





COLCRADO RIVER BOARD

ON TEE BOULDER CANYON PROJECT

The Board of Engineers and Geologists appointed in accordance with
Resolution No. 65, Seventieth Congress, approved May 29, 1928, has the honor
to submit the following report as to the matters emumerated in said Resolu-
tion, that were to be reported on prior to December lst, 1928.

The duties of the Board, insofar as this report is concerned, are,-

"To examine the proposed site of the dam to be constructed
under the provisions of H. R. 0773, Soventieth Congress, first
session, and review the plans and estimates made therefor, and
to advise him (the Secretary of the Interior) prior to December
1, 1928, as to matters affecting the safety, the economic and
engineering feasibility, and adequacy of the proposed structure
and incidental works. "

The structures proposed in H. R. 5773, Seventieth Congress, are:

"A dam and incidental works in the main stream of
the Colorado River at Black Canyon or Boulder Canyon ade-
quate to create a storage reservoir of a capacity of not
less than twenty millien ascre-feet of water snd a main
canal and appurtenant structures located entirely within
the United States connecting the Laguna Dam with the
Imperial and Coachella Valleys in California;"

The "incidental works" at the dam are construed to be a power-houge
with its ecuipment of turbines, generators »nd all appurtenant appliances
needed in the generation and centrol of electric energy.

The "sppurtenant structures" for the main cansl are construed to be
a higher dam at Laguna, an enlargement of the headworks and desilting
basin, together with the necessary flumes, bridges, culverts and other
incidental structures along the line of the canal.

THE COLORADO RIVER

The Colorado River, ene af the large rivers of the country, drains

an area of about 244,000 square miles and has a total length from source
to mouth of about 1,700 miles.



Its total fall is over 7,500 feet, or an average f2ll of about 4.5
feet per mile. The average rainfall on the drainsge area is about 10 inches,
over thousands of square miles less than 5 inches, and the average anmual
run-eff is less then 1% inches. Its main flow is derived from the melting
of snow on the mountains of the upper basin. The principal cheracteristics
of its flow are low waters during the sutumn and winter months, with a
normal flood from the melting snows, usually beginning late in April, reach-
ing its maximum in June, and ending by the middle of August. This flow is
modified and intensified by torrential floods of short duration, which come
in general from its southern tributaries, and mey occur during almost any
month of the spring, fall or winter. Its flood flows afford by far the
greater quantity of water produced by the stream, and must be conserved
and impounded in order to be successfully utilized for water supply and
power production. Floods of 200,000 second-feet are not unusual, and much
targer ones have occurred.

ENGINEERING FEASIBILITY

The engineering feasibility of the proposed dam across the main
stream of the Colorado River, at Black Canyon or Boulder Canyon, is basic.

Selection of Site

The Board examined both sites in question, studied the available
date concerning them, the geological formetions surrounding them and the
seimmic history of the region. Conclusions concerning these damsites are
embodied in the fellowing statement:

Boulder Canyon Site

The site in Boulder Canyon is about 40 miles distant from the
nearest rsilway lire passing through Las Vegas, Nevada. The railway ap=
proach 1s comparatively easy to the vicinity of the Canyon where extremely
rugged topography adds considerable, though not insurmountable difficulties.

The Canyon walls at this site rise to 1,000 feet above the river and
the rock gorge is at least 150 feet deep below low water level. It is
420 feet wide at the low-water line, and approximately 1,020 feet wide at
the crest of a dam that would impound 26,000,000 acre feet of water.

The foundation reck is granite and associated granitic rock of ex-
cellent quality. Regular joints and more irregular fractures are very
numerous, and there is an occasional fault zone. These weaknesses are
prominent on the weathered surface, but test tunnels prove that they are



of little consequente to within a few feet from the surface. On the
whole, the rock is strong, substantial, durable, and the vwhole mass is
essentially tights It will stand well in tunneling. There is no danger
of the rock failing to meet requirements as a dam foundaticn.

The rock of the vicinity is suitable for construction material,
and there are lccal sources of good gravel,

If no other site were available, the Boulder Canyon site could
safely be used so far as geological conditions are concerned. In com-
parison with the Black Canyon site, however, the latter has certain ad-
vantages.

Black Canyon Site

The most favorable location in Black Canyon is about 40 miles
distant from Las Vegas, Nevada, and the Union Pacific Railroad. The
approach is comparatively easy to the vicinity, and not particularly
difficult to the site itself. A construction railway from Las Vegas
would pass near aveilable gravel deposits and the best quarry sites
lie immediately adjacent to the damsite on the same line of approach.
Despite the ruggedness of the surrounding country and the depth of
the gorge, the terrain above the 1,500 foot contour, where the
quarries, railway yards, shops and camps would be located, is open,
and its development into such use at reasonable cost is entirely
practicable.

