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Reservoirs are becoming an increasingly prominent

“feature of the American landscape. Built for flood
- mitigation and to change a fluctuating river into a de-

et pendable source of water for irrigation, power, and

other purposes, they are predestined, like natural lakes,
to be destroyed sometime following their creation. Sed-

e linentation sooner or later robs most lakes and reser-
3‘ & voirs of their capaclty to store water. The significance
& of sedimentation in the life of Lake Mead, the largest
--¢ artificial reservoir in the world, was reahzed when the
'\ plan for the reservoir was conceived, and an aerial sur-

& vey of the floor was made in 1935 before the reservoir

- filled with water. The survey provided a base for the
e study of future sedimentation.

- A casual view of the magmﬁcent expanse of Lake
<Mead in its desert environment gives no more than a
“hint of the complex actions and interactions within
\ and near the lake that are critical in relation to the
long-term service for which the lake was impounded.
\wl‘he reservoir impounds sediment, dissolved salts, and

-heat as well as water. Each of these has important

“effects on the usefulness of the reservoir. Accurate

. appraisal of the magnitude of the 1mpounded items is

“the key to longtime successful reservoir management.

Such appraisals take the form of budgets, showing the
‘balance between income, outgo, and storage. The sedi-
“ment budget affects the life of the reservoir, the salt

" * budget affects the chemical quality and usefulness of

o the unpounded water, and the heat budget affects evap-
oration and the water balance. This report, although
centered about the sediment budget, treats the other
items to some extent, but each in time will require

e
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separate inquiry. The importance of evaporation al-

ready has led to a separate report on the heat budget.
These prob]ems relate to all reservoirs; but, because
of the great size of Lake Mead, the importance and
complexity of the problems there reach major propor-
tions. The lake offers an opportunity to test and apply
principles that can be derived from study of the sedi-
ment, salt, and heat balances. For these reasons the
Bureau of Reclamation, the steward of the reservoir on
behalf of the people of the country, asked the Geological
Survey to lead a joint study by many scientists of the
diverse and complicated aspects of Lake Mead. The
resulting report is unique in its field because it repre-
sents a study by a diversified group of research scientists
trained in several different fields of research, including
oceanography, hydrology, and geology, working to-
gether on a common problem. Such pooling of talents
promises to become more common in future hydrologic
research because the results of this study have proved
the synergistic value of collaboration.

The specific results of the study are food for specula-
tion about future accumulations of sediment and the
movement of salt. We have assurances that Lake Mead
will not be filled with sediment for at least 350 years
and that it will not become a salt lake. The wealth of
information in this report undoubtedly will be useful
in the operation, not only of Lake Mead, but of many
other reservoirs already built or in prospect.

Carl G. Paulsen
Chief Hydraulic Enginecr
February 1957
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PREFACE

This report on the Lake Mead comprehensive sur-
vey of 1948-49 includes a planned collection of papers
or chapters that cover fully the intensive field investi-
gations in those years, in which several agencies
participated. The technical direction of the compre-
hensive survey was by the U.S. Geological Survey, with
general supervision by C. G. Paulsen, chief of the
Water Resources Division, and R. W. Davenport, chief
of the Technical Coordination Branch of that Division.
W. B. Langbein, hydraulic engineer of the Technical
Coordination Branch, contributed importantly to the
initial conception of the comprehensive survey and ad-
vised in the general supervision. W. O. Smith, physi-
cist of the Water Resources Division, as project chief
for the Lake Mead survey was responsible for the
overall direction of the program. C. P. Vetter, as Chief
of the Office of River Control, Bureau of Reclamation,
the contracting agency, approved the general scope of

_the investigations. He also assisted in the coordination

of the field activities and served as principal consultant
on reservoir engineering problems. G. B. Cummings,
Chief of the Sonar Design Branch of the Bureau of
Ships, was in charge of the activities of the N avy De-
partment and served as principal consultant with
respect to the echo-sounding and communication prob-
lems. Messrs. Smith, Vetter, and Cummings consti-
tuted a project staff representing the three agencies
principally involved in the Lake Mead survey. These
men had primary responsibility for setting the policy
of the report, determining what chapters would be in-
cluded and indicating their general scope; a large pro-
portion of their time was occupied with the project
throughout the period of the field investigations.

The project required the services of many consultants
who advised in matters pertaining to their respective
scientific specialties. Several of these men participated
in the development of plans for the survey; most of
them visited the area at various times during the sur-
vey to consult with members of the field staff. Several
of the consultants have contributed technical reports,
which appear in succeeding chapters. Consultants
within the Geological Survey included: C. S. Howard,
staff chemist, Quality of Water Branch, Water Re-
sources Division; C. B. Hunt, chief (during the in-

vestigation), General Geology Branch, Geologic
Division; H. V. Peterson, staff geologist, Technical
Coordination Branch, Water Resources Division;
R. M. Wilson, chief, Geodesy and Control Surveys
Section, Topographic Division; K. O. Emery, also
professor of geology, University of Southern Cali-
fornia; and C. R. Longwell, also professor of geology,
Yale University.

For the Bureau of Reclamation the following men
advised on specific engineering problems: J. W. Stan-
ley, of the Office of River Control; E. A. Moritz,
director of Region III; L. R. Douglas, assistant di-
rector, and C. P. Christensen, director of power of the
Boulder Canyon project.

Consultants for the Navy Department included:
Gunnar Leifson, head, and M. R. Ullom, assistant
head, of the Survey Branch, Hydrographic Office; Lt.
W. R. Brooks, U.S.N.R., and C. E. Nicholson, engineer
in the Research and Development Section, Bureau of
Ordinance; E. C. LaFond and R. W. Dietz, of the
Oceanography Section, and R. D. Russell, consultant
on geophysics—all of the Navy Electronics Laboratory
in San Diego, Calif.; and C. E. Mongan, Jr., then with
the Sonar Design Division of the Bureau of Ships,
and now physicist with the Edo Corporation.

Other consultants on the Lake Mead survey included
E. J. Parkin, mathematician of the Division of
Geodesy, for the Coast and Geodetic Survey; F. D.
Sisler, research associate of the Microbiology Division,
Scripps Institution of Oceanography, University of
California; W. C. Blaisdell, vice president of Blud-
worth Marine Division of National-Simplex-Blud-
worth, Inc.; R. P. Geddes, Jr., marine manager of
Pacific Division, Bendix Aviation Corporation; and
N. B. McLean, president of Edo Corporation.

In field operations of the Geological Survey at
Boulder City, F. C. Ames, resident engineer, and his
assistant, F. W. Kennon, were responsible for main-
tenance of vertical control, signaling at horizontal ccn-
trol points, drafting of control maps, layout of lines tc
be sounded, and plotting of the results of soundings.
These men also computed the reservoir-area and ca-
pacity tables, using methods developed for the Lake
Mead survey by J. L. Speert, geodetic engineer, Topo-
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VI PREFACE

graphic Division. The third-order triangulation
necessary for horizontal control was done by W. P.
McIntosh and J. P. Minta, under the supervision of
R. M. Wilson. The survey of the Lower Granite Gorge
was made by F. W. O’Bannon, chief of party, under
the supervision of L. C. Pampel. Investigations of the
geologic changes since Hoover Dam was constructed
were made by H. R. Gould, resident geologist, under
the supervision of K. O. Emery. Studies of the sedi-
ments were made by Gould, partly at the University of
Southern California. Irving Sherman assisted in the
analyses of sediments in a laboratory set up in Hoover
Dam. Chemical analyses to determine dissolved solids
in the water were made in the Geological Survey lab-
oratory at Salt Lake City under the direction of C. 8.
Howard.

Underwater soundings were conducted by Lt. C. C.
McCall, Bureau of Ordnance, with a Navy crew of
seven petty officers (Chief minemen: J. M. Dickison,
J. D. M. Freitas, A. B. Holmes, H. E. Knudsen, G. B.
Labagnara, C. ). Malone, and M. L. Perez) under the
general supervision of Gunnar Leifson of the Hydro-
graphic Office. Underwater photographic investiga-
tions were also made by Lt. McCall. D. W. Pritchard
of the Navy Electronics Laboratory directed monthly
cruises on the lake for salinity and thermal surveys.
E. R. Anderson assumed active charge of these surveys
when Mr. Pritchard became associated with the Chesa-
peake Bay Institute, and he prepared the report on
physical limnology in collaboration with Mr. Pritchard.

Biological and biochemical studies of the sediment
were made under the direction of F. D. Sisler of the
Seripps Institution of Oceanography. The changes in
the earth’s crust since Hoover Dam was constructed
were determined on the basis of precise leveling by the
Coast and Geodetic Survey in 1935 and releveling in
194041 and 1949-50, under the supervision of E. J.

Parkin. Analyses of these leveling data were made by
C. R. Longwell.

Some of the papers presented herein rely to an im-
portant degree upon data obtained in other parts of the
Colorado River basin. Included in this category are
discussions of the geologic setting, by C. R. Longwell;
the drainage basin tributary to Lake Mead, by H. E.
Thomas; the water budget for Lake Mead, by W. B.
Langbein; physical and chemical characteristics »f the
inflowing water, by C. S. Howard; life of the reser-
voir, by H. E. Thomas, H. R. Gould, and W. B. Lang-
bein; and the sediment problem in reservoirs, by
Thomas Maddock, Jr.

This report in advance form (Smith, Vetter, Cum-
mings, and others, 1954), was made available to the
public in 1954 by placing it in the open files of the
Geological Survey and by reproduction by the Bureau
of Reclamation, Boulder City, Nev., for distribution
for official use and review by cooperating agencies and
others concerned. H.E. Thomas, of the Geological Sur-
vey, did the final technical editing of this report both
in its advance form and for the present publication.
The original draft of the report was assembled by w.0.
Smith. Base data obtained as part of this investiga-
tion, which will be of use for comparison with future
surveys of Lake Mead but is too detailed for inclusion
in this report, are contained in the Geological Survey
open-file report “Supplemental Base Data for Lake
Mead : Comprehensive Survey of 1948—49.” This report
was also reproduced by the Bureau of Reclamation,
Boulder City, Nev., in very limited quantity for refer-
ence work. The maps showing the bottom of ILake
Mead as determined by the survey were printed only
as overlay sheets to the Soil Conservation Service i ps
of 1935. A summary of the conclusions of this investi-
gation is given in Geological Survey Circular 346,
“First Fourteen Years of Lake Mead” (Thomas, 1954).
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COMPREHENSIVE SURVEY OF SEDIMENTATION IN LAKE MEAD, 1948-49

By W. O. Syith, C. P. Verrer, G. B. Cummings, and others

SUMMARY OF RESULTS
By W. O. SmItH, C. P. VETTER, and G. B. CUMMINGS

This report presents the results of studies of Lake Mead and
its environs made in 1948-49. In the hydrographic survey of
the lake, depths were measured by echo sounding. The equip-
ment operating at 50 kilocycles gave a consistent indication of
the top of the sediment, with error of less than 2 feet. The
instruments operating at 14.25 kilocycles produced an echo
from the sediment surface and, where the sediments were
dominantly silt and clay of moderate to high water content,
produced an echo from the bottom of the old river bed as well.
In the Boulder Basin, complete penetration of some 140 feet of
soft sediment was obtained.

Area and capacity tables, prepared on the basis of this hydro-
graphic survey, show that the total capacity of the reservoir
was reduced 4.9 percent during the first 14 years after Hoover
Dam was completed, but that the usable capacity was reduced
only 3.2 percent. Practically all this reduction was caused by
accumulation of sediment in the reservoir. Studies of inflow
and outflow indicate that the reservoir has a total storage
capacity about 12 percent greater than that shown by the area-
capacity table, because of “bank” storage (ground-water stor-
age) in the bottom and sides of the reservoir. Thus the total
capacity in 1949 was greater than the quantity shown by the
original 1935 area and capacity table, even though large quanti-
tles of sediment had been deposited in the reservoir during the
14 years.

The sediment accumulated in Lake Mead has formed two
deltas. One extends from Bridge Canyon to Hoover Dam along
the thalweg of the Colorado River; the other, of much smaller
size, extends along the inundated Virgin River channel. Most
of the sediment brought into Lake Mead is supplied by the
Colorado River and accumulates in its delta, which thickens
progressively from Bridge Canyon to Pierce Basin, where it
attalns a maximum thickness of 270 feet. Topset beds make
up the surface of this part of the delta. The foreset beds that
make up the delta front in Pierce Basin dip sharply beneath
the lake surface for a distance of about 114 miles, measured
along the course of the submerged Colorado River channel.
From the foot of the delta front to Hoover Dam the slope of
the bottomset beds ranges from 9 feet per mile, between the
delta front and the mouth of Iceberg Canyon, to less than 1
foot per mile, in the southern part of Boulder Basin. The
bottomset beds in 1948 had a minimum thickness of 45 feet in
the Temple Bar area, increasing progressively to 106 feet at

- the dam.

According to computations of the volume and weight of the
accumulated sediment, about 2,000 million tons was deposited
in the reservoir in 14 years; this is within 2 percent of the
amount calculated from measurements of the suspended sedi-

ment carried by the inflowing rivers. It is estimated that the
sediment capacity of the reservoir, when filled to the permanent
spillway crest, is about 75,000 million tons. This quantity is
37 times as great as the amount which occupied 4.9 percent of
the reservoir capacity in 194849, The prediction is based on
estimates that the sediment-storage capacity is about 25 per-
cent greater than the water-storage capacity, and that the mean
specific weight of the sediment will ultimately be nearly 50
percent greater than in 194849, owing to compaction of the
clay and silt. The sediment contributed by the Colorado River
averages about 45 percent. sand and 55 percent silt and clay.
Practically all the clay and much of the silt has been trans-
ported by turbidity currents into the lowest parts of the
reservoir.

The sediment level at the dam will reach the elevation of the
lower outlet gates and the present dead-storage space will be
filled when the total accumulation becomes about seven times
as great as the amount brought into the lake from 1935 to 1948.
The water-storage capacity below the permanent spillway crest
will then be about 22 million acre-feet. This prediction is based
on certain assumptions, of which an important one concerns
reservoir operation. It is assumed that the average operating
level will be at spillway level, 35 feet higher than at present,
and on that assumption it is predicted that approximately 20
percent of the total sediment load will be deposited above the
level of the permanent spillway crest. Lower average operating
levels will reduce the proportion of sediment deposited in the
upper part of the reservoir, extend the delta front downlake,
reduce the area available for deposition of silt and clay, and
result in a more rapid rise of the sediment level at the dam.

If the sediment carried by the river in the years 1926-50
represents the long-term average rate of accumulation in Lake
Mead, it will be more than 4 centuries before the reservoir is
filled with sediment to the level of the permanent spillway crest.
The rate of sedimentation since the first year of Lake Mead
(1935) has been about 20 percent lower than this 25-year aver-
age, and if that rate continues in the future, the life of the
reservoir will be correspondingly greater. Construction of up-
stream reservoirs to capture some of the inflowing sediment, or
transportation of sediment in the outflow through Hoover Dam,
would also increase the life of the reservoir.

The total bacterial population in the sediment near the dam
was found to exceed 1 million bacteria per gram at all depths,
which is comparable with the bacterial population in raw
sewage. Near the mud surface there is a minimum of 10 million
bacteria per gram. By contrast, the water less than a foot
above the sediment surface contained only 100 bacteria per gram.
By comparison with marine and natural lake muds, the Lake
Mead sediments are unique in containing a high bacterial popu-
lation distributed uniformly throughout a deep and loosely
packed layer. Laboratory tests indicate that the abundance

1
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and activity of the microfiora have contributed to the heating
of the fresh sediment layer in Lake Mead, and also that they
affect the hydrogen-ion concentration of the water in the
sediment, which in turn influences the rate of sediment
compaction.

In the first 12 years of Lake Mead, the dissolved mineral
matter in the outflowing water was significantly greater than
the average in the inflowing water, owing in part to solution
of gypsum and rock salt from the bed of the reservoir. Cur-
rently the increased dissolved solids in the outflowing water
can be accounted for almost entirely by evaporation from the
reservoir, which is about 5 to 7 percent of the annual inflow.
The water from Lake Mead is generally of better quality than
the water that was diverted from the river for irrigation prior
to regulation by Hoover Dam, because it represents an average
of the poor water of low stages and the excellent water from
melting snow. Since 1935 the concentration of dissolved solids
in the inflow has ranged from 223 to 1,720 parts per million,
but in the outflow from Lake Mead the concentration has ranged
only from 621 to 824 ppm. The “alkali” problem of the areas
downstream that are irrigated with the Colorado River water
has been decreased to an appreciable extent because of this
stabilization.

Oceanographic techniques were utilized to establish the gen-
eral features of the circulation in Lake Mead. Analysis of
the data collected during 12 monthly cruises on Lake Mead
indicates a distinet and orderly eyclic progression in the dis-
tribution of properties and in the implied circulation, which
can be related to the seasonal changes of weather and river
inflow.

The changes in elevation measured by precise leveling since
1935 indicate that the weight of water and sediment in the
reservoir has caused some subsidence, and that there has also
been an extensive tilting subsidence involving the entire lake
basin and extending tens of miles farther south. The amount
of lowering of bench marks around the reservoir, calculated
with respect to a bench mark at Cane Springs, Nev., has been

relatively small. Hoover Dam was lowered about 0.4 foot
between 1935 and 1930, and bench marks along the shores of
the Boulder and Virgin Basins of the lake (which have 60
percent of the reservoir storage capacity) have been lowered
as much as 0.6 foot. On the other hand, bench marks near
the Overton Arm and east of Virgin Canyon have not dropped
as much as those near the dam. It is concluded that the differ-
ential subsidence has not changed the reservoir capneity
appreciably.

Since 1941 there has been more subsidence at the dam than
at any of the six locations—where the level net provides data
as to elevations—near the shore of the reservoir. The level-
ing operation of 1941 was performed while the rescrvoiv wus
filled nearly to capacity, and the differential rise at these six
locations by 1950 may be an indication of elastic rebound with
reduced load.

Lake Mead had a noteworthy predecessor in the geologic past.
The Colorado River was dammed during the Pleistocene epoch,
forming a lake that was deeper and more extensive than
Lake Mead, in which there was delta deposition similar
to that which has begun since the completion of Hoover Dam.
The lower part of the Chemehuevi formation (deposited iu that
lake) consists chiefly of banded clay, presumably deposi:cd 3
bottomset beds in a deep lake. This clay is thin in Iceberg
Canyon and thicker downstream; extensive remnants occur near
Davis Dam, about 60 miles below Hoover Dam. Sand overlies
the clay, and composes most of the thickness of the formation
in upstream areas. The upper part of the formation con-
sists of river gravel and cobbles, presumably deposited after
the lake was filled with fine sediment. Some of these gravels
are about 300 feet above the high-water level of Lake Mead.
The cobbles in the upper part of the Chemehuevi formation
were transported by a larger and more powerful stream than
the present Colorado River, which apparently carries nothing
coarser than fine gravel into the deltaic fill in the Lower
Granite Gorge.



