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~ FOREWORD

. By Hv;xmeonx
- Becretary of the Interior

The Department of the Interior is authorized . i;o mvestxgata,g :
through the. Geological Survey, and report on the natursl resowrces.of,
the country, including minerals of various kinds and sources.of wa;e:
available for use in irrigation, the development of water.powes, indus«
trial processes, and municipal supplies. The whole task is;enprmous
and necessarily must be-accomplished in parts. The epdeavorismgde
to so plan the investigations that information wilk be availeble as
needed, and the results accemplished are being used; extensively as. s

basis for the safe and sane development of the public domsinand for -

the.classification of Government lands with respect to their entry and
use under the public-land laws. . This werk will be; completed only.
when all our natural resources have been examined and;the map of
our counttry is made to show their location, magnitude; and. walpes..,

Congress has recently provided in the, Temple Act. for a-program
of mapping which is designed to complete the topographis map of
the country in 20 years. In theinterest of economy and efliciency:it
is planned.in conneetion with-this program to make such. detail sur;
veys of rivers and of dam, reservoir, and power sites as to afford an
adequate topographic basis for comprehensiv@plansfor controllingand
utilizing the water resources of the country. This topographic basis
must be supplemented by adequate records of river- d}schapge and
engineering and geologic investigations.

Study of water resources must of necessity s.ntwlpai;e by many
years the needs of development, because surface streams-vary widely
in their discharge, and safe and economical des:gn of hydraulic strue-
tures must be based on records showing ma.xuna, minima, and average
yields of rivers over long periods. In wise anticipation ‘of the utili-
zation 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 in-
this basin to show sites for possible reservoirs, water-power plants,
and diversion dams, routes for canals, and the location -of irrigable
lands. Theinformation thus collected has been published in the Sur-
vey 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 River, which constitute
perhaps the greatest undeveloped asset of several States. .
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2 . FOREWORD

Maps showing the topography of the canyons and gorges, the posi-
tion of the rapids, and especially the sites for dams that would be
valuable either for the creation of storage reservoirs or for the develop—
ment 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 sub-
jected to the annual menace of destruction. I am concerned for
the future of the people who are menaced by floods inadequately
controlled, and I entertain a lively sense of the. necessity ‘and the
importance of conserving this magmﬁcent potential natural resource
for the great waiting territory that is to be directly benefited, for
the benefits will also extend to the United States as s whole.

-The Colorado River basin has been under observation, survey,
ahd study and has formed the sub]ect of reports to Congress since
the end of the Civil War. The progranm of investigations initiated
by the Geological Survey is now substantially completed: -- Maps-of
Colorado River and its tributaries are available from the headwater
region to the Mexican boundary, and records of stream flow in the
basin have been placed on a sound, ¢ontinuing basis. ~ When & mod«
est program of preliminary drﬂlmg at apparently favorable dam sites -
ghall have been completed, the time will have arrived when  the
Government should decide on at least the main features of a com-
prehensxve plan of development by ‘which this great- rlver, now- &
natural menace, may be converted-into a national resourée. ; - .

-
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'INTRODUCTION

By Naraan C. Grover

Colora,do River is one of the remarkable rivers of the ngld in 1ts
value for irrigation and water power. It combines in proper sequenge
for com;plete use a large quantity of water, great concentrations. of
fall, reservoir sites for the control of flow, sites for power plants, aﬂd
several million acres of irrigable land below the stretch where power
may be developed. The Columbia also may be used lal’gely for
both water power and irrigation, but no other river qn tlns continent
affords such enormous opportunities.for this double use of its water.

The dra.mage basin of. the Colorado covers. 244,000 square. mﬂgs!
or one-thirteenth. of the area of the United States, s1tu,a.ted in seven
States. The river flows also. through the Republic .of Mexmo, and
its waters are used for irrigation in that country. As, its: TESOUrees,
which constitute the most mportant undeveloped asset of this great
region, will play an important part.in the growth:of several States
in agricultyre, industry, population, and wealth, the. problzms of
their development are of interstate and mternatlonal interest. . ' i,
. The most urgent need of the basin is flood proteetion ;fpr mt}es,
towns, and large irrigated areas near Yuma and in the Imperial Valley;
Property values exceeding $100,000,000 and the prospergby of many
thousand people on both:sides- of the international boundary-are
seriously menaced., As Colorado River carries its Burdep of silt tq
the Gulf of Celifornia it is constantly building up its-bed-across thy
delta, making necessary a corresponding' periodic increase,in. the
height of the levess built to confine it. The flood: menace. is,. there-
fore increasing yearly;and the maintenance of the ;eveas is beeommg
more difficult and costly as time. goes on.

Colorado, River and .its upper tributaries rise in. the mountms
of Wyommg Colorado, and Utah, where precxpai;atmn, especially in
the form of snow, is heavy. The valleys of its upper. tributsries
have an excellent climate, that is well adapted.to agriculture and
lndustry and that combines with beautiful scenery to make the
region attractive for the building of homes. . ..

_The irrigable landsm ‘these: valleys have in part been m:lgp.tadi
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. pres.
ent 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 utilizéd 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 the: upper basin
and the utilization of the available water supply for both power and
irrigation should be protected and encouraged by all proper means.
" The ¢anyon séction of the river offers the second largest concen-
tration ‘of water-power sites in the United States and the third larg-
est on this continent. Its only superiors in this respect are the
St.’ Liawrence and Columbia River ‘basins. These rivers also, are
international, and- the greater part of the ‘potential power of the
8t. 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 eans -of reservoirs, for which nature has furnished sites of -
great capacity. ‘The value of the power sités 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 erratie
natural flow of the river, ranging between flood discharges of ‘miore
than - 260,000 second-feet and low-water discharges of less than
3,000 second-feet, may be converted to a discharge that wili be nearly
uriiform ‘over a period of years. - Dam-sites have been’ discovered
and surveyed in the canyon section that make possible the 'utxhza»
tron of ‘the whole fall or any part of it that may be desired. : ' °
“'The part of the basin situatéd below Black Canyon hés reIatxvely
small power possibilities but has great areas of fertile land that may
Bé made productive by irrigation.. The distribution throughout thé
year of the needs for water for agriculture are, however, différent from
those for power. - Consequently the conversion-of the river from one
of widely varying flow into one of’ uniform discharge tbmugﬁ ‘the
canyon section in the interest of power deévelopment will not fully
serve the requirements of ifrigation, 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 agsin nature has favored
the region by affording opportunities for building reservoirs to recon-
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vert the flow needed for;the best utilization of the water-power
resources in the canyons into the flow needed. for full uservmihe irzi~
gation of the arid: -Jands: of the lower. b@sm T e CEOT gy G F

. The need for further. agricultural éevelopmenﬁx in the Ga&omdo A

Rlve}: basin will increase. gra.dually, .while .the -demand: for. slectric
energy in-the basin and in regions outside the basin hut. within: egor
nomic transmitting distance will increase more rapidly. . It wouldinet
beecongmical, however, to proceed with aprogram of developraent:thnt
is greatly in advance of actual requirements. Such a program weyld
be unwise because uneconomical and would surely.result; in losses
of mvested capital. It is important also that any devplopments,
whenever or wherever made, shall conform te & rational scheme for -
the full development, of the river that will not needlessly. sacrifice

head available for power or unnecessarily waste waaer bly evspomm e

from reservoir surfaces. {
- Although there has never been satlsfactory navxga,tmn maéelor ,
River it has been traversed by steamboats from the Gulf of Californis

to, the old town of Callville, at the lower end of Bonldgr Ganyen,
The nav:gamon was ot great in amount even, before rajlrasds. were
built in this region, but at that time it was of much lagal, importance;
Since the construction of the railroads navigation has been continued -

as needed for the erection and operation of works along therizer,bu$ .= L

its relative importance in the general development of the rgion: has

decreased. The greaﬁsb abstructions to navigation. have been the -

shifting sand bars in the stretch of river below the canyons snd:the
dangerous rapids in the canyons. The erection of dams for, storage
and power will pr(mde safe nccess by boat to.certsin parts of the:
canyon section of the river.that are now macms&ble excepf at great

expense and danger. Forexample, & dam in Glen Canyon will make =

easlly accessible by motor boat 150 to 200 miles of river above; includy
ing besides Glen Canyon the wonderful Rainbow..Bridge and many

beautiful canyons of tributary streams. The constructiongf an autor

mobile road from a trunk-line railroad to some point on, the, backwater
of such a dam would open up one of the most -attractive tourist areas
on the continent and would make accessible a region of benutyvuzx;
surpassed anywhere in the world. Other dams would create. longer
or shorter stretches of slack water and would .open; to tonxists cors
respondmg parts of the river and canyons. . Such slaek water wonld
not impair the beauty of the canyons, as its, depthy Wouldﬁgqne«mﬂa"
he little if any more than sufficient to cover:the débris at, thenwp
of the cliffs, and nowhere would . any apprecmblenp&rt of the beautis

ful canyon walls. be, submerged. By. thus pmvxd.tqg tfor nav;ga,hp;;i

.,,v<t~-_£ r
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the Grand Canyon, which surpasses in bsauty the noted fiords of
Norway, would be made easily accessible and would attract to our
westem country many travelers who now go t0 Extrope for rdcréation.

" As would be expected in the study of problems ln*Volvmg a reglon
80 large and so diverse in its needs, theré are many opposing views and
conflicting interests. It is not to be expected that sufficient infor-
mation has now been collected to serve as a basis for the settlentent
of ll questions that may arise. Indeed, some of them can béfinally
adjusted only as development progresses, because the details of the
necessary information can only then be known. It'is of prime im-
portance, however, to have available the essential facts to serve ag a
guide in outlining’ the broad lines of development and policy that
should be adopted at least tentamvely, before initial large develop—
ménts are made.

The question of public or pnvate ownership and operation of ‘the
‘ pm]ects iftvolving the development of power has been little dlscuSSed
openly in -connection with Colorado ‘River, althcugh it has had &
controlling effect on the attitude of many people. Federal control
of the floods of alargeriver has been recognized as good public poh'cy, ,
Similarly the financing and bulldmg of irrigation works and, in ‘eon-
nection therewith, the construction of large storage reservoirs for
regulating the flow of rivers have for more than 20 years been “ac-
cepﬁed as proper governmental activities. The possibility of extend-
ing such activities into the business of financing, constructing, and
perhaps operating large hydroelectrlc power plants in a field that
has heretofore been occupled almost exclusivély by privately owned
public-utility companies, operated under governmental regulatlon
opens up a big question of policy, on which there are sure to be .
sharp and honest différences of opinion. These differencés may
delay the construction of large power dams and power plants, But
they should not be permitted to delay the utgently needed protec-
tion against the floed menace.

‘' The Geological Survey has collected records of dlscharge 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 possi-
" ble. Such stations are now operated at Lees Ferty above Paria
River, in the Grand Canyon above Bright Angel Creek; atid at To-
pock below the Atchison, Topeka & Santa Fe Railway bndge The
Geological Survey and later the Bureau of Reclamation have col-
lected records of flow for many years at Yuma. All these records
hive been utilized in the preparation’ of the-estimates of flow at'the
several sites for reservoirs and power plants.
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- The Geological Survey has also made available in maps- uﬂd pre-"

files the results of surveys of more than 1,800 miles of Colorado

River and its tributaries, including the river 1tself from Gtand Juné- -

tion, Colo., to the Mexican boundary, the Green from Green River,

Wyo to 1ts mouth, and the Sa,n Juan from Bluff, Utah tosits junc-

tion with, the Colorado.

Mr. La Rue, the author of this report, had prevxously 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 con- -

tinuously on projects within the basin. He has made boat trips, in-
cluding 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.;-

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 Octo- -
ber, 1924, from Flour Sack Rapids, in lower Grand Canyon, to

Needles, Calif., 191 miles.

When making these hoat trips in company with the party of topo-
graphic engineers, Mr. La Rue has been charged with the responsi-
bility 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 phobo-

graphs have been used to illustrate this report; others are on file in.

the Washington office, where they may be studied by those who are
interested.

The Geologmal Survey is not attempting -to promote any pa,me-
ular project but is endeavoring to collect and make available the in-
formation needed as the basis for outhnmg S proper scheme. for full

45568°—25——2
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- development. of the river and for selecting -the site; for first. develop-
ment. It recognizes the fact that the final choice of any projest -
.will represent a compromise of conflicting. interests, in which many

f actors—engmeermg economic, and perhaps political—must be eval-
uated and given proper weight. The Survey hopes that this report,
which contains the latest compilation of data relating to the water
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:

s

. . : T



WATER POWER AND FLOOD OONTROL F GGLORAD() .
RIVER BELOW GREEN RIVER TAH ST

) By E.C.La Rue

SYNOPSIS OF REPORT AND GENERAL CONCLUSIONS

The purpose of this report is to present the facts regarding avail-
able water supply and all known dam sites on Colorado River between -
Cataract Canyon, Utah, and Parker, Ariz., and to show_ the zelative
value of these dam sites. To determine therelative value of the dam
sites, & comprehensive plan of development for Colerédo River
below ‘Wﬁ%ﬁ will provide for

the maximum practicable utilization of the potential power, mixi-

mum preservation of water for irrigation, effective elimimationof the =

flood menace, and adequate solution of the silt problem. This plan,
which is preliminary andis offered by the writer to show the basis for -
his conclusionsrelative to flood control, irrigation, power development,
and silt storage, contemplates the construction of, 13 d&m&m&hng
available 3,383 feet of head for the development of power and & maxi-
mum:of 42,000,000 acre-feet of storagé capacity for the %Etra‘k of
floods, equalization of flow, and -storage of silt. . = = ¥ '
The water supply estimated to be availablein 19221 with storage, -
is equivalent to-a uniform: flow of 19,300 second:feet’ at Leés Feivy, .
22,600 second-feet at thelower Black Canyon site, and 22,100 sécond-
feet at Parker. Under future conditions the flow in’ and betow the
Grand Canyon? will be reduced. When éevelopmentvm the uppef.
basin is eompleted and the canyon section and lower river aredevel-
oped.-as is suggested in this report, the averagé snnual flow is’ *estl- _
mated.at 12,000 second-feet at Lees- Ferry, 14 Mﬁmond-feefy at tb;e .
lower Black Canyon site, and 13,940 secondﬂfeet ait; Paz'k e

Sl

1The ﬁxures given in this report relating to available water supply m hased onan amtyafs d tha )

tecords of stream flow for years prior to and fneluding1992. ‘The run-off st.Tees Ferry for the yesr 1023
was about 16,800,000 acre-feet and for 1924 abont 11,600,000 scre-feef. The mean sunmsl flow at, Lees
Ferryfor the period 1895-1922, corrected for past depletion due to irrigation in the upper. was
14,400,000acrefeet. Thesverageannual flow daringthe years 1925 and 1924 wag 14,200,000 acfofeet. " [ fs .
therefore reasonable to assume that for all practical purposesthe estimatesoﬁawdisbhm m,pply ﬁm
in this report may be used as applieable in 1925,

$The Uhited 'States Geographic Board on February 4, 1925, defied the Grau&ﬂmyon as “extonding .
from the mouth of Paria River and Lees Ferry ta Grand Wash Olifis."”:-The GM th rgmiiles:
long and at one place is 13 miles wide and nearly 6,000 foet deep. N L

"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 devel-
oped. 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 lead factor of
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 4,060 feeta

Power site Utah Arizona Nevada | California
Cataraect Canyon__._..___ . ____ .. _____._.____ 672,000 |. : PR
Glen Canyon o o 491, 300 65,700 |, oeme o e -
Marble Gorge__.. 362, 000 IR
Mineral Canyon_.. ... | 588,000 | —ocmeeee [
Ruby Canyon._..._.______ - : 495, 000 .
SpecterChasm. ... .. e e 302, 000 cimamn
Havas® o e 387,000 | oo e meaam
Bridge Canyon._..___.___ 1,090, 000 - [
Devils8lide ... - 317,000 S IR
Hualpai Rapids ._____ -~ : 433, 400 4,600 [ oooneape
Lower Black Canyon...._. 187, 500 187,500 .. e o
PATKer e e e e e . 35, 000 35,000
1,163,000 | 4,363,000 192,0(!) 35,000

4The figures given in the table represent the capacity of the sites in horsepower under a 60 per isent

load factor, with maximum use of water in the upper basin. Ifa power site lies in two States the

. wp&cﬁ %‘t such site has been credited to the States in proportion to the fall in the river thatis
in e: ate

In order to obtain a maximum use of the water for power a.nd'
provide for the most complete use of the water for irrigation, it will -
be necessary to utilize a reservoir site below the mouth of Green
River and above Grand Canyon to regulate the flow in the interest
of power development, and another reservoir site below all :large
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 will not be sufficient to serve even the portion
of the irrigable land below Parker in and adjacent to the basin that
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 irri-
gable land must remain dry. -

The preceding data show the magpitude and the limits of‘ the
Colorado River project. - As the amount of land that can beirrigated .
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and the amount of power that can be developed: are limited by the =

available water supply, it follows that the mest beneficial compreben-

sive plan of development will be one that precludes an unmecessary .

waste of water. The plan here suggested is based on theresults of
accurate surveys of the water supply and of the topography above
water level in the river. Prior to-final decision on any comprehen-
sive plan of development it is essential that the conditions. unider
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 maintsin gaging sta,t.xons
on lower Colorado River because the greater part of the expense has

been borne by the States of Arizona and California, the Byreau of -

Reclamation, the Imperial Valley Irrigation District, the Southern
California Edison Co., the Federal Power Commission, the city of

Los Angeles, the Umted 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 record 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 par(:&*

which are topographically different. he southwestern part is in

genera,l but little above the level of the sea, though isolated mown-
tains rise here and there to elevations oﬁ a few thousand feet. The

central part is a great plateau region which has a general elevation
of 5,000 t0 8,000 feet. This part is b:lutnded on the east and west

by ranges of high mountains, and most of it is cut by deep gorges .

and canyons. The northern part of the 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 Wyo-
ming, which reach 13,700 feet or more; and on the west by the
Wasatch Mountains, in Utah, which reach altltudes exceeding 13,000

feet _ l

P
&g
2
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The differences in the topographic features of the basin at:ones
suggest great differences.in the climate. In the southwestern desert
region the average annual precipitation ranges from-1.5 to 8 inches
and the temperature from about 32° in the winter to: 120° in: the
summer. In the central part of the basin- the average anmual pre-
cipitation ranges from about 10 inches over most of the plateau area
toabout 30 inehes in the higher mountains, and although tempera-
tures of 100° are not uncommon during the summer, the winter.
temperatures in exposed places drop below zero. The northern part
of the basin, which includes the major areas of high mountains, has -
a mild summer climate but very severe winters. Témperatures of
30° .below zero are nmot uncommon, and the annual precipitation
ranges from less than 10 inches along Green River to as much as. 60
inches along the Continental Divide.

The differences above set forth explain Why 76 per cent of thq
annual discharge of Colorado River at Yuma originates in that pa.rt
of the basin aboye and including Green River. s

FACTORS AFFECTING HYDRAULIC STRUCTUR@?" o
ICE. . o

At Green River, Wyo., monthly mean temperatures as low as 18"‘
F. have been recorded. At Green River, Utah, about 100 mﬂes ‘north
of the Cataract Canyon power site, the lowest monthly mean tem-
perature 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° a.nd there. -
has been an average of 102 days yearly with tempera.tqre 'belovgi
32°. These data indicate that considerable ice would form in 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 the 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 c¢arried over the:

spillway or over the top of an overﬂow dam or thld s'ubject ﬁhe-. R

dam to great pressure.
The next important dam site on Colorade vaerfs sﬂ;usted 4 mﬂet

above Lees Ferry, Ariz., 186 miles downstream from Cataract Cans -

yon. - This site is 3,127 feet above sea level. Here the summers are
hot and dry and the winters are mild, with temperatures usually’

well above freezing. However, the followmg record® shows t’h&ﬁ

Lees Ferry has experienced at least one very severe wmt,er T

3 From the journal of A, W, Ivios, Salt Lake City, Utah.
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On the 8th of January, 1878, I 1ft St: George in company with Erastus B.
Snow, oyr ‘destination being northern Arizona and New Mexico, w}@re we were
to do mibsmnary ‘syork among the Pdéblo and Navaje Tndians. * 4 * We
found the river (at Lees Ferry) frozen over for ‘thé first*time sirice ‘beopfe ﬁad
lived there. A short distance above the ferry and a few hundred yards below
there are rapids, and the water was free from ice, but the still* water aboye fthe - -
lower rapids was frozen over from bank to bank. -

* The ice' was not considered safe, but after soundmg it we declded 1;0 ctoss.
We had about 1,200 pounds of loading on ouf 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 heérses over singly. - There being no fedd
for the herses at the river, Brother Snow went on with -the ’ceamf to- Navajo
Sprmgs

¥ ¥ ¥ Some of the cattle we were obhged to throw down and hog tie and
drag f,hem across. ‘The ice-was ‘80 smooth that a man could drag an shimal
over without trouble. ’ I

On the 20th * *. * the ice was: cracked from shore to shere; I could
reach my hand down to running water in many places, but it wasiabogt 2 feat
thlck and it held until we were all safely across. :

T crossed the river on the ice 32 times. There were many of the tmvelers
who absolitely refused to go on the ice, and I was obliged to take ‘théir outfits -
over for-them: Onp the 21st we were all safely at Navajo' Springs, aws from
the treacherous river, and that night prayers of thanksgiving went up- from
many hearts, * % %

About the 10th of January, 1866 James M. Whitapore and Robert McIntue
were killed 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 gnowstorm.
The Indians drove off & floek of sheep which belonged to Whitmore; aa-well as
some horses and cattle. I understood from reports current. #mong-the Indians
when I visited them later that they crossed these gheep on the ice at. the Crose-,
ing of the Fathers, above Lees Ferry. It is certain that they reached theu' own
country with the sheep, and I do not think a Bheep could possibly swim the
river,; the only way they could cross at that time except on the wé« R A

--On January 15; 1925, the river again had an ice cover at Lees Ferry L
sufficiently ‘thick to support loaded animals, khd Indianis fode theit =
pomes and drove their pack mules across the river ofi the iee. "

‘At the Redwall dam site, in Mirble Gorge, 30-miles below’ Pana
River, thé flowage line of the reservoir would be at an elévation of
about 3,108 feet above sealevel. No doubt some ice would form in
the mei'voir every winter, but it seems reasonable to believe that ab
no time would the ice cause trouble at the proposed; dam. The ice
would dxsappea.r ‘before the period of summer floods, and it is not
likely that any ice would be carried over an open spﬂlway or «ﬁer
the crest of a dam of the overflow type.

‘It is not-expected that ice would cause trouble at any dam site'in’
the Grand’ Camyon Little if any ice would form in the Boulder Can--
yoxi reservoir. At the dam site in Mohave Canyon, 427 feet above
sea level, hydraulic works may be- bmlt wﬂ;hout fear of troublej'
from ice. c
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FLOODS

T[n the des1gn of any hydraulic structure to be installed in Colorado
River provision should be made to take care of the flood flow of the
river.

The stream-flow records, which extend back about 30 years, indi-
cate that the maximum flood in Cataract Canyon has been abouf
150,000 second-feet, and at Lees Ferry about 200,000 second-feet.
Gage readings and traditional evidence, however, show that a flood
of still 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
ga,gmg station at this pomt for many years. By extending the rat-
ing 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

e Green River was discharging 100,000 second-feet. This would
icate that the flood of 1884 reached a stage of 225,000 second—feet
in Ca,taract 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 un-
comfortably 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 the
flood of 1884 may have reached a stage of about 250,000 second-feet.
This determination, though subject to some uncertainties, was ag-.
curate enough for the purpose it was intended to serve, as the prob-
able error was no greater than is inherent in flood estimates. With

this estimate as a basis for the flood peak, daily gage. readings ob-
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 engi-
neer, of the Geological Survey, to an extension of a well-defined rating
curve at that place, indicate a probable maximum discharge there of

at least 250,000 second-feet. Water-lodged drift, evidently undis--
turbed for many years, about 8 miles below the mouth of Diamend-

|
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Creek, when compared with the stage at the same plice of the flood
of September, 1923, indicates a probable dlsch&rge of 200,000 to
220,000 second-feet. :

TUnder present conditions hydmuhc works to be built mCataract
Canyon should be designed with sufficient spillway capacity to take
care of a flood of at least 250,000 second-feet. At Lees Feiry 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 capa,clty 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 below 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 construetion 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.

LOGS AND m‘mms

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

SILT

An exhaustive study of the silt problém of Colorado River;made 'f)y
R. B. Dole,* showed that the average annual silt load ca.rnad by the
river at Yuma is equivalent to about 80,000 acre-feet of compacted
silt, such as would be deposited on the boti;om of a_reservoir, . The
Bureau of Reclamation, as indicated in the statement below, estimates
the average annual silt content of Colorado River at Yuma as 105,000
acre-feet. :

- Bilt sampling at Yuma has been carried on continuously by the Bureau of
Reclamation since 1909, with over 5,000 determinations to date. A silt deter-
mination is made at practically every gaging for discharge.: * A quart sampler is

‘U S Geel. Survey Water-Supply Paper 395, pp. 218-226, 1916.

$Weymouth, F. E. (chief enginesr, Bureau of Reclamation), urpublished repart on ‘problems of the
Colorado River basin, vol. 4, p. 72, February, 1924.
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attached to a sounding weight and filled by opening a. valve,.. : These.ssmplea are
taken at the top, middle, and bottom of the stream at three;dxﬁerent locations
across the stream. After sllowing sufficient time for seﬁtlement to clear the.
liquid, the sediment is dried and weighed. To determine the relation between
weight and volume for silt, 20 samples of depesited silt were obtained with & 3«
inch copper tube at various points on the river in-the vicinity of Yuma. . Thes#
determinations indicate: s

Silt volume=water volume X percentage of silt by welghtxo.727. The speqiﬁzf
gravity of the Colorado River silt has been found to avemge 2. 60 an& the avem»

wexght of wet silt in place 86 pounds per cubic foot C o
Silt content of Colorado River at Yuma ' C
. | Discharge it :
' "Yuma i.nat ‘sﬁunfoi: ¢ pe
ag_z]e-ﬁeet} T scxegleet 3
1008-1918 oo e e e e b aen 1 000 043 0.68
To17 * maran| vo| SB[ i
1018, e e e e s ot e} 13, 145,000 58,831 «4b ;&k 000
1oy9 T T 10, 272, 000 68, 333 .68 40, 000
1920 T T - .21, 446, 000 12%.329 8] - g:am
192, 19,454,000 | 111,048 .57, 000
b1 N vl 17,081, 000 oh407}..  .56°| 673,000
Average (1909-1922) f— Y [P SR

The maximum silt content was found to be present with a dlscharge of 26 000
second-feet. This is also the minimum discharge at whm'h the mean veloeity of
the stream reached 6 feet per second, which is exceeded but httle with highet
discharge.

With an average ﬁow at Yuma of 17 000,000 acre-feet at th& present ﬁmm and
an average silt confent of 0.62 per cent by volume, the annual load of silt
brought to the delta region by the Colorado and Gila averages 105,000 acre-
feet, or 170,000,000 cubic yards.

The mean of silt measurements taken when no water was entenng fiom ‘Gila
River gave an average content of 0.7 per cent by weight for the period 1909-1916,
inclusive. This corresponds to a mean content of 0.51 per cent by volumé. If
the diversions at Laguna dam were;added to Yuma flow and complete desilting
assumed at Laguna, the silt percentage could be decreased from 0.51 per cent
t0 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
gilt content at Boulder is the same as at Laguna dam.

‘With the construction of reservoirs on the tributgries above Boulder Canyon,
and especially power reservoirs on the lower parts of the main: tributaries, the
silt percentages may be expected to decrease matenally. The proposed Dmmond
Creek power dam, if constructed, would for many years ‘stop a large part of
the silt which would otherwise pass on into’ Boulder Canyon reservozr. .

FLOOD CONTROL,_
NEED

On the lower river in California and Arizona and in the Impar.xd
Valley in California and Mexico large areas of land have been re-
claimed by irrigation. -Most of the reclaimed lands in the Impéerial
Valley are below sea level, and the lands at Yuma and in the Palo
Verde Valley are but little above the flood plain of Colorado River,

Y
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To rproteet these-lands from floods extensive levea aystmsvmbam

‘built- and’ must be: maintained. : The value of the property:that:ds i

menaced by the annual floods exceeds $100,000,000. - Althotgh mil- .
Hons of dollars have .been spent:in: constructing the .levees, these
works alone, however well maintained, can. not assuré ;proteoﬁon
from the flood menace.  There is grave danger that' during: periods.
of high run-off the levees will be breached and the entire flow of the
Colorado will find its way into Imperial Valley and the Salton Sea.
If these valuable properties on the lower river are to be protected,
dangerous stages must be prevented by holding back a part of the =
ﬂood—makmg waters. The need for flood control i 13 thereforg urgent L

nunwnxn ‘RESERVOIR: sn'xs
FLAMING GORGE B,ESERVOIR srm

. The Flaming Gorge reservoir site lies fon Green River:in: Uta.h and
Wyoming. (See PL: 1) - The dam sité is-in’ Horseshoe Canyon, 4
miles south of the Utah-Wyoming line. A dam here that would
raise the ‘water 200 feet would form areserveir capable -of :storing
3,000,000 acro-fest of water. The Flaming Gorge is a valuable reser-
voir site; its chief value, however; would come from its operation in

the interest of power development. - Its..vdse would ‘no’ reduce'

‘materially the ﬂoods :on the lower Colorade.

: JU'NIPEB. RESERVOIR SI'I‘E

» The Juniper reservoir site is'on Yampa River in Moffat" County,
Colo.; the dam site bemg near the head of Juniper Canyon, about
6 miles -above Maybell: " (See PL. I.) The capacity of a reservoir
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 River would
‘be under control. Such operation would affect the flow of the lower.
Colorado but would not materially redu(,e the ﬁoods of fahe lewqr
river. 4

: ‘OURAY RESERVOIR SITE L B

The Ouray reservoir site is on Green River in northeastagn Utdg. )
4(See PL1)  The basin ahove the dam site is-formed by the. widen- - -
ing of the canyon of Green River in the vicinity of :the junction of -
Duchesne and White rivers with the Green.. The capacity of a -
reservoirformed by a dam 170 feet I:ugh at thmsite would be 8,000,000
acre-feet. R

- By utilizing: the Om'a,y ireservoir site, the flow of. Green nyer mazy -
be regulated as desired for irrigation and the development of power. .
Such regulation would also be beneficial to irrigation and the devel-
opment of power on the lower Colorado River. The stored water

LY
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thus released might eventually pass through -power houses with an

aggregate head of more than 3,400 feet, and the flood flow of the

lower river would be materially reduced. If the flow of Green River

were regulated, less storage capacity would berequired at all hydraulic
_structures built on the lower river, whether operated in the interest

of flood control; irrigation, or power development. . This statement
-shows the va.lue of upstream storage - S

DEWEY RESERVOIR SITE

‘The Dewey reservou 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 wa,ter is 4,087 feet, .
above sea level. (See Pls. I and II.)

Data presented by the Bureau of Reclamation® indicate that a
storage capacity of 4,000,000 to 4,500,000 acre-feet would be required
to equalize the flow of Colorado River at this point; but-the capae-
ity of the site without interference with the present location of the
Denver & Rio Grande Western Railroad is only 2,270,000 acre-faat. -
To obtain this capacity, it would be necessary to build a.danmicto
‘Taise the water 215 feet. If a capacity of 1,500,000 acre-feet were
reserved for regulation of the flow about 90,000 horsepower eould
be developed. Operating the site in this way would have a beneficial
effect on the flow of the lowér Colorado. In fact, if this site were
~ developed and operated in conjunction with the Quray site, on Green
River, the floed flow of the lower Colorado would be greatly reducﬁd
-and the nermal low-water flow would be mcrea.sed o

BLUFF RESEB.VQIR SITE | - {.,1,

" 'The Bluff reservoir sité is on San Juan River in southeastern Utah.
(See Pls. I and II.) This site was, mvestlgated in 1914 by the-
Bureau of Re¢lamation, which found that a dam that would raise the
water 214 feet would create a storage (,apaclty of 1,600,000 acre-feet,
and that a dam 264 feet high would glve a capauty of 2,600,000
acre-feet.

*San Juan River is sub]ect to-sudden and vmlent floods. ' !I‘he ﬂom_i
of October, 1911, was estimated at 150,000 second-feet:”- If desired,
a ﬁood—-detention ‘dam could be built at the Bluff site. Such a dam
with a storage capacity of 600,000 acre-feet would probably 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 les‘s ‘Were

GPmblems of Imperial Valley a.nd vicinity: 67th Cong . 24 sess 8. Doc. 142, p 181 1922. ’
7U. 8. Geol. Survey Water-Supply Paper 395;1) 213,191, © ¢ i
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allowed to pass the dam, the amount of silt that would be deposited
in the reservoir would be small. If this reservoir site were opemted
in conjunction with the Quray site on the Green and the’ Dewey site .
on the Colorado, the floods of the lower Colorado above the Gll&
could be controlled. However, the utlhzatlon of a ﬂood—pon,trol .
reservoir site on the main stream below the mouth of San. Juan River
would probably afford a better solution of the flood. problemq i ‘
The water surface of San Juan River at the Bluff dam site is 4, 198
feet above sea level. The Glen Canyon flood-control reservoir site
(see below) may be developed to an elevation of 3,513 feef: Wlthout
interfering with the development of the Dark Ca.nyon dam site in
Cataract Canyon. There are sites in the canyon of San Juan River
below the Bluff dam site where dams may be built.for the develop-
ment 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 River. o

RESERVOIR SITES ON MAIN STREAM BELOW OATQBACT’ CANYdiﬂ'
GLEN CANYON RESERVOIR SITE -

Glen Canyon covers the 186-mile section of Colorado Rlver between
Cataract Canyon, Utah and Lees Ferry, Ariz. (See Pl II, in pocket ),
Geologwal Survey made a topographic survey of the Glen Canyon res-
ervoir site, carrying observations to an elevation of 8,900 feet above
" sealevel. These surveys disclosed the fact that a dam of moderate
héight constructed 4 miles above Lees Ferry would create a stomga.
reservoir with a capaclty sufficient to regulate the flow of Colora,dn
River.