The Canyon walls at this site rise to about 900 feet above the
river and the central part of the rock gorge at this location is 110
to 127 feet deep below low water. The cross-section of the gorge at
the damsite is 350 feet wide at the low water line and 880 feet wide
at the crest of a dam that would impound 26,000,000 acre feet of water.

The foundation is a volcanic breccia or tuff, originally an
accumulation of fragments of many kinds derived from volcenic erup-
tions, and now transformed into s well-cemented, tough, durable mass
of rock standing with remarkably steep walls, and resisting the
attack of weather and erosion exceptionally well. The whole rock
mass is essentially impervious.

The rock formation ig somewhat jointed and exhibits occasional
fault displacements, which are now completely healed. It is an almost
ideal rock for tunneling, is satifactory in every essential, and is
suitable for use in construction.
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The associated rock formstions at higher levels, more advan-
tageously situated for development for construction uses, are also
volcanic in origin, including both andesite flows and indurated
andesitic tuffs, and are of excellent quality for that purpose.
Nearby there are deposits of angular gravels that have been proven
by test to be suitable for use in construction.

Comparigon of the Two Sites

In general, geologic conditions at Black Canyon are superior
to those at Boulder Canyon. The Black Canyon Site is more accessible,
the canyon is narrower, the gorge is shallower below water level, the
Wwalls are steeper, end a dam of the same height here would cost less
and would have a somevhat greater reservoir capacity. The rock forma-
tion is less jointed, stands up in sheer cliffs better, exhibits
fewer open fractures, is better healed where formerly broken, and is
less pervious in mass then is the rock of the other site, The Blacl
Canyon roclk is not so hard to drill as that of Boulder Canyon and it
will stand better in large tunnel excavations, with less danger to the
workmen.

There is no doubt whatever but that the rock formations of this
site are competent to carry safely the heavy load and abutment thrusts
contemplated. It is well adapted to making a tight seal and for oppos-
ing water seepage and circulation under snd around the ends of the
dam. It insures successful tunneling, and, so far as the rock is
concerned, the genersl safety and permanence of the proposed structures.

The Board is of the opinion that the Black Canyon site is

suitable for the proposed dam, and is preferable to that of the Boulder
Canyon.

Danger from Earthguskes and Deformation

In former geologic times this district was subjected repeatedly
to volcaenism and deformation. These events must have been accompanied
by earthquakes. Such evidence as there is, both to be observed in the
field and to be gathered from records, indicates that these geological
activities ceased long ago and that the region has been virtually un-
disturbed for a very long time. The district is recognized as having
comparative freedom from present-day earth movements, and the conclu-
sion is that danger from locel earthquakes of enough violence to
threaten a properly constructed dam in Black Canyon, is negligible.



REVIEW OF PLANS AND ESTIMATES

The Dam and Incidental Works

The Board is of the opinion that it is feasible from an engi-
neering standpoint to build a dam across the Colorado River at Black
Canyon that will safely impound water to an elevation of 580 feet
above low water. The cost, however, will be greater than that con-
templated in the project authorized in H. R. 5773.

The Dam

The dam proposed by the Bureau of Reclamation and assumed to be
the one referred to in H. R. 5773, is of the gravity type, curved in
plan, with allowable stresses as high as 40 tons per square foot.

It is the opinion of the Board that a dam of the gravity type
is suitable for the site in question, and that such a dam built
across Black Canyon would be safe, provided the maximum stresses
allowed do not exceed those adopted in standard practice.

The proposed dam would be by far the highest yet constructed
and would impound 26,000,000 acre feet cf water. If it should fail,
the flood created would probably destroy Needles, Topock, Parker,
Blythe, Yuma, and permanently destroy the levees of the Imperial
Digtriet, creating a channel into Salton Sea which would probably
be so deep that it would be impracticable to reestablish the Colorado
River in its normal course. To avoid such possibilities the proposed
dam should be constructed on conservative if not ultra-conservative
lines.

Maximum foundation and structural stresses have until late
years been limited, in the best practice, to about 20 tons per
square foot. Until perhaps 20 years ago this practice was regarded
as standard. The demand for high dams at reasonable expense has,
however, induced more economical designs and such stresses have been
increased to 30 tons per square foot in numerous structures which
have been in use a sufficient period to cause this practice to be
considered conservative. Stresses in excess of 30 tons can not be
considered conservative in a structure of this unprecedented magnitude
and importance, failure of which would result in such an overwhelming
disaster.

In congideration of these facts and possibilities, it is the
Judgment of the Board that the dam should be designed for maximum



calculated stresses not exceeding 30 tons per square foot. This will
add materially to the cost of the dam, which incresse will be included
in the estimates.

