.
This can be done in terms of estimated annual discharge only, as tl|e
measured records in the upper basin during these years, upon which,
such an estimate must be based, are incomplete. The annual discharge in acre-feet of Green and Colorado rivers for the period 1895
to 1910 is taken from Water-Supply Paper 395, published by the
United States Geological Survey, 1916. These estimates are given itt
columns 1, 3, and 4 of Table 3. The figures in Table 3 for the years
1911 to 1922 are the totals for those years as given in Table 2.
Column 2, Table 3, gives the discharge of San Juan River at its
mouth from 1895 to 1922. From 1907 to 1922 these figures represent measured records on lower San Juan River. Such records are
lacking for the period 1895 to 1907, and except for tke one year,.
1905, during which a measured record was obtained at Farmington,
N. Mex., an estimate of the annual discharge of San Jjuan River was
made by three separate methods, and an average: :of these three
was assumed to be the most probable figure. These methods were
(1) by comparison with Colorado River below the mouth of Green
River; (2) by comparison with Arkansas River at Canon Cjcty, Colo.,;
(3) by comparison with an average of the Rio Grande records near
Del Norte, Colo., and near San Marcial, N. Mex.
The computed records of Fremont and Escalante rivers for the
period 1911-1922 were extended back to 1895 by comparison with
Colorado River below the Green, and, as in Table 2, the discharge
of these streams added to that of the Colorado below the Green
gives an estimate of the water supply in the Colorado from Fremont
River to San Juan River. (See column 5, Table 3.) . The addition
of the San Juan record (column 2, Table 3) gives figures that represent the flow of the Colorado from San Juan River to Lees Ferry, as
presented in column 6, Table 3.
;

108

WATER POWER AND FLOOD CONTROL OF COLORADO RIVER

TABUS 3. Annual discharge, in acre-feet, of Green, San Juan, and Colorado rivers
for calendar years 1895-19,28
Colorado Rivet .

Year

Green
River at
mouth

San Juan
River at
mouth

1

2

1895 ____ .......... ... -_ _ 4,530,000
1896
..
.. __ 4, 320, 000
1897... _ .. .- __ . ...
6,460,000
1898. ____ . __ .. __ . . ..... 5,430,000
1899 ____ ... ___ . _ . __ 8,480,000
1900-...-..-..--.-...-. .... 3,820,000
1901 _ ... __ .. _ ... __ 4,600,000
1902.. ... .. .. ... 3,600,000
1903.,.-,...,- ........... ,-....-.. 4,960,000
1904 ____ . __ ... __ . ..... 5, 320, 000
1905, . . _ .. ,.... .... 4,120,000
1906 ..._.
_., 6,670,000
1907.. . ~.4~~~-. _ _ ,9,250,000
1908 ...................... 4,390,000
!*».__ .._ 9,040,000
1910. - . .
............. 4,900,000
Mil'..., ... ... ......... 4,360,000
1912.. __
...... .
6,420,000
»ia_ _ __._ ........ 5,530,000
1914.......... .............. 7,320,000
1915. ............... __ .... 3,730,000
1916. __ .......... __ . ..... 6,040,000
1917 ..
_ 8,660,000
1918 ........................ 5, 210, 000
1919 __ .
.. _...... 3,17^000
1920
.
. 6,270,000
1921 ____ .... ____ . ____ 7,420,000
1922. _ . _ . ____ ... ........ 6,480,000

Mean. ............

j+

5,730,000

Fremont San Juan
River to
River to
San Juan Lees
Ferry
River

Above
mouth of
Green
River

Green
River to
Fremont
River

3

4

5

6

2,080,000
1,530,000
2,660,000
1,880,000
2,380,009
1,800,000
1,700,000
847,000
2,030,000
1,500,000
2,^790,000
5,700,000
3,430,600
1,860,000
3,270,000
1,610,000
3,329,000
1,900,000
1,640,000
2,530,000
2,680,000
3,690,000
2,840,000
1,700,000
2,530,000
3,610,000
2,800,000
2.600,000

6,360.000
6,790,000
8,260,000
4,850,000
8,900,000
6,880.000
7,010,000
4,280,000
5,650,000
5,070,000
6,490,000
7,690,000
7,900,000
4,660,000
8,470,000
5,830,000
6,790,000
8,500,000
5,320,000
8,650,000
5,130,000
7, 810, 000
8, 550; 000
6,980,000
4,580,000
9,010,000
9,120,000
6,780,000

10,900,000
11, 100, 000
14,700,090
10,300,000
17,400,000
10,700,000
11,600,000
7,880,000
10,600,000
10,400,000
10,600,000
14,400,000
17, 200.DOO
9,050,000
17,500,000
10,700,000
11,290,000
14,900,000
18, 900, 009
16,000,000
8,840,000
13,800,000
17,200,000
12,200,000
7,750,000
15,300,000
16,500,000
13,300,000

11,100,000
11,300,000
15,000,000
10, 500, 000
17,900,000
10,900,000
11,800,000
8, 010, 000
10,800,000
10,600,000
10,800,600
14r700, 000
17, 700, 000
9,200,000
18,000/000
10,900,000
11,400,000
15,200,000
11, 100, 000
16,400,000
8,990,000
14,200,000
17.600,009
12,400,000
7,950,000
15,500,000
16,900,000
13,600,000

13,209,000
12,800,000
17,700,000
12,400,000
20,300,000
12,700,000
13, 500, 000
8,850,000
12,800,009"
12,100,000
13,690,000
17,400,000
21,100,000
11,100.000
21,200000
12, 500, 000
14,700,000
17, 100, 000
12,700,000
18,900,000
11,700,'000
17,900,000
20,500,000
14,100,000
W, 500, 000
19, 200, 000
19,700,000
16, 200, 000

2,350,000

6,870,000

12,600,000

12,900,000

15,200,000

PAST DEPLETION

Table 3 represents the flow of Colorado River during the period
1895-1922. At the beginning of that period the irrigated areas in
the upper basin were much smaller than in 1922. A large part of
the Water consumed by growing crops in 1922 was running to waste
in the river channel in 1895. Each new development in the upper
basin took its toll of the waters of the river. If the same climatic
conditions that occurred in the 28-year period 1895 to 1922 were to
be repeated in the succeeding 28 years and if there were no further
increase in irrigation, the quantity of water discharged by the stream
in any year in the later period would be less than that of the recorded
discharge for the corresponding year in the earlier period by an
amount equal to the increase of irrigation consumption in 1922 over
that in the given year. Therefore, to obtain an estimate of the
water ;supply in the river in 1923, for example, it would be necessary
to deduct from the recorded discharge for each year in the period
1895 to 1922 an amount sufficient to satisfy the consumptive use of
the area placed under irrigation since that year. Thus a decreasing
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minus correction must be applied to the record^ ranging" from
1,810,000 acre-feet in 1895 to zero in 1922. (See Table 6.)
This " correction for past depletion " is based on a consumptive use
of 1*4 acre-feet annually per acre irrigated. The following table,
taken from an unpublished report of the Bureau of Reclamation, 1
shows the distribution through the year of the past irrigation depletion in the upper basin of the Colorado:
TABLE 4. Monthly irrigation depletion, in acre-feet per acre, in upper basin of
Colorado River, 1895-1922
Consumptive use

March. ______ __ . ___ _________________
April..........................................................
May... ............ ............................................
June _ . _____ . _ . _ _____ .. __ . __ . _ ... ___
July ....... ....... ....... ............... ...-.........-.....
September.. _ ... ______ _________________
December __ . ______________ __________

Average
diversion

Return
flow

0
0
0
.2
.4
.7
.8
.6
.3
0
0
0

0.05
.05
.05
.05
.10
.20
.90
.30
.20
.10
.06
.05

-0.05
-.05
-.05
.15
.90
.50
.50
.30
.10
-.10
-.05
-.05

3

1.60

1.60

cent
Acre-feet Per
of total

' -11
-3.4;

+10 ;
+20
+33:3
+33. S,
+2SO
+B.7'
-$.7
-3.3
-3.3
100

Data obtained from the United States Census Bureau and other
sources were used by the Bureau of Reclamation to estimate the
area that has been irrigated in the upper basin of the Colorado.
The results of these estimates are given in Table 5:
TABLE 5. Increase in area of land under irrigation in upper basin of-Colorado
River, 1899-1922
'
" ".
Year

1899 _______ . _ .... _
..... ...
1902. ________ .............. ____
1909 __ ... ........................

Total area
irrigated
Acres
530,000
650,000
1,000,000

Total are*
irrigated

Year

1919......................... _
1922_._ ..- .__.,._,..,*,.

.
-

Acres
1,400,000

L ,500s' 000

By interpolating between the dates given in Table 5 and .^. . v
a consumptive use of lj^ acre-feet to the acre, an estimate Is made
of the water consumed each year in the upper basin. Transmountain diversions from tne upper basin, which began in 1906, increased
slowly for several years, increased rapidly through the period 1914rt
1917, and reached 115,000 acre-feet by 1922.
i Presented to the Committee on Irrigation and Reclamation, House of Representatives, February, 1924.
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TABLE 4,-r Correction for rpa&t depletion in upper basin of Colorado River,
1895-19$% ,
Total past
Area irri- Water conTra?S- Total water depletion
gated . sumed at
appli1.5
acre'
mountain consumed cable at
above
diversion
Lees Ferry, feet per
Lees
Ferry,
acre
Ariz.
Ariz.

Year

1
1895 ____ . ____ ...... ................
1896 ............. _ . _____ - .._ ..
1897 ...... .__.._ _.. ..................
1898 .......................................
1899... ..-... .............. _ .. ....
1900 __ ..... _ . .............. __ .....
1901 _ ........ ........ ..................
1902 __
_ .,. __ ...... __ ........
1903.-. -...- ....................
1904... ........ ......... ..... ..
1906 ....... nr ...'._......... ................
1906 ..
.. ........ ............
1907 .. _ ......... _ .... ____ .........
1908. _ .. _ ... ___ ......
1909.. ........... ..... .
_ T ._ .
1910.... ........ ........ ..........,..
1911 -.
_, .. .... .........
1912
1913.
19K- - -._._
-....
1915 ....-..
........, .........
1916..... ........... -...- -... .....
1917.. .- . .
. .-- .._._
1918 __ ........... . .. . __ ......
1919........ ............. _ ...............
1920 __ ........_ .......... _ ..... __ .
1921 __ - ...... ..-......... _ ... .....
1922 __ ..... ...... _ .... ____ ..... ..

Acres
370,000
410,000

450,000
490,000
530,000
570,000
610,000
650,000
700,000
750,000
800,000
850,000
900,000
950,000
1,000,000
1,040,000
1,080,000
1, 120, 000
1, 160, 000
1,200,000
1, 240, 000
1,280,000
1,320,000
1,360,000
1,400,000
1,433,000
1,467,000
1,500,000

»i

I

i

& .

Acre-feet

Acre-feet

Acre-feet
559,000

Acre-feet
1, 810, 000

555,. 000
615,000
675,000
735,000
795,000
855,000
915,000
975,000
1,050,000
1, 125, 000
1,200,000
1, 275. 000
1,350,000
1, 425, 000
1,500,000
1,560,000
1, 620, 000
1,680,000
1, 740, 000
1,800,000
1,860,000
1,920,000
1,980,000
2,040,000
2, 100, 000
2,150,000
2,200,000
2, 250, 000

1,000
2,000
2,000
3,000
4,000
6,000
6,000
11,000
16,000
36,000
66,000
86,000
86,000
96,000
103,000
109,000
115,000

615,000
675,000
735,000
795,000
855,000
915,000
975,000
1,050,000
1, 125, 000
1,200,000
1, 276, 000
1,352,000
1, 427, 000
1, 503, 000
1, 564, 000
1,625,000
1,686,000
1, 751, 000
1,816,000
1,896,000
1,986,000
2,066,000
2,126,000
2,196,000
2, 253, 000
2,309,000
2, 365, 000

1, 750, 000
1, 690, 000
1,630,000
1,570,000
1, 510, 000
1,450,000
1,043,000
"986,000
"930,000
1,165,000
1,089,000
1,013,000
938,000
862,000
801,000
740,000
679,000
614,000
549,000
469,000
379,000
299, CIO
239,000
169,000
112,000
56,000

Reduced 25 per cent because of.extre i .ely low run-off.

Column 5 of Table 6 gives the total past depletion by which the
record of discharge of the river at or below Lees Ferry, Ariz., must be
corrected to make it applicable to present-day conditions. The
years 1902, 1903, and 1904 cover a period of unusually low run-off,
and as it is probable that less than the normal amount was diverted
in those years the correction for past depletion is accordingly reduced
25 per cent.
FUTURE DEPLETION

As irrigation and the development of power in the upper basin
continue to advance, there will be still greater demands for water
from the upper tributaries of Colorado River. Losses by evaporation from new power reservoirs will occur, and new irrigated areas
will consume their share of the total run-off.
In the past irrigation has been confined mainly to the valleys of
the streams from which the water was diverted. The irrigated lands
are usually well drained, and the surplus water used has not had far
to go before appearing as return flow. Much of the area remaining
to be reclaimed lies at some distance from the streams that will supply
the water, giving greater opportunity for losses by evaporation from
canals and drainage ditches. Future diversion to lands outside the
basin will yield no return flow to the Colorado. Many regulating

FUTURE DEPLETION

reservoirs will be required to insure an adequate water-swppiy in
years of scant precipitation, and each of these reservoirs will contrib.ute to the increased evaporation losses. The consumptive use of
water for these new projects must accordingly be variably estimated
to fit the conditions of each project or area.
From information furnished by the States in the upper basin and
gathered from other sources, the Bureau of Reclamation 2 has made
an estimate of the areas in which future reclamation by irrigation^
from Colorado River is feasible. Classified into drainage areas and
somewhat condensed, this estimate is reproduced in Table 7:
TABLE 7. Summary of future irrigation development, in acres, in upper basin of
Colorado River
Near
future

Drainage area
Green Eiver in Wyoming .
White and Yampa rivers.. --....__
TJinta Basin ___ , ______
__ .. _
Colorado River in Colorado ___ ____ __ ..
.
San Juan Basin _________ ________ .. .
Colorado River in southeastern Utah ___________ .

_ .
_. .
_. 1.

Distant
future

Total

373,000
360,000
140,000
602,000
193,000
103,000

135,000
30,000
26,000
288,000
460,000
27,000

508,000
390,000
16«,009
890,000
653,000
130,000

1,771,000

969,000

2,740,000

The consumptive use of water by these areas will vary. An estimate by the Bureau of Reclamation gives a total consumption of
5,376,000 acre-feet of water annually, which is equal to an average
rate for the total area of 1.96 acre-feet to the acre. This figure includes losses by evaporation from power and irrigation reservoirs to
be constructed in the upper basin above the Glen Canyon reservoir
site. The Bureau of Reclamation estimates that ultimately the
total transmountain diversion from the Colorado River basin will be
554,000 acre-feet of water a year, or 439,000 acre-feet more than was
diverted in 1922. This increased diversion, added to the future
consumption for irrigation and power within the upper basin, gives
a total future annual depletion of 5,815,000 acre-feet.
In estimating past depletion it was recognized that during the
period of dry years 1902-1904 it would have been difficult to divert
as much water at many points high in the basin as was used in a
normal year, and accordingly the past depletion was reduced 25 per
cent for those years. It is believed that this effect will occur even
more frequently in the future, when the irrigation demand shall have
equaled or exceeded the normal low-water flow of many of the
streams. Therefore, the estimated correction for future irrigation
depletion (5,815,000 acre-feet) has been reduced 15 per cent for
those years in which the flow available at Lees Ferry with development as in 1922 (column 3, Table 8) fell below the arbitrary amount
* Unpublished report presented to the Committee on Irrigation and Reclamation, House of Representatives, February, 1924.
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of 12,006,000 acre-feet. As this shortage occurred in 11 years in the
28-year period, or only 40 per cent of thei time, and raider the same
climatic conditions would be experienced by only a part of the increased irrigated area, a reduction of 15 per cent in the depletion
estimate seems ample.
Column 1, Table 8, represents the flow of Colorado River at Lees
Ferry as computed from records of discharge in the upper basin.
Column 2 gives the estimated past irrigation depletion in the upper
basin, which deducted from column 1 gives column 3. Column 3
therefore represents the water supply at Lees Ferry that will be
available for future irrigation and power development. It is the
water left in the river with development at the stage reached in 1922.
Column 4 gives the correction for future depletion in the upper basin,
the estimated depletion being reduced 15 per cent for certain years,
as explained in the preceding paragraph. This subtracted from
column 3 yields column 5, which shows the flow that it is estimated
will be available at Lees Ferry when the demand for future development within and diversions from the upper basin shall have been
satisfied.
TABLE 8. Annual discharge of Colorado River at Lees Ferry, in acre-feet, corrected
for past and future irrigation depletion

Year

Flow as
measured
(column 6,
Table 3)

1
1895 ....... ___ . ___ . __ . __
13, sax ooo
12,800,000
1896
.
17,700,000
1897 . ....._.. .............
12.400,000
1898 ____ . __ ... _ ..........
1899..... ..................... 20,300,000
12, 700, 000
1900 ........... .. ._.......___
13,500,000
1901-- .-....-.. .............
1902 . __ .
.. _ ..... ....
8,850,000
1903. ___
_. ...
12,800,000
1904 .. __ ...... ........... __ .
12,100,000
13,600,000
1905...........
........... ...
17, -400, 000
I960.. __
..
__
21,100,000
1907 -... ...... ...........
. 11,100,000
1908 - __
21,200,000
1909
12, 500, 000
1910 ..
. .................
14,700,000
1911 ..
.
.. __ _
17,100,000
1912 .....
.
1913.. _
....
12,700,000
1914 . ___ .. ... ....... _ . ...
18,900,000
1915. ........ ......... .......
11,700,000
17,900,000
1916. __ .
_______ ....
1917
.
.
20,500,000
1918 .
14, 100. 000
1919. __ . __ ....... _ ........
10,500,000
1920. __
_ ..
19, 200, 000
1921 . . ,.. .
....
19,700,000
1922 _____
16,200,000

Flow corCorrection
rected for
for past
past
depledepletion
tion (col(column 5, umn
1
minus
Table 6)
column 2)
%
1,810,000
1,750,000
1,690,000
1,630,000
1,570,000
1, 510, 000
1,430,000
«1,040,000
986,000
930,000
1, 160, 000
1,090,000
1,010,000
938,000
862,000
801,000
740,000
679,000
614, COO
549,000
469,000
379,000
299,000
239,000
169,000
112,000
56,000
f

S
11,390,000

11,050,000
16,010,000
10,770,000
18,730,000
11, 190, 000
12,050,000
7,810,000
11,814,000
11, 170, 000
12,440,000
16,310,000
20,000,000
10,162,000
28,338,000
11,699,000
13,960,000
16,421,000
12,084,000
18,351,000
11,231,000
17, 521, 000
20,201,000
13,861,000
10,331,000
19,088,000
1O R4A. fWl

16,200,000
14,400,000

Reduced 25 per cent because of extremely low run-off,

Flow corrected for
Correction
past and
for future future depletion (coldepletion
umn 3 minus
column 4)
4
4,943,000
4,943,000
5, 816, 000
4,943,000
5,815,000
4,943,000
5,815,000
4,943,000
4,943,000
4,943,000
5,815,000
5,815,000
5, 815, 000
4,943,000
5,815,000
4,943,000
5, 816, TOO
5,815,000
6,815,000
5, 815, 000
4,943,000
5,815,000
5,815,000
5,815,000
4,943,000
5,815,000
5,815,000
5,815,000

5
6,450,000
6,110,000
10,200,000
5,830,000
12/900,000
6,250,000
6, 240; 000
2,870,000
6,870,000
6,230,000
6,620,000
10,500,000
14,300,000
5,220,000
14,500.000
8,760,000
8,140,008
10,600,000
6,270,000
12,500,000
6,290,000
11,700,000
14,400,000
8,050,000
5,390,000
13,300,000
13,800,000
10, 400, 000
8,880,000
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WATER

SUPPLY FOB POWER

A study of the data now available indicates that abotit 13 projects will be necessary for complete development of the power resources of Colorado River between the mouth of Green River, Utah,
and Parker, Ariz. The exact location of these power sites may not
be determined for some time, but for the purpose of studying the
power value of the stream the writer has selected a series of dam
sites so located that their development to full capacity would utilize
practically all the fall in that section of the river. In Table 9 an
attempt has been made to estimate the water supply available for
power at these sites.
TABLE 9. Water supply of Colorado River available below mouth of Green River,
in second-feet

Dam site

Dark Canyon ______ . .. __ ____ ,. _____
Glen Canyon ___ _____ . _ __ __________
Bedwall . ______ . __ _ . ___ ______ . __
Mineral Canyon _____________________
Ruby Canyon __ . ______ _____________
Specter Chasm ______
_ __ _______
Havasu __ _ _ . _ .. _ _____ __________
Prospect. . ____ _ .. . _ ____ ________
Travertine Canyon. . ..... _ __ . ________ . _
Devils Slide.. _____.._.____.___._.___. ..._.._.._-._.
Hualpai Rapids __ . __ _______ . __ ..... _ . _
Parker __________ . _ . _____ .... ____

With development as in 1922 (corrected for past depletion)
Witb ultimate development
Without storage
(corrected
With storfor past and
age in Glen
future deCanyon 50 per cent 90 per cent pletion)
of time
of time
1

S

S

4

19,300
19.500
20,500
20,800
21,000
21,700
22,000
22,300
22,300
22,400
22,500
22,600
22,600
22,600
22,100
22,100

7,540
9,540
9,640
10,200
10,200
10,300
19,700
10,800
10,900
10,900
10,900
11,000
11,100
11,100
11,100
11,100
11,100

4,650
5,780
5,880
6,400
6.500
6,580
6,820
7,000
7,180
7,230
7,270
7,330
7,330
7,330
7,336
7,330
7,330