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.®
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 Wasliington.

80n February 4, 1925, the United States Geographic Board decided *‘ that that portion of the Grand
Canyon between the mouth of Paria River and the mouth of Little Colorado River Heretofore known as’
Marble Cartyon should hereafter be called Marble Gorge.” That there is no murble in Marble Gorge-
was known to Maji J. W. Powell when he named thig stretch of canyon in 18689, for in &his 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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GLEN CANYON DAM SITERNO. L . T Iy,

The posmon of the Glen Canyon Feservoir sﬂ;e in' the Colorado
River basin is shown in Plate IT (in pocket) The dam site here
designated Glen Canyon dam site No. 1 isnear 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 thor-
ough investigation should be made to determine its feasﬂnhty 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,®

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 équal
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 indicstes
that its crushing strength is ample for a high structure.

The following statements regarding the geologlc features of the
Glen Canyon dam site No. 1.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 prop-
erly be credited to F. L. Ransome, then of the Geologlcal Snrvey,
a member of the board:

The Jurassie sandstone * * * jg g 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 whole
resembles in hardness the type of soft brick known fo the trade asz salmon
brick. It crumbles under shock, such as that of ordinary blasting. *- * *
Notwithstanding its softness the rock stands remarkably well in the canyon
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 f 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 oceur in groups, comprising many joints from a few inches to a few feet
apart. At such places the sandstone is divided into great vertieal, 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 tolose 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-fill dam, Lees Ferry, Ariz.: Am. Boe. Ofvil-Fing. Trans., vol. 86,
p. 228, 1923. .
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of the Chinle (the red sandstone and shale) is probably a few feet nsmr the

bottom of the river than it is farther north. The upper beds: of tha Chinds;

however, to a thickness of 200 feet or more,. wduld proba&y bs sﬁkmtelﬁ
upon whichto base a dam., * * * %

The Jurassic sandstone is unsuitable for use as concrete wmhmentp Iiﬁ lmge

masses, however, it suecessfully resists the weight of thetowering canyon walls
and shows no signs of faiture at the base of the cliffs where these come downtq
the water’s edge. Under the atmospheric conditions prevailing at the:cafiyen;
moreover, the sandstone in spite of its softness withstands . $he sction .of ‘the
weather remarkably well. . Some of the smooth walls ‘must -have stood without
apprecisble change for centuries. !

In considering possible building materials ai;tentien should be given. to the
possibility of using the Shinarump conglomeraté near Lees Ferry as a source of
sand and gravel. The nearest rock suitable for ¢rushing and use in concreteis
probably the cherty Kaibab-limestone, which is exposed over a large area a
mile or two west of Lees Ferry and forms the walls of - Marble Canyon. - Con-
siderable 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 suﬂicient
for the construction of & dam of the size proposed. .

The following information regarding the Glen Canyon c}am site
. 1* was obtained by personal correspondence with the Southern
Ca.hforma Edison Co., 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 t0 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-dépth of 66
feet to bedrock, the third (rear the right-hand edge of the river channe]) a
depth of 80 feet to bedrock and the fourth (midway between No:'1 and No. 2)
a depth of 26 feet to bedrock. There were also drilled two other’ lgoles-———No 5
honzontally and No. 6 at-an angle of approximately 40° mﬁl the horizonfal—and
in location No. 5 and No. 6 correspond very closely wzth No. 1 (P1. V). “For
the purpose of securmg some index as to the compresswe strangth oi i;he rock,
samples were taken' from the cores in hole No. 1. Thesé samples were eut to
give a length equal to approximately twice the diameter, and they’ were tested
for gompression in the testmg laboratory of the Smxth—Emery Co., testmg
engineers at Los Angeles._ . * * Three such cylinders taken from the core
at the approximate depth of 88 feet showed an average compressxve strength of
2,220 pounds per square ineh; three other specimens taken from the core at. an
approximate depth of 210 feet showed an average compressive sfrrqngth of 12, 900
pounds per square inch, while three other specimens takén from the core at the
approximate depth of 21 feet: showed compressive strength of: 10,480 pounds
per square ineh. * * Among these last three spemmens there was a wide
varigtion in individual performance.

In July, 1924, testsfwsre made to determme i‘.ha swength oi t&m
dry rock as comp&re@ with that of a rock sample saturated with
water. The samples tested were parts of the cores. from drill: holes
No. 1 and No. 3. Mr. Dennis says: o Cor

1 Memorandum rezarding toundation for dam at Lees Ferry (Glen Canyon), by H. 'é Duiilis ehhi
construction engineer, Southern California Edison Co., Dec. 19, 1924,
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Hole No. 1, as above mentioned, was a vertieal hole, and-the bedding plames
are at right angles to the axis of the core.. Hole No. §, as above mentioned, is
8 horizontal hole, and the bedding planes are paraliel to the saxis of the cores
* % * There is a diminution in strength of the wet specimen a8 compared
with the dry specimen. * * *. However, the lowest crushing sirength noted,
except for the horizontal hole, is 1,315 pounds per square inch, which is very
much in excess of any unit stress whlch would be permltted in concrete of whieh |
the dam itself would be made.

It is my opinion that- the characteristics of the sandstone: at the Lees Fer!a'
dam site are such as will assure the stability and safety of any reservoir dam
that may be justified financially at this site. The precedent of design of ‘any
such structure would dictate the:exeavation of a trench for the full length: of
contact between the dam and the foundation roek not only for the purpese of
insuring the stability of the strueture against sliding but to cause the removal
of surface rock which may have partially weathered. Sound enginsering prac-
tice -also shows that great forces in compression may be safely brought upon
materials that seem to have low cohesive strength provided material is confined
and ean not 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 cause |
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 ag {
to easily permit an adequate spillway so that any surplus svater may be dis-g
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 Glen Canyon stand nearly sheer for several hundred feet in
this Jurassic sandstone formation and have so stood for many thousands of
years, and there are many examples of tremendous pressure broughi agn.ins‘ja i
this rock without failure. * * * ’

The tests herein mentioned have been made upon small speciméns. oi core taken .
qut by a diamond darlll These specimens are approximatély 1.1 inches in dmme—
ter, and the test specunens have had a length equal to approximatély thce that
diameter. Failure has been typical of the tests of any concrete eglﬂmn——namely’,
by a bulging and by lateral displacement—and it is fel} that these tests may be
used as indices only and that the actus] compressive valué of the material in
1arge block would be very much greater than the compressive gtrength as indf-
cated by these specmens

In consxdemtlon of the hopogenmus and "uniform naf,ure of the rock, the :
results of the tests made upon the cores, : and the conditions of restraint brought
upon the foundation at the bottom of a trench, I have'no hesftmon in recem-

. mending the site of, the Lées Fetry dam for a flood-contrel reservoir dam of such |
height as may be financially justified i the éomnlete ¢90m_pre’hensive development
of the Colorado Rl"ver :

The fact that. the sandstone at the dem site i is not suitable for the
concrete aggregate would not add to the c¢ost of the dam, because
adequate space for storage of building material is not available at
thesite. Tocemplete the under-water work between successive flood
periods it would be necessary to pour from 5;000 to 10,000 cubie
yards of concrete a day, and therefore large sup;ihes of sﬁnd grmml
and crushed rock must be stored ready for use, The guarries ani’
storage bins would be most conveniently located on the spacious flat
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ground near the mouth of ‘Paria River, a shert distance bel'erw Lees
Ferry, where there is an-ample supply of the necessary mstzenal ’for
concrete. :

An upstream view of Glen Ca.nyon dam site No. 1 is shownm?hte
IV, A, and a cross section of the dam site, showing. the. results.of -
d.lamond—dnll boring, in Plate V. The exploration is incomplete; but‘
the four holes drilled indicate that the greatest depth to bedrock is
about 80 feet.

Lees Ferry is accessible from the north and south by automoblle'
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 Lake
Railroad) may be extended to the north rim of Grand Canyon.: “When
this road is constructed, a branch about 50 miles long: wou’ﬁd reach
the Glen Ca,nyon dam site No. 1.

The map in Plate V shows the circuitous course of Colorado
Rwer in_the vicinity of Lees Ferry. Tunnels to:provide aperma-
nent -spillway may be constructed through the narrow neck of the
loop. The spillway would thus discharge back into the river at a o
point 4 miles below.the dam. On the lower side of the loop the B
canyon walls break away, leaving plenty of room. for the comstruc, T
tion of a power house and ontbuildings. (SeePl.IV,B.) The physi-
cal conditions at the site are favorable not only for the construction
of & high dam but for the development of power. - However, on .
account of the distance to-market, it is not likely that powe! wﬂl bo B 4
developed at this site for some time to. come. R B

.+In order to determine the probable flow of Golorado Blvez at Leéé
Ferry, a study was made of records showing- the measured. flow of |
the upper -Colorado: and its tributaries since 1895. From these
records the annual discharge at Lees Ferry was computed for the
period 1895 to 1922. By comparison with the record showing the
inflow of Great Salt Lake, the estimate of annual discharge.of: Colo-
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.). This flood probably reached a peak of 250,000 second-
feet. The records indicate that the years of maximum run-eff were
1868 and 1884, in-whichthe total annual run-off was abeut: 25,600,000
and 24,000,000 acre-feet, respectively.

By means of mass diagrams it can be shown thab with. s atorage
capacity of 8,000,000 acre-feet provided in Glen Canyon, the maxi- -
mum flood at Yuma, floods in Gila River excepted, may hoveduced . -
to 50,000 second-feet or less and the flood menscd: ﬂfectlvdy

45568°—25——3
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rembved., | A capacity of about 8,000,000 acre-feat can be obtained
ab the-Glen: Ganyon reservoir site-without; interfering with. t.he Dark
Canyon dam site, in Cataract Canyon.

-+« Paria;. Little Colorado, Kanab, Virgin, and Williams rivers Jom
the- Colorado’ below: Liees Ferry. - The. Paria, Kanab, Vu:gm and
Williams are unimportant tributaries which seldom, if evserf;sdischarg‘b A
& peakiflood of 10,000 second-feet. The greatest flood of record on
the Little Colorado occurred in September, 1923, when the peak dis-
charge 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 power dams in the Grand Canyon would have easily taken care
of thisflood from the Little Colorado. Even without any dams on
the river, this flood was practieally consumed by charinel storage
before: it reached Yuma; where the peak dlsaharge was only 56 ;000
second-feet.

The Dark Canyon dam siteis in Cataract Canyon 186 miles above
Lees Ferry, where the water surface is 3,628 fest above sea level.
It has been sssumed that the Glen Oanyon reserveir site could be
utilized to an elevation of 3,518 feet without interfering with the
dévelopment of the Dark Camyon dam site. .- Toutilize the 186-mile
section of Glen Canyon in this way would require the construction
of 8 ‘dam near Lees Ferry to raise the water 386 feet, giving a stor-
age capacity of about 8,000,000 acre-fest. In the foellowing pages the
alternative dam sitesin Glen Canyon are described. Itisbelieved by -
the: ‘writer that the 186-mile section ' of Glen -Canyon can best be
utilized by constructing & dam at the site 4 miles above Lees: Ferry:
Noti only is-this site more saocessible, but materials: for bulldmg the
dam, except cement, ara.conveniently at hand.

*-The water level of Colorado River at Glen Canyon dam sxte No 1
is 3,127 feet above sealevel. If the flow of ‘the river isTegulated by
storage in' Glen Canyon the water thus released from the reservoir -
would: not-only: be available for irfigation on the lower river but
éould be used for the ‘development of power in the Grand -Canyon:
The: continuous power capacity of ‘all power sites in the Grand Can- -
yoi and ok the lower tiver would be morethan doubled by storage at
Glen Canyon, and in addition every hydraulic structure subsequently
built on the river: below Glen Canyon could be:constructéd at a
greatly reduced cost; as it would not be necessary. to take care of
long-continued flows of flood water during'construction, and the spill-
way and storage capacity required at such works could be reduced
to a minimum. It is estimated that building the Glen Canyon dam
first ‘would resultin .a saving of millions of dollars on da.ms subsen
quently built-on the river below this ‘point. j
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BAINBOW NATURAL BRIDGE, -~ i -vSf 5., of%iiri

The Rainbow Bridge, a graceful natural arch of snndsbm hxgh
enough to span the dome of the Capitol at Wdshington, surpasses in-
size and symmetry any other known natural bridge;:. It s, sitneped
in the Rainbow Bridge National Monument, 8 part- “of | the ;former
Piute Indian Reservation in San Juan County, southern: Utah‘;:mom
than 150 miles from. a railroad, and can be reach.ed only by;_t:&ve:;&
ing in boats the long canyons of Colorado and San Juan. mfers or by
traveling with pack train the few and little used tlgmls. o

This bridge is one of the scenic wonders. Qf the world. 1. It( attglgs
a height of 309 feet above the creek, or 235 feet ,abqve the; top of
the inner canyon, and has a span of 278 feet (PL ND. I the wGIeQ
Canyon reservoir site were utilized to an elevablong o£'34513 ieeb abovg
sea level it would not in any way interfere with the, Rambow Natural
Bridge. The backwater would extend up.Bridge C:myon 12.only to
a point 114 miles below the bridge. In fact, if the {Glen Canyondm
were constructed to raise the water to the abutmqp.t of the Rainbow,
Bridge, the storage capacity would be about 32 OOQ,G(K} a,cre{%t:-—
four times the capacity proposed. The Glen Cany@n Teseryoir: would
provide an easy means of access from. the h.lghway 3t Lees. qux:y by
motor boat to the bndge and the other scenic wonde:s of. t.hls almost.
unknown region. It is estimated that after the complet;qn of autor,
mobile h.!ghwa,ys leading to the reservoir the nqmber of: tQ]nggts bo ,
this region would exceed 200,000 annually. . L

GLEN CANYON DAM SITE NO. 2

Site No. 2 is 924 miles by river above Lees. Fel:'ry and 5% mlles
above Glen Canyon dam site No. 1. The canyon walls at. the
site are composed of massive red sandstone. The depth ta bedrock.
in the river channel is unknown but has been estlmated at 80; feet,
On account of the circuitous course of the river in this Vlcmlty the
site has some rather favorable features. A suggested plan of develop-
ment is shown in Plate VII. A dam could be built for flood. ch}trci
only with spillway tunnels 1,150 feet in length, pa,szsmg through the
canyon walls. At some future time a power plant could be bmlia on.
the left bank below the dam, the water to he carried.to the power
house by means of tunnels 750 feet long. '],'he ,st,oxage oapam,ty of,
the site for given height of dam is practically t)ie same 33 that of
site No. 1. The less favorable features of the sme are, 1135 mmcess::—
blhty and distance from the limestcne that would probably. he used;
in constructing the dam. The limestone may ‘b;a obtained at: th&

1 Miser, H, D., Trimble, K. W., and Paige, Sidney, The Rainbow' Brldge,?'ﬂ‘ﬁhz M b, vol. ﬁ,
pp. 518-531, 1923.

12 Not to be confused with Bridge Canyon on Colorado River in Anmna 235 miles beiow Lees -
Ferry.
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mouth of Paria Rlver wh,tch is about 11 miles downstream from the
dam site.- | , ; C
: s:mmnmcxnumxsnvs 1AND S

The topographic map of the Glen Ca.nyon reservoir site’ dlscloses
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 3,600- -
foot contour an open spillway could be provided in a low saddle
between these creeks 214 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 mth a few feet of soil, and the conditions appeared favor-
able 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 2314 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
1,300feet. The canyon walls are composed of massive red sandstone.
Materlal for the construction of the dam may be obtained from the
Kaibab hmestone 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 platea,u 700 or 800 feet ,
above the river.

A cross section of the canyon was taken at Sentinel Rock dam site
No. 2, which is 184 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 Sentmel 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 interfer-
ing 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 9,700
feet long, with a maximum cut of 100 feet.
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OAK CREEE DAM RITE

The Oak Creek dam site is in Glen Canyon 71 tmles above Lees
Ferry, a quarter of a mile below the mouth of Osak Creek, and 7

miles below the mouth of San Juan River. The Wwater surfaceat ‘this = ‘

site is 3,341 feet above sea level. A detailed survey was made of this
siteSeptember 11,1922, It was found that a dam to raise théwater to
an elevation of 3,513 feet above sea level would have alength ¢f 1,300
feet. The canyon walls are composed of massive red sandstone )
The depth to bedrock in the river channel is probably not great. A
side canyon on the left bank affords an excellent opportunity for a
permanent spillway for a dam of the heéight mentioned. The condi-
tions for a dam of this height are favorable, except that; the site is
not easily accessible and materials for construction of the dam mre '
not near at hand. .
) SAN JUAN DAM SITE

The San Juan dam site is on Colorado River 78 miles above Lees
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 covermg the center line of the proposed dam
showed that a dam to raise the water to 8,513 feet above sed lovel
‘would have a length of 1,700 feet. It is hkely that bedrock is néar -
the surface in the river channel at this point. The conditions for
taking care of water during construction and the facilities for a
permanent spillway are good. Owing to its great 1ength the volume
of the dam would be relatively Iarge The site is inaccessible at
present except by boat. C

ESCALANTE DAM SITE

The topographic features of the canyon 7 miles above the mouth
of Escalante River appeared favorable for the constructién 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 con-
struction of a dam, and a detailed survey of the site was therefore
deemed unnecessary.

BEDROCK DAM SITE

The bedrock dam site is on Colorado River 6 mli)es ‘below Hall‘
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. Therock 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 -b¥ necésdary te excavate a considerable dis- .. .
.tance into these soft layers in order to prevent leakage a.roun{i theend -
sof, the dam.. Adam ab | thls site to stere 6,000,000 acre-feet would -

.raise the water 372feet. The voluma of the dam WOnld be 3, 500, 000 -

.cubic yards. As bedrock is at the surface in the river channel the
_construction of the dam would be comparatively simple. However,
.adam at this site would either interfere with the development of -

- power in_Cataract Canyon or aﬁord inadequate storage capacity.-

'Furtherm,ore, the volume of the dam end the maccesm’bxhty of th:e o
81te ma.ke 1t less attra.ctlve tha.n other sﬂ;es lower on theriver.” .

‘ ; ‘MARBLE GORGE DAM SITE |
. A dash built noar the head of Marble Gorge, 4 miles below Paria .

‘Rlv*er, ‘would provide slightly greater storage capacity than & dam :

of the same height built at Glen Canyon dam site. Ne. 1. Unfortu-
nately 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
-phiysical characteristics of the site are discussed ynder the. ha&dmg
“Maarble Gorge bndga site’’ (pp. 52-53). )

_ BOULDER 'CANYON RESERVOIR SITE
Azfter leavmg tha Grand Canyon Colorado River forms the boun,d—

Vqryi between Nevada and Arizona for a distance of 150 miles. . Herp )

the river flows through small valleys separated by short stretches of -
canyon, At 11 miles below the mouth of Virgin River the Colorado
has cut. through the Black Mountains, forming what is. known as ~
Boulder Canyon. - Abaut 18 miles below the head of Boulder.Canyon -
the river enters Black Canyon, which is separated from Boulder -
Canyon by a small valley about 5 miles long. Surveys made by the
angmeers of the Bureau of Reclamation show that great storage
capacity. can be obtained by bulldmg a hlgh dam in elther Boulde;
C&nyon or Black Canyon. o A i

BOULDER CANYON DAM SITE -

A map and cross section of the Boulder Canyon dam site are shOWn
i Plate VIIE. - This site has been described by the former Director
of the Bureau of Reclamation.* It was proposed to build: a dam
in Boulder Canyon to serve thiee purposes—flood control, regulation
oi thé flow for irrigation, and the devdopment of power. . .

- The rock: in .the canyon walls is a fine-grained gramte of goéd
quahty, a.lthough it:is considerably jointed. The walls rise precipi-
tously from. the river to heights.of 1,200 to 1,500 feet and eontinde
upward en a-gentler slope to the peaks of the mountain range: (Pl.
IX, A).. - The foundation was thoroughly inivestigated: by means of
diamond-drill borings, and the greatest depth to bedrock was found

18 Problems of Imperial Valley and vicinity: 87th Cong., 2d sess., 8. Dac. 142, 1922,
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to be 158 feet bel(iw ‘the water-surface. ' Suffidietit &d&k wﬁﬁd@ﬁb_’
to furnish-data for drawing under-water contotwrs dshowidithe’ posts -
tion of the rock foundation at the site: (See PL AEE) - wak
proposed to build a dam here to raise the water: 1600 Tuot shd- foibh
a reservoir with s storage. capacity of: 31,400,000 athe-feeti::The
height of the dam above its foundation: wmﬂd be: abowti 768 feek:
The Bureau of Reclamation made exhaustive surveys:of the:Boulder
Canyon reservoir site and of dam sites in Boulder and Black entryons:.
On’ account of the lesser depth to bedrock in Black Catiyori whill other
features affecting the cost of construction; the. plan 6. biild et dam
inBoulder Canyon has been abandoned by the Bumaﬂéf iRpelubbation
in favor of a sxte in Black Canyon. . e burew .w;,z'z:»

DR EES-H iii“l

'UPPER BLACK CANYON DAM ’srriz? N

HTDE G 459,
-The upper Black Canyon dam site is about 18 milss Béléw:thé dam
site at the head of Boulder Canyon (PL.II, in: poukﬁ}ﬁxstAhlﬁwgh
the distance between the walls in Black Canyop is somewhat greater
than in Boulder Canyon, the depth to bedrock 1s less, being at most
about 125 feet below the water surface. A dam in Black Canyon
would give greater storage eapacity than a dam iiiv_erul&é?*Mgr’on
constructed to the same height above low water.” ‘A’ fnap of<théups
per Black Canyon dam site, a cross. section at:the.dam sitdpand a
dmgram showing the area and capacity, of the reserveirsithare shown -
in Plate X. The upper Black Canyon site was thoroughly investi> -
gated by means of diamond-drill borings.': The undérowstés contouré
(PL X show the position of the rock floor of th@ canyoa—wrth :relds
tion to the water surface of the river. . -t aeels sl
- The rock that formsthe foundation and abubmmt vmllﬁ% thissito
is of volcanic origin and has been classified. by F: L. RediSome ds
andesite tuffi-breccia. The rock is like concrete in thiat-itisicomposed
of rock fragments cémented together in a solid’ ?mm Theicom
pressive strength of concrete is determined by tdsting 4 Gonepete cors
6 inches or more in diameter. The compressive strengthi bf therock
thatis used as the aggregate may be forty times grumshhwﬁhawmu .
pressive strength of the concrete. The éompressive steepgthiof thd
voleanic breccia that forms the walls in Blwk ﬁaﬁy&n should’ be
determined by similar fests. - s e vl add iy
The plans of the Bureau of Reclamatlon as‘presehtsd’ toztﬁiaﬂfdin '
mittee. on Irrigation and Reclamation .of the Housh of Hepresentsi
tives,* in February, 1924, call for the construction:of &' dais v Blaok -
Canyon to raise the water 605 feet, which would cre&th r Btomgﬁ i,

- LI ¢ FIRAR “

H‘l‘his sito has been called the B}aek Canyon dam site, bu.i; to avoid confauﬁ th‘eﬂﬁnddbj B% )
Canyon and lower Biack Oanyon aites, deseribed elsewhers in this mpact,it «&1 ufiber '
Canyon pite. . L P ES T A 1 PR b

1568th Cong., lst gess., Heazings before Comm Irriganon and Reehmaﬁon, EM d ih;hﬂﬂ;tﬂﬁ
on H; R 9903, by Mr. smng,ismk. RIS TR I Y i
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capacity: of 34,000,000 acre-feet. : The- height of the dam. above bed-
rock would be 740 feet. - A view of the dam siteis shown:in Plate IX,
B. This dam is designed toserve four purposes—flood.centrol, regula.-
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 paise the water to
an elevation of 1,033 feet: above sea level and create a storage capac~
ity 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 Can-
yon, Hualpai Rapids, 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 feet
above sea level.

A dam at'the upper Black Canyon site for flood control only would
prevent dangerous floods, excepf, those from Gila River.

MOHAVE CANYON RESERVOIR SITE

RESERVOIR BASIN . - LR T PP

The Mohave. Valley is a large basin extending from Bulls Head
southward to The Needles: . The center of the basin is occupied: by
a broad flood plain, which has an area of nearly 50,000 acres.” Herg -
the Colorado becomes a meandering stream, following a: circuitous
eourse 50 miles long in passing through the 35-mile strétch of Mohave
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 walls 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
h.tgh stages of flow the bottom lands- of the valley are submerged
giving the lower part of the valley the appearance of alarge lake.’

If a dam were built in Mohave Canyon, Cottonwood’ Valley, which
lies just above Pyramid Canyon, would also be submerged. The
lands in the lower Cottonwood Valley are now. submerged durmg
flood periods.

Within the flowage line of the proposed Mohave Canyon Teservoir
there is about 40,000 acres of land that is classed as irrigable. The
greater part of thls 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:con-

structed. Such a levee system would be required even if'the floods
were controlled by storage above. As the lands lie within the pres-
ent flood plain of the river, a drainage system would alsobe 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,’® of the Corps of Topographwal Engmeersg
United States Army, who explored the Colorado River: by steamboat.

in 1857, refers to Mohave Valley as follows:

A system of irrigation and &n improved method of agriculture would make the
valley far more productive, but it is not certain that it would ever be a profit-
able place for white settlelqeuts The shifting of the.river bed, which to the
Indians, who have a certain community of property, is a matter of little impor-
tance, would occasion serious embarrassment to settlers who had eitablished per-
manent locations and improvements. The rapidity and extent of the changes in:

the position of the Colorado ean scarcely be imagined by.one who has not ‘wit-.

nessed 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 con-
cern, 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 avail-
able water supply, it s¢éems reasonable to assume that the irrigable
lands in Mohave Valley should not be a determining factor with ref-
erence 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 10
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 trans-
piration 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 annu-
ally. The annual net loss to the river would therefore be about
15,000 acre-feet.

16 Report upon the Colorado River of the West: 36th Cong., 1st sess., EX. Doc, p. 73, 1861.
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- df.the Mohave Canyon reservoir.site were utilized; it would-be nées -
‘essary to relocate the town of Needles, the:Mohave Indian School,
and about 20 miles. of the Atchison, Topeka & Sant& Fe Rtuiwsym
Thls work could be done at a reaseriable cost.”- .7 1 .. :

MOHAVE CANYON DAM.SITE © .~ * " © R

Looatum and geologic conditions“~The Mo’.lmve Canyon dam kité " 19.
214 miles beléw Topock, Ariz. ~(Seée PL IT, in’ pocket.y” “A detailed.
survey was made of the site in June, 1923, and & preliminsry report
in which attention was called to its posmble value was prepared by.
thewriterinJuly, 1923. Here the river has cut & narfow gorge throngh:
the granite, the distance between the canyon walls at the dam site
being only 240 feet. Pictures of the dam sme and: ?m't of the ‘Teser-
voir basin are shown in Plate XI. N

The walls at the dam site consist of medmm to coarse grained
crystalline igneous rocks, which h@ve been altered. apparently by:
heated aqueons solutmns The rock is massive-and hard, -and
althongh it is somewhat minutely fractured on long-exposed surfaces,
there is no reason to doubt thatin strength and in resistance toleak-'
age it would be satisfactory for the foundation and abutments of a,
dam. The granite rocks.extend from the river back several hun-
dred feet to a saddle on the Arizona side. The rocks east of the
saddle, though granitic, are softer, coarser. _grained, and more deep},y;‘
disintegrated than the rocks nearer the river. All the evidence ob-. .
served points to the conclusion that there is no hkehhood 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 create a storage
capacity of 10,000,000 acre-feet. -

Plan of development —A concrete dam of the overﬂow type is prob-

. ably best adapted to fit the condltmns at this site,” The required -
height of dam will depend on the amount,of stomg@ cnpa.clty 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 saving of human ]Jie, the pre-
vention of damage to property, and. the regulatmn of the flow to
meet the demand for water for n'ngatmn are of sufficient importance
to justify the construction of a strictly flood-control dam, which
may at all times be operated in the mterests of flood control a.nd)
- irrigation. .

A dam in Mohave Canyon to raise the water 95 feet would create :

a storage capacity of 4,600,000 acre-feet, which would: be sufficient to
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reduce to 70,000 second-feet & flood like thé one that: oecittréd in

1920. This flood could have been reduced to 37,000 seeond-feet with
a dam in Mohave Canyon: constructed to a height of 135 feet above
low. water-(PL. XIIT). It may be desirable to build-thé dam 23 feat
higher still, or 158 feet above low=water level, to obtain a storage
capacity of 10,350,000 acre-feet. The addmonal cost of the higher
dam would be sma.il in comparison with the total cest-of the pro;ect
including the cost of the right of way.

Enlarged Mohave Canyon reservoir—The Mohave Oanyon resér-
voir could be developed to a capacity of 24,000,000 aere-feet by con-
structing a dam with spillway -242 feet above low ‘water -and “with
high-water line 15 feet above the spillway crest. Such:a dam 'would
have a total length of 4,760 feet, but its volume ‘would be:only
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 a.ddmonal concrete that would be required in
the higher and longer dam. The enlarged reserveir could be oper-
ated with an ordinary maximum capacity of 10,000 000 acre-feet 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 tb.e wnter
(p- 42) provides for 11 dams between the mouth of Green River and
Mohave Canyon, and including a dam at the Deway site the aggre-
gate storage capacity would be 20,000,000 acre-feet as shown in the
followmg table:

Dam sites on Colorado River above Mohave Canyon that may be utdwed jor uwgatum
and powér development

F
Elevati ' | watersur-| Storsge
evation : | water sur- .
Site . above sea Hg‘gg“ﬂ‘ - {ace when | :capacity
. levels reservoir is | above dam
ar | .
Feet Fee Acres Acrefeet
Dewe R 087 25 11,800 ~ 2,276,000
Dark Oanyon ____________ . 3,528 512 | 39, 100 3, 850, 000
Glen CanPon v v oo i ettt e 31271 - 3881 ¢ 58,3061 7,760,000
Red Wall_ 2,886 202 2,060 { : .éeo,am
Mineral Canyon.. ... _cooo . ocas ST S, 2,531 345 6,710 1 " '810, 000
Ruby Canyon ..o oo - 2,235 286 2,060 | 244,000
tor Chasm - L ) I r70] - 1,
avasu ................................................ 1,783 09| 1,640 147,
Bridge Canyon . oov v ocveee it - PR 1,207) - 566 | < - 12,4000 -
Devils 8lide _. - 1,034 <, 183 8851 75,000
Hualpai Rapids 226+ 8,700 41" 1,000,000
Lower Black Canyon. - ccocommenmme 595 19| ., 508 | 1,200,000
S i = “
. . 163,905 | 20,055 000
¢!

< The figures in this column remn&the elevation of the water sarface at'the dam'site when the dis-
a’rrgg of the river is 10,1)00 second-fee;
b The figures:in this column indicate the height of the spillway abowmagumrawater;

PR
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Eventually this or some substantially equivalent scheme of develop-
ment will be carried out. Should such a series of dams fail in quick
succession, the enlarged Mohave Canyon reservoir, operated as sug-
gested 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 of the reservoir will be so small
in comparison with the great and ever increasing value of the prop-
erty thus protected, that such maintenance may be warranted, and
therefore that serious consideration should be given to the develop-
ment and operation of the 24,000,000 acre-foot reservoir as suggested.

SUMMARY OF 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 pre-
vented 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 re-
leased in the interest of irrigation and power development. Inci-
dentally 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 J Tm 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 inter-
ests 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 con-
trol 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 con-
sideration:

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 con-
struction of the project.

4. The adaptability of the project with relation to the full develop-
ment of the water resources. .

5. The cost -of the project as compared with the benefits to be
derived from it. )

GLEN CANYON RESERVOIR SITE

At the Glen Canyon site bedrock lies 80 feet below the water sur-
face. The conditions are favorable for taking care of the water
during the construction period, and with bedrock so near the sur-
face 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 com-
pleted 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 reser-
voir at either Boulder Canyon or Mocohave 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 developmerit 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 insuch a way as to meet the
demand for water for ngatmn It has. been estimated that with
ultimate development in the upper basin, 334,000 continuous horse-
power may be developed at the Glen Canyon dam after reservmg
4,000,000 acre-feet of storage capaeity for reglﬂatmn of the ﬂow n
the interest of power development.

The Glen Canyon dam would relieve the flood menace, provide
water for future irrigation development, more than doublethe quantity
of power that could be developed on the lower river, and greatly
reduce the cost of all dams subsequenﬁly 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 CANYON RESERVOIR BITE

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 foundatlon "The depth,
_ to bedrock is 44 feet greater heré than at the Glen Canyon dam
site, and the conditions for taking care of the water during the con-
struction of the dam are less favorable. The time requlred 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 capamty at the Boulder Canyon
reservoir site'were available for flood control, the floods of the lower.
river could be eliminated, except those from Gila River. The stqred
water, however, would have small value for the development,of
power below the reservoir. The water surface at the Black Can-
yon 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 develpped if storage is provided in Glen-
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Canyon. Although a dam at Black Canyon constructed for flood con-
trol only could be so operated as to regulate the flow in the jinterest
of irrigation it would have small value for any dther purpose,

If a dam were built at Black Canyon for flood control, it is not
likely that a dam in Mohave Canyon would ever be built. - 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 con-
trol 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 probablyless than the
cost of a dam to provide the same amount of storage at Glen Canyon.

MOHAVE CANYON RESERVOIR BITE

A storage capacity 0f*10,000,000 acre-feet may be c‘reated at ‘the
Mohave Canyon reservoir site by building a dam to raise the water
155 feet.. The depth to bedrock is unknown, but it sééms 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 214 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 rela-
tively 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 ménaced by the floods, and would therefore be more
effective in eliminating the flood menace than a ﬂood-control &am a,t
either. Boulder Canyon or Glen Canyon.

The favorable features of this site may be summ}mzed as’ feHdws

1. It would proﬂde more effective flood control than any- other
known reservoir site on the river. i

2. The project may be constructed in less time and ‘probably at less
cost than any other:project that would provide the same amount of
storage capa,clty for flood control.