Cofferdam Construction and River Diversion

To control the flow of the river during construction, the pro-
posed plans contemplate the diversion of 100,000 second feet of water
around the damsite by means of tunnels through the canyon walls. The
upper cofferdam height. was planned to be such that water could rise
against it until sufficient head was created to force this amount of
water through three tunnels 35 feet in diameter.

The proposed work in this connection comprised:

The building of two rock-fill cofferdams, one upstream 79 feet
high, the other downstream 29 feet high, above low water level, in-
volving the placing of 164,000 cubic yards of earth, the quarrying
and placing of 757,000 cubic yards of rock; the moking and unwatering
of open excavations in the river bed about 125 feet below low water,
involving 531,000 cubic yards of material ({sand,gravel and boulders),
with an uncertain amount of water; the preparing of foundations and
placing of 235,000 cubic yards of concrete in the heel and tow of the
dam in such a way as to form permanent cofferdams to protect the re-
maginder of the work - all of the foregoing operations to be accom-
plished in one low water season of less than nine months.

The Board is of the opinion that it is nct feasible, without
undue risk to the men working in the eXcavations and on the dam, and
to the inhabitants of the valley below, to carry out the plan as pro-
posed. It is further of the opininn that the proposed diversion is
inadequate 2nd that provision should be made for diverting around the
damsite, through tunnels, a flow of at least 200,000 second feet. It
is also the opinion of the Board that the height of the water against
the upper cofferdam should be ordinarily limited so as mot to im-
pound a volume which, if added to the flood waters, would, in the
event of failure of the cofferdam, endanger life and property down
the valley., This would limit the elevation of the water surface
against the upper cofferdam to about 55 feet above low water or 70C
feet above sea level. y

These modificetions would not only add essential elements of
safety but elso would enable operations to proceed continuously through
a normal flood season. :

It is the opinion of the Board that it ig feasible to con-
struct cofferdams of suitable height at this locality and make them
reasonably tight.




Permanent Spillway

The spillwey copacity planned in connection with the proposed
dam was about 110,000 second fset without overtopping the dam. TFloods
saching o maximmm flow of 380,000 second feet have been reported, and
0ld high-water marks are said to indicate a possible floecd flow of as
much as 500,000 second feet. The Board is of thre opinion that water in
quantity should not be permitted to flow over a dam of this height.

A permenent spillway utilizing the increased cspacity of the

diversion tunnels provided in the revised plans will make it practiceble
to prevent any expected flood from overtopping the dam.

zxcavation for the Main Dam

The purpose of the revised plang for cofferdams snd river diver—
sion 1s to avoid probable interruption and to insure the safety of the
earlier stages of the work, including the excavation for the foundations
of the main dam, through a mixed deposit of sand, gravel and boulders
which fills the lower section of the gorgze to a depth of more than 100
feet.

The chief fzctor vhich may affect the progress of the work is
that of water seepage into the excavation, throughk the river fill under
the cofferdems. Seepage into the excavation is to be expected. Its
amount and rate can not be foretold.

The effect of water would be two-fold. It would involve purp-
ing %o keep the pit unwatered and it would add to the difficulties and
amount of excavation by causing the slopes to ravel and slump. If the
flow of water is sufficient to cause excessive raveling and slumping,
it may be necessarvy to intercept this underground flow by wells or
gallerics or by other mesns. In the event of extreme difficulties it
May be necegsary to use caissons to carry the excavation down to the
rock bottom in the deepest portion of the section.

It is the judgment of the Board that it is feasible to male the
required excevation for the permanent dam but it ig their opinion that
plens and estimates of cost should include provision for the control
and hendling of a congiderable volume of water.

The Power Plant

While a power-house must be fitted to a particular site and its
equipment must be designed and selected for the particular conditions
which obtain at such site, the entire instsllstion will nevertheless
be largely standard, and offers no particular difficulties.
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The Board i1s of the opinion that the plans proposed are feasgible
from an engineering standpoint. Questions of cost will be considered
in another part of the report entitled "Estimates'.

The Main Canal and Appurtenant Structures

The bill provides for the construction of a canal connecting the
Laguna Dam with the Imperial and Coachella Valleys, whereas the original
estimate of $31,000,000 applies only to a canal reaching the distribu-
tion system of the Imperial Valley. The revised estimate will include
the cost of constructing that portion of the canal leading to the
Coachella Valley.

The Imperial Valley receives its water for irrigation and domestic
purposes from the Colorado River, by means of the Imperial Canal. The
water is diverted from the River at Rockwood Gates, about one mile north
of the International Boundary, and is thence carried in a canal through
Mexican territory and back into the United States to the Imperial Valley,
thus avoiding the high mesa and sand-hill country norvh of the Interna-
tional Boundary. In most of its 50-mile course in Merico this canal
follows the Alamo River channel which formerly led into the Salton Sea.