«,840
12,000
12,200
12,800
13,000
13,200
13,900
14,200
14,400
14,400
14,«0
14,540
14,600
11480
13,970
13,940

Columns 1, 2, and 3 of Table 9 show the water supply available
with development hi the upper basin as it existed in 1.922. These
figures represent the water that would have been available for the
generation of power in the canyon section of the river in 1923.
Column 1 shows the, water supply available at Lees Ferry and
below, with storage in the Glen Canyon reservoir sufficient for complete regulation of the river. A mass diagram of the discharge at
Lees Ferry from 1895 to 1922, corrected for past depletion (column
3, Table 8), indicates that, evaporation being neglected, ,a storage
capacity of about 27,000,000 acre-feet will be required to yield a
regulated flow of 19,900 second-feet, the mean annual discharge
under these conditions. Computing from the same diagram the
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mean quantity of water in storage and applying t<y the corresponding area an annual evaporation of 5 acre-feet per acre of water surface gives an estimated evaporation loss of 440,000 acre-feet a year,
or 600 second-feet continuous flow. Thus 19,300 second-feet should
be available at Lees Ferry if sufficient storage were provided hi Glen
Canyon to regulate the river completely.
It should be kept in mind, however, that if storage were provided hi the basin above Lees Ferry, the amount of storage required
at Lees Ferry to effect complete regulation of the flow would be
greatly reduced. Probably the cost of such regulation would be
greater than would be warranted by the benefits accruing from it
at any time in the near future, and therefore an estimate of water
supply available at the present time, as affected by such complete
regulation, may have no bearing upon the problems that are pressing for early solution. It is possible that if large power developments are made in the canyon section below Lees Ferry, a large
regulating and desilting reservoir below San Juan River will be an
important factor in the economy of operation and maintenance of
the power plants. The estimate given hi column 1 may therefore
be considered to represent the maximum water supply that it is
possible to develop in the Grand Canyon section of the river. Some
portion of this greater supply may be utilized if the rate of power
development in the canyon should much exceed that of future
irrigation development in the upper basin.
Columns 2 and 3 of Table 9 show the flow at Lees Ferry that
may be expected under present conditions of development, without regulation, to be maintained for 50 per cent and 90 per cent,
respectively, of the time. These figures are based upon the monthly
discharge for 1911-1923 presented hi Table 2 hi columns 4 and 6.
The figures in these columns, corrected for past depletion by quantities derived by computation from those given in column 5, Table
6, indicate that the unregulated flow at Lees Ferry for 50 and 90
per cent of the time is 9,540 and 5,780 second-feet, respectively.
Between Lees Ferry and Bright Angel Creek there is considerable
inflow to Colorado River. The greater part of this comes from the
basin of the Little Colorado. The records of the gaging stations at
Lees Ferry and Bright Angel for the year ending September 30,1923.
indicate that 911,000 acre-feet of water entered the river between
these gaging stations. For the same period the Topock record shows
a gain of 1,129,000 acre-feet over the Bright Angel record. As
there is practically no inflow to the river between Virgin and Williams
rivers, the gain at Topock should be credited to the innumerable side
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canyons ami springs in the bottom of the Grand Canyon below the
Bright Angel gaging station.
The Grand Canyon section of Colorado River ends at the Grand
Wash Cliffs, near the Pierces Ferry dam site, about 45 miles above
the mouth of Virgin River. Below this point the stream flows alter-1nately between canyon walls and in open valleys. The grade of
the river here is comparatively slight, and in the Valleys the course
is meandering and the channel wide and shallow. A slight increase
above the low-water stage is sufficient to flood thousands of acres of
bottom land in these valleys. It has been estimated that the annual loss of water by evaporation from these overflowed lands between
Pierces Ferry and Topock is 380,000 acre-feet. Thus the 1,129,000
acre-feet of water gained in 1923 between Bright Angel Creek and
Topock is the net result of the inflow in the canyon section minus
the large evaporation lesses in the open valleys. The actual inflow
between Bright Angel and Pierces Ferry in that year was about
1,509,000 acre-feet.
. :
It is apparent that the total net gain between gaging stations is
not a true measure of the increase in the water-power value of the
stream as it descends from Lees Ferry. Some of this inflow is dis-:
charged as sudden, flashy floods from the larger tributary canyons
and therefore would not be available for the development of J>ower
except at certain reservoir sites that might be operated partly for
flood control. The erratic distribution through the year of thisgain
between the stations is shown in Table 10:
TABLE 10. Discharge of Colorado River at Lees Ferry, Bright Angel Creek, and
Topock for the year ending September 80, 19B8, in acre-feet, showing increase
between stations
Bright Angel Creek
Increase

.
April. .. .. ... .... .
May __ ... ___ ____ __
Jnly

._

Topock'

Lees Ferry

Month

.

289,000
399,000
397,000
373,000
339,000
447,000
1,270,000
3, 510, 000
4,960,000
2, 320, 000
1,350,000
881,000
16,135,000

35,000
27,000
40,000
28,000
30,000
52,000
40,000
60,000
80,000

Total

Increase ,

Total

90,000
429,000

324,000
426,000
437,000
401,000
369,000
499,000
1, 310, 000
3, 570, 000
4,640,000
2,320,000
1,440,000
1,310,000

43,000
3«7,000
469,000
43,000
526,000
89,000
39,000
440,000
45,000
414,000
50,000
549,000
20, WO1,290,000
3,300,000
-270,000
4SQrOQ8> . 6,120,060
390.000
. 2,710,000
' 1,60$, 000
190,000'
80,000.
1,399,000

911,000

17,046,000

1, 129, 000

; 18, 175, 000,
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The large gain in September, 1923, between Lees Ferry* and Bright
Angel Creek was caused by an unusual flood of several days' duration
which came out of the basin of the Little Colorado. It will be noted
that the increases from October to March are fairly consistent in
the two sections of the river, being somewhat larger in the lower
section, but that from April to September the increase is very erratic,
ranging in July fjom nothing in the upper section to 390,000 acrefeet in the lower section, and in May from 60,000 acre-feet hi the
upper section to a decrease of 270,000 acre-feet in the lower section.
This erratic effect is caused partly by the time required for the
water to flow between the gaging stations but chiefly by the influence of change in the amount of water stored in the river channel
with wide changes in the stage of the river. As the annnal summer
flood is large in volume and of long duration, the disturbing effect
of fluctuations in channel storage is chiefly apparent during the
months April to September. However, the increments of increase
in discharge below Lees Ferry from one power site to the next that
affect the power value of the stream 50 and 90 per cent of the time,
without storage at t*he respective sites, are not the large gains occurring during the floods of the summer but the more uniform gains
occurring during the winter.
An inspection of the gage-height records of the three stations shows
that from December 1, 1922, to March 31,1923, there was only L, slight
change in stage of the river at these stations; therefore during that
period there could have been no pronounced change hi channel storage.
The increase in flow between stations during that period has therefore
been accepted as a measure of the increase in the power value of the
stream for 50 and 90 per cent of the time.
The total increase in discharge between Lees Ferry and Bright
Angel Creek during the four-month period was 150,000 acre-feet, equal
to a uniform flow of 620 second-feet. That between Bright Angel
Creek and Topock was 223,000 acre-feet, or a continuous flow of 930
second-feet. .
During the progress of the topographic surveys of the Grand Canyon
in 1923 the discharge of all tributaries from Lees Ferry to Virgin
River was measured or estimated. (See Table 11.) Such miscellaneous measurements, of course, form tro basis for an accurate estimate of monthly or annual discharge of a stream, but they may be
and have been used here to indicate in a general way the tributaries
from which the inflow came that was measured at the gaging stations
on the main river. In apportioning this inflow to obtain the figures
given in columns 2 and 3, Table 9, consideration was also given to
the areas of the several tributary basins.

117

WATEE SUPPLY ffOR PO^EE

TABLE 11. Discharge of tributaries of Colorado River between fees Ferry and
Tppock, Ariz>
[Measurements and estimates made by E. C. La Rue]

Tributary

Threemile Wash- ....
Fivemile Wash ___
Sixmile Wash.. __ .
Badger Creek... __
Eighteen Mile Wash.
Nineteen Mile Canyon ____ ____
Twentytwo Mile
Wash. .... __ ....
Twentyfour MUe
Wash _______
T went ynine MUe
Vaseys Paradise
Springs... ____ .
Saddle Canyon ___ .
Little Nankoweap
Nankoweap Creek...
Kwagunt Creek.. _
Malgosa Canyon ....
Awatubi Canyon....
Little Colorado River.
Carbon Canyon __
Tanner Canyon __
Basalt Creek. ____
Cardenas Creek. ....
Unkar Creek ........
Se vent yfiveMile
. Creek __ . __ _
yon
_ ......
Mineral Canyon __
Asbestos Canyon __
Hance Creek ........
Cottonwood Creek..
Vishnu Creek... ____
Grapevine Creek .....
Boulder Creek ___
Lonetree Canyon ....
Zoroaster Canyon ....
Cremation Canyon _
Bright Angel Creek.
Pipe Creek... ___ ..
Horn Creek .........
NinetyoneMile Creek
Trinity Creek ___ .
Salt Creek ______
Monument Creek...
Ninetyfour Mile
Creek ___ .___
Hermit Creek ____
Boucher Creek _ ...
Crystal Creek __
Slate Creek __ .. __
Tuna Creek. .........
Agate Canyon
...
Estimated.

Distance
Disbelow
Paria charge
River
Miles
0

See.-ft.
3

Date
(1923)

Tributary

Aug.l
1
1
1
1
1
2
4
5

3
4
5
6
8
11
17
18

0
0
0
0
0
0
0
0

19
20

0 0

5
5

22

0

6

24
25.2

0
.5

6
6

90

0
.5
0

6
7
7

30.2
31.6
32
41
47
52
52.3
56
57.5
58
60
61.5
64.6
65.5
67
68.6
69.5
71.3
72.3
75.5

10
0
0
0
3.13

Seep.
0
0
0

1,500
0
0
0.
0
0
0
0
0

76
77
77.8
78
78.6
80.5
81
81.4
82.7
83.9
84.1
84.6
86
87.7
8»
60
91
91.5
92.5
93.5
94

0
0
0
0
.2
0
0.
0 .
0
0
3.0
0
0
32.8
L«
0
0
0

95
96.5
98
98
99
100.5

1.0
.6
2,0
0
.6
0

e

0
0

Sapphire Canyon ....
Turquoise Canyon ...
Ruby Canyon .......
Serpentine C anyon . . .
Bass C anyon ___ ...
Hotauta Canyon.. ___
Shinumo Creek..
Copper Canyon ......
Hakatai Canyon.. ...
Walthenberg Canyon
Garnet Canyon ... ...
Elves Chasm .. ......
Hundred and Nineteen Mile Creek ...
Hundred and Twenty
Mile Creek . _ . ...
Hundred and
Twenty-two Mile
Creek ______ ..
Forster Canyon ..,_

H undredand
Twenty-seven mile
Creek ___ .........
Hundred and
Twenty-el g h t
Mile Creek __ ...
12
12 Specter Chasm.. .....
1 Hundred and Thirty
Mile Creek ____
»
13 Galloway Cannon _ .
1O
13 Hundred and Thirtythree Mile Creek...
14
14 Tapeats Creek,. __ ..
8
9
11

14 Springs 300 feet below
14.
Deer Creek _,
14 Fishtail Canyon .....
14 Hundred and Forty
15
' 15
16
17
21
21
21
21
22
22
22
22
22
23
25
28
28
28
28
28
28
28
30
30
30
30
31
31

Mile Canyon ......
Kanab Creek _J_

Malkatamiba Canyon _
»
Hundred and Fifty
Mile Canyon
Green Alcove, small
spring. .
^
Sinyala Canyon.. ....
Havasu Creek *. .....
Hundred and Sixtyfour Mile Cattyon..
Cataract Canyon ..
Fern Glen Canyon ...
Stairway Canyon
Gateway Canyon .
Bed Slide Canyon ...
Lava Falls, iFarm
Springs . __ . _
Hundred and E. ghtyeight MUe d nyon.
Hundred and Ninetytwo Mile Catiyon..
Hundred and Nfnetythree Mile Canyon.
Boulder Wasfaj _ ...
Hundred and Ninetyfour Mile Cattyon..
Hundred and Ninetysix Mile Creek..

Distance
Disbelow
Paria charge
River
Miles
101

102
104.5
108
107.5
107.7
106.5
110
111
112
114.5
116.5

Date
(19 )

Sec.-fl.
0
Aug. 81
0
0
0
0
0
15.5
0
0
0
0
.5

Sept.

31
1

1
*82
4
4

5
6
6

110

0

5

120

0

6

122
123
125

0
0
0

6
6
6

127

0

6

127
129

0
0

6
6

130.4
131.6
131.8

2.0
«.9
1.2

7
7
8

133 <
133.6
136.2

0
93.9

8
9
10

136.3
139

4.0
0

10
10

140
143.5
145.5

0
3.8
0

10
11
12

148

1.0

12

150

13

151.8
153.3
156.7

0
".2
0
74.5

1645
166.5
168.1
171
171.5
174.3

0
1.0
.5
0
.5
0

15
16
16
17
17
17

179.3

15.0

18

0-

22

182

0

23

192.7
193.1

0
0

23
24

194.5

0

24

196.5

0

24

188

13
13
13

.
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TABLE ll.^-Discharge of tributaries of Colorado River between Lees Ferry and
Topock, Ariz. Continued
Tributary

Parashont Wash __
Two Hundred and
Nine Mile Canyon,
Granite Park CanFall Canyon _____
Two Hundred and
Fourteen Mile
Creek __ . ____
Two Hundred and
Two Hundred and
Trail Canyon __ _
Twenty Mile CanGranite Spring CanTwentytwo Mile
Canyon . _____
Diamond Creek. __

Distance
Disbelow
Paria charge
River

Date
(1923)

Tributary

Miles Sec.-ft.
198.5
Sept. 25
0
».3
204.3
26
206.6
27
0

Two Hundred and
Twentyeight Mile
Canyon ___ . __
Travertine Canyon..
Travertine Falls __

208.7

0

27

209
211.6

0
0

28
29

214

0

29

215

92

215.6

0
.2

30

Small Waterfall __
Travertine Warm

217.4
219.3

0
0.

30
30

Do __ . __ ...
Do ____._ .-.
Do __ - .
Travertine Warm

219.8

0

Oct.

1

Seep.

1

222

0

1

223.7
225.8

0

220.4

2.2

1 Estimated.

Distance
Disbelow
Paria charge
River

Gneiss Canyon _ .
Spencer Canyon. __
Surprise Canyon
Reference Point

Grapevine Wash ....
Grand Wash ____
Salt Springs Wash...

Detrital Wash _ . _
CallvilleWash.. .....
2 Las Vegas Wash __
4 >

Miles
228
229
230.5
235
235.7
239.5
246
248.4
249

Date
(1923)

Sec.-ft.

Seep.

Oct.

6
7
8
8

1.6
°.5
».2
0
".2
4.4
«. 5
".7

0
!1
13
13

252.3
255.3
259. 8 :

".2
0
(").

13
, 13
15

267.7
268.7
269.2
274.2

(")
(").
<*)
( b)

15
15
15
15

276
279.3
284.6
301.4
307.4
323
325.5
343
348. 3

<2
0
5.

15
15
15
16
16
16
17
17
17

«.a

0
Seep.
0
0
0

9

* No estimate.

Column 4 of Table 9 is an estimate of the water supply that will
be available in the canyon section when ultimate development for
power and irrigation has been reached in the upper basin. At that
time there will be more or less complete regulation of every large
tributary in the upper basin, incidental to the development of water
supply for many new power and irrigation projects. As a result, a
very moderate amount of storage will be necessary in Glen Canyon
to afford complete regulation of the flow at that point for power.
The mean given in column 5 of Table 8 (p. 112) represents the estimated amount of water that will be available at Lees Ferry after
complete development in the upper basin has been reached. The
figures in this column indicate that the annual flow at Lees Ferry
might range from 2,870,000 to 14,500,000 acre-feet. Probably, however, no such range would occur. As the flow would be regulated
for the development of power and as there would be only a small
variation in the amount of return flow from year to year, it is apparent that there would be but a relatively small annual variation in the
amount of water reaching Lees Ferry. A small amount of storage
in Glen Canyon would make possible a fairly complete regulation of
the flow at Lees Ferry. It therefore seems reasonable to believe
that in the distant future 12,000 second-feet or more can be made

WATER BtT'PPLY FOE 3POWEB

available for developing power at Lees Ferry and l in the eimjpon *
section below.
\
^ :> T il - >.- fi
If the power plants that may be built below Lees Ferry ;are t& be
operated in conjunction with a plant at that place te develop a
maxinmm of power from the stream it would be
the flow of the river at Lees Ferry in such a way that the
use could be made of the inflow from the streams below that point.1
For this reason the figures showing the increments of increase in flow
from site to site in columns 1 and 4, Tabl^ 9, are based ;upon the
total annual inflow to the river. The onty exception to .this is ia
the section between the Redwall dam site and the Mineral Canyon
dam site. The Little Colorado enters the Jnain stream in tiiis -section, and it is believed that future irrigation1 development ini!the
basin of the Little Colorado will decrease thte mean 'annual' discharge
of the stream about 50 per cent at its mouth.
:
In column 4, Table 9, allowance has been !made for losses by evap*
oration from the reservoir in Glen Canyon. Power reservoirs
through the Grand Canyon will change the1 character of the stfeatisj
in that section to such an extent by reducing velocities tod smotiher-'
ing rapids that it is difficult to determine their effect upon ev^apora-*
tlon from the water surface. The total reservoir area between Lees
Ferry and Havasu Creek will be about 14,200 acres, or 9,500 acres
greater than the natural stream surface, but toy tendency to increase
of evaporation because of the larger surface! area may be offset by a1
lower rate of evaporation from the quiet water. Therefore; no -alow*
ance has been made for losses by evaporation in the canyon region
between Lees Ferry and Havasu Creek.
'>
The figures given in column 4 of Table 9 represent thfc water supply available at each of the several dam sites after- 'that 'part of the
river above the site has been developed in accordance with the plan
outlined in this report. ,For the sites belo\nf Havasu Creek a correction was made for losses due to evaporation from the water surface
of reservoirs. The methods used in estimating the water supply
available at the dam sites below Havasu Creek are explained in the
next paragraph.
For the year ending September 30, 1923,) the measured discharge
of Colorado Eiver at Topock, Ariz., was 1,129,000 acre-feet, or 1,560
second-feet, greater than the measured discharge at the Bright Angel
gaging station for the same period. With ultimate development,
the inflow from Virgin River and other tributaries .below Bright;,
Angel will have been reduced. The amount of such reduction ;i$,j
inflow can not be estimated, accurately, but it seems reasonable' to.^
assume that the net measured inflow between Bright
Topock will be reduced from 1,560 second-feet to
45568° 25
9
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The flow of the river at the Bright Angel gaging-station, with ultimate development above this point, has been estimated at 12,900
second-feet; adding the net inflow of 1,300 second-feet just referred
to gives 14,200 second-feet as the flow available at Topock. Between Pierces Ferry and Topock losses by evaporation estimated at
530 second-feet occur. In this section of the river there are large
areas subject to overflow during floods, and even at ordinary stages
the width of the river is relatively large. The area of the land subject to overflow and the area of the river channel were measured,
and by applying figures showing monthly rates of evaporation to
these areas, the total annual loss of water by evaporation between
Pierces Ferry and Topock was found to be 384,000 acre-feet, which
is equivalent to a uniform flow of 530 second-feet. The, flow at
Pierces Ferry would thus be equal to the flow at Topock (14,200
second-feet) plus the loss of water between Pierces Ferry and Topock
(530 second-feet), or 14,730 second-feet.
By applying the net gam in water supply between the successive
dam sites, figures were obtained that represent the water supply that
would be available at each dam site below Havasu Creek without
development on this section of the river. If dams were built at the
sites below Havasu Creek, as outlined in this report, the available
supply would be reduced through the lo&s of water due to the fact
that the water-surface area of the reservoirs would be greater than
the afea exposed to evaporation under natural conditions. Table
12 is presented to show .how the water supply would be affected by
the construction of dams on the lower river. The figures given in
the first and last columns of this table are rounded, and those in the
last column are the same as those given for the respective dam sites
in column 4 of Table 9.
TABLE 12! Water supply, in second-feet, of Colorado River between Bright Angel
gaging station and Parker, Am., with ultimate development of the water
resources

Site

Bright Angel gaging station ___ _____

With ultimate development
With ultibelow Bright Angel gaging
mate destation
velopment
Present
in upper Net Inbasin but flow be- evaporaloss Reservoir loss by
tween tion
without
evaporation
Net
developsites between
between sites
sites
water
ment toesupply
low Hav.available
asu Creek
Net
Gross

12,900
13,900
14,500
Ttev^ls SWe ,., ,.,,.14,600
Pierces Ferry.--.;... _____ . __
14,730
.,- 14,720
14,690
,. 14,200
Parker _
_____
14,320

1,000
600
100
130
-8
31
-487"
125

i
26
4
4
8
31
487
25

86
6

61
2

67
121
508
180

55
90
21
155
-

12,900
13,900
'14,440
14,540
14,600
14,480
13,970
13,940
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WATER SUPPLY FOR IRRIGATION