8. It is the only site where adequate storage capaclty may be
provided for flood control, and at the same time a maximum use of
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the water for irrigation and for the development -of power may be
perrnltted
4. It is the only site on the river where suﬂiclent 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 ma-
terially less here than at any other known storage site on the river.

8. Materials suitable for the construction of the dam are avail-
able at the site.

9. For a glven helght of dam the storage ca,paclty 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 permit-
ted to pass the storage dam except as needed to meet the demand
for water for irrigation. With a sterage capacity of 22,000,000 acre-
feet 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 mini-
mum 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 years.

The benefits that would ensue through the construction of a flood-
control 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: decmon 7]

reached.
"WATER POWER

The present study of the water power that may be developed ot
sites on Colorado River below the mouth of Green River 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 River to raise the water to an elevation of 4,040 feet above
sea level without damage to the town of Green River or the railroad
bridge at that point and without interfering with the development
of the Dewey power site, on Colorado River below the mouth of
Dolores River. 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 fo 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 devel-
opment 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 theo-
retical 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 feet, Q is ‘the water supply
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
wxde;_- a head.of 1 foot. : . :

~ WATER sm’r::.?

A 'study has been made of the stream—ﬂow records to determme the
available water supply for present and future development on the
lower river. The results of this study are given in detail in Appen—
dix A. Only the conclusmns relative to water supply will be given
here.r”

" 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 a.vmlable in this section of the river to a maximum of 22,600
secand-feet at the lower Black Canyon damsite. Losses in the river
channel below this dam site would reduce the amount of w&ter
available at Parker to about 22,100 second-feet.

The figures given, in column 1, Table 9, Appendix A, represent ’t/hﬁ
maximum available water supply, which could be utlhzed only for a
short term of years. It is known that irrigation development in the
upper basin will continue, to mcrease, and therefore the maximum
amulable water supply for the lowerriver will decrease correspondingly.

"Under. ‘complete development-in the basin the channel of Colorado
’Rlver on the delta. below the lowest canal heading in Mexico would
become dry. Plate XIV shows graphically the average flow that
‘may reasonably be ‘expected at. all points on Colorado River.be-
tween the mouth of Green River gnd the Gulf of California after
complete development of the water resources has been attained.
This disgram shows that the average flow of the Colorado at the
,mouth of Green River will ultimately be about 9,750 second-feet,
and at Lees Ferry 12,000 second-feet. Below 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 evapo-
ration and other losses until at the Parker dam site it is reduced to
:13 940 second-feet,

"It is estimated that an average of 6,640 second—feet of water may
be diverted at Parker for irrigation. The annusl loss of water in the
river channel between Parker and the Laguna dam, due to naturpl
causes, is estlmated at 1,000,000 acre-feet. The net loss of. water

17 Ag explained in footnoto 1, p. 9, the computations made for conditions in 1922 apply equally well ﬁ:
1925, .
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between Parker and the Laguna dam will be redueed-to: dﬁout@eﬁm B

acre-feet annually, or:690 second-fest, by the return flow from: tlib

irrigated‘lands near the river below Parker. Theawerngeflomavaih

able at the Laguna dam is therefore estimated at '6,610.secentisfeet:.
At the Laguna dam the entire flow may be diverted. fii irrigation,
leaving the channel of. Colorado River dry betsweenﬁhxs dmn ahd v‘the
mouth of Gila River. 1

.. The return flow that may be expected from mgﬁh@d lmﬂﬁanthe
1ower basin of Gila River is estimated at 1,310 secomd-fiest!i: This
water, with some return flow from the Ymnaf?proéecb;:m&y% allirbe
diverted for the irrigation of about 200,000 acres of-lind-in :Mekico,
leaving the Colorado dry for the lust 100 miles fo its-théuth.- ¢

2. Under present conditions of development. inithe: upper; lusxﬂ,
without storage, the flow available 50 per cent of  the timta would he.
about 9,540 second-feet at- Lees Ferry, 10,900:second-feet: ab: Bridge
Canyon, and 11,100 second-feet at Black Canyon; Mohaw‘e Ganj;on,
and Parker. (See column 2, Table 9, Appendix A.): 4 lel

3. Under present conditions of. development m; the up;pex‘ bmm, .
without storage, the flow available 90 per cent of tha timp:wonld: be
about 5,780 second-feet at Lees Ferry, 7,270 second-feetiai Bridge
Ca.nyon, and 7,330 second-feet at Black Ganyon, Mohavve G&nyon,
and Parker. (See column 3, Table 9, Appendix-A.).- ; SETERNE

4. The data relative..to water supply given in the p;;mdﬂig coni
clusions would be applicable to any project constructed on thie lowei:
river before large pro;ects for irrigation or storage are Q,Qveloged in
the upper basin. A study to determine to what extent the water
supply will be depleted by ultimate development in the upper basin
should precede the construction of any large project on!the:lower
river. Such a study has been made by the WIt&P, mﬁh the dat&
now available. S

It seems reasonable to beheve that when, ultunam deﬂelapmt is
attained in the upper basin, and the river is developed in :the-can-
yon section and below as outlined in this report, the available water
supply, including accretions from return flow, will be equivalent to
a uniform flow of about 12,000 second-feet at Lwees. Ferry, 14;440
second-feet at Bridge Canyon, 14,600 second-feet: at- Gregga:Ferry,
13,970 second-feet at Mohave . Canyon, and 13,940 :second-feet at
Pa.rker (See column 4, Table 9, Appendix-A.) - irors perudoodini

5. Under the conditions just outhned the: a.ungml wator: sgzpplyggt
Colorado River available for irrigation below Pa.rker will h&&b«mﬁ
9,593,000 acre-feet... (See Pl IL.) There is 2,304,000..ace¢s af land
below Parker, in and adjacent to the Colorado River basin jn the.
United States, that is elassed as irrigable. . The annual waterxequire-
ment for the irrigation of this land would. be 9,909,000.ecro-foot: Tha
annual demand would exceed the water supply. by only,Bi6,000;
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acre-feet. .These studies show that the entire flow of Colorado
River can be used for irrigation in the United States. Only the
return flow reaching Colorado River below the Laguna 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 irriga-~
tion 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 men-
tioned 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 diver-
sion 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 Colorade 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 FOR 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. Provisien 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 practieable 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 on: the
canyon section only as far, as may be found necessary. :

6. Maximum practicable irrigation development below Parker

- The plan of development presented here will show with fair accu-
racy 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 Pls. II and III, in
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 elavaﬁ
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 devel-
opment. 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 featares 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 Ferry 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 Red-
wall limestone appears,”30 miles below the mouth of Paria River
(PLXYV). 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. Thenext favor-
able dam site was found at Mineral Canyon, in Granite Gorge,® at

18 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 Grapite
Gorge, which is 41 miles long, begins below Hance Rapids at mile 77 below Paria River. The Middlé
Granite Gorge is 4 miles long and begins 8)4 miles below the Granite Gorge. The Lower Granite
QGorge is about 50 miles long and extends from mile 216 below Paria River to mile 266. ’

In Maj.J. W. Powell’s diary, on August 14, 1869 (Exploration of the Colorado River 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 a footnote explain-
ing the use of the word granite asfollows: ‘ Geologists would call these rocks metsmorphlc crystalline
schists, with dikes and beds of granite, but we will use the popular name for the whole series—granite,”
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2,531 feet above sea lovel. (See p.56.) It is safe .to assume that
this site would form a unit of a plan for the deeveinpmmt of power
in the Grand Ceanyon. _

The preceding suggestions call for the eonst:ruct;on of four: dams
to utilize that part of Colorado River between elevations of 4,050
and 2,531 feet” above sea level—a power dam in Cataract Canyon, a
eombination storage and power dam near Lees Ferry, & power dam
in' Marble Gorge 30 miles below: Paria River, and .2 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 mayr
be suggested for the utilization of the water resources of this section
of the river.: For exainple, in the 79-mile section between Mineral
Canyon and Havasu Creek 10 dam sites were surveyed and other
réasonably 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 ahd their respective elevations above sea level, it seenis
probable that this section of the river may-best be developed by
utilizing - three sites—Ruby Canyon, Specter ‘Chasm, and Havast.
(Bee 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 not change
appreclably the figureés given for the water-power value of this section
of the river.

In the near future projects may be developed that w111 affect that
part of Colorado River below Havasu Creek; which enters thé river
just below the west boundary of the Grand C&nyon National Park.
The plan of development for this stretch of the river therefore de-
serves 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 therocks 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 Pl. 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 (‘reek 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 Havasu
Creek it will be necessary 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 mouth of Diamond- Creek ot
at the Bridge Canyon s1te, 10 miles farther downstream. . 't s

It is the writer's opinion that it may be feasible to:build a high
dam at Bridge Canyon to form the point of diversion for a grayity
system to furnish a domestic water supply for the cities, of southern,
California. Such a dam would also make possible the full nt.lhzaﬁlmi, ,
of the fall in the river between Havasu Creek and Bridge Coanyon. °
It is therefore suggested that the Bridge Canyon dam site should be
reserved (p. 74). This site is presented here as a unit of a compre—
hensive plan for the full development of the river.

The plan here suggested for developing that sectmn of the nver
between Bridge Canyon and Parker has taken account of the fc}low—-
ing facts: ;

1. As the water supply, with ultimate developmen,t in tlua uppef
basin, is madequate to serve all the irrigable land below Parker, it
follows that.in order to permit maximum irrigation develgprgent all,
unnecessary losses of water due to evaporation from reservoms,should.,
be prevented. f

2. A reservoir on the river below the canyon sectlon, near the 1a.nds‘
to be benefited, would provide the most effective control of ﬂoods ‘and
the most eﬂ"lclent regulatlon of the flow in the interest of irrigation
and would permit maximum development of powerin 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. The: plam-
may be divided into two classes, including (z) those that call fov 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 .(b) 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 for
irrigation at Mohave Canyon and developing power in‘the : c&nyon
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.) "

The plan that has beéen seleeted by the wnter to form % part of:
the comprehensive plan of development presented in-thisreport callsi
for the construction of power dams at the Bridge Caryon; Devils Slide,*
Hualpal Raplds, and IOWer Black Canyon dam s;tes, a shorage dm

IS S R
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at Mohave Canyon, and a combination diversion and power dam at
the Parker dam site.
SUMMARY OF PLAN FOR POWER DEVELOPMENT

% The plan for power development is shown in Plates IT 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 toad 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 time.

3. With ultimate development in the upper basin, the total avail-
able 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
. | Without storage, water | With maximum use of
Statie :g?; ?)tl%; supply as in 1922 water in upper basin
Power site head Cenyon,
(feet) | water sup-

ply asin Con- Installed
1922, con- | 90 per cent-| 50 per cent tinuous capacity,60

tinuous of time of time wer per cent
power po load factor
Cataract Canyon ___.._._____.__ 512 180, 000 309, 000 403, 000 672, 000
Glen Canyon.... o oo - 2303 (%) 182, 0600 300, 000 @334, 000 557, 000
Marble Gorge......._.... - 222 346, 000 104, 000 171, 0600 217, 000 362, 000
Mineral Canyon.. - 345 566, 000 177, 0600 282, 000 353, 000 588, 000
Ruby Canyon 286 476, 000 149, 000 233, 000 297, 000 495, 000
fﬂmﬂ Chasm 223 375, 000 117, 600 184, 000 235, 600 392, 000
WASH . oo 209 363, 000 116, 000 179, 000 - 232, 000 387, 000
Bridge Canyon.. 566 | 1,015,000 329, 000 494, 000 654, 000 1,090, 000
Devils Slide ... 163 204, 000 95, 600 143, 000 190,000 [ . 317,000
Hualpai Rapids_..___ 225 407, 000 132, 000 200, 000 263, 000 438,000
wer k C 184 351, 000 114, 000 172, 000 2325, 000 375,000
PArker. . oo 90 152, 000 52, 800 80, 000 16, 000 €70, 000
3,428 { 4,345,000 | 1,758,000 | 2,747,000 | 3,419,000 5, 743,000

e (@len Canyon site used for storage of 4,000,000 acre-feet; average head available for power 348 feet.

8 (len Canyon site used f or storage only. .

¢ With water passmg 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 Colorado to the Mexi-
can 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 engi-
neers and geologists. The hydraulic engineers selected and super-
vised thesurveyof all dam sites. The geologists examined the geologic
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settmg at each dam site and ascertained the feasibility of the site as
determined by the nature and structure of the rock 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 in the
following pages, in which the sites are presented in downstream
order. (See Pls. IT and III, in pocket.)

CATARACT CANYON POWER SITE
DARK CANYON DAM SITE

Location.—As a result of detailed surveys and diamond-drill borings,
the Bureau of Reclamation!® in 1914 reported unfaverable foynda-
tion 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 sur-
vey of Cataract Canyon. Although a careful examination was made,
no dam 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 Ferry.
(See PL. 11, 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 fcllows on ﬁhegeology at
the Dark Canyon dam site:

The rocks at the Dark Canyon dam site comprise limestonaand 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 anchor-
age and foundation for a concrete dam. The presence of the limestone, which
is compact and- nowhere cavernous or porous, adds fo the strength of the mass
as a whole. Both side anchorage and foundations, however, should be carried
to solid rock and preferably set in a noteh in such rock to afford added assuranee
" against seepage. The depth to bedrock does not exceed 40 feet, and it is believed
to be less than this figure, perhaps 20 feet.

¥ Recl. Servwe Fifteenth Ann, Rept. p. 515, 1914.
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 Leakage through the nocks at the dam site or along Midgmm ueemen
limestone and sandstone should be negligible.. . .- - .1i @ LA o

Plan of development.—The conditions are favorable: for construo—
tion of a high concrete dam. The water surface’ under thie railroad
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, the
elevation of the flowage line of the réservoir has been placed at 4,040
feet. It is proposed to place the pawer house in the canyon: at the
base of the dam and to take.care of the surplus water 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 XVIL. 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
Line of thereservoir, or 4,060 feet above sea level. Such a dam would
~ rise 532 feet above low-water lovel and would contair about 2,200,000

cubic yards of concrete. The effect of ice, débris, and silt on any
hydraulic structure built' in Cataract Canyon is referred to in the
‘discussion beginning on page 12.

Water supply.—A full discussion of water supply is gwen in Appen—
dix A, where Table 9 shows the whter supply available at all power
sites below Green River, Utah. It Wwill be noted that WItB the water
used as in 1922 and without storage the supply avaﬂa’fﬁe at the Cat-
aract 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
deveiopment in the upper basin, which obviously would require
storage, a continuous flow of about 9,840 second-feet would be avail- -
able in Cataract Canyon. '

" Power capacity.—The static head at the Cataract Canyons;te wou}d
be 512 feet. ‘The power capacity with this head and with the water
supply given in the precedmg pa.rag‘raph would be as follows:

Without storage and with the irrigation and power devel-

opment in upper basin as in 1922:- Horsepower
Capacity 50 per cent of time - _______. feeee--l..."309,000

- Capacity 90 per eent of timie_____________. —o--Zo- 190,000
With storage and with ultimate 1mga’mon and power d&- . 4
velopment in upper basin: , L T
Continuous power available__________..__._______ 403,000
- Installed capacity (load factor 60 per cent). .. _ e 672, 000 .

Rzght of way.—The flowage line of :the proposed Cataract Ca.nyon
reservoir is shown in Plate XVIIL. The flowage damage in¥ataract
Canyon and on Green River would be' very small." 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
Mill Creek.
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Accesgibility.—The Cataract Canyon power site is not readily

accessible at this time. The development of the project is.vemote.

- When & railroad now proposed is built to the great agricultural-region -
near Monticello, Utah, a 60-mile extension by way o‘f D&rk Ganyaon
would reach the Cataract Canyon power site. ;

Value.—Although the development of the Ca.tara.ct Ganyon power
site would tend to equalize thé flow of the river in the interest of
irrigation below, its chief value would come from the develﬁpment
of power. Its value as a flood-control site is small, owing to the
fact that there are other sites lower on the rivér Whera 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
oceurs it may be desirable to utilize the upper 100 feet of the Cat-
aract Canyon power dam for river regulation. Thls would reduce
the power capacity of the Cataract Canyon site and make available
3,200,000 acre-feet of storage eapacity for flood control.

ALTERNATIVE PLANS OF DWOPIIHT ik

Junection dam site.~—The Junction dam siteis about 1;500 feet. below
the mouth of Green River, at a point where low water i Colorado
River stands 3,880 feet above sea level. Investigations made by the
Bureau of Reclamatmn indicate that the conditionis at. this point are
unfavorable for the construction of a concrete dam. The bureau’ s
report on drill operations® is as follows:

Diamond-drill work at Junction dam site was begun in August, 1914, the drill
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 ﬁ;st hole
had reached a depth of 90:feet, encountering nothing bt river sand; there being
no more drill rods on hand, hole No. 2 wasstarted, and on September 16 a depth of
124.5 feet had been reached, 50 feet of which was river sand and the remainder
sand and sandstone boulders. On September 30 hole No. 3, abous 1325 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 3unetion On
Octoblr 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 river
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
casing, which proved impossible. Further drill work was then abandoned:’

In Plate XIX will be found 2 map of the dam site, a créss section at
the dam site, and area and capacity curves for the reservoir. Themap
also shows a plan of development, which calls for the const,ructlon of
a rock-fill dam. A safe dam of this type could no doubt be built, as
the spillway conditions are favorable. The crest of the dam would

2U. 8. Recl. Service Fifteenth Ann. Rept., p. 515, 1916.
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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 feeb 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 develop-

ment in upper basin asin 1922: Horsepower
Capacity 50 per cent of time. . _ . oo . _ 96, 400
Capacity 90 per cent of time. ... .o _____ 59, 600

With storage and with ultimate irrigation and power de-
velopment 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 be-
tween Green River, Utah, and lower Cataract Canyon is that calling
for the construction of a relatively high dam at the Dark Canyon site.

Mille Crag Bend dam site.—The Mille Crag Bend dam site is near
the lower end of Cataract Canyon, at the head of Mille Crag Bend,
714 miles below the Dark Canyon dam site and 17814 miles above
Lees Ferry. This site is very similar to the Dark Canyon dam site.
(See Pl. XVI, B.) Plate XX shows the topography, eross 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 and power develop-

ment in upper basin as in 1922: Horsepower
Capacity 50 per centof 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 more power than the Dark
Canyon site, being lower on-the river. However, a dam at the Mille
Crag Bend site would seriously interfere with the development of the
Glen Canyon storage reservoir site. It is desirable to reserve a stor-
age 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 Cataract,Canyon,
would provide full development of the potential power between the
dam site and Green River, Utah, and the plan confining the develop-
ment to one site, where the required height of dam is not unreason-
able, would be more practicable than the plan calling for the con-
struction of a dam at Mille Crag Bend in combination with a dam
at the Junction site. o

GLEN CANYON POWER SITE

Owing to the position of Glen Canyon on the river and the rela-
tively 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 irri-
gation and power development in the upper basin. It seemsreason-
able, however, to assume that at some future time the effective
storage capacity required at or near Lees Ferry to regulate the flow
of the river in the interest of power development in the.(Grand
Canyon and below will not exceed 4,000,000 acre-feet, a capacity
that would be afforded in the Glen Canyon reservoir between eleva-
tions of 3,423 and 3,513 feet. . ~

The results of rather meager observations in the upper basin indi-
cate that perhaps half of the silt entering Glen Canyon is contributed
bySan Juan River. Thisstream enters the reservoir site dbwnstream
from the major part of the storage basin, at an elevation . 256 feet
below the maximum flow line and through a parrow box canyon
that has little storage capacity. Owing to these conditions and.te the
flushing effect of occasional heavy flood flows, the delivery,of sjlt from
San Juan River ' will probably not result in any material encroach-
ment on the effective storage capacity of 4,000,000 acre-feet in the
upper 90 feet of the reservoir.
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Tt has been assumed that at some future time it will be possible to -
~ develop power at the dam, reserving 4,000,000 acrefeet of stor&’gé :
c&pamty for river regulation. The plan for development of pcwer
is shown in Plate V.-

- Power capacity.—The static head at ﬁhe Glen Canyon site would
be 348 feet: - The power capacity with this head and with the water
supply available after ultimate development has been attained in the -
upper basin and with 4,000,000 acre-feet of storage capacity provi ed
at this site would be as follows:

) Horsepowser -
Continuous power available ... _ ... _._______________ 334,000 - .

Installed capacity (load factor 60 percent)...__._____. 557,000
MARBLE GORGE POWER SITE

- The name ‘Marble Gorge is apphed to -the 60—mlle section of the
Grand Capyon 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 Colo-
rado. (See PL. XXI, A) Hotel El Tova.r (Pl. XXI, B), on the south _
rim of the Grand- Ca,nyon, rests on the Kaibab hmestone 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.) S
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.

MABRBLE GORGE BRIDGE SITE

The so-called bridge site is in Marble Gorge 414 miles below Pa,rm
River: Here the depth of the canyon is 400 feet and 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 constructmn of a highway bridge at this pomt
(See Pl XXIL)

In July, 1923, the writer made a thorough study of this locality
" to determine its suitability as a site for & 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 the bridge site are of sufficient height'to permit the con-
struction ‘of such a dam. However, examination of the rock for-
mation¥'iny ‘the canyon with R. C. Moore, geologist, showed that the
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eanyon walls.at the bridge:site include practically all of: tixe’f&nbab ‘
limestone, and: Loconino :sandstone. * It follows; sherefore, that the
river hes:cutithrough these formations and that its bed:is. vowin ~
the soft Hermit shals, which underlies the Coconino sandstone;:The
Hermit shale consists of soft red shale and thin-bedded samistone-

-and is unsuitable for. thefoundation of & high dam. - In Plate XXTII

AN

iz p map of the site and a cross'section showing the: rock: stfucture: - A

Further information regarding the.geology of-this part of . Marble
Gorge will be found in Appendix B (p. 134). Asshowriby the topo
graphic map of the bridge site, it wetild not be pessilbile to: build. a

dam farther upstream; because the: walls are too.low ta-support a

dam of the reqiired height.. About 2 miles above.the bridge site.
the foundation may be favorable, but the walls are Yow,-and; .a dam

-~ of the maximum practicable height:would create & storage .capacity

of less than 4,000,000 acre-feet and would not. pemn:t fuﬂ um}mmml
of the; Glem Caniyon reservoir site. oo elt AR

: mwmnmsm; B

Looatm «-—As the top of the Hemmt shale is expowé in the 'mter
channel 434 miles below: Paria River, it-was evident,thivé nofaverable
dam.site.would: be found in Marble Gorge until s point had been’
reached where the river had cut through the 500 feet-of the Hermit
shale .and the 800 feet. of the Supai formation and well into the:Red-
wall limestone. .. Such.a site was found 30 miles .below: Paria River
and is herereferred to:as the Redwall dam site: - (See Pls: II and XV,
in pocket.)

Physicql characteristics.—Eor. several miles abowe and imlow ﬁhe'
Redwall dam site the river flows between nearly vertical walls of Red-
wall Jimestone. At the site selected the watersurface at the; 10,000
second-foot stage is 2,886 feet above sea level,” and the width:of the
river at.the dam site is 160 feet. Here the Redwall-limestone nises

to an elevation of 3,200 feet above sea level, which is nearly.:100

feet higher than would be necessary. to support-a dam.of sufficient
height to back the water to the Lees- Ferry sute, Vzew& oﬁ ﬂm rdamf
site are shown.in Plate XXIV.. .

The Redwall limestoneis more.than 500 ieatc t,}nﬁk, and asw 309 ,
feet .of the formation is exposed in thé canyon walls; it follows: that .
more than 200 feet. of the same formation is in place below the water
surface at the dam site. . (See Pl. XXV.) The.Redwallis a massive
fine-grained, bluish-gray limestone, very firm and practically free from
bedding planes and solution channels. .. So far as the rock atxugtwa

u For that'part of the ‘river belowLées Perry the figurés given to hidicats theefevaiion dthc watt

surface at.low watpr haye been obtained. by adjusting thbtleearded datase asmmmnr the¢
whenthedischatgeo!therive:mlpmomondfeq&. N ) I

N, et e ‘;n*.'.».:,i’,:z:
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is concerned, the conditions at this site are ideal for the-construetion
of a dam. Bedrock will probably be found at a depth bstween 40
and 60 feet below the water surface. More detailed information
regarding the rock structure at: tlns gite is glvan in. A‘ppend:x B
(p. 136). . -

Plan of development.—The river surface st the G}eﬁ C&nyon dam
site is 3,127 feet above sea level. -If that site should be used for the
development of power, the power house would be plated at the
- lower end of the loop, 4 miles below the dam site, where the water
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 mterfermg ﬂmth power develop—
ment at the Glen Canyon site.

The Redwall dam site is in‘a box canyon, where the walls' rise
from ‘the river almost vertically for 300 feet.  There is Bo natural
spillway site near by, and the overflow type of dam is probably: best
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 shown in Plate XXV. In this plan the tunnels leading to
the power house would be about 1,100 feet long. Further study of
the site on the ground may show that it would be 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 plaﬁt Wmﬂd
be 222 feet.

Material suitable for the construction of the dam, except cément,
is available at:this site. The Redwall limestone is ‘satisfactory for
use as the concrete aggregate, and sand in any quantity nisy‘be had
by crushing the sandstone in the lower part of the Sipaiformation,
which forms a slope above the Redwall ckff. Althnugh ‘pure lirde
stone suitable for the manufacture of Portland ‘cement is: available,
the other constituents of cement, such - as shale of suitable’ quahty,
are not to be found in this locality.-

Water supply.—A full discussion of the water supply is glven in
Appendlx A, and the data relating to the Redwall dam site are glven
in Table 9 (p. 113): - With the water used in the upper basin ‘as'int
1922 and without storage, the flow available at the Redwall dam site
would be 5,880 second-feet 90 per-cent of the time and 9,640 setond-
feet 50 per cent of the time. With ultimate develbpment - the
upper basin, a continuous flow of about 12,200 second-feet would be
available at this site and in the lower part of Marble Gorge. With
the water used as in 1922 and with storage in-Glen Ca.nyon, the
available flow Would be about 19,500 second-feet.” '
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wall site is therefore suggested as the first step for development of

the potentlal power n the canyon below Lees Ferry S
* " ALTERWATIVE DAN ‘SITES - ' RS

In addition to the Redwall dam site, two other possible 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 Red-

wall site, except that there is no fault in the walls such as that below -

the Redwall site, and in consequence the upper site is hot 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; 4. In Plate
XXVII will be found a map of ‘the site, a cross.section, &nd cunrves
showing the area and:capacity of the reservoir. -

. The.other alternative dam site is-at Vaseys Pamdxse, 242 ;mles
below the Redwall site, where the water surface of.the river is 2,868
feet above sea level. Thls site is in a box canyon, which is inapces-
As;ble except by boat (Pl. XXVI, B). The rock structure of the
site is the same as that which has been descn?bed in connection with

L

the Redwall dam site. There is no faverable place for a power house -
oF; a construction camp, and the. site is mentioned here oniy as a

' possnblhty -A map and cross sectmn oi this dam site. are given in
P}pte XXvor.. .. . T _ :
MINERAL CANYON POWER SITE |

' Genéral featurés.—Below Vaseys Paradlse the Tiver continues to
flow between vertical cliffs of Redwall limestone. At mile 35.2 below
Paria River the top of the Muav: hmesbone appears in the river
channel the enitire thickness of the Redwall formation being exposed
in the canyon walls. At mile 46 the Muay limestone, here nearly
500 feet thick, is exposed above the river, and a short distance down-
stream the very dark green sandy shale and shaly sandstone of the
upper part of the Bnght Angel shale appear.  As shown in the geo-
logic section (Pl. XV, in ‘pocket), at mile 24.2 the top of the Redwall
limestone appears in the river channel at 2, 944 feet above sea level,
and at mile 46, where thé water surface is 2, 811 feet above sea level,
the bottom of the Muav limestone is exposed For the 22 mlles
‘Between these points the river flows through the Redwall and Muav
formations. Lying above the Redwall is’ the Supai ‘formation, and
below the Muav the Bright Angel shale’ appears. The rocks of both
of ‘these’ formations are t00 soft to serve as dam abutments and
- foundations, and it therefore’ follows' that favorable dam sites 'in

Marblé Gorge are limited £6 that poftion of the gorge between mile -

24.2 and mile 46 below Paria River.
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* Having ldcated a.suitable dam site at-inile* 30 {Redwall ‘sito),
where the water surface is 2,886 feet above searlevel)itheiwriter.
made a- careful search for a.nother site at or ‘mearan: élavation ot
2,636 feet-above sea level. From mile 46-te mile .61:5 the Bright
Angel shale is presént in‘the:river channel and cafryen ‘walls: ) At
the mouth of the Little Colorado (mile 61.5) the tepof the: Tapeat
sandstone appears above the river (Pl. XXI, 4), and: 3 miles farther
downstream this formation rises in the walls to & height of 200 feet
above the river. Although the topographic features of this Tapeats
gorge are favorable, all hopes of finding a feasible dam site ‘were
abandohed when the geologist recognized the formation in the ¥iver
ehannel as the soft shaly sandstone belonging to the “Algonkian:
The water surface here is 2,687 feet above sea level. Below the
Tapeats gorge the lower part of the Grand Canyon is wide and ‘open,
as here the river has carved its way through the reiat.lveiy' wea.k
Algonkian rocks

At 15 miles below Little Colora,do River and half & mile- a&tme
the Hance Ra.plds the Colorado flows through s marrow--eanyon
where the walls rise several hundred feet above the: river. Th&
presence of shalein the lower part of the walls renders this: site
unfavorable for the construction of a dam. Here &he nver surf&ce
i 2,565 feet above sea level.

From Hance Rapids the beginning of Granite Gorge oould be seent
a short distance downstream. This being the first-supply station;
the Survey party remained here several days. A short trip ‘déwn-
stream on foot disclosed a practicable dam site at the mouth ‘of
Mineral Canyon, 1 mile below Hance Rapids. : Here the water sur-
face is 2,531 feet above sea level. To back the water from this point
to the Redwall dam site in Marble Gorge would requn‘e & dam of
sufficient height to raise the water 345 feet:

The preceding description of the canyon between the Redwall and
Mineral Canyon dam sites shows that no suitable daim- sites exiit

between mile 46, where the river surface is 2,811 feet:above sea'level,

and Mineral Canyon, where the elevation is 2,581 feet. Thesé eons
ditions require a departure from the preferred plan for building' pmver
~ dams to a height between 200 and 300 feet above the riverlevel.

. Location.—The Mineral Canyon dam site is in the Grand: ‘lnyq;; ,
near the head of Granite Gorge, 77.8 miles below Pdria River, 16.8
miles below Little Colorado River, and 1 mile below Hance Raplda.
(See PL. II, in pocket.)- i

Physml characteristics.~—~About a quarter of a mile below‘ Han@e’
Rapids the Archean rocks first appear in the river,and withit'a dig¢
tance of less than 1 mile these hard crystallme rocks form the cmyxm

walls to a height of 400 feet above the river.. y

)
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. The siterselécted for the dam is just below:the hunbhiof;ma 3

Ganypn Here he rock walls consist 'of a comiplex:of gneiss; sehidt;
granite,.anid pegmatite.: These areiall-hard crystallinie rocks, whmh:_;; :
form 4 compact, solid mass. thiat is entirely saﬁsfuetoryfarsﬁhé founh' <

dation and abutment wals for -a dam: (Pl: XXEX, -4)/ - maee.‘
detailed>deseription of the rocks is given in Appendix B-(p. 148). i
.~ The topographic:featutes of thie site :(Pl. XXX) rare favorable’ im!
the construction:of the dam, spillway; and power: house: ' The depth
to bedrock below the: water surface is estimatetd'dt 40-to: 50 feat. '+

« Plan of dewelopttient.—The tiver surfage bt the: Redwall dam site;
in Marble Gorge, is 12,886 feet. above sea’level when the discharge is

10,000 second-feet, and asit seems reasonableto assume; for the purpose . -

of estimates, that a.difference of 10 feet in. elevation is-sufficient ‘to
take care of the slope in. the backwatér from s dam buily at the site

next.below, the normal elevation of the waterisurface of theites< .

ervoir at the proposed Mineral Canyon dam has. been: fixed:at
2,876 -feet. ahove .sea level ' As:the. ‘water:surfade.of -the river-at -
the Mineral-Canyon dam site:is 2,531 feet: above pes lével;: sud the
water may be raised to 2,876 feet,it follows that & static! heﬁd df i
345 feet may. be utilized for the devrelﬂpment of power. ' - - ,
& -conecrete dam of the averflow type:is suggested as M*ﬁdaptsd
to it the conditions at this site. The crest elevation of the dim
may be fixed.at 2,876 feet: above sea lavel.: By providing! discharge -
tunnels in the dam; the water level in the reservoir can be maintaifred

at ornear theerest.. Ne water would pass over the dam except during -

periods of flood. It is thus clear that the works could be operatedin - -
such s manner as te wvmd mﬁerference thh the pmposed developmanc
at, the Redwall site. -

A cross seetion ahd a mapm% thddamﬁsma ave shown in: Plate XXX
The writer believes that it -Would be:mord- econemical £o ‘placs-the
power house on: the.left -bank .about : 1,500 fest bo'iow the &am’snd
utilize_the side/canyon as a sitefor-diversion works. - .