A. THE LAKE MEAD PROBLEM

By C. P. Verrer, U.S. Bureau of Reclamation

Lake Mead is the reservoir formed by the construc-
tion of Hoover Dam in Black Canyon of the Colorado
River, about 30 miles east of Las Vegas, Nev. The
lake covers parts of southern Nevada and northwest-
ern Arizona (fig. 1.) At Hoover Dam, the Colorado
River constitutes the boundary between the States of
Arizona and Nevada; upstream from the dam, the res-
ervoir inundates about 70 miles of this boundary.
Visitors to Hoover Ham, who number more than 400,000
annually, doubtless agree that here is a modern miracle
of science and engineering. Perhaps relatively few
realize that Hoover Dam is a pioneering project among
large dams, and that Lake Mead is correspondingly
the first of the very large reservoirs. Construction of
Hoover Dam was authorized by Congress in 1928, and
major construction began on March 11, 1931. The by-
pass gates were closed on February 1, 1935, and Lake
Mead began to form.

For the Bureau of Reclamation, this date marked
the end of the period when planning, design, and
construction at the dam were the dominant activities
related to the reservoir, and the beginning of a period
when operation and maintenance were the chief func-
tions. Whereas most projects include diversion works
for irrigation or other uses, the water released at
Hoover Dam is not immediately used for such purposes,
but it continues down the natural river channel to
lower dams and diversion works. The only use of water
near Hoover Dam is for power generation, and the
only other diversions from the reservoir are by pump-
ing directly from the lake, for use in the communi-
ties of Henderson and Boulder City.

Downstream from Hoover Dam six other dams con-
trol the Colorado River. Of these, Davis Dam forms
Lake Mohave with a usable capacity of 1,810,000 acre-
feet, and Parker Dam forms Havasu Lake, capable of
holding 688,000 acre-feet ; the others are diversion dams
that provide no effective storage. All are dependent
upon Hoover Dam for regulation of the river. It is
essential, therefore, that the river below the dam be
controlled by coordinating the operations of the con-
trol structures and rectifying and maintaining the river
channel between structures.

These operational and physical control activities on
the Colorado River are the responsibility of the Bu-
reau of Reclamation and the charge of the Office of
River Control (redesignated “Regional River Control
Division” in 1954) in Boulder City, Nev. Although
the principal duties of that office are operation and
construction, the need for investigations of various na-
tures to provide data for its other activities was rec-
ognized by Congress in the basic legislation under
which the office operates. This authorization for the
Office of River Control to sponsor investigations con-
stituted the justification for the initiation of the sedi-
ment investigations on Lake Mead.

When Hoover Dam was designed and constructed,
some allowance was made for sediment accumulation
in the deepest portion of the reservoir. This sediment-
storage space is located entirely below the sills of the
lowest outlet gates, which are at an elevation of 895
feet, and at the time of closure of the dam amounted
to 3,223,000 acre-feet. Any accumulation of sediment
in the reservoir at elevations above the lowest outlet
gates reduces the usable storage space of the reservoir
and thereby its capacity for regulating the flow of the
Colorado River., It was realized from the beginning
that no means were available for assuring that sedi-
ment. would accumulate first in the designated storage
space. But at the time reliable knowledge of the move-
ment of sediment-laden water within a large storage
reservoir was practically nonexistent.

The amount of the sediment load entering the lake
was known, in tons per day or year. Since 1926, ex-
cept. for a short interruption during the war, the Geo-
logical Survey has: obtained suspended-sediment sam-
ples from the Colorado River in Grand Canyon above
the mouth of Bright Angel Creek (265 miles upstream
from Hoover Dam). Since September 1, 1947, the
Survey has also collected sediment samples from the
Virgin River. These two rivers carry the great bulk
of the sediment that reaches Lake Mead. At times of
cloudbursts, sediment may enter at many points by
way of the numerous washes that terminate in the
lake, but the total quantity received from these small
tributaries over an extended period of time is a small
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proportion of the load entering from the two main
sources, despite the fact that the rate of inflow may be
high while a cloudburst lasts. Fairly reliable informa-
tion is available, therefore, as to the total weight and
composition of sediment entering the lake during any
given period. No detailed information, however, was
available prior to the 194849 survey as to the distri-
bution of this sediment within the reservoir, or the
space actually occupied by the sediment.

During the first year of operation of Lake Mead
it was established that at certain times muddy subsur-
face flows moved the entire length of the reservoir,
eventually reaching Hoover Dam. Accordingly, in
1937 the National Research Council established a Com-
mittee on Density Currents, which in turn appointed
a Subcommittee on Density Currents in Lake Mead.
In response to a request from the subcommittee and
under its auspices, the Bureau of Reclamation conducted
an investigation of the flow of density currents within
Lake Mead, beginning in 1938. The results of the
investigation are given in reports of the subcommittee
~ entitled “Lake Mead Density Currents Investigations”

- (National Research Council, 1949). The approximate
velocity and density of these currents were established,
and large accumulations of fine silt and clay were found
along the entire length of the original river channel,
- reaching a maximum thickness at the dam. At the same
time it was disclosed that, in addition to the material
carried far into the reservoir by density currents, large
volumes of coarser material were accumulating in the
upper reaches of the reservoir, where the muddy flow
enters. The fact that silt and clay in large quantities
were being moved great distances into Lake Mead gave
additional impetus to the desire for an early survey
. of the sediment distribution throughout the entire lake.
" At the same time another problem arose. The water
entering Lake Mead carries large quantities of dis-
solved solids; water released through the Hoover Dam
powerplant and outlet valves carries dissolved solids
away from the lake. From the time the lake was first
filled, careful accounts have been kept of the amount
" of dissolved solids that entered the lake and the amount
that left the lake. The difference between these two
quantities should represent solids still present in the
lake. This theoretical concentration was soon found
to be much less than the actual concentration estab-
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lished by frequent sampling of the lake water. The
only explanation would seem to be that soluble mate-
rials along the lake’s bottom or shores were being dis-
solved. Since the Lake Mead water is used for both
domestic and agricultural purposes, it is obviously of
the greatest importance to watch closely the salinity
of the lake to insure that, so far as can be controlled
by selective operation of the outlet gates, water of the
best possible quality be made available to downstream
users. Thus, there was need for a survey of the dis-
solved solids in the lake.

During World War II it was not practical to secure
personnel and equipment to conduct such large-scale
investigations as a civilian project, but as soon as per-
sonnel and equipment became available again, the need
for thorough sedimentation and salinity surveys of
Lake Mead was again given consideration. It was
recognized that the services of many specialists would
be needed for the satisfactory execution of such a proj-
ect, and that not all the required experts were available
within the Bureau of Reclamation or even within the
Department of the Interior. After some preliminary
negotiations, a meeting was held in Boulder City, Nev.,
in September 1947, attended by representatives of the
Departments of the Interior, Navy, and Commerce, at
which a tentative program was outlined. It was pro-
posed that the Office of River Control should have gen-
eral responsibility for the work for the Bureau of
Reclamation, and that execution of the necessary tech-
nical program should be by the Water Resources Divi-
sion of the Geological Survey. The plan was approved
by the Secretaries of the Interior and Navy in October
1947. Shortly thereafter the Geological Survey and
the Navy had their respective crews on the lake and
work was in full swing.

It is noteworthy that in this undertaking many Fed-
eral and some private agencies worked together effi-
ciently and harmoniously to bring the work to successful
completion. The many important results of the Lake
Mead investigations are outlined in the succeeding
pages.

REFERENCE CITED
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B. ORGANIZATION OF THE WORK AND EQUIPMENT

By W. O. Syrrn, U.S. Geological Survey

The purpose of the field operations at Lake Mead
during 1948-49 was the collection of basic data which,
in conjunction with pertinent data collected at other
times or at other places within the drainage basin,
would permit analysis of the effects of the development
of this huge reservoir. The survey program included:

* (1) mapping of the bottom of the reservoir; (2) com-

putation of reservoir area and capacity tables; (3) de-
termination of the extent and distribution of the bottom
sediments and their physical and chemical properties;
(4) determination of salinity and thermal character-
istics of the lake waters; and (5) precise leveling to
determine changes since 1935 in elevations of stations
in the Hoover Dam level net.

Field headquarters for the survey were maintained

" at Boulder City in space provided by the Bureau of
- Reclamation. The shop and supply facilities of the

Bureau were used extensively in connection with many
phases of the project, and laboratory space was pro-
vided by the Bureau in the powerhouse at the dam.

.. Extensive assistance in both service and use of heavy
. equipment was also provided by the Bureau of

Reclamation.

MAPPING THE BOTTOM OF THE RESERVOIR

The reservoir formed by Hoover Dam includes a
main body of deep water and a narrow, seasonal exten-

!’ « sion up the Lower Granite Gorge of the Colorado

River. Most of the bottom of the main body has been

g inundated continuously since the first filling of the

“ by shallow water only when the lake is at its highest,

reservoir; but the bottom of the extension is covered

stage, and at other times consists only of the channel

g Lhat carries the inflowing river water, and bordering

L areas that are above water level.

Because of the con-

- trasting characteristics of these two parts of the reser-

voir, two groups were organized for the mapping of the
bottom : the one in the lake, employing echo-sounding
techniques and equipment with locations fixed by sex-
tant observations, and the other along the river, using

" lead-line sounding and land-survey methods and

- equipment.
The mapping of the bottom of the lake required the

o+ establishment of horizontal and vertical control, and

a comprehensive system of soundings. The horizontal
control used for the 1935 survey of the reservoir site
by the Soil Conservation Service was reviewed, a new
network of control stations was established, and shore
signals were erected for the new survey.

The new control stations were established in 194748
by a triangulation party that was in the field for about
a year, working ahead of the other parties involved in
the hydrographic survey. Equipment included what
was necessary to execute third-order triangulation, ma-
terials and tools for the installation of more than 300
permanent station markers, an automobile for overland
transportation, and a boat suitable for transportation
on the lake from Boulder City to the shoreline control
stations, most of which were inaccessible except by boat.
Camping equipment and supplies sufficient for periods
of a week to 10 days were also required.

For the erection of shore signals a three- to four-man
party was required intermittently throughout the sur-
vey. Thiscrew was also responsible for establishment of
auxiliary control stations as needed, and for transit ob-
servations of boat positions when necessary. The signal
party consisted of one or two engineers, and two sub-
professional helpers. Equipment included a car for
overland transportation, a boat suitable for transporta-
tion around the lake, transits for observation of signal
and boat positions, and the materials and tools neces-
sary for the erection and maintenance of the shore
signals,

Vertical control required installation and mainte-
nance of several water-stage recorders, the leveling
necessary to tie in certain of these gages to the Coast and
Geodetic Survey precise level net, and the determination
of daily lake elevations for conversion of soundings to
bottom elevations. This work required a three- to
four-man party intermittently throughout the survey.
Equipment requirements were the same as for the signal
party, with the addition of the water-stage recorders
and the stilling wells and shelters necessary for simul-
taneous operation of five gages.

The sounding operations involved a comprehensive
system of sounding lines covering the entire lake, oper-
ated by a trained party of seven men. This work was
done by Navy personnel.
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A 38-foot picket boat, modified to accommodate the
sounding equipment and the operating crew, was used as
the sound boat. The cabin was enlarged by removing
the after bulkhead and mounting the recorders so as to
leave room for a recording table and the sound observer.
A platform was built above the cabin and engine com-
partment to provide space for the plotter, recorder, boat

officer, and three anglemen. Hydrographic equipment -

necessary to the navigation of the sound boat along
designated range lines or courses included sextants, pro-
tractors, sounding clock, compass, ete. Several types of
echo-sounding equipment were used in the survey of the
lake. The NJ-8 depth recorder equipment and the NK-
6 portable depth recorder equipment, developed for the
Navy Department by the Bludworth Marine Division of
National-Simplex-Bludworth, Inc., used a frequency of
14.25 ke for the transmission of sound through the
water, and could be operated in a depth range of 2 to
1,200 feet. The NGB-3 depth-recording equipment,
developed for the Navy Department by the Pacific
Division, Bendix Aviation Corp., operated at a fre-
quency of 50 ke and could record depths between 215
and 300 feet.

During the course of operations in Boulder Basin it
was possible to base all field parties at Boulder City.
For operations in other areas it was necessary to provide
facilities for the parties in the field for periods of a
week to 10 days. A floating base was formed by a 21-
by 105-foot barge, constructed from 5- by 7-foot steel
pontoons. Its facilities included a combined galley and
mess room, bunk space for 16 men, a small office, and a
small workshop. The barge was self propelled, and was

provided with gasoline winches for handling anchor,

derrick, and core-sampling equipment, and with motor
generator units for obtaining electric power and lights.
A twin-engine 45-foot picket boat furnished transporta-
tion to the barge from Boulder City or the nearest access
road ; a landing craft (LCVP) transported supplies and
equipment; and a second self-propelled steel barge,
about 35 by 14 feet in size, housed fuel-storage tanks.
Three 24-foot plane-personnel boats were used for the
topographic work and for the geologic and general
limnologic investigations.

Preparation of charts and maps, for use in the sound-
ing operations and the final plotting of field data, re-
quired the full-time services of an engineer-draftsman,
part-time services of a second draftsman, and a con-
siderable proportion of the time of two engineers.
Determination of contour areas and preparation of area
and capacity tables for the lake required part-time
services of one engineer and two subprofessional

assistants.

The field party for the survey of Lower Granite Gorge
also had a floating base of operations: a barge built of
four aluminum pontoons and decked over by a 2 Ly
50-foot floor. Tents were pitched over 18- by 20-foot
frames at each end of the barge, for use respectively
as sleeping quarters and kitchen for the working crew.
The barge was assembled and equipped at the boat
landing near Boulder City and then was towed to its
first position in Granite Gorge, about 5 miles below
Bridge Canyon. As the survey progressed downstream
the barge was moved several miles at a time to the best
available location.

Other floating equipment used on the river survey
included & Higgins 29-foot inboard-motorboat for
transporting men and supplies from Pierce Ferry fo the
floating base of operations; a Penn Yan 18-foor in-
board-motorboat, with sounding equipment mounted in
the bow, for making underwater cross sections; a 16-
foot air boat, powered by a 135-horsepower aircooled
engine; and two outboard-motorboats, used as work

boats by the survey crew.
DETERMINING THE CHARACTER OF SEDIMENTS

The determination of the chemical and physical prop-
erties of sediments deposited in Lake Mead required
numerous samples, obtained by both surface sampling
and core sampling. The locations for sampling were
selected, preliminary examinations made, and saiijics
preserved by the resident geologist, H. R. Gould, with
assistance of other members of the field staff as
required.

Most of the core samples were taken with a gravity-
type sampler similar to those used in oceanographic
work. The manipulation of this core sampler required
a crew of about six men ; it was performed by the Navy
party under direction of Lt. C. C. McCall. Sampling
was done from the large pontoon barge, which was
provided with winches and a derrick for handling the
heavy equipment, and which had sufficient space for
assembly and removal of cores.

Early in 1949 a piston-type core sampler was de-
veloped by W. O. Smith after Kullenberg’s design
(1947) and constructed for use in Lake Mead. This
sampler provided samples of greater length, and mcre
nearly approaching undisturbed conditions, than sam-
ples obtained with the gravity-core sampler. Piston-
core samples were collected and analyzed under the
supervision of W. O. Smith, assisted by all personnel
on the project except the topographic party. The full
Navy crew was needed for handling the equipment.

A laboratory was set up in Hoover Dam for making
analyses of the samples, including determinations of
the percent of sediment by dry weight, weight of
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sediment per unit volume of sample, grain densities,

and mechanical (particle-size) analyses. Equipment

included a large assortment of laboratory apparatus
. suitable for making the above analyses on a large
i number of samples.

Photographs were made of the sediment surface,
other bottom features, and certain engineering struc-
tures, using underwater cameras and the necessary gear
for operating them in water as deep as 450 feet.

Early in the investigation it was learned that the
temperatures of the bottom sediments, particularly in
the vicinity of Hoover Dam, were considerably higher
““thidn those of the water near the bottom of the lake.
" To determine the cause of the high temperatures, a
" study of the bacteriology and biochemistry of the

bottom sediments was made. Samples were collected
. from a 100-foot vertical section of the sediments near
the dam; they were analyzed in the laboratories of the
pr. Scripps Institution at La Jolla, Calif.

' For measuring the temperatures of the bottom sedi-
i ments, a mud bathythermograph was designed and
constructed by the Navy Electronics Labor'xtory This
- instrument was patterned after the conventional bathy-
; thermograph but modified by the addition of a pointed
g 10se, weighted so as to penetrate the sediment to con-
. siderable depth, and by relocation of the temperature-
7 measuring capillary tubing to reduce hysteresis caused
by mud clinging to the instrument.

MEASURING THE SALINITY AND THERMAL CHARACTER-
‘ ISTICS OF THE LAKE WATER

Surveys of the salinity and thermal characteristics
_ of the lake were made by the Navy Electronics Lab-
- oratory. Personnel of the Oceanographlc Section
- made 12 monthly cruises beginning in February 1948
- for field observations and collection of samples The
vater samples collected during the cruises were ana-
yzed in the Salt Lake City laboratory of the Geological

Survey.
PRECISE LEVELING

The Coast and Geodetic Survey ran precise levels
o stations of the Hoover Dam level net in three dif-
ferent periods, in order to ascertain the extent of de-
“formation of the earth’s crust resulting from the im-
ounded water in Lake Mead. Levels were run in
935, when the reservoir had just begun to fill; in
- 194041, when the reservoir held about 85 percent of
its eapacity ; and in 1949-50, when the reservoir stor-
ge ranged from 60 to 70 percent of capacity.

- The topographic and hydrographic work of the 1948-
49 survey is based upon the primary leveling of 1935,
and no adjustments have been made for changes doc-

b e

umented by the releveling of subsequent years. The
effects of crustal deformation since 1935 upon the ca-
pacity of Lake Mead must therefore be evaluated
separately.

COMMENTS ON OPERATIONS

On the whole, the operations progressed as outlined
at the initial conferences except for delays caused by
adverse weather, principally strong winds. Past rec-
ords of wind movement and information from local
boatmen indicated that strong winds were infrequent
except during March, and it was thought during initial
planning that field operations would be possible fully
95 percent of the time. Actually strong winds oc-
curred very frequently throughout the spring and sum-
mer of 1948. Records at Boulder City indicated a total
wind movement well above the average from January
to August, except in June, when it was about average.
In fact, monthly totals of wind movement for Febru-
ary through May were higher than any recorded in
the preceding 5-year period, and movement in March
and April was 140 percent of average.

As a result, sounding and sampling operations were
possible only about two-thirds of the time in the first
6 months of the survey. Strong winds hampered the
triangulation work to a lesser extent, but they caused
considerable discomfort and annoyance and made
maintenance of shore signals more difficult than had
been anticipated. The work of the water-sampling
crew was occasionally delayed and frequently rendered
diffieult by wind and wave action.