A gage-height record for Great Salt Lake has been kept since 1875.
Prior to that date the value of such a record was not appreciated,
and the early settlers in that region kept no systematic records.
Their fanning and stock-raising activities, however, brought them
into close contact with the shores of the lake, and the location of the
shore line on gently sloping beaches at several definite dates before
1875 is very clearly fixed in the memories of some of the pioneers.
This traditional evidence has been gathered, and the levels so obtained have been referred to the datum of the existing gages in the
lake, thereby extending the hydrograph of lake levels back to 1851.
From these lake levels, with proper allowance for evaporation from
the lake surface by the aid of an area diagram, has been computed
the annual inflow to Great Salt Lake from 1851 to 1922. Practically
all of this inflow has come from areas imntediately adjoining the
upper basin of Colorado River and therefore may be expected to show
a definite relation to the run-off from the Colorado basin. A study
of this relation through the 28-year period 1895 to 1922 shows that the
greatest variation in that period occurred in1 1908, a variation of 29
per cent from the curve. In three other year$ the variation was more
than 20 per cent, but for 16 years of the 28-year period the discharge
of Colorado River varied from that given by the curve less than 10
per cent.
By means of this relation with the inflow to Great Salt Lake, the
figures showing the discharge of Colorado River at Lees Ferry have
been extended back to the year 1851. It is recognized that estimates
so made may be considerably in error for any single year, especially
prior to 1875, but it is believed that they are sufficiently reliable to
indicate in a general way the periods of high and low run-off from
the upper basin of the Colorado. The 72-year figures thus obtained
have been corrected for past and future depletion and are presented
hi the form of a hydrograph. (See PI. LXXIV.)
What would have been the mean annual discharge of Colorado
River through this 72-year period under conditions of present development and also under conditions of ultimate development in the
upper basin does not differ materially from the corresponding figures
for the 28-year period 1895 to 1922, which were presented in Table 8,
the actual difference between the two sets of means being less than
1 per cent. However, the hydrograph (PI. LXXIV, O) for conditions of ultimate development discloses the very significant fact
that the 20-year period 1886 to 1905 was an unusually long period'
of low run-off, the mean annual discharge for this period under those
conditions being but 6,750,000 acre-feet.
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The hydrograph in Plate LXXIV, D, shows the flow at Lees Ferry
under conditions of ultimate development in the upper basin, in 10year progressive periods. This diagram indicates two groups or
series of five 10-year progressive periods each, in which the run-off
was less than 75,000,000 acre-feet during each 10-year period. It
also indicates that the flow of the river when annual fluctuations are
eliminated by considering long-time progressive periods may show a
tendency to run in cycles of high and low average run-off. Thus for
the first five periods it is very uniform and moderate. In the next
seven periods it rises steadily, and not until 18 periods have been
completed does the 10-year total recede to its former amount. Then
follows a series of 23 periods of moderate or low flow, which extend
through the dry years 1900 to 1905. For the last 17 periods the
hydrograph shows a gently ascending slope and indicates that the
flow in the river during the last 20 years has been greater than
might reasonably be expected to be maintained as a basis for a reliable water supply.
ADEQUACY OF WATEB SUPPLY

In Table 9 the last column represents the regulated discharge of
Colorado Kiver at a time when ultimate irrigation development shall
have been reached in and adjacent to the upper basin. The lowest
point on the river for which this discharge has been computed is
Parker, Ariz. With the Mohave reservoir in use to re-regulate the
flow to conform to the seasonal variation in demand for irrigation hi
the lower basin, the annual discharge at Parker may be taken as the
total supply available for irrigation in and adjacent to the lower
basin of the Colorado. This discharge, 13,940 second-feet, is equivalent to 10,093,000 acre-feet a year.
TABLE 13. Irrigable areas and water needed for ultimate development in the United
States below Parker, Ariz.
Water diReturn
(gross flow
(1.5
Irrigable verted
duty 4.5
areas
acre-feet
acre-feet per
acre)
per acre)

Area

Parker-Gila Valley project:
Between Parker and Palo Verde Valley ______
Palo Verde Mesa, gravity _______________
Chuckwalla Valley, pjimp _____________
Parker Mesa, gravity ________ _ __ __ .Parker bottom land, gravity . ... _ . __ _____
Cibola Valley, gravity.. ____ . _________
Gfla Valley, pump ___________ ... _____
Yuma project:
Gravity _________ _ ______ .... ___ ...
» Pump ______________ _ _____ __
Imperial irrigation district _________
__
Imperial Valley extension:
Gravity ________ . _ : ___ . ___ ,. __ ...
,
' Return flow available to lands in Mexico only.

Acres
60,000
79,000

Water consumed

Acre-feet
225,000

Acre-feet
75,000

Acre-feet
150,000

20,000
OK nnn
136,000
4,000
8,000
104,000
16,000
632,060

355,500
«0,000
112,500
612,000
18,000
36,000
468,000
72,000
2,844,000

69,000
61,000
515,000

310,509
274,500
2,317,500

«103,500
°91,500
0

310,500
274,500
2, 317, 500

385,000
200,000

1,732,500
900,000

0
0

1, 732, 600
900,000

2,304,000

10, 368, 000

118,500
30,000
37,500
0
6,000
12,000
156,000
24,000
948,000

237,000
60,000
75,000
612,000
12,000
24,000
312,000
48,000
2,844,000

9,909,000
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TABLE 14. Annual supply and demand in acre-feet for Colorado River water
below Parker, Ariz.
Demand

Loss in channel below Parker _________ . ____ _________ ___
Return flow from Gila Valley __ __ ________________________
Return flow from Yuma project _____________ . ____
____
Present demand for irrigation of 190,000 acres in Mexico at 4.5 acre-feet per acre..

500,000
9,909,000
855.000
11, 264*000

Supply
10,093,000
948,000
195,000
11,238,000

As shown in the preceding tables the total ultimate demand in the
United States below Parker, plus the loss in the river channel below
Parker, will exceed the total supply at Parker by about 300,000 acrefeet. If 60,000 or 70,000 acres in the lower part of the Imperial
Valley should receive a water supply from the return flow and waste
water from lands higher in the valley, this apparent shortage for
lands within the United States might be eliminated.
When the Yuma project is completed and when 600,000 acres is
irrigated in the lower Gila Valley, the return flow from these lands
should be ample to irrigate about 200,000 acres in Mexico. This
is approximately the area in that country irrigated from Colorado
River in 1924. The total area in Mexico upon which it is feasible
to use Colorado River water is estimated at 1,000,000 acres. If all
of this land should be irrigated, the deficiency in the water supply
for lands within the United States would amount to about 3,600,000
acre-feet, or enough to irrigate 800,000 acres.
It is recognized that the use of water by municipalities for domestic
purposes is a higher use than that of irrigation. There are over 50
cities in the coastal region of southern California, most of which
within a few years will have outgrown their local water supplies. If
the population of this region continues to increase, a new source of
domestic water must be found. The city of Los Angeles is planning
to carry 1,500 second-feet of Colorado River water across the desert
and through the mountains for the use of its citizens. The diversion
of 2,000 second-feet from the river for domestic consumption in
southern California may be an accomplished fact before ultimate
irrigation development shall have been attained in the upper basin
of the Colorado. This use of water may further deplete the supply
for irrigation in the lower basin by 1,450,000 acre-feet annually.
From these estimates it appears that when ultimate irrigation
development is reached in the upper basin of Colorado River there
will be an annual shortage of 5,000,000 acre-feet in the lower basin,
an amount sufficient to irrigate 1,100,000 acres of land.

APPENDIX B. GEOLOGIC KEPORT ON THE INNER GORGE
OF THE GRAND CANYON OF COLORADO RIVER
By RAYMOND C. MOOBE
INTRODUCTION
SCOPE ANT> PURPOSE OF THE REPORT

The following account of the rock formations of the Grand Canyon
of Colorado River undertakes primarily to describe those geologic
features which are involved in any plan to control the floods and develop the water power along this stream. Connecting with surveys
and geologic studies on the river above and below, this report covers
the canyon country between Lees Ferry, Ariz.,4rid the Grand Wash
Cliffs, near the Nevada boundary, a distance along the river of nearly
280 miles. Through all of this distance the river flows in a continuous deep canyon.
PREVIOUS GEOLOGIC WORK

The earliest exploration and geologic study in the Grand Canyon
was undertaken by John Wesley Powell in 1869-1872.1 The general
geographic and geologic information gathered by this pioneer geologist was of great value, but detailed information concerning the
canyon has come mainly from subsequent investigators.
In 1871 G. K. Gilbert 2 accompanied an expedition that ascended
the Grand Canyon from the Grand Wash Cliffs to the mouth of Diamond Creek, and hi his report he described the rpck formations and
structure of this part of the canyon. The general geologic features
of the canyon, especially those that may be seen in the more easily
accessible Kaibab division^ near Grand Canyon station-* are known
from the reports of a number of able observers.3
1 Powell, J. W., Exploration of the Colorado River of the West and its tributaries, 1875.
* Gilbert, G. K., Report on the geology of portions of Nevada, Utah, California, and Arizona, examined
in the years 1871 and 1872: U. 8. Geol. Surveys W. 100th Mer. Rept., vol. 3, pt. 1, ppl i7-187,1875.
»Darton, N. H., Reconnaissance of parts of northern New Mexico and northern Arizona: U. 8. Geol.
Survey Bull. 435,191Q. Button, C. E., Tertiary history of the Grand Canyon district, with atlas: U. S.
Geol. Survey Mon. 2,1882. Walcott, C. D., Pre-Carboniferous strata in-the Grand Canyon of the Colorado, Ariz.: Am. Jour. Sci.,3dser., vol. 26, pp. 437-442,1883. Ransome',!"- &., Algonkian. rocks of the
Grand Canyon of the Colorado: Jour. Geology, vol. 3, pp. 312-330, 1895. Noble, t. F., The Shinumo
quadrangle, Grand Canyon district, Ariz.: U. 8. Geol. Survey Bull. 549,96 pp., 1914 (contains a detailed
bibliography); A section of the Paleozoic formations of the Grand Canyon,at the Bass trail: U.S. Geol.
Survey Prof. Paper 131, pp. 23-73,1922. Noble, L. F., and Hunter, J. F., Reconnaissance of the Archean
complex of the Granite Gorge, Grand Canyon, Ariz.: U. 8. Geol. Survey Prof. Paper fl8, pp. 95-113,1916.
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Except Powell and Gilbert, no geologist has previously had opportunity to study the rock formations along the river for any distance,
and none of the previous investigations have been concerned with
the problems connected with control of floods and development of
water power.
FIELD WORK

Accompanying the expedition under the direction of C. H. Birdseye, which between August i and October 19, 1923, traveled by boat
down the river from Lees Ferry to Needles, a distance of 456 miles,
the writer had opportunity to make careful observations of the rocks
in the bottom portion of the canyon. Besides studying all geologic
features along the route in as much detail'as was permitted by the
available time, he gave special attention to all sections of possible
importance hi connection with river control and development.' Certain features were advantageously discussed on the ground witt, the
hydraulic engineers, Messrs. E. C. La Eue and Herman Stabler, and
the writer desires here to acknowledge their assistance and that of
the topographic engineers, Messrs. Birdseye and Rl W. Burchard.
ROC£ FORMATIONS OF THE GRAND CANYON DISTRICT
GENERAL SECTION

Because previous detailed descriptions'are readily available, and
because all the rock formations that make up the walls of the Grand
Canyon do not have important bearing on the subject of this report,
it is unnecessary to record minutely and in systematic order the rocks
of these formations. A brief summary, accompanied by a diagrammatic geologic section (PL LXXV), is presented here, and further
consideration is reserved for the discussion of river development.
The rocks of the Grand Canyon district comprise (1) a slightly
warped and locally broken but nearly flat-lying series of alternating
limestone, sandstone, and shale, about 4,000 feet in average total
thickness; (2) an older sedimentary series of great thickness, in
which the beds are now considerably inclined; (3) a complei: mass
of crystalline rocks, chiefly granite and schist. The first series
rests in some places upon the beveled edges of the second and in
others upon the crystalline complex, which, also underlies the inclined
sedimentary series. (See PI. LXXVI.) These three series represent respectively the Paleozoic, the Algonkian, and the Archean
divisions of geologic tune. The hardness 6f the several rock formations in these divisions and hence their resistances to erosion differ
greatly, and to these differences practically all the features in the
sculptured canyon wall are due. The hard rocks form cliffs,, and the
soft formations make 'slopes; the portions of the valleys carved in
weafe.beds are wide, and those in resistant rocks are steep-sided and

WATER-SUPPLY PAPER 556

U. S. GEOLOGICAL SURVEY

4;OOO-

PLATE LXXY

SECTION AT BASS TRAIL WITH PARTIAL SECTIONS AT HERMIT TRAIL INSERTED TO SHOW STRATIGRAPHIC
FEATURES THAT ARE OBSCURE OR LACKING AT BASS TRAIL. BY L.F.NOBLE.

SECTION IN CANYON OF KANAB
CREEK BETWEEN SH1NUMO CAN
YON AND COLORADO RIVER
BY C.D.WALCOTT
A, 150ft. Gray cherty lime
stone. Chert light colored,
weathering black. Upper
portion very fossiliferous;
BeUerophJon-rDentalium,
AvicvM>t>ecten,. etc.

DIAGRAMMATIC PROFILE,
THICKNESS.AND LITHOLOGIC
CHARACTER OF STRATA

GROUP

AND
FORMATION

SURFACE OF COCON1NO PLATEAU
fleyation 665Zft.athead of trail

Rim of Grand Canyon

8 ZSOft. Massive cherty limestone. Chert in nodulesihmujSft,
outcentral portion; also in thin
layers coincident with the bedding at summit and base.
Very fossiliferous:
Productus ivesi.etc-

Gray crystalline limeetone,very 6/ssitifer> into alternating beds,
ery cherty limestone
buff calcareous fane
stone. Fossils:

Productus ivesi.etc.

D,IZSft. Alternating layers of
' sum and light-colored
able sandstone.

DIAGRAMMATIC PROFILE,
THICKNESS AND LITHOLOGIC
CHARACTER OF STRATA

134ft.
Buff sandstone and
limestone, passing at
top into massive sili-

ed calciferous sandstone.
Casts of fossils near the base

SECTION AT HERMIT TRAIL
eaSSOftr
Pale-buff f
',conspicuously
Cross-bedded sand
stone formini a
sheer cliff. Tracks
of small, reptiles
abundant from IW
{;, toZOOft.above bast
Hermit trail
I ISftwtcrosi

530ft.
Rale-buff fine-grained^
' vously crosstedded sandstone
Al, ZSSftBright red sandstone. Firm atthe summit of
the bed, but broken below into
layers by bands of friable
sandy shale.

3f>oo-

Basal 6ft. not crossbedded.
332 ft.
brick-red sandy
e and fine-grained
riable sandstone,
upper portion charge terized by concretion- ij
ary structure.

AZ- 270ft. Partially crossbedded bright-red sandstone,
passing down Into evenly
bedded layers SOft. from
the top.

A3, fSOft. Thin stratum offray
sandstone foUomrdbysomsivtat
massive layers ofdeeo-red
sandstone with partings of

ft.

Alternating beds ofreddish soft pety sandstone
and buff massive crossbedded sandstone pass
ingdonn into heavy
bSsof reddish purplish,
and buff massive
bedded sandstone m'th
sandy

friable shaly sanastcne and
tercalatea layers of gray sardstone near the base.
(Section discontinued at
this bed <3nd resumed 4
down the

B_315ft. Massive cross-bedded sandstone; ^ra_f,purp!s1
and buif_mth dark-red partings. Locsl bands of limestone,
most of them less than 2ft.
thick,occur at several horizons.

e and fine gr,
ed friable sandstone,
upper portion characterized, by concretionatructure.
Plant fossils in lower

UNCONFORMITY
A not measured
\Jttemating beds of reddish soft pl**y
\lagdstone and buff massive cross-baddea
sandstone, passing down into heavy
.beds of raddiah, purplish, and buff
Was/ye cross-beSSed sandstone, with
V-ii-Vi-J_ _ _ _ i. _ partings offed sandy^hale. _ _
Estimated thickness of Supai formation at HermiS

B,43Sft.
sandstone
frith a fen tti'm beds of
times-tone sndaptvminent bed of limestone

portion heavy beds of
reddish and buff c
bedded calcareous sandstone separated by thin
beds of limestone or
red shale.

Dl, 72ft. Cray cross Bedded

sandstone. Upper surface

Red sandy shale.purplish and gray Kme"red chert,
and reddish to buff calcareous sandstone
Sand increasingly
abundant toward top.

2,000-

A^ 255rL Arenaceous beds
pith pink chert..passing down
into shaly fimes&ne^brecciotea
arenaceous
cherty beds,and
"
ith redchert.
ferous at
Kanab Creek butare reported
by Gilbert to contain fossils
of Pennaylvanian age at othei

Massive gray crystalline
limestone forming a
sheer dtffjupper portion
obscurely and heavily
bedded; middleportion
distinctly bedded and
containing thin layers
of chert and sand;
Imrer portion heavily
bedded,sandy and
rna&nesian. Poorly
preserved fossils occur
'ddle portion and

B, 477ft. Massive
limestone rriih a Few
calated beds of light-colored
chert.weathering black,near
the summtt,and a similar
band ZOO ft. below. Fossils
throughout but more abundant near the summit

dalisJZaphrentis, Syrinyo
panz^Spirifer; etc.

THICKNESS.ANO LITHOLOGIC
CHARACTER OF STRATA
SECTION AT HERMIT TRAIL
Heavy bedt of cross-bed'ded calcareous sand* stone, not measured

KSfttDistinCOy bedded
gray limestone with partings of chert end s*nd.
fbssiliffnus: Spirifer

ttddeJamtinpart confomfrotfc
Lower oortifn contains

1,000-

C./45ft. Gray limestone witff
chert in layers of nodules
coincident with the. bedding
veryfossiliferous in central
and upper portions._____

and piety Pj
micaceous sandstoneer
shale.
fossiliferous:

Gray end buffiiiin-bedded mottled limestone.

A, ISSft-Massite impure
limestone,more or lessaren
aceous throughout,
mottled in places »Ttb
purpla.

D, lOOfLGreen arenaceous
and m>caceoussta/r,iKth tnm
f jfray sandstone.

emple ButU
limestone

Buff calcareous sardstone.

IOOft.Buff_gray,andpurplish
calciferous aandrockanalime
stonf. FtshpJatesinlanrer

C 450ft Gray and drab
thin-bedded mottled limestone,mas3ive&t base and
top; arenaceous shaly
partings occur at various
horizons; many beds con sist in part of smalt flattened, limestone fragments
fossils: Ptychoparia,

sandstone

Upper portion redfriakk
sandstone and

C, 160 ft. Alternating purplt
and red sandstones, more
friable than B.

1,500-

Coconino

4.35ft. MfiitecrossoeoVedss

Massive chocolate crossbedded sandstone forma sheer- cliff.

* Compiled from published report
ana unpublished notes

Unkar group of
Srand Canyon
series resting unconformably on
Archean granite,
schist

COLUMNAR SECTION OF THE PALEOZOIC STRATA OF THE GRAND CANYON AT BASS TRAIL
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PLATE LXXVI

^^^^r^^^

SKETCH MAP SHOWING
AREA REPRESENTED

W^^^^^SSlM^M^!^^
yajo and Win^ate sss.
i nle forrnati ori
Moenkopi shale

DIAGRAMMATIC REPRESENTATION OF A PART OF THE GRAND CANYON AND THE ADJACENT PLATEAU COUNTRY

&IPOBY OK INNER GORSB OF QEANI> CANYON t-~ 1ft!
narrow. This general relation betweea the strength of the lock
formations and their topographic expression prevails throughout
the Grand Canyon district.
:
;The stratigraphic position and general 4ithologie character «f the
rocks in this region are shown in the following summary:
Rock formations in the Grand Canyon+districl
Age

Thickness
(feet)

Lithologic character

1,100-1,200

Massive buff reddish to cross-bedded
sandstone; forms high precipitous cliffs.

1,000±

Blue and variegated sandy and limy shale,
with included thin sandstones; forms
slopes.

Shinarump conglomerate.

50-100

Medium to coarse-grained hard light-gray
grit and conglomerate; forms escarpments.

Moenkopi formation.

500

Dark reddish-brown sandy shale and
shaly sandstone, with thin beds and
veins of gypsum; forms slopes.

400-600

Dense, hard crystalline cherty and magnesian limestone, fossiliferous, massive;
forms sheer <jliSs.
: .

50-600

Massive buff cross-bedded sandstone:
forms cliffs.
~ J : -'- : .

150-650

Soft red sandy shale and shaly sandstone;
forms slopes.
"
J

Qroup and formation.

Jurassic.

Navajo sandstone.

Jurassic or Triassic.

Wingate sandstone.
Chinle formation. ,

Triassic.

Kaibab limestone.

Permian.

Coconino Sandstone.

, ~t '.
Hermit shale.

Pennsylvanian.

Supai formation.

900-1,200

Bard flne-«rainederoiS'beddedF«Uowaa^( .
reddish-brown sandstone, with' interbedded red smndy^tjate and in lo^er pert ,
hard bluish limestone; forms cliffs'.
_

Mississippian.

Redwall limestone.

500-700

r

'

C-.

; .- ':

Massive bluish, limestone,, Obscurely bed-'
ded; forms sheer cliffs.
K

Devonian.

Temple Butte limestone.
MUST limestone.

to thin-bedded bluish-green mofr .
350-900 Massive
tied magnesiarf limestone, snaty ana*
(?) . sandy
in Jow,er pfurt.
. <r*,: ip M ,. , jf?

Bright Angel
shale.

i >'' r- -,
i
""*'; v-' ' ' *
Soft greenish to brown micaceous sandy
shale,
with
bedfiof
massive
b^rdjinqgne52-400 * sian limestone fn upper part,
in western
part o£ djstrtet; I/ ]
>*;' ;;
J-1

PC

Upper Cambrian.

"!

Light tan to white and variegated purplish
limestone and limy sandstone, present,
0-125
oaly locally.
''
;!

O

Tapeats sandstone.

0-300

Tan to brown massive, irregularly cross-. ,
bedded hard quarteiti* sandstone- and '1
grit; forms dura; contains slope-forming
sandy shale and^ialy sanastoae in-upper - '
part to the west.
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Roek formations m tike Grand ten#tfn district Geatinaed
Age

Group and formation.
Chua

ft
Algonkian (Grand
Canyon series).

Thickness
(feet)

. j.

.0-$ 120 BeddisTj-taawn sandstone and shale.

' .