The main canal is to be entirely within the United States.
Under the proposed plan, the water is to be diverted from the river at
Laguna Dam, the present intake of the canal for the Yuma Irrigation
Project, 23 miles by river above the intake of the Imperial Canal.
This will allow water to be tzken from the river at the higher eleva-
tion necessary to permit the canal to serve its purposes.

From the intake the proposed line of the main canal leads south-
west to a point near the river just north of the International Boundary,
thence west approximately parallel to that line, to a point about 10
miles west of Calexico, a total length of 75 miles, making connections
with the Imperial Valley System. At a point on the east mesa a canal
branches off and leads to the Coachella Valley.

Between the Colorado River and Imperial Valley the canal location,
for a length of 10 miles, crosses a region of sand dunes, some of which
reach a height of about 150 feet above the canal bed. For much of thisg
distance the canal cut will be over 50 feet deep. The grade of this sec-
tion of the canal is such that the water surface will be below the mesa
level, and hence below the bases of the sand dunes. ¥inds above a
velocity of 10 miles an hour cause a movement of the surface sand, which
increases with the velocity of the wind, and special provision should be
made to prevent undue silting of the canal by the "blow sand", as well
as for the removal of the sand that will drift into the canal prism.

In order to observe conditions the Board visited the sand dune belt



LOVelia vamus, once during a sandstorm. Although it is clear that diffi-
culties are presented by the drifting sand, it is the opinion of the
Board that it is feasible to construct, maintain and successfully operate
the canal. The overcoming of these difficulties will affect the cost,
which has been allowed for in the estimates.

The Board believes that the canal should be lined with concrete
through the sand dune region and should be given a slope sufficient to
carry the in-blown sand to a suitable place for deposit and removal.

Esgtimates

The Board in its review of the estimates for the proposed structures

has reached the conclusion that such estimates should be modified so as to

provide as follows:

BEstimated Cost

Dam and reservoir (26,000,000 acre feet capacity).... $70,600,000
1,000,000 horsepower Aevelopment.......cocoeoennensss 38, 200,000
ihe: Rll-Amepiaal Gangle t e o o0 o o oo 38, 500,000
Interest during construction on above..... e 17,700,000

o AR R $165,000,000

In this revision stresses in the dam have been limited
to a maximum of 30 tons per sguare foot, and a diversion
capacity of 200,000 second feet is provided.

Should the canal to Coachella Valley be considered a
part of the main canal, the above estimates would be in-
CPORENE Wy RO B BT v i i b $11,000,000

This would make the total estimated cost for
SE3 LVARE L8 T N B i e $176,000,000

These estimates are based on a construction period of seven years.

ADEQUACY OF PROPOSED STRUCTURES

A dam of 550 feet above low water, across the Colorado River at
Black Canyon, impounding 26,000,000 acre feet of water, will be adequate,
in the opinion of the Board, to so regulate the flow of the lower Colorado
as to control ordinary floods; to improve the present navigation possi-
bilities; and to store and deliver the available water for reclamation
of public lands and for other beneficial uses within the United States.



The high water flow of the floocd of 1884 is reported to have been
380,000 second feet. Such a flood, or one of greater magnitude is to
be expected. The flood of 1884 is the highest concerning which there
1s fairly definite information, and as far =zs can be ascertzined such a
flood has occurred but once in the last 50 years. A flood of this
magnitude could be so controlled at the dam as to limit the flow in the
river below to about 160,000 second feet. Should such a flow sweep down
the lower Colorado River fnllowing a long period of normal regulated flow,
with the consequent encroachment of vegetation on the flood plain and the
probable neglect of flood protection works, it would be more destructive
than a 160,000 second foot flood under present conditions. It should be
noted that the Boulder Dam Project in no way affects the flood discharge
of the Gila River. In the event of flood damage in the lower river valley
from either river, regulation at the dam would permit repairs to be made
on the return of a controllable flow.

The adequacy of the proposed hydrc-electric plant to generate
sufficient power to make the project authorized a self-supperting and
financially solvent undertaking, is treated in the section on Economic
Feasibility.

THE WATER SUPPLY OF THE COLORADO RIVER

The flow of the Colorado River is one of the fundamental factors
on which the success of this project depends. On the stream flow depends
the amount of land that can be irrigated and the amount of power that
can be generated. The information on which this flow has been estimated
is inadequate to furnish an accurate or sound estimate on which to base
an important project without using factors of safety sufficiently great
to make such estimates conservative and safe. Since the water supply
is such 2 vital element in the problem, the Board has inquired into the
subject as thoroughly as the limited time would permit.