Although wind was a frequent source of delay and
annoyance, there were periods when gentle winds or
calm prevailed. However, from about the middle of
May until the middle of September, the heat and glare
enervated the men and added to the difficulties of
sounding and triangulation. Visibility of shore sig-
nals and triangulation flags was so poor in midday
that triangulation and sounding crews could work only
during the early forenoon and late afternoon. Other
delays were occasioned by difficulties with sounding
equipment and boats, but these were not excessive, fall-
ing in the range of normal operational difficulties.

The personnel that were based on the pontoon barge
were fortunate in comparison with those of the tri-
angulation party or the parties that made monthly
cruises on the lake and made shore camps each night.
Camping operations at all seasons and in all kinds of
weather proved quite unsatisfactory and consumed dis-
proportionately large amounts of time of the technical
personnel. For any future operation of a similar na-
ture on Lake Mead or in similar primitive environ-
ments, it would be very desirable to provide a boat



10 COMPREHENSIVE SURVEY OF SEDIMENTATION IN LAKE MEAD,

sufficiently large to permit a crew of 4 or 5 men to live
aboard for 1- to 2-week periods.

COMMUNICATION FACILITIES
By Lt. C. C. McCarr, USN

Radio communications were necessary for effective
operation both in midlake and along the shore, because
the lake was almost entirely inaccessible by roads. The
survey covered a lake area of about 200 square miles,
of which only Boulder Basin could be surveyed from
Boulder City. Through radio communication, weather
reports were received and transmitted daily, equip-
ment and stores were ordered in advance, and con-
tact was available with personnel based in Boulder
City. Radio communications among the small boats
engaged in the hydrographic surveying, sampling,
erecting signals, and topographic surveying were es-
sential in the surveying operations and also insured
against delay or disaster in the event of breakdown or
trouble that might otherwise maroon them in some
remote part of the lake.

The Department of the Interior was assigned a
frequency for the Lake Mead operations by the Inter-
departmental Radio Advisory Committee. Arrange-
ments for use of certain radio frequencies were made
with the Secretary of the Federal Communication
Commission. A nongovernment frequency, assigned
to the Department of Water and Power, City of Los
Angeles, was also used on a temporary sharing basis
during the course of the survey. The Department of
Water and Power and the staff of its radio station
KIKH at Boulder City generously lent assistance at
all times throughout the survey.

The transmitter selected for installation on the barge
was operated by the 115-volt a-c power supply from
two gasoline-driven generators installed on the barge
for electrical power. Portable radio transmitting and
receiving sets were installed in the small boats engaged
in various phases of the work connected with the sur-

1948—49

vey. The effective range of these sets was ab. 15
miles while operating on Lake Mead, but both the
range and reception were variable, depending on the
location of the boat in the lake and on climatic con-
ditions. Boulder City stations were unuable to com-
municate with the small boats after they had passed
through Boulder Canyon into the Virgin Basin, and
the radios were used chiefly in the Boulder Basin or
within the vicinity of the barge. The 45-foot picket
boat was equipped with a permanently installed radio
receiving and transmitting set that had a greater range
than the portable sets installed on the other boats.

Six portable radio transmitting and receiving sets
were used during the surveys of bays and inlews too
small to set up signals for sounding with the regular
sound boat. These sets were effective within a 4-mile
radius and were far superior to “hand flag” signals i»
surveying by the transit method, which requires that
the survey boat be kept on course by continuous ob-
servations from two points and that these observations
be transmitted continuously to the boat.

The radio equipment used on the boats and barge in
the Lake Mead survey was furnished by the Bureau of
Ships, Navy Department, and responsibility for its
installation and maintenance was assigned to the Elec-
tronics Section of the Long Beach Naval Sy urd.
A fter the original installation, however, the equipment
was operated and maintained by two of the chief petty
officers assigned to the survey crew.

In the lower Granite Gorge two-way radio communi-
cation was maintained between the barge and the
Bureau of Reclamation’s Office of River Control in
Boulder City. The radios were operated on regular
morning and afternoon schedules, with the Boulder
City station on a standby basis during office hours so
that contact could be made in case of emergency on
the job in the canyon.
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LOCATION AND TOPOGRAPHY

The Colorado River emerges abruptly at the Grand
Wash Cliffs in northwestern Arizona from the deep
canyon it has cut into the tabular blocks of the Colo-
rado Plateaus, and continues on a tortuous but
generally westward course for nearly 50 miles (straight-
line distance) into the Basin and Range province (fig.
+ 2). There it turns sharply southward and enters Black
% Canyon, where Hoover Dam now impounds the water
to form Lake Mead. The lake occupies the 80-mile
stretch of the river valley between the dam and the
mouth of the Grand Canyon. Initially it reached
nearly 40 miles farther eastward, between the can-
yon walls; but sediments brought in by the stream
have displaced the lake water within that narrow space.
West of the Grand Wash Cliffs, several arms of the
- lake reach to varying distances up tributary valleys.
The longest branch, in the Virgin River valley, extends
more than 30 miles north from the main body of the
_ Tesorvoir.
. ‘ g From the mouth of Grand Canyon the Grand Wash
¥ Cliffs, rising like steep giant stairs to heights 5,000 or
" more feet above their base, extend far northward and
. southeastward, marking the abrupt western edge of
% the Colorado Plateaus. Between the cliffs and Hoover
" Dam the major topographic features are mountain
- ridges that trend generally north, and intervening wide
basins whose floors have low relief. From east to west
these major units are the Grand Wash trough, which
includes Gregg Basin, Iceberg Canyon, Grand Bay,
_and Pierce Basin of Lake Mead ; the Virgin Mountains,
 traversed by Virgin Canyon of Lake Mead; the Virgin-
Detrital trough, which includes Virgin Basin and
Overton Arm of Lake Mead; the Black Mountains,
« traversed by Boulder Canyon of Lake Mead; and
the Callville Basin, in which is located Boulder Basin
. of Lake Mead (pl. 1). The Colorado River has cut
% deep canyons through the resistant mountain ridges,
~ whereas in the adjacent basins the river valley is com-
paratively wide and low walled. Accordingly, the
_main body of Lake Mead consists of alternating narrow
and wider segments.

b By C. R. LongweLL, Yale University

The Grand Wash Cliffs form the highest and steep-
est topography adjacent to the lake. To the west, high
points of the Virgin Mountains rise more than 3,000
feet above the lake, but the river valley is cut through
low parts of the range, where it forms canyons only a
few hundred feet deep. The head of Boulder Canyon,
at the east front of the Black Mountains, has abrupt
walls that reach 1,500 feet above the lake, but farther
west the slopes adjoining this canyon have more
moderate relief. Black Canyon has abrupt walls
that reached nearly 900 feet above the river, but
less than half of that height is seen from the surface of
the lake. In the wide intermont basins the slopes
toward the lake are in general no more than 300 feet
per mile.

Besides the Colorado River, two perennial streams—
the Virgin River and Muddy Creek—flow into Lake
Mead. All other tributary valleys are normally dry and
furnish runoff only at times of exceptional storms.

STRATIGRAPHY

Bedrock in the area near the lake is highly varied in
kind and in mode of origin (pl. 1). Rock materials of
the highlands are in general older and more resistant
than those flooring the basins. In fact, a considerable
part of the material exposed in the basins consists of
detritus that was eroded from the highlands and is still
either unconsolidated or only moderately lithified. In
general these younger deposits are inconspicuous, for
either they are covered by the lake water or they under-
lie slopes and low hills bordering much of the lake shore.
However, because of their close association with the
lake, these weak deposits are more important to the
present study than the older and generally more resist-
ant rock units, which form most of the conspicuous
cliffs and ridges in the area.

PRECAMBRIAN ROCKS

The oldest bedrock consists of banded and micaceous
metamorphic rocks (gneisses and schists), injected and
locally engulfed by granite and related igneous rock.
In large part both the metamorphic and the granitic
rocks are of Precambrian age; at many localities they
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FIGURE 2.—Major physiographic features of the Lake Mead region.

lie beneath Cambrian strata with depositional contact.
The complex Precambrian basement was well exposed
in the lower part of the Grand Canyon before the reser-
voir was filled (Longwell, 1936), and it appears at the
base of the Grand Wash Cliffs several miles south of the
lake. In the southern block of the Virgin Mountains
the old crystalline rocks are exposed continuously over
a wide area. Along the eastern side of this block, west
and northwest of Iceberg Canyon, the crystalline rocks
pass beneath steeply tilted Cambrian beds. Since the
basal sandstone and conglomerate of Cambrian age con-

tain fragments derived from the underlying crystalline §
rocks, these rocks must have been formed and laid bare
by erosion before the Cambrian seas spread over the
region.
In the Black Mountains, Cambrian strata have not
been found in normal contact with the older crystalline ]
rocks, although on the south side of Boulder Canyon & ;
Jarge block containing Cambrian beds has been faulted 3
down against granite and gneiss. South and east of |
the lnke, the high part of the range consists chiefly of
gneiss, schist, and granitic rocks that can be considered
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with confidence to be Precambrian in age, for they have
- all characteristics of the basement complex in the Vir-
| gin Mountains and the Grand Wash Cliffs. Cambrian
and younger strata that must have covered the meta-
morphic and granitic rocks of the Black Mountains have
been removed by erosion, except in the downfaulted
block near Boulder Canyon. The Precambrian com-
plex has been intruded by masses of younger igneous
rock, but the intrusives have not been differentiated on
plate 1. 1In addition to granitic rocks, bodies of gray
monzonite, locally brown or reddish from alteration,
are exposed over large areas south of Lake Mead, and
on the western flank of the Black Mountains between
_ Boulder and Black Canyons. These intrusive bodies
~ are not older than Cretaceous and may be as young as
- early Cenozoic.

PALEOZOIC AND MESOZOIC ROCKS

North of the Colorado River, essentially the full
'~ thickness of Paleozoic strata, more than 5,000 feet, is
exposed in the Grand Wash Cliffs. These strata con-
sist chiefly of marine limestone and dolomite. The basal
unit, which lies unconformably on Precambrian meta-
morphic and igneous rocks, consists of crossbedded
- coarse-grained sandstone 200 to 300 feet thick. Above
- this unit is a persistent section, several hundred feet
thick, of greenish shale intermixed with sandy beds and
g grading upward into mottled and gray limestone. Ma-
R . Iine fossils found in this section date the basal part as
~ Early Cambrian, the upper shales and a considerable
thickness of overlying limestone as Middle Cambrian,
» and higher limestone as Late Cambrian. Fossils at
still higher levels in the towering cliffs identify rocks
of Devonian and Carboniferous age. The Carbonifer-
ous rocks, which include strata of resistant sandstone
as well as limestone, cap the lower Grand Wash Cliff at
an altitude more than 3,000 feet above the lalke.
Red sandstone and shale in the lower part of the Per-
mian system are comparatively weak; they have been
eroded back from the summit of the lower cliff, forming
a platform 2 miles or more in width. The wide bench
_extends to the upper Grand Wash Cliff, which is capped
' by the Kaibab limestone (fig. 3). The red beds of Per-
mian age are nonmarine, at least in part, for they con-
tain fossils of land plants. The sand, silt, and clay that
f; make up the red beds probably were deposited on flood
* plains and in wide deltas bordering the Permian sea.
The later advance far inland is revealed by the Kaibab

P limestone, which carries a profusion of fossil marine
"~ shells.
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The stratified formations exposed in the Grand Wash
Cliffs correspond closely to the rock units that form the
walls of the Grand Canyon at El Tovar and Bright
Angel Creek (Noble, 1922),.150 miles farther east.
However, there is gradual thickening westward in the
Plateaus, and at the Grand Wash Cliffs the total Paleo-
zoic section is about 1,500 feet thicker than at the classi-
cal localities farther east. Rocks of Paleozoic age
underlie some areas west of the Grand Wash Cliffs
also, but they are everywhere steeply inclined, in con-
trast to the nearly horizontal attitude in the walls of
the Grand Canyon.

Farther north in the Grand Wash trough, and also
on both sides of Overton Arm of Lake Mead, rocks of
Mesozoic age are exposed over considerable areas. The
best of these exposures is in the Valley of Fire, several
miles southwest of Muddy Creek. Triassic and Jurassic
strata, made up largely of shale and sandstone, are
strongly colored, like the corresponding units on the
Plateaus. The Moenkopi formation, of Early and Mid-
dle(?) Triassic age, consists of several hundred feet
of thin-bedded limestone, shale, sandstone, and gypsum,
overlain by a like thickness of brownish and reddish
shale and sandstone. At the base of the Upper Triassic
section are conglomerate and coarse sandstone, in which
are many fossil tree trunks. This unit, typical of the
Shinarump member of the Chinle formation, grades
upward into the varicolored shales and sandstones of
the Chinle formation, the upper part of which includes
thick beds of gypsum. Above lies the Aztec sandstone
of Jurassic(?) age, which normally is brick red, al-
though locally chemical action has changed or even
removed the color. The Aztec, 2,500 or more feet thick,
is strikingly similar to the Navajo sandstone of Zion
National Park, in southwestern Utah.

Strata of Cretaceous age are exposed over an
area of several square miles about 5 miles southwest of
Muddy Creek. These beds, which consist of sandstone,
conglomerate, and shale, with some volcanic ash, are
more than 3,500 feet thick. A conglomerate at the base
contains cobbles and boulders derived from several
older formations, evidence that deformation had
brought a thick section of pre-Cretaceous rocks up into
the zone of erosion (Longwell, 1949). Although strata
definitely dated as Cretaceous have not been reported
from any other locality near Lake Mead, a thick section
north of Las Vegas Wash and only a few miles north-
west of Callville Basin is probably of Cretaceous age.
The beds at that locality consist of conglomerate, red-
dish-brown sandstone and siltstone, and fresh-water
limestone. A conglomerate at the base contains cob-
bles and boulders of all earlier units, down to and in-
cluding the Precambrian.

CRETACEOUS(?P) AND EARLY CENOZOIC(?) ROCKS
OVERTON FANGLOMERATE

Adjacent to the Virgin and Muddy Mountains and

extending into the hilly area northwest of Callville |
Basin, a thick section of deposits ranging in character :
from coarse conglomerate to limestone rests discord-
antly on Cretaceous and older deposits. In the north- §

ern part of the Muddy Mountains, the basal portion of
the younger section consists of coarse debris tha! s

laid down in alluvial fans on the flank of a rising 4

mountain ridge. It is known as the Overton fanglom-

erate of Cretaceous(?) or Tertiary(?) age. The de-™

posit, locally more than 2,000 feet thick, contuains many

individual blocks of limestone 20 or more feet in diam-

eter, and exceptional masses hundreds of feet long.

A high ridge southwest of Muddy Creek, cut through 1
affords ex- |
cellent exposures of the formation in its entire thick-
ness. The persistent coarseness of the debris making
up the deposit, from base to top, indicates that high ]
relief was maintained through the period of acenmu- §
lation. Considerable thicknesses of gray volcanic ash

by several small tributary streams,

are evidence of volcanic activity.

HORSE SPRING FORMATION

Above the Overton fanglomerate are beds of fine

sand and silt, grading upward into a thick section of |

thin-bedded limestone and soft white dolomite that are
interbedded locally with gypsum, magnesite, borate
minerals, and other materials, some of them unusual
in sedimentary sequences. This assemblage is known

as the Horse Spring formation of possible Tertiary §

age. The limestone layers contain many nodules and
lenses of silica, some of which are opalescent. 1. of
white voleanic ash and flows of dark lava occur at sev-
eral horizons in the section.

with shifting boundaries. Although the formation has

been severely deformed and locally removed by erosion, §
large outcrops distributed from the east flank of the
Virgin Mountains southwestward to the vicinity of T.as)
Vegas Wash indicate that the deposits initially covered |

a wide area. The thickest exposed sections are on the
flanks of the Muddy Mountains, in a belt north and
west of Bitter Spring Valley (pl. 1A). Steeply tiltea

limestone of the formation contains the large borate g
deposits at the West End mine, several miles north of

Much of the limestone has ]
the open porosity characteristic of travertine, with al-
gallike patterns of concentric laminae. Many features 4
of the section, including its content of chemical precipi- §
tates such as borate minerals, strongly indicate depo- |
sition in lake waters. Rather abrupt lateral changes |
in the character of deposits suggest a chain of lakes 4

)
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Lake Mead in Callville Basin. Smaller deposits of
borates have been found north of Bitter Spring Valley.

MIDDLE AND LATE CENOZOIC ROCKS
MUDDY CREEK FORMATION

The most extensive of the sedimentary beds that
floor the wide intermont basins are grouped in the
Muddy Creek formation, of probable Pliocene age.
Thesc deposits consist chiefly of sand, silt, and clay
that are only moderately consolidated. Near ridges of
older bedrock these fine-grained sediments grade into
and are interlayered with coarse rubble that was de-
posited in alluvial fans on the lower parts of steep
slopes. Except in these marginal zones, the sediments
are in thin, regular layers that suggest deposition in
shallow lake water. Included are layers of gypsum that
constitute a large thickness, particularly in the wide
arca east of Boulder Canyon. Beds of nearly pure

: ‘rock salt were exposed along Virgin Valley until they

were covered by the water of Lake Mead. A thick de-
posit of glauberite, included between layers of clay,
was prospected west of the Virgin River, about 5 miles
south of Muddy Creek.

The Muddy Creek formation records a long and
varied history. Flows of basaltic lava and also beds
of volcanic ash are included, locally in great thickness,
particularly around the north end of the Black Moun-

-~ tains. At a number of localities in Callville Basin,

older beds in the formation were steeply tilted and
then beveled by erosion; they now lie below younger

¥ beds with sharp angular discordance. On the west side

of the basin, two such angular interruptions within the

$ formation are as pronounced as the break between the

Muddy Creek and older deposits. Evidently there
were strong crustal movements both before and during
the time of deposition. The climate during that time
was generally arid, as indicated by the abundant gyp-
sum, salt, and other saline materials in the Muddy
Creek formation.

Low-grade deposits of manganese oxide occur in the
Muddy Creek formation, at several localities northeast
of Boulder Canyon and in the southwestern part of

4 ... Cullville Basin. The most promising of the deposits

now known was exploited during and after World

War II in the Three Kids district, south of Las Vegas

Wash. There the ore occurs in definite beds in the
lower part of the Muddy Creek formation; the oxide
appears to have been laid down as a sedimentary de-
posit in a shallow lake (Hunt and others, 1942; Mc-
Kelvey and others, 1949).

The deposits of the Muddy Creek formation are so
varied that no local section would represent the forma-
tion as a whole. Before the Lake Mead basin was

flooded, gypsum and anhydrite beds hundreds of feet
thick were exposed in a lowland area of 50-60 square
miles, centered near the mouth of the Virgin River.
Although gravels mantled much of the surface, the
thick saline deposits are probably continuous under an
even larger area of the reservoir floor in Virgin Basin.
Abundant gypsum was exposed also in the Virgin
Valley, now occupied by Overton Arm of Lake Mead,
and several domes with cores of rock salt near the
Virgin River channel suggest large bodies of that
mineral at some depth beneath the valley floor. Thus
saline beds of large but undetermined thickness are an
important element in the lowest known part of the
Muddy Creek formation. Higher clastic deposits are
widespread in the intermont basins, with maximum
thickness in excess of 1,000 feet. Gypsum either in pure
layers or admixed with clay occurs at many horizons
in this part of the section also.