-Materials suitable for the construction of the dm axc@pt Gemfé!ﬂ) -
are available at-the site. (See Appendix: B, p. 142.) 7

.. Water, sepply.~+With development in the upper :bacin:qs in: 1922

a.nd withiout-storage, the.-water supply evailable at the Mineral Can-
_yon dam site i 6,400 sécond-feet 90 per tent of the time, or 19;300
second-feet 50.per cent-of the time. ‘With starage provided in'Glem
Canyen and with the uke of water as 'in 1922, a' contiriucus : flow of
sbout 20,500 second-feet could be made available: -(With ultimete
development in. the upper basin, the:centinuous flow availablewould -
be xeduged to abeut. 12,860 second-feet. ' (See Appendix A; p: 113

. Power capacity.—The static head at the:Mineral Canyon sitéwould'
be 345 feet. The power capacity with this-head and: the: water gup<
ply given in the preceding paragraph would be as follows:
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Without storage and- with irrigation and :pewer develop- .i7%:i7%: - A
ment in upper basin as in 1922: : - Horgepower .
Capacity 50 per eent of time ... __i.._.._ricbi..282,00007

Capacity 90 per cent of time - _.; - _.-__. remap a3 177,im
. With storage in Gk;n Ganyon and with ;rrxga?lon ﬂpd e
power development in upper basin as in 1922 i

‘Continuous power availablé’ e
With storage ‘and with ultimate urrgatlon and pohﬁbr &eve}-:‘w‘ S S
Bt Opment n upper. basiny AT St eones) faifa - swadas s

. Continuous power gvailable_._..__, rmheE e - 353,&0(}

Installed capaclty (load factor 60 per Cent)_-v . 588,(?90

Accessibility.—The Mmeml Canyon power site. & at ithe: bﬂt*bm of
the Grand Canyon, 4,500 feet below the plateau.on. thescuthe. . The
end of therailroad at Hotel El Tovar, on the. south rim: of the -cans.
yon, is about 30 miles from the dam site.: . Conmectian with the dam
site could be provided by extending this railtoad:about 12 amiles
along the rim and buﬂdmg an inclined railroad into the canyon. - At
some future time a series of dams may be built in' the Grand Can- -
yon, the lower sites being developed first and each - making the-
site next above accessible by means of the backwater.

Adaptability of plat.—The Mineral Canyon power site is 77.8 miles
below Paria River; where the river surface is 2,531 feet above sea
level. The tail water of the proposed power plant at Lees F I‘erry
would be 3,118 feet above sea level. The writer believes:that the
fall of 587 feet in the section of the river between these pomits .cas
best be utilized by developing two power sites—the Redwall site'in
Marble Gorge and the Mineral Canyon site lower dowm.in’ thé
Grand Canyon. This belief is based on the theory that the most-
practical plan of development is that which calls for the construction
of a series of dams of moderate héight. - Ti)"develop thefall in theriver
between Lees Ferry and Mineral:Canyon in one uRit would req*a’ire
a dam at Mineral Canyon about: 600 feet: high.' ..~ . ;. -

The data presented in the preceding pages show the @hyslcal; eondh
tions in the canyon from Green River, Utah, at4;050,feet above ses
lgvel, to Mineral Canyon, at 2,531 feet above ses Javel: : Every:kusown
dam site in this stretch is described. , The v&lu@ of, Glen Canyon asis
storage site to regula.te the flow of .- the river:in: bhe interest. .of flood
control, irrigation,, and .development of power. i3, seb, forth. ufwlﬂ;
Glen Ca,nyon fixed .as-the proper location for a storage mqsrymx,&ho :
dam sites in Catara.ct Canyon and Marble Gargg and the Mmal
Canyon site in the Granite Gorge may be developed, primerily: iri.the
interests of power. :zThe plan above presentgd pmndqs;f,or e Tull
use of the fall in the rwer bebween Green Rwer, U&ah, and M&nexal
Canyon e CE

, }
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OTHER POWER SITES IN GRAND CANYON NATIONAL -PARK

The east boundary of the Grand Canyon National Park crosses Colo-
rado 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 descrlptlon of the Mmeral Can-
yon 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

: Elevation
Dblzgggce of water v
Site .o -surface Rock . at dam site
’ ’ I‘;‘;{,‘& above seal :
level
Miles Feet .
Olear Creek 84.4 2,452 | Schist and granite.
QGranite Wall 85.1 2 441 | Granite.
tion 86.3 2, 433 Do.
Pipe Creek._..__. 89.0 2,400 | Granite, gneiss, and schist.
Ruby Canyon 103.9|. 2,235 Granite and schist.
tai ..o 110.7 2,157 | Schist.
Big Bend..__._.. 113.3 2,122 | Granite gueiss,
ter Chasm. 130.0 2,002 | Schist and grieiss.
AVEST oo cmeaaen - 156.6 1,783 | Muav limsestone.

PLAN OF DEVELOPMEST

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 preceding table is presented below (pp. 61-68).
A careful study of these data shows that in many respects the physi-
cal features of the dam sites are similar. - For example, at each site
the rock is satlsfactory and the depth to bedrock is probably not
great, and each site is inaccessible at the present time. The topo-
graphic featires at some of the sites are more favorable for the loca-
tion 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 dis-
tance 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 Min-
eral Canyon and Havasu Creek can best be utilized by consﬁruﬁtnfg '
power dams at the Ruby Canyon, Specter Chasm, and Havasu gites.
With ultimate development in the upper basin the eontinuous 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 Wa]l Crematlon and: Plpe Creek dam
sites were excluded on account of their posmon on the river. In
order not to interfere with the development of the Mineral Canyon
site, the elevation of.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 Clear Creek dam site,
80 feet at the Granite Wall site, 88 feet at the Cremation sﬁe, and
121 feet at Pipe Creek. At the Ruby Canyon.site, which is next
below Pipe Creek, a static head of 286 feet could be develbfpeéi “The
next site in downstream order is the Hakatai, but utilization of this
site to develop the head below Mineral Canyon would -require &
dam about 400 feet high. The construction of & dam of this unprece-
dented height may be avoided by selecting the RubyCanyon sﬂ;e for
development.

To avoid interfering with the development of the Riiby Canyon
site, the next power dam below must have its flowage line fixed at
an elevation not greater thani 2,225 feet above sea level. At the
Hakatai site, under this limitation, a static head of 68 feet could be
utilized; at Big Bend, 103 feet; and at Specter -Chasm, 223 feet.
The next dam site below Specter Chasm is the Havasu, at an eleva-
tion 219 feet lower. If the Specter Chasm site were developed a
static head of 209 feet could be utilized at Havasu. These twosites
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 pos1t10n of all alternative:dam
sites are shown on the profile of the river (PL III,in pocket) and -
on the map (PL II, in pocket). In the followmg pages will be
found a detailed description of the nine dam sites between Mineral
Canyon and Havasu Creek.

RUBY CANYON POWER SITE

Location.—The Ruby Canyon dam site is in the Gra,nd Canyen half
a mile above Ruby Canyon and 16 miles below Bnght Angel Creek.
(See PL. II, in pocket.)

Physical chamctemstws —A¢t the dam site the river has carved a
V-shaped canyon tlirough 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.operstiops less difficult, . The.depth. m badrock belbw
the water.surface is estimated at 40.feet. > ... i~ -

.The granite,and schist at; the- site are satlsfwmry forr ﬁhe xxm-
sgructlon of 8.high -dam.. 1 A detailed -desoription. of these recksis
given in:Appendix B (p. 147), whigre reference is also-made to mate-
rials for constructlon A view.of .the’ dam 8160 s phovm Jny Plate
XXIX,B. .. DR BRI

Plan of deuelopment —v—A c@nerete dam of trhe nverﬂow type is sug-
ggsted as best: adapted to fit the topegraphic conditions at this site,
as there is no natural; site. for a spillway available. When: the site
was surveyed it was thought' thatit- would befeasible to locate the
power .house. in. the side canyon on.the right-bank below the dam,
with the. power tunnel heading in the side eanyon on thé same side
just above the.dam.. , After a study. of themap.of the site it -seems
best to place the. power, house ‘on the right bank about 800 feet
below the dam.and’construct the tunne} heading at, the. ‘dam. near an
elgvation. of 2,500 feet above pea leyel - The plan suggested is shown
_ in . Plate XXXI. .The side canyons réferred. to are of value in.that
they, afford access. to. the bpttam of the:main; ea.nyom dmnng tb.e con~
struction period. :

The water surface at the dam sxte is 2, 235 feet above sed. leve&. The
water may beiraised to an elevation of:2,521 feet.without:interfering
with the proposed development, at-Mineral .Canyen: A static head
of 286 feet may. therefore he utilized for the development-of power.

. Water.supply.—A: discussion of water supply will be found:in Ap-
pendix A (p. 113). - With the water in the upper besin used as in 1922
the water supply available at Ruby Canyon dam sité would be 6,500
second-feet 90 per cent of the time, or-10,200 second-feet 50 per cent
of the time, .. With storagé in Glen;Canyon p-continnous flow of 20,800

secqnd-feet g;quld be-made gvailable... When'full . development has

been attained in the upper besin, the continoys-uniform flow available
at Ruby Canyan will be reduced to abeut-13,800 second-feet. -

.. Power capacity.—The static head at the Ruby Canyon site would
be 286 feet.. .The -power capacity with; this head. and the water. sup-
ply given in the.preceding paragraph would be:as follows: . - -

Without storage and with ll'!'lgathIl and power develope

ment in upper basin-as in.-1922:. . Lo Horsepower
‘ Ca,paczty 50 per eent of. tlme_---- e m g s o4 233,000
. Capacxty 90 ‘per éent of time._ -,___"___l___--_':_.__,, 149, 000"
With storage in' Glen Canyon and With 1rngation “and o
power development in upper basin as in 1922:°~ ~ - SR
Continyous power.availabler . .l .___._ .. B SO, 214767000

. With sterage.and with ultimate mlgatxen and powgr ge-
I velopment injupper basin: o o
" Continuous power ava.ﬂable_, S
Insta.lfed t:apacﬂ;y ('Ioad factor 6’0 per cent) as

CE Y
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R@ght of way —If tﬁ,e water were rtused i;o @,Q&xﬁ%}ﬁ% i
feet above sea level, it weu]d be necessary to relgcate the;Kaiebys
pension bridge.. It such a dam were_ built, however, &M&@gﬂd
not be necessary, as & mof,ondgven ferry could easily take sare of sil
traffic. The Phantom ranch, in the canyon of Bright. Angel Creek,
would be about 30 feat abave the ﬂowage lme@,f the gggpngv,q;rﬂ f,,fgd

The backwater would extend up the river for 25‘1;9}9@1)@9;
dam. The inner gorge of the Grand Canyon,would, ﬁu@,mpme
accessible to all who visit this region. meg toithg dangenous rapids
a trip by boat through the Grand Canyon is, & hazardoug, ander-
taking. Exclusive of the members of the Grand Canyon suryey.party
of 1923, probably Iess than 5 men now. hvmg £1928), ,hava;gyeg(@l;‘e
canyon throughuut itslength. If dams were built,,; tosrhost imens:
portation could’ be provuied anil the . scenig wond: ,Df, the, mqer‘
gorge of the Grand Canyon would thus become. gasily. seesssibles, .. ,.i

In this réport the writer is sunply calling attention o the possibil-
ities T or power develppment in the Grand Canyon Natiowal Bark snd
the effect of such, development with respect to, the acegssibility of the
canyon. He is not, hgwever, advocating: the, qqpstymlq&wf“smh
dams. coi essod g e il T
If a dam were bmlt at Ruby Canyon the amaunt.. gf{,d@mm«m
property, except to the Kaibab bridge, would be smalk 7 it

Accessibility.—This and all other dam: sites i t,ha,ﬁragd,{MOn
National Park are not eas:ly accesslble. Access to.cthem. eonld; he
provided in the manner mdacated for the Mineral_Canyon) wgﬁe
(p. 59). 0t g vf;m‘ o

Adaptability of phn -—Thﬁ plan for power devaloyrgantim +he/
Canyon National Park is discussed on page 60, . As already stated,
the transmission of gowe;: from the Grand Ganyon 1o the inearest
market, a distance of 200 to 350 miles, would not.he practicel.except
in blocks of 200,000 horsepqwer or more. The instslled capacitiy pt
the Ruby Canyon sate, with: a 60 per cent load. factor,; would,range
from 248,000 to 495, 000 horsepower, depending on.the ,}va(;et SUPPIY.

/ SPECTER OBASM POVERGITE' . - crel sl sl

Locatwn —The Specter Chasm dam sites aré’ ‘49 iniles Y)eio ﬁ {ﬂ;

Angel Creek and 13 5 miles above Kanab Craek” : Stpe

pocket.) : ’f _—
Physical chamtemiics At the Specter Chasm’ sxtes' tﬁe nver' f&%

cut through massive Archean schist and gneiss. . ‘Thesg ha r(f ‘ofystal-

line toeks’ form almost ~ybitical walls whode' t9p § aré ‘500 et ahove

the:river. Two dam §ites were surveyed; vié 5" ’ﬁoﬁx b %

shown in Plate XXXII. ‘ The rock at both ‘sités 1§ s acﬁr‘j‘ f’or :

the foundatxon and abutinent walls of a dam of aity T}e h

550 feet. '

fi% ;'g’!

!'mt-( Y ) ;

-
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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 dis-
tance 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 10Wer site the walls break away,
leaving a-comparatively open space on both sides of the river. Heére
the power house and other necessary buildings may be loca.ted
(See Pl. XXXTII.)

A discussion of the geologic setting at the dam site and the mate-
rials available for the construction of the dam will' be found 1n
Appendix B (p. 151).

Plan of development.—The water may be raised to an eleva.tlon of
2,225 feet above sea level at this site without interfering with the
deveiopment of power -at the Ruby Canyon site. As the water sur-
face 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 Tovel by
the proper opetation 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 plan of development 1s shown
in Plate XXXIII.

Although the writer belioves that the more practicable plan for
utilizing the 529-foot drop in the river between Mineral Canyon and
Spectér-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 smdll width of the pond that would
be created, it would be desirable to allow 15 feet to take care of the
backwater curve. The flowage line of the reservoir created by ahigh
dam at Specter Chasm, therefore, would be fixed at 2,516 feet above
sen 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 asin 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 de-
velopment, and with storage provided in Glen Canyon, the continuous
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water supply would: be 21,000 second-feet. With complete develop-
ment in the upper basin, the water supply available at Specter Chasm
will have been reduced to about 13,200 second-feet.
Power eapacity.—The statichead at the Specter Chasm site would bﬁ
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 develop-

ment in upper basin as in 1922: Horsepowsr
Capacity 50 per cent of time_____________________ 184, 000. .
Capacity 90 per cent of time.._ __ ..o __...__ 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: o .
Continuous power available..__.__ . ____._____.___ 235,000
Installed capamty (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 rim. 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 bulld.l.ng 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 Min-
eral 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 Appen-
dix B, p. 154.) The distance between the walls 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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«‘Fhe Muav limesiéne rises in the walls to & height of about: 500 -
féet: above theriver:and is estimated to extend 200 feet below the
water surface. The limestoné'is fine grained, hard, and entirely free-
from solution ‘channels: Next below:the Muav is the-Bright Angel
shale; biit ‘this formation is believed to lie at . a depth of 200 feet or
more below the water surfate &t the' dam site. Inso far as the rock:
is concerned, it is believed that the conditions are favorable for the -
construction of a dam of the height proposed. - In Plate XXXIV is
a cross section at the dam site, which shows the rock structure.
Further information regarding the geologlc conditions at the site
will be found in Appendix B (p. 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 Iower part of the Supai
formation, which caps the river cliffs. "

Plan of development. —Although the overflow type of dam is recom-
mended, it would be advisablé to avoid all overflow except at unusu-
ally Iugh stages, The base 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 theréfore seem advisable to
provide by—pass tunnels or discharge tunnels in the dam to take care.
of all surplus water except durihg 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
and 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 upstresm view of the dam sxte
is shown in Plate XXXV, A

‘The dam may be built o raisé the water to an elevation of 1, ;992
feet above sea level without mterférmg with the utilization of the
Specter Chdsm site. As the river surface at the dam site is 1,783
feet above sea level, s head of 209 feet hiay be used for the develop—
ment of power. The plan of development is shown in Plate XXXIV.

Water supply.—With the water used as in 1922 and without stor-
age thie water sapply available at the Hawvasu dam site would be
6,920 sécond-feét 90 per cent of the time, or 10,700 second-feet 50
per cént of the time. (See Appendix A, p. 113.) With the watér 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 uppeér basin, the available water supply would be reduced
to about 13,900 second-feet. -

*Power oopacity.—The static head at the Havasu site wmxld be 209
feet.~ The power capacity with this head and the water supply
given in the preceding paragraph would be as follows:
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ment in uppex: basm ag in 1922: ; ‘ ngwer ,
Capacity 50 per'cent of time_._.___.___|_. —ee--- 179,000
Capacxty 90 per cenf; of time ________________ = ’_: 7 6,000

development in upper basin: ', o e
Continuous power available_~_________L_____ Lol.- 2320000
Installed capgclty (load factor 60 per ce] !
Right of way.—1f a dam were built at the ava.su site to railse the
water 209 feet, the backwater would extend up ‘the river a.hout ‘24
miles, forming a reservoir with a water-surface area of 1 630 a,creﬁ
There would be no property damage.
Accessibility.—The Havasu dam site is in he bottom of t.he Grana
Canyon, and the cost of  building a railroa 'to the site Would be
great. 'The best means of making the site ac ess:ble is tha.t ': i
for the Mineral Canyon site {p. 59).
Adagptability of plan.—The plan for develo mg power m the Gr&nd
Canyon National Park is presented on pa e 60. “The "fall inthé
river between Mineral Canyon and Havasy Creek will bgr“ “%;,qely
utilized if the Havasu site forms the lowest unit in any plan for the
development of power on.this section ¢f the river,. There arena
reasonably favorable dam :sites.in the Grangd Canyon for a distance
of 69 miles below Havasu Creek.

ALTEBNATIVE DAM SITES IN GRAND CANYO HATIGNAL ?MK' 37t

Clear Creek and Granite Wall sites.—The Clear Crobk ‘dam ’s&ﬁe i8
about 1,600 feet below the mouth of Clear (
above Bright Angel Creek. The Granite Wall site is 3;200 feet below
the Clear Creek site. At each site the rock atmn% ‘and the topo+
graphic features are favorable for the construetion of a' high'dam:
(See Appendix B, pp. 144-145.) A map offthe dnrn’sites, oros 8804
tions, and area and capavily curves are given'in Flute KXXVE " At
downstream view of the Gmmf,e Wall mﬁ §ii,e‘«1s pres&téd’
Plate XXXV, B. SRELEE I

Cremation site.—The Crematlon dam mtem If.Q‘mﬁ‘es abové Brig
Angel Creek. Here,too, the conditions: are” favorable for:ithé: céﬁ-
struction of a high dam, the granite walls rising mdre thiiri 800 fess
above theriver. (See Appendix B, p. 145.)  A/cross %étmﬁfaii&indji
of the dam site, with curves showmg the- area’ and e&pwﬂ%ﬁ‘bﬂhﬁ
reservoir, are shown in Plate XXXVII. .

Pipe Creek -site.—The Pipe Creek dam site i ]ast belmv “Bhfe ﬁibtith
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 Pl. 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 bemg 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 lower
side of the loop does not exist. The dam site therefore has small
value, for it is in a box canyon (Pl. XLI, A4), 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 PARKER, ARIZ.

OUTLINE OF PLAN

There is general agreement to the effect that construction work
should start at an early date for the purpose of providing flood-con-
trol 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 occasiopal
periods of low water. . It is also probable that a dam for developing
power will be built at an early date. These dams 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 recommend-
ing 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. Tomodernize in part the plan of these cities will
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cost millions of dollars. To make most of our larger cities really
modern in plan would be infeasible on account of the cost.

In developing the water resources of our country the same haphaz-
ard 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 locate the
sites where water might be stored or power developed at & minimum
cost. Almost without exception the projects for immediate develop-
ment have been selected with little regard for future developments
or the full utilization of the water resourees 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 bound-
ary 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 determmed by dlamond-dnll
borings:

Dam sites an Colorade River between the west boundary of -the Grand Canyon
National Park and Parker, Ariz.’

Distance| Eleva- Limit
site Do |apoion oa| Character of ook at site | pe, i, o

River level dam ®

. Miles Feet Feet

HAaVASH. o e eeeemem e cemm e e 156. 6 1,783 | Limest 300
Prospect .. oo ———- 190.1 1,579 | Granite and sandstone-..... 200
Diamond Creek (upper).. ——— 225.5 1,335 | Granite 320
Diamond Creek (10Wer) - ocoooceccmmceooe 225.9 1,823 |....- do.. 680
Travertine Canyon eeceoocecumrccmamens .. 228.6 1, Granite guneiss.. 950
Bridge Canyon 236.3 1,207 |....- do 800
Spencer Canyon.. 246. 2 1,105 | Granite_. 650
Devils Slide 255. 6 1,084 [ do 370
266.0 960 Granite ‘sandstone, and shale 250
Y 277.3 905 Gramte and sandsfone___.__ 150
Grand Wash Canyon 284.2 400
Hualpai Rapids 301.6 320
Virgin Canyon ............................ 304.7 400
Boulder Canyon. oo eeoee 334.1 1,000
Ca.llvﬂle 341.8 240
per Black Canyon..__ e 354.6 950
Midd]e Black Canyon. .. oo 364.9 500
Lower Black Canyon 373.9 450
Eldorado —_—— e 377.1 100
Eagle Rock 397.0 100
BullsHead ... __.___ 421.9 100
Mohave Canyon. ... ..c...ce.. 475.0 240
Parker — 524.0 100

2 The figures given in this column represent the elevation of the watsr surface at the dam site when
the river is discharging 10,000 second-feet.

> T he figures given in this column indieate the height of dam which may be built at the site as deter-
mmed by the cross section, height of abutment walls, elevation of spillway saddle, and rock formations.
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.The rapid increase in population and:-the drought in 1924 have
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 thandrrigation or the development of
power.. Therefore, in preparing a plan for the development of lower
Calorado River consideration should: be given the fact that at some
future time 1,000 to 2;000 second-feet of water may be diverted from
thé river to augment the domestm water supply of southern
California.

- Irrigation is rated as a, hlgher “use. tha,n the: development of power,
and the problem. is further complicated by the fact that there are
valuable properties on the lowerriver that are menaced by the summer
floods. . The floods should be 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 adjaeent 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 commu-
nity is that which will best conserve the water supply, adequately
control floods, provide a domestic water supply, and permit maxi-
mum irrigation and power development.

In the 368-mile section of Colorado River between the west bound-
ary of the Grand Canyon National Park and Parker, Ariz., the fall is
1,425 feet. Some of the 23 dam sites surveyed on this section of
the river, as is shown below, are relatively poor and should be
abandoned. Obviously the better dam sites should be utilized if
their position on the river wﬂl 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 sur-
vey of six dam sites below Diamond Creek that had not previously
been considered. At Jeast 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 develop-
ment of lower Colorado River may be divided into two classes. One
class embraces those plans which dre hased on the theory that the
best solution of the problems involved may he obtained by build-
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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 the develop-
ment 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 supple-
mental storage for flood control and irrigation, the canyon section
of the river being left free for power development, with the power
dams mc}denta.lly 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 stor-
age 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 pra,ctlce

The plan suggested by the writer is based on the theory tha.t a
more efficient use of the available water supply may be had by separat-
ing 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 n'ngatxon is to be provided at Mohave 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 follow-
ing table:

45568°—25——6



WATER POWER AND FLOOD CONTROL OF COLORADO RIVER

72

*190J-PUO0DS Og JO OIS W8P IoFIBJ 0y PUB UOAUBY GABUOJA WOOM]Oq

§80[90U B BUIABI[ ‘999)-DWODS (ST I8 POIBIIISS ST JOATY STBI[IA WIOIJ MOPU] 93BI0AY 6] DUE 190J-PU0DSS (81 ST WIBD UOISIOATD I8 I8d 03 ONp s80[ T013810d8A0 DAIB[NIO[EI O T, ¢
*Iomod J0J pezI(1IN Oq PINOd IouX

-wns oY) uinp mof yiry o4 ‘remodesioy 0000 J0 A1108d 8D PO[[BISUT UB TIIM TOTIESLIIT JO )S0I0JUY oY) Ul Ao poteindax oq 0} S| WBp UOISISAID IO¥i8d oY) Suissed J0jB M y
*9)[8 TIBP I0YIBJ }B O[QB[[BAB J09)-DU0DAS OF6‘CL OABO] PINOMA [ITYM
‘190)-pu0das 17 9 PINOM JI0AIOSOX SABYOTA Y] TIOI] UoilBiodeAe 03 enp ssof jou oyy ‘qguemdoreasp Jemod Inoysr ‘uopjs10dBAd YANoay) 1e98M JO }90)-pUO0ISS 697 JO SSO[B uT

-Jod prnom A8M 1) U 931 WOAUBY)) 0ABUOJN 04} Suis() ‘0381038 WOIBS[II] PUB [02)WOD PUOY 10] PaAIesed oq 03 51 AJ108dBO 038BI0]S JO J90J-0198 000 000" OIS UOAUBD SABUOTAL OU} IV £
R “BIUION[B)) WISHINOS JO $81910 oY) uf sesodind 913

-SOWIOP 10] POSN oq ABUI J08M 0f) JO 4I8d B8 ‘I0A6MOY 'IBOA B 100}-0108 ¢'§ JO AINp 9383-peaq v yya A1ddns 19)em IulUisuad 343 YA Dal83LuIl o Pinod 8y} pus| Jo Junomwy ;

‘poure})E Uaaq S¥Y 0J1S WIBD 0} 0A0QE £001n0s0l I1678m 0y} Jo Judtudo[eAdD [iny 18)8 o[qe[iBAB A[dANs10)8 M ¢

*991S W8P J9YI6d I8 }dedX0 .hokoawﬁom snonupuo 4

“u0[)BI0dBAS 03 ONIP I9JBA JO S50] J9U 013 03 [BNDe Junowms Ue £Q PeONPAI Uesq sey] AjdANS [SULION oY) 10)8 o[qB[ivAB A[AANS 1018 M /

‘@18 WEP Y3 18 UOI)BIOABAD JO 9181 088I0A% 9Y) 0 JUS[BAINDS ST 18U} MOP JOOIBY 2

*o1sI0AIP jo Jurod 043 38 PINsBOUI ‘0108 19d 190)-0108 ¢'p ¢ (1A sjuAWEIINDOI Jo)8 A [8NUUE 03BI0AE o) I8} UOIdUINSSE Y} U0 Posey p

“[OUUBYO QAL JU0sead TI0] SSOf SMUITH SOBLNS J[0AIDSOS UIOI) SSO WON)BIOABAT o

*9J1S wWep oY) 8 PosIel og 09 S1 JegeM oY) 1UBIOH ¢

*180)-PWVOAS 00001 S} S3IBYOSIP JOALL 0] WYA 9318 TIBD 67 98 IOALT O[] JO 60BLINS JOJBM 8Y[] JO [OAS] 8IS HAOYE UOIIBAJH »

000 ‘€02 ‘% | 000‘619‘T | 93E‘T ST . 000°2et 'z | 8egy  |TTTTTC 8¢ 08L‘T9 | 029°LLz | 00000 ‘O | OP‘T |7
06 069°‘eT | 9912 000 ‘0L ¥ 06 e B i1 006°%2 | 000°3IL |0 | 66 Lo T === loyIed
201 024 ‘st 69z ¢ 0 [ 12 08g ‘¢ 000°ST | 000°00Z ‘01 | 8ST 12% SmmmseTsmsss--UoLUuB)) 9ABUOIY
P61 0sF‘51 | 08 000 ‘L3¢ 61 0682 | 06 00S‘PT | 002‘G9 [0 ¥81 g8g T TWOAUB) Hov[E] JOMOT
923 009 71 | 99 000 ‘0¥ 903 08P’z | 99 098 ‘8 008‘6e | 0 ¢4 T spidey redigng
€91 0P | % 00065, | 91 0¥ | o 0.8 091 0 £91 $ROT oo “oplIS S[ASd
999 00% 51 000 ‘ZI0°T | 999 0%¢ ‘22 08 ‘6 000%% |0 999 171" S =--yokus) e3pug

19 19
$240Y  {samodassofy| 1904 193f028 | 199f°038 |samodasiol| 1934 *392f-"03Q | “132f~938 DY | Wafaly | 10207 1900 1990

> u0P
peyesL ..o.”wa guwwwa .M.MGMNW@ 2001 | uonyeio woigssLLI
14 *| sAjped | e[qs[iBAB 1emod 10j| yiemod |-viodsae [P: > 2 ToH kg
oq mwww: -6o somog | peey |COLITUSAS w_%mwm squesexd |ojqereas| * 1of 03 enp m.wgw%w -g10d8A® PUCLONSo0! qmuep | 2918
jeq} voIy orgegs | 410¢ EW “ | 38 £10ed | peoy |erqepeas| Addans |°0 p | orenp %oaua %l e wep 0918 mre(
ogeroay | THEM .owvw.m 0 omog | omels | mog | sojem | PSR\ mjea mmemnao 1ufrem | ¥ Noamm
038I0AY | 08BIOAY .ww me -onpey Jo ssog I10AI0S9Y

Juetado[eAsp eJBTIIM YA

[100] 9&H*T ‘I[8} 18907 SO[ITH 89¢ ‘DOA[OAU] I0AH JO Y18Ua7T]

WY UBYLD J PUD YuDJ DUOYD N UOfiun) %SEU Jo fiuppunoq 183m uzamIq 241y opviolo) fo yusudo)aadp sof unyd. fo sisfippuy





















POWER SITES ' g 3

With the water supply now available and with development accom-
plished as suggested by the writer the loss of water due to evapora-
tion would be reduced to a minimum, and a maximum amount of
power could be developed. If the plan of development tha.t calls
for a high dam at or near Boulder Canyon were followed the addi-
- tional 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

Theloss of water at present is not a serious matter, for a great sur-
plus passes into the Gulf of California each year. Before MAaNy years
pass, however, the demand for water will be greater than the avail-
able 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 sug-
gested 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 ‘tha,t with
complete development in the upper basin and with the lower river
developed as suggested by the writer, 103,000 acres more land could
be irrigated and an additional 251,000 horsepower could be; developed

The Mohave Canyon storage reservoir, operated solely in the inter-

est of flood control and irrigation, would provide the most satis--

factory 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 seri-
ously interfere with the full use of water for irrigation. Under 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 availablestorage capacity at the Parker dam gite.

The writer suggests that his plan should be given serious considera~
tion 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 engmeermg
practice in the construction of dams.

\

|
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|
l
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SITES BEGOKIENDED
BRIDGE CANYON: POWER BITE

Location.—The Bridge Canyon dam site is about 236 miles below
Lees Ferry and 1034 miles below Diamond Creek. (See Pls. II and
II1, in pocket.)

Physical chardeteristics.—The Archean crystalline rocks rise above
the river at a point 10 miles above Diamond Creek and are continu-
ously exposed in the canyon walls for a distance of about 50 miles.
This section of the canyon is known &s the Lower Granite Gorge.
(Seefootnote, 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 available at the site. Just above the site for the con-
struction 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. Border-
ing the camp site is the Tapeats sandstone, from which sand and
gravel may be obtained (Pl. XLVIII, 4). 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 Iength of 740 feet. 'The narrow gorge-at
the dam sité 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 en the left bank above

the dam site would afford an excellent site for the construction camp
and permanent living quarters. (See Pls. XLVIII, 4, 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 site! 1 The
position of the dolomitic limestone for the concrete aggregite ind: of
the sandstone for the sand and gravel with respect to the cump s;te
is shown in Plate XLVIII, A.

Although the condmons at Bridge Canyon are favorable f‘or 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 water-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 Havasu
power site, at the west boundary of the Gmnd Canyon’ Natlonal
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 same conditions of
use, but with storage in Glen Canyon, the water supply would be
22,400 second-feet. With ultimate development in the-upper basin
and in the canyon section above Bridge Canyonthe supply would
be reduced to about 14,440 second-feet. (See Appendix:A;:p. 113.)

Power capacity.—The static head at the Bridge Canyon: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 develop-

ment in upper basin as in 1922: - Horsépovwer
Capacity 50 per cent of time___________________ 494,000
Capacity 90 per cent of time._ . ________________ 2329, 000

With storage in Glen Canyon and with irrigation and
power development in upper basin as in 1922:
Continuous power available.___._______________ 1,015, 000
With storage and with ultimate irrigation and power o
development in upper basin: oo
Continuous power available.. ... ... --~ 654,000 .
Installed capacity (load factor 60 per cent) ... 1,000,000. -

R'eght of way.—If & dam. were built at the Bridge Canyon site. to
raise the water 566 feet, a lake would be formed having.a length .of
78 miles and a surface area of 8,500 acres. There are no important
improvements in this part of the Grand Canyen. Thetﬂowage dam«
age would therefore be negligible.

Accessibility.—In May, 1924, the writer made . a reeonnmgssance
investigation to determine the feamb:hty of building a railroad to the
Bridge Canyon dam site. It was found that a railroad eould:be con-
structed from Peach Springs, Ariz., which is on the -main ling of the
Atchison, Topeka & Santa Fe Railway, to the northeast corner.of T.26
N, R. 12 W. Gila and Salt River meridian, a distance of. 18 miles, with
a ruling grade of probably less than 1 per cent. This part of the xail-
road 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 plane-
table survey to determine the best location for this portion showed that
by building a tunnel 114 miles long the head of Bridge Canyon could be
reached. The constructionfrom thehead 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
siteisshown 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 develop-
ment 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 construc-
tion 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 de-
velopment 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 connec-
tion 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 about
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 mverted 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 per cent
load factor, would be 2,133,000 horsepower. With complete develop-
ment in the upper basm 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 pla,n 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 with 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 Dla.mond Qreek
Prospect, and Havasu sites.

DEVILS SLIDE POWER SITE .

Location.—The Devils Slide dam site is in the lower part of the
Grand Canyon, 25524 miles below Lees Ferry and 30 miles below
the mouth of Diamond Creek. (See Pl. 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, P1. L1y

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 eanyon-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 (Pl LII, 4).
Coffer dams could be built at a minimum cost. The depth to bed-
rock in the river channel is estimated at 50 feet. :
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Materials necessary for the construction.of the dam sre available
at the site. Sand and gravel may be obtained by crushing the -
Tapetits sandstone, and coarser ‘aggregate for the concrete may be
‘obtained by crushing the dolomitic limestone in ‘the upper part of
the Bright Angel shale. (See Appendix B, p. 166.)

Plan of development.—The 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 183
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 bebuilt at the
base of the dam, as the spillway tunnels would discharge into the
river at a point 800 feet farther down. (See Pl L1.)