The estimates of flow on which this project has been predicated
are the measurements of the flow of the river made at Yuma continuously
since 1902. The methods used in gaging at Yuma were those common at the
time the measurements were begun, and while improved methods of gaging
were adopted at other gaging stations, these old methods were continued
in use at Yuma until 1918, and with little improvement until 1928.

To determine the flow in the Colorado River above Laguna Dam, there
was subtracted from the Yuma gagings the estimated flow of the @ila River,
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which joins the Colorado between Yuma and the dam., The flows of the Gila
are based on information of very doubtful value and can be considered as
little better than fair guesses,- whether too large or too small can not

be determined. To the reduced flow as arrived at above, the flow through
the Yuma Canal was next added, to get the gross flow above Laguna Dam, The
measurenents of flow of the Yuma Canal are approximately correct.

From Black Canyon to Laguna Dam there is a loss in flow due to ir-
rigation, evaporation and possibly to seepage. Comparison of flow of the
Colorado River at Topock and Laguna Dam gives some idea of the amount of
this loss, but for most years it is so unsatisfactory as to be of little
value. The gagings, however, for 1926 and 1927, both at Yuma and Topock,
are believed to have been fairly correct and give a reasonable basis for
such an estimate. The figure used in the original flow calculations to
represent this loss was 1,200,000 acre feet per annum, and the addition
of this amount to each yearly flow at the Laguna Dam gave the estimated
depleted flow (or the normal flow of the river for that year less the w:iur
water used for irrigation) at Black Canyon.

The information desired was the flow for each year at Black Canyon
brought down to present conditions. To calculate this required that to
each year's flow, estimated as above, should be added the amount of water
used for irrigation that year, after which the amount of water used for
irrigation at the present time was deducted. Neither of these quantities
was known and they had to be estimated. These estimates were based on the
assumption that the net use or "consumptive use' of water per annum was
1% acre feet per acre irrigated. This is as good an approximation as can
be made. The amount of irrigation from year to year was calculated on
the basis of the census returns for 1902, 1909 and 1919,

In consequence of these methods the net results arrived at in the

original estimates for the flow at Black Canyon are exceedingly uncertain,
and in the opinion of the Board are too high. .

Yuma Gagings

The Yuma gagings, covering the period from 1902 to 1922, have been
used as a basis for the original estimate of water supply for the Boulder
Canyon Project, and were apparently considered to be applicable to the
average annual flow for at least the 50-year period of amortization.

The average annual flow at Boulder Canyon is estimated by the
Reclamation Bureau at about 16,200,000 acre feet, with a corresponding
anmual flow at Laguna Dam of 15,000,000 acre feet. These figures do not
seem to have been questioned in any reports that have come to the atten-
tion of the Board, except in the Memorandum of Herman Stabler, U. S.
Geological Survey, to the Secretary of the Interior, dated March 17, 1924,
in which the average flow at Laguna Dam was estimated for the period
1878-1922 at 13,600,000 acre feet, or about 10 per cent less than the
amount estimated by the Reclamation Bureau.
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A record of gage heights for the river at Yuma is contimous from
April, 1878, but no actual current meter gagings were made at the station
until 1902. 1In 1902 the Hydrographic Branch of the U. S. Geological
Survey established a gaging station at Yuma which was maintained until the
close of 1906, when the station was taken over for operation by the U. S.
Reclamation Service in connection with the operation of the Yuma Irriga-
tion District.

In 1909 the Yuma gagings were estimated by an Engineer of the U. S.
Geological Survey as probably too large, varying from nothing to 15 per
cent, and he suggested improved methods which were, however, not adopted
until 1918, and the best modern methods were not installed until Jamuary,
1926, The opinion was also expressed to the Board by officials at Yuma
in charge of the gaging work, that the measurements made prior to 1926
were in error and resulted in too high an estimate.

An estimate of the excess of the calculated flow at Yuma above the
actual flow of the river, could be approximately determined only by paral-
leling the present more exact methods of measurement with the methods
formerly used, through two or more seasons of high water flow, and thus
determine the error involved. Any estimate without such determination is
uncertain. In the opinion of the Board the results of the Yuma gagings
are at least 10 per cent too high. These corrections would reduce the
estimate made by the U. S. Reclamaticn Bureau of the average anmual flow
at Laguna Dam, for the period 1902-1922, to about 13,500,000 acre feet.

In this connection the estimates of Mr. Herman Stabler should be
noted, His estimates made from the long record of gage heights and the
measured flows at Yuma, were based on the assumption that the measurements
at Yuma were correct. If the Yuma flows were corrected and reduced, Mr,
Stabler's estimate would also be reduced. Since the Board finds that the
Yuma gagings for the period 1902-1222 are at least 10 per cent too high,
Vr. Stabler's estimate based on these gagings should be correspondingly
reduced, Thus modified, his estimate for the average flow of the period
1887-1904 of 10,420,000 acre feet is reduced to 9,360,000 acre feet.