Dos sandstone.

2,300

Micaceous greenish-gray to red-brown and
vermilion shaly sandstone, ripplemarked and cross-bedded.

8 h i n u mo
quartzite.

1,560

Hard, compact cross-bedded sandstone and
quartzite; forms cliffs.

Hakatai shale.

680

Clayey to sandy red shale and sandstone;
forms slopes

Bass limestone.

335

White to bluish hard, dense, massive to
medium-bedded magnesian crystalline
limestone; forms cliffs.

Hotauta conglomerate.

0-30

fa

Archean.

"vr " Littologie character

Vishnu schist.

1,000+

Arkose, coarse conglomerate.
Complex of crystalline rocks, including
quartz, mica, and hornblende schist,
gneiss, granite, amphibolite, greenstone,
and pegmatite.

ME8OZOIC BOCKS

The Mesozoic formations included in the foregoing table are mostly
lacking in the immediate vicinity of the Grand Canyon, but they are
prominent near the head of Marble Gorge, and in places, as at Sbinumo Altar and Cedar Mountain, near Marble Gorge, outliers of
Triassic rocks occur net far frdm the canyon rim. The Mesozoie
rocks are exposed in a broad eastward-trending band just north of
the Grand Cajnyon upwarped area and in the Echo Cliffs, which
extend southeastward from the "head of Marble Gorge. Notice of
these rocks is desirable here, first to indicate the relations of the
main rock formations of the Grand Canyon to those of Glen Canyon^,
in which Colorado River flows for a long distance above Lees Ferry.
The geology, of Glen Canyon has been described by Longwell and
others.4 In the second place, the Mesozoic rocks are sufficiently fiear
the Grand Canyon, especially the Marble Gorge division, to warrant
an exaiftinatioti of their .possible value in furnishing materials for use
in constructing dams ut places within the canyon.
Nawjoand J¥inqet,te sandstones. A. very prominent high sandstone
escajfoamt (VermiyQB'<3^fs) that trends irregularly westward from
the head of Marble Gorge* at Lees Ferry and an equally notable
straight line of cliffs (Echo Cliffs) that extends southward from Lees
Ferry are formed by the resistant massive cross-bedded sandstones
which elsewhere in the* Colorado Plateau country have been drfferen*Longwell, C. R.,and others, Eock formations in the Colorado Plateau of southeastern Utah and
northern Arizona: U. S. Geol. Survey Prof. Paper 132, pp. 1-23,1923.
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tiated, from the top down, as the Navajo sandstone, Todilto formation, and Wingate sandstone. These subdivisions are not clearly
defined in the vicinity of Lees Ferry. The sandstone cliffs mark the
boundary of the plateau in which Glen Canyon is carved. The sandstone is not of a high crushing strength. The constituent grains are
fine and well rounded. These formations have no value for use in
construction at any of the Grand Canyon dam sites.
Chinle formation. The Chinle formation, consisting of variegated
clayey and sandy shale with some thin beds of sandstone and impure
limestone, crops out west and south of the sandstone cliffs and forms
long slopes. Some of the clays that occur here appear to be suitable
for use in the manufacture of cement, and these are the only deposits
in the whole Grand Canyon district that are not much too sandy for
this purpose. The nearest fuel is coal in the Cretaceous formations
of the Warm Creek region, in southern Utah. This could be transported the short distance to Colorado River and floated down to Lees
Ferry, about 15 miles, but nowhere in the vicinity is any satisfactory
limestone found, the nearest being the Redwall limestone, far down
hi the canyon.
Shinarump conglomerate. Below the Chinle is a hard conglomerate or coarse grit which makes an escarpment. This formation, the
Shinarump conglomerate, contains subangular coarse quartz fragments and other material suitable for use in making concrete, but
most of the rock is too hard to permit crushing at reasonable expense.
The exposures are very near the Lees Ferry dam site but distant
from those in the Grand Canyon.
Moenkopi formation. The Moenkopi formation consists of chocolate-brown gypsiferous shale and shaly sandstone. It forms slopes
between the overlying Shinarump conglomerate and the underlying Kaibab limestone, but throughout most of the Grand Canyon
district it has been stripped by erosion. It has no value for use in
construction.
PALEOZOIC FORMATIONS

Kaibab limestone. The youngest subdivision of the Paleozoic is
the Permian Kaibab formation, which consists mainly of hard cherty
magnesian limestone. It averages about 500 feet in thickness. The
Kaibab appears at the surface at the head of Marble Gorge, a short
distance below Lees Ferry, and thence southward and westward it
is the capping formation of most of the plateau as far as the Grand
Wash Cliffs. Except in the upper part of Marble Gorge it is several
hundreds or even thousands of feet above the bed of Colorado River.
Its resistance to erosion is shown by its widespread occurrence as
the capping formation in the Grand Canyon district and by the
narrow, nearly vertical-walled box canyon in the head portion of
Marble Gorge. In places the rock is more or less extensively chan-

FpWBB,

nekd by ^^iind-watep;solutiottifa»lBhdwBi by-sinkscoii the plateau'and
bviesbYitiesseeain the canyon? walk;M Howjever/ihtettMsfcw^iiM^aafce
a v,ery satisfactory |oun4ationi for the base a&d.abutments of a dffl»f*
and it affords any desired quantity x>I suitable material for concrete
aggregate or for rough ashlar or Tufeble masenry. '-.
:
jOoconmo sandstone. Next beneath the Kaibab is^ a massive
cross-bedded sandstone, ranging in thickness from about 60 ieet at
the north to more than 600 feet in part of its exposures at the south.
This isrthe Coconino sandstone. Tfe outcrop commonly forms a very
light-colored sheer cliff, which can be traced in the canyon walls for
great distances. Like the Kaibab it can be found near the river only
in the upper part of Marble Gorge. The sandstone has a fine-grained
and even texture, and the rather well-rounded grains are held5
together by a siliceous cement. The relatively porous character 01h
the .formation is shown by the occurrence of springs at a jaumbeciof'
places at its base.
r
,
'
Btrmit s&oZa. Beneath the Coeonino occurs a -versr persBtent-soft
red sandy shale wjth thim interbedded sandstones, the Hermit
(Permian) shale, about 300 to 500 feet thick. The shale commonly?
forms a prominent slope, &nd where the formation is thick, as in
the Kanab division of the Grand Canyon, ifc has produced a wide
platform or bench, which is; known as the -Esplanade. The Hermit
occurs in the bottom of the Grand Canyon only in the upper, part of
Marble Gorge.
.Supai formation. The Hermit shale is underlain by medi^im to
massive bedded reddish and light tan-brown ' sandstones with some
shale, known as the Supai formation, of Penttsylvaniaa and Permian
(?) age. The Supai has an average thickness;of 700 i& 900 feet; and
commonly forms precipitous cliffs, which, -however, are not so promk
inenfc and continuous as those made by the underlying Redwall
formation.
,
r
.,
RedwaM limestone. The Redwall limestone, of Mississippian age,
is a very massive, resistant 'fottttation, which, commonly crops out in
a vertical cliff 500 to 600 feet in height. .,16.succession .downstream
through the upper and middle .portions ojt Marble Gorge, tl*e Supai
and the Redwall are found to .compose a large part of .thepiw-.
cipitous inner walls. Where the ijver has not eroded below thebas>
of the Redwall the. canyon "sides rise almost vertically from the
water's edge.
Temple Butte limestone. In some parts of theGrand Canyon there-*
are small remnants of a limestone formation, including some calcareous sandstone, which belongs to the Devonian period. This is,
the .Temple Butte limestone. It is of very local distribution, and its
maximum thickness, so far as known, is little more than 100 feet.. .

GOB&B OF G&A3$f!> CANYON

Ca/mbrmn formations. The lowermost part of the Paleozoic succession, comprising about l,t)00 feet of strata, belongs to the Tonto
-group and consists of three formations the Muav limestone at the
top, about 400 feet thick; the Bright Angel shale in the middle,
'about 400 feet thick; and the Tapeats sandstone at- the base, about
200 to 300 feet thick. All these formations are of Cambrite. age.
The Muav limestone and Tapeats sandstone commonly form persistent cliffs, but the Bright Angel shale crops out uniformly hi a slope
or bench, which in some places is more than a mile in width. These
rocks occur near the level of the river in the lower part of Marble
Gorge and for a short distance below the mouth of the Little Colorado.
Farther downstream, where the river is carved in Algonkian and
Archean rocks, the Cambrian formations occur at various elevations
above the river, in some places nearly 1,500 feet above it; but in
the middle portion of the Grand Canyon, between the mouths of
Tapeats and Diamond creeks, and again near the mouth of the canyon,
hi a stretch of about 20 miles east of the Grand Wash Cliffs, the
Cambrian formations occur along the river, at the bottom of the
canyon.
*%
ALGONKIAN BOCKS

Rocks belonging to the Algonkian system are moi?e .pr less widely
exposed in the bottom portions of the canyon in at least three places
(1) a considerable area in the! eastern part of the Kaibab division
of the Grand Canyon, near the mouth of Little Colorado River; (2)
an extensive but smaller area in the vicinity of Shinumo Creek; and
(3) an area extending for several miles along the river near the mouth
of Tapeats Creek. The Algonkian rocks consist mainly of reddishbrown sandy shale, which is rather easily eroded, and sandstone,
which is partly hard and quartzitic. A persistent hard magnesjan
limestone associated with dark-colored intrusive rock (diabase) occurs
near the base, and elsewhere there are considerable masses of basaltic lava. As indicated by the topography, the Algonkian formations
are in few places sufficiently resistant to hold the river in a narrow
canyon, and there are few if any possible dam sites in the areas
where the river flows on Algonkian strata,
ABCHEAN BOCKS

Underneath all the other rocks is a complex mass of crystalline
rocks, consisting in considerable part of schist and in part of granite,
gneiss, pegmatite, and other crystalline rocks. . Almost certainly a
large part, perhaps most of the schist, represents a profoundly altered
series of old sedimentary rocks, which have been severely gprnpressed,
crumpled, and physically changed. The schist and gneiss have a
more or less readily evident parallel bedding or banding, which
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commonly stands nearly vertical. The; massive igneous rocks are
intruded irregularly into, the schist and gneiss and one into .another.
Almost all the Archeanr roe|p are very* resistant to erosion, as is
shown by the narrow, steep-sided gorges formed where the river has
been carved into them. In three main sections and a number of
minor stretches the river is carved in Archean rock, and each of the
resulting inner canyons which is produced is commonly called a
"granite gorge." The uppermost, for which the United States Geographic Board has adopted the name Granite Gorge, begins near the
mouth of Red Canyon, in the eastern part of the Kaibab division of
the Grand Canyon, and extends westward about 40 miles to a point
.a short distance below the mouth of Elves Chasm. A few miles
farther downstream, on the west side of Powell Plateau, is the Middle
Granite Gorge, a little less than 4 miles long. The third main
Archean gorge, called the Lower Granite Gorge, is in the vicinity of
Diamond Creek, extending from a point several miles above the
mouth of the creek to a point within about 20 miles of the Grand
Wash Cliffs, a total length of more than 50 miles. The massive
structure and the hardness of the Archean rocks and the consequent
steep-sided narrow gorges which have been carved in them by the
river afford conditions that are very favorable to construction projects in connection with river development.
STRUCTURE OP THE, GRAND CANYON DISTRICT

Of essentially equal importance to the nature of the rocks in the
Grand Canyon district is the geologic structure, which controls the
position of each of the rock formations in the canyon. As shown in
the diagrammatic representation of a part of the Grand Canyon and
adjacent plateau country (PL LXXVI) the rocks have been raised
several thousand feet above sea level, warped and flexed, and locally
broken by faults. The degree of uplift and the direction and amount
of inclination of the rocks obviously control the manner in which the
river and its tributaries have been able to 'attack them in carving the
canyon. The highest portion of the uplifted rock mass, across which
the canyon has been eroded, is a part of the Kaibab Plateau, north
of the canyon (PL XXI, £). From this plateau the rocks slope
somewhat steeply eastward and mor^g«ntly southward and westward.
In the western part of the Grand Canyon district the rock strata
have been displaced by a series of great faults', in some of which the
movements had a vertical component measured in thousands of feet.
Although the structure of the region largely controls the rock forma^
tions that occur along tlB course of the river, a detailed account of
it is not necessary at this place.4
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GEOLOGIC FACTORS INTOLVED^ IN >BITEK
^DEVELOPMENT

The selection of dam sites and the making of plans most effectively
to control and develop for the uses of man the waters of Colorado
River must take account of a number of geologic features. In the
first place, the selection of dam sites must take into account the rock
formations that will furnish the side and bottom foundations for the
dam. Strong, massive, impervious rocks extending "below the greatest depth of river excavation and above the elevation of the crest of
the proposed dam afford satisfactory foundations and commonly also
a minimum cross section in the lower part of the river valley. Although height of dam, reservoir capacity, and relation to adjacent
developments in a comprehensive scheme of maximum river utilization are primarily engineering considerations, they are all necessarily
based on the conditions that control the possible location of a competent dam. If hard rock formations that furnish the required conditions £or good dam sites are found at suitable iBtervals through the
Grand Canyon, a plan of complete control and development can be
worked out readily. When a site is found that has the inecessary
rock formations for: good foundations and a favorable cross section,
a.detailed examination of the site with reference to- spillway facilities,
power-house location, -and construction problems may be undertaken.
In the Grand Canyon there are long stretches where: hard) impervious rocks afford many favorable dam sites, and 'in* such "stretches
the choice of a site rests chiefly on engineering considerations. In
other parts of the canyon stretches of relatively weak roeka alternate
with stretches of hard rock, and in such parts geologic considerations
are of paramount importance. The wide cross sections and incompetent foundations of soft rocks are naturally unfavorable fd? dam
construction, and the dam sites must be chosen where tfeev|>esi conditions are found in the intervening hard-rock stretches,. Besides
the strength of the rocks, the possibility of leakage and the availability of local materials for construction are important .geologic
lactors.
i
Examination of the reservoir basin that is to-be made by, a dam
may be quite as essential as that of tiie dam site itself, for serious
leakage at some point in the reservoir, though it might not in,any
way endanger the dam, would obviously endanger the effectiveness
of theproject. In the Grand Canyon, :however, this consideration is
entirely negligible, for in none of the reservoirs that would be created
by dams built in the canyon would there be any possibility : of sufficient leakage thro ugh the rocks of the plateau, to affect; evea.slightly
the stability of the reservoirs. This phase of the subject will therefore be omitted in the following discussion of designated 4am sites.

___ _______ _ _ _ :CANYON WITH SPE JA% -MSPTORliCE TO »AM SlfBS

/Jli©, foUowing de£eription of 4 the bottom T>Qrtion of, the^fand
* danyon of Jpp|orado River is preseiiiecf in* order ^-^nft|ifpa^ front
t ineJ heaJ5'_.o|^Marble Gorge, at I^HES^ J^rjy to the ipwer^d ofJ|he
r canj-on jot /Grand Wash Gifts. Observations not^ "nnpprtaiit^ to cpn, sideratipns of river development are not mclu4^d. \^Jwipu|^ it
is possible io identiify certain localities in :'the quadra^le^;tna^ liav©
be^ii' 1 accurate^1 surveyed Ibbpographicalij' j[Vk|inu,1 jlri^t/An^el?
Shihumo, $upai) by recogni2}ed place names, it will 1B> convenient^ in
the main to indicate location along, the river by 'miea^^easured
, fr«itt Paria' lEtiver,1 jjust above the head of Marrt>y (Jo^e.7, Tlus proceoure is especif-lly needful In ithe long sections of tne canyoa wnere
; few of no recognized place names^ Hayelfee^n applied.
^'" -*
MABBLB QOBGB DIVIBIOK, PABIA RIVBB TO LITTUE OOEOBAJDO

:

Bead <rf$f&rble {hrgg.~ThG Kaibab limestone first appears above
tiie water-liiie--of Colorado Kirer at the ^poiht wi»r& JParia Biirer
enters from the north. For a short distance downstream the Kaibab is well exposed in the short tributaries entering from the west,
ia the low WiLffs along the river, and on the opposite side of Colr>r&do
River near -tlie old dugway leading to^ Lees Ferry. Witiun lees tlj.an
a, mile-from the Paria th& top of the Kaibah ha» raseaii about f200 feet
;abof»iCblorado River, and (the bluffs &jrmfed;byjttiifeso»t©r©pifllrthe
formation have cbsed in «o> that "tfae riirer flows ia a practically
:¥©rtiealrtBided bos? canyolftf: thpe> beginniag «f =M*rbie G0rg®>: '/HJwnstream the formation continues to rise, although sonaewhat more
slowly^ and about 6 miles below the - mouth, of the Paria the walls
of theeahyon are nearly 600 feet hig^f OBkXXII>. r:
5
y Suggested dam site near tiie, fa*d &f MtuMe Gor^^-ln ithist port* of
^tfae Canyon, where 'the walls rise abruptly on bofli-sidesj'of th»ri^er,
it has been proposed to build a bridge cicro^ their&rer,« Because of
4hse comparatively easy accessibility of this locality and the apparently
satisfactory character of the canyon walls, which rise sufficie^ly.W^h
'to make possible a dam with a storage reservoir a,ppro±kaately equal
to? that of the eite selected by Mr. La Hue nea^ the lower end of 01en
Canyonj above Lees Ferry, special attention was giren lo the possibility of locating a dam here. -As- shown ia thej accompanying diagram (PI. XXIII), which gives a citosssection of theiriyTer.iatithe
bridge site, it was found that the Walls of ithe eanyon:aboTfetfee water
level include practically all of the Goconino and. Kaibab formations,
and it follows, therefore, that the bed of the river has already reached
and has beep* cut into the i soft Hermit sbftle, which undeaflies tfeese
-more resistant roeks. Indeedj only: a/few ha^dradLfe^tdowiistreiMn
from the bridge site the Hermit shale appears above the level of the
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river, an'd it continues to rise uninterruptedly southward. The Hermit
% a soft shale entirely unsuited for the foundation of a high dam.
Wherever it is exposed throughout the canyon it forms weak Slopes
and wide benches, as it disintegrates readily under the attack of
weathering. The occurrence of this formation in the bed of the stream
near the bridge site so strongly condemns the project of building a
dam here as to make further detailed consideration unnecessary.
Although the Coconino sandstone and the overlying sandy and shaly
beds that with interbedded limestone make up the lower partcof the
Kaibab are rather porous and, as shown by the persistent development of a slope beginning about 300 feet below the top of the Kaibab,
are not wholly satisfactory as abutments for a dam, it would be possible to' build a dam a short distance upstream, at a point where the
entire structure would be within the Kaibab and Coconino. However, at this point the walls of the canyon are much lower and* the
advantages of large reservoir storage would be lost.
Mile 4-6 t° Vaseys Paradise. From the point where the top of
the Hermit shale appears above the water level, 4.6 miles below the
mouth of the Paria, the thickness of the exposed portion of this
formation gradually increases until at the mouth of Badger Oeek
a slope 300 feet in height is formed by the outcrop of the formation.
The nearly vertical cliff above the Hermit shale slope, a little less
than 600 feet in height, represents the combined thickness of the
Coconino and Kaibab formations.
' Southward from Badger Creek the rock formations contiatie to
rise^and the river slightly to lower its level, so that just below the
mouth of Soap Creek (mile 11.5) the Hermit shale is exposed to its
full thickness, which, as determined by measurement here, is 537
feet.
Near the foot of the Soap Creek rapids the top of the Supai
sandstone makes its appearance, and from this point downstream
the river is again inclosed in a steep but not vertical sided'box
canyon, which gradually deepens until several hundred feet of the
Supai is exposed in its walls. The Supai consists mainly of massive
beds of hard cross-bedded red, yellowish-brown, or buff sandstone,
with interbedded thinner layers of sandstone and in some places thin
beds of sandy shale. In the lower part of the formation aref interbedded limestone, sandstone, and thin red shale. The upper part of
the formation is in general more massive and forms prominent cliffs;
the lower part consists of thin or medium-thick beds tfesfr weather in
broken slopes. The total thickness of the Supai formation, i&eluding the shale and limestone at its base, about 809 feet, is exposed
above river level at^and south of a point a little over 24 miles below
Paria River.
45568° 25 10
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The weak strata included in the Supai formation detract fr^m its
.suitability as a, foundation for dams and cause an, increase jp .the
width of the canyon.
*
.
,. ,>,
The top of the Redwall limestone appears above water level at mile
24.2, and here, as hi similar places where the river enters a resistant
formation, the bottom portion of the canyon, is narrow and has st^ep
saides, which gradually increase in height .as the jock formations rise
above the river. The limestone is dense, fine grainedJ; and hard/and
in places is-smoothly polished by water. Although it is tMs formation that has given rise to the name Marble, Gorge, no part of the
Redwall limestone is a true marble,5 The rook is mostly a pu^e Ihnestone; a few beds are of medium-coarse crystalline texture, but much
the greatest part is finely crystalline and dense. In any freeh, exposure
the color of the lunestone is a light bluish gray or blue, and, most' of
. the Redwall 'limestone of Marble Gorge has.:this hue, but: in many
places, particularly in the middle and lower parts of the .GranxjL Qanyon,
. the lunestone cliffs are stained red by wash from the overlying red
. Supai and BLermit.beds hence the naiaae Redwall.
;
;
At about, the same rate as in the upper part of Marble Gorge- the
rock formations continue to rise and the river to lower its leveL,-, Only
a few miles, from the point where the top of the Redwall .appeals between, 200 and 300 feet of massive limestone is exposed in essentially
vertical walls, which hem the river very narrowly. A landmark in
this part of the canyon is Vaseys Paradise (mile 31.8), so namedj-by
Major Powell, a striking patch of green trees and scrubs-clustered
about large springs that cascade down the lower part of, the rojek wall.
Redwall dam site. About 2 miles above Vaseys, Paradise, at a
point where the narrow box canyon carved in the Redwall limsstene
appears to offer favorable conditions for placement of a dam, the
TJfyBSi level is approximately 250 feet below that at Lees Ferry. The
site for a dam that would back water to the Lees Ferry dam was
selected by Mr. La Rue at mile 30, and .designated by him the Redwall.dam. site.
,
, .
The Redwall formation, which would constitute the side walls and
bottom foundation for a dam, consists of bard, resistant limestone.
The formation is so massive that almost no bedding planes appear
in the cliff, although there are some changes in ; color, mainly sjxofwna
by parallel color banding. So far as construction would be, concerned the formation is a unit, and ia the nearly complete absence
of bedding planes and joint cracks it is admirably fitjfeexi to serve as
foundation for a dam. The smooth^ practically vertical limestone
.walls rise 275 feet above river level at $w ; dam sjlt^VfFhepe arjB a
, ;few places in the several miles of liniestone-exposure above :tjjie'site
* See footnote 8, p. 19.
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where the Redwall has been attacked by percolating ground waters,
which have dissolved out cavities a few inches to several feet in
width. In a formation like the Redwall the chief danger of serious
leakage is along solution channels that may have been previously
formed or along solution cavities that may be developed along.Jines
of weakness in the formation. However, for a considerable distance
along the river above and at the dam site there is no indication of
solution of the limestone. Although the rock is not protected immediately above by an impervious shale covering, there is so little
natural percolating water at this locality and the formation is; so
massive and so unaffected by prominent joints or other lines of weakness that there is, it is believed, a minimum danger of leakage from
this source.
At the lower end of a rapid some 400 yards below the-site, selected
for the dam a fault striking northeast with downthrow on the southeast crosses the river obliquely. (See PI. XXV.) The, main fault
is accompanied by two or three minor fractures,. the total displapement of the strata being about 200 feet. On both sides of the river
tributary streams have followed the lines of weakness produced by
the faults and have carved more or less open canyons. The cliffs
near the river are broken down, and for a short distance the characteristic topography of this general section of Marble Gorge is lost.
Springs that follow fractures in the vicinity of the faults .enter the
river from both sides, and one on the left bank has a considerable
flow. South of the faults for some distance there is considerable evidence of solution of the Redwall limestone, some of the cliffs .showing
the limestone to be very cavernous. The position of the springs
and the character of the local geologic structure indicate that the
water is derived essentially from the country south of the fault, and
accordingly there is no indication that these features on the downstream side of the dam site would affect the stability of a dam at the
site selected north of the fault. Except that the fault has guided
the course of underground water, and that the limestone adjacent to
it is more or less cavernous, no special attention need be given to the
existence of the fault unless tunnels are designed to cross it, when precaution in construction should be taken to safeguard against leakage.
Although the depth to bedrock can only be estimated, it is believed,
from the narrowness of the canyon, its straight course in the vicinity
of the dam site, and. t|ie absence of any alluvial deposits along, the
side of the stream throughout this section, that there is pr-obaibly
very little sediment on the stream bed. The general character ?of
the stream and canyon suggests that probably 60 feet is the maximum distance to bedrock. As the thickness of the Redwall a§ shown
in the cliff some miles below the dam site is mor-e tj^an 500 feet, and,
further, as the. Redwall is underlain by the hard Muav limestone, jthe