The canyon above the Devils Slide dam site is very narrow, and
its walls are steep. The lake above the dam would be confined be-
tween the walls of the Lower Granite Gorge. (See Pl. LII, B.)
The srea 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 asin 1922,
the water supply available at the Devils Slide dam site would be
7,330 ‘second-feet 90 per cent of the time, or 11,000 second-feet 50
per cent of the time. Under the same condltlons 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 water-
supply 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 develop-

ment in upper basin as in 1922: . Horsepower
Capacity 50 per cent of time__.__________________ 143, 000
Capaeity 90 per cent of time_________.___.__.___.__ 95, 600

With storage in Glen Canyon and with 1rr1gat10n and
power development in upper basin as in 1922: .
Continuous power available . __..___________.____. 294, 000
- With storage and with ultimate xrngatmn 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 propased at the Devils: Slidé.siie-would
form a lake in the Lower Granite Gorge with'a surface ares:of 880
acres.. No improvements of any kind would be aﬂeeted, @ild *‘bhs
ﬂowa.ge damage would therefore be negligible. - ,

Accessibility.—A railroad could be built to the Devils. Shde .dam
site from Antares station, on the main line of the Atchison, Tepeka.&
Santa Fe Railway. Such a road would be 87 miles long and: would
follow the Hualpai Valley to Red Lake and thence go. over & low
divide to Grapevine Wash, down Grapevine Wash to Colorade River,
and up the canyon of the river to the dam site, About 37 miles:of
the railroad would require heavy construction, but on thauther 50
miles the construction would be unusually light. -

It seems probable that the Devils Slide dam site will bcwome acoes-
sible by means of the backwater from a dam built lower en theé rives,
and in that event it would not be necessary to construct a rmlrmd to
the site.

Adupmhlzty of. plan —The Devils Slide power site forms a um#
of the comprehensive plan here suggested. (See Pl. 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 faverable features,
and it is suggested as & unit of the comprehensive plan of develop-
ment. The site had been examined by J. B. Inppmcett chsultmg
engineer, Los Angeles, Calif., in October, 1902.

Location.—The Hualpai Raplds power site is at the head oi Vu'gm
Canyon, just below the mouth of Hualpai Wash, about 302 miles
below Lees Ferry, 314 miles below Greggs Ferry, and about 60 miles
due north of Kingman, Ariz. (See Pl. II, in pocket.)

Physical characteristics.—After passing through the valley a,tGraggs
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 & dam. The topographic features of the da.m;
sife are shown in Plate LIII. -

The width of the river at this site is 310 feet, &nd a-dam t0 raise
the water 225 feet would have a length on top of 910 feet,, Thehard.
Archean crystalline rocks form the abutment walls and fuumlatmn
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 be easily accessi-
ble during the construction period. (SeePl. LIV, A.) These favor-:
able features may be compared with those existing at dam sites
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~located in deep, narrow canyons, where the walls are preclpltous 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 Hual-
pai Wash. This site, however, might be submerged before the dam
was completed. The camp site shown on the map in Plate LIIT is
on thelow hills 2,000 feet from the dam site. Here permanent quarters
could be built, for the site would not be submerged when the proj-
ect 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
PLLIV,B.) Verylittle 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 sepa-
rate 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 Rap-
ids 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 condi-
tions 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 Wlth the canyon section of the river developed as
outlined in this report, the water supply available at the Hualpm
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 sup-
ply given in the preceding paragraph would be as follows:
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*Without storage and with irrigation and power develop-

ment 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, 600
With storage and with ultimate irrigation and power devel-
opment in upper basin:
Continuous power available______________________ 263, 000
Installed capacity (load factor 60 percent).________ 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 Rapids 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 “Qutline of plan,” its utilization in connection
with sites above and below will permit a maximum development of
the water resources of theriver. 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.

LOWER BLACK CANYON POWER SITE

Location.—The lower Black Canyon dam site is 1914 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 breceia 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 Colo-
rado River as in 1922 and without storage, the water supply avail-
able 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 developmént but with storage in Glen
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 develop-

ment in upper basin as in 1922: Horsepower: -
-Capacity 50 per cent of time_____________________ 172,000 _
Capacity 90 per cent of time____ .. ___ .___._______ 114, 000

Withstoragein 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 flow-
agoe damage would be relatively small, for there are no towns, rail-
roads, improved farm lands, or mining properties that are being
opera.ted within the flowage line of the proposed reservoir. This plan
may be compared with the one that calls for the construction ¢f 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, inelud-
ing, in addition to mining properties, the towns of St. Thomas and
Overton, Nev., improved farm lands, and about 8 miles of railroad.

Accesmbd@ty ——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-linerailroad. A railroad from either Las Vegas orSearch-
- light, 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 long.
Although the rails on the branch to Searchlight have been taken up,
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 rela-
tively small.

The dam site is well located with respect to the Mohave Ganyon
storage sitey as it would permit the development of 10,200,000 acre-
feet 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 lower. Black
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 maxi-
mum development of power and provide adequate flood control and
irrigation storage. '

MOHAVE CANYON 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 descrip-
tion 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 (Pl: 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 boundary of the
Colorado River Indian Reservation. (See Pl. I1.)

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 pre-
sented in Plate LVII, 4.

Plan of de'velopment —The Parker dam site has been mvestlgated
by the Beckman & Linden Engineering Corporation, of San Francisco,
Calif. This firm has suggested the rock-fill type of dam as being
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 capac-
ity 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 the
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 he used as the
point of diversion for the irrigation of an aggregate aréa 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 LVIIL '

Adaptability of plan.—The data now available indicate that a
diversion dam should be built at the Parker site, for it seems prob-
able that with such a dam in operation, in connection with an ade-
quate 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 Parker
not included in the writer’s suggested plan of develepment described
above. Although the character of the rock at the six 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 founda-
tion at some of these sites should be found unfavorable, it would
be necessary to change the plan by substituting sites where the ¢on-
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ditions are favorable. Thedata at hand relative to the physical condi-
tions 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 s1tes are
described on pages 28 and 29.

PROSBPECT SITE

General features.—As a result of the river survey, the water sur-
face 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 madé a
careful search for a dam site at an elevation of about 1,560 feet
abovesea level. A dam site midway between Havasu and Diamond
eréeks 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 hmestone begins to
rise, and at a point 9 miles below this creek the Brlght 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 miles 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 feet. above the river. A dam-site survey was made near theup-
per 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 Bnght Angel shale, which gradually rises until the Tapeats sand-
stone 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 for-
mation is exposed above the river 10 miles above Diamond Creek.
The erystalline rocks appear above the water surface at this pomt
and remain continuously exposed for a distance of 51 miles. At a
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point 4 miles below Diamond Creek the granite -and associated
crystalline rocks rise in the canyon wall to a height of 725feet above
the river. More detailed information relativeto therock formations
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
(m pocket).

" The preceding data show clearly that the geologic formatfons are
decidedly unfavorable for the location of a dam on Colorddo Rivet be-
tween Havasu and Diamond creeks except possibly at the Pmspect
site.

Location.—The Prospect site is in a short granite gorge 33 miles
below Havasu Creek and 36 mlles above Diamond Cretk. (Jee Pl
II, in pocket.)

Phymml characteristics.—In the 1-mile gorge that contams the
Prospect dam site, the Archean gra.mte gneiss is exposed in the left
wall to a height of 65 feet above the river and in the rlght wall to a
height of about 80 feet above the river. The gramte gneiss, which
would form an excellent foundation for a dam, is capped by the
Tapeats sandstone. A downstream view of the dam site showmg
the granite outcrop in the river channel is presented in Plate XLI,
B. To utilize the fall below the Havasu dam site, it would be nec-
essary to raise the water to an elevation of 1,773 feet above sea level,
The top of the granitic rock on the left ba,nk at the dam site is 1,644
feet above sea level. It is thus clear that the Tapeats sandst;one,
which here shows more than the usual surface jointing, would have
to form the abutment wall for the upper 129 feet of the dam. The
appearance of the sandstone raises some doubt in the writer’s mm,d
as to whether a safe dam can be constructed at this, pomt at a
reasonable cost.

More detailed information relative to the rock formatmm at the
site and the materials available for the construction of a dam is glven
in Appendix B (p. 157).

Plan of development.—If a safe dam can be built at the Prospect
s1te, 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 sea
level without interfering with the Havasu site. above ‘As the 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 XLIII. . = -

Water supply.—With development in the upper- basm as in 1922
the water supply available at the Prospect dam site would..be 7 ,000

45568°—25-—7
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second-feet 90 per cent of the time, or 10,800 second-feet 50 per.cent
of the time. Under the same conditions but with storage. in Glen
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 develop-

ment in upper basin as in 1922: ‘Horsepower
Capacity 50 per cent of time. ... .. ________ 168, 000
Capacity 90 per cent of time. ... .._._.__.._..._. 109, 000

With storage in Glen Canyon and with irrigation and
power development in upper basin as in 1922: C
Continuous power available_..___________________ 357, 000
With storage and with ultimate irrigation and power
development in upper basin:
Continuous power available. . _______________..____ 222, 000
Installed capacity (load factor 60 per cent).-______ 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 434 miles of the site, and
from the end of this road there is a trail leading to a mine 114 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 Dla.mond
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 shoild be
decided that this site must be utilized in order that the power re-
sources of the river may be fully developed. In the writer’s opinion
the fall in the river between Havasu and Diamond creeks can best
be utilized by building a relatively high dam at Dlamond Creek or

at Bndge Canyon (See p. 63.)

UPPER DIAMOND CREEK SITE

More than 10 years ago James B. Girand, of Phoemx,Anz 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
pro]ect was made by the firm of Barclay Parsons & Klapp; oonsulmmg
engineers, of New York City.

Location.—The upper of the two dam sites in this vicinity is just
above the mouth of Diamond Creek, 225.6 miles below Paria River
and 17 miles north of Peach Springs, Ariz., a station on the main line
of the Atchison, Topeka & Santa Fe ]Railway (See Pl II in
pocket.)

Physical characteristics.—For a dam of moderate height, the upper
dam site at Diamond Creek has several favorable features. As
disclosed by diamond-drill bor:ngs, 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 abuhment
walls is satisfactory for a dam of any reasonable, height. . Unfortu-
nately, there are two weak zones in the wall on the left bank, due to
faulting. (See Pl. XLIV.) In constructing the spillway or pres-
sure tunnels, these fault zones should be avoided. A detailed
description of the rocks and information regarding bmldmg mate-
rials 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 bound-
ary 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 faults,
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 immedjately above Biamond
Creek will be selected for a dam that would raise the water to an
elevation of 1,773 feet above sea level.

Attention is called above to a possible dam site at 1,579 feet a.bove
sea level. (See Prospect dam site, p. 86.) Utlhzaﬁlon 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 hewe
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 tunmels leading -to
a-power house on the flat at the mouth of Diamond Creek need net
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 Dia-
mond Creek would be about 10,900 second-feet 50 per cent of the
time, or 7,180 second-feet 90 per cent of the time. With full devel-
opment 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 develop-

ment in upper basin gs in 1922: . Horsepower
Capacity 50 per eent 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 Can-
yon above Diamond Creek, this site is fairly accessible. A branch
from the main line of the Atchison, Topeka & Santa Fe Rail-
way 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); 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. The development of the upper site at Diamond
Creek in the manner described in the preceding pages would. fit in
well with, a development at the Prospect site. However, the feasibil-
ity of developing the Prospect site is doubtful. - It therefore seems
better to select a dam gite below Diamond Creek; at some point where
& dam can be built of sufficient: height to back the water to.the west
boundary of the Grand Canyon National Park. Such a site is
desonbed in the next section.

ﬂOWER DIAMOND CREEK SITE

On the completion d)f the survey of the canyon between f.he 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 desir-
able to build at the upper site a dam of sufficient height -to utilize
the fall in the river below the park, he recommended. that the dam
site immediately below the: mouth of Diamond Creek should be sur-
veyed At that time nothing was known with respect to dam sites
in the canyon for a dlsta,nce of 50 miles below Diamond Creek.-
~ Location.—The lower Diamond Creek dam site is about 600 feet
below the mouth of the creek. (See Pl. XLIV,) «

Physical characteristics.—A topographic map and cross sectmn of
the lower dam site at Diamond Creek are shown in Plate XLIV.
Here the river has carved its channel in granitic rock, which rises in
the canyon walls to an elevation of 1,950 feet above sea level, or
more than 600 feet above the river. This rock is capped by a.ver-
tical 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 cross section and rock formations at this site are
concerned, it would bé 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 that might be expected to cause. trou.bke: (See
Appendix B, p. 159.) |

The mdth of the rﬂver at the dam site is 190 feet, and a dam to
raise the water 450 fﬁt or to an elevation of 1,773 feet above sea
level, would have a length on top of 1,120 feet. The maximum
depth to bedrock bel¢w the water qurface is estimated -at 50 feet.

Building material in abundance is available near the dam site,
though it would be nécessary to obtain the cement elsewhei'e (See
Appendix B, p. 159.)

Plan of development —If a relatively low dam is to be bmlt nédr
Diamond Creek to back the water to the Prospect dam sité; such a
dam should be located 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 con-
struction of a high dam. At this site the water may be raised 450
feet without interfering with the development of power at the Hav-
asu site, at the west boundary of the park.. There is a 'good site 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 sug-
gested 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 (Pl. 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 high-
est 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 P1. XLIV.)

Water supply.—The water supply would be the same as that avaﬂ-
able at the dam site just above Diamond Creek. (See 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 develop-

ment in upper basin as in 1922: Horsepover
Capacity 50 per cent of time. oo .. .. ___ 398, 000.
Capacity 90 per cent of time_ ..o .. ... 258, 000

With storage in Glen Canyon and with irrigation and
power development in uppe? basin as in 1922:
Continuous power available. ... ___________._______ 803, 000
With storage and with ultimate irrigation and power
development in upper basin: .
Continuous power available. . ... . ________ 518, 000
Installed capacity (load factor 60 per cent)._._____ 863, 000
Rught 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 Creek 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.~The lower dam site at Diamond Creeék is well
adapted to the construction of a power plant to utilize the.full head
available between Diamond Creek 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 favor-
able than those that prevail at the dam site immediately abo‘ve Dm
mond 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 &
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 gnelss is capped by a bed of Tapeats sﬂ.ndsbene
200 feet thick.

Travertine Canyon is a narrow gorge carved through a massjve
deposit of travertine by a small stream of water that enters the Colo-
rado 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 XLVIIL. " A more
detailed description of the rocks at the dam 31te will be found in
Appendix B (p. 162).

Although this site has some favorable features, yet, owing to:ts
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 BITE .

Location.—The Spencer Canyon dam site i in the Grand Canyon
immediately below the mouth of Spencer Canyon and 20 miles below
Diamond Creek. (See PL 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 located in a rapid which is
beset with large rocks (see Pl. LVII, B), some of which-appear to be
granite in place, and it seems likely that the maximum depth to:bed-
rock will not exceed 40 feet.

The work of taking care of the water dux;mg the construction perlod
would be simple, as the obstruction in the river channel that causes
the rapid would afford a shallow and firm foundation for the coffer-
dams.

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 accas31ble
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 fair 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.

Right 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 acces-
sible 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 BACK RAPIDS BITE

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 beem lost, éwing to “the
capsizing of the boat, the investigation was confined to .estimates of
the width of the river and the distance between the canyon:walls
and a study of the rocks. With. the river-survey map as a basis, a
cross section was prepared for the Flour Sack Rapids dam site.
(See P1. 1.X.) 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. - Graite is exposed
for adistance of .160 feet on the left bank and- for’ about’ 10
feet ‘'on the right bank. The granite is capped by a layer of ‘the
Tapeats sa,ndstone, above which is the Bright. Angel shale A view
of the dam site is presented in -Plate LXI, 4.

The foundation of a dam at this site Would be in granite, and the
Tapeats sandstone cliff would form the abutmient walls to a helght
of about 55 feet above the river (Pl. LX). A dam to raise the
water more than 55 feet would extend into a wesker formation.” 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 FERRY SITE

Location.—The Pierces Ferry dam site is near the lower end of
the .Grand Canyon, 134 miles above the abandoned Pierces Ferry
and 52 miles below the mouth of Dlamond Creek. (See PL. II ‘in
pocket.)

. Physical chamctemstws —At this site Colm'ado Rwer h&s cut
through the Tapeats sandstone and well into the Archean crystaltine
rocks. Here the canyon is boxed next to the river, forming an inner
gorge with low walls. (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: found
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. . o

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. . How'
ever, the cost of the cofferdams necessary to by-pass the water'dur-
ing the construction period would be very high, The dam -site ‘is
reasonably accessible, and materials for the ¢snstruction of & dam
are near at hand.
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A detailed description of the rocks at the dam site will be found
in Appendix B (p 168). A map of the dam site is- shown in Plate
LXII. : » C .

GRAND WASH CANYON SITE -

Locaiion.—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.)

Physteal claamctemtws —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 114 miles above the mouth of Grand Wash
the following formations are exposed in the canyon walls or on the
sky line: Kaibab limestone, Coconino sandstone, Supai shale, Red-
wall 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 forma-
tion 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 Pl. LXIIL)

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. Thereis 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 suit-
able 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.
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VIRGIN CANYON BITE

Location.—The Virgin Canyon dam site is. in Vlrgm Oanyon of

‘Colorado River, 3 miles below the 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 topog-
raphy of a narrow strip wasmapped. (See PL.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 914 feet. The depth to bedrock in the river
channel is unknown. o o

Accessibility.—As the dam site is in a deep canyon, where the can-
yon 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 siteis
presented in Plate LXVI; A. The cost of a railroad built to the
dam site from Antares, Ariz., would not be excessive. Such a rdil-
road 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-mile exten—
sion would be relatively high.

CALLVILLE SITE

Location.—The Callville dam site is at the lower end of Boulder
Canyon, 114 miles above the Callville ruins. (See P1. II, in pocket.)

Physical characteristics.—This site has many favorable features.
The granitic rock in the walls and river channel is satisfactory. The
foundation has been tested by the Southern California Edison Co,
The maximum depth to bedrock as determined by three holes drilled
in the river channel is 80 feet. The canyon walls 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. e,

‘Immediately below the dami site on the Nevada side of the rives
is a flat tract of land comprising about 400 acres. This flat- affords
an ideal location for a power house, railroad termma.l and construc-
tion camp. (See P1. LXVIIL.) s vt
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A low saddle on the Nevada side of the river limits the maximum
practicable helght 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 CANYON SITE

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 (Pl. 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 eonstruction 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 foundatlon of a dam at this site
may be in granite.

Aceessibility.—The site is reasonably accessible from Searchhght
Nev., and Chloride, Ariz. An automobile may be driven from
Chloride to the mouth of Jumbo Wash, Wlnch is 2 miles downstream
from the dam site.

ELDORADO SITE

Location.—The Eldorado dam site’is at the lower end of Black
Canyon, 334 miles 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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was!made September 26, 27}:and -28; 1924, by: Di-Fi Hewett, gaolos
gist, United .States Geological Survey. - -Mr. Hewett has: classified
the Todk in'both sbutment walls:as latite flow-breceis (Pl LXIX; B)
and:is of ithe opinion ‘that these rocks are. sufficiently.resistanéi snd
" strong to serve as the dbutinents for a. dam fo iraise the wateri:100
feet. He noted a gravel deposit 800 feet west of the right 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, 4 condition fwhieh in itself
rendérs the site unsuitable for the construction of a dam higher than
100 feet above the present low-water level. N
The width of the river at the dam site is-580 feet, and a’dain to
raise the water 100 feet would have a length on top of about 950 feet.
The depth to bedrock in the river channel is unknown. - The-dam
site is reasonably accessible from Searchlight, Nev. . "~ . . . . 1. du
- A map and cross section of the dam site and curves showing the
area and eapscxty of the basm above the dam site .are shown: ;m
Plate LXX. : T

EAGLE ROCK BITE MR

Location.—The Eagle Rock dam site is in Eagle Rock Canyon
near the head of Oottonwood Va,lley, about 60 mlles by rxver above
Needles, Calif. - St

Physical characteristics. —Eagle Rock Ca:nyon Hwad survéyed: ljjr the
United States Reclamation” Service in 1903; “Lee® describiés - the
conditions at Eagle Rock Canyon as follows: ad

At Eagle Rock near th& southern end of Round Isla.nd the tiver lsave; the
flood plain and flows through a narrow rock gorge about a mkle 1ong and 150 feet
deep. * * * 'Phe gravel-filled channel to the east connests the Round Tsland
Valley with the’ Cottonwood Valley proper. In other words,'Colorado River,
during one of its periods of eanyon cutting, * * * failed to’ reexeavate! ibs
old gravel-filled channel at, Eagle Rock and cut & new, channel in- the rock nwedt
of the old one. o it nninh) SRy

. Lee classifies the T()Qk in the narrow- gorge s &ndesatﬁ,p tmd mlm
map, reproduced here as part of Plate LXXI, he shows: the. felation
of the rogk gorge to ‘the:old graveLﬁHed river. chbnnb]r oﬁ %the Aﬁzﬁna'
side of the river.i- . "]~ GF

Under the direction of: t.h;a Wnter, & suwey was nmde Oembsr 391,
1922, ta:detefinine accurately thie cross section at.:thp.dam stbe.; It
was found that a dam te raige the water 100 feet;.or to-an elevation
of 650 feet above sea level, would have a length at the:water surface
of 730 feet and a lengtir on top of 940 feet. However, if a dam were
built in the present river channel to raise the water 100’ feet«z ferious
leakage would probably occur in the old gravel-filled channel shown

22Lee, W. T., Geologic reconnaissance of a part of western Arizona: U, 8, Geol. Sm’vey Bull, 852, p. 39,

- 1908,
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on the map in Plate LXXI. The depthi to bedrock in the ki -chan~ .
nel, as. ‘well :as in the present chammel, is. unknown. : The dim site
seemas: of doubtful practicability, and.is mentioned here-only as a
possible site which may be investigated further if ‘there. is urg"anb
need for a dam at an elevation of about 550 feet above sea level.: -
v:ewofthedamsxtelspresanbedml’lamLXXH A. - IR

IULLS HEAD SITE

- Location. -—The Bulls Head dam siteis near the lowar emd of Pyras
mid Canyon, 25 miles due north of: Needles, Cshf {See’ PL. II;in
pocket.)

Physical characteristics. -—Tlns site was thomughly mveetlgated by
the United States Reclamation Service in 1902-3.2 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 slde. With
this conclusion the writer is in full accord. However, engineers of
the Bureau of Reclgmation have recently prepared tentative designs
and estimates for an earth dam to raise the water 170 feet at this
site._

Lee has clearly described the geologic history of Pyramid Canyon
below Bulls Head Rock. Using the data furnished by the Reclama-
tion Service, supported by facts obtained on the ground, he con-
structed a map showing the present river channel in relation to the
old gravelfilled channel and eross sectiors 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 ﬁ}]mg in the river channel wasfound to be
more:than 100 feet deep

In Plate LXXII, B, is: presented a view o’f‘ Bulls Hesd ‘Rock, showa
ing the present river channel, the old gravel-filled channel, s.nd Bulls
Head dam site No. 1, as seen from the south. '

As the foundatlons at the three dam sites at Bulls Head Rock are
" unsatisfactory, the cost of a - dam of any type bmlt here won}d be
relatively high.- :

"U 8. Recl. Bervice second Ann Rept., p. 134, 1904
uop eit., p 8. : e
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AppExDIx A.—WATER SUPPLY

By E, C. La Rus and GrorgE F. HoLBRoOK

STREAM-FLOW RECORDS >

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 may be
" taken to the water’s edge. Because of the ma,ccesmblhty 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 tiver
must be based on stream-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 applymg this record to the
canyon section lies in the fact that ther® is a larze 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 eva.poratlon
and transpiration from the rank growth of vegetation also varies. Itis
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. o
1
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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- enoughto catch practically
all the run-off from the basin of the Colorado above the mouth of
Green River. Therecords at Cisco and Moab, extended by compari-
son 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 com-
paring 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 head-
waters 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 Esca—
lante rivers.

In the San Juan Rlver basin stream-flow records have been ob—
tained 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 bala.nced 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. For
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 at
a station above the Animas. The monthly discharge record of the
San Juan thus obtained is glven in column 2, Table 2. The figures
in column 2, added to those in column 5, Whlch is the record of Colo-
rado 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 statlon 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 1is 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 dis-
charge of Colorado River at Lees Ferry, Ariz., 1922-23

Error in compu'tation"
. Measured | Computed
Climatic year discharge | discharge Percentage
Acre-feet olmeasured
Acre-feet Acre-feet -
1922 e e et ot o 16, 372,000 | 16,422,000 | 50,000 - +0.3
1923 ... - _-| 16,135,000 | 15,880,000 | —246, 000 —1.5

45568°—25——=8
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Tasue 2.—Monthly discharge, in acre-feet, of Green, San Juan, and Colorade

rivers, 1911-1923 .

Colorado River

Green San Juan
' River |-River at Above Green Fremont | g, 1.0
Month at mouth | mouth | mouth of goiiver | River to { “pjvec o
on Green  |to Fremon n Juan
River River River |Lees Ferry
1 2 s 4 H 6
157, 000 34, 600 165, 000 322.000 343, 000 377,000
202, 000 54, 400 161, 000 363, 000 379, 000 434,000
396, 000 270, 000 327,000 723,000 738,000 { 1,010,000
336, 000 422, 000 432, 768, 000 783, 000 1, 200, 000
749, 000 658,000 | 1,540,000 | 2,290,000 | 2,340,000 2, 990, 000
1,190,000 - 631,000 | 1,840,000 | 3,630,000 | 3,080,000 | 3,710,000
526, 000 615, 000 941,000 | 1,470,000 | 1,480,000 2, 090, 000
185, 000 70, 100 299, 000 484, 000 42, 000- 562, 000
126, 000 51, 900 217,000 343, 000 357, 000 408, 000
256, 000 871, 000 469, 000 725,000 | 758,000 1 _ 1,130,000
137, 000 79,700 220. 000 357, 363, 900 442, 000
+ 105, 000 ), . 183,000 | . 288,000 204, 000 3583, 000
4,365,000 | 3,317,000 | 6,794,000} 11,163,000 | 11,407,000 | 14,707,000
1912 . ’ .
R 60, 000 172, 000 281, 000 286, 000 346, 000
000 57, 000 156, 000 264,000 270, 060 327,000
000 70, 225, 000 458, 000 , 000 538, 000
000 98, 900 387, 009 783, 000 791, 000 891, 000
€00 461,000 | 2,000,000 | 3,020,000 | 3,060,000 | 3,520,000
000 857,000 | 2,710,000 | - 5,040,000 | 5,180,000 5, 740, 000
] 000 , 000 | 1,400,000 | 2,410,000 | 2,430,000 2,710, 000
August___._.... 427, 000 110, 000 487,000 914, 000 1, 1,030, 000
September ___ 219, 000 54, 000 251, 000 470, 000 475, 000 539, 000
October...... 249, 600 58, 100 280, 000 529, 000 564, 000 622,000
November ... 221, 000 64, 900 229, 000 450, 000 488, 000 533, 000
96, 400 30, 600 198,000 294, 000 298, 000 329, 000
6,418,400 | 1,001,200 | 8,495,000 |.14, 913, 000 | 15,210,000 | 17,115,000
143, 000 28, 500 200,000 | 343,000 347,000 |. 376,000
127,000 26, 200 166,000 1 <293, 207, 000 328, 000
264, 000 42, 000 273, 000 537,000 ,% .. 591,000
782. 000 277, 000 600, 000 | 1,470,000 | 1,500, 1, 780, 000
1, 080, 000 403,000 | 1,310,000 | 2,390,000] 2,490,000 2, 980, 000
1, 180, 000 350,000 | 1,180,000 [ 2,360,000 | 2,400,000 2, 750, 000
912, 000 109, 000 475,000 | 1,390,000 | 1,400,000 | 1,510,000
* 269, 000 38, 200 186, 000 449, 454, 600 492, 000
242, 000 86, 300 245, 000 487, 000 508, 000 594, 000
223, 000 91,000 | 249,000 472, 000 479, 000 570, 000
200, 000 55, 500 215, 000 415, 000 428, 000 482, 000
107, 000 42, 100 142, 000 249, 000 255, 000 , 000
Theyear. ... ......... 5,528,000 | 1,638,800 | 5,325 000 | 10,855,000 | 11,105,000 | 12, 745,000
1914
January ..o 123, 000 36, 700 180, 000 303, 000 308, 000 345, 000
151, 000 104, 000 152, 000 303, 000 308, 000 412, 000
401, 000 213, 000 224, 000. 625, 000 633, 000 846,
765, 000 267, 000 584,000 | 1,350,000 | 1,370, 000 1, 640, 000
1, 850, 000 488,000} 2,080,000 | 3.930,000 | 4,080, 000 4, 570, 000
2, 220, 000 589,000 { 2,810,000 | 5,030,000 | 5,180,000 5, 770, 000
854, 000 262,000 | 1,130,000 | 1,980,000 | 2,010.000 2, 270, 000
287, 000 124, 000 499, 000 786, 000 790, 000 914, 000
158, 000 95, 800 265, 000 423, 000 425, 000 521, 000
253, 000 189, 000 374, 000 627,000 | 642,000 831, 000
164, 000 94, 000 209, 000 373, 000 377, 000 471, 005
97, 800 62, 700 144, 000 242, 000 248, 000 310, 000
7,323,800 | 2,525,200 | 8,651,000 | 15,972,000 | 16,371,000 | 18, 900, 000
95, 200 62, 100 130, 000 225, 000 229, 000 291, 000
101, 000 129, 000 141, 000 242, 000 246, 000 375, 600
199, 000 137, 600 176, 000 375, 394, 000 531, 000
455, 000 78, 000 578,000 | 1,030, 1, 050, 000 1, 530, 000
699, 000 570,000 | 1,120,000 | 1,820,000 1,860,000 2. 430.0%0
955, 000 601,000 | 1, 550, 2, 500,000 | 2, 540, 000 3, 140, 000
000 399, 000 615, 000 996,000 | 1,000,000 1, 400,

&
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"Green, San Juan, and Colorado

rivers, 1911—-1923—Continued
Colorado River
Green San Juan
River River at Above Green Fremont | o yuan
Month at mouth mouth mouth of River River to River to

Green |toFremont{ San Juan Lees Fe

River River River Ty
1 2 3 4 5 6

812, 000 312, 000 414, 000
317, 000 320, 000 382, 000
414, 000 415, 000 473,000
, 000 251, 000 391, 000
268, 000 275, 000 315, 660
8,840,000 ; 8,992,000 | 11;672, 000
291, 000 296, 000 877,000
320, 600 327,000 - 407, 000
1,000,000 | 1,030,000 {- 1,420,000
1,360,000 { 1,410,000 1, 860, 000
3,000, 000 | 3,050,000 | 3,620,000
3,440,000 | 3, 520, 000 4, 150, 000
1,500, 000 | 1,520, 000 1, 840, 000
1,010,000 | 1,040, 000 1, 480, 000
443, 000 449, 000 603, 000
783, 000 861, 000 1, 349, 000
000 363, 000 370, 000 432, 000
000 299, 000 307, 000 348, 000
3,687,100 | 7,806,000 | 13,839,000 | 14,180,000 17,877,000
42, 700 123, 000 204, 000 206, 000 249, 000
69, 400 139, 000 261, 000 269, 000 339,000
84, 200 193, 000 407, 000 419,000 | - 508,000
352, 000 530, 1,250,000 | 1,270,000 1,620, 000
560,000 { 1,520,000 { 3,180,000 [ 3,260, 000 3, 820, 000
' 833, 060 300,000 | 6,190,000 | 6,390,000 7,230, 000
521,000 1 1,510,000 { 3,250,000 | 3,290, 000 3, 810, 000
177, 600 422, 000 839, 000 849, 000 1, 030, 000
111, 600 231, 000 483, 000 502,-000 '813, 000
, 700 188, 000 392, 000 308, 000 - 438, 600
28, 700 186, 000 375, 000 382, 000 411; 000
25, 400 205, 000 376, 000 382, 000 407,000
2,844,100 | 8,547,000 | 17,207,000 | 17,617,000 | 20, 470,000
28, 200 185, 000 332, 837, 000 365, 000
43, 600 175,000 315, 000 321, 000 865, %

115, 006 270, 000 000 538, © 658
182, 000 430, 000 821, 0600 831, 000 1,010, 060
364,000 | 1,550,000 | 2 410,000 | 2,420,000 2, 780, 000
470,000 | 2,590,000 | 4,350, 4, 410, 000 4, 880, 000
173, 000 727,000 | 1,470,000 | 1,520, 000 1, 690, 0600
94, 600 208, 000 416, 000 427, 000 522, %

117, 000 243, 000 404, 000 415, 000 533,
29, 600 220,000 451, 000 459, 000 " 480, 009
48, 10 215,000 308, 000 404,000 | -- 452,000
33,800 170, 000 304, 000 310, 000 343,000
1,608,900 | 6,981,000 | 12,190,000 | 12,392,000 | 14, 081,008
33, 600 138, 000 220, 000 234, 000 ‘268, 000
48, 300 122, 000 223, 000 229, 000 277,000
172, 000 ,000 (< 502,000 500,000 | © - 681,000
342, 000 558,000 | 1,050,000 | 1,070,000 1, 410, 000
§76,000 | 1,410,000} 2,390,000 | 2,490,000 3, 060, 000
000 3 1,510,000 | 1, 530, 000 1, 980, 000
481, 000 372, 000 487, 000 497, 000 978, 000
144, 000 , 000 284, 000 202, 000 436, 000
99, 200 135, 000 248, 000 257, 000 356, 000
66, 600 146, 000 272, 000 278, 000 345, 000
55, 900 172, 000 301, 000 307, 000 363, 000
63, 000 160, 000 254, 000 260, 000 323, 000
2,529,600 | 4,578,000 | 7,750,000 | 7,053,000 | 10, 477, 000
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Tasct 2.—Monthly discharge, in acre-feel, of Green, San Juan, and Colorado
rivers, 1911-1923—Continued