One of the most important facts shown by these estimates is the
existence of a long dry period in the Colorado River flow prior to 1906.
This low period is clearly shown by an inspection of the Yuma gage heights
for that period. Further investigation of this matter has convinced this
Board that the flows of the Colorado River as determined by the gagings
from 1906 to 1927 are materially higher than the flow for the preceding
20 years, and that a long period of equally low flows must be expected
to recur at any time.

Stream Flow Records

The evidence on which the above conclusion is based is contained in
the following records:
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Green River

The average flow of the Green River, at Green River Station, Utah,
for the period 1906-1917 was 125 per cent of its average flow for the
period 1895-1905, and about 143 per cent of its average flow for the siz-
year period 1900-1905,

Grand River
The average flow of the Grand River at Falisade for the period 1906-
1922 was 122 per cent of its average flow for the period 1897-1305, and

135 per cent of its average flow for the six-year period 1900-1905,

Great Salt lake

The average flow of the tributary rivers into Great Salt Lake, cor-
rected for evaporation and depletion from irrigation, as given in the
Weymouth Report, Vol. 4, for the period 1906-1922 was 134 per cent of the
flow for the vperiod 1889-1905, and 146 per cent of the six-year period
19C0-1905.

Rio Grande
The average flow of the Rio Grande at Del Norte, Colorado, for the
period 1906-1921 was 141 per cent of the flow for the period 1890~1905, and

178 per cent of the six-year period 1899-1904.

The Colorado at Lee's Ferry

The estimate of ®. C. LaRue, U. S. Geological Survey, of the average
flow of the Colorado River at Lee's Ferry for the period 1906-1922, is 130
per cent of the average flow for the period 1886-1905, and 142 per cent of
the average flow for the six-year period 1900-1905.

The Colorado at lLaguna

The estimate of Herman Stabler, U. S. Geological Survey, for the
average flow of the Colorado River at Laguna Dam for the period 1905-1922,
is 161 per cent of the flow for the period 1887-1904.

Salt River
The average flow of Salt River below the Verde River, for the period

1905-1920, was 180 per cent of the average flow for the period 1889-1904,
and 371 per cent of the average flow for the seven-year period 18398-1904.

Rainfall Records

These foregoing several estimates showing deficient flow in the
earlier period, are in part confirmed by the following rainfall records.
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The Great Salt lLake Drainage Area

The rainfall on the Salt Lake area at Corrine, at Ogden and at
Salt Lake City, averaged for the years 1890-1905, 13.92 inches, and for
the period 1906-1922, 16,78 inches, or 21 per cent in excess of the
earlier period. '

The Upper Colorado Drainage Area

On the Upper Colorado River drainage area the average rainfall at
Durango, at San Iuis, and at Grand Junction, for the period 1895-1905,
was 11,83 inches, while for the period 1906-1918 it was 14.92 inches, or
20 per cent above the earlier period.

Conclusions as to Stream Flow

The estimated future flow of the Colcrado River must be based on

the flows of the past with the justifiable assumption that they will recur.
Unfortunately, there are no actual measurements of the flows of the river
for a longer period than twenty-six years, and these were made at Yuma.
The use of these measurements for estimating the flow at Boulder Dam in-
volves the necessity of considering various intervening gains and losses
of water, the amounts of which are based on insufficient data and result
in final estimates which are unsatisfactory.

It is also known that the period from 1905 to 1927 was one of
relatively high flow in the Colorado and also in neighboring streams, and
that this period was preceded by about twenty years of flow much below
the average of the whole period of measurement. Records also show that
periods of high and low flow occur in cycles of very uncertain magnitude
and duration. A low period similar to that which occurred from 1286 to
1905 is sure to recur, and may be expected at any time. It follows that,
in addition to the 10 per cent reduction already referred to, the measured
flow in the 26 years of record must be further materially reduced to care
for climatic variation in order to arrive at a conservative estimate of
the amount of irrigation and power that can be successfully maintained
during a 50-year period by Boulder Dam.

The records of past performance of the Colorado River and of such
other streams in this vicinity as seem pertinent, furnish no basis for
an exact estimate of long-past flows in the Colorado River, There is
naturally considerable leeway in the interpretation of these data, and
estimates based thereon may differ materially. The Board, however,
realizes that in determining the economic feasibility of this project
its estimates should be on the safe side and it has consequently adopted
the following figures for the flows at Black Canyon, without further
depletion:
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Average low flow for a period
of 15-20 years......et-seevee 10,000,000 acre feet

- Average high flow for a similar
ol 1o O SRR et o ITOO00 F %

Average of high and low periods... 12,250,000 " U

It is estimated that the present flow is depleted by water taken for
irrigation in the upper basin by approximately 2,750,000 acre feet, which
amount if added to the above estimated average flow would increase it to
about 15,000,000 acre feet., This is the amount apportioned by the Seven
States Compact for division at Lee's Ferry.