bedrock: in the river at this site is niiassive Ikneston^, "entire!^
faetory as a foundation for a hij*h dam.
. » >.
r;
' The Redwall limestone wiH furnish aburidant material satisfactory
for use as concrete aggregate, also large blocks, easily difesse^if desired. Because of the comparative Steepness of the slbrpe alkrve the
top of tHe Redwall cliff (see H. XXIV) quarrying probably etfn-not
be done profitably in the immediate vicinity^of Ihe dattt sitey%utr in
the open section of the canyon 1,200 feet beloW the site there are
- very satisfactory quarry sites. Abundant sand is available : ift <he
lower part of the Supai formation, Whteh' forms a^slopfe above ^he
Eedwall, but this sand will have td bt ofetainfed mainly by crushing
alid is somewhat finer than would be desirable. Pure limestdne of
satisfactory quality for the manufacture of Portland cement is available in unlimited quantities, but oth® requisites, such as shale of
suitable quality and fuel, are lackiiig.
; ;
Atieirr&aMwe MedwaU dam siUs.^ Two other sites suitable ffer such a
dam as is required in this part of Marble Gorge by a scheme'of'complete river development were considered. Otie of these is at a'^jtoint
29 miles belo^w the mouth of Paria River, just a mile above the'Redwall site; the other is at mile 32.2, a little over 2 miles ^eloW ihe
T Redwall site and half a mile downstream'from Vaseys Paradise. l%e
conditions as regards side wafl and bottom fouMations ^t tihiese
alternative sites are essentially identical With those^at the site already
described, but the walls are a trifle tower at Ihe tips%r©am site^d
higher ai the downstream site. M afl three places the massive limesto6eextends1 considerably above the eievatidn required for'the crest
of sadam.
:
'
- ' :'~ ' _-'
' - " ' "'' ' :- ;j
The alternative site at mile 2§ is hi a long, comparatively straight
stretch of the canyon in which 'ikb^ inkier gWrge'ciai'vetf fii th0>Hme-stone is alinost unbroken b^ side earner (See H^JX:S?1> !M.)
No evidence of solution of the limestbn«Jdi' of forncting or shattering
that would rcsader the side Walls liable to leakage Is^fcnjird n%^^the
site. Oonstructron materials here are theitsame as at the main site
but because of topographic difficulties are-much less easily procurable.
At the alternative site atariile 3212 Colorado fever flows'eastward
t»etween nearly vertical smooth cliffs composed of tire RedwW fioiestone. (See PI. XXVI, B.) Above the inner cliff the lower1 beds of
fheBupai form a steeply stepped slope. At Vasey^ Paraxfise alai^s
spring of water issues mgh on the right wall of the eaiiydn said
tumbles m ^picturesque fftfl into t&eJriYery but in 'tht vieinityof
l;the dam site the walk are not pierced by any solutioii channe'M'or
cavities. The character of the wafi therefore indicates no likelihobd
of excessive leakage around a ; dam; built here. As dldff'about 300
feet rdf the ap^roiriiaaiely 600 leet of total4htekne^[qf
above wlrter level a& this iate; th^ Ifecl bf
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in limestone. The conditions generally are comparable to those afr
the alternative site at mile 29, for the canyon is continuouslyj
narrow.
: .
-,',<
Vaseys Paradise to lAttte Colorado River. Below "Vaseys Paradise
the river is for several miles narrowly inclosed between vertical
cliffs of Redwall limestone, which gradually increase in height until
the full thickness of the formation is exposed. At a point about 35
miles below the mouth of Paria River the top of the Muav limestone?
appears, and within 2 or 3 miles 100 feet or more of this formation
is exposed above the water. At intervals there are'exposures of the
Temple Butte limestone filling depressions in the top of the Muav.
The contact between the Redwall and the Muav is commonly
marked b^ a narrow slope or bench, but as the upper limestones of
the Muav are hard and resistant, they tend to form a cliff beneath
the Redwall and practically continuous with it. The middle and
lower parts of the Muav limestone are here very thin-bedded and sandy
and tend to crop out in a slope, which accordingly produces an increase in the width of the canyon. At 45.8 miles below the Paria
the full thickness of the Muav, here nearly 500 feet, is exposed above
the river, and a short distance downstream the very dark green sandy
shale and shaly sandstone of the upper part of the Bright Angel shale
appear. The Bright Angel shale is a very weak formation, which
crops out uniformly in a slope or bench. Throughout the lower part
of Marble Gorge these weak rocks of the Bright Angel shale and the
lower and middle portions of the Muav are near the bottom of the
canyon, and no dam site is available. At the mouth of Little Colorado River (PI. XXI, A) the'complete thickness of the Bright Angel
shale and the top of the Tapeats sandstone, which underlies the
Bright Angel, are shown. Here theriver is entering a gorge carved
in the Tapeats
KAIBAB DIVISION, LITTLE COLORADO RIVER TO SHINtJMO
CREEK

Little Colorado River to head of Granite Gorge. -The Tapeats sandstone, which is the lowermost formation in the canyon for 4 or 5
miles in the vicinity of the mouth of the Little Colorado, is a hard,
coarse-grained sandstone or grit hi medium-thick to massive,,more
or less -lenticular beds, which are irregularly cross-bedded. Wherever
it is exposed hi the Grand Canyon the Tapeats sandstone characteristically forms strong, generally vertical cliffs, an indication of its
resistance to erosion. Such cliffs, surmounted by slopes of :the
Bright Angel shale, inclose the river narrowly below the mouth of
the Little Colorado, but within a distance of 2 miles -from this point
the total thickness of the Tapeats, about 275 feet, is seen ; above the,
river. The sandstone gradually rises, exposing beneath ife m increas?
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ing thielmess of sof^ brown shaly sandstone aad sandy shale of
Algonkian age. Four miles below the Little Colorado, Just ^bove:
the mouth of Lava Canyon, the Tapeats is abruptly moved upward
several hundred feet by a fault that crosses t&e river in a northwesterly direction. Owing to the relative weakness of the Algonkian rocks, which are widely exposed on the west or downstream
side of the fault, the bottom part of this portion of the Grand Canyon is broad and open, and the riverr though swift in places and not
lacking rapids, is wide and follows a winding course, East of The
Tabernacle and Solomon Temple, on the southeast spur from Vishnu
Temple (in the Vishnu quadrangle), hard; sandstone in the lower
part of the Algonkian is encountered. Accordingly, the bottom
portion of the canyon is narrowed and the slopes next to the river
are steepened hi places to nearly vertical wall*., Just below Red;

Horizontal and vertical scale

.

.

soo Feet

FIGURE 1. Geologic, cross section east of Temple Butte

Canyon the base of the Algonkian rocks is reached and the Colorado
plunges into a narrow, rapidly deepening gorge carved hi the underlying crystalline Archean rocks, w :
Possible dam, sites between the mouth of Little Colorado River and
Granite Gorge. In the Tapeats gorge, below the mouth of the Little
Colorado, careful observations were Made to find, if passible, a satisfactory dam site. The total thickness >of the Tapeats sandstone her©
is between 275 and 290: feet, and beneath this 'formation occurs^soft,
incompetent shaly sandstone belonging to tfee^ AlgofiJdan; The-top
of the Algonkian beds iirst appears afoov£ water level 134 miles below
the mouth of the Little (Morado, and, a£ these rocks ai'e not at ail
sultaMe for a dam foundation, a location in the Tapeats gorge below
this point should^ not T>e considered as a dam site. A geologic cross
section measured at a narrow place in the gorge east; of Temple
Biitte, about 3 miles below thia mouth- of little Colorado River, i®
shown in Figure 1.
i
.
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Head of Granite Gorge to Grapevine Creek. Near the en4 of Hanee
Rapids, 15 miles below the mouth of Little Colorado River and due
south of Sheba Temple {in the Vishnu quadrangle), Archean granite
first appears in the lower side walls of the Grand Canyon. As shown
in Plate XXIX, A, the unconformable contact between theAlgonkian and Archean rocks, which runs smoothly parallel to the beds of
the lower Algonkian, rises steeply downstream, so that within a mile
of the point where the Archean first appears nearly 500 feet of these
hard crystalline rocks are exposed above the river. The steep-sided,
V-shaped gorge that is carved in the resistant Archean rocks extends
Downstream for about 40 miles. The river, narrowly constricted,
fills the bottom of the gorge from wall to wall, and only at the mouths
of certain tributary streams where accumulations of boulders have
permitted the lodgment of sand are there found narrow sandy beaches.
The Algonkian rocks wedge out within a very short distance from
the head of the Granite Gorge, and the Tapeats sandstone, the basal
formation of the Paleozoic succession, comes to rest on the smoothly
beveled surface of the Archean rocks. Consequently, throughout
almost all of the Granite Gorge there is a nearly vertical sandstone
cliff, about 200 to 300 feet high, on each side of the gorge at its top.
Beyond and above this cliff are the alternating slopes and cliffs of
the soft and hard overlying Paleozoic rocks.
The rocks that compose the walls of the Granite Gorge are not
by any means uniform in character and really include comparatively
little true granite. These Archean rocks are a complex of crystalline
schist and gneiss, with intruded pegmatite, granite, and basic igneous
rocks and in places considerable injected quartz.
In the uppermost part of the gorge, as far as the mouth of Grapevine-Creek, the chief rock is a much contorted pinkish gneiss in
which there are numerous irregular injections of pink pegmatite and
milky quartz. The gneiss is so crumpled that no prevailing structure is determinable. Slight variations in the hardness of the rocks
and the complex, irregular structure are expressed in the craggy,
patternless roughness of the canyon walls.
Throughout the many miles of the Granite Gorge the rocks of the
bottom and side walls are almost anywhere satisfactory hi strength
and resistance to leakage for the construction of dams. In a considerable part of the gorge the massive crystalline rocks rise more
than 1,000 feet above the river level.
Mineral Canyon dam site. A point just below the mouth of Mineral Canyon, which enters the main gorge from the south at mile
77.8, slightly less than a mile from the point where the Granite Gorge
begins, has been designated as the location for a dam that may raise
the water level to the foot of the Redwall site, in the<tniddle portion
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of Marble Gorge. TJu& rocks in the walls in the Biain gorge ®|
rado River and in the tower part ]of Mineral CM^ypn [consist strongly compressed complex of gr^tic rocks df^
tion, in which the prevailing type i» a granite gneiss.
are prominent irregular bands of gra|y micae^busgnejfs aadscatt^rejd , f
bands and lenses of garnet-bearing mica schist, and dark-^colored bio- ,
tite schist. All these rocks are medium to coarse grained .and have,;
a prominent cleavage parallel to j the, banding. In; parts of the
mam gorge the rocks are so contorted that no prevailing strikes aad
dips can be determined, but i&ithe lt»wer part of Mineral Canyon the \cleavage shows a tendency to -a nortjheast strike and a nearly vertical ,t
dip* The gneiss and schist, are irregularly intruded by younger. ;r f
igneous rocks, which consist mainly of coarse pink pegmatite
part of fine-grained light-colored aplite. These irregular dikes
more or less vertical and trend predominantly noiiheasf, parallel tp .
the general cleavage of the graniti^ rocks where this.. can be deter-?,?
mined. Except for the more highly micaceous, roeks, .whicji disinter :
grate somewhat readily wh^re long exposed to weathering, |he rocks ...i
are resistant to erosion. In the bed] of Mineral Canyon and near th$ i ,
water level of Coloraok) River the rocks Are smoothly polished ^y th» t
action of the water. The rock:is teiveised by irregular Joint, cracks, ?
which influence breaking down an^. w0atheriBgof th,e rocks. .^JTlu8,f'.
jouits do aot run in any definite direction but appear in the main to
extend through the rocks subverticjally, and, observatioiis indicate a, ;
slightly predominant trend a little T?est of north and another about
N. 60? E. The general character m d the structure of the rocks indi- ;
cate a mininium of possible leakage; $t any.fHEfin^arouipyi the dam,
Resting uneonformably on a re:narka]biy even erosion
developed in pre-Unkar time across the granite schist
are Algonkian sedimentary rocks |b01<Miging to the^Unar^ group.;
Near the dam site the base of theso beds is approximately 500 fe«t ,
above the river, and consequently they have no relation to such mat- ,
ters as the fqundatijon of a dam. However, as theyjtt&ye cons*4^r- !
able effect on the local topography, and as they contain materiak r
that may be used in part of the dam comstruction, their character
may be described briefly. As showiji in the cross section (Pt£T^jX)r «
the Ujokar rocks consist from the base upward of a rather tiglxtly ,
cemented conglomerate . (Hotauta; with numerous, well-rounded ,
coarse pebbles, extending as a resis ;ant cap rock along the bord^s
of the gorge at its top; study ta nm^iveyeUowish^ayj^iig^rl^e
fine-grained pure magnesian limestone (Bass ?) , dense and hard, in the .
middle portion of which is intrude* 4k persistent thick bed, of
dark igneous rock (diabase), which j commonly ^jrops. qut: in a
and shaly to massive red sandstone j(Hakatai?),^^sueceedad.
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a thick red sandy sh ale that forms a wide bench and a long slope.
Deposits of asbestos occur in the shaly parts of the limestone adjacent t6 the diabase. The topography of these sedimentary rodks is
clearly shown in Plate XXIX, A.
Construction materials for use at the Mineral Canyon dam site are
'readily available. Very satisfactory concrete aggregate may be procured from the dense limestone in the Bass (?) formation just'above
and below the diabase. This rock is easily quarried along'the joints,
which intersect the beds at nearly right angles. The diabase also is
sufficiently strong, for the most part, and may be quarried readily
for use in the same way if desired. Much of this rock is excellently
adapted for rubble or cyclopean masonry, and some beds of the limestone may be used for dimension stones, for the rocks can be so
quarried as to need very little tool dressing. If desired, some of
the sandstone that is hard and quartzitic can also be used for
construction.
Granite Gorge between Grapevine and Clear creeTcs. Between Grapevine Creek and a point half a mile west of the mouth of Clear Creek
the rocks of the Granite Gorge consist almost wholly of mica
schist and mica quartzite, which exhibit a pronounced parallel structure. They have, indeed, the appearance of an exceedingly thick,
well-stratified series of sedimentary beds, in which the strata stand
practically vertical and have a dominant northeast strike. It is to
these rocks, southeast of Vishnu Temple, that the name Vishnu schist
as the designation for a geologic terrane has been applied. Numerous
features indicate that the Vishnu schist comprises a highly metamorphosed sedimentary series. In places there are pink intrusive
rocks and veins and stringers of quartz, but this section of the Granite Gorge is noteworthy ^n account of the general absence of these
intrusive rocks. Most of the schist, especially the quartzitic
portion, is fine grained, dense, and hard, and the gorge is accordingly
narrow and steep sided. As the river crosses the schist almost at
right angles to the strike of the rocks, the hardest beds stand out
more or less prominently as spurs or ridges, and the intervening
softer beds sink back as slight depressions. The walls of the gorge
are therefore corrugated rather than smooth, a feature which is
suggested on the topographic map.
Clear Greek dam site. The rock walls of the gorge at the Clear
Creek dam site, at mile 84.4 (PL XXXVI), are composed of nearly
black quartz-mica schist, which is very fine grained and dense. The
rocks have a very strong parallel structure, the planes of schistosity
or cleavage standing practically vertical and trending at right angles
across the river that is, about N. 35° E. Some of the beds or bands
are very finely laminated, and others are massive; some are vtrf fine
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grained, and others are medium or coarse grained. The general'mineral composition.! texture, and structure of the rocks as well as.,the
variations in each of these features indicate strongjy that the fclust
represents an altered sedimentary series, in which the-pdginfJ. ,Jb>edding is generally foHowed by the planes of the present scJjist cleavage. In accordance with the variations in different beds of the schist,
some parts weather in large, massive blocks defined by planes of
schistosity and joints, whereas other parts weather in thin, sjjabs.
All theroqks contain rather numerous thin veins and irregular lenses
of white milky quartz, and in places there are veins and lenses of pink
granite and pegmatite; the latter, howeverrform a very minor constituent in the rocks of the gorge. The rocks are thoroughly comipetent as foundation material for the: bottom and sides.of a dam. The
strength of the rock is shown not only in features of local topography,
but by the resistance of masses of the.schist, which, though-,smopth
and polished by the swift current, project irregularly many, feet into
the river. The structure of the schist is such as to make leakage
around the dam almost impossible.
Material for concrete can best be obtained from parts of the schist,
probably on the north side of the river, where quarrying operations
and construction incident to tunnejing and spillway work will supjgly
an abundance of material satisfactory for tyse in building the dam.
Large rocks for plums can be readily procured. About n^tf a mile
back from the gorge on both sides are enormous quantities of easily
obtainable hard, pure limestone (Kedwall). A coarse sand ©an he
obtained by crushing the Tapeats sandstone, which crops out at the
top of the gorge, but this formation is rather too hard to be crushed
readily.
Granite Gorge between Clear and Bright Angel creeks. A short distance west of the mouth of Clear Creek there is a sharp change I in
the nature of the rocks composing the walls of the gorge. Beginning
approximately at Zoroaster Canyon, half a mile below Clear Cre6k,
and extending within a short distance of the mouth of Bright Angel
Creek, massive pink granite and granite gneiss take tne place of
schist. THe resistance of these granitic rocks is shown by the
extreme steepness and relative smoothness of the wafts, tjbte very
narrow width of the gorge, the comparatively small amount of .erosion by fair-sized tributary streams, and the unusual projecl^oh'of
parts of the granite at the base of the Tapeats sandstone, *"rTnjs is
one of the narrowest sections of the whole, Granite Gorge.
;
Granite Wall and Oremation dam s$es. The rock walls of the gorge
at,the Granite Wall dam site, mile 85.1 (PL XXXVI), eonjasik of
medium coarse-grained hard massive pink granite. The rock lacks
the parallel structure due to compression that is characteristic* of
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most of the rocks in ;the gorge and is traversed by only a few mgjor
joint planes. It is evidently owing to the massiveness and hardness
of the granite that this part of theArchean rocks projects above,the
remarkably smooth, erosion surface that marks the unconformity at
the base of the Paleozoic. The granite reaches upward r, into the
lower part of the Bright Angel shale, cutting out aU of tl^e Tapeats
sandstone for a. short distance on the right bank of the river and
making the highest mass of Archean rocks that is known in the
Kaibab division of the Grand Canyon. The main joints in the granite are generally inclined obliquely, dipping steeply to the north, so
that the south wall, following the joint planes, slopes in great smooth,
surfaces at angles of 50° to 60° down toward the river, whereas the
north wall stands more nearly vertical.
At the Cremation dam site, mile 86.3 (PI. XXXVII), the gorge is
exceedingly narrow and the walls are nearly vertical. The rocks
consist chiefly of very fine grained hornblende-biotite schist, the
parallel planes of which strike southeast, at an acute angle with the
river. The schist is traversed by numerous rather thick, irregular
veins of coarse-grained pink granite and pegmatite. An unusually
massive dike of granite pegmatite, nearly 200 feet thick, runs vertically to the rim of the gorge just below the dam site, As a whole
the rocks are very resistant and are not highly jointed. No question
can be raised as to the adequacy of the rocks at the sites in this section as a foundation for dams, and at neither place is there any
possibility 'of leakage through the side walls of the canyon.
Because of the steepness of the gorge and the character of the rock,
material for construction can not be obtained readily from the
crystalline rocks within the gorge in the vicinity of the dam sites.
Such material can be procured most easily from the limestones of
the Redwall and Muav, in the cliffs on both sides of the gorge.
Granite Gorge between Bright Angel and Hermit creeks. Granite
gneiss crowded with pink pegmatitic injections, more or less gneissoid
pink granite, amphibolite, and hornblende schist, which on the whole
are somewhat less resistant to erosion than the rocks in the gor^e
above Bright Angel Creek, extend to a point about 1 mile below, the
mouth of Hermit Creek. In parts of this stretch the rocks are so
greatly contorted that no dominant trend to the structure can be
discerned, but downstream from a point just above the mouth, of
Horn Creek there is a fairly well marked, nearly vertical banding,
the strike of which ranges from slightly east of north to northeast.
Pipe Creek dam site. Near the mouth of Bright Angel Creek, a
short distance below the Cremation dam site, the Granite Gorge
increases in width and the walls become somewhat less steep. This
change is due mainly to a local change in the hardness of the rocks.