Colorado River

Green San Juan
River River 1} Above Green Fremont San Juan
Month at mouth | at mouth mé)uth of to Il“hver . SRW? to | River to
reen remont| San Juan
: River River River |Lees Ferry
1 2 3 4 5 6

165,000 , 000 282, 000 414,000
180, 000 324, 000 330, 000 542,000
192, 000 441, 000 448, 000 710, 000
272, 000 666, 000 874, 000 1, 160, 000
2, 830,000 | 4,540,000 | 4,640, 000 , 640, 000
3,090,000 | 5,180,000 | 5,280,000 8, 160, 000
1,060,000 | 1,700,000 | 1,710,000 2, 050, 000
374, 000 660, 000 672,000 823, 000
198, 000 354, 000 361, 000 , 000
240, 000 404, 000 410, 000 475,000
230, 000 431, 000 437, 000 7, 000
178, 000 209, 000 5, 000 340, 000
9,009, 000 | 15,276,000 | 15, 549,000 | 19, 164, 000
180, 000 305, 000 311, 000 349, 000

160, 000 333, 000 339, 000 400,
272, 000 749, 000 756, 000 865, 000
325, 000 774, 000 783, 000 944, 000
2,000,000 | 3,590,000 | 3,650,000 4, 050, 000
3, 660,000 | 6,580,000 | 8,790,000 7, 640, 000
1,040,000 | 1,730,000 | 1,760, 000 2, 240, 000
535, 000 885, 000 903, 000 1, 280, 000
321, 000 531, 000 540, 000 720,000
198, 000 350, 000 362, 000 396, 000
215, 600 368, 000 379, 000 430, 000
214, 060 354, 000 364, 000 423, 000
9, 120, 000 | 16, 549,000 | 16,937,000 | 19,737, 000
164, 000 278, 000 288, 000 324, 000
134, 000 276, 000 , 000 403, 000
245, 000 646, 000 , 000 893, 000
434, 000 803, 000 816, 000 1, 110, 000
2,280, 000 | 4,000,000 | 4,100,000 4, 940, 000
2,120,000 { 4,440,000 { 4,570,000 5, 850, 000
485,000 | 1,030, 000 060, 000 1, 210, 000
247, 000 510, 000 529, 000 576, 000
151, 000 330, 000 340, 000 363, 000
138, 000 269, 000 275, 000 296, 000
188, 000 347, 000 354, 000 377,000
189, 600 328, 000 338, 000 372,000
6, 775,000 { 13, 257, 000 | 13,609,000 | 16,214, 000
184, 000 330, 000 340, 000 305, 000
154, 000 280, 000 287, 000 327, 000
172,000 399, 000 408, 000 438, 000
432,000 | 1,050,000 | 1,060,000 1, 190, 060
1,750,000 { 3,380,000 | 3,430,000 3, 920, 000
2,210,000 | 4,120,000 | 4,200, 000 4, 680, 000
1,040,000 1,870,000 | 1,900,000 2, 100, 000
521, 000 885, 000 901,000 | 1,050, 000
295, 000 497, 000 509, 000 | . 744, 008
The period..___.... ... 6,048,000 | 1,805,100 | 6,758,000 | 12,811,000 | 13,035 000 | 14,844,000
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The 13-year period from 1911 to 1923 is known to be an 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 Colo-
rado 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 irri-
gation 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 the
measured records in the upper basin during these years, upon which
such an estimate must be based, are incomplete. The annual- dis=
charge 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 in
columns 1, 3, and 4 of Table3. 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 repre-
sent measured records on lower San Juan River. Such records are
lacking for the period 1895 to 1907, and except for the one year,
1905, during which a measured record was obtained at Farmington,
N. Mex., an estimate of the annual discharge of San Juan River was
made by three separate methods, and an average. of these three
was assumed to be the most probable figure. These methads.were
(1) by eomparison with Colorado River below the mouth of Green
River; (2) by comparison with Arkansas River at Canon City, 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 comparisen 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 repre-
sent the flow of the Colorado from San Juan River to Lees Ferry,
presented in column 6, Table 3.
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TaBLs. 3.—Annual discharge, in acre-feet, of Green, San J u}m, and Colorado rivers
. for calendar years 1895-1922

Colorado River.
Green San Juan
River at | Riverat Above Green Premont | g ruan
Year mouth mouth mouthof | Riverto River to River to
Green Fremont | SanJuan | oo per
River River River ¥
1 3 4 5 [
1895 U 4,520,000 | 2,080,000 | 6,360,000 | 10,900,000 | 11,100,000 | 13, 200,000
4,320,000 | 1,530,000 { 6,790,000 | 11,100,000 » 300, 000
6,460,000 | 2,660,000 | 8,260,000 14, 000 | 15,000,000 1 17, 700,000
5,430,000 | 1,880,000 | 4,850,000 { 10,300,000 | 10, 500,000 | 12, 400, 000
8,480,000 | 2,880,000 | 8,900,000 | 17,400,000 | 17,900,000 | 20, 300, 000
3,820,000 | 1,800,000 | 6,880,000 | 10,700,000 | 10,900,000 | 12,700,000
4,600,000-| 1,700,000 { 7,016,000 {- 11,600,000 | 11,800,000 { 13,500, 000
3, 600, 000 847,000 | 4, 280, 000 , 880, 8, 016, 000 ),
4,960,000 | 2,030,000 { 5,650,000 | 10, 600, 000 | 10, 800, 000 12, 808, 000
5,320,000 | 1,500,000 | 5,070,000 | 10,400,000 | 10,600,000 | 12, 100, 000
4,120,000 | -2,:790,000 | 6,490,000 | 10,800,000 | 10, 800,000 | 13, 060
6,670,000 | 2,700,000 | 7,690,000 | 14,400,000 | 14,700,000 { 17, 400,000
:.8,250,000 | 3,430,000 | 7,900,000 | 17,200,000 | 17,700,000 | 21, 100, 000
4,390,000 | 1,860,000 | 4,660,000 9,050,000 | 9,200, 11, 100, 000
9,040,000 | 3,270,000 | 8,470,000 | 17, 500, 18,000,000 { 21,200, D00
4,900,000 | 1,610,000 | 5,830,000 | 10, 700,000 | 10,900,000 | 12, 500, 000
4,360,000 | 3,320,000 |. 6,790,000 | 11,260,000 | 11,400,000 | 14,700, 000
6,420,000 | 1,900,000 | 8, 500,000 | 14, 900, 15,200,000 | 17, 100, 000
5,530,000 | 1,640,000 | 5,320,000 | 16,900,000 | 11,100,000 | 12,700,000
7,320,000 | . 2,530,000 | 8,650,000 | 16,000,000 | 16, 400, 000 8, 900, 000
- 3,730,000 | 2,680,000 | 5,120,000 | 8,840,000 | 8 990,000 | 11,700,000
6,040,000 | 3,690,000 | 7,810,000 | 13,800,000 | 14, 200, 000 , 900, 000
8,660,000 | 2,840,000 | 8 550,000 | 17,200,000 | 17,600,000 | 20, 500, 000
6,210,000 | 1,700,000 | 6,980,000 | 12, 200,000 | 12,400,000 | 14, 100, 000
3,170,000 { 2,530,000 [ 4,580,000 750,000 | 7,950,000 | 10, 500,000
6,270,000 | 3,610,000 | 9,010,000 | 15,300,000 | 15,500,000 | 19, 200, 000
7,420,000 | 2,800,000 | 9,120,000 | 16,500,000 { 16,900,000 | 19, 700, 000
6,480,000 | 2.600,000 | 6,780,000 | 13,300,000 , 000 | 16, 200, 000
5,730,000 | 2,350,000 | 6, §70. 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. Eaeh 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 thé 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 114 acre-feet annually per acre irrigated. The following table,
taken from an unpublished report of the Bureau of -Reclamation,?
shows the distribution through the year of the past irrigation deple-
tion in the upper basin of the Colorado:

TasLE 4—Monthly zrmgatzon depletum, in acre-feet per acre, in upper ba.sm of
Colorado River, 1895-1922

Consumptive use
Average N -
diver- R;ggm Por é . ¢
sion er ¢en
Acre-feet | “of total
0 0.06| —0.05 —-&
[} .05 —.08 -3
0 .05 -. 06 -3, 4,
.2 .06 15 +10
.4 .10 0| +20
.7 .20 501 +3.3
.8 .30 50| +333
.6 .30 30| +2
.8 .20 10 +86.7
0 .10 ~.10 -8.7
0 .05 -.05 -3.3
0 .05 -.03 -3.3
3 1. 50 1.50 - 109

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. -—I ncrease in area of land under irrigation in uppcr baam of - C'olorado
River, 1899-1922

Total area Total ares
Year irrigated Year irrigated
. Acres | : Actes
1899 e 530,000 || 1919 — oo 1, 400, 000
1902 TZTTTIITIIITTIIITTTIIITIITIUTI 650,000 | 1022 ity 22| ++ 1, 5005 000
1909 T TTIIITIITIITTITIIITITTT 1,000, 000 ;

By mterpolatmg between the dates given in Table 5 and applymg :
a consumptive use of 114 acre-feet to the acre, an estimate is made
of the water consumed each year in the upper basin. Transmoun-
tain diversions from the upper basin, which began in 1906, increased
slowly for several years, increased rapidly through the penod 1914—
1917, and reached 115,000 acre-feet by 1922,

1 Presented to the Committee.on Irrigation and Reciamation, House of Representatives, February, 192¢.

1
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TaBrE 8.—Correction for past depletion in upper basin of Colorado River,

1895-19%22 . )
B L - . e : Total past
Area irri- | Water con- leti
; ated .| sumedat | T depletion
gbove 1.5 acre- - moun%ain ’ig‘:élu';::;' aaxt)) gl;t
Year . Loes Ferry,| feet per | diversion L oos Feoss
: | Ariz. acre Atiz.rry'
1 T Y
Acres Acrefeet Acrefeet | Acre-feet

530, , 000 795, 000 1, 570, 000
570, 000 , 000 855, 000 1, 510, 000
610, 000 915, 000 915,000 | 1,450,

650, 000 975, 000 975, 000 | o1, 043, 000
700,000 | 1,050, 000 1,050, 000 4986, 000
750,000 | 1,125, 000 --| 1,125,000 4930, 000
800, 000 | 1,200, 000 1, 200, 000 1, 165, 000
850,000 | 1, 275. 000 1,000 | 1,276, 000 1, 089, 000
900, 000 | 1,350, 000 2,000 | 1,352 000 1, 013, 000
950,000 | 1, 425, 000 2,000 | 1,427,000 938, 000
000, 000 | 1, 500, 000 3,000 | 1,503,000 862, 000
040, 000 | 1, 560, 000 4,000 | 1,564, 000 801, 000
080,000 | 1,620, 000 5,000 | 1,625, 000 740, 000
120, 000 | 1, 680, 000 6,000 | 1,686, 000 679, 000
160, 000 | 1,740, 000 11,000 | 1,751, 000 614, 000
200,000 | 1,800, 000 16,000 | 1,816, 000 549, 000
240,000 | 1,860, 000 36,000 | 1,896, 000 469, 000
280,000 | 1,920, 000 66, 000 | 1,986, 000 379, 000
320,000 | 1,980, 000 86,000 | 2, 066, 000 299,00
360, 000 | 2,040, 000 86,000 | 2,126, 000 239, 000
400, 000 | 2, 100, 000 96,000 | 2,198, 000 169, 000
433,000 | 2, 150, 000 103,000 | 2, 253, 000 112, 000
467,000 | 2,200, 000 109,000 | 2, 309, 000 56, 000
500,000 | 2, 250, 000 115,000 | 2,365,000 | oooaunene.

@ Reduced 25 per cent.because of extre 1.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 evapo-
ration 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 bereclaimed 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
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reservoirs will be required to-insure an adequate water supply 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 va,nably 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? has made
an estimate of the areas in which future reclamation by irrigation
from Colorado River is feasible. Classified into drama,ge areas and
somewhat condensed, this estimate is reproduced in Table 7

TABLE 7.—Summary of future irrigation development, in atres, in upper basin of
Colomdo River

Near Distant Total

Drainage area tuture future

Green Riverin Wyoming____._____ 373, 000 135, 600 508, 000
White and Yampa rivers 360, 000 30, 000 390, 000
UintaBasin..____,___..______ N T 000 - 29,000 168, 000
Colorado River in Colorado. I e0z 000 288, 890, 000
San Juan Basin 193, 0001 - 460,000 653, 000
Colorado River in southeastern Utah 103, 000 27, 000 130, 000

1,771,000 969, 000 2, 740, 000

The consumptive use of water by these areas will vary. An esti-
mate 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 in-
cludes 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 develop-
ment as in 1922 (column 3, Table 8) fell below the arbitrary amount

2 Unpublished report presented to the Committee on Irrigation and Reclamation, House of Ropmen
tatives, February, 1924.
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of 12,000,000 acre-feet. As this shortage occurred in 11 years in the
28-year period, or only 40 per cent of the time, and under the same
climatic conditions would be experienced by only a part of the in-
creased irrigated wurea, 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 develop-
fnent 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 drrigation depletion :

Flow cor- Flow cor-
Correction rected for
lilgsv&l:?l‘ for past ;;2? &S]’; Correction | past and
depletion : for future |future deple-
(column 6, tion (col-
Year Table 3) (o’f‘luz{m 5, | ymn 1 minus depletion tion (col-
Table®) | “Crluimn % g mints
1 2 3 4 5

13, 200, 000 1, 810, 000 11, 390, 000 4, 843, 000 68, 450, 000
12, 800, 000 , 750, 000 11, 050, 000 4, 943, 000 6, 110, 060
17, 700, 600 1, 660, 0600 16,010,000 | . &, 815, 000 10, 200, 000
12, 400, 000 1, 630, 000 10,-770, 000 4, 943, 000 5, 830, 000
20, 300, 000 1,570,000 { 18,730,000 | 8,815,000 12,900, 000
12, 700, 000 1, 510, 000 11, 190, 000 4, 943, 000 8, 250, 000
13, 600, 000 1,450,000 | 12,050, 000 5, 815, 000 6, 240; 000
8, 850, 000 a1, 040, 000 7, 810, 000 4,943, 000 2, 870, 000
12, 800, 000 <086, 000 11,814, 000 4,943, 000 6, 870, 000
12, 100, 000 930, 000 11, 170,.000 4, 943, 000 6, 230, 000
13, 600, 000 1, 160, 000 12, 440, 000 5, 815, 000 © 6,620,000
17,400, 000 1, 090, 000 16, 310, 000 5, 815, 000 10, 500, 000
21, 100, 000 1,010,000 | 20,000, 000 5,815, 000 14, 300, 000
. 11, 100, 000 938, 000 10, 162, 000 4,943, 000 5, 220, 000
21, 200, 000 862,000 { 20,338, 000 5, 815, 000 14, 500. 000
12, 500, 000 801, 000 11, 699, 000 4,943, 000 6, 760, 000

14, 700, 000 740, 000 ‘13, 960, 000 5, 815, 000 8, 140,

17,-100, 000 879, 000 16, 421, 000 5, 815, 000 10, 600,

12, 700, 000 614, 000 12,084, 000 5, 815, 000 6,270,

18, 900, 000 , 000 18,351, 600 5, 815, 000 12, 500,

11, 700, 000 , 000 11, 231, 600 4,943, 000 8, 200,
17, 900, 000 379, 000 17, 521, 000 5, 815, 000 11, 700, 000

20, 500, 000 , 000 20, 201, 000 5, 815, 000 14, 400,

14, 100. 000 239, 000 13, 861, 000 5, 815, 000 8, 040,
10, 500, 000 169, 060 10, 351, 000 4, 943, 000 5, 390, 000
19, 200, 000 112, 000 19, 088, 000 5, 815, 000 13, 300, 000
19, 700, 000 , 000 19, 000 5, 815, 000 13, 800, 000
6,200,000 |- e 16, 200, 000 5, 815, 000 10,.400, 000
15,200,000 |.oeeon e 14,400,000 |- coee_ 8, 880, 000

sReduced 25 per cent because of extremely low run-off, >
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WATER SUPPLY FOR POWER -

A study of the data now available indicates that about 13 proj-
ects will be necessary for complete development of the power re-
sources 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 capaclty 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 Rwor,
in second-feet

With development as in 1622 (cor-

rected for past depletion) With alti-

mate dev:l-
opmen

Without storage (eoprrected
With stor- for past and

Dam site agein Glen futgre de-

Canyon |50 per cent | 90-per cent| pletion)
of time of time
1 2 3 ‘&

Dark Canyon. ..o ceeae. oo R 7,540 | 4, 650 9, 340
Glen Canyon ... oo 19, 300 9, 540 5,780 12, 000
Redwall U, 19, 500 9, 640 5,880 12, 200
Mineral Canyon..__...... —- 20, 500 10, 200 6, 400 12, 800
Ruby Canyon.._.....__..__._. 20, 800 10,200 | 6, 500 - 13,000
Specter Chasm.____________ ..l 21, 000 10, 300 6, 580 13, 200
Havasu.._..co.... 21, 700 18, 700 6, 020 13, 900
Prospect. . ... 22, 000 10, 800 7,000 14, 200
Diamond Creek .. 22, 300 10, 900 7,180 14, 400
Travertine Canyon._ 22,300 10, 900 7,230 14, 400
Bridge Canyon...... _..... 22, 400 10, 600 7,270 -:14, 440
Devils Slide.. ..o e 22, 500 11, 000 7,330 14, 540
Pierces Ferry cv—- 22, 600 11, 100 7,330 |occanainnaa
Hualpsi Rapids...._ ..._. - 22, 600 11, 1060 7,330 14, 600
Lower Black Canyon 22, 600 11,100 | 7,330 14, 480
Mohave Canyon s . 22,100 11, 100 7,330 13, 970
PATROr ... e v e men ;o —————m m———— 22, 100 11, 100 7,330 13,040

Columns 1, 2, and 3 of Table 9 show the water supply available
with development in the upper basin as it existed in 1922. 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 com-
plete 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, & 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 to' the correspond-
ing area an annual evaporation of 5 acre-feet per acre of water sur-
face 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 in Glen
Canyon to regulate the river completely.

It should be kept in mind, however, that if storage were pro-
vided in 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 press-
ing for early solution. It is possible that if large power develop-
ments 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 in 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, with-
out 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 in Table 2 in columns 4 and 6.
The figures in these columns, corrected for past depletion by quan:
tities 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 thesame 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 and 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 thestream flows-alter-
nately 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 wideand shallow. A slight inereasé
above the low-water stage is sufficient to flood thousands of acres of
bottom land in these valleys. It has been estimated that the an-
nual 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. » o

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 power
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:

TasLE 10.—Discharge of Colorado River at Lees Ferry, Bright Angel Creek, and
Topock for the year ending September 30, 1923, in acre-feel, showing increase
between stations -

Bright Angel Creek i Topock”
Month Lees Ferry
' Increase Total Increase . Total
35, 000 324,000 43,000 - 387,000
27, 000 426, 000 43,000 469, 000
40, 000 437,000 89,600 | 526,000
28, 000 401, 000 39, 000 440, 000
30, 000 369, 000 45,-000 414,000
52, 000 499, 000 50, 000 549, 000
40,000 | 1,310, 000 —20,000- 1,290,000
60,000 | 3,570,000 |  —270, 000 3,300, 000
80,000 | 4,640, 000 4800001 | - B,120; 060
.............. 2,320, 000 390,000 | . 2,710,000
1, 440, 000 166 0004 © 1, 608,000
420,000 | 1,316,000 80,000 1,309,000
16, 135, 000 911,000 | 17,046,000 | 1, m,oool 118,175,000,
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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 from nothing in the upper section to 390,000 acre-
feet in the lower section, and in May from 60,000 acre-feet in 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 influ-
ence 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 Septembér. 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 the respective sites, are not the large gains occur-
ring 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 ¢ slight
change in stage of the river at these stations; therefore during that
period there could have been no pronounced change in 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 miscel-
laneous measurements, of course, form no basis for an accurate esti-
mate 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.
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TasLe 11.—Discharge of tributaries of Colorado River between Lees Ferry. and

Topock, Ariz.

'

[Measurements and estimates made by E. C. La Rue]

Dli;tlanoe Di D Dfiﬁ“” Dis e Date

" ow 8~ ate ow 8- af

Tributary Paria |charge | (1923) Tributary Parla |charge| (19 )
River River

Paria Ri Mil(e)a Sec.ft. Auz.1 || Sapphire © H{l;l Secb-ﬂ. ‘A s

aria River......._. a3 ug. apphire Canyon....|- 10 ug. 81
‘Threemile Washi. 3 0 1 {{ Turquoise Canyon... 102 0 e 3t
Fourmile Wash... 4 0 1 j| Ruby Canyon..._.... 104. 5 0 Bept. 1
Fivemile Wash 5 0 1 || Berpentine Canyon_.. 108 0 1
Sixmile Wash__ 6 0 1 || BassCanyon. ... ... 107.5 0 1
Badger Creek._. 8 0 1 || Hotauta Canyon._.... 107.7 0 2
Soap Creek_____.___. 11 0 2 il Shinumeo Creek._. 108.51 133 °3
House Rock Canyon_ 17 0 4 || Copper Canyon.. 110 0 4
Eighteen Mile Wash_ 18 0 5 H atai Canyon._.... 111 0 4
Nineteen Mile Can- Walthenberg Canyon 112 0 5

(0 ( S, 19 0. 5 || Garnet Canyon ...... 114.5 0 5
North Canyon... ... 20 0 5 1) Elves Chasm aee-oo.| 116.5 .5 5
Twentytwo Mile Hundred and Nine-

Wash . oonaaes 22 0 6 teen Mile Creek ... 119 0 5
Twentyfour Mile Hundred and Twenty

Washo ... S 24 0 6 Mile Creek weo_ie-.] 120 0 5
Cave Springs....._.. 25,2 .5 6l Hundred and
Twentynine Mile Twenty-two Mile

Canyon _..ca vaaes 29 0 6 Creek ._... - 122 0 | [}
Springs .« ocoeommccn. 30.2| .5 7 || Forster Canyon 123 0 6
Paradise Canyon.._. 31.6 0 7 || Fossil Canvon . 125 0 6
Vaseys Paradise Hundreda

32 al0 8 Twenty-seven mile
South anyo 41 0. 9 [L:7.) - S, 127 ] 6
SaddleCanyon ——— 47 0 1MflHundred and
Little Nankoweap Twenty-eight .

(8) (:1:): S 52 0 12 Mile Creek cecean-o 197 0 6
Nankoweap Cree 52.3 3.13 12 || 8pecter Chasm, ... 129 1] 6
Kwagunt Creek..... 56 Seep. lé_ Hundred and Thirty
Malgosa Canyon.... 67.5 0 1 Mile Creek ...__..-. 130.4 | 2.0 7
Awatubi Canyon.._. 58 0 13 || Galloway Canyon.... 131.6 a9 7
Sixty Mile Canyon.. 60 0 13 || Stone Creek ..._.... 131.8) °L2 8
Little Colorado River. 61,5 a1,500 13 || Hundred and Thirty-

Carbon Canyon..... 646 0 14 three Mile Creek__ | 133 ¢ 0 8
Lava Canyon......... 65.5| 0 14 || Tapeats Creek, _..... 133.6 3.9 9
Comanche Creek.... 67 0. 14 §| Deer Creek . cocan-- 136.2 8.2 10
68. 6 [} 14 |} Springs 300 teet: below
69. 5 0 14 . Deer Creel ..--.... . 136.3 «4.0 10
71.3 0 14 || Fishtail Can 139 0 10
72.8 0 14 Hundred an
Se vent yiive Mile Mile Canyo: 140 0 10
) : S | 75.5 o 15 | Xanab Creek . 143. 5 .3.8 1
Seventysix Mile Can- | Olo Canyon 145.5 0 12
VON ooceeccmcnmane 76 0 - 15 M katamxba > ‘Can-
Red Canyon...oe.... 77 0 16 148 1.0 12
Mineral Canyon_....| ~ 7.8 @ 17 ~Hundred wnd  Fifty
Asbestos Canyon.... 78 1] 21 Mile Canyon ... 150 0 13
Hance Creek._...... 78.61 .2 21 || Green Aloove, 8.
Cottonwood Creek .. 80.5 0 21 spring_ ... 151.8 .2 13
81 0. 21 || Sinyala Canyo: 153.3 [ 13
81. 4 0 . 22 || Havasu Creek . ... 156.7 4.5 13
827} o 2> || Hondred and Bix
83.9 0 22 four Mile Canyon.. 164. 5 0 15
84.11 3.0 22 || Cataract Canyon ... 166.5 =10 16
84.6 0 22 || Fern Glen Can o 168.1 a5 16
86 0 23 || Stairway Canyon.... 171 0 17
87.7] 32.8 25 || Gateway Canyon....| 171.5 s § 17
89 1.0 28 || Red Slide Canyon ._.| 174.3 0 17
ook 80 9 28 || Lava Falls, Warm
NmetyoneMile Creek 91 9 28 Springs .____..__... 179.3 | #15.0 18
Trinity CreekK.... o... 9.5 0 28 Hundred and Eighty-
SaltCreek. oo 25| © 28 eight Mile Canyon. 188 0- 21
Monument Creek..... 93.5 0 28 || Hundred and Ninety-
Ninety!our Mile o4 0 28 two Mile Canyon._. 182 0 23
JR— Hundred and Ninety-
Hennit Creek .. - 95 5.0 30 three Mile Canyon. 192.7( - © 23
Boucher Creek -...._. 96.5 .6 30 || Boulder Wash,.__.... 193.1 ] 24
Crystal Cree) . o8 20 30 | Hundred &nd N}mt?-
Slate Creek ___. 98 0 30 four Mile Canyon.. 194. 5 0 24
TunaCreek......ca. 99 .5 31 {| Hundred and Ninety-{ :
Agate Canyon ....... 100.51 0 156. 5 0 4

e Estimated.

six Mile Creek......]
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TaBre 11.—Discharge of tributaries of Colorado River between Lees Ferry and
Topock, Ariz.—~—Continued

Dti;tlanee b D Dgstlance o D
: ow is- ate elow is- ate
Tributary Paria | charge| (1923) Tributary Paria |charge| (1923)
. River River
Miles | Sec.-ft. Miles | Sec.-ft.
Parashont Wash_.___ 198. 5 0 Sept. 25 || Two Hundred and
Spring Canyon....__.. . 204.3 @3 26 Twentyeight Mile
Indian Canyon ... ... 206, 6 [} 27 CanyoD ........... 228 Seep. | Oet. 6
Two Hundred and Travertine Canyon__ 229 el 5 7
Nine Mile Canyon.. 208.7 0 27 || Travertine Falls__.__. 230.5 e 5 8
Granite Park Can- Bridge Canyon.__... 235 a2 8
YOI o oot 209 Q 28 || Gneiss Canyon..... 235.7 0 Q
Fall Canyon.......... 211.6 Q 29 || Separation Canyon.- 239, 5 a 2 9
Two Hundred and Spencer Canyon. 246 4.4 1 11
Fouttoen Mile Surprise Canyon. 248.4 2.5 13
______________ 214 0 29 || Lost Creek 249 6,7 13
Two Hundred and Reference Point .
Fifteen Mile Creek. 215 0 2 Creek woeeaenecaes 252.3 e .2 13
Three Springs Can- Salt Creek.____..._._ 255. 8 [1] - 13
.............. 215. 6 8 2 30 || Small Waterfall ____ 259.8°% (%) 15
’I‘wo Hundred and}. Travertine Warm
Seventeen Mile Spring.. . oo 267.71 (B 15
Canyon._.. ., -ccaa. 217. 4 0 30 Do - 268, 7 (®) 15
Trail Canyon ..... — 219.3 0. 30 269.2 | (%) 15
Two Hundred and 274.2 (*) 15
Twenty Mile Can- . Travertine Warm
h£0) D 219.8 0 Oet. 1 Spring, long series - 276 (O E 15
Gtamte Spring Can- . Grapevine Wash ... 279.3 0 . 15
................ 220.4 | Seep. 1|/ Grand Wash__.._..__ 284. 6 s 5. 15
Two Hundred and Hualpai Wash..__._. 301. 4 23 16
Twentytwo Mile Salt Springs Wash__. 307. 4 0 16
Creek ... 222 [} 1 || Virgin River... 323 Seep. 16
Two Hundred and |. Detrital Wash_ 325.51. 0 17
'l‘wentyfour Mile Callville Wash_ 343 1] 17
e —— 223.7 0 2 || Las Vegas Wash 348.3 0 17
Diamond Creek._ . 225.8 2.2 4, -
s Estimated. ?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 regulatmn of the flow at that point for power.

The mean given in column 5 of Table 8 (p. 112) represents the esti-
mated 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, how-
ever, 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 appar-

ent 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
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available for developing power at Lees F}srry a.nd in' the e%nyoni
section below. | BT s e

If the power plants that may be built below Lees Ferry are to be-
operated in conjunction with a plant at that place te dev’eib{p; a'
maximum of power from the stream it would be possible tofregulsté .
the flow of the river at Lees Ferry in such a way that the maximuim+
use could be'made of the inflow from the streams below t,hat “point.’
For this reason the figures showing the increments of increase in flow
from site to site in columns 1 and 4, Table 9, are baged upon the
total annual inflow to the river. The only exéeption to .this i in
the section between the Redwall dam site and the Mineral Canyon
dam site. The Little Colorado enters the main: stream in thissec-
tion, and it is believed that future irrigation: development in''the
basin of the Little Colorado will decrease the mean: &mmal dlsoharge «
of the streaim about 50 per cent at its mouth. R

In column 4, Table 9, allowance has been 'made for losses by évap-
oration from the reservoir in Glen Canyon. Power resarvoirs
through the Grand Canyon will change the character of the strean::
in that section to such an extent by reducing velocities and smother-
ing rapids that it is difficult to determine their effect upon evapora-
tion from the water surface. The total resérvon' area between Lees .
Ferry and Havasu Creek will be about 14,200 acres; or 9,500 acres
greater than the natural stream surface, but-any teridency to increase
of evaporation because of the larger surface arés may be offset by a'
lower rate of evaporation from the quiet water. ~Therefore; no:allow
ance has been made for losses by evaporation in the canyon regaon* :
between Lees Ferry and Havasu Creek. !

The figures given in column 4 of Table 9 represent  the: water sup-
ply 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 below Havasu Creek a correc-
tion 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 River at Topock, Ariz., was 1,129,000 acre-feet, or 1,560
second-feet, greater than the measured dis'charge 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 redyction in ’
inflow can not be estimated. accurately, but it seems reasena;ble to:,
assume that the net measured inflow between Bright Angel and :
Topock will be reduced from 1,560 second-feet to 1 mswmdsfeet x

45568°—25——9 - -
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The flow of the river at the Bright Angel gaging station, with ulti-
mate 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. - Be-
tween Pierces Ferry and Topock losses by evaporatlon 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 sub-
ject 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 gain 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 loss of water due to the fact"
that the water-surface area of the reservoirs would be greater than
the area 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 {or the respective dam sites
in c¢olumn 4 of Table 9.

TABLE 12~ Water supply, in second-feet, of Colorado River between Bright Amngel
gaging station and Parker, Ariz., with ultimate dewlopment of the waler
resources

wina| i dtimste derslopet
x}gla:gmgg.t : station
inapper | Netin- elv‘:spoe’;:_
Site basip but | fow be- {itson loss Reservoir less by
develop- ‘sites between evaporation Net
thont bee |- B gites between &ites | water
low Hay-.|. .- - supply
asu C Gross Net available
Bright Angel gaging station_____________ “12,90 | 1,000 __F 12,900
Havasl.opeemem eome e e e 13,900 |- 600 25 86 T o6l 13, 900
Bridge Canyon..._____._...______._____ 14, 500 100 ) 4 6} - 2 14,440
Devils Slide 14, 130 4 14, 540
14, -8 8 67 1)
14, 720 -31 81 121 |- 90 14, 600
14, 690 —487 T 487 508 21 14, 480
14, 200 125 25 T 180 155 13,970
14,320 - J— 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 farming 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 ob-
tained 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 immediately 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 in 1908, a variation of 29
per cent from the curve. In three other years 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
in the form of a hydrograph. - (See Pl. LXXIV.)

What would have been the mean annual discharge of Colorado
River through this 72-year period under conditions of present devel-
opment 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 (Pl. LXXIV, O) for con-
ditions 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 10-
year 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 durmg 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- mamta,med as a basis for a re-
liable water supply. ‘

ADEQUACY 'OF WATER SUPPLY

-In Table 9 the last column represents the regulated discharge of
Colorado River 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 in
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 equiva-
lent to 10,093,000 acre-feet a year.

TasLE 13.—Irrigable areas and water needed for ultimate development in the United
States below Parker, Ariz.

Water di
Return
Ares Irrigable |"5ed@OSS fow (1.5 | Water con-
areas acro-fest acre-feet sumed
r acre)
per acre) el
Parker-Gila Valley project: Acres Acre-feet Am feet Acrefeet
Between Parker and Palo Verde Valley..o......___ 50, 000 225, 000 5, 000 150, 000
Palo Verde Valley, gravity 79, 000 355, 500 118 500 237,000
Palo Verde Mesa, gravity. 20, 000 90, 000 6{), 000
Palo Verde Mesa, pump._ ... o ... —— 25, 000 112, 500 37, 500 75, 000
Chuckwalla Valley, pump. 136, 000 612, 000 0 612,000
Parker Mesa, gravity oo . 4,000 18, 0600 6, 000 12,000
Parker Mesa, pump - cpeccacaoan 8, 000 36, 600 12,000 24, 000
Parker bottom land, gravity .___ 104, 0600 468, 000 156, 000 312, 000
Cibola Valley, grawty __________ 16, 000 72, 000 24, 000 48, 000
Gila Valley, pump. ... ae. 632, 000 | - 2, 844, 000 e048,000 | 2, 844,000
Yuma project:
vaxty _______________ 69,000 | 310,500 a108, 500 310, 560
Pum; . 2o — — 61, 000 274, 500 491, 500 274, 500
Imperial imgation districet. - 515,000 [ 2,317, 500 0 2, 317.
Imperial Valley extension:
Gravity LS || 885,000 | 1,732,500 0| 1,732 500
Pump - 200, 600 900, 0 900, 000
N 2,304,000 | 10,368, 000 |ceemmecaenn 9, 909, 000

s Return flow available to lands in Mexico only.
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TaBLE 14—Annual supply- and demand in acre-feet for Colorado River water =

below Parker, Ariz.