Mineral Salts in the Reservoir

The waters of the Colorado are normally high in dissolved mineral
salts, chiefly carbonates, sulfates and chlorides of calcium, magnesium,
sodium and potassium.. The amount is well within the limits of accepted
practice for irrigation purposes.

For domestic use the salt content is high, several times as high as
it is in the water supply of Chicago, Boston or New York. It is not an
ideal water for such purposes, but the fact that it is usable is demonstrated
by its use in the cities of the Imperial Valley and in Yuma, and in other
communities along the lower Colorado.

The waters impounded in the Black Canyon reservoir will overflow,
to a limited extent, lands in the Virgin Valley that contain beds of
soluble salts, chiefly sodium chloride, sodium sulfate and calcium sulfate.
These salt beds will be dissolved at their outcrops, where submerged, and
this will add appreciably at first to the salt content of the lower Colorado
River waters. liuch trouble of this kind, however, is not anticipated be-
cause most of the outcrops of these deposits lie either above the flow line
or within the flood portion of the reservoir, and in the back-waters of the
Virgin Valley. They will be flooded only a small portion of the time, and
all of the source formations below the water line will gradually be sealed
off. This effect will be produced both by the silt deposited by the in-
flowing waters and by the slumping of the overlying shale beds.

It is the opinion of the Board, in view of these controlling condi-
tions, that the actual salt content will not be increased to an injurious
amount, even in the beginning, and that, in a comparatively short time,
the incoming silt will be so effective in blanketing the salt deposits that
the salt content of the river waters will be reduced to about the present
amount,
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Silting of the Reservoir

The Colorado River carries a heavy load of silt. This has enabled
it to build the great delta which now constitutes the fertile lands of the
Imperial Valley of California and the adjacent districts of Yuma, Arizona,
and of Mexico.

If a great dam is built all of the silt normally carried past its
site will be deposited in the reservoir created, thus progressively re-
ducing its capacity.

The best determinations available indicate that silt deposition in
the proposed reservoir would be at the rate of approximately 137,000 acre
feet per year.

Silt will be deposited at all depths in the reservoir from the very
beginning, thus contimiously modifying the volumes set aside as silt, ir-
rigation and power, and flood conirol reserves. Probably the bottom por-
tion, below the 940 foot contour, intended primarily for silt reserve, will
receive and retain the largest quantity, and the top portion set aside for
flood control will retain the least; but all will be affected.

Then due allowances are made for distribution in the various reserve
portions of the reservoir, it apvears that approximately three-fourths of
the effective reserve capacity for irrigation and power will still be availa-
ble at the end of the first 50-year period, and that a slightly larger pro-
portion of the flood reserve. capacity will still be available.

Ultimately if there is no additional upstream reservoir development
resulting in reduction of the rate of silt delivery, all of the remaining
unoccupied portions of the reservoir would also be filled with the ac—
curmlating silt. To reach such an end would probably take about 190 years.

River Silt Below the Dan

The river below the dam, virtually throughout its course, flows on
silt. A comparatively large amount of silt with associated sand and gravel,
swept down by the river, is accumlated on the more open valley bottoms.

Some of this, of course, is available for transportation on any favorable
opportunity. 7When the dam is built and clear waters issue from the reservoir
a new load of silt will be picked up along its course through these deposits.
In the beginning this load is certain to be about as heavy as it is normally
at present, but, with the contimuous regulation of river flow and the virtual
€limination of high flood waters, a tendency to silt stabilization will
follow as the river becomes more deeply entrenched and develops a paved Dbed.
As soon as this stage is reached alonz the larger part of the course above
the diversion dam at Laguna, silt conditions will have improved. This im-
provement is certain to increase with time.
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It is quite impossible to estimate the rate of improvement or the
time it will take the river to reach such a tondition of stability as to
eliminate the silt burden. The quantities of silt along the river, how-
ever, are limited. Assuming that these silt beds will be attacked vigor-
ously enough so that the river will carry its normal load for a few begin-
ning years, it appears probable that so large a proportion of the im-
mediately available supply will have been removed and the bed of the river
will be so effectively paved with the residual coarser material, that
thereafter an increasingly smaller load will be carried, Ultimately the
silt content will be virtually eliminated. Ve believe that marked improvement
will be shown within the first 10 years, especially in reduction of the amount
of extremely fine suspended silt which at present causes most damage to ir-
rigated lands. Thereafter improvement will be gradual though erratic, on
account of occasional floods.