the mouWof Pipe Creek;
Bright Angel Greek, the canyon is again
; steep sided (PI. XXXIX, iA), and the^ondftions
tktti of a dam site. Because of tfc0 coarse of the lower part of 3?ipe
'Greek and of a^eM in Colorado River neWthiji po!& , &t&BAy
ridge between the side %anyon and the main gorg4e&teiids
eastward from Plateau Point (in the-Bright Angel <|tia^rangle)f.
The walls of the inner gorge of Colorado Rive*-*&tne Pipe
site consist mainly of a very hftrd :dark !^rieissoid granite
Ihe river level, where it is subject to sebtirltog, i&smoothly polished
and carved in numerous smaB poth^leW and btHer Curved Surfaces.
Tn Esome 1 places this rock shows* a Wcill-defi^ed feanding,- birt'-eyewhere it is massive and apparently '.tinb&iided. It is drossed-by
joiBts,::which generally define the^lstege aiagtilar bloefes: produced by
weathering. The jgneiss oontams irregular injections of pnik granite
pegmatite and veins of whitbquarts -Much of the pegmatite "ft v^ry
coarse grained, containing feldspar,crystals as large ag ff mchiS8i:ui
rdiameter, and the rock is made up almost Wholly of quartz and red
orthoclase. Because of its eoarself crystaffine cnarlacier, the pegmatite weathers more easily th&n the associated Tbcks. The quartz
: occurs in thin or medium thick irregular -veins arid 'here and -there
in irregular masses 6 to 10 itfches 'm iliamfcter.;
'The dark gneiss and the-associated ^feks'form the walls'and bed
of the gorge at the dam Mte/'bu't east; !of the rnon^rn M :Kpe Gr^ek
there are softer rocks, chiefly dark hornblende1 sehMt. Hie $6minaitt
strike of the schist is about H. 30° W., ant the di^ abotit; SO9 WE.
Associated with the schist are irregular maMe^ of ^Cteiss ajolcl peg?aatite. Opposite Plateau Point, just Ijelow the dam* site, the ^>rg0 is
cuit'in 'massive pink, granite gneiss and granite. Ilie ch'arajefer aiad
structure of the rocks, at "the site n6ar-Pip>e Creek aire'etttfrely satisfactory. The rocks have ample strength; for the fotindation and
abutments, and there is no possibility'bfieifei^ leakage:' l * ;""-- ">
Construction materials for use at>Lthe Pipe Greek sit© rcalQ: 'be
obtained adjacent tp th6 site, witEin the^ iimer gorge, aid from xdek
forma'tibns above' th6 granite, iiot Iat:>awi^'- Tlib cr^Mftae J*X$SM
near the river can be used in concrete but are much haffter to quarry
and crush than the limestone to t>e had from the Muav'and BMlwall formations, about a mile from the site. Large rbcfes for plftiis
can readily be obtained from the Tapeats sandstone, which (Sr^)s
out at the top of the gorge, a few hundred yards from the dam site.
Granite G&rge "between Befanit Creek wful Turgwnse Canyon^lfa&m
appoint a mile .below Hermit Creek nearly to the mouth'of "Tuna
Creek the rocks in the gorge consist chiefly of dark micaceous
quartzitic schist with a very ptominelit parallel structure.
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the schist resembles phyllite, as suggested fey the name Slate Creek,
one of the tributary streams in this section. These pocks are hard,
and the gorge is narrow. The dominant strike of the rocks is north
of east. . , ;
.
- Between Tuna Creek and Turquoise Canyon granite an4 hornblende gneiss predominate, with mueh pink pegmatite west of the mouth of
Agate Canyon. In topographic character this part of the gorge re- ,
sembles the section carved in granite between Clear and Bright Angel
creeks..
Ruby Canyon <ia/m site. The Ruby Canyon dam site is at mile
103.9 (Pis. XXIX, B, and XXXI), between the mouths of Ruby and
Turquoise canyons, directly northeast &f the projecting spur called
Le Conte Plateau (in the Shinumo quadrangle) . It is in a f airly marrow, steep-sided section of the Granite Gorge, the walk of which are
made up almost entirely of dark massive coarse-grained igneous* rock
(diorite) showing little or no evidence of parallel structure. This rock
is hard and resistant to erosion. In places it is intersected >by .dikes
of very coarse to medium grained pink pegmatite composed of microcline, museovite, and quartz. Some of the microcline crystals in the
pegmatite reach 36 inches in diameter, muscovite 8 inches, and quartz
masses more than 12 inches. At one point a band of gneissoid granite several feet thick was observed. The pink intrusive: rocks majke
up only about 15 per cent of the walls of the gorge. The. hardness
of the rocks and then* massive dense texture indicate very satisfactory dam foundations and effectually preclude the possibility of serio\p
leakage.
Construction problems at the Ruby Canyon dam site are essentially
similar to those at Pipe Creek and other sites in the Granite Gorge.
The igneous rock is somewhat more uniform in texture than the
crystalline rocks at the dam sites previously described, and it earn be
quarried without great difficulty. However, it is difficult to break
with the hammer and accordingly would be less easily handled than
limestone from the cliff a short distance back from the gorge, the ,
nearest in Le Conte Plateau, a mile from the river. Large blocks for
cyclopean masonry can be procured from the Tapeats sandstone,
which crops out on the rim of the inner gorge above the dam site,
Granite Gorge between Turquoise Canyon and SJiinumo Creek. Fr;om ,
a point near Turquoise Canyon to the Bass cable crossing, just below
Bass Canyon, the Granite Gorge is cut chiefly in massive basic
intrusive rocks, which in part exhibit a more or less well-defined
parallel structure but in the main show almost no evidence of
(dynamic metamorphism. Near Turquoise Canyon jbhe basic rocks
are intruded by an abundance of pink pegmatite, and the resistance
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of the rocks is indicated fey the aaa*ow steeprsided^hatac^er of the
gorge. Below Ruby Canyon the rdefes toe 3to0re readily attacked: by
weathering, and the width of the milter gorge increases. The.s^dbioir
between Ruby and Bass canyons is moderately narrow, owing to the'
strength of the quartz diorite which is exposed there.
A sharp contact between the basic? igneous rocks and micasehM
that resembles some of the typical Vishnu schist found farther
upstream occurs near the Bass cable crossing. The mica schist continues to and beyond the mouth of Shinumo Creek, which marks the
approximate boundary between two of the broad, structurally defined
divisions of the Grand Canyon district, the Kaibab and Kanab.
In the vicinity of Bass Canyon the crystalline rocks are for a
short distance sharply depressed, and a great wedge of Algonkian
sedimentary rocks, which is extensively exposed in the canyon of
Shinumo Greek and its tributaries, forms relatively gentle slo|»e$
near the river. This area has been described and mapped in detail
by Noble!6
'
*
Investigation- for dam site near m&itffb of Shinumo Oreek. In this
section of the dahyon an examination was 'made %o ascertain the
feasibility of constructing a dam just below the mtfuth of Shuwimo
Greekr where the topdgraphy suggests that advantageous spillway"
facilities would be offered from the lower part of the Shimimo Greek
canyon to the river on the west. Themamination .showed, however,
somewhat too wide a cross section of the mam canyon for a dam
and rather weak micaceous rock Walk. The rocks in the projecting
pouits between the mouth of Shinumo Creek and the main river are
shattered by two or more cross faults, and the site for a dam and
spiHway is considered undesirable.
KANAB DIVISION, SHINTJMO CREEK TO THE TOBQWEAP VAULEY

(rranite Gorge between :8Jiinumo Creek and Wattheribefg
A short distance below Shinumo Creek the inner gorge of the Colorado regains its typical narrow width/ arid steep wails, the change in
topography being coincident with the appearance of hard rocks in
the bottom of the canyon near thfe river, These rocks consist
mostly of fine-grained dull reddish to pinMSn mica schist, which is
cut in places by dikes :of pegmatite. The amount of intrusive. rock
is, however, rather small. Like the schist in the vicinity of Clear
Creek, the mica schist of this section appears to be of sedimentary
origin. In many places the structure is so complex that no prevailing strike or dip is detenninable, but for the greater part the roelsB
have a fairly well defined parallel structure with nearly vertical dip
Noble, L. F., The Shinumo quadrangle, Grand Canyon district, Ark.: U. S. Qeol.
549, 1914.
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and prevailing northeast strike. Westward toward Walthenberg
Canyon the height of the walls of the Granite Gorge gradually
decreases, for the Paleozoic strata above are inclined westward here
at an angle materially greater than the grade of the stream.
HaJcatai dam site. At Hakatai Canyon, mile 110.7 (Pis,
XXXIX, B, and XL), 2 miles below Shinumo Creek, conditions
favorable for a dam were found. The walls of the Granite Gorge
are here composed of hard bluish-gray micaceous schist, some portions of which are harder, finer grained, denser, and more quartzitic
than others. Thin lenticular injections of milky quartz and of pegmatite composed of quartz, orthoclase, and muscovite have been
forced into parts of the schist, but this section of the gorge is in
general lacking in intrusive material. Some zones are highly contorted, and injected quartz veins are very irregularly folded and
squeezed; such zones are in the main moderately hard. They are
essentially parallel to the general structure as a whole.
The south wall of the gorge is steep and unbroken except for
slight projections of harder zones and faint depressions marking a.
little softer rock. The strike of the schist here is around N. 50° E.,
and the dip is 70°-80° NW. The direction of cleavage in the sehist
hence intersects obliquely (at an angle of about 40°) the course of
the river gorge, which here trends nearly due west. There are
numerous irregular joints and fractures, but these do not constitute
an appreciable weakness so far as the construction of a dam is
concerned.
The north wall is somewhat rougher and apparently more jaggedly fractured than the south wall, owing to the angle at which its
slope intersects the planes of schistosity. The structure on this
side also is less regular and evident. Upstream, near the point
where the projecting spur of schist east of Hakatai Canyon meets
the Tapeats sandstone cliff, the strike is N. 80° W. and the dip
45° N. Southwestward along the spur the strike of the schistosity
swings to N. 40° E. and the dip to about 80° NW. The surface of
the spur is jagged and irregular, and joint and schist planes are very
prominent. Slight excavation will reveal satisfactory rock for dam
abutments, and it is not believed that the joints or other cracks constitute a hazard from leakage. The structure of the schist on both
sides.of the river is favorable as affording natural stoppage to seepage downstream.
The extension of projecting spurs of bedrock nearly halfway across
the river just above Hakatai (panyon and the swift current here indicate a channel scoured of sediment and probably not more than 50
feet deep at any part of the cross section.

H0f
schist in the walls of the
in theHakatai Canyon maybe quarried and crushed for oonerete,
although here, as at other sites along the Granite Gorge, limestoae
from the formations about a thousand feet above the top- ©f3tfi&
inner gorge; and at a distance of a mil* or less from the river would
be more easily quarried' and worked. The Tapeats sandstone^i^idh:
forms a cliff capping the gorge, furnishes thick-bedded, massiveisandstone that may be used as plums or quarried for cyclopeaaa maaonry.
Granite Gorgefrom WaKhetiberg GavtyonfoStephen AisUiportioh of the Granite Gorge is carved mostly in hard
even-textured banded granite gneiss. Granite schist and amptdbolite
am exposed in places but form a minor'part of the canyon walls,
In response to the general resistance which these* rocks offer' ifanewKv
sion, the width of the .gorge is narrowed and the walk somewhat
steepened, but the prevailing slope *>f the stratified rocks, which
carries all theformations lower toward the west and soutfa^ i
very, considerably the height of the orystalMne-rock gorges
the $iver turns nearly due south, on the east side of Marcos Terri
the height of th*e walls of the inner gorge is little more than 3©Q f«ktr .
of which over 100 feet is made up by the cliff of Tapeats saJotcistome;
Granite is exposed above the level of the river entii^ly^rcrtind tfae
southern, part of the big bend that nearly encircles Ma&eoe Tetrsace.
It disappears rather abruptly at mile 117.8, at a small fa«lt ; that
crosses the river in the middle part of Stephen Akle> oa tibe pest
side of Marcos Terrace.
' rr n* ,
B&g BmA dam site. The walk of ithe goig&ftt tJie B% Bedd daaa site,
mile 113.3 (Pis. XLI, A, and X|LII), are conlposed
massive bluish^gfay granite gneiss, intersee%e<i
dikes of pink granite, granite pi&gmaiite, and" vdark
The gneiss weathers in steep walls, which in places^are:sli!effc.
traverse tiee gneiss irregularly^leftniiig blocks of various
shapes. Thia rock is not shattered and ^ will unquestionttbly afford
h%hly satisfactory dam foundations and abutment^'-and
Near water level the r®ck is nnely polisiiedandis in;
carved into potholes.
The gneiss is unconforn^ably ovjerlain by the:
cross-bedded Tapeats sandstone, the base of which is here 310 lefet
above the river. The thickness ; 4f>the m^eive,
part of the sandstone is slightly less than 100 feet (98 i
point measured by alidade)*- " -« This r>00k is r^Jber sebai^^j
is hard and rather tightly cemented and is regarded a«
also for abutments if a dam were constructed high enough to reaeh it.
r
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PLATE LXXVII

A. DOWNSTREAM VIEW OF GRAND CANYON FROM POINT ON RIGHT BANK IN CONQUISTADOR AISLE ABOUT 60 MILES BELOW LITTLE COLORADO RIVER, OR 5 MILES
BELOW ELVES CHASM
Geology by R. C. Moore