Demand Supply

Regulated supply at Parker ultimate irrigation development in the upper basin_|...ccmceon--| 10, 093, 000
Loss in channel below Parker. ... oo oo emanee

Total ultimate demand in United States -
Return flow from Gila Valley________.__.._.__...

Return flow from Yuma project mmmmme s emae -
Present demand for irrigation of 190,000 acres in Mexico at 4.5 acre-feet per acre.. 855. 000 |eennmoaaoomn

11,264,000 | 11,236, 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 acre-
feet. 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 & 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.






ArreENpix B.—GEOLOGIC REPORT ON THE INNER GORGE
OF THE GRAND CANYON OF COLORADO RIVER

By Raymonp C. MOORE

INTRODUCTION
SCOPE AND 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 de-~
velop 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., and the Grand Wash
Cliffs, near the Nevada boundary, a distance along the river of nearly
280 miles. Through all of thls distance the river flows in a contin-
uous deep canyon. :

PREVIOUS GEOLOGIC WQRK -

The earliest exploration and geologic study in the Grand Canyon
was undertaken by John Wesley Powell in 1869-1872.! The general
geographie and geologic information gathered by this ploneer geolo-
gist was of great value, but detailed information concerning the
canyon has come mainly from subsequent investigators.

In 1871 G. K. Gilbert ? accompanied an expedition that ascended
the Grand Canyon from the Grand Wash Cliffs to the mouth of Dia-
mond Creek, and in his report he described the rock 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 statnon:,E are known
from the reports of a number of able observers.?

1Powell, J. W., Exploration of the Colorado River of the West and its tributaries, 1875, -

2 @ilbert, G. K., Report on the geology of portions of Nevada, Utah, California, and Anzona, examined
in the years 1871 and 1872: U. 8. Geol. Surveys W. 100th Mer. Rept., vol. 3, pt. 1, pp. 17-187, 1875,

3 Darton, N. H., Reconnaissance of parts of northern New Mezxico and northern Arizena: U. 8. Geol.
Survey Bull. 435,1910. Dutton, C. E., Tertiary history of the Grand Canyon district, with atlas: U. 8.
Geol. Survey Mon. 2, 1882. Walcott, C. D., Pre-Carboniferous strata in-the Grand Canyon of the Col-
orado, Ariz.: Am. Jour. Sci., 34 ser., vol. 26, pp. 437442, 1883. Ransome, F. L., Algopkian rocks of the
Grand Canyon of the Colorado Jour. Geology, vol. 3, pp. 312-330, 1895. Noble L. F., The Shinumo
quadrangle, Grand Canyon district, Ariz.: U. 8. Geol. Survey Bull. 549, 9% pp., 1914 {co nteins's detafled
bibliography); A section of the Paleozoic formations of the Grand Canyon ab she Bass {rail: U, 8. Geol.
Survey Prof. Paper 131, pp. 23-73,1922. Noble, L. F'., and Hunter, J. F., R},econnalssa.noe of the Archean
complex of the Granite Gorge, Grand Canyon, Ariz.: U 8. Geol. Survey Prof. Paper 98, pp. 95-113, 1916.
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Except Powell and Gilbert, no geologist has previously had oppor-
tunity to study the rock formations along the river for any distance,
and none of the previous investigations have been concerned with
the problems connected thh control of floods and development of
- water power
’ FIELD WORK

Accompanying the expedition under the direction of C. H Birds-
eye, which between August 1 and October. 19, 1923, traveled by boat
down the river from Lees Ferry to Needles, a dista,nce 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 tlme, he gave special attention to all sections of posslble
importance in connection with river control and development Cer-
tain features were advantageously discussed on the ground WIth the
hydraulic engineers, Messrs. E. C. La Rue and Herman Stabler; and
the writer desires here to acknowledge their assistance and that of
the topographic engineers, Messrs. Birdseye and R. W. Burchard. ’

ROCK FORMATIONS OF THE GRAND CANYON DISTﬁICT
GENERAL SEOTION

Because previous- detailed descrlptlons are readxly available, and
because all the rock formations that make up the walls of the Grand
Ca.nyon 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 diagram-
matic geologlc section (Pl. LXXYV), is presented here, and further
consideration is reserved for the discussion of river development

"The rocks of the Grand Canyon district comprlse (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; (8) a complex mass
“of” erysta]lme rocks, chleﬂy granite and schlst The first sertes
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 Pl. LXXVI.) -These three series repre-
sent respectively the Paleozoic, the Algonkian, and the Archean
divisions of geologic time. The hardness of the several rock for-
* mations in these divisions and hence their resistance 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
weak. beds are wide, and those in resistant rocks are steep-sided and
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narrow. This general relation between -the strength of the rock
formations and their topographic expression prevazls throughout
the Grand Canyon district.

The strat;graphlc position and general Jathologle character ﬂf ‘the -
_ rocks in this region are shown in the following sunimary:

Rock: formations in the Grand Canyon.district

Age Group and formation. Tlggékgess Lithologic character
Jurassie. Navajo sandstone. ) "L ’
S Massive buff reddish to cross-bedded
1, 100-1, 200
. ’ ’ sandstone; forms high precipitous cliffs,
Jurassic or Triassic. | Wingate sandstone, )
L .. Blue and variegated sandy and limy shale,
Chinle formation. . 1,000+ vlvith included thin sandstones; forms
 slopes.
. ) - Medium to coarse-grained hard light-gray
Triassic. Sl;‘;’g"m" conglom 50100 grit tsa::nd conglomerate; lormsmescarp-
.~ " ment
o Dark_reddish-brown sandy shale and
Moenkopi formation. 500 | shaly sandstone, with thin beds and
veins of gypsuns; forms slopes.
Dense hard crystalline cherty and mag-
Kaibab limestone. 400600 nesian limestone, Iossihrerous. masaive,
. {forms sheer gliffs,
P - : Massive _bu aross-bedded n
ermisn. Coconino bandstone. 50-600 | MRSV ife WMO %
‘ . ’ .
R Soft red ssudy slmle nd shaly ne;
. Hormit shale. 150-560 | SOft rod gf}" @ ’““"m J
................ |3 TR ) Hard fine-grained etws-bedded ellow 1
) Supéiformatiou 900-1, 200 g%c‘ilish?gown sanfb;’tom‘,i iw!;th inat:‘g
= : g ' yahalem mtt .
Pennsylvanien. bard blmsh imestoie; forms c%ig”
Mississippian. Redwall limestonie. 500-700 =Mg§51vg;g§§,g;mmw “””‘“"3’ bed- -
: : Light tan to white and varfegétoﬂinurpmh@
Temple Butte lime- s
Devonian. 0-125 limestone and limy sandstone, present,
von'ar stone. only locally. v - - :
‘Massive {0 thin-bedded blwsh R I
Muav lime- 350-000 1 " tled mngnesiart limestone, ‘ff.&? (@
" - -gandy in lower part. creies p
. g’ Bright . . SOIt een*x% o b:gwn n?vc:oeous : ‘sandy
. right. Ang : o, with béds of masy JMagne: .
- ) % shale, ’ 52-400 smn limestone in ugper matem
Upg’sf,?*mp?m- 2 _ part of distriet. ? T
g . .
4:, g R V’I’an to brown masslve regu!arly cross- v
SIS Tapeats sand- os00 | boi%d?d hard uami’ﬁe &g?umono and
| orms contaips
stone. . Sindy shale and Mymmwm““é“#

part to the west.
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Rock fprmauom i ﬂle Grand €anyon dtma———c}ouianued NEPN 13
Age Group and formation. Tlgggt';m -+ Lithologie chazacter -
Chuar group. .-;; - . | ‘o-é,lgu @eddi#h—btmeal_;d@ge:@hdshale. o
. b " .| Micaceous greenish-gray to red-brown and
Dox sandstone, 2, 300 vermilion shaly sandstone, ripple-
marked and eross-bedded
‘S hin umo 1,560 Hard, compact cross-bedded sandstone and
o quartzite. ' quartzite; forms cliffs.
A an (Grand g .
Canyon series). | &
y Hokatai sbale. . 580 C%g&}; to Os?n’;;iy red shale and sandsmne,
E -
Bass i Whietg to bgésénedhard dense, massgﬁl to
- Bass limestone. 335 medinm-| magnesian crystalline
: est Co limestdtie; forms cliffs. .
H"mta: uuta"“c!t.m- 0-30 .Arkose, coarse conglomerate.
Complex of crystalline rocks, including
) . . uartz, mica, and hornblende schist,
Archean. | vishnu schist. 1,000+ gmm,'mmt;, amphibolite, greenstons,

" MESOZOIC ROCKS

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 Shi-
numo Altar and Cedar Mountain, near Marble Gorge, outliers of
Triassic rocks occur not far from the canyon rim. ‘The Mesozoic
rocks are exposed in a broad eastward—trendmg band just north of
the Grand Canyon upwarped area and in the Echo Cliffs, which
extend southeastward from the héad of Marble Gorge. Notlce 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 abové Lees Ferry.
The geology. of Glen Canyon has been described by Longwell and
others. ' In the second place, the Mesozoic rocks are sufficiently niear '
the Grand Canyon, especially the Marble Gorge division, to warrant
an examination of theif possible value in furnishing materials for use
in constructmg dams at places within the canyon. .

Navajo and ngate sandstones.—A very prominent high sandstone
escarpment (Venmhon Ckﬁs) 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 differen-

fLongwell, C. R., and others, Rock formations in the Colérado Platesu of southeastern Utah and
northern Arizona: U. 8. Geol. Survey Prof. Paper 132, pp. 1-23, 1923.
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tiated, from the top down, as the Navajo sandstone, Todilto forma-
tion, and Wingate sandstone. These subdivisions are-not eclearly
defined in the vicinity of Lees Ferry. The sandstone cliffs mark the
boundary of the plateau in which Glen Canyon is carved. Thesand- "
stone is not of a high erushing 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 trans-
ported 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
in the canyon.

Shinarump conglomerate—Below the Chinle is a hard conglomer—
ate or coarse grit which makes an escarpment. This formation, the
Shinarump conglomerate, contains subangular coarse quartz frag-
ments 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 choco-
late-brown gypsiferous shale and shaly sandstone. It forms slopes
between the overlying Shinarump conglomerate and the under-
lying 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-
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neled-by ground-water solution,as shown by sinkson the p&ateau and o
by eavities seen in the canyem walls.: However, this rock-would make .
a verysatisfactory foundation for the base and abutments of a dam;:
and it affords any desired quantity of suitable material for conerete
aggregate-or for rough ashlar or rubble misenry. .. - ;
Ooconimd  sandstone.—Next beneath the Kaibab is' a massive
cross-bedded sandstone, ranging in thickiess from about 60 feet-at -
the.north to more than 600 feet in part of its exposures at the south.
This is: the Coconino sandstone. :Its outerop 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 held
together by a-siliceous cement. ‘The relatively porous charavter of”
the formation is shown by the occurrence of sprmgs ot a mxmben offj
places at its base. . & ¥
Hermit shale.—Béneath the Cocomno oceurs a very persistent. seft"
red sandy shale with -thin interbedded sandstones, the Hermit :
(Permian) shale, about 300 to 500 feet thick. The shale eommonly'z'?
forms a prominent slope, and where the formation is thick, as in
the Kanab division of the Grand Canyon, it has produced & wide
pla,tform or bench, which is known as the Esplanade. The Hermit
occurs in the bottom of the Grand Canyon qnly in the upper. pm‘t of
Marble Gorge. .
Supai formation.—The Hermit shale is uaaderlam by mediym to .’
massive bedded reddish and light tan-brown'sandstones with some -
shale, known as the Supai formation, of Pennsylvanian and Permian

(%).age. The Supai has-an average thickness-of 700 to 900 feet:and ' -

commonly forms precipitous cliffs, which, however, are.not so proms
inent and continuous as those made by the underl:ymg Redwall '
formation. - :

Redwall l@mestone —The Redwall hmestone, of Mlssmmppmn age,
is a very massive, resistant formation,; which commonly crops out in
& vertical cliff 500 to 600 feet in. he;ght In succession downstream
through the upper and middle portions of Marble Gorge, the Supai . .
and - the Redwall are found to eompose & large part of the pre- ..
cipitous inner walls. ~Where the river has not eroded below the base
of the Redwall the. ca,nyon ‘sides rise almost vertically from the ",
water’s edge. .

Temple Butte limestone.—In some parts of the Grand Canyon there-:
are small remnants of a limestone formation, including some cal-
careous sandstone, which belongs to the Devonian period. Thisis .
the Temple Buttelimestone. -Tt is of Very local distribution, and its
maximum thlckness, so far as known, i is little more than 100 feet
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Cambrian formations.—The lowermost part of the Paleozoic sucees-
. sion, comprising about 1,000 feet of strata, belongs to thée Tonto
“group and consists of three formations—the Muav limestone at-the
"top, about 400 feet thiek; 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 Cambrian age.
The Muav limestone and Tapeats sandstone commonly form persist-
ent cliffs, but the Bright Angel shale crops out uniformly in a slope
~or bench, which in some places is more than amile 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,
in a stretch of about 20.miles east of the Grand Wash Cliffs, the
Cambrian formations occur along the nver, at the bottom of the
" canyon. : ~w
’ 'ALGONKIAN ROCKS

Rocks belonging to the Algonkian system are more.or 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 Colerado River; (2)
an extensive but smaller area in the vicinity of Shmumo Creek; and
(3) an area extending for several miles along the river near the mouth
of Tapeats Creek. The Algonklan rocks consist mainly of reddish-
brown sandy shale, which is rather easily eroded, and sandstone,
- which is partly hard and quartzitic. A persistent hard magnesian
limestone associated with dark-colored intrusive rock (diabase) oceurs
near the base, and elsewhere there are considerable massés of basal-
tic lava. As indicated by the topography, the Alge_nkian 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.

ARCHEAN ROCKS

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, Whlch have been severely gompressed
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 Archean: rocks are very.resistant to erogion, 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 &
“granite gorge.” The uppermost, for which the United States Geo-
graphic 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 peint several miles above the-
mouth of the creek to a point within about 20 miles of the Grand
Wash Cliffs, a total length of mere 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 pro;-
ects in connectlon with river- development '

STRUCTURE OF THE GRAND CANYON DISTR,‘[CT

Of essentially equal mporta.nce 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 uphft 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 caiving the
canyon. The highest po;rtlon 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, B) From this plateau the rocks slope
somewhat steeply eastw—ard and meregently 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 sorme of which the
movements had & vertical compotient measured in thousands of feet.
Although the structure of the region largely controls the rock forma-
tions that occur along the:course Gf the river, a detailed account of
it is not necessary at thns pia.ce

[T N 4
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GEOLOGIC FACTORS INVOLVED: IN : BI’VER
‘DEVELOPMENT .

" The selection of ‘dam sites and the makmg of plans most eﬂectwely
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 foundatlons for the
dam. Strqng, massive, iilnpervious rocks ex'oendmg below the great-
est depth of river excavation and above the elevation of the crest of
~ the proposed dam afford satlsfactory foundations and commonly also
" a minimum cross section in the lower part of the river valley. Al-
though height of dam, reservoir capacity, and relatlon t6 ‘adjacent
developments in a comprehenswe scheme of maximum river utiliza-
tion are primarily engineering considerations, they are all necessarily
based on the conditions that control the possiblé loeation of a com-
petent dam. If hard rock formations that furnish the required con-
ditions for good dam sites are found at:suitable intérvals through the
Grand Canyon, a plan of complete control and development can be
worked out readily. When a site is found that has the necessary
rock formations for: good foundations and a faverable cross section,
a.detailed examination of the site with reference to.spiltway facilities,
- .power-house location, and construction problems may be undertaken.
. In the Grand Canyon there are long stretches swhere hard, imper-
vious rocks afford many favorable dam sites, and :in:such ‘stretches
the choice of a site rests chiefly on engineering consideratioms.. :In
other parts of the canyon stretches of relatively weak roeks alternate
with stretches of hard rock, and in such parts geologie considerations
are of paramount importance. The wide cross sections and incom-
petent foundations- of soft rocks are naturally unfaverable for dam
- construction, and the dam.sites must be chosen - where the-best con-
ditions are found in the intervening hard-rock: stretches. - Besides
" the strength of the rocks, the possibility of leakage and the availa-
bility of local materials for construction are important geologic
factors. 5

Examination of the reservoir basin that is ta.be made by. a dam
may-be quite as essential as that of the dam site itself, for serious
leakage at some point in the reservoir, though- it might notin.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 bé any possibility . of suffi-
cient leakage through the rocks of the plateau to affect;even slightly
the stability of the reservoirs. This phase of the subjeet will there-
fore be omitted in the following discussion of designated .dam sites.



' f'fhe head of Mam'ble Gorge_at Lees Fel:ry to the ower end
. canyon ; a,t ‘Grand ‘Wash Qliffs, Observatlons not unportant t0 con-
. 31derat10ns of river development. are “not mcluded. AI oug}i it

" been " acéurately surveyed ' topogmplncally (Vishau,

7134 - 'WATER POWER AND FLOOD CONTROL: 0B' OOLORADO RIVER

-THEBOTTOM PORTION OF . THE" GQ’LORAB(XWR CAN-"
YON WITH SPECIAL REFERENCE TO DAM SITES -

‘The, following description of ,the bottom gqrtxon of, the Grand
“Cany on of Uoiorado River is presente in’ or, gwnstr@m from -

end. o{ the

is poss1ble to 1dent1fy certain localities in ‘the quadra n%qs that lwve
ng’ht ’ 'Angel .

Shmumo, 'Supal) by recognized place names, it will. be conveme, ntin
" the main to indicate location along, the river by mﬂeage méasnred

ffew or nq recogmzed placp names have 'beén apphed ‘
.- MARBRBLE GORGE. DIVIEION, PARIA mr. TO Lmu GOWO

_ from fPana River, just above the head of Marble Gorge Thls pro-

'ce&ure is especially needful in ‘the 1ong secﬁmns of the ci);nyon w?;ere

RIVER : :
de of - J{ar&le Gorge ~The Kaibab hmestnne first.: Ja.ppe&rs a.%bve

:mthe water;lihe of Colorado River st the:peint where Paria- River - i

-~ enters: from .the north.. . For a short distance downstream i the Kai-

ibab is well exposed in the shert tributaries entering frome: the west,
.~ in. #he:Jow-binffs along the river, and en the eppositeside.of: Gplnmdo ’
.. River near.¢he old dugway leading. todhdes Ferry:. . Within'lese than
& mile from the. Paria the top of the Knibab.haw risencabout 200 feet
. .abova.Colorade River, and:the bluffs formed. by the outeropofi the
« formation have closed in so thatthe river flows im a practieally
- .wertical-gided box canyon, the hegmmng of Marble Gorge.. Down-

- streaxh the formation: continues to: rige; although semewhat: inore

. slowly, and sbout-6 miles below the mouth.of the.Paria the: wslls

i of the eahyon are nearly 600 feet high: (Pl XXIL).

v« Suggested- damv:site near the. head of - Marble - Gorga‘-——ln dshmf parﬁ;of

,*:J Ahe éanyon, where the walls rise abruptiy-on both sides-of the river,

- it has-been proposed to build.a bridge across the river.: Because of
- thecomparatively easy accessibility of this lecality and the apparéntly -

satisfactory character of the canyon walls, which rise sufficiently high

7 4o make possible a.dam with-a storage reservoir approximately-equal

. $0:that-of the site selected by Mr. Lia Ruse near the lower end of .@Glen

- Canyom above: Liees: Ferry, specisl. attantion' was gixen to the:pedsi-
-~ bility of locating a dam here. . ‘As shown in the:aecompanying-dia-
- gram «(Pl. XXIIT), whieh gives & ¢ross séction of the;river. atithe -

i ;bridge site, it was found that the walls of the eanyon:ahovethe water

-+'level include-practically all of the Coconino and. Kaibeb' formations,

- andiit follows, therefore, that the bed:of the river has alresdy reached

- amd has been cut into theisoft Hermit shele, which undetlies these
.z:maore resistant: rocks. - Indeed; only: a-few hundred: feet. downstream

from the bridge site the Hermit shale appears above the level of the
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o nver, and it continues torise uninterruptedly southward. The Hermit

~ is a soft shale entirely unsuited for the foundation of a high ddm.

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
“ nesr the bridge site so strongly condemns the project of building a
- dam here as to make further detailed consideration unhecesssry.
*Although the Coconino sandstone and the overlying sandy-and shaly
beds that with interbedded limestone make up the lower part-of the

& Kaibab are rather porous and, as shown by the persistent develop-
~ ment of a slope beginning about 300 feet below the top of the Kaibab,

- “are not whollysatisfactory as abutments for a dam, it would be pos-
" gible to'build a dam a short distance upstream, at a point where the
entire structure would be within the Kaibab and Coconino.” How-
ever, at this point the walls of the canyon are much lower and: the
advantages of large réservoir storage would be lost. ‘

Mile 4.6 to 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 thig
formation gradually increases until at the mouth of Badger Creek
" a slope 300 feet in height is formed by the outcrop of the formution.-
 The nearly vertical cliff above the Hermit shale slope, a little less
+ than 600 feet in height, represents the combined t}nckness ‘of the
~ Coconino and Kaibab formations.

- ' Southward from Badger Creek the rock formatlons continue to
“ ise-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, i 537
- feet. ‘
Near the foot of the Soap Creek rapids ‘the top of ‘the - Supal
~ 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 are inter-
bedded 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 that wehther in
. broken slopes. The total thickness of the Supai formﬁt-iony%n‘clixd-
" ing the shale and limestone at its base, about 800 ‘feet; is exposed
above river level at and south of a point a little over 24 mlles below
Paria River.
45568°—25——10

Toou e
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~_ The weak strata included in the Supai formation detrmb from. its
-suitability as a.foundation for dams and cause an. .increasg m the
. width of the canyon.
The top of the Redwall limestona appears  above watﬂr ],eval si:rmlle»
~ 24.2, and here, as in similar places where the river enters-a registant
, formation, the bottom portion of the canyon is narrow and has stpep
sides, which gradually increase in height as the rock formations rise
above the river. The limestone is dense, fine grained, and, hard :and
_ in places 1ssmoothly pohshed by water. Althougl it is this forma-
_ tfion thgt has given rise to the name Marble Gorge, no part:.of the
- Redwall limestone is a true marble.® The rock is mostly a pure lime-
stone; a few beds are of medmm—coarse crystalline texture, but much -
the greatest part is ﬁnelycrystallme and dense. Inany fresh exposnre:
the color of the limestone 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 Gmnd Canyon,
. the limestone cliffs are stained red by wash from the over}.ymg red
.. Supsi and Hermit. beds—hence the name Redwall. . :
- At about the same rate as in the upper part, of Marble Gorg& 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 appgats be-
tween 200 and 300 feet of massive limestone is exposed in essex;mally
: vertlcal walls, which hem the river very narrowly. A landmark in
this part of the canyon is Vaseys Paradise (mile 31.8), so named by
Major Powell, a striking patch of green trees and shrubs. clustered -
. . about large springs that cascade down the lower part of,the rock wall.
Redwall dam site.—About 2 miles above Vaseys Paradise, at &
- point where the narrow box canyon carved in the Redwall limestone-
appears to offer favorable conditions for placement of a dam, the
river, 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 des;gmted by him the Red-
wall dam site.

The Redwall formation, which would constltuta the side walls and
bottom foundation for-a dam, consists of hard, resistant limestone.
The formation is so massive that almost no bedding planes appear
in the cliff, although there are some changes in, color, mainly shown
by parallel color banding. So far as construction would be .con-
cerned the formation is a unit, and in the nearly complete abgence
of bedding planes and joint cracks it is admirably fitted to serve as
.. foundation for a dam. The smooth, practically vert:,cal Limestone
i... walls rise 275 feet above river level at the dam site.. There are a
-+ few plaees in the several miles of hmestone QXPOSUre” above t,hg axte .

6 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 gerious
leakage is along solution channels that may have been previously
formed or along solution cavities that may be developed along.lines
of weakness in the formation. However, for a eonsiderable 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 im-
mediately 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 weak-
ness that there is, it is believed, a minimum danger of lea.ka.ge from
this source.

At the lower end of a rapid some 400 yards below the site seleeted
for the dam a fault striking northeast with downthrow on the south-
east crosses the river obliquely. (See Pl. XXV.) The main fault
is accompanied by two or three minor fractures, the total displace-
ment 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-charac-
teristic 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 evi-
dence 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 down-
stream 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 pre-
caution 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 the absence of any alluvial depos:ts along_the
side of the stream throughout this section, that there is probably
very little sediment on the stream bed. The general charagter of
the stream and canyon suggests that probably 60 feet is the maxi-
mum distance to bedrock. As the thickness of the Redwall as shown
in the cliff some miles below the dam site is more than 500 feet, and,
further, as the Redwall is underlain by the hard Muav limestone, $he
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bedroek:in the river at this site is massive hmestone, en%rrely satls-
factory ag a foundation for'a high dam. - = -~
“The Redwall limestone will furnish abumhnﬁ material satﬁwﬁory
fm' use as concrete-aggregate, also latge blocks, éasily dréssed;'if de-
-gited. Becaunse of ‘the comparative steepness of the slope a?bcﬁfﬁ the
top of the Redwall cliff (see P1. XXIV) quarrying probably can'tot
be done profitably in the immediate vicinity of the ‘dai site; but in
the open section of the canyofi 1,200 feet below- the site there ‘are
- very satisfactory quarry sites. Abundant ‘sand is s¥ailable it the
“l6wer part of the Supai formation, which forms aislope abovethe
- Redwall, but this sand will have to be obtéined mainly by crashing
dnd is somewhat finer than would 'bé désirable. ‘Puré limestone of
satlsfactory quality for the manufacture of Portland cement'is avail- -
“able in unlimited quantities, but cther requis:tes, such a8’ shsle of .
- -suitable quality and fuel, are lacking.” -
" AUterriative Redwall dam sites.—Two other sites smtab}é for such a
- dam as is required in this part of Marble Gorge by & scheme’ of ‘com-
* plete river development were considered. ‘One of these is at & point
29 miles below the mouth of Paria Rwer, juist-a mile above the Hed-
‘wall site; the other is at mile 32.2, a little over-2 mifles below the
- Redwall site-and half a mile downstream from Vaseys Paradise. -The
- conditions as regards side wall ‘and bottom foundations at thése
+alternative sites are essentially identital with thoserat the site already
described, but the walls-are a triflo'Tower at the ﬂpétramn site’ahd
higher at the downstream site. ‘Fri-all three places the massive lime-
" - stofie extends’ cons:derabiy a.bove the bie‘vatmn requn'ed for the crést
of a dam.
The alternative site at mﬁe 29isina long; comparat‘wely‘s'trmght_
‘stretoh of the canyon in which 'the ‘iriner gorge carved i thé lime~
~vstene is altnost wnbroken by sule canjyons.” (See ‘Pl XXV )
* No-evidence of solation of ‘the limestone’ or-of 3omtmg orF shattefmg
. that would render the side walls liable to° lea.kage is found neat the
- .gite. Construction materials Here are the'sarhe as bt the main site
but becaiuse of topographic difficulties-are much less easily procurable,
- At the alternative site at'mile 32i2 Coldrado’ River flows enstward
- “between nearly vertical smooth cliffs composed of the Redwall fitde-
stone. (See PL. XXVI, B.) - Above the fuher cliff the lower beds of
* the Supai form a steeply stepped slopé. ‘At Vaseys Paradise a large
spring of -water issues high on the’ right wall of ‘the canyon snd
‘tumbles in a ‘picturesque fall into’ the tiver; but: in"the vidinityof .
“the-dam site the walls are not pierced by any solution channéls‘or
“cavities.” The character of the wall therefore indicates no likblihobd
~"of extessive leakage around a’dam’ built here. ' As omty about' 300
“feetof the approximately 500 feét of total'thicknessof the’Redwall
s exposed above whter level st this site; the bed of theé m&i@ﬁm‘e
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. inlimestone. The conditions generally are comparable te those at
the alternative site at mile 29, for the canyon is contmuouslyf',
DAITOW. - A

Va,sefys Paradise to Ettle Colorado Rwer —Below Vaseys Parathse :
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 by 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 in-
crease 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 Angelshale
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 portlons of the Muav are near the bottom of the
canyon, and no dam site is available. At the mouth of Little Colo-

* rado River (Pl. XXI, 4) the'complete thickness of the Bright Angel

shale and the top of the Tapeats sandstone, which underlies the

Brlght Angel, are shown. Here theriver is entering a gorge carved -

in the Tapeats

KAIBAB DIVISION, LITTLE COLORADO RIVER TO SHINUMO '
CREEK

Little Oolomdo R’I'/DGT to head of Granite Gorge.—The Ta.pea.ts sa.nd-
stone, 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 in medium-thick to massive, more .
or less lenticular beds, which are irregularly cross-bedded. Wherever,
it is exposed in the Grand Canyon the Tapeats sandstone character-
istically forms strong, generally vertical cliffs, an indication of ite
- 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 it an increas-.
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ing thickness of soft-brown shaly sandstone and sandy. shalg.of -
Algonkian age. Four miles below the Little Coloradoe, just above..
the mouth of Lava Canyon, the Tapeats is abruptly moved upward -
several hundred feet by a fault that crosses:the river in a north-
westerly direction. ‘Owing to the relative weakness of the Algon-
kian rocks, which are widely exposed on the west. or downstream
. side of the fault, the bottom part of this portion of the Grand Can-
" yon is broad and open, and the river, 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 fromx 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 in places to nearly vertical walls. "Just below Red.:..

W'

\\\\\ \\\ \\* \“"\:%*\
. Horizontal and verh cal gcale R
9 . : i . sofest

FIGURE 1 ~Geolog1q cross section east of Temple Butte

Canyon the base of the Algonkian rocks. is reached and the Colorst’ :
plunges into. a narrow, rapidly deepening gorge carved in the under—
lying crystalline Archean rocks. ., -

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 possible, a satis--
factory dam site. The total thickness of: the Tapeats sandstone here
is between 275 and 290 feet, and beneath this formation occurs soft,
incompétent shaly sandstons belonging to the Algonkian. The top -
of the Algonkian beds first appears above water level 114 miles below :
the mouth of the Little Colorado, and as these rocks are not ‘at. all
suitable for a dam foundation, 4 location in the Tapeats gorge below:
this point should-not bé considered as a dam site. A geologic oross -
section measured at-a narrow place in- the gorge east: of Temple :
Biitte, about 3 miles below the mouth of thtle Colorado Rwer,
shown in Figure 1. E i
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Head of Granite Gorge to Grapevine Creek.—Near the end of Hance
-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 uniconformable contact between the Algon-
kian 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 ¢éarved 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 thelodgment 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 meéans 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 Grape-
vine- 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 struc-
ture 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 in strength
and resistance to leakage for the construction of dams. In a con-
siderable part of the gorge the massive crystalline rocks rise more
than 1,000 feet above the river level.