Other deposits in basins adjoining the lake are in
part contemporaneous with the Muddy Creek forma-
tion, but the relation is not everywhere clear. West of
Virgin Canyon, and also extending eastward into the
Grand Wash trough, thick accumulations of coarse fan
debris, now firmly cemented, were derived chiefly from
the Precambrian and Paleozoic bedrock of the Virgin
Mountains, and in smaller amounts from the Grand
Wash Cliffs. Some of this coarse material moved out
from the southern Virgin Mountain block in land-
slide masses, which locally plowed into soft gypseous
sediments that were accumulating on the adjacent basin
floors. Coarse fan material containing very large
blocks of granite and gneiss was moved eastward from
the Virgin Mountains almost to the base of the Grand
Wash Cliffs. This coarse rubble grades upward into
fine gravel, silt, and clay, which north of Lake Mead
is gypseous.

HUALPAI FORMATION

A freshwater limestone, locally hundreds of feet
thick, rests upon the clastic deposits of the Muddy
Creek formation and older rocks. This limestone has
been described as the Hualpai limestone of Pliocene(?)
age (Longwell, 1936, pp. 1429-1440). As stated in
this original description, the Hualpai limestone is the
highest unit of the (Tertiary) basin deposits, and is in
thin and rather regular beds, many of which have the
porous structure characteristic of travertine. The
formation is distributed over an irregular area, measur-
ing 25 miles from east to west and a comparable
distance from north to south. The Hualpai limestone,
in contrast to the complex assemblage of deposits that
preceded its deposition, is a homogeneous formation
over a wide area. Near the base it contains scattered
pebbles and sand, and locally it includes thin beds of
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shale and siltstone; but in the main the formation con-
sists of limestone, nearly aphanitic and with consider-
able porosity, in beds that are thin and remarkably
regular. The original maximum thickness cannot now
be estimated with any assurance, but certainly it ex-
ceeded 1,000 feet. The original horizontal extent must
have been much greater than the area delimited by
present outcrops.

The Hualpai limestone caps many flat-topped buttes
that are prominent in the eastern part of the Lake
Mead area; examples are The Temple and Napoleons
Tomb, which rise abruptly on opposite margins of the
lake west of Virgin Canyon. The thick type section of
the limestone is exposed south of Virgin Canyon, along
Hualpai Wash; and good outcrops appear in bluffs
along the road that leads from U.S. Highway 466 to
Pierce Ferry. Near this road, from the lake south-
ward, are excellent exposures of the coarse fan debris,
the higher siltstone and clay, and the capping lime-
stone. All these deposits are in nearly horizontal beds,
which on the east side of the basin overlap the edges of
Paleozoic strata in the lower Grand Wash Cliff and
on the west are deposited against and partially conceal
Tassai Ridge, which is made of Paleozoic strata tilted
steeply eastward in a downfaulted block (fig. 8). This
block was entirely buried beneath the younger deposits
before the Colorado River and its tributaries removed
large quantities of the weak basin deposits as they cut
their valleys to present levels. The weakness of the
material is demonstrated by extensive slumping from
the steep walls of The Temple during the few years
that the waters of Lake Mead have been in contact
with the lower half of this high butte, which is made
chiefly of cemented coarse rubble capped by Hualpai
limestone (pl. 25).

The limestone has rather thin, irregular beds contain-
ing concentric forms that suggest algal growth while
the limy deposit was forming. These forms weather
out as nearly spherical balls, from 14 to 3 or more
inches in diameter. Although some of the limestone is
compact, much of it is full of small cavities that are
locally coated with black manganese oxide. It has
the appearance of gray to reddish-brown travertine.
The character and distribution of the deposit strongly
suggest that it was formed in a lake that had con-
siderable width from north to south and extended west-
ward from the Grand Wash Cliffs probably to the
Black Mountains.

CHEMEHUEVI FORMATION

Since the Colorado River valley was first cut ap-
proximately to its present form, sediments have been
deposited that record important events in the regional

history. The most. extensive of these deposits, known
as the Chemehuevi formation of Pleistocene age, con-
sists of clay, silt, and gravel that once filled the valley
to a height several hundred and perhaps a thousand
feet above the river bed at the site of Hoover Dam.
Remnants of the formation are distributed along the
valley below the dam (Lee, 1908, pl. 3B), and many
others were visible between the dam and the Grand
Canyon until most of them were covered by the wuiis
of Lake Mead. The highest of these, east of a looping
bend in the valley south of Iceberg Canyon, is more
than 200 feet above the high level of the lake.

In its lower part the Chemehuevi formation con-
sists chiefly of banded clay, which must have been de-
posited in a deep lake; near Hoover Dam and farther
downstream, these clays are several hundred feet thick.
Above them the deposit consists chiefly of sand, with
river gravel near the top. Farther upstream, near Tce- 4
berg Canyon and in the Grand Wash trough, sand
makes up the greater part of the thickness; clay in the
lower part is thin. Presumably the narrow part of e §
lake in the Grand Canyon was soon filled with river
sediments, and the front of the delta continued to ad- |
vance down the lake. At a distance from this front ;
only the fine sediments, carried in suspension or Ly
turbidity currents, were laid down. Eventually thelake
was filled with these fine sediments, and the river de-
posited its gravels widely at the higher level. Later }
the stream cut down to the bottom of its old valley,
and the weak sediments of the Chemehuevi were re-
moved except for remnants in the more protected
places. Many remnants of gravel-covered terraces |
record stages in the history of downcutting. :

In the vicinity of Hoover Dam there is clea evi-
dence that the river flowed at a level higher than the |
rim of Black Canyon.. Along the east flank of the
prominent. hill known as Sugarloaf, on the Arizona
side southeast of the dam, a large bar made of gravel
that is typical of the Colorado River reaches an alti- .
tude well above 1,500 feet, or fully 900 feet above the
low-water stage of the river at the damsite. The peb-
bles and cobbles are derived from many types of rock,
some of which are not known to crop out nearer than
50 miles upstream from the bar; all are rounded and ]
smoothed in the fashion characteristic of coarse debris |
rolled on the bottom of a large and powerful sivim;
and all, even those composed of weak limestone, show |
negligible effects of weathering. About half a mile
northeast of the Sugarloaf bar and only a little lower
in altitude, large potholes have been worn Lo depth
of several feet into resistant volcanic rock by the ac- |
tion of a swift stream carrying coarse gravel along its
bottom. Such gravel, like that in the channel of the "




‘modern Colorado River, partly fills the potholes and
forms bars nearby.
The potholes and gravel deposits in their locations
bove the rim of the canyon indicate that the canyon
as filled, and that on the high surface of the fill the
ver wandered from its old course, to which it became
adjusted with renewed downcutting. Presumably
e fill consisted of the Chemehuevi formation, even
though none of this weak material now remains on
¥ the steep slopes near Hoover Dam. In protected areas
- farther south along Black Canyon, remnants of river
l sravel and also clay and sand of the Chemehuevi occur
far above the river. Large remnants of the Chemehuevi
extend far back from the river on both sides of Pyra-
mid Canyon, near the new Davis Dam, 60 miles down-
stream from Hoover Dam. Clay from the Chemehuevi
formation was used in large quantities in the construc-
on of this earth-fill dam.
Mfmy remnants of the Chemehuevi lie along the
irgin and Muddy Valleys. Possibly of contempo-
sraneous origin are light-colored clays that are wide-
,:spread in the low ground around Las Vegas. The
Chemechucvi formation, particularly the basal banded
.clay and overlying sand, records a deltaic deposition
10t appears to be strikingly parallel to that which is
curring in Lake Mead since the completion of Hoover
Dam.
The cause of ponding of the Colorado River to make
the great Chemehuevi Lake has not been determined.
occurred during the Pleistocene epoch, or Great Ice
Age, when all of western United States had a more
luvial climate than at present. Perhaps the large
quantities of coarse gravels in the upper part of the
i Chemehuevi were transported by a much larger and
“more powerful stream than the present Colorado River,
"\\hlch apparently carries nothing coarser than sand
nto the deltaic fill near the mouth of the Grand

VOLCANIC ROCKS AND RELATED INTRUSIVE BODIES

No igneous rocks of Paleozoic age are known in the
; gion. None have been identified in the formations
of Triassic or Jurassic age, though possibly some of
he clays of Triassic age contain altered volcanic ash,
g 23 is true of the clay of the Chinle formation in parts
the Colorado Plateaus (Allen, 1930). The Creta-
ceous rocks southwest of Muddy Valley contain con-
Bisiderable volcanic ash that is little altered, as well
a8 clays that have the characteristic properties of
bentonite. These Cretaceous formations show, by re-
urring conglomerates made up of fragments from
A many older formations, that strong crustal disturbance

Wi e,
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was in progress during their deposition. Volcanic ac-
tivity would logically accompany such disturbance.

Both the Overton fanglomerate of Cretaceous(?)
and Tertiary(?) age and the Horse Spring formation
of Tertiary(?) age include beds of volcanic ash. These
formations (on pl. 1B mapped with the Tertiary vol-
canic rocks) record continued crustal movements.
North of Las Vegas Wash there are extensive flows of
basaltic lava in Cretaceous(?) beds below the Horse
Spring formation. These are the oldest lavas that have
a known relation to sedimentary formations; however,
some of the undated volcanic rocks in the Black Can-
yon area may well be older.

The northern part of the Black Mountains is made
chiefly of volcanic rocks cut by dikes and other in-
trusive bodies. Near the Virgin River valley many
of the lavas are interbedded with the Muddy Creek
formation of Pliocene age; but much of the igneous
complex is older than the Muddy Creek. The walls
of Boulder Canyon reveal a thick sequence of lavas,
strongly tilted, and intruded by sills and dikes. In
large part this assemblage has been altered chemically,
probably by circulating hot vapors and solutions con-
nected with the igneous action. Large masses of the
rock have been reduced to soft claylike material, which
is highly colored. Similar alteration has affected the
igneous rocks near the head of Black Canyon; the
west and south flanks of Fortification Hill are spectac-
ular from the resulting coloration.

The walls of Black Canyon near Hoover Dam dis-
play a great thickness of lavas and related volcanic
rocks, steeply inclined to the northeast. From the
vicinity of Callville Basin southward for hundreds of
miles, volcanic and other igneous rocks underlie large
areas in a wide belt reaching far east and west of the
Colorado River. In fact, the course of the river west-
ward from the Grand Wash trough marks a general
boundary between regions that differ strikingly in
character of bedrock. North of this boundary are
great thicknesses of sedimentary formations, in which
marine limestones are abundant. In the wide belt to
the south these formations are almost entirely lack-
ing; in their place above the Precambrian basement
are thick sections of volcanic materials, with local ac-
cumulations of gravel and other waterlaid sediments.

In the vicinity of Black Canyon the igneous rocks are
of many kinds. A large area around Boulder City is
underlain by quartz monzonite, a granular rock that re-
sembles granite but contains less quartz. This large
mass was formed at considerable depth below the sur-
face, where slow cooling of the molten rock permitted
growth of large mineral grains. Similar bodies are ex-
posed on the west flank of the Black Mountains. North
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of Boulder City, and also east of Hoover Dam, the in-
clusion of large block of limestone of Paleozoic age in
igneous bodies proves that sedimentary formations, now
widespread farther north, extended also across the
Black Canyon area when the igneous masses were
intruded. Because erosion to great depth was required
to lay bare the coarse-grained igneous rock, presumably
there was large uplift of the area from Callville Basin
southward during or after emplacement of the igneous
masses. Erosion after the uplift carried away the
sedimentary formations, leaving only isolated remnants.

Volcanism may have been active while uplift and
erosion were in progress. The volcanic rocks now pre-
served represent eruptions in a late stage of the ero-
sional history, for these rocks rest on intrusive bodies in
the Hoover Dam area and on Precambrian basement a
few miles farther south. Lavas, breccias, tuffs, and
glasses make up the volcanic section. The lavas range
in composition from dark basalt, through brownish an-
desite and other intermediate types, to light-colored
rhyolite. Fragmental materials, from coarse breccia to
fine-grained tuff, record explosive activity. Obsidian,
perlite, and other forms of glass are abundant at many
localities. There was vigorous erosion during the vol-
canism, and deposition of gravel in local valleys or
basins. Such gravels, firmly cemented and with volcanic
rocks both below and above, are exposed in steep cliffs
along the highway east of the dam. Cuts along the
highway give excellent exposures of the varied lavas
and related rocks—dark basalt and andesite, brown and
reddish latite, tuff ranging in color from almost white
to green, and glass that varies from shades of gray to
black. In total thickness the volcanic rocks measure
thousands of feet.

The history of volcanism was long and complex.
Thick sections were tilted, eroded, and buried by later
accumulations. Inthe area from the dam southward, at
least four distinct generations of volcanic rocks are rec-
ognized. Centers of eruption are marked by plugs,
dikes, and irregular intrusive bodies cutting the older
units. Although none of these rocks along the river
have been definitely dated, they are in large part older
than the Muddy Creek formation and therefore prob-
ably were erupted before middle Cenozoic time. The
oldest may be contemporaneous with the ash deposits in
Cretaceous rocks of the Muddy Mountains. Lavas of
the Muddy Creek and younger formations are chiefly
dark basalts; a good example is the thick section of flows
capping Fortification Hill, near Hoover Dam. Exten-
sive sheets of basaltic lava are included in nearly uncon-
solidated gravels southeast of Lake Mead, and some
beds of volcanic ash occur in the Chemehuevi formation
of Pleistocene age.

1948-49

STRUCTURE OF THE BEDROCK

In contrast with the nearly horizontal attitude and
the continuity of strata over large areas of the Colo-
rado Plateaus, the older formations west of the Grand .
Wash Cliffs are in many places broken, steeply tilted, !
and folded. The most complicated deformation is;
found in the Muddy Mountains, where wide pluics of |
limestone of Paleozoic age have been thrust many miles 3
over younger formations, crumpling, shattering, and
locally overturning the beds. Although the deforma- "8
tion occurred before the Horse Spring formation was 4
laid down, later disturbances folded and tilted this ;
formation also. These crustal movements occurred in §
the Cretaceous period and perhaps continued into early
Cenozoic time, as part of a regional upheaval that|
affected a wide belt west of the Colorado Plateaus and
extended northward into the Northern Rocky Moun-
tains. e

Following this early deformation there were rv o' ed
movements on steep fractures, on some of which the]
total displacement is measured in thousands of feet.:
Volcanic eruptions occurred in this period of unrest,
and sections of the volcanic rocks were lrolen und -
tilted. In the east flank of the Virgin Mountains, some g
of the formations are repeated as a result of movement |
along faults of large displacement. Along the west]
side of Iceberg Canyon, limestone beds of Carbonifer-4
ous age are inclined about 70 degrees eastward; di-
rectly east of this canyon are much older beds Wlth‘
similar inclination (pl. 2). The beds on the west were
dropped nearly 5,000 feet along a fault inclined at a;
low angle toward the west. A similar fault & ..iles]
farther east is responsible for another repetition of
formations. From the relation of these tilted blocks]
to the strata exposed in the Grand Wash Cliffs, the %
greatest fault in the group is considered to be hidden §
by younger sedimentary material that floors the basin
directly west of the cliffs. This great fracture, along
which the Kaibab limestone was dropped thousands of
feet below its position in the upper cliff, is known as}
the Grand Wash fault (fig. 3). 1

The main block of the Black Mountains either was’
lifted along major faults or remained high while;
blocks on both sides were depressed (fig. 3) "hel
southern Virgin Mountains block was rotated about
its long axis; the east side subsided thousands of feet, {
and the west side was lifted in almost equal measure,
Much of the faulting occurred before the Muddy Creek
formation and related basin sediments were deposited;
but there was additional movement during that de- |
position and later. The higher masses have been sub- ;
jected to erosion, and the resulting rock debris has |
been washed into the basins. This interplay of block
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STEEPLY DIPPING STRATA OF CARBONIFEROUS AGE ALONG GRAND BAY, LAKE MEAD

Similar strata form the west wall of Iceberg Canyon, in background.

Airphoto by Bureau of Reclamation.
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movement, erosion, and sedimentation during much of
Cenozoic time has produced the characteristic features
of the Basin and Range province. Some of these fea-
tures are exceptionally well revealed in the Lake Mead
area, because the Colorado River and its tributaries
have removed from the basins much of the concealing
sedimentary fill,

Movement on some large faults in southern Nevada
is still in progress, as is indicated by broken alluvial
slopes at the bases of steep range fronts. Differential
vertical movements in the vicinity of Lake Mead, re-
vealed by precise leveling since 1935, may in part
reflect the added load of water and sediment in the
lake basin. However, these movements may have been
in progress before the Hoover Dam was built, and the
added weight may or may not have had an appreciable
modifying effect.

SUMMARY OF GEOLOGIC HISTORY

During all of the Paleozoic and much of the Mesozoic
era of geologic history, a lapse of time reckoned to
be about 400 million years, the Lake Mead area was
part of a wide region that subsided slowly. During
much of this time the region was the floor of a wide
sea. Sedimentary deposits accumulated, but continued
subsidence kept the region either below or slightly
above sea level. By Early Cretaceous time the sedi-
mentary section, made up of limestone, shale, and sand-
stone, was many thousands of feet thick; all these thick
formations were essentially horizontal over a vast area.
Mountain-making forces then came into play, buckling
and telescoping the strata in a wide belt. Coarse de-
bris eroded from growing mountain ridges formed
thick alluvial deposits, and sediments of finer grain ac-
cumulated in lakes. ‘Volcanic activity began, and
through a long time it added complexity to the bed-
rock geology. Contemporaneously there was uplift
and depression of crustal blocks on great fractures.
Debris washed from the high blocks was deposited
in the basins, and eventually the mountain ridges were
almost buried in their own debris,

The date of establishment of the Colorado River as
a through-flowing stream is not yet known (Longwell,
1946). It is able to flow through the wide desert re-
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gion because its upper reaches receive abundant water
from high mountains and plateaus. The Rocky Moun-
tain region attained its present height by successive g
major uplifts, the latest of which occurred in late
Cenozoic time (Atwood and Mather, 1932). Prob
ably this elevation of the region brought on a more
pluvial climate, and the Colorado River developed as
a channel to carry the surplus water toward the south- 8
west. The Grand Canyon was cut as the river low- g
ered its channel across the rising plateaus (Dutton,
1882). In the Basin and Range region to the west the

river became incised across hard-rock ridges such as]

the Black Mountains, while erosion removed much of §

the weaker basin fill on either side to make the low- ¥
lands of Callville Basin and the Virgin-Detrital]

trough. Thus Boulder Canyon and similar deep, nar- WP
row segments of the river valley have maintained their
form because of resistant bedrock in their wallsj
whereas the valley has grown wide and low walled in]
the intermont basins that were filled with weak ™R "

sediments.
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Lake Mead is in the Lower Colorado River Basin,
g¥as defined in the Colorado River Compact of 19222
¥Hoover Dam is about 354 miles downstream from Lee
¥ erry, which is the Compact point marking the lower
llinit of the Upper Colorado River Basin. The Lower
FBasin, however, provides only a very small propor-
gtion of the water that flows into Lake Mead; these
:ntributions come from the Little Colorado River, the
Virgin River, small perennial or ephemeral creeks, and
ome fairly large springs in northern Arizona. In an
Fiverage year about 95 percent of the inflow to Lake
F Mead comes from the Upper Basin. Thus the water
1t accumulates in Lake Mead comes from an area
hat extends far beyond the limits of the area encom-
ppassed by the reservoir survey of 1948-49. Basic water
Mata collected by the Geological Survey in coopera-
lion with the States of Arizona, Colorado, Nevada,
New Mexico, Utah, and Wyoming constitute a broad
eral outline of the hydrologic conditions in that
ge tributary area, hut they are far from adequate
BOr comprehensive planning of water-resource develop-
ftiént above Lake Mead. This section summarizes these
Xisting data and provides a background of informa-
on-as to the source of the water and sediment in
W Lalo Mead.
@ The part of the Colorado River drainage basin tribu-
uiry ito Lake Mead comprises about 168,000 square
Philes, or 5 percent of the continental area of the
United States. If this vast area has one characteris-
jtic in common, it is perhaps the lack of hospitality
o, mankind. Very little of the area is desirable for
habitation, and the lands occupied by the basin are
Becordingly among the least populated parts of Colo-
tido, Wyoming, Utah, New Mexico, and Arizona.
plhe basin has a greater range in physical charac-
istics than is to be found in most other areas of
Fcomparable size on the North American continent.
| A Ply§iographically, it includes several of the highest

e The agreement concerning the apportionment of the use of the waters
Bt the Colorndo River System. dated November 24, 1922, executed at
7 “2'a Fe, N, Mex., by Commissioners for the States of Arizona, Cali-

otuin, Colorado, Nevada, New Mexico, Utah, and Wyoming, approved
E¥Ecrbert Hoover as representative of the United States of America,
roclaimed effective by the President of the United States of
, June 25, 1929,
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D. DRAINAGE BASIN TRIBUTARY TO LAKE MEAD

By H. E. Taomas, U.S. Geological Survey

peaks of the Rocky Mountains as well as high moun-
tain valleys and broad upland plains, extensive pla-
teaus and spectacular canyons, broad alluvial valleys,
and desert ranges. Climatologically, the basin pre-
sents the extremes of year-round snow cover and heavy
precipitation on the higher peaks of the Rockies, and
desert conditions in which annual precipitation is com-
monly less than 5 inches. The temperature range is
from the temperate—as in the mountain meadows of
Colorado and Wyoming, where there is a scanty 90-day
growing season—to the semitropical—as near Lake
Mead, where only occasional winter frosts oceur. Geo-
logically, the rocks in the basin are of a wide variety of
types, ranging in age from Precambrian to Recent.

As might be expected in a region of such diverse
physical characteristics, there are some areas with very
high rates of runoff, and other areas that yield prac-
tically no water to the Colorado River; also certain
areas in which the streams are generally clear, and
other areas that are major contributors of the sedi-
ment that enters Lake Mead.

PHYSIOGRAPHY

The drainage basin tributary to Lake Mead includes
parts of five physiographic provinces as outlined by
Fenneman (1930). The easternmost part of that basin
is within the Southern Rocky Mountains province,
which comprises high mountain ranges and intermon-
tane valleys. Characteristically, this part of the basin
receives heavy precipitation, and most of it is covered
by forest and alpine flora. Many of the largest streams
of the Colorado River system—the Yampa, White, Col-
orado, Gunnison, Dolores, and San Juan Rivers—rise
in this mountainous province.

The northwestern part of the Colorado River basin
lies within the Middle Rocky Mountains province. Like
the Southern Rockies, this province is composed of high
forested mountain ranges and intermontane valleys.
Because of its generally higher latitude, the growing
season in these valleys is shorter than in valleys of the
Southern Rockies, and the annual evaporation rate is
less. In this province are the headwaters of the Green
River and many of its important tributaries.

21
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Between the Middle and Southern Rocky Mountains
is the Wyoming Basin, a physiographic province char-
acterized by elevated plains in various stages of ero-
sion, and isolated low mountains. Precipitation is
generally less than 20 inches a year, and the basin is
classed as semiarid. Most. of the streams draining this
area are intermittent; they contribute only small quan-
tities of water to the Colorado River system, chiefly
during annual freshets.

The central part of the drainage basin tributary to
Lake Mead is within the Colorado Plateaus province.
Some of these plateaus are high and forested, and they
receive a moderate amount of precipitation; others are
lower canyoned plateaus of high relief; and large areas
are rather thoroughly dissected. The precipitation
over most of the plateau country is scant. Sonoran
types of vegetation—including pifion, sagebrush, and
grasses—provide sparse cover, leaving large areas of
bare or thinly mantled rock. The streams rising in the
plateau country make relatively small annual contribu-
tions to the flow of the Colorado River; the Little
Colorado River is the largest of these contributors.
In drainage basins where steep, barren or sparsely
vegetated slopes are prevalent, rainstorms may produce
high runoff for short periods. This is particularly true
of the southern part of the drainage basin, where in-
tense summer rainstorms may produce flash floods that
constitute a substantial proportion of the annual
runoff.

The lowest part of the drainage basin tributary to
Lake Mead is in the Basin and Range province; the
lake itself is almost entirely within this province. The
climate here is arid, and the desert mountains and
valleys contribute practically no water to the lake ex-
cept after exceptional rainstorms. Two perennial
streams enter Lake Mead within the province: Muddy
Creek, which has a sustained flow from springs, and
the Virgin River, which derives most of its water from
high plateaus and from the Pine Valley Mountains in

southwestern Utah.
GEOLOGY

The geology of the drainage basin tributary to Lake
Mead is sufficiently diverse that its problems attract
specialists in all phases of the earth sciences. Rocks in
the area range in age from Precambrian to Recent and
in type through a wide assortment of igneous, sedi-
mentary, and metamorphic. Deposits of economic
value in the basin include gold, silver, lead, zine, cop-
per, molybdenum, antimony, vanadium, and uranium;
coal, petroleum, natural gas, oil, shale, and rare hydro-
carbons ; phosphate rock, potash, salt, gypsum, helium,
and carbon dioxide; and construction materials. The
broad, simple structures and easily recognized strata

of the plateau country attract the hobbyist without ]
formal training in geology; vet the complex structures
of many of the mountain ranges are bruin tease:. .ur
the ablest geologists and geophysicists.
The geologic formations of the tributary drainage |
basin are significantly related to the water and the dis- '™
solved and suspended materials that enter Lake Mead. §
A negligible proportion of the runoff is derived by
direct precipitation upon the stream channels. Some- |
what larger quantities may result from overland run-
off, particularly from bare rock or impervious mantle
rock. Most of the runoff is derived from melting of
winter accumulations of snow in the higher mountuins,
but nearly all this water moves for at least a short dis-
tance through the soil or underlying ground wu.r
zones before reaching the streams. The quantity of
runoff generally is only a minor fraction of the precipi-
tation upon the region and represents the excess of
water beyond the requirements for transpiration by .a¥
plants and for direct evaporation, Pervious rock mate-
rials that absorb a large proportion of the precipitation
may subsequently be dewatered by evapotranspiratioy
draft or by discharge of ground water to streams.
Thus the geology is a significant factor in the precipita-
tion-runoff relations throughout the tributary basin,
The chemical constituents carried by the river are
derived in part by solution of rock materials over
which the river and its tributaries flow. The. ihe
Colorado River in its annual flood stages laps against
beds of gypsum in Cataract Canyon in southeastern
Utah, and some of that rock is dissolved and carried %
away in the river. Some tributaries likewise tlow di-
rectly over soluble bedrock, and as a result their waters
have a high mineral content—a fact that is suggested
by the names given to several small streams in the
basin, such as Onion Creek, Salt Wash, Saleratus Wash,
and Gypsum Canyon. However, outcrops of soluble
bedrock in stream channels occupy a very small propor,
tion of the total channel area, and the quantity of dis-
solved materials derived from them is also <iall
fraction of the total dissolved solids carried into Lake
Mead.
Most of the dissolved material in the river is derived]
from ground water. The most obvious sources are e
saline springs along the main stem and tributary chan
nels, springs rising from limestones or igneous rocks
fault springs, and return flow of irrigation water
Ground water seeping into the river and its tributarie
carries a large proportion of the total dissolved solidg
of the river. Types of rock that are important con
tributors of dissolved materials include evaporites
shales, and sandstones. These rocks crop out Driich
pally in the Colorado Plateaus and the Wyoming Basi



The geologic formations cropping out within the
drainage basin are also the ultimate sources of the sedi-
ent carried by the Colorado River and its tributaries.
he formations include a great variety of rock types,
saunging from highly indurated to loosely cemented or
unconsolidated rocks. Individual sedimentary forma-
tions commonly include a wide range in textures, both
horizontally and vertically. A thorough appraisal of
the sediment-producing characteristics of any part of
the basin would require detailed geologic mapping of
those formations and, in addition, mapping in cor-
responding detail of the soil or mantle conditions, the
vegetative cover, and the topography. Such mapping

has not yet been completed for any major part of the
Colorado River basin.

A rough comparison of the sediment-producing capa-
hilities of various parts of the basin may be made on the
busis of the generalized outcrop areas as shown on the
geologic map of the United States. Extensive areas,
especially near the boundaries of the basin, are under-
lain by indurated rocks that are resistant to erosion.
For the most part these rocks form the inountain ranges
and are of Paleozoic age or older. However, there are
also extensive areas of volcanic rocks, including some
that are remote from mountainous areas, which are for
the most part of Tertiary or Quaternary age. Gener-

“ally the streams rising in these areas are fairly free of
sediment at all seasons. The rocks most common to the
reas that produce relatively clear water are crystalline
a:d metamorphic types, lavas, limestones, and well-
cemented sandstones and conglomerates.

Much of the drainage basin in the Colorado Plateau,
and nearly all of the Wyoming Basin, is underlain by
shale, mudstone, and clay—rocks which upon weather-
ing yield predominantly silt- and clay-sized particles.
The silt-producing formations are chiefly of Mesozoic
and Tertiary age. The Little Colorado, San Rafael,
and Dirty Devil Rivers drain basins in which fine tex-
tured materials predominate.

A classification of the drainage basin according to
- capabilities of producing sediments, as inferred from
reologic maps, is presented in figure 4. Although the
w - rock outcrops and the mantle rock formed from them
constitute the ultimate source of the sediment load car-
L ried by the river, it is likely that only an insignificant
i part of the load comes directly from those sources.
¢ Indeed, the main stream and tributaries rarely come
L in contact with bedrock except in their headwaters, and
instead the bed and banks of the channels are formed
i Of stream-borne sediment, or alluvium. Geologic re-
¥ connaissances show that the area covered by alluvium
is only a very small proportion of the total area of the
basin, but that, rather generally throughout the basin,
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the river and its tributaries are cutting both downward
and laterally into the alluvial deposits of past centuries.
These alluvial deposits are believed to constitute the
immediate source of much of the sediment now moving
toward Lake Mead.

WATER

The Colorado River is most impressive in its canyons
below the mouth of the San Juan River—in Glen Can-
yon, or in Marble Canyon or Grand Canyon where
tourists most commonly view it. Viewed from the rim
of one of these canyons, the river is a thin ribbon of
water that is dwarfed by the massiveness of the setting.

The great plateau country of northern Arizona and
southeastern Utah provides a scenic environment and
much sediment for the river, but little more. Of the
water that enters Lake Mead, only slightly more than
5 percent is contributed by the small streams of Ari-
zona, Nevada, New Mexico, and southern Utah. All
¢he rest comes from Colorado, Wyoming, and northern
Utah by way of the main stem of the river or its
principal tributaries. Indeed, more than three-fourths
of the annual inflow to Lake Mead is derived from the
high headwater areas of streams that rise in the numer-
ous ranges of the Rocky Mountain chain.

For the most part the arid plateau land contributes
only enough water to the river to offset the rather
sizable losses from the river due to evaporation and
transpiration. Along extended segments of the river
there is practically no inflow during most of the year,
and because of the evapotranspiration draft the river
passes through those reaches with a net loss during
most of the year.

The sources of the inflow to Lake Mead during the
1948 water year are shown graphically in figure 5. It
is evident from this diagram that the main stem of the
Colorado in Utah and Arizona, as well as the channel
of the Green River below the Uinta Basin and the
channel of the San Juan River below the mouth of the
Animas River, serve principally as conduits for water
that has originated in headwater areas to the north and
east.

The concentration and chemical character of dis-
solved solids in the streams vary considerably through-
out the year. As a rule the concentration is greatest
during periods of low flow and least during flood
periods. Howard (1948) has shown that there is a
progressive downstream increase in concentration of
dissolved solids both in the Colorado River and in its
principal tributaries. These increases are caused
chiefly by natural ground-water inflow and by return
water from agricultural and industrial developments.
Large increases are recorded, for example, in a short
reach of the river near Grand Junction, Colo., where
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there is considerable return flow of irrigation water to

the stream.
SEDIMENT

Historically the sediment has always been a con-
spicuous feature of the Colorado River, as indicated by
the name “colored river”, first applied by the early
Spanish explorers. At all times the observer is likely
to be impressed by the murkiness of the water of the
main stem and its principal tributaries—generally
tawny brown, perhaps reddish or grayish, but character-
istically muddy.

The rock materials which the streams have trans-
ported and deposited during the latest geologic epoch
are classified by geologists as Recent alluvium. This
alluvium forms the flood plains that flank the main
stems and tributaries along many miles of their courses;
it constitutes the islands, bars, and shoals in the river
and underlies the river channel. In places where the
channel is constricted, the alluvium may be as much as
200 feet thick, as shown by test borings at prospective
dam sites. And in the broad valley plains the Recent
alluvium may form the surficial material in a belt as
much as 3 miles wide.

The ultimate source of the Recent alluvium is the
older rock formations of the drainage basin, and the
fragments that result from their weathering. Where
gradients are steepest—chiefly in the small tributary
channels—a stream may flow directly over bedrock for
some distance; and in other reaches the channel may be
bordered by bedrock walls. In these places the stream
itself becomes the eroding agent, and acquires some sedi-
ment directly from bedrock. Overland flow over bare
or impermeable rock material may also carry sediment
into the streams.

It is likely that only a negligible proportion of the
sediment in Lake Mead has moved continuously from
its original source. Generally the process of sediment
transportation is a series of short travels, with inter-
vening deposition and reexcavation. Typically a stream
that is eroding along a certain reach will carry some of
that sediment only to a reach having lesser gradient, and
the sediment remains there until a greater volume of
water can carry it farther. The tributaries quite gen-
erally have higher gradients than do the main stems,
and boulders and blocks that can be moved by those trib-
utaries may come to rest opposite their mouths, in the
main stems. Practically all of the rapids in the Colo-
rado and Green Rivers in Utah are caused by this accu-
mulation of coarse detritus at the mouths of tributaries.

Climatologic conditions are a factor contributing to
the discontinuity and irregularity of sediment transpor-
tation. Many of the minor tributaries that drain the
Colorado Plateaus have high peak discharges during

August, September, and October, following intense
rainstorms, and may carry heavy loads of sediment to
the Colorado River at that time. That river ordinarily
is at relatively low stage during those months and is
unable to carry the heavy load; consequently, much of
the sediment may be dropped along its channel. Trans-
portation of such debris may not be resumed until the
high main-stem flows of the succeeding year. The me-
chanics of sediment transportation are compl.:, .nd
there is not necessarily a close correlation between pre-
cipitation over the drainage basin, runoff, and sediment
load in a designated period.

In its relation to the stream system, the alluviwun may
be classified as (1) sediment “in transit”—sediment
moving either as suspended load or as bed load moving
along the channel bottom; (2) sediment in “live stor-
age”’—sediment that is temporarily at rest in bars,
islands, stream banks, and bottoms, where the annual
fluctuations in streamflow may readily place it in transit
again; and (3) sediment in “dead storage”—alluvium
that has remained in place for a long time beneat!: f:.0d
plains or far beneath the channel bed, where reexcava-
tion and further transportation are unlikely unless there
are appreciable changes in runoff, gradient, or other
controlling factors.

SUSPENDED LOAD

Data concerning the sediment load during the water
year 1948, based on samples collected daily or oftener,
have been obtained by the Geological Survey at eight
stations in the drainage basin tributary to Lake Mead.
During the year records were begun at half a dozen
other localities, which permit a more thorough «nal s
of the transportation of sediment by the river and its
tributaries during subsequent years.

The suspended load during 1948 is shown graphically

on figure 6. Although the data are inadequate to show |

how much sediment is carried by several of the tribu-
taries that are suspected of being important contrib-
utors, comparison with figure 5 shows that the streams
that yield most of the water do not carry a proportionate
share of sediment. In 1948 the flow of the Colorado
River at Cisco, Utah, plus that of the Green River at
Green River, Utah, was more than three-fourths of the
total that entered Lake Mead (fig. 5) ; but the scdiment
passing those two points was less than a quarter . the
amount entering the lake. On the other hand, the rec
ords for three tributaries in the southern part of the

basin—the Little Colorado, Paria, and San Juan Riv- "9

ers—show that these streams yield a far greater propor-}
tion of the suspended sediment than of the water that
reaches Lake Mead. It is inferred from the sediment
“pickup” along the main stem in southern Utah and
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Arizona that other small tributaries in this area are
likewise important contributors of sediment.

The areas from which the bulk of Lake Mead sedi-
ment is derived are in the Colorado Plateaus province
in Arizona, southeastern Utah and New Mexico. These
areas are generally remote from the highest parts of
the basin and include the areas having least precipita-
tion and least runoff in the drainage basin. If the res-
ervoir sedimentation is to be controlled, it would appear
that the control must be in these areas.

Long-term records of suspended sediment are avail-
able at four stations in the tributary drainage basin.
These records indicate that the sediment transported
during the water year 1948 was close to the average
annual load in the period 1930-48. Probably more than
95 percent of the sediment entering Lake Mead passes
through the Grand Canyon, where records of the sus-
pended load have been obtained since 1925. Beginning
with the water year 1930, similar records have been ob-
tained for the Colorado River at Cisco, the Green River
at Green River, and the San Juan River at Bluff, all
in Utah. The annual variations in suspended load at

Grand Canyon and the proportions of that load that
pass the three upstream stations are depicted in figureT,
In the period of record at Grand Canyon, the year of
highest runoff (1929) was also the year of greatest sedi-3
ment contribution, and the year of least runoff (1934);
was also the year of least sediment transportation]
There are striking variations in the proportions of thg
load that pass the three upstream stations from year to"
year, though it is generally true that the San Juan Il
carries less water and more sediment than either the
Green River or the Colorado River above its junction
with the Green. There is a noteworthy contrast between
1939 and 1943, two years of approximately equivalent
sediment load at Grand Canyon. In 1943 the load meas-¥
ured at the three upstream stations amounted to one
third, but in 1939 to more than two-thirds, of theQ
quantity measured at Grand Canyon.

BED LOAD

In many of the canyons of the Colorado and its prin~ ,
cipal tributaries, the stream bed is composed pred: - |
nantly of sand and gravel, boulders, and huge block
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and one might conclude that if the river moves such
material it must have truly magnificent power. Ac-

ually, the water moves around the larger obstacles,
tnd if they are displaced at all it is for a negligible
distance. Individual boulders can be identified in the
same positions as when they were photographed more
than 40 years ago. Other evidence that gravel or larger
size fragments are not carried far by the main stem
may be deduced from the distribution of rocks of cer-
3 tain distinctive types. As an example, pebbles of
trnchyte or of basalt in Glen Canyon may be identified
£ in the deposits of the Colorado River, but only a few
miles below the lowest tributary that drains the out-
crop areas of those rocks, which are, respectively, in
the Henry Mountains and on the plateau near Navajo
Mountain. Finally, gravel is rare among the river
deposits in the lower parts of reaches of low gradient,
of which Glen Canyon and the Uinta Basin are good
examples. It is concluded that for the most part the
gradients along the river are insufficient for large-scale
movement of gravel in the bed load.

Although the movement of gravel in the larger
~reams, expressed in ton-miles, is considered to be
small, the total transportation of sediment along the
bed may be significant. This bed-load transportation
is not included in determinations of suspended load.
It is likely that it represents a higher proportion of
the total sediment in transit at some gaging stations
han at others. For example, along the main stem of
the Colorado River suspended load is being measured
in the Grand Canyon, where turbulent flow, rapids,
and high gradients occur throughout a long reach of
the river; at Lees Ferry, where smooth flow and low
gradients are characteristic of the river upstream in
b Alen Canyon, and steeper gradients and turbulent flow

- are the rule downstream in Marble Canyon; and at
Hite, in the upper part of Glen Canyon, where stream
gradients are gentle and where the river might be ex-
pected to drop some of its suspended load after a tur-
bulent course through Cataract Canyon. Comparing
these broad physical characteristics at the three sta-
tions, it might appear that the proportion of bed load
should be least in the turbulent flow of Grand Canyon,
v and greatest at Lees Ferry where the velocity is in-

e+ creasing near the head of Marble Canyon. It is likely,
however, that the proportion of bed load is determined
partly by the changes in gradient and velocity in the
iinmediate vicinity of the sampling points, and data
are not available as to these factors at the established
gaging stations.

LIVE STORAGE

, Aerial photographs taken in different years com-
'monly show many changes in the channel during the
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intervening period: meanders may have enlarged in
some places and the channel straightened elsewhere,
islands and bars shown on earlier photographs may have
disappeared or changed in shape, and new ones may
have appeared on the later photographs. Marked
changes are noted in comparisons between the topo-
graphic maps of 30 or more years ago and aerial photos
taken in the 1930’s. Channel sections measured during
stream-gaging operations showed marked differences
from season to season, and sometimes from week to
week, particularly in certain reaches of the streams.
All these are evidences of the marked changes in live
storage of sediment in the stream channel.

It appears that streams on a rising stage carry in-
creased sediment in transit, and on a falling stage they
drop the sediment from suspension, thus increasing the
live storage. At some places, as for instance along the
San Juan River at Shiprock, N. Mex., the channel scour
is so great at peak discharge that the gage height may
be very little above, or even lower than, the height
recorded when discharge of the stream is at minimum.

No quantitative surveys or even detailed reconnais-
sances have been made to determine the volumes that
may be involved in this type of “live” storage along the
channel. It is probable, however, that the total volume
along the main-stem channels may be many times the
average annual deposition of sediment in Lake Mead.

DEAD STORAGE

By far the greater part of the Recent alluvium along
the Colorado River and its tributaries above Lake
Mead is not readily accessible for further movement
downstream. This alluvium underlies the channel at
depths that are not reached by the normal scouring
action of the river but that have been penetrated in
test drilling; and it forms the flood plains, which are
known to antedate the first visits of white men by many
centuries, and which in many places are covered by
profuse vegetation. Even this alluvium has by no
means reached a permanent resting place, however.
Under natural conditions the only resting place for
sediment was at the mouth of the river in the Gulf of
California; but the creation of Lake Mead above
Hoover Dam has afforded a temporary substitute for
this resting place. The alluvium upstream from Lake
Mead is merely interrupted in its movement down-
stream, but much of it will not be dislodged until some
major change occurs in the basin: a change in climate
or vegetative cover resulting in markedly greater sea-
sonal or annual runoff; increased stream gradients due
either to diastrophic movements or to further down-
ward cutting of the channels; or modification of the
natural conditions by development projects. In con-
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sequence of water-resources development, for example,
the release of clear water below Hoover Dam caused
erosion of the river channel, which had been stable
under natural conditions when the river carried a heavy
sediment load.

At some places in the Colorado River basin, grada-
tional processes are now at work on sediment that has
long been in “dead” storage. Streams are eroding
some flood plains that had become fairly stable fea
tures of the landscape, but it is not known whether

major changes in climate, vegetative cover, or physi-
ography are involved. Detailed analysis of the areas
of renewed erosion and their recorded history may
result in establishing the date when renewed erosion
began, and the causes of that erosion.
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E. PRECISE LEVELING

By E. J. Parxin, U.S. Coast and Geodetic Survey

The lirst geodetic leveling in the Hoover Dam area
for the purpose of studying the expected deformation
of the earth’s crust caused by the tremendous load of
impounded vwater was run in March and April 1935, its
_aiuls supplied by the Bureau of Reclamation. Because
this leveling was run to establish a basic net that could
be releveled to determine the actual amount of the
movement, it was executed under special instructions

stipulating a maximum tolerance of 3.0 mm v between
the forward and backward runs (where & is the length
of the section in kilometers), instead of 4.0 mm VK,
which is usual for first-order leveling. The 1935 level-
ing was done at the time the reservoir had just begun
to fill, and the elevations therefore represent the con-
dition at the time of nearly minimum load.

The level net was rerun in October 1940 to April
"2 1. also with the aid of Bureau of Reclamation funds.
During the period, the water storage in the reservoir
ranged from about 23.3 million to 24.5 million acre-feet,

pbout 85 percent of capacity. The latest leveling of

network was run, partly with Bureau of Reclama-
tion funds, between December 1949 and July 1950. In
those months the reservoir storage ranged from 17.5
million to 20.8 million acre-feet, and thus was less at
all times than during the 1940-41 leveling. Both the
levelings of 1940-41 and 1949-50 were run with the same
tolerance, 3.0 mm vX.

ADJUSTMENTS

T'l:¢ network of leveling in 1935 was adjusted to the
sea level datum of 1929 by holding fixed the eleva-
tions resulting from previous adjustments for a ring
of junctions on the perimeter of the net. This “supple-
mentary” adjustment was made to obtain elevations
_consistent with the surrounding control, and the eleva-
tions thus obtained are those which are published for
use of the general public.

Iv was considered advisable, from the standpoint of
future study, that a “special” adjustment should be
made in which the elevations would be free of the
effects of warping due to fitting to the older net. Ac-
curdingly a second adjustment was made, in which only
one elevation from the first adjustment was held fixed.
The elevations resulting from this special adjustment

are the ones used as a basis for comparison with eleva-
tions determined subsequently.

The total amount of leveling in the net in 1935 was
711 miles, of which 83 miles of spur lines did.not enter
into the adjustment. The average rate of distribution
of adjustment corrections derived from the special ad-
justment was 0.19 mm per kilometer. The maximum
rate on a line of appreciable length was 0.39 mm per
kilometer on a line 59 km long.

The leveling of 194041 followed as nearly as possible
the same routes as the leveling of 1935. A new line in
Arizona, extending from a point 15 miles north of
Chloride to a point 6 miles west of Pattersons Well, was
added to the net. Since the lake was filled nearly to
capacity at the time of this leveling, it was necessary
to install tide gages at four locations on the lake shore
to provide connections for the lines across the lake.

To produce elevations for comparison with those of
the 1935 survey, a special adjustment was made to the
194041 net, holding fixed only the elevation of bench
mark R1 (at Cane Springs, Nev.) derived from the
special adjustment of the 1935 leveling. The two cir-
cuits on either side of one line, formed by the water
connection between the gages at Hualpai Wash and the
Lake Shore mine and the leveling from that point to
the junction 10 miles east of St. Thomas, Nev., showed
closures of nearly 0.1 meter and of opposite sign.
Since these closures are nearly twice the allowable
limit, this line was omitted from the special adjust-
ment.

The total amount of leveling in the 194041 net was
715 miles, of which 117 miles, not included in the adjust-
ment, is accounted for by spur lines and the omitted line.
The average rate of the adjustment correction was 0.11
mm per kilometer. The maximum rate was 0.25 mm
per kilometer on a line 128 km long. After the com-
pletion of the adjustment, the fitting of the omitted
line required that a correction of 95.6 mm be distrib-
uted in this 54-km line, yielding a rate of 1.77 inm per
kilometer. The 3.0 VA criterion would allow a rate of
0.41 mm per kilometer on this line.

The latest leveling of the network was done in 1949-
50 and covered substantially the same routes. Dur-
ing this season’s work the line in Arizona from a point

31




32 COMPREHENSIVE

10 miles south of Chloride via Kingman and Hack-
berry to 6 miles west of Pattersons Well, as well as the
spur line from Moapa, Nev., to Beaver Dam Creek,
Ariz., were omitted. Tide gages were again operated
to provide connections across the lake.

The “special” adjustment of the 1949-50 net to pro-
vide elevations for comparison with previous work was
made by holding fixed only one elevation. This was
again the elevation of bench mark R1 at Cane Springs
resulting from the “special” adjustment of the 1935
leveling.

The total amount of leveling in the 1949-50 survey
was 582 miles of which 39 miles of spur lines was not
included in the adjustment. The average distribution
rate was 0.14 mm per kilometer and the maximum on a
line of appreciable size was 0.29 mm per kilometer on
a line 29 km long.

It is to be noted that all three sets of elevations, de-
rived from the “special” adjustments and used for pur-
poses of comparison, are therefore based on the same
elevation of bench mark R1 at Cane Springs, Nev.

HOOVER DAM LEVEL NET

The routes of the leveling that constitute the Hoover
Dam net are shown on plate 3 except for the line

SURVEY OF SEDIMENTATION
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(added in 1940-41) from 15 miles north of Chloride to
6 miles west of Pattersons Well. The locations of the
bench marks to which levels were run in 1935 and agaiu
in 1940-41 are accurately plotted with their desig-
nations. The figures given in parentheses are the dif-
ferences in millimeters between the 1935 elevations and
the elevations determined in 1940—41. In each case the
elevation is derived from the appropriate “special” ad-
justment. A negative sign with the difference indi-
cates that the later elevation is less than the 1935 eleva-
tion—that is, the mark has settled. Conversely, o plus
sign indicates that the later elevation is greater.
cause of the high rate of correction distributed on the
1940—41 leveling of the line from the Lake Shore mine
to 10 miles east of St. Thomas, caution is advised
against drawing definite conclusions from the diver-
gences shown along this one line.

The figures in brackets given with the designations
are the divergences between the 1935 elevations and
those determined during the 1949-50 leveling, the ele-
vations being those resulting from the “special’ adjust-
ments. As in the previous case, the negative sign in-
dicates settlement of the mark and positive sign up-
ward movement.

)
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F. INTERPRETATION OF THE LEVELING DATA

By C. R. LoneweLL, Yale University

Leveling data from the Hoover Dam net are pre-
sented graphically in two ways. First, the net is di-
vided into 19 segments, and along each segment the data
on altitudes are represented in profile in plate 4. For
the entire net, differences in level are available covering
the interval 1935 to 1940-41. These differences, along
ench segment of the net, are shown by the relation of a
dotted line to a straight line marked 0. Similarly, the
total differences for the interval 1935 to 1949-50 are
shown by the relation of a dashed line to the straight
zero line, in all segments of the net for which these dif-
ferences are available. Segments are crooked in various
degrees, and in constructing each profile the locations of
stations were projected at right angles to the straight
zero line of the profile. Profiles then were shifted some-
what, to avoid interference with each other and with
other features of the map. Leveling values are in milli-
meters, hence the vertical scale of profiles is grossly
exaggerated.

The second graphic presentation is by use of contours
in figure 8. Since large extrapolation from available
stations is required, these contour maps can be accepted
as rough approximations only; additional values for
areas between lines of the present net would no doubt
alter the positions of contours appreciably and make the
over-all patterns more complex. Nevertheless the maps
probably depict reasonably well the major changes, and
supplement usefully the profiles of plate 4.

Construction of the profile for the southern Virgin
Mountains was made with due regard for the warning
by E. J. Parkin against drawing firm conclusions from
tlie 1935 to 1941 divergences along the line from the
Lake Shore mine to St. Thomas Gap, because correc-
tions on this line are in excess of the allowable limit.

PERTINENT GEOLOGIC FEATURES

The entire area covered by the level net lies within the
Basin and Range province, which is characterized by
large faults, some of them the locus of important move-
ment within late geologic and even within historic time.
No accurate geologic map of the area is available; but
the locations of some faults are known, and the general
boundaries between major outerops of bedrock and allu-

viated basins are shown in plate 4. Alluvium extends
to considerable depth in the interior parts of nearly all
wide intermont basins; and in some basins that are
bounded by large faults, the thick alluvial cover reaches
to the borders of adjacent ranges. On the other hand,
in some wide areas the alluvium above bedrock is thin
or of only moderate thickness. Thus some but not all
of the highland boundaries shown in plate 4 mark im-
portant changes in subsurface conditions.

The eastern lines of the level net are near the major
Grand Wash fault zone, which separates the Basin
and Range province from the Colorado Plateaus.
Thick alluvial deposits lie along this zone. Opposite
the mouth of Grand Canyon these deposits are broken
by a fault, about 5 miles west of the high cliffs that
mark the western edge of the plateaus. The greater
part of Lake Mead lies west of this weak zone, and
we should like to know whether the added weight may
have caused depression relative to the plateau mass,
which appears to be an exceptionally stable tectonic
unit. Unfortunately, no part of the level net is on the
platean block (but see p. 74). Also, since the net was
not established until filling of the lake began, it is not
possible to distinguish changes in level that may be
related to the lake from changes that may have been
in progress before the Hoover Dam was built.

PATTERN OF THE CHANGES IN LEVEL

Although the individual changes in level are small,
the general consistency of the over-all pattern is im-
pressive. A conspicuous feature brought out by the
profiles of plate 4 and the contours of figure 8 is a
broad basinlike depression centering in the vicinity of
Boulder Canyon. The general form of this depression
and the amount of closure—about 70 mm—remained
strikingly unchanged from 1940-41 to 1949-50, al-
though the area as a whole continued to subside
during that interval, and a pronounced regional tilt
extended to, and apparently beyond, the southern limit
of the level net. During the interval from 1935 to 1941
the general tilt was southeastward; the vicinity of
Corn Springs was not involved and subsidence near
Nipton and Searchlight was small and irregular,
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whereas the depression near Hackberry was exceeded
only in the basin near Boulder Canyon. In 1950 the
area of general depression reached west of the level
net (figz. 8), and along the south side of the net the
recorded maximum was near Searchlight; data for
the Hackberry-Kingman area are not available.

During the interval from 1941 to 1950 the total area
affected by subsidence was considerably enlarged, and
the over-all tendency was tilting toward the south-
west. The basin that centered near Boulder Canyon
was maintained but not appreciably deepened. There
is a suggestion of a basin or a southward-plunging
trough west of Searchlight, but the values from the
level net are too few and too small to give a trust-
worthy picture.

The sharply localized cone of depression centered
at Las Vegas involves the largest changes in level re-
corded in the survey. This cone, superimposed on the
wider pattern of disturbance, probably has a separate
explanation—the withdrawal of water from the ar-
tesian basin that has supplied the Las Vegas com-
munity. The maximum depression revealed between
1935 and 1940-41 was 100 mm at station X169; during
the period from 1941 to 1950 the maximum lowering
increased to 350 mm at station L169 and the cone
widened appreciably. This result is in accord with
the accelerated use of water attending rapid growth of
the community. Because this cone is not related to the
major problem considered here, it is not given further
attention in this report.

A pronounced feature that persisted through the
second and third surveys of the net indicates a positive
movement west of St. Thomas Gap, astride the narrow
arm of Lake Mead. Positive values persist through
more than 5 miles of the traverse, and reach a maxi-
mum of 36.5 mm. Though the values are small, reality
of the uplift is strongly supported by the nearly iden-
tical patterns for 1940—41 and 1949-50.

The evidence generally indicates continued subsidence
in all parts of the level net since 1935, and actual uplift
is shown at only a few locations other than the one cited
above. At a few other places a downward tendency
before 1940-41 was in part reversed during the later
interval. Several abrupt changes, both downward and
upward, affecting single stations or a few neighboring
stations, may reflect local slumping or earth flowage.
The most pronounced of these changes, near the Hual-
pai Wash gage, is recorded in the data for both 194041
and 1949-50; one station (H129) shows depression of
470 mm, whereas the stations J129 and 1245B directly
north and south of it have gone up slightly. The abrupt
drop of station 17120 near the Detrital Wash gage may
have resulted from solution of saline deposits that

underlie that area. Most of these isolated changes are
not represented in the profiles of plate 4.

Changes along the lines Moapa-Cane Springs and
Moapa-Beaverdam Creek are too small and erratic for
confident representation on the contour maps.

POSSIBLE CAUSES OF CHANGES IN LEVEL

The shifting of large loads at the earth’s surface is a
matter of much concern in geologic study. Generally
such shifts are extremely slow from the human view-
point, and evidence bearing on the effects of waxing and
waning icecaps, the filling of a geosynclinal trough, or
the growth and disappearance of a great lake such as
Bonneville is incomplete and in several respects equivo-
cal. Repeated checking of the Hoover Dam level net
furnishes quantitative data that are rarely obtainable.

The original capacity of Lake Mead, below the perma-
nent spillway at altitude 1205.4 feet, was about 28.8
million acre-feet of water. Thus far the reservoir has
filled to overflowing in only one season, and the average
level of the lake surface is considerably below the max-
imum. However, the volume of sediment, with density
higher than that of the displaced water, increases con-
tinuously. For practical purposes the weight of the
water in the lake may be taken as about 40,000 million
tons, distributed over an area of 232 square miles. Only
a small fraction of this area is in the narrow, upstream
part of the lake, and more than 60 percent of the weight,
about 25,000 million tons, is concentrated in the wide
Virgin and Boulder Basins, which lie directly east and
west of Boulder Canyon. The total area of these basins
is about 85 square miles, and the load added to this area
averages more than 10 tons per square foot, or 140
pounds per square inch. As the two long arms of the
lake diverge at a large angle from the Virgin Basin
east of Boulder Canyon, the center of gravity of the
lake lies in the vicinity of this basin in a very real sense.
Significantly, the broad subsidence with closure revealed
in the data of 1940-41, and persisting through 1949-50
(fig. 8), appears to center in the area east of Boulder
Canyon.

Complex causes may of course contribute to the dif-
ferential subsidence. The bedrock floors of some inter-
mont basins are grabens, and slow movement on one or
more of the bounding faults may be still in progress.
Even though all of the faults may have been “dead”
when the dam was built, the added weight of the
lake may be causing adjustment along some of the old
fracture zones. Of interest in this connection are the
reports of investigations of seismic activity and sub-
sidence in the Lake Mead area, conducted by the Coast
and Geodetic Survey in cooperation with the Bureau
of Reclamation during the years 1935 to 1948. These




36 COMPREHENSIVE SURVEY OF SEDIMENTATION IN LAKE MEAD, 1948-49

reports (Carder, 1945; Carder and Small, 1948) show
a concentration of epicenters of several hundred local
earthquakes in the Boulder Basin and a less prom-
inent concentration in the Gregg Basin of Lake Mead.
It was concluded from these studies that the local
earthquakes in the Boulder Basin were caused by down-
faulting of an underlying crustal block along pre-
viously established fault planes that were probably ac-
tive during pre-Pleistocene time. The renewed activ-
ity has been ascribed to the sudden loading of about
12,000 million tons of water on the floor of the Boulder
Basin. Likewise, the earthquakes in the Gregg Basin
are caused apparently by local subsidence; but the re-
lation between settling and reservoir loading is not so
clearly defined as in the Boulder Basin.

A cause independent of bedrock may lie in the com-
paction of thick sedimentary fill in the intermont
basins. Settling in excess of upbuilding possibly was
proceeding in one or more basins, and permeation of
water from the rising lake may well have accelerated the
process. Another logical cause of subsidence may be
elastic yielding in the bedrock itself. We may con-
jecture also some plastic yielding at depth, although
the load, in unit value and in areal extent, seems in-
adequate to produce such an effect, particularly within
a short time.

Though there is no way of knowing how much com-
paction of sediments may have occurred beneath wide
bodies of the lake water, inspection of profiles along
critical lines of leveling does not favor such compac-
tion as the chief cause of the basining that centers
east of Boulder Canyon, as represented in figure 8.
The most instructive profile is that along the Borax
Road, ending eastward at Boulder Wash (pl. 4). In
its western part this line of stations is on alluvial fill,
in some places probably fairly thick, elsewhere a thin
cover on bedrock. In its eastern part the line runs
for several miles on bedrock. Despite this varied ter-
rane the eastward slope of the profile, during each of
the intervals between surveys, is remarkably uniform.
Moreover, the average slope and the maximum depres-
sion along this traverse are greater than along the line
ending northward at the Detrital Wash gage, a line
that is on thick sedimentary fill throughout its length.
The eastward slope toward Hoover Dam is comparable,
along a line that is on or near bedrock much of the
distance from Railroad Pass to the dam. If this slope
were projected from the dam to the head of Boulder
Canyon, this profile would reach about the same level
as that ending at Boulder Wash.

No traverses are favorably situated for checking the
slope westward and southward toward the central area
of the lake, and the pattern of contours depicting the

northern and eastern parts of the basin of subsidence
therefore has no satisfactory basis. Evidence from the
available traverses, however, suggests strongly that the
bedrock floor is involved in the sinking, with a uni-
formity that would not be expected if the yielding were
for the most part localized along faults. Thus the
concept of broad elastic yield in the bedrock is favored,
and persistence of the basining, without perceptiiic
accentuation after the 1940-41 survey, strengthens this
concept. Nevertheless, adjustments within the basin
alluvium may have been considerable, at least locally.?
The broad bulge along the arm of the lake west of
St. Thomas Gap may reflect slow flowage toward the
lake of the basin sediments after they became saturated.
Possibly this bulge extends farther down the lake than
can be inferred from data on the one available line
of stations.

The extensive tilting subsidence, which involves the
entire reservoir area and extends at least tens of miles
farther south, presents a more difficult and elusive prot-
lem than the localized basining. We may surmise that
this tilting is connected with a regional movement,
which perhaps was in progress before the dam was
built. Large extension and considerable change i pat-
tern of the tilting between 1941 and 1950 suggest the
possibility that the Lake Mead load may exert a “trig-
ger” effect in starting or accelerating movement along
regional zones of weakness. Concentration along defi-
nite lines does not appear in the present data, but
the small scale of movement and the wide spacing of
lines in the level net do not favor recognition of critical
details at this early stage of the study. Inseveral parts
of the area, subsidence in the intermont basins exceeds
that on adjacent highland blocks. An example is the
depression west of Searchlight, which on both profiles
corresponds generally to the alluvial cover between the
McCullough Range and the Eldorado Mountains.
East of Searchlight the profiles do not reflect the dif-
ferences in geology that are suggested on plate 4. How-
ever, the wide belt of alluvium between the Eldorado
and Black Mountains is deceptive; for the most part
this alluvium forms a thin veener on bedrock. The
1941 to 1950 change in profile has a relative “high”
that extends continuously from Searchlight to the eas:
border of the Black Mountains, and a pronounced de-
pression farther east, on thick alluvium. The long trav-
erse from Moapa southwestward to Nipton, Calif., also
has interest in this connection. If we omit the Las
Vegas cone, the profiles on this traverse have fairly

?The entire level net 18 above the highest shoreline of the lake, and
none of the releveling therefore measures compaction of the alluvium
underlying the origina! floor of the reservoir.
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continuous slope to the southwest, except in a stretch
on or near bedrock east of the Bird Spring Range.

In general, therefore, subsidence has been at a maxi-
mum in areas of thick alluvial deposits. This may re-
flect continuous compaction of these deposits, or sink-
ing of bedrock floors of some intermont basins, or both.
However, this differential effect seems to be superim-
posed on widespread tilting that affects both the ranges
and tlLe intervening basins. We must recognize also
that the measurements in the Hoover Dam net are
relative to the Cane Springs bench mark, which is as-
sumed to be fixed but actually may be either sinking
o rising in relation to sea level.

More positive analysis of the present leveling data
does not seem warranted. Presumably there will be
further checking of the net after several years, and
results will be awaited with interest. If the basining
effect centering in the lower part of Lake Mead should
persist without essential change in form and amplitude,
interpretation of it as a result of elastic yield will be
strengthened. More pronounced sinking of intermont
areas in relation to adjacent ranges will suggest move-
ment of bedrock floors, particularly if abrupt changes
in profile should coincide with known faults. The
recent advent of Lake Mohave, extending between
kHoover Dam and the new Davis Dam about 65 miles
downstream, adds an important element for study of
further southward tilting that may occur. Although
he volume of the new lake is far less than that of
Lake Mead, the addition of appreciable load to the
area directly south of Hoover Dam may well accentu-
ate the southward tilt, and will complicate the inter-
pretation of future tilting movement.

COMPARISON BETWEEN MEASURED AND PREDICTED
SUBSIDENCE

A paper by Westergaard and Stevens (1934) gives
wir account of theoretical computations made for the
Bureau of Reclamation before the completion of
Hoover Dam, in an attempt to estimate the subsidence
that might result from filling of the lake. On the as-
sumption of purely elastic yield in a strong granitic
outer shell, the computations indicated that basining
would extend considerably beyond the limits of the
lake from a center near the mouth of the Virgin River,
and that maximum sinking would be about 10 inches.
Further assumption of adjustment by deep-seated flow
under the downbending of a strong upper layer led
to calculation of possible additional basining amount-
‘12 to about 2 feet in the central area.

The general form and extent of the actual down-
warping between 1935 and 1950 is remarkably similar
to that predicted on assumption of elastic yield
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(Raphael, 1954). The maximum subsidence, however,
was only 7 inches (175 mm), at a center in the upper
part of Boulder Canyon, about 6 miles west of the
predicted center. Probably the slow subsidence has
continued since 1950, and eventually it may amount to
as much as the 10 inches calculated for elastic yield.
Perhaps the load is not sufficient to set up plastic ad-
justment at great depth; or such adjustment, if it
should occur, may be too slow to be detected within
one generation,

EFFECT OF SUBSIDENCE UPON RESERVOIR
CAPACITY

The precise leveling of 1935 constitutes the basis for
the altitudes shown on the topographic maps of the
reservoir area, and for the tables of reservoir area and
capacity that were computed from those maps (p. 89,
90). It also forms the basis for the altitudes of the
reservoir bottom as determined in the 1948-49 hydro-
graphic surveys, described on pages 39-72. The com-
putations of area and capacity do not include adjust-
ments for any changes in altitudes of the basic reference
marks as documented by the releveling of 1940-41 and
1949-50.

The measured changes in altitudes of bench marks
since 1935 are too small to affect the determinations of
bottom altitudes at any point. Excepting the abrupt
changes at some isolated bench marks (which have been
ascribed on page 35 to withdrawal of ground water at
Las Vegas, or to local slumping or earth flowage, or to
solution of saline materials) the maximum recorded
divergences have been of the order of 175 mm, or less
than 0.6 foot. This maximum divergence is within the
limit of error of any of the methods used in determining
bottom elevations or computing reservoir capacity.
Original capacity of the reservoir was determined by
interpolation of 10-foot contours drawn by multiplex
methods from aerial photographs, and the bottom alti-
tudes as determined in 1948-49 are based largely on
echo sounding, which is accurate only within limits of
1-3 feet, depending upon the recording equipment used.

With reference to bench mark R1 at Cane Springs,
Nev., the 10 bench marks on Hoover Dam dropped an
average of 60 mm between 1935 and 1940-41, and 62 mm
farther between 1940-41 and 1949-50, a total subsidence
of 0.4 foot. If there had been no change in the altitude
of the reservoir bottom, this lowering of the dam would
have had the effect of reducing the capacity of the
reservoir at spillway level by approximately 60,000
acre-feet.

The effect of subsidence upon reservoir capacity, how-
ever, is measured by the difference between the sub-
sidence at Hoover Dam and that of the reservoir bottom.
The Hoover Dam level net approaches the shore of
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Lake Mead at six places, and the differential subsidence
at these locations with reference to Hoover Dam is
shown In table 1.

TaBLE 1.—Subsidence al points near lake shore, with respect to
Hoover Dam
{Subsidence greater than at Hoover Dam is indicated by the minus sign (—)]

Differential subsidence, in milli-
meters (average at several bench
Location marks)

193541 1941-50 ‘ 1935-50
Boulder Wash, Boulder Canyon....._....__.. —60 +5 —55
Detrital Wash, Virgin Basin —35 +15 —20
Hualpai Wash, Gregg Busin. . +10 -+20 +30
Lake Shore mine, Gregg Basin +30 +10 +40
Plerce Ferry, Plerce Basin.._ ... _..___ -5 470 +65
St. Thomas, Overton Arm._._.__............. +85 +65 +150

From these data it appears that there has been a
considerable range in differential subsidence in various
parts of the reservoir. The over-all subsidence at
Hoover Dam was less than that in the part of the reser-
voir centering about Boulder Canyon, but greater than
that in the upper reaches of the reservoir. It is per-
haps significant that since 1941 subsidence at the dam
has been more than at any of the six locations where
the level net provides data as to near-shore elevations
of the reservoir. The leveling of 1941 occurred while
the reservoir was filled nearly to capacity, and the
differential rise since that year may be an indication of
elastic rebound when that load was reduced.

The data from the level net are inadequate for volu-
metric computations concerning the effect of subsidence
upon reservoir capacity, but some inferences may be
drawn from figure 8, which is based on those data.
The contours indicate that subsidence has exceeded 120
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mm (the amount of subsidence at the dam) in an area
that includes all of Boulder Basin, Boulder Canyon, and
Virgin Basin, and part of the Temple Bar area between
Virgin Basin and Virgin Canyon. This area comprises
more than 60 percent of the total area of the reservoir;
nearly 75 percent of the water is stored within this area
when Lake Mead is filled to spillway level, and the
proportion increases with decrease in lake stage. The
increased storage capacity of this area, owing to dif-
ferential subsidence, is believed to be more than enough
to offset the reduction of storage in the other smaller
areas where subsidence has been less than at the dam;
but in any case the change in over-all capacity would
doubtless be of very small magnitude.

In the 1948-49 hydrographic survey, all bottom ele-
vations were computed with reference to a datum estab-
lished at Hoover Dam. Thus, to the limit of accuracy
of the depth-recording equipment, these elevations are
true with respect to the contemporaneous position of
the dam and do not require correction for the differen-
tial subsidence in various parts of the reservoir since
1935.
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G. SURVEY OF THE LAKE

By Guxwar Lerrson, U.S. Navy Hydrographic Office

The hydrographic survey of Lake Mead was under-
taken to obtain the data necessary (a) for determina-
tion of the volume and distribution of sediment
deposits, and the occurrence and extent of other changes
in reservoir boundaries; and (b) for the preparation
of new reservoir area and capacity curves. The survey
was conducted in accordance with well-established
principles of hydrographic surveying, employing con-
ventional methods of lead-line sounding in the canyon
section (Lower Granite Gorge) east of longitude
113°57" (as described by L. C. Pampel, p. 73) and
advanced techniques of echo sounding in the main part
of the lake west of that longitude.

The part of Lake Mead west of longitude 113°577,
extending from Pierce Ferry for about 65 miles to
Hoover Dam, is in general a chain or series of wide
basins connected by short narrow canyon sections,
Plate 54 illustrates conditions in Boulder Canyon and
Virgin Basin. In this part of the reservoir, lake con-
ditions exist at all stages, with depths ranging up to
450 feet and widths ranging from 650 feet in Boulder
Canyon to about 5 miles in the basin areas. The water
is generally clear, and the only velocities are the very
low ones resulting from circulation of water in the lake
and those induced by density-current action ( pp-
109-125).

In this main part of the lake the surveying tech-
niques were essentially those of deep-water hydro-
graplic surveying controlled by sextant observation
on control points on shore. Serious consideration was
given to the employment of Shoran equipment for posi-
tion control in these areas. Although the employment
of Shoran would have reduced materially the amount
of horizontal control survey needed, it would also have
required specialized personnel and camp parties. A fter
due consideration, this plan was abandoned in favor of
more orthodox methods. In the more confined areas
of the small bays and canyons, the boat positions were
determined and the courses controlled by observations
from two transit stations ashore, or from one transit
station with the aid of one sextant reading made aboard
the boat.

In the general sense, a hydrographic survey involves
a large number of operations, all planned to obtain the

information requisite for production of a nautical chart.
Such surveys include, besides the accurate charting of
the ocean bottom, the measurement of tides and cur-
rents, magnetic measurements, geodetic control surveys,
and even topographic surveys, for the topography of
land areas adjacent to the shore and visible from sea-
ward is important as an aid to navigation. In accom-
plishing his work the hydrographer is at a disadvantage
as compared with the topographer, in that the area he
wishes to map is hidden from view; because it is obvi-
ously impractical to measure the depth at every point,
the submarine relief has to be deduced from a systematic
series of depth measurements spaced at such intervals
that the slope between measurements can be considered
uniform.

In modern hydrographic practice, depths are meas-
ured almost exclusively by some form of automatic
recording echo sounder. These sounders are manufac-
tured in a variety of types suitable for recording depths
ranging from a few feet to 24,000 feet. (orrections
must be applied to the recorded depths for position of
water surface above or below the assumed datum, for
depth of projector below the water surface, and for true
velocity of sound in the water being surveyed. The
equipment is normally installed permanently in the hull
of a boat, and in modern practice on the ocean the boat
is operated at a speed as high as 10 knots (12 miles per
hour), sea conditions permitting. This speed would be
excessive on inland lakes, where the work is character-
istically close to shore.

Numerous methods are available for fixing the posi-
tion of the sounding boat at regular intervals along a
sounding line. In harbor and coastal areas the three-
point sextant fix method is standard practice. This
method has the advantages that no parties are needed
on shore; the boat position is immediately available to
the boat operator; and, as only angles are used, accu-
rate scale of work sheet is immaterial. The three-point
fix depends on the geometric fact that the angle sub-
tended by a chord is the same at all points on the cir-
cumference of the circle. The measurement of two
simultaneous angles defines the boat position at the
intersection of two position circles. If the two circles
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tersect at a satisfactory angle, an accurate position is
determined. If the two circles are coincident, no fix is
obtained. Some judgment, therefore, is required by the
hydrographer in the selection of shore objects for the
fix. For convenience in the rapid graphic plotting of
the boat position, sextant angles are always observed
on three shore objects, the center object being common
to the two observations.

All the corrections that must be applied to recorded
depths are not generally known at the moment of sur-
vey, hence all field data must be replotted. The replot-
ting is done at some convenient location ashore, where
corrections can be computed and work can be done with
greater care than is possible in a boat. This operation
is called the smooth plot. The best grades of paper,
plastic, or metal sheets are used. The sheets are pro-
vided with a polyconic projection grid of meridians and
parallels computed on the spheroid of reference in use
for the area surveyed.

In the survey of Lake Mead, where the principal
objective was not navigational information but rather
a determination of volume of sedimentation as well as
area and capacity, the hydrographic survey is reduced
to its most elementary form—namely, measuring true
depths below a known datum plane and fixing the posi-

ion of these measured depths in true relation to the
ceodetic control net on shore.

In the summer of 1947, when the Geological Survey
informally requested the Navy Hydrographic Office to
participate in the Lake Mead survey, the Hydrog-
rapher, Rear Admiral R. O. Glover, designated the
writer as the representative of the Hydrographic Office
for the hydrographic aspects of the project—especially
the application of standard hydrographic techniques
to the survey of the lake.

The guiding principle in the preliminary planning
was to hold the cost of the survey to a minimum without
sacrificing accuracy. In accordance with this policy,
portable shore signals were designed that could be
moved ahead as the survey progressed. The location
of the shore signals was to be permanently marked and
referenced so that any future survey would be on the
identical datum with the planned operation. The scale
of the field work was also planned to be the same as the
existing topographic sheets of 1:12,000. This scale

would permit a continuous field check between the
hydrographic profiles and the topographic maps with-
out the necessity of scale conversion, and would also
reduce the labor of the final area-capacity computations.

he spacing between boat lines was tentatively set as

00 yards for the Boulder Basin area. It was felt that
this spacing, being only slightly more than the maxi-

mum depth, would reveal any unusual bottom
formation.

The results of preliminary lines run in Boulder Basin
were inspected by the writer in April 1948. It was
apparent from the sketchy information that the lake
bottom was more regular than had been anticipated,
and also that the amount of sediment present in the
narrow canyon areas would have only a nominal effect
on the volume and area-capacity computations. In
order to advance the estimated completion data, there-
fore, it was decided to complete the work in Boulder
Basin with lines at 200-yard spacing as planned, in-
crease spacing of lines in other basins to 300 yards, and
run four parallel lines through the canyons with sup-
plementary cross lines as necessary. When this pro-
gram was adopted, the writer’s contact with the survey
was completed.

An interesting aspect of the hydrographic survey of
the lake was the opportunity for a comparison of results
of the hydrographic and topographic surveys. The
number of times a hydrographer has the advantage of
an excellent topographic map of a survey area are in-
deed few. It was gratifying to see the close agreement
between echo-sounding profiles and the corresponding
cross sections laid down on the topographic maps.

OUTLINE OF PROCEDURES

By M. R. ULrom, U.S. Navy Hydrographic Office, and
F. C. Amzs, U.S. Geological Survey

This section describes the general features of the
hydrographic survey of the lake west of longitude
113°57’, including accounts of the fieldwork, the prep-
aration of maps, and the calculation of sediment vol-
umes. The more technical features of the lake survey,
including details of the methods used and the results
obtained, are covered in other sections of this chapter.

The part of Lake Mead west of longitude 113°57"
consists of several major basin areas connected by nar-
row canyon sections. Within these major subdivisions
there are numerous small bays and coves along the
shores of the basins, and narrow inlets or side canyons
in the canyon sections. Owing to the great difference
in size and shape of these areas and the differences
in sight distances involved, it was necessary to survey
the different areas separately, using slightly different
techniques in each type of area.

HORIZONTAL CONTROL

The first step in the survey was the establishment
of a network of horizontal-control stations along the
shorelines of the lake at elevations close to the high-
water line. Locations for these control stations were
chosen with these basic criteria in mind: To provide
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Airphoto by Bureau of Reclamation.

B. SHORE SIGNAL USED DURING THE LAKE MEAD SURVEY
. Photograph by Bureau of Reclamation.
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good spacing and good alinement for use with the type
of boat-position observations planned in each area, and
to provide good triangulation figures. Geodetic posi-
tions of the stations were determined by third-order
triangulation, as described by R. M. Wilson (p. 44).

To permit sextant observation of the control sta-
tions from the sounding boat, it was necessary to erect
and maintain flags or targets, called shore signals. The
erection of signals constituted a major task of the
hydrographic survey, inasmuch as 312 control points
were employed as locations for shore signals. In the
basin areas it was necessary that these signals be visible
to the naked eye at distances up to 5 miles and a large
signal designed by the Navy Hydrographic Office was
used (pl. 572). This consisted essentially of a 16-foot
mast with three triangular sections of cloth spaced
at 120-degree intervals around it. The mast was made
of light iron tubing, 2 inches in diameter, jointed in
the middle and guyed with 7 cables—3 secured to the
center of the mast and 4 at the top. THeight of the
cloth triangles was 12 feet and the horizontal side
was 5.5 feet. Skirts of various colors and material
were tried; and it was found that white indianhead
cloth was superior to all others, because it withstood
the buffeting of wind remarkably well and possessed
the highest visibility of any tried. Seventeen signals
were built with white indianhead skirts and moved
from place to place along the lake shore as the survey
progressed. In the more confined areas where sight
distances were 1 mile or less, smaller and more easily
erected signals were used.

As the work progressed it was found that additional
stations were needed in a few areas because of limita-
tions of visibility, height of stations above the water
surface, size and rate of change of angles along the
prescribed sounding courses, and changes in plans re-
garding type of boat-position observations to be used.
Such elaboration of shore control was found necessary
in Black, Boulder, and Iceberg Canyons; in the nar-
rower parts of Las Vegas Wash; near the Boulder
Islands: and around the shores of some of the larger
bays. Forty-eight additional control points were es-
tablished, and were cut in with comparative rapidity
by intersection from the nearest triangulation stations
of the third-order net. A closing error of 1 minute
was considered satisfactory for the relatively small
triangles involved.

Several auxiliary stations were set up by the shore
signal party as needed. Most of these stations were
located by reading all three angles of the triangle
formed by the new station and two of the basic tri-
angulation stations. Some were located by intersec-
tion from the basic triangulation stations (closing angle
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at the new station not observed), and a few were lo-
cated by the three-point-fix method. All angle ob-
servations were made with an engineer’s transit,
except at a few canyon stations where sight distances
were short and transit setups extremely difficult; at
such points three-point-fix observations were made by
sextant. In general the auxiliary stations established
by the shore signal party were marked by iron pins
and rock cairnis when they were located above the
high-water line, but were left unmarked when located
below the high-water line.

PLOTTING OF SOUNDINGS

Two sets of map sheets of the lake were prepared
for use on the survey. One set, called boat sheets, was
used for delineation of the sounding lines to be run,
and for field plotting of the boat courses actually sailed.
The other set, called smooth sheets, was used for the
final smooth plotting of the boat courses, entry of the
bottom elevations as computed from the echo-sounding
recorders, and delineation of contour lines as indicated
by the sounding data. The grid for both the boat and
smooth sheets was a polyconic projection computed
from the tables given in Special Publication 5 of the
Coast and Geodetic Survey (1935). This projection
was used primarily to conform with the maps pre-
pared for the Soil Conservation Service by I"airchild
Aerial Surveys in 1935, and to permit a direct visual
comparison between the two surveys. The scale of
boat sheets and smooth sheets was 1:12,000, or 1 000
feet to the inch, which was also the same as for the
1935 maps.

Prior to sounding, 19 boat sheets were prepared cov-
ering the same areas as the smooth sheets, or some
smaller area contained on a single smooth sheet. The
boat sheets were simply penciled charts of parts of the
lake, drawn on standard cloth-backed detail paper.
Data shown on these sheets were the same as on the
smooth sheets, except that the contour delineated below
the 1,200-foot level was the 10-foot contour nearest the
anticipated lake elevation at the time that the area
would be sounded. The highest 10-foot contours
around hazardous shoals were also traced from the 19227
topographic maps, to serve as an aid to navigation.
The desired positions of sounding lines were then in-
dicated for the guidance of the soundboat officer during
sounding observations. Guided by a study of the 1935
topographic maps, sets of parallel sounding lines were
drawn on boat sheets, oriented so that a maximum of
bottom definition would be obtained with a minimum
of effort on the part of the sounding crew. In arens
where relatively weak three-point fixes might inad-
vertently be used by the sextant men, the stronger
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thice-point fixes were determined in the field office and
appropriately indicated on the sounding lines.
. The smooth sheets are of finest quality drawing
paper, two sheets bonded to a central sheet of aluminum
foil, averaging 40 by 60 inches in size. Eleven sheets
were laid out to cover the lake, basin by basin, insofar
as possible within the limitations of conveniently han-
dled sheet sizes. Sheets were overlapped sufficiently
to allow duplicate plotting of at least the two control
stations nearest the margins, to insure ease of plotting
the three-point fixes over the junction between sheets.
Data initially plotted on each sheet included the poly-
conic grid system by 1-minute intervals, shore-line and
1sland contours at elevations 1,150 and 1,200 feet as
determined from the 1935 maps of the Soil Conserva-
tion Service, and the locations of the third-order tri-
angulation stations. Auxiliary control stations were
plotted as they were established, and smooth plotting
of the sounding data was accomplished as rapidly as
those data became available.

SOUNDING PROCEDURES

The echo-sounding equipment provided continuous
soundings along designated lines or courses. Sound-
ings were run along parallel lines, as described in de-
tail by C. C. McCall (p. 58). In the bays radial lines
were spaced to give not more than about 400-yard in-

tervals at the outer ends of the radials, and in the
. narrow parts of the canyons radial lines were spaced
70-100 yards apart. As the sounding work progressed
the elevations determined from each day’s soundings
were compared with the 1935 map elevations, and if
the comparison showed a need for additional sounding
lines, they were indicated on the boat sheets and the
soundings were obtained before operations were moved

to new areas.

Three types of echo-sounding instruments were used,
each having a different oscillation frequency—one low
enough to be only slightly above the sonic range, and
the others in the supersonic range. The low frequency
was used to determine the interface between sediment
wd original bottom, as well as the interface between
water and present sediment surface. Excellent results
were obtained in sediment thicknesses up to 90 feet, in
Boulder Basin and certain other areas where the sedi-
ment was not too dense; figure 46 shows fathographs
obtained respectively in Gregg Basin, Virgin Basin,
and Boulder Basin. The high-frequency instruments
gave the best definition of bottom configuration in
arveas where the bottom was rough and steeply sloping.
'I'he echo-sounding records are analyzed by G. B. Cum-
mings and C. E. Mongan, Jr. (p. 68).

. True depths to the water-sediment interface were
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determined at intervals by picking up samples of that
interface in a modified Foerst sampler (p. 151) sus-
pended on a measured line. The recorded depths,
properly adjusted for sound velocity, were found to
agree with these measured depths very closely even over
the least dense sediments, indicating that the sound im-
pulse was reflected from the actual top of the sediment.

In the basins and larger bays, determination of boat
positions was accomplished by the three-point-fix
method, with angles measured by sextants aboard the
sounding boat. This method was selected because it
required the least number of control stations ashore,
thus minimizing the horizontal-control and signal-
erection work. The method also had the distinct ad-
vantage of permitting the officer in charge of soundings
to observe and plot his position at frequent intervals,
thus enabling him to follow preselected lines without
the aid of range stations or instructions from a shore
party.

Control by three-point fix was impractical in some
areas because of the large number of shore signals that
would have been required, or because of the excessive
rate of change of the angles to be observed when oper-
ating close to the signals. In the bays or coves, control
was maintained by means of two transits set up on shore
at triangulation stations located in such a way as to give
good intersection angles at the boat over as large an area
as possible; lines were run radially from one transit and
positions along the lines were observed with the second
transit. In canyon reaches, control was accomplished
by using one transit and one sextant. The transit
was set up to direct the boat along selected radial lines,
and the sextant was used to observe the angles at the
boat between the transit station and successive control
stations along the canyon wall. This method required
nearly as many stations as would the three-point fix
method, but it minimized the rate of change of the angles
observed by the sextant operator and provided greater
accuracy than would have been attainable by three-point
fixes. Hydrographic sextants with worm-gear drive
vernier wheels were used for all sextant observations,
and engineer’s transits were used for the transit observa-
tions. Angles were read to the nearest minute of arc on
both instruments.

In the broader basins observations for boat position,
or fixes, were obtained at intervals of 2 minutes. In the
open water areas away from shore the sounding boat
was run at 5 to 6 miles per hour and the 2-minute fix
frequency provided a fix point approximately every
1,000 feet. Near shore or in areas with numerous shoals,
the boat speed was reduced to about 3 miles per hour, and
fixes occurred at about 500-foot intervals. In some of
the canyons and coves, where very close control was
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desired, fixes were made at 1-minute intervals and boat
speeds varied from about 2 to as much as 6 miles per
hour.

The sound traces were read at 15-second intervals,
and the readings were recorded in sounding journals,
together with fix times, angles, and other data. Final
sealing for use in smooth-sheet plotting was accomp-
lished in the office and no fixed time interval was ad-
hered to, except for entries at the “fix™ points. Inter-
mediate readings were made at 50-foot depth intervals
over long stretches of uniform slope and at important
breaks in slope. In this final scaling a movable scale,
alibrated to read elevation, was set over the chart in
such a way as to incorporate the draft, index, and sound-
velocity corrections with the lake elevation for the day,
and bottom elevations were read directly from the
sounding charts. :

In most of the reservoir area the bottom slope ap-
peared to have a negligible effect on recorded depths.
However, on very steep slopes and especially near can-
yon walls and underwater clitfs, some foreshortening of
actual depth was detectable, and in some places stray
echoes and side echoes from the walls were quite pro-
nounced. In a few places, where the canyon wall ex-
tended from water surface to sediment surface at a
fairly uniform steep slope, echoes were recorded from
both sediment surface and side wall, even when the boat
was known to be many feet shoreward of the true
intersection between sediment and side wall.

HORIZONTAL CONTROL
By R. M. Wison, U.S. Geological Survey

Accurate location of position was a prerequisite, not
only in the hydrographic surveys, but in many other
phases of the Lake Mead survey. A horizontal refer-
ence system is essential for correlation of various
observations with those made at other times or places.
The system must be physically permanent, so that
measurements and observations separated by long inter-
vals of time may be compared without doubt as to their
relative positions.

When Hoover Dam was constructed, the available
topographic maps included river plans at a scale of
1: 31,680, showing 50-foot contours below elevation
1,200 feet (U.S. Geol. Survey, 1924). Plans for an
accurate contour map of the entire reservoir area were
given active attention late in January 1935, only a few
days before the gates of the new dam were closed and
water began to accumulate to form Lake Mead. The
contract for the mapping was awarded to Fairchild
Aerial Surveys by the Soil Erosion Service, later to
become the Soil Conservation Service, of the United
States Department of Agriculture. Detailed topo-
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graphic maps were prepared from aerial photographs
(U.S. Soil Cons. Service, 1935; Brown, 1941), based
upon the framework of an extensive triangulation net
which was established by the Fairchild Aerial Surveys
(1935).

One of the objectives of the 194748 triangulation for
the Lake Mead investigations was to recover as many of
the Fairchild stations as could be tied in economically,
and so test the precision of their coordinates. One
consideration that made these ties a particularly urgent
requirement was that many of the Fairchild stations

‘were below the spillway elevation of the dam and werv

submerged when Lake Mead was filled with water: the
remaining points of the Fairchild triangulation thus
represented only disjointed fragments of the original
triangulation system. Confirmation of the accuracy nf
the Fairchild triangulation was also desired for the
survey of Lower Granite Gorge (p. 73), which was
referenced to several of the Fairchild stations.

For similar reasons, it was desirable to tie in points
of other previous surveys to the basic and common
datum. Stations established by the Bureau of Reclu-
mation, by Brock and Weymouth, and by the Los
Angeles Department of Water and Power were also
tied in wherever possible, so that all these surveys migh:
be coordinated on a common datum. The Bureau of
Reclamation was particularly interested in these ties, as
a basis for determining whether there were any signifi-
-ant errors in the earlier surveys which might nave
introduced discrepancies or uncertainties into the
-apacity table for the reservoir, or which might affect
future comparisons with the contour map made in 1935.

Another purpose of the new triangulation was to
establish convenient reference points for the 1948-49
hydrographic survey, and to mark them permanently
so that similar studies in the future can be referred to
the same marks. Most of these reference points wer-
located just above the high-water mark of the reservoir
for two reasons. First, they are most easily reached
there by boat transportation ; and second, sextant angles
read from a boat on the lake to the shoreline stations
should be very nearly in a horizontal plane in order to
avoid the corrections that otherwise would be necessary.

PROGRAM FOR TRIANGULATION

The plans for the 1947-48 triangulation provided
that the work should be accurate within third-order
limits, as defined by the Board of Surveys and Maps
in 1933—that is, triangles should close with a maxi-
mum error of 10 seconds, and an average error seldom
exceeding 5 seconds. A study of available maps of the
area revealed, however, that triangulation of third-
order precision could not feasibly be carried near water
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level through the narrow parts of the channels and
arms of Lake Mead. It was deemed permissible there-
fore to tie in the shore reference points with narrow
nves of triangulation, sometimes consisting of only a
chain of single triangles. These sections of the survey
could then be tied together by third-order triangula-
tion at higher levels, which in turn would connect to
the first-order Coast and Geodetic Survey stations.

It was recognized in planning the program that the
triangulation control must be kept well in advance of
other phases of the work. The hydrographic surveys
and the sounding and sampling operations in Lake
Mead would require established shore control points
for defining the positions of observations taken in those
operations. Tt was important, therefore, to start the
geodetic control early and have shore reference points
established in areas where the other phases were to
begin, in order to avoid delay in the hydrographic sur-
vey. Because of this requirement, preliminary position
computations were made as the triangulation pro-
gressed, leaving until later the least-squares adjust-
ments and the final computation of coordinates.

The techniques employed in the hydrographic sur-
vey influenced the selection of a system of coordinates
for expressing the position of reference points. The
Navy personnel who made the soundings were familiar
with the reading of sextant angles to shore points for
boat positions. These positions were then plotted on
tlic boat sheets by the use of three-armed protractors
and similar graphic means. The boat sheets were pre-
pared on a polyconic map projection, and the control
points were plotted in their appropriate positions in
terms of geographic coordinates.

The use of rectangular coordinates was considered,
but rejected. Had the state plane coordinate systems
been used, it would have been necessary to divide the
survey into two parts, one for Nevada and the other
for Arizona, or alternatively, to map the entire survey
in the system for one of these States, overlapping it
into the other State. A coordinate system established
particularly for Lake Mead and its surrounding area
might have been feasible, but it would have been con-
fusing because of the state systems already in existance
in the area. It was decided, therefore, to use the basic
geodetic coordinates. If at some time in the future it
becomes desirable to refer these coordinates to some
other system, the appropriate transformation can then
be made.

DESCRIPTION OF OPERATIONS

In the field work to establish the horizontal control
needed for the project, it was necessary to compute the
positions of the new triangulation stations nearly as
fast as the field observations developed, in order to
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make them useful during the subsequent phases of the
investigation. The field work began in November
1947 and continued without interruption until Decem-
ber 1948. All field computations were completed by
March 1949.

The work was begun in Boulder Basin and in Black
Canyon just above Hoover Dam. Much ingenuity was
required for carrying the low-level chain of triangles
through Black Canyon, for the walls of this canyon
are very steep and suitable station locations are hard
to find (pl. 6). Many of the lines of sight were very
short, particularly in the narrow chains through the
canyons, so that great care had to be exercised at each
station in centering of signal and instrument. This
centering was always accurate to one-half inch or less.

All the narrow chains of triangles through the can-
yons were connected adequately at frequent intervals
by the higher level third-order triangulation. This
higher level triangulation from Boulder Basin eastward
across the Virgin Canyon and to Pierce Basin was, in
turn, connected at frequent intervals with the first-order
triangulation net of the Coast and Geodetic Survey.
The long arc of third-order triangulation up Overton
Arm was tied rigidly to first-order Coast and Geodetic
Survey stations to the north. Care was taken to make
sure that no arcs of triangulation were left outstanding
as unchecked spurs.

The instrument used was a Wild T-1 repeating
transit. Angles were generally measured five times
direct and five times reversed. The signals for sights
of 8 miles or more consisted of wooden 2- by 2-inch
poles 8 feet in height. These poles carried a flutter
flag about a yard square, and cross targets about 1 foot
square. For shorter distances, sections of 1-inch pipe,
4 feet long and painted white, were used. All signals
were guyed in position by wires.

SUMMARY OF RESULTS

The triangulation for horizontal control can be con-
sidered in four major areas: Boulder Basin, Virgin
Basin, the long and winding channel from Virgin Can-
yon to Pierce Basin, and the long northward extension
called Overton Arm. Considered as the sum of linear
longitudinal distances through the triangulated ares,
the total is approximately 180 miles. In addition to the
shoreline triangulation included in the mileage, there
was also the higher level, large-figure triangulation re