B. DOWNSTREAM VIEW OF GRAND CANYON FROM POINT ON RIGHT BANK ABOUT 64 MILES BELOW LITTLE COLORADO RIVER, OR 4 MILES ABOVE
SPECTER CHASM
Geology by R. C. Moore
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Grand Cam/on between Granite Gorge and Middle Gramme Gorge,
For 8% miles along the river below the end of Granite Gorge tjb&
rocks in the bottom of the canyon are mostly sedimentary, . In th©
next 4 miles, however, the Archean crystalline rocks reappear an4
form a deep, narrow gorge which on the Shimimo topographic map
is designated "Lower Granite Gorge." That name has now been
adopted by the United States Geographic Board for the third main
granite gorge of the Grand Canyon, which is 50 miles long and extends
from a point several miles above Diamond Creek to a point within a
few miles of the Grand Wash cliffs. The term Middle Granite Gorgs
has been adopted for the short Archean gorge that begins 8^1 milee
below the Granite Gorge.
. For a mile below the Granite Gorge cliffs of Tapeats sandstone,
about 150 feet high, occur on both sides of the river at water level.
Within the next mile and a third, where the river beneath De Vaca
Terrace swings from north to west, Archean schist appears in the very
bottom of the canyon. At hardly any point does the base of the
Tapeats sandstone reach a height of 100 feet above the river. The
schist disappears at the mouth of Hundred and Twenty Mile Creek.
Westward through Conquistador Aisle the rock formations are gently
inclined to the west at a rate slightly greater than the westward drop
of the stream (PL LXXVII), so that before the mouth of Hundred
and Twentytwo Mile Creek is reached the top of the lower part of
the Tapeats sandstone has disappeared beneath the river. Around
Alarcon Terrace the bottom of the canyon is carved in the upper
part of the Tapeats, here consisting of rather soft sandstone and
shaly beds, and the overlying Bright Angel shale.
Middle Granite Gorge. Aboui 0.2 mile above the mouth of Hundred and Twentyseven Mile Creek dark fine-grained hard pre-Cambrian schist appears and gradually rises above the water until an inner
gorge comparable to the Granite Gorge is formed. This is the Middle Granite Gorge. A short distance below Specter Chasm the inner
gorge is several hundred feet deep and is very steep sided and narrow. The rocks of the gorge consist mostly of very hard quartzite
and quartzitic mica schist, which have a pronounced banding or,
bedding. This bedding stands nearly vertical and with a dominant
northwest strike crosses the river, here flowing northeastward, almost
at right angles. The narrowest and steepest parts of the gorge are
the parts where the hard quartzite predominates. In the lower part
of the gorge granite pegmatite is much more abundant than in the
upper part.
Specter Chasm dam sites. The Specter Chasm dam sites, near
mile 130 (Pis. XXXII and XXXIII), are in the highest iiarrowseetion
6f the Middle Granite Gorge. The walls here are composed of very
45568° 25 11
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hard dark reddish-brown to bluish-black schistose quartzite and
quartzitic schist, with some black amphibolite, somewhat extensively
injected with medium to coarse grained pink granite pegmatite in
irregular veins from a few inches to 15 or 20 feet thick and with thin
veins of milky quartz. The average strike of the schistose rocks is
N. 55° E., but there are local variations, due to folds, of about 20°.
This strike is essentially parallel to the course of the river here.
The dip is 55°-75° NW. The rocks are almost without exception
very hard, being broken by the hammer only with considerable
difficulty. This feature and the very dense, impermeable texture
make the rock very satisfactory for the foundations and abutments
of a dam. The excessive hardness, however, will increase the cost of
drilling and quarrying. The schistose structure is not so well developed as to be of much aid in working the rock. The dark rocks
are undoubtedly an indurated, somewhat metamorphosed sedimentary series which has been closely folded, squeezed, and in places
more or less broken. The bedding apparently is parallel to the
schistosity.
The southeast (right) wall of the gorge is in general rather smoother
than the northwest wall, for in many places the planes of schistosity
define the slope. For this reason exposures of the pink granitic intrusive rocks are less conspicuous on the southeast side of the river.
The northwest wall is steep but is jaggedly rough, as the slope cuts
across the schistose structure. Intrusive pink granite pegmatite is
abundant, composing according to estimate about 20 per cent of the
wall. The intrusive bodies follow the planes of schistosty in the
main and hence extend for considerable distances subhorizontally.
The walls are capped by a cliff about 100 feet high, composed of
the Tapeats sandstone, which is medium to coarse grained, irregularly
cross-bedded, and hard.
The walls of the Specter Chasm dam sites are so dense and relatively so unshattered by joints or fractures that hi spite of the trend
of the schist, subparallel to the river's course, they are believed to
be entirely satisfactory as a foundation for a dam and to be impermeable to water under pressure.
This section of the river has a quiet, rather even rapid flow, which
fills the canyon from wall to wall. The estimated depth to bedrock
is 30 to 50 feet. The quartzite of the rock walls is more than sufficiently dense and hard for use as concrete aggregate. It is rather
difficult to get at and expensive to crush. The higher parts of the canyon walls, above the gorge, furnish an abundance of suitable, fairly
easily accessible, and readily quarried material for concrete. The
massive brown hard dolomite about 25 feet thick in the Bright Aiigel
shale, 170 feet above the top of the Tapeats sandstone and only a few
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hundred yards distant from either dam site, will furnish large quantities of suitable material and will be most easily obtained, as this bed
forms extensive benches with gentle slopes below and little covet
above. The limestones of the Muav and Redwall formations, higher
in the cliffs, are satisfactory but more difficult to work.
r
Sand is probably most readily obtainable by crushing the Tapeats:
sandstone, which is about 250 feet in total thickness. The grains *
of this sandstone are medium coarse to very coarse and gritty and are
subangular, and the cementing material is not such as to make crushing expensive. There are unlimited quantities of this easily worked
sandstone at the top of-the inner gorge, immediately above the
quartzite.
Grand Canyon between Middle Granite Gorge and Havasu Greek.
On both sides of the river just below the lower Specter Chasm dam
site and in the lower part of Hundred and Thirty Mile Creek, the
basal beds of the Unkar group, of Algonkian age, appear between the
Archean schist and gneiss and the Tapeats sandstone. A fault that
runs parallel to the lower course of Hundred and Thirty Miledreek,
striking about N. 50° W., intersects the pre-Cambrian rocks, dropping the beds north of the fault about 100 feet. The Archean rocks
disappear beneath river level about 200 yards north of the fault, for
here, as in the vicinity of Shinumo Creek, the top of the crystalline
rocks is beveled off smoothly, and this surface, parallel to the bedding
hi the Algonkian rocks, is inclined at an angle of 10° to 12°, in accordance with the northeasterly dip of the Algonkian strata. From
this point for a distance of a little over 3 miles, to a point just below
the mouth of Tapeats Creek, the lower portion of the canyon is
carved in Algonkian rocks (PL LXXVIII, A). These rocks consist,
of a basal deposit of conglomerate (Hotauta), followed by 100 to 150
feet of dense,hard fine-grained yellowish limestone (Basslimestone),
a very massive sill of diabase 300 or 400 feet thick, the remainder of
the Bass limestone, the Hakatai shale, and in places the Shinuino
quartzite. These rocks are beveled off more or less evenly above
and are overlain by the Tapeats sandstone. Although a possible
dam site may be found in this section of the river, especially between
the walls composed of diabase, it does not compare favorably with
the Specter Chasm sites, just described.
The inner gorge of the Grand Canyon is sharply constricted about
halfway between the mouths of Tapeats and Deer creeks. For a
little more than a mile above Deer Creek the river has carved a narrow canyon, which in places is several hundred feet deep, m Archean
crystalline rocks, mostly hard granite. Minor exposures of crystalline
rocks or of the Bass limestone appear at several points between Deer
Creek and Fishtail Canyon, but as far as Hundred and Forty Mile Canyon the formation at the bottom of the gorge is mostly the Tapeats
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sandstone. Beyond this point for many miles the Bright Angel shale
crops out along the stream and in the bottom of the canyon walls.
The rock strata continue to descend westward, however, at an angle
slightly greater than the drop of the river, so that 3^ miles below
the mouth of Kanab Creek the top of the Bright Angel shale disappears, and thence to a point about 9 miles below Havasu Canyon
"the bottom formation of the canyon is the Muav limestone (PL
LXXVIII,5).
Havasu dam site. For some distance above and below the mouth
of Havasu Creek Colorado Kiver flows in a narrow, deep, steep-sided
gorge in the Muav limestone. The Havasu dam site, mile 156.6 (Pis.
XXXIV and XXXV, A), is a short distance above the mouth of
Havasu Creek, in a section slightly narrower than the average. The
canyon wall on the right bank is vertical for about 250 feet from the
water, and that on the left is composed of two essentially vertical
cliffs separated by a 60-foot slope above the lower cliff, which is
approximately 100 feet high.
The rock at the dam site, from a level probably below the scour
depth of the river to a level considerably above the projected
height of the dam, is all limestone, which is more or less magnesian
and grades in part into true dolomite. The rock is very fine grained,
hard, and dense and is little affected by solution. It is variously
mottled dark bluish drab and greenish brown, the mottlings following for the most part branching calcareous seaweeds (algae and
fucoids). In contrast to the Kedwall limestone, which is a very massive pure limestone, more or less commonly channeled by solution
cavities, the Muav is regularly and evenly stratified horizontally, its
beds are on the average very thin (1 to 6 inches), and there is a general absence of solution cavities. In spite of the thin bedding,
which is revealed on weathered exposures, the formation makes massive, essentially sheer cliffs. Aside from the thinnest-bedded portions of the Muav, noted below, the formation offers excellent conditions for the foundations and abutment walls of a dam.
Certain portions of the Muav limestone in this part of the canyon
appear less resistant to weathering than others. Accordingly the canyon walls show two or three alternating series of cliff walls and slopes.
The cliffs are composed of the more massive, solid limestone. Examination of the material composing the slopes shows here also limestones not very different lithologically from the cliff limestones, but
between the thin limestone beds is a slight parting of sandy material
which permits the attack of weathering agencies to disrupt the formation somewhat more readily. The individual thin limestone beds
remain hard and dense. In places where weathering has not proceeded for a long time these weaker beds make sheer cliffs that are
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indistinguishable from adjoining more resistant portions of* tb£ formation.
.-- i
Although the right wall at the dam site is a single cliff, .the crayon
walls adjacent and on the opposite side show the presence of a slightly
less resistant portion of the Muav about 60 feet thick, beginning
about 100 feet above water level. Another thin*bedded zone with
partings, generally a zone of slopes, about 80 feet thick, appears farther upstream, its top dipping southwest beneath the river just at
the dam site. Accordingly, the foundation and lower part ©f the dam
here will be in part of the limestone that is less strong. : Measurement of the thickness of the Muav limestone indicates, as shown in
the geologic cross section at the dam site (PI. 3ZXXIV), thai the
limestone extends considerably below the possible depth of river
scour. The disadvantage of the thinner-bedded, less resistant parts
of the Muav formation may be offset satisfactorily by incs-ease in
the width of concrete construction. The lack of danger front seepage through the formation or from solution largely counterbalances, in
the writer's judgment, the disadvantageous condition^ noted.
An abundance of highly satisfactory rock for concrete is available
in the limestones of the Muav and Redwall formations, which form
the canyon walls in this part of the gorge. Thist rock can be shot
down and quarried at any place desired. No sand Except that obtainable from crushing the sandstones of the Supai formation, which dtps
the cliffs of the Redwall limestone along Colorado River and Havasu
Creek, or from the Coconino sandstone, near the canyon rim, is? readily available. This sand is rather fine grained but may .be obtained
cheaply in any quantities desired.
Grand Canyon between Havasfo Greek and Toroweap Valley. Downstream from the mouth of Havasu Creek the river for nearly 20miles
flows in a steep-walled, narrow panyon which swings to the right and
left in gentle curves. At the1 Havasu dam site] the lower part of
the Muav limestone crops out next to the river, at the bottom of
the cliffs on each side. At mile 165.7, about 9 miles below the mouth
of Havasu Creek and just above Cataract Canyon, the top of the
Bright Angel shale appears above the river, and downstream, as this
formation continues to rise, a slope appears between the river and
the first cliffs of the canyon, the height of this slope marking essentially the amount of Bright Angel shale exposed. Both because of
the increased width, of the canyon and because of the unsuitability
of the shale for abutments and foundations, favorable dam site® are
lacking for many miles. Near mile 171,14^ miles below the mouth
of Havasu. Creek, are the two opposite side canyons named Stairway
and Gateway canyons. The courses of the tributaries in these tw&
canyons follow very closely a line of displacement that crosses the
river obliquely, trending a little east of north, and raiiea the bods
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on the west about 100 feet. This is the first of numerous displacements, including some of considerable magnitude, that have-affected
the rocks of the western part of the Grand Canyon plateau. Almost
without exception the faults have had a controlling influence on the
erosion of tributary canyons, but the position and topography of
Colorado Eiver itself have not been perceptibly affected. The top
of the Tapeats sandstone appears a little more than 19 miles below
Havasu Creek. At 21 miles below Havasu Creek is found the first
of several considerable masses of lava (basalt) which flowed down
over the canyon rim to the bottom of the gorge and thence along the
canyon. Near this point a lava pinnacle forms an island in the
river, known as Vulcans Forge, a prominent landmark for voyagers,
which represents a remnant of the lava flow (PI. LXXIX, A} . At
one time the lava undoubtedly dammed the lower part of the canyon
to a height of some hundreds of feet, but the river has long since cut
away most of the obstructing material (PL LXXIX, B).
At mile 179, 22 miles below Havftsu Creek, is Lava Falls Rapids,
one of the most difficult barriers to travel by boat along the river.
Here a large northward-trending fault, which is known to extend
along Toroweap Valley and hence is called the Toroweap fault, is
crossed by the river. The measured amount of the displacement
here is 580 feet.
West of the Kanab Plateau, and separated from it in the region
of Colorado River by the Toroweap fault, is a-segment of the Grand
Canyon structural province which is designated the Uinkaret Plateau. This plateau is bounded on the west by the great Hurricane
fault, which is traceable for more than 200 miles in a general northsouth direction. The surf ace of the plateau is largely covered by
volcanic material, especially near Colorado River, and this covering,
together with its structural demarcation from the adjoining plateaus,
is its chief characteristic. At the Grand Canyon the Hurricane
fault is not far west of the Toroweap Valley, and the Uinkaret division of the canyon is hence very short. From Lava Falls Rapids,
at mile 179, to a point near mile 191, a distance of a little more than
11 miles, the canyon is carved in the Uinkaret Plateau^
For about half a mile below, the Toroweap fault the Muav limestone appears in the bottom of the Grand Canyon at river level.
Within a short distance the slight eastward inclination of the .strata
and the westward gradient of the river bring the,top of the Bright
Angel shale to the surface. For a number=of miles the thickness »f
>shale exposed gradually increases, and a slope with height corresponding .to the thickness of the shale appears above the river. On- the
left (south) bank of the stream the shale, more or less concealed .by
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PLATE LXXIX

. DOWNSTREAM VIEW SHOWING LA\A REMNANT KNOWN AS VULCANS FORGE, 21 MILES BELOW HAVASU CREEK, NEAR
THE UPPERMOST POINT WHERE THE CANYON HAS BEEN INVADED BY RECENT LAVA
Geology by R. C. Moore

. LAVA FALLS, A BASALT FLOW FROM THE PLATEAU, 28.3 MILES BELOW HAVASU CREEK
The upper and lower lavas have no immediate relation to each other.

Geology by R. C. Moore
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PLATE LXXVIII

. UPSTREAM VIEW OF GRAND CANYON FROM LEFT BANK ABOUT HALF A MILE ABOVE TAPEATS CREEK
The rocks in the lower part of the canyon are Algonkiaii.

Geology by R. C. Moore

S. VIEW FROM LEFT BANK ABOUT 500 FEET ABOVE THE RIVER, SHOWING RIG BEND IN GRAND CANYON 5 MILES ABOVE KANAB CREEK
Geology by R. C. Moore
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talas, is exposed ahnost continuously, but on the right bank it is covered in many places by lava. At 6^ miles below the Toroweap Valley the top of the Tapeats sandstone reappears above the river, and
the moderately steep inner cliffs formed by it gradually increase in
height as more of the formation is exposed.
At mile 189.5 the riyer, flowing east of south, crosses a northeasterly fault along the easst side of which the rocks have been raised
about 300 feet, sufficiently to expose above the river some 80 feet of
the pre-Cambrian crystalline rocks. This fault is apparently one of
the series of faults than in this locality mark the Hurricane displacement. In common wijth all the other gorges carved in the Arcltean
rocks, the inner gorge |iere is narrow and steep sided, the- resistant,
crystalline rocks being capped by a nearly vertical cliff of Tapeats
sandstone. Within little more than a mile the river recrogses the
fault and the granite disappears. Notwithstanding the fact that
the depth of the inner gorge east of the fault is not very great, the
rocks have the necessary strength and the river a sufficiently narrow cross section for a dam within the gorge.
Prospect dam site. fite foundation of a dam in the gorge at mile
190 (PI. XLIII) will rest on hard Archean granite gneiss, the abutments partly on gneiss' and partly on the Tapeats sandstone. The
gneiss is pink, brown, arid dark blue, is medium to fine grained, and consists of irregular contorted bands whose general trend is about N. 60°
E., crossing the river obliquely. The resistance of the rocks is indicated
by the constriction of the river in its passage through the short crystalline gorge, in the persistence at several places of little islands
composed of the crystalline rock, and in the polished, irregularly
carved surfaces of the rock near .the river level (Pt,XLI, B). No
seepage through the crystalline rocks need be anticipated. The
Tapeats sandstone, ab^ut 300 feet in total thickness here, rests on a
surface that bevels very smoothly across the gneiss. The lower part
of the formation is cojnposed of medium to coarse grained, quartz
iightly cemented to fo^m massive beds, each on the average several
feet in thickness, the | whole cropping out in a nearly vertical cliff
a little more than 100 feet high. The rock is traversed by irregular
but not numerous joints. So far as strength in anchoring: the upper
part of a dam abutment is concerned) the Tapeats sandstone is
entirely satisfactory, but there; is a possibility of some seepage through
more porous zones in tie sandjstone and along joint cracks. In order
to obtain suitable massive, unbroken abutment foundations:in the
Tapeats it will be necessary to! remove the outer, more highly jointed
portion of, the formation. Ttyis work may involvje excavation into
the cliff for 20 to 30 feet. li is believed that with precautions jn
construction, no seepage will be sufficiently .large or localised t$ endanger the dam. The fault to which the short granite gorge is due
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intersects the wall of the canyon at a distance of nearly.0.2 mile
back from the right side of the dam site and is in no way a possible
weakness. Conceivably some seepage might occur along the fault
around the dam, but the distance from the point above the dam
where the fault crosses the river to an outtet below the dam and the
apparently well sealed nature Df the fault zone render danger from
such seepage very unlikely.
On the right (west) wall of the canyon, at a height of a little more
than 100 feet above the river, a remnant of basalt conceals for some
distance a part of the Tapeats sandstone, at one place extending
over the Tapeats down to the granite. The site of the dam is at the
point Where the lower part of the Tapeats sandstone appears from
beneath the lava, which covers the entire outcrop of the Tapeats for
some distance upstream. The thickness of the lava still covering
the Tapeats at the dam site is probably not more than a few feet.
As a dam with a height of more than 115 feet above the present
river level will reach the lava, it will be necessary in building such a
dam to excavate the lava in order that the upper part of the right
abutment may rest upon the sandstone. The contact between the
lava and the underlying rock is by no means water-tight.
Satisfactory material for concrete can be most readily procured at
this site from the massive beds of dolomite in the Bright Angel shale,
several hundred feet above the river, and from the limestone of the
Muav formation, which crops out on both sides of the gorge only a
short distance back from the cliff of Tapeats sandstone. Stone for
cyclopean masonry can be quarried from the Tapeats sandstone or
from the more easily worked dolomite in the Bright Angel shale.
SHIVWITS DIVISION, HURRICANE FAULT TO GBAND WASH CLIFFS