EOWER
Based on the foregoing estimates of the variation of flow of the
Colorado River, it is believed that under present conditions of irrigation
a contimuous output of 550,000 horsepower, or one million horsepower on a

55 per cent load factor, could be maintained even during the years of normal
low flow.

A fairly rapid irrigation development is, however, to be expected in
the entire Colorado River basin, provided the Seven States Compact is
consummated, and, if the Boulder Canyon Project is undertaken, preparations
for such development may be expected in both the upper and lower basins
during the construction of such project.

As the use of water for irrigation increases, the amount of water
available for power will decrease and a time will arrive when, during periods
of low water, the full estimated amount of power can not be maintained.
Within a 30 or 40 year period, even with a reregulating reservoir, the power
output may be reduced to 5 tenths or 6 tenths of the capacity of the proposed
plant during a long dry period. :

This whole matter is further complicated by the proposed Seven States
Compact. It is quite probable that the Compact attempts to apportion more
water than the actual average undepleted flow of the river. The situation
is still further complicated by the fact that the upper states are authorized
to take more than an equitable proportion of the flow of the river, for any
one or more of a series of dry years, provided they permit a total of

75,000,000 acre feet to flow down the river in a period of ten consecutive
years,

In any event, the upper basin has, by virtue of its location, first
call on the water of the river. The withdrawal of the allotted share of the
anmual flow during any series of years of low flow, may make it impossible
to carry out the terms of the Compact during the latter part of a low ten-
year period. If the low flow continued for a considerable term of years,
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the proposed storage at Boulder Dam would be inadequate to provide suf-
ficient water for the lower valley through such a period. The power out-
put would also be seriously affected, and might be reduced below the
estimated minimum previously stated.

A one million horsepower hydroelectric plant fully loaded and oper-
ating continuously on a 55 per cent load factor, would generate annually
3,600,000,000 kilowatt hours of current. In actual practice this theo-
retical output might be reduced by approximately 10 per cent.

With the uncertainties of the flow at Boulder Dam it is impossible

to estimate closely the average anmial output of power which would obtain
during a 50-year period.

ECONOMIC FEASIBILITY

The time available for the investigaticn in preparation of this report
has not been sufficient to permit the Board to g0 into all phases of this
subject in the detail necessary to fix its findings with the degree of exact-
ness which might otherwise be practicable.

The Board believes, however, that it has been able to review the
available data with sufficient thoroughness to warrant the conclusions
expressed in this report.

In considering the economics of this project the Board recognizes the
importance, among others, of the following factors:

1. While much land has already been brought under irrigation on the
Colorado River delta in Mexico, it is evident that such development has been
retarded by the lack of water available from the River during low water
periods. The storage of flood water in the Blaclk Canyon reservoir and its
release during low water seasons will make more water available in lexico
amnd will invite immediate expansion in irrigated acreage in that country.
7ith the limited water supply available from the Colorado River, every acre
permanently irrigated in Mexico will mean that an acre in the United States
can not be irrigated. Such a limitation on lands would result in a cor-
responding limitation on possible income. It is the opinion of the Board
that it is of much economic importance in this project that an agreement
limiting the amount of water assignable to Mexico should be made prior to
the completion of the Boulder Canyon Project.

2. The Board believes that the growing demand for power in Southern
California, vhen considered on a conservative basis, will be sufficient to
absorb the probable power output of the proposed hydroelectric plant.

3. As a sound basis for estimating the probable power output of a

stream, it is necessary to know the flow of the stream for a long term of
years covering periods of low and high flow of sufficient duration to furnish
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the low, average and high flows for which the plant must be designed. Any
less complete data throw doubt on the estimates, which becomes serious in
proportion to the uncertainties in the data and the magnitude of the in-
vestment.

When this project was first proposed the cost of steam power in
Southern California was such as to leave a reasonable margin of profit
above the probable cost of hydroelectric power generated at the proposed
power plant. With the reduction in costs of power generated by steam,
this margin has been greatly reduced.

The operation, maintenance, interest and sinking fund for the Boulder
Canyon Project must be paid from the sale of power and of storage services,
which latter has been estimated at $1,500,000 per anmum, by the Secretary
of the Interior.

Based on the foregoing and the shortage of power which will occur at .
low flow, the Board is of the opinion that if the Boulder Canyon Project is
completed and put in operation, carrying as it does the costs of flood
protection works and the All American Canal, it will be impossible to meet
operation, maintenante, interest and a sufficient sinking fund to retire the
cost of the project within a S0-year period.

4. It is obvious that the power which can be generated from Boulder
Dam is a valuable resource. If the income from storsze can be reasonably
increased and the capital investment reduced by the cost of the All American
Canal together with a reduction for all or a part of the cost properly
chargeable to flood protection, it would be possible to amortize the remain-
ing cost with the income from power.
COLORADO RIVER BOARD
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