Minefai Canyon dam site.—A point just below the mouth of Min-
eral 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 thesmiddle pertion
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of Marble. Gos:ge. The rocks in the walls in the main gorge of 0916‘-
rado River and in.the lower part of ‘Mineral Ganyon.ieonsist of, 801
strongly compressed complex of gryamtle roeks .of varying composi-, . .
tion, in which the prevailing type is p granite.gneiss. . In;places there .
are prominent irregnlar bands of gray. micacdous gneiss and scattered ..,
bands and lenses of garnet-bearing miea.schist, and darkecolored bip-. ;
tite schist. All these rocks are me&um to-coarse grained .and have,:
a promlnent cleavage parallel to | the banding. In, parts .of the
main gorge the rocks are so contorted .that no. prevailing strikes.and..
dips can be determined, but in-the lower part of Mineral Canyon the .
cleavage shows a tendency to-a northeast strike and a nearly vertical 1
dlp4 The gneiss and schist. are itregularly intruded by :younger,::
igneous rocks, which consist- mainly| of coarse pink:pegmatite mdm; 4
part of ﬁne-gra.med light-colored aplite.  These ixregular dikes.stand .
more or less vertical and trend predominantdy northeast, parallel to .
the general cleavage of the granitip rocks where this.can be deter-,.
mined. Except for the more highly micaceous rocks, which disinte-. -
grate somewhat rea,dﬂy where long.pxposed to weathering; the rocks
are resistant to erosion. In the bed of Mineral Canyon and near the, -
water level of Colorado River the rocks are smoothly polished by the ..
action of the water. Therock:is traversed by irregular joint.. cnmh
which influence brea]nng down and weathering of the rocks. _Th.e_ﬁ o
joints do not run in any definite dinection but. appear in the mainto -
extend through the rocks subvertically, and. observations indicate.a, :
slightly predominant trend a little west of north and- snot-her abont
N. 602 E. The general character and the structure of the rocks indi-. *
cate 8 minimum of possible le&kﬂg& 4t any point around the dam., -
Resting unconformably on "a remarkabply even erasion surf}we, L
developed in pre-Unkar time acrogs the gganite schist and. gneiss,: .
are ‘Algonkian sedimentary rocks elengmg to the. qua,r .group.
Near the dam site the base of thesé beds is apprommately 500 feet .
above the river, and consequently they have no relatiop to such mag- ||
ters as the foundation of a dam. However, as they lmve congade;—
able effect on the local topography, and as they contain materigls .
that may be used in part of the dam construction, their character -
" may be described briefly. Asshown in the cross section, (PL;KXX),
the Unkar rogks consist from the base upward of a rather tightly . ,
cemented conglomerate . (Hotauta} with . numereus, well-rounded,;
coarse pebbles, extending as a resistant: cap rock along. the berderss -

of the gorge at its top; shaly ta ive yellowish-gray to light-blye
fine-grained pure magnesian limestone (Bass?), dense and hard,in the
middle portion of which is intruded & persistent. thick bed. of ;yery -
dark igneous rock (diabase), thhi commonly crops outin a chiff; -
and. shaly to massive red sandstone|(Hg,kata1?), succeeded. abgy;e bx,i
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" thick red sandy sh s,le that forms a wide bench and a long slope. /

Deposits of asbestos™ occur in the shaly parts of the limestone a,dja-

* cent to’the diabase. The topography of these sedahenta:ry mcks 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 pro-

cured 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

- sufﬁmently 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 lime-
" stone 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 creeks. —Between Grape-.
vine 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 struc-
“ture. 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 isto
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 meta-
morphosed sedimentary series. In places there are pink intrusive
rocks and veins and stringers of quartz, but this section of the Gran-
ite Gorge is noteworthywn 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 Creck 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 practlcally 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 very fine
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grained, and others are medium or coarge grained. The general;mm- :
eral comaposition, texture, and structure of the rocks as well as the
variations in each of these features indicate strongly that the schist
Tepresents an altered sedimentary series, in which the (mgmal bed-
.-ding is generally folowed by the planes of the present schist. cleav-
‘age. In accordance with the varistions 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 slabs.
All therocks contain rather numerous thin veins and n'regular lepses
of white milky quartz, and in places there are veins. and lensesof pink
‘granite and pegmatite; the latter, however, form & very minor con-
stituent in the rocks of the gorge. The rocks are thoroughly com
tent as foundation material for the bottom and sides of a dam. g'
_strength. of the rock is shown not only in features of local to;)ography,
. but by the resistance of masses of the schist, which, though smooth
and pol]shed by the swift current, pro;ect lrregularly many feet into
~ theriver. The structure of the schlst is such as to make Ieakage
. around the dam almost impossible. .
Material for concrete can best he ohtained from parts of the schist,
_ probably on the north side of the river, where quarrying operatlons
and construction incident to tunneling . and spﬂlway work will supply
-an abundance of material satisfactory for use in building the dam.
* Large rocks for plums can be readily procured. About half & mile
back from the gorge on both sides are enormous quantities of easﬂy
obtainable hard, pure limestone (Redwall). A coarse sand ean be
_ obtained by crushing the Tapeats sandstone, which crops out at the
top of the gorge, but this formatlon is rather too hard to be crushed
~ readily.
Granite Gorge between Clear and Bright ,Angel creeks.—A short dis-
tance west of the mouth of Clear Creek there is a sharp change in
thenature of therocks composing the walls of the gorge. . Beginning
approximately at Zoroaster Canyon, half a ‘mile below Clear Creek,
and extending within a short distance of the mouth of Bnght Angel
Creek, massive pink granite and granite gneiss take the place of
schist. The resistance of these granitic rocks is shown by the
extreme steepness and relative smoothness of the’ walls, the very
narrow width of the gorge, the comparatively small amount of ero-
sion by fair-sized tributary streams, and the unusual pro;ect:pn ‘of
_parts of the granite at the base of the Tapeats sandstone, Th:s is
one of the narrowest sections of the whole Granite. Gorge "
Granite Wall and Cremation dam sites.—The rock walls of the | gorge
at.the Granite Wall dam site, mile 85. 1 (PL XXXVI), congist of
medium coarse-grained hard massive pank gramte 'l‘he rock. Iacks
the parallel structure due to compression that 1s charactenstm of
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- most of the rocks in the gorge and is traversed by only a few major
joint planes. It is evidently owing to the massiveness and hardness
of the granite that this part of the Archean rocks projects above, the
remarkably smooth erosion surface that marks the unconformity at
the base of the Paleozoic. The granite reaches upward. into the
lower part of the Bright Angel shale, cutting out all of the 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 gran-
ite 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 (PL XXXVII), the gorge is
exceedingly narrow-and the walls are nearly vertical. The rocks
congist 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 ver-
tically 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 sec-
tion 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 Muayv, in the cliffs on both sides of the gorge.

Granite Gorge betwee'n, 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 gorge
above Bright Angel Cregk, 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.
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" “Nedr the motthof Pipe Creek, ho%vavai', o Httle ohers riife beloiw

“Bright Angel Creek; the canyon is dgain moderately ‘harow wnd -

“steep sided (PL. XXXIX,4), and the‘conditions wirtant considela- -
tiont of a dam site. Because of the cotrse of the lower p&t—‘t oﬁ’Plpe
‘Greék-and of & bend in Colorado Rivér neitt this point, afairly Tong
ridge bétween the-sidecanyon and the maiw gorgé extetids ﬁortsh-
¢astward from Plateau Point (in the' Brighﬁ Angel quadrangley.

~‘The walls of the inner:gorge of Colorado River at: the Pipe: Créek |

site consist mainly of a very hsrd ‘dark gnelssmd granite whicki near

‘the Tiver level, where it is subject to- séouring, is smoothly polishid « 

“ahid carved in miimerous small” poﬁhﬁles and ‘other’ curved surfaces.
I some' pla.ces this rock shows a wellidefined' banding; but: ‘else-
where it is massive and apparently’imbarded. Tt-is cr0ssed by .
“jotnts,swhich genera]ly define the'lsrge angular bloeks’ produced by
weathering. Thé gneiss contains megulm- injections of pitik granite
“pégmatite and veins of white quartz. - Much'of the pegmaﬁte is very
“coarse grained, containing feldspar crystals as large as ‘6 inches' in

‘diameter, and the rock is made up almost Wwholly of quartz and ved -

orthoclase. Because of its- coarsely” crystalliné character, the pegma-
‘tite weathers more easily thén the adsociated rocks. The gquartz
Toccrs in thin or medium thick ifregular vems and ‘here and there
m itregular masses 6 to 10 inches th diameter.”

""The dark " gneiss and the associsted rotks’ form the wialls ‘and: bed
of the gorge at the dam ¥ite, but ‘east ‘of the mouth “of’ Pipe: Cresk
there are softer rocks, chiefly dark hornblende schist. The dominant
strike of the schist is about N. 30° W., and the dip’about: '80° NE.
“Associated with the sehist are n'regular masses of grieiss 'and’ pégmia-
tite. Opposﬂ;e Platésu Point, ]ust ‘below the dam’site, the gorge is
cut in massive pink granite gneiss and granite.  The charahi.er and
structure of the rocks at‘the site nsar: Pxpe Creek are entirely satis-

‘factory. The rocks have ample “strength for the foundatmn and
“abutments, and there is no possibilityof seriods" loakags: o

" Construction maferials for use at’‘the Plpe Creek - site’ ‘et 'be
obtained adjacent to the sme, within theé inner gorge, -aitd from roek

”formatmns abové the granite, hot fir awsy. The crystalline- rocks

near the river can be used in concrets but aré much hatter to quitty

and crush than the limestone to be had” from' the “Muav 'and Red-
wall formations, about a mile from the site, Largs rocks for pliiths
can readily be obtained from thé Tapeats sandstone, “which - crops -
out at the top of the gorge, a few hiundred yards from ‘the dam site.
Granite Gorge between Hejmit Creek and Turquoise Canyon. “~From
"a.point a mile below Hermiit Creék nearly to ‘the fmouth’of Tuna
" Creek the rocks in the gorge consist chiefly of dark’ micacects shd
guartzitic schist with a very prominent parallel stiictare. Some of
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the schist resembles phyllite, as suggested by the name Slate Creek,.
one of the tributary streams in this section. These rocks are hard,
and the gorge is narrow. . The dominant strike of the rocks is north.-
of east. .
- Between Tuna Creek and Turqu01se Canyon gramte and 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 dam site.—The Ruby Canyon dam site is at mile
103.9 (Pls. 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 isin.a fairly nar-
row, steep-sided section of the Granite Gorge, the walls 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 micro-
cline, muscovite, 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 gran-
ite several feet thick was observed. The pink intrusive rocks make
up only .about 15 per cent of the walls of the gorge. The hardness
of the rocks and their massive dense texture indicate very satisfac-
tory dam foundations and effectually preclude the possibility of serious
leakage. , .

-Construction problems at the Ruby Canyon dam site are essentlally
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 deseribed, and it can 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 Shinumo Creek.—From
a point near Turquoise Canyon to the Bass cable crossing, ]ust 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 the basic rocks
are intruded by an abundance of pink pegmatite, and the resmtance

-
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of :the tocks'is indicated by- the narrow steep-sided’ ‘¢haracter of the-
gorge. Below Ruby Canyoen the roclés iire more readily attacked by - .
weathering, and the width of the inneér gorge increases. The. gection:
between Ruby and Bass canyons is moderately narrow, owing bU the’*
strength of the quartz diorite which is exposed there. = - -

A sharp contact between the basie. igheous rocks and mica sehlst;
that resembles somé of the typical Vishnu schist found farther
upstream occurs near the Bass cable crossing. The mica schist con-
tinues 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 Creek and its tributariés; forms relatively- getitle slopes -
near the river. This area has been desonbed and mapped in detaﬂ
by Noble.® -

- Inwestigation for dam site near mouth of Skfinumo Creck.—In ﬁus‘
seetion of thé éanyon an examination was‘made %o #scertain the
feasibility of constructing a dam just- below the mouth of Shinamo
Creek, where the topography suggests that advantageous spillway
facilities would be offered from the lower part of the Shinumo Creek
canyon to theriver on the west. Theéxamination showed, however,
somewhat too wide a cross section of the main canyon for a da.m ,
and rather weak micaceous rock wills, 'The rocks in the projecting
points between the mouth of Shinumo Creek and the main river are
shattered by two or more cross faults, and the SIte for 8 dam and
spillway is considered undesirable. ‘

KANAB DIVISION, SHINUMO CREEK '1‘6 TEE TOBOWEA? VALLEY .

" Granite Gorge between ‘Shinumo Creek and Walthenberg Canyon.—
A short distance below Shinumo Creek ‘the inner gorge of the Colo-
rado regains its typical natrow width’and steep W&ﬂs, the change it
topography being coincident with the appeamnce  of hard rocks in
the bottom of the canyon near the river, These rocks consist
mostly of fine-grained ‘dull reddish to pinkish mica schist, which is”"
cut in places by dikes of pegmatite. "Theé smount of intrusive_rock.
is, howevér, rather small. Like the schist in the vicinity of Clear -
Creek, the mica schist of this section appears to be of sedimentaty
oflgm ‘In many places the structure is so complex that no prevail-
ing strike or dip is determinable, but for the greater ‘part the rocks:
have a fa.lrly well defined parallel structure w1th nearly vertlcal dlp ’

sNoble, L. F., The Shinumo quadrangle, Grand Oanyon distriet, Ariz.: U. S. Geol. Survey Buﬂ
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.

- Hakatai dam site—At Hakatai Canyon, mile 110.7 (Pls,
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 por--

tions of which are harder, finer grained, denser, and more quartzitic
than others. Thin lenticular injections of milky quartz and of peg-
matite 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 con-
torted, 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 exeept for
slight projections of harder zones and faint depressions marking a
little softer rock. The strike of the schist here is arotind N. 50° E.,
and the dip is 70°-80° NW. The direction of cleavage in the SOhISt
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 jag-
gedly 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 eracks con-
stitute a hazard from leakage. The structure of the schist on both
sides of the river is favorab];e as affording natural stoppage to seep—
age downstream.

The extension of projecting ,spurs of bedrock nearly halfway across.

the river just above Hakatai Canyon and the swift current here indi-
cate a channel scoured of sediment and probably not more than 50
feet deep at any part of the cross section.
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© -The finé-grained hard schist in th&wdhdthemm o
in the Hakatsi Canyon may be quarried and crushed.for denerete;;
although here, as at other sites along the Granite Gorge, limestone.
from the formations about a thousand.feet above the'top:ef-the:
inner gorge and at a distance of a milé ‘or less from the riverwoilld
be more easily quarried: and worked. The Tapeats sandstone; whidl -
forms a cliff capping the gorge, furnishes thick-bedded, massiveisand-"
stone that may be used as plums or quarriéd for cyclopean maserry.

Granite Gorge from Walthenberg Canyon to Stephen Aisle.—Thédowes -
portion of the Granite Gorge is carved mostly in hard bluishgray -
even-textuted banded granite gneiss. Graniteschist and amphibolite
are exposed in. places but -form a miner: part of the canyon walls..
In response to the general resistance which these rocks offer toeros.
sion, the width of the gorge is narrowedand the walls somewhat:
steepened, but the prevailing slope of the stratified rocks;wwhich-
carries all the formations lower toward the west and: south, déereases:
very. considenably the height of the crystalline-rock gorge:: Whdté:
the river turns nearly due south, on the east side of Marcos Parracs;

. the:height of tite walls of the inner gorge is little more-than. 308-febt, :
of which-over 100 feet is made up by the eliff of Tapeats sahdstone. -
Granite is exposed above the level of the riverentirely-ar¢and tixe

~ southern part of the big bend that nearly enciréeles Mapcos Terrace:
It dasappea.rs rather abruptly at 'mile 117.8,at a small fault:that:
crosses the river in the middle put of Steph:en Aisley on’ ﬂm m
side of Marcos Terrace. ‘

Big Bend dam site.—~The walls of the gorgeat the Big Beﬁ&éammte
mile 113.3 (Pls. XLI, A, and- XLII), are composed -of va i haid
massive bluish-gray granite gneiss, intersected irregulaviy >H% thin-
dikes of pink -granite, granite pégmatite, anddark amphibolité.-
The gneiss weathers in steep walls, which in placesare shesr. ilomts '
traverse the gneiss irregularlyadefining blocks of: various ‘sigestand "
shapes. This rock is not shattered andaiwill unquestionably afford:
highly satisfactory dam foundstionsand abutments’and tannels -
Near water level the reck is ﬁnely pohshed andls in ph&es,‘lr%}y‘
carved into potholes SR S S

The gneiss 'is unconformably cywerlam by the: masswé‘,‘ irreptila

cross-bedded Tapeats sandstone; the base:df which: is hiére 3!9%'5 {
above the river. The thickness:df-the tsssive, eliff-formingilower -
part of the sandstone is slightly less than 100 feet (93 feet! “Hblbhe
point measured by alidade). - This rock is father coarse/grainéd: Bht
is hard and rather- tightly.cemented ‘and is regarded  as satisfaétory
also for'abutments if a dam wereconsbmte& hgh en&ugh wmw ‘

’;‘fJ‘?! hE ¥}
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Grand Canyon between Granite Gorge and Middle Granite Gorge.— -

For 814 miles along the river below the end of Granite Gorge the.
rocks in the bottom of the canyon are mostly sedimentary. . In the -
next 4 miles, however, the Archean crystalline rocks reappear and
form a deep, narrow gorge which on the Shinumo 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
fow miles of the Grand Wash cliffs. The term Middle Granite Gorgs
has been adopted for the short Archean gorge that begins 834 milee
below the Granite Gorge.
. For a mile below the Granite Gorge cliffs of Tapeats sandstone,
about 150 feet high, occtir 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.—About 0.2 mile above the mouth of Hun-
dred and Twentyseven Mile Creck dark fine-grained hard pre-Cam-
brian schist appears and gradually rises above the water until an inner
gorge comparable to the Granite Gorge is formed. This is the Mid-
dle Granite Gorge. A short distance below Specter Chasm the inner
gorge is several hundred feet deep and is very steep sided and nar-
row. 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 (Pls. XXXII and XXXIII), are in the highest narrow section
of the Middle Granite Gorge. The walls here are composed of very

45668°—256—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 devel-
oped as to be of much aid in working the rock. The dark rocks
are undoubtedly an indurated, somewhat metamorphosed sedimen-
tary 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 intru-
sive 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, megularly
cross-bedded, and hard

The walls of the Specter Chasm dam sites are so dense and rela-
tively so unshattered by joints or fractures that in 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 imper-
meable 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 suf-
ficiently dense and hard for use as concrete aggregate. It is rather
difficult to get at and expensive to crush. The higher parts of the can-
yon 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 Angel
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 quanti--

ties of suitable material and will be most easily obtained, as this bed
forms extensive benches with gentle slopes below and. little cover
above. The limestones of the Muav and Redwall formations, hlgher
1in the cliffs, are satisfactory but more difficult to work.

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 crush-
ing 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 C‘reek —
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 Mile Creek,
striking about N. 50° W., intersects the pre-Cambrian rocks, drop-
ping the beds north of the fault about 100 feet. The Archean rocks

disappear beneath river level about 200 yards north of the fault, for:

bere, as in the vicinity of Shinumo Creek, the top of the crystalline
rocks is beveled off smoothly, and this surface, parallel to the bedding
in the Algonkian rocks, is inclined at an angle of 10° to 12° in ac-
cordance 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 qof 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 Shinumo
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 nar-
row canyon, which in places is several hundred feet deep, in 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 Can-
yon 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 314 miles below
the mouth 6f Kanab Creek the top of the Bright Angel shale disap-
pears, and thence to a point about 9 miles below Havasu Canyon
the bottom formation of the canyon is the Muav limestone (PL
LXXVIII, B).

Hawvasu dam site.—For some distance above and below the mouth
of Havasu Creek Colorado River flows in a narrow, deep, steep-sided
gorge in the Muav limestone. The Havasu dam site, mile 156.6 (Pls.
XXXIV and XXXV, 4), 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 chﬁ 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 follow-
ing for the most part branching calcareous seaweeds (algae and
fucoids). In contrast to the Redwall limestone, which is a very mas-
sive pure limestone, more or less commonly channeled by solution
cavities, the Muav is regularly and evenly stratified honizontally, its
beds are on the average very thin (1 to 6 inches), and there is a gen-
eral absence of solution cavities. In spite of the thin bedding,
which is revealed on weathered exposures, the formation makes mas-
sive, essentially sheer cliffs. Aside from the thinnest-bedded por-
tions of the Muav, noted below, the formation offers excellent con-
ditions 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 can-
yon walls show two or three alternating series of cliff walls and slopes.
The cliffs are composed of the more massive, solid limestone. Exam- .
ination of the material composing the slopes shows here also lime-
stones 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 for-
mationsomewhat more readily. The individual thin limestone beds
remain hard and dense. In places where weathering has not pro-:
ceeded for a long time these weaker beds make sheer cliffs that are

-
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indistinguishable from adjommg more re&ustant portions of the for— ‘
mation.

Although the right wal] at the dam site is a single cliff, the o:amyon -
walls adjacent and on the opposite side show the presence-of a slightly :
less resistant portion of the Muav abeut 60 feet thick, beginning
about 100 feet above water level. Another thm~bedded zone with
partings, generally a zone of slopes, about 80 feet thick, appears far-
ther upstream, its top dipping southwest beneath the river.just at
the dam site. Accordingly, the foundation and lower part of the dam
here will be in part of the limestone that is less strong. - Measure-
ment of the thickness of the Muav limestone indicates, as shown in
the geologic cross section at the dam site (Pl XXXIV), that 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 increase in
the width of concrete construction. The lack of danger from seep-
age through the formation or from solution largely counterbalances, in
the writer’s judgment, the disadvantageous conditions 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. This rock can be shot
down and quarried at any place desired. No sand except that obtain-
able from crushing the sandston:es of the Supai formation, which caps
the cliffs of the Redwall limestone along Colorado River and Havasu
Creek, or from the Coconine sandstone, near the canyon rim, is read-
ily available This sand is rather fine grained but may be- cbta.nmd_
cheaply in any quantities desired.

Grand Canyon between Havasy Creek and Toroweap Valley. -——-Down« _ ‘

stream from the mouth of Havasu Creek theriver for nearly 20 milés
flows in a steep-walled, narrowicanyon which swings to the right and
left in gentle curves. At the 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. Atmile 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 theriver, and downstream, as this

formation continues to rise, a slope appears betwebn the river and
the first cliffs of the.canyon, the height of this slope marking essen-
tially 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 sites are .
lacking for many miles. Nearmile 171, 1414 miles below the mouth
of Havasu Creek, are the two opposite sxde canyons named Stairway
and Gateway canyons. The courses of the tributaries in these two
canyons follow very clesely a line of displacement that orosses the
river obliquely, trending a little east of north, and reises:the bods
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on the west about 100 feet. This is the first of numerous-displaee-
ments, including some of considerable magnitude, that have.sffeeted
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 River itself have not been perceptibly affected. The top-

of the Tapeats sandstone appears a little more than 19 miles belew

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 (Pl. LXXIX, 4). At
one time the lava undoubtedly dammed thelower 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 Havasu Creek, is Lava Falls Raplds
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. '

'UINKARET DIVISION, TOROWEAP VALLEY TO HURRICANE FAULT

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 Pla- -
teau. This plateau is bounded on the west by the great Hurricane -
fault, which is traceable for more than 200 miles in a.general north-~
south direction. The surface 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 divi-
sion of the canyon is hence very short. From Lava Falls Rapids,
at mile 179, to & pomt near mile 191, a distance of a little more thfm
11 miles, the canyon is carved in the Uinkaret Plateau.. .

For about half a mile below the Toroweap fault the Muav lime-
stone 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 of
.shale exposed gradually increases, and a slope with height correspond-
ing -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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talus, is exposed almost continuously, but on the right bank it is cov-
-ered in many places bylava. At 614 miles below the Toroweap Val-
ley the top of the Ta,pea,ts sandstone reappears above the river, and

the moderately steep inner cliffs formed by it gradually mcrea.se in -

height as more of the formation is exposed.

At mile 189.5 the river, flowing east of south, crosses a northeast—
erly fault along the ea$t s:de of which the rocks have been.raised
about 300 feet, sufficiently to expose above the river some 80 feet of
the pre-Cambrian crys%allme rocks. This fault is apparently one of
the series of faults that in this locality mark the Hurricane displace-
ment. In common with all the other gorges carved in the Archean

rocks, the inner gorge here is narrow and steep sided, the: resistant,

crystalhne rocks being capped by a nearly vertical cllff of Tapeats
sandstone. Within little more than a mile the river recrosses 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 suﬂicmntly’ nar-
row cross section for a dam within the gorge.

Prospect dam site.—The foundation of a dam in the gorge at mﬂe
190 (PL XLIII) will rest on hard Archean granite gneiss, the abut-
ments partly on gneiss' and partly on the Tapeats sandstone. - The
gneiss is pink, brown, and dark blue, is medium to fine grained, and con-
‘sists of n'regular contorted bands whose general trend is-about N. 60°

E., crossing theriver obhquely The resistance of therecksisindicated -

by the constriction of the river in its passage through the short erys-
talline 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 (PL XLI, B). No
seepage through the crystalline rocks need be anticipated. The
Tapeats sandstone, about 300 feet in totat thickness here, rests on a
surface that bevels very smoothly across the gneiss. The lower part
of the formation is composed of medium to coarse grained, quartz
tightly cemented to fo*m ‘massive beds, each on the average several
feet in thickness, the whole cropping out in a nearly wvertical 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 the sandstone 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. This work may involve excavation into
the cliff for 20 to 30 feet. It is believed that with. precautions.in

construction, no seepage will be sufficiently .large or localized ta en-

danger the dam, The fault to which the short granite gorge is due

i
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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 outlet below the dam and the
apparently well sealed nature of 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 dolomitein 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 GRAND WASH CLIFFS -

Grand Canyon from Hufricane fault to Diamond Creek.—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 num-
ber 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 low-
lying remnants of basaltic lava. At 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 appears and
climbs rather rapidly above the river. Just above mile 208 theriver
swings eastward to the line of a prominent northward-trending fault,
on the east side of which 500 or 600 feet of Archean granite and schist
are brought into view at this place. 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 irregu-
lar amphitheater has been formed, to which has been given the name
Granite Park. West of the fault in Granite Park the Bright Angel
‘shale appears next above the river. There are no p!acessuitable
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 comlderable areas of granite are exposed east of the fault
line.

Diamond Creek dam sites.—The inner gorge of Colorado River in
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 sur-
mounted by a cliff, generally sheer, a little more than 100 feet in
height, composed of the Tapeats sandstone (Pl. XLVI, 4). Above
the Tapeats cliff is a bench of varying width formed by shaly sand-
stone and sandy shale. The granite slopes are scored by shallow
subparallel gullies, which follow slightly weaker parts of the rock
and joints. These depressions and the intervening shoulders trénd
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 hexght 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 medium-
textured rock composed essentially of quartz, white or nearly color-
less feldspar, hornblende, and biotite; the average size of the grains
is less than 3 millimeters. The dark minerals (hornblende and bio-
tite) 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 con-
struction 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. Thereis 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 eanyon, as noted below.

The accompanying map (PL. XLIV) indicates the presence of cer-
tain 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 River 2,000 feet above the mouth of Diamond Creek and

" cuts the cliffs north of the side canyon. It does not affect the sta-
bility of a dam in the Colorado River gorge but should be taken into
account if o plan is made to construct tunnels or spillways on the
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west:side of the river near the poin-where it displaces the rocks of
the canyon wall. Seepage along the fault plane from ponded water -
extendi.ng up the tributary canyon above Diamond-Creek intothe
river below is improbable and even. if it occurred would: not in. any
way weaken the dam.

A fault trending N. 20° E. crosses. Diamond Creek abont ha,lf 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 Creek:are. displaced
about 40 feet, those on the west being raised; but the: dislecation
diminishes northward. This fault will have no effe¢t on - tumnels
fromt Diamond Creek into the Colorado River canyon for a'dam
below the mouth of the creek, as such tunnels will presumably be
located west of the fault. No seepage along it around the damis-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- propesed.
For a dam south of the mouth of Diamond Creek- (Pl. XLV, B),
tunnels from Diamond Creek to the river gorge below the dam would
be carried entirely in granite.

Abundant material suitable for construction is convemently avail-
able 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 beds
of dolomitic limestone in the upper part of the Bright Angel shale
and in 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 platean bench above the granite gorge; this source
will be more accessible, a3 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. in ashlar, rabble; or
cyclopean masonry, or large blocks ean be used as plums. :Large
quantities of sand and gravel are found in the lower part-of the Dia-
mond 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 obtained by crushing beds of the Tapeats
sandstone, which crops out at the rim of the gorger above the dam
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Although pure limestone (Redwall) is to be had near by in thecan-
yon cliffs, the other materials needed for the loca.l manufacture of
Portland cement are not found here.

Lower Granite Gorge from Diamond Creck to Tm'nertzm Chnyom—
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 Dia~
mond Creek dam sites, described above (Pl. XLVI, A).. The walls,
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 wall
of the crystalline rocks. About 3 miles below the mouth of Dia-
mond 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 (Pls.
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 cliffs 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 qua.rtzite it would be readily
possible, so far as the character of the rocks is concerned, to con-
struct a dam more than 900 feet high at this place.

Just below the narrow?eotlon 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 hard, bemg ‘composed largely of fine quartz_
with more or less abundant fine mica along cleavage phnes. Some
of the schist is highly garnetiferous. As a whole the schist is much
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less resistant than the gneiss, but water spilled down either side-can-

yon and downstream will not erode it rapidly. - The sttike of. thez

schist is almost at right angles to the course of the river. R
Construction materials at the Travertine Canyon dam site are -

- practically the same as those at Diamond Creek, for the same forma-:

tions are found here in essentially the same relations.

Lower Granite Gorge from Travertine Canyon to Bridge Ganycm dam - .

site.—Between Travertine Canyon and the Bridge Canyon ddm site,.
mile 236.3, there are no marked changes in the general charactér of
the rocks exposed in the lower part of the Grand Canyon, nor in:the
topegraphy. 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 and 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 ne’ dominant trend to the handing 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—w&lled 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 (Pls. XLIX and
XLVIII, B). The rocks here consist of & rather complex mass of
dark-bluish granite gneiss with thin, irregular veins:of pink granite
and granite pegmatite and thick intrusions of massive pink granite.
All of the roek, 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, irreg-
ular 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 then the gneiss.
The parallel structure in the gneiss and schist is irregular but tends to
follow a direction nearly due north. The side canyon on:the:left
that offers facilities for a spillway is carved in the sehist, its course
following the strike of the schistose structure.. Though mot so strong
as the gneiss which is the predominating rock at the dam site, the sehist
in the side canyon will not yield with undue rapidity to erosion from-
spillway overflow. It is not deemed necessary to fake special: pre-
cautions in utilizing the side canyon for a spﬂlw&y E

4
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- The construction materials available here are practically the same -
as to kind, avallabﬂfoy, and' unlimited quant:t;y as at :Diamond
Creek.

Lower Granrite Gorge between Bmdge Canyon da/m site- and Spencer
Canyon.~—Below Bridge Canyon the walls of the Lower Granite Gorge
consist mainly of medium to coarse grained pinkish granite and
granite gneéiss. 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, approxi-
mately 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 great.er
than the gradient of Colorado River. :

-Spencer Canyon dam site.—The lower pa.rt of the canyon of Colo-
rado River at the Spencer Canyon. dam site, mile 246.2 (Pls. LIX and
LVII, B), is carved in very hard, dense medium-grained bluish-gray
granite. The granite gorge is narrow, and its walls are on the left
nearly vertical and on the right steeply sloping. The granite is mass--
ive 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 down-
stream. 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 thee 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 oceurrence here indicates the hardness
of the granite. In all respects the walls of the canyon here are
admirably fitted for dam construetion.

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 topographie feature is
important in planning parts of a development program.

On the right side of the gorgé 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-

A
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tinued 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 reck of the sort:
in this section of the canyon, it is a rather striking and conwvenient
marker by which to locate one of the worst rapids on Colorado River—
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-re-
gards 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 Spenoer
Canyon 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 pre-
Cambrian faulting, or by major jointing or other structural weak-
ness 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 construetion, 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, suit~
able for use in concrete construction. -This limestone or any part of
the granite near by can be used for plums. The nearest available:
sand is obtainable by crushing portions of the Tapeats sandstene,
just above the granite. This sand is medium to coarse and suban-
gular, 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 Creek.—Be-

low 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 red-
brown color, and rounded rock surfaces project through a scanty
mantle of the débris produced by disintegration. Elsewhere abrupt
cliffs and steep slopes of bare 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 reservoirisurvey 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 1;&9 corresponding rocks on the east. . This
fault extends up the canyon of Salt Creek, which enters at mile
255.5. This tnbutary has the apparently anomalous course of due
south into a main stream that flows north.

Devils Slide dam site—Massive hard pink to red gra.mte of fine to
medium grain forms the lower 370 feet of the steep-sided inner gorge
of the Grand Canyon just below the mouth of Salt Creek (Pls. LII,
A, and LI). That the rock has the strength requisite for the foun-
dation and abutments of 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 maésweness of the granite and the absence of
numerous joints indicate \the absence of danger of seepage. Above
the granite, considerably higher than the proposed crest of a dam,
lies the Tapeats sandstone, which forms a clif with an .average
height of about 130 feet. Here, as elsewhere in the canyon, this
formation is massive, hard, and resistant, being almost a quartzite,

Along the broad saddle 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 elevatlon would reveal fresh granite, but although
the width of the saddle and the breadth of the divide would satis-
factorily accommodate with little erosion a large overﬂow, it might be
desirable to face the spillway 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 Oliffs.—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, essen-
tially uniform in character for several miles. It weathers in steep
craggy slopes or forms precipitous cliffs, which, as elsewhere, are sur-
mounted 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 fault-
ing 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 far-
ther 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 ecrystalline 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 west-"
ward 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 114
miles downstream the main Grand Wash fault is reached, along which
the rocks have been dropped several thousand feet on the west., Ter-
tiary and Quaternary gravel and other relatively recent deposits lie
west of the fault. The Grand Canyon ends where the river emerges .
from the plateau, the western edge of which, determined by the greaﬁ

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 Archean 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 (Pls. LXII and LXI,
B), the rocks in the bed of Colorado River and for a little more than
100 feet on each, bank consist of rather 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 satis-
factory 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 depo-
sition 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 consoli-.
dated deposits of river gravel and extensive accumulations of trav-
ertine 100 to 200 feet above the present river level. Theé conditions
observed indicate canyon excavation almost but not quite to the -
depth of the present canyon, followed by filling to -the height of the
present gravel remnants or beyond Bubsequently there has been

excavation of this fill and erosion into' bedrock. Continuous expo- ..

sures 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 found in this section, it should
be recognized that there is a possibility that a buried channel, illed
with gravel and travertine, may extend from a point where the
entire right bank of the river is covered by a great mass of traver-
tine, a little more than a mile above the site, to some point below
the place where the river now crosses the fault. This pessibility is
regarded as improbable, but in advance of actual construction geo-
logic 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, practi-
-cally 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 Bmghs ‘
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 avail-
able 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 crush-
ing. The overlying sandstone will yield moderately coarse and angu-
lar or subangular sand and pieces of larger dimensions. Limestone
can be obtained at a distance of about a mile or less to the eas‘t, in
the direction of the Grand Wash Cliffs. The dolomite beds in the
Bright A.ngel shale can be most readily obtained. These beds are
very massive here and make a prominent bench. There are exten-
sive gravel deposits within a mile or two downstream, but most of
the pebbles are throughly well rounded.

MOHAVE 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 fairly straight in a direc-

tion 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 (Pls
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 Sta- -
bler 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 Topock 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 permltted observation of the area that will be flooded to maka
the reservoir north of the dam.

The topography in the wicinity of the dam site and northward to
Topock is rather rugged on a small scale, for a number of small dry
washes with & maximum depth of about 100 feet cut across the 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 débris, but on the west side most of them are in
solid massiverock.

The rocks that are exposed in the walls of the Mohave Ca.nyon at
the dam site consist of medium to coarse grained erystalline jgneous
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 concernéd 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 ap-
pear in the canyon wall extend back from the canyon several hun-
dred feet eastward, as far as the small gullies that head at the saddle
which might be used as a spillway. Therocks east of the saddle are
softér, 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 Mchave
Mountains and that there is no likelihood of seepage of any impor-
tance through these rocks. If the saddle east of the dam site should
be used as an overflow spillway, some concrete lining may be neces-.
sary, as the rocks below and in the spillway would be cut away con-
siderably 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 modifica-
tion 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 rel-
atively 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 sides, with massive igneous rock. Undoubtedly the 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 Moun-
tains 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 possi-
bility 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 out-
lined 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 disadvanta-
geous features in the geology of the reservoir site. Diamond core
borings to determine the extent of the more fractured, less firm super-
ficial zones, especially in the vicinity of the spillway site, should be
undertaken in advance of actual construction.
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