Grand Canyon from Hurricane fault to Diamond Greek. For several
miles below the short granite gorge in which the Prospect dam site
is situated the river flows on the Bright Angel shale. Because of the
weakness of this formation and because of the occurrence of a number of faults that have aided erosion in breaking down the rock walls,
the canyon is somewhat wider at the bottom, and the confining upper
walls, which are broken at many places, hem the river less closely.
At short intervals, first on one side and then on the other, are lowlying remnants of basaltic lava, fa mile 196, about 40 miles below
the mouth of Havasu Creek, a fault with downthrow on the west
displaces the stratified rocks about 450 feet, and to the west the
Muav limestone succeeds the Bright Angel shale as the lowest
exposed formation in the canyon. Only a short distance west of the
fault, however, the top of the Bright Angel shale reappears above
river level, and it continues gradually to rise as the river flows south-
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ward. At mile 205 the top of the Tapeats sandstone appeal's and
climbs rather rapidly above the river. Just above mile 208 the river
swin§^ eastward to th^line of a prominent northward-trendinglault,
on the east side of which 500 or 600 feet of Archean granite and schist
are brought into vi$w at this plaee. Owing mainly to this and
associated smaller faults, which have raised the weak Bright Angel
shale zone high above the river, where it may be readily attacked by
erosion, and which by fracturing the massive formations have aided
in carving a number of prominent side canyons, a conspicuous irregular amphitheater has been formed, to which has been given tt*& name
Granite Park. West of the fault in Granite Park the Bright Angel
shale appears next above the river. There are no places suitable
for dam sites anywhere along the river in this section.
About a third of a mile below the island in Granite Park the top
of the Tapeats sandstone appears beneath the Bright Angel shale, and
downstream more and more of the formation is exposed until at mile
215 the top of the Archean crystalline rocks appears beneath the
Tapeats cliff. Although the granite and associated crystalline rocks
are continuously exposed from this point downstream to a point within
about 20 miles of the Grand Wash Cliffs, the inner gorge, which has
conveniently and appropriately been named the Lower Granite Gorge,
increases only very gradually in depth. In this part of its course,
extending as far as Diamond Creek, the river flows nearly parallel to
and only a short distance west of a large northward-trending fault
which here appears to represent the main Hurricane displacement.
The rocks east of the fault have been raised from 1,000 to 1,500 feet,
so that considerable areas of granite are exposed east of the fault
line.
Diamond Creek dam sites. The inner gorge of Colorado River ia
the vicinity of the mouth of Diamond Creek is carved in massive
light bluish-gray Archean granite and hard cliff-forming sandstone.
The granite, which extends downward indefinitely below water level,
rises above the river in steep slopes about 600 feet high and is surmounted by a cliff, generally sheer, a little more than 100 feet in
height, composed of the Tapeats sandstone (PI. XLVI, A). Above
the Tapeats cliff is a bench of varying width formed by shaly sandstone and sandy shale. The granite slopes are scored by shallow
subparallel gullies, which follow slightly weaker parts of the rook
and joints. These depressions and the intervening shoulders trend
slightly west of north, oblique to the course of the river.
Low water exposes a few rather narrow bars of sand on each side
of the river, and at the mouth of Diamond Creek there is a large
accumulation of sand and boulders which lies in general above the
high-water level of the river. The rapids just below the mouth of
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Diamond Creek result essentially from the boulders brought down by
this tributary.
Foundations for any dam up to about 600 feet in height above the
present water level would consist of the granite of the inner gorge
(PL XLV). The granite is in the main a very massive hard mediumtextured rock composed essentially of quarts!, white or nearly colorless feldspar, hornblende, and biotite; the average size of the grains
is less than 3 millimeters. The dark minerals (hornblende and biotite) show a more or less well-defined parallel arrangement, with the
longer crystal axes in one direction. This gneissoid structure is not
sufficiently well developed to appear in marked banding, nor does it
have any great effect on weathering of the rock. Evidently this
rock has not been subjected to pressure and shearing stresses that
would develop notable weakness at different places. Some of the
granite of the gorge is finer textured than the gray rock just
described, is darker and more reddish in color, and appears to weather
more easily. Rock of this type forms a minor part of the gorge and
is rather irregularly distributed. It offers no difficulty for dam construction but will require somewhat deeper surface stripping to reach
fresh, unweathered rock. Both types of granite weather brown.
The granite is crossed by rather irregular joints, which generally
define large blocks. The rock is not closely or finely fractured; hence
weathering produces angular or rounded blocks and projecting points
that are rather large. The joints do not have a well-defined trend,
but the most prominent ones bear slightly west of north, along the
line of the shallow depressions at places on the walls of the canyon.
Intrusive bodies of other igneous rocks, such as pegmatite, in the
granite are almost entirely absent. Dark thin dikes of amphibolite
a few feet in width appear opposite Diamond Creek. The foundation
material of the dam is hence all the same kind of rock, hard and
strong, well adapted to the construction of a high dam. There is no
likelihood of seepage around or under a dam at the lower site, a short
distance below the mouth of Diamond Creek, at mile 225.9. At the
site above the mouth of the creek some difficulties may be expected
from faults and prominent fracture zones which affect the walls of
the canyon, as noted below.
The accompanying map (PI. XLIV) indicates the presence of certain faults which have fractured and displaced the rocks. : A fault
tHat may be called the West fault cuts the rocks back of the river
gorge on the west, with a trend about N. 14° E. It intersects the
Tapeats sandstone and granite in the small side canyon which joins
Colorado Eiver 2,000 feet above the mouth of Diamond Greek and
cuts the cliffs north of the side canyon. It does not affect the stability of a dam in the Colorado River gorge but should be taken into
account if a plan is made to construct tunnels or spillways on the
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west; side of the river near the point where it displaces tlie reeks of
the canyon wall. Seepage along the fault plane fo<wn jponded water
extending up the tributary canyon above Diamond"(^efc;iii<x) ihie
river below is improbable and even, if it occurred wowMflot in* any
way weaken the dam.
.-..- ?'
A fault trending N. 20° E. crosses - Diamond Greek about ha3f;a
mile above its mouth. It follows a prominent but short side canyon
of Diamond Creek on the south and a smaller indentation of the
wall on the north. The beds south of Diamond Greek, are displaced
about 40 feet, those on the west being raised; but the; dislocation
diminishes northward. This fault will have no effect on tffiuiels
from Diamond Creek into the Colorado River canyon for ai dam
below the mouth of the creek, as such tunnels wiH presumably -be
located west of the fault. No seepage along it around the dam-is to
be expected.
So far as indicated by other geologic considerations, a site above
the mouth of Diamond Creek, at mile 225.5, is possible, as well as
one below, but the presence of several zones of prominent fracturing
or faulting running through the southwestward-projecting spur of
crystalline rocks north of Diamond Creek promises possibly serious
leakage, which, however, might be prevented by special precautions
in construction. The difficulties and dangers from this, ;source
increase rapidly in proportion to the height of the dam- proposed.
For a dam south of the mouth of Diamond Creek (PL SLV, B),
tunnels from Diamond Creek to the river gorge below the dam would
be carried entirely in granite.
.
.
Abundant material suitable for construction is conveniently-Javailable for a dam near the mouth of Diamond Creek. In the lower
parts of Peach Springs Wash and Diamond Creek canyon there are
unlimited quantities of hard crystalline rocks, but the, massive feeds
of dolomitic limestone in the upper part of the Bright Angel shale
and hi the lower part of the Muav formation can be quarried more
easily, and if, as is probable, the railroad and construction camps
are located on the plateau bench above the granite .gorgej this source
will be more accessible, as the outcrops of the limestone occur a
short distance back of the cliffs that rim the gorge. The limestone
may be used very satisfactorily in concrete or- m ashlar, rabble, or
cyclopean masonry, or large blocks can be used as plums. - Large
quantities of sand and gravel are found in the lower part of *the Diamond Creek canyon.. The sand is medium to fine in texture, and
the grains are more or less rounded. Much coarser and somewhat
more angular sand can be obtamed by crushing beds-of the Tapeats
sandstone, which crops out at the rim of the gorge above the dam
Bite. .
- - - . '
-'
;:.-;;-.-. ...
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Although pure limestone (Eedwall) is to be had near by in the canyon cliffs, the other.materials needed for the local manufacture of
Portland cement are not found here.
Lower Granite Gorge from Diamond Creek to Travertine Canyon*
Downstream from the mouth of Diamond Creek, as the river flows
first westward and then northwestward, the bottom portion of the
Grand Canyon is essentially similar in character to that at the Diamond Creek dam sites, described above (PI. XLVI, A). The wals,
which are uniformly very steep, are for many miles several hundred
feet, in height. Although composed in part of dark fine-grained hard
schistose rocks, most of the rock is medium-grained massive granite ^
or granite gneiss. The side canyons from the south or north are
narrow and deep, and their descent toward the river is steep.* Here,
as in each of the other granite gorges along the river, the persistent
Tapeats sandstone forms a vertical cliff surmounting the steep wail
of the crystalline rocks. About 3 miles below the mouth of Diamond Creek the walls of the Lower Granite Gorge are extremely
steep and are approximately 1,000 feet high.
Travertine Canyon dam, site. In the narrow, steep-sided section
of the gorge at mile 228.6, near the lower end of a tributary named /
Travertine Canyon, are found favorable conditions for a dam (Pis.
XLVI, B, and XLVII). The walls of the gorge here consist of very
hard, massive, rather fine grained pink to bluish-gray granite gneiss.
The hardness of the rock is shown by the unusual narrowness of the
gorge and by the nearly vertical clifls that occur in places on both
sides of the river, especially on the right, where the entire wall is
remarkably steep. Near the river level the hard, dense rock is
smoothly polished and in places is irregularly carved into potholes
by the action of the water. Its joints are irregular. The gneiss is
more or less prominently banded, and the banding crosses the river
almost at right angles. The texture, composition, and structure of
the rocks at this dam site preclude all possibility of leakage around
the dam.- A minimum of work in the removal of surface-weathered
and more or less jointed rock would be required to give foundations
of the utmost stability. The base of the Tapeats sandstone is
approximately 700 feet above river level. As the Tapeats is here a
very massive, hard formation, almost a quartzite, it would be readily
possible, so far as the character of the rocks is concerned, to construct a dam more than 900 feet high at this place.
Just below the narrow {section selected for a dam site, where small
canyons enter from each side, the character of the walls changes very
abruptly, the gneiss being replaced by 'dark micaceous schist. Most
of the schist is dense and '. lard, being composed largely of fine quartz
with more or less abundant fine mica along cleavage planes. Some
of the Bchiit is highly garnetiferous. Aa a whole the schist is much
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less resistant than the gneiss, hut water spilled down either side^canyon and downstream will not erode it rapidly. The strike ol th»
schist is almost at right angles to the cpurse of the river*
/ / /
Construction materials at the Travertine Canyon dam sit© ace
practically the same as those at Diamond Creek, for the same formations are found here in essentially the same relations.
Lower Granite Gorge from Travertine anyon to Bridge O&nyo&dam
site. Between Travertine Canyon and the Bridge Canyon dan* site,
mile 236.3, there are no marked changes in the general character ol
the rocks exposed in the lower part of the Grand Canyon, nor ini the
topography. The blue granite gneiss that forms the narrows at the
Travertine Canyon dam site extends only to the mouth of Travertine
Canyon. Below this point are dark-colored dense quartzite mad mica
schist, in part highly garnetiferous, with, very pronounced banding.
The schist closely resembles a rather thinly stratified sedimentary
series upturned nearly on end. The strike of the schistose structure
is slightly east of north, almost at right angles to the course of the
river. Farther downstream the structure of the schist is more
irregular, and in places no dominant trend to the banding can be
clearly distinguished. There are also sections of the gorge in which
granite, granite gneiss, and more or less abundant pegmatite appear.
Most of the rock is very hard, and the walls rise steeply from the
river's edge.
Bridge Canyon dam site. In a very narrow, steep-walled portion
of the Lower Granite Gorge, at mile 236.3,10.4 miles below the mouth
of Diamond Creek, is the Bridge Canyon dam site (Pis. XLIX and
XLVIII, #). The rocks here consist of a rather complex mass of
dark-bluish granite gneiss with thin, irregular veins1 of pink granite
and granite pegmatite and thick intrusions of massive pink granite.
All of the rock, irrespective of details of kind and structure, is hard
and dense and is admirably fitted for foundation material in a high
dam. No danger from lack of strength or from leakage around the
dam through the rocks need be anticipated. There are small, irregular masses of dark schist in the lower part of the gorge, near the
mouth of the side canyon that has been considered as part of &
spillway. The schist is only slightly less satisfactory than the gneiss.
The parallel structure in the gneiss and schist k irregular but tends to
follow a direction nearly c ue north. The side canyon on the left
that offers facilities for a s >illway is carved in the sehist, its course
following the strike of the s< histose structure. Though TOt so strong
as the gneiss which is the pre dominating rock at the d&m site, the sehist
in the side canyon will not yield with undue rapidity to erosion ft*om
spillway overflow. It is not deemed necessary to takespecial^precautions in utilizing the side canyon for a. spillway.
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The construction materials available here are practically the same
as to kind, availability, and' unlimited quantity as at; Diamond
Creek.
Lower Gmwte Gorge between Bridge O&nyon dam site and Spencer
Canyon.-t B&ow Bridge Canyon the walls of the Lower Granite Gorge
consist mainly of medium io coarse grained pinkish granite and
granite gneiss. The granite is very massive and is traversed by
relatively few major joints, so that it weathers in cliffs and great
rough crags. A small amount of schist, into which the granite is
evidently intruded^ occurs in places. Some parts of the massive
crystalline rocks are intruded by irregular, mainly rather thin dikes
of a very dark igneous rock which appears to be amphibolite. Near
the mouth of Separation Canyon the rock is chiefly a very hard
bluish granite gneiss, the banding of which strikes north, approximately at right angles to the course of the river. The rocks of the
gorge are almost everywhere more than sufficiently strong for the
foundations of a dam. The average depth of the gorge in this section
is lower than at points upstream, for the Paleozoic strata are here
inclined very gently to the west, descending at a rate slightly greater
than the gradient of Colorado River,
Spencer Canyon dam site. The lower part of the canyon, of Colorado River at the Spencer Canyon dam site, mile 246.2 (Pis. LIX and
LVII, B), is carved in very hard, dense medium-grained bluish-gcay
granite. The granite gorge is narrow, and its walls are on the left
nearly vertical and on the right steeply sloping. The granite is massive and is not traversed by zones of weaker rocks. It is coarsely
jointed, and the main joints run irregularly in subhorizontal, nearly
vertical, and steeply oblique (about 45°) directions, dipping downstream. These joints control the weathering, the rock breaking into
large irregular blocks, which are gradually rounded on the edges by
the weather. Where erosion is active near the water level the granite
is carved into curving surfaces and irregular potholes and is more or
less smoothly polished. Such features are developed only in the
most resistant rocks, and their occurrence here indicates the hardness
of the granite. In all respects the walls of the canyon here are
admirably fitted for dam construction.
The granite is capped on both sides of the gorge by the Tapeats
sandstone, a coarse, hard, gritty formation which is also resistant to
erosion. Above the massive lower Tapeats sandstone are softer rocks
that weather back, forming a bench. This topographic feature is
important in planning parts oi a development program.
On the right side of the gorge nearly opposite Spencer Canyon is
a patch of basaltic lava that rests on a sort of shelf about 100 feet
above the river. The granite on which the lava lies forms a nearly
vertical cliff rising sheer from the river's edge, and this cliff is con-
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tinned with very little break by the lava to a height of 150 feet.
The lava is apparently a remnant of extensive flows which at one
time descended along the bottom of the canyon from the volcanic
eruptions of the Uinkaret Plateau. As it is the only rock of the- sort
in this section of the canyon, it is a rather striking and convenient
marker by which to locate one of the worst rapids on Colorado BiT«c
that just below the mouth of Spencer Canyon, which is designated
Lava Cliff Rapids. As the basalt is all above the dam site, it:does;
not enter into consideration of construction problems except as regards its availability for use as concrete aggregate. It is sufficiently
hard and dense for that purpose and can be broken fairly readily^
especially along the rather closely spaced columnar joints. There is
not enough of the lava rock, however, to furnish all the material
needed for aggregate.
As shown in the topographic map and cross section of the Spencer
Canyoni dam site (PL LIX), the steep-sided projecting mass that lies
between the lower part of Spencer Canyon and the main river gorge
is partly cut off from the canyon walls behind it by a steep-sided,
gully joining Spencer Canyon about 1,000 feet above the river and
by an ill-defined hollow in the left wall of the main gorge just below
the cliff that furnishes the left abutment at the dam site. The
lower Tapeats sandstone, which caps this rounded spur, is cut off
from the continuation of the formation beyond this depression. The
topography and especially the alinement of the ravine on the Spencer
Canyon side with the depression on the main gorge side suggest a
major fracture or fault. The depression here affords topographic
conditions for a spillway site. No displacement of the Tapeats
sandstone was observed, and accordingly it appears that the erosion
features noted have been guided by weakness resulting from preCambrian faulting, or by major jointing or other structural weakness of undetermined origin, or it may be that the position of the
small erosion depression is fortuitous. Detailed examination should
be made here in advance of spillway construction, and, if needed,
provision can be made readily to guard against unduly rapid erosion
in the spillway. Even though this spillway site should prove to be
somewhat less resistant to erosion than the main mass of the granite,
walls, the probability of unsafe erosion at or below the spillway is
believed to be extremely small.
In the cliffs above the rim of the inner gorge, only a few hundred
feet distant, are unlimited quantities of limestone and dolomite, suitable for use in concrete construction. This limestone or any part of
the granite near by can be used for plums. The nearest availablesand is obtainable by crushing portions of the Tapeats sandstone,
just above the granite. This sand is medium to coarse and subangular, and, though hard, it can be crushed without too great difficulty.
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Different beds in the formation, vary in coarseness and hardness,
softer sandstones occurring in the middle and upper parts* Because
of the entire lack of suitable shale, it is not feasible to-manufacture
Portland cement in the vicinity of the dam site, notwithstanding the
presence of abundant limestone (Redwall) of sufficient purity.
Lower Granite Gorge between Spencer Canyon and Salt Creelc.- Below Spencer Canyon the rocks of the Lower Granite Gorge are almost
exclusively granitic. They are massive and in general show very
little gneissoid banding. Irregular joints that traverse the granite in
various directions define the large and small blocks that are loosened
by weathering and control the main details of surface conformation
.within the gorge. In places the granite is deeply stained to a redbrown color, and rounded rock surfaces project through a scanty
mantle of the debris produced by disintegration. Elsewhere abrupt
cliffs and steep slopes of t>are hard rock ascend from the water level
to the overlying cliff of Tapeats sandstone, which to the west becomes
very gradually lower. At the mouth of a large tributary canyon
entering from the left ^southwest) at mile 252, the head of the
Boulder Canyon reservoiri survey of 1921, Colorado River turns rather
abruptly northward, and thence it follows for some 3 miles the line
of a fault that lifts the rocks on the west side of the displacement
about 200 feet above t)ie corresponding rocks on the east. This
fault extends up the canyon of Salt Creek, which enters at mile
255.5. This tributary h^is the apparently anomalous course of due
south into a main stream) that flows north.
Devils Slide dam, site. Massive hard pink to red granite of fine to
medium gram forms the li>wer 370 feet of the steep-sided inner gorge
of the Grand Canyon justj below the mouth of Salt Creek (Pis. UI,
A, and LI). That the ro(ek has the strength requisite for the foundation and abutments of i a high dam is shown by the narrow, steep
cross section of the gorge> as well as by examination of typical parts
of the granite. -The ma^siveness of the granite and the absence of
numerous joints indicate the absence of danger of seepage. Above
the granite, considerably j higher than the proposed crest of a dam,
lies the Tapeats sandstone, which forms a cliff with an average
height of about 130 feet. Here, as elsewhere in the canyon, this
formation is massive, harid, and resistant, being almost a quartzite.
Along the broad saddlfe in the divide between the lower part of
the canyon of Salt Creek and the main river gorge the granite is
somewhat decomposed. Excavation to provide a spillway .at a
somewhat lower elevation would reveal fresh granite, but although
the width of the saddle ftnd the breadth of the divide would satisfactorily accommodate with little erosion a large overflow, it might b«
desirable to face the spillWy with concrete.
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The fault that is followed by Salt Creek and by Colorado River
above the mouth of the creek affects conditions at the dam site in
no way except to influence the erosion that has developed the favor-,
able spillway conditions. The fault is entirely above the dam and
spillway sites and can not produce leakage or affect the stability of
construction at the site.
Materials for construction are close at hand and can, be obtained
without difficulty. They are the same in kind and in relation to the
site as at Diamond Creek.
Grand Canyon from Salt Creek to Grand Wash Cliffs. Below Salt
Creek the Lower Granite Gorge is somewhat deeper than it is a few
miles upstream, because of the uplift of the rocks west of the Devils
Slide fault. The rocks consist mainly of massive red granite, essentially uniform in character for several miles. It weathers in steep
craggy slopes or forms precipitous cliffs, which, as elsewhere, are surmounted by the nearly vertical wall of Tapeats sandstone. The
westward inclination of the stratified rocks overlying the granite
gradually reduces the depth of the Lower Granite^Gorge. At mile
257, about 4 miles below Salt Creek, the river crosses a zone of faulting which drops the base of the Tapeats within about 100 feet of the
river. On the left side of the Colorado here and at many places farther downstream there are large accumulations of travertine. !Near
mile 260 the red granite disappears beneath the river, and the Tapeats
sandstone forms abrupt cliffs.on each side. Here are found remnants
of basalt not far above the river. For a few miles below mile 260
the river surface coincides almost exactly with the gently sloping
contact between the Tapeats and underlying crystalline rocks.
Consequently there _are alternating stretches where 2 or 3 feet of
granite appears above the water and stretches where the Tapeats
extends to the river level. Beyond, mile 266 the bottom of the
Grand Canyon is carved in the Tapeats sandstone, but as the westward dip of the rocks continues, the lower, cliff-forming portion of
the Tapeats disappears beneath the river. The relatively weak
upper portion of the Tapeats and the soft Bright Angel shale, which
overlies it, produce a moderately open, wide-bottomed canyon.
A north-south fault near mile 275 with approximately.250 feet
upthrow on the west and another fault near mile 276.5 lift the base
of the Tapeats over 100 feet above the river, exposing at the base of
the canyon walls the upper part of the Archean granite,. About 1^
miles downstream the main Grand Wash fault is reached, along which
the rocks have been dropped several thousand feet on the west. Tertiary and Quaternary gravel and other relatively recent deposits lie
west of the fault. The Grand Canyon ends where the river ©merges
from the plateau, the western edge of which, determined by the great
45568° 25 12
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fault that cuts off the granite in the river, is known as the Grand
Wash Cliffs. To the west and south of these cliffs the river flows
through a very different country.
Pierces Ferry dam site. For about a mile upstream from the great
fault that separates the Colorado Plateau country on the east from
the Basin and Range country on the west, the river flows in a fairly
narrow but not deep canyon carved in Jirchean granite. Only a little
more than 100 feet of the granite is exposed in most parts of this
gorge, the crystalline rocks being unconformably overlain by the
Tapeats sandstone, which forms a more or less precipitous cliff above
the granite.
At the Pierces Ferry dam site, mile 277.3 (Pis. LXII and LXI,
5), the rocks in the bed of Colorado River and for a little more than
100 feet on each bank consist of ratheij coarse grained hard reddish
granite, which is massive and in the main unbroken by abundant
joints. In strength and in resistance to leakage this rock is as satisfactory as in most of the other sites' in the granite gorges of the
Grand Canyon already described. In places the granite is smoothly
polished by the action of the water, in much the same manner as the
more resistant crystalline rocks upstream. The flow of the river in
this section is quiet. There is very little opportunity for the deposition of sand or gravel, and it is probable that most of the channel
is fairly clean. From 1 to 2 miles above the site there are consolidated deposits of river gravel and extensive accumulations of travertine 100 to 200 feet above the presem; river level. The conditions
observed indicate canyon excavation almost but not quite to the
depth of the present canyon, followed ly filling to-the height of the
present gravel remnants or beyond. ^Subsequently there has been
excavation of this fill and erosion into' bedrock. Continuous exposures of the crystalline rocks and the overlying stratified rocks along
the present course of the stream indicate no possibility of leakage
in the section above the dam. Although no evidence of a different
former course of Colorado River was fofcnd in this section, it should
be recognized that there is a possibility! that a buried channel, filled
with gravel and travertine, may extend from a point where the
entire right bank of the river is covered by a great mass of travertine, a little more than a mile above the site, to some point below
the place where the river now crosses the fault. This possibility is
regarded as improbable, but in advance of actual construction geologic inquiry should be made on this point.
The upper parts of the walls of the gorge, which are composed of
Tapeats sandstone, are more shattered and more porous than the
underlying granite. In order to insure satisfactory abutments for
the upper part of the dam, rising to the height of the sandstone, it
will be necessary to excavate back a sufficient distance to reach fresh,
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comparatively unbroken sandstone. This rock is very hard, practically a quartzite, and except near the exposures, where it.is broken
by weathering^ it is very massive and may be used with confidence
as a part of the dam foundation.
The upper part of the Tapeats sandstone and the overlying Bright
Angel shale are incompetent and have wasted away, leaving a wide
bench above the cliff of the lower Tapeats sandstone.
Most of the materials required for construction are readily available in the vicinity of the dam site. Granite can be procured from
the lower parts of the gorge but is rather too hard for cheap crushing. The overlying sandstone will yield moderately coarse and angular or subangular sand and pieces of larger dimensions. Limestone
can be obtained at a distance of about a mile or less to the east, in
the direction of the Grand Wash Cliffs. The dolomite beds in the
Bright Angel shale can be most readily obtained. These beds ar@
very massive here and make a prominent bench. There are extensive gravel deposits within a mile or two downstream, but most of
the pebbles are throughly well rounded.
MOHAVB CANYON DAM SITE

Beginning just south of Topock, Ariz., where the Atchison, Topeka
& Santa Fe Railway crosses Colorado River, the river has carved
through the Mohave Mountains a narrow, steep-sided canyon, the
rock walls of which are in some places several hundred feet .high*
This section of the river, which is called Mohave Canyon, is about
10 miles long. The course of the canyon is f airly straight in a direction slightly east of south. The dam site here described is in the
upper part of this canyon, a short distance south of the rugged axial
portion of the mountain that is locally named The Needles (Pis.
XI, A, and XII).
The field work on which the report on this dam site is based is a
brief reconnaissance which was made in company with Herman Stabler and E. C. La Rue, hydraulic engineers, on October 20,1923. In
the short time available an examination was made of the topography
and the rock formations along the road from Topoek and of the
geology of the dam and spillway sites. Travel by boat on the river,
proceeding southward to Needles, and by automobile to the dam
site permitted observation of the area that will be flooded to make
the reservoir north of the dam.
*
The topography in the vicinity of the dam site and northward to
Topock is rather rugged on a small scale, for a number of small dry
washes with a maximum depth of about 100 feet cut across th« land
sloping down to the river. On the east side of the river, north, of
the dam site, many of these washes are carved in partly consolidated
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graveL and alluvial debris, but on the west side most of them are in
solid massiverrock.
The rocks that are exposed in the walls of the Mohave Canyon at
the dam site consist of medium to coarse grained crystalline igneous
rocks that have been altered, apparently by heated aqueous solutions.
The general character of the rock is granitic, but the alteration makes
it difficult to determine the precise megascopic classification of the
rock. However, so far as the construction of a dam is concerned it
is sufficient to indicate that the rock is massive and hard and,
although somewhat minutely fractured on long-exposed surfaces,
would undoubtedly in strength and resistance to leakage be very
satisfactory for the foundation and abutments. The rocks that appear in the canyon wall extend back from the canyon several hundred feet eastward, as far as the small gullies that head at the saddle
which might be used as a spillway. The rocks east of the saddle are
softer, coarser grained, and more deeply disintegrated than the rocks
near the canyon. Nevertheless, they are massive, and it is believed
that excavation will reveal much stronger rock than is now exposed.
All the evidence observed points to the conclusion that these rocks
in the canyon and extending back uninterruptedly to the east and
west are constituent parts of the igneous material of the Mohave
Mountains and that there is no likelihood of seepage of any importance through these rocks. If the saddle east of the dam site should
be used as an overflow spillway, some concrete lining may be necessary, as the rocks below and in the spillway would be cut away considerably more rapidly than an ordinary massive, resistant granite.
This statement is based on the more or less disintegrated condition
of the material at the surface and would doubtless require modification if it were possible to cut deep enough into the rock to reach
fresh material, though it is believed that even the fresh rock is not
as strong as ordinary fresh granite. The bedrock is traversed by
numerous joints, which do not appear to have a definite arrangement.
However, except near the surface, it does not seem that the rock is
sufficiently fractured to make the possibility of leakage serious.
The reservoir which a dam at this site would create would be relatively large. For a dam with a crest 585 feet above sea level,.or
about 158 feet above river level, the water would be impounded for
many miles upstream. On both sides of Mohave Valley, the broad
flood plain of Colorado River, the waters would cover the lower
parts of the long, gentle slopes leading up to the mountains. Mohave
Valley and parts of the adjacent slopes are composed of sand and
alluvial material brought down by the river. In addition, there are
large quantities of reck waste which have been brought from the
adjacent mountains, building up the slopes to the river. The area
that would be included in the reservoir site was not examined in
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detail, but the more or less well-consolidated materials that form the
slopes appear of themselves to offer very little possibility of leakage,
even if the basin of Mohave Valley were not rimmed on practically
all sidesx with massive igneous rock. Undoubtedly ihe solid rocks
that appear at the surface in the mountains west and east of the
river and extend across the course of the river in the Mohave Mountains lie beneath the materials that form the land-waste slopes and
the flood plains of Mohave Valley.
At a point a few miles south of the dam site there is evidence of a
gravel-filled channel of the river which has been abandoned in favor
of a new course carved in the bedrock farther to the west, but there
does not appear to be any outlet to the basin north of the dam site
other than that which the river now occupies. In other words, if
a dam is built at the site south of Topock, it is believed that this
will effectually close the basin to the north, there being no possibility of seepage through unconsolidated materials at the same or
lower levels at some point in the margin of the reservoir.
The conclusions derived from the reconnaissance examination outlined above should be checked by detailed observation in the vicinity
of the dam site to determine the continuity of the massive igneous
rocks that make up the Mohave Mountains and The Needles. A more
detailed study of the reservoir basin north of the dam site would also
be desirable, although there is very little likelihood of disadvantageous features in the geology of the reservoir site. Diamond core
borings to determine the extent of the more fractured, less firm superficial zones, especially hi the vicinity of the spillway site, should be
undertaken in advance of actual construction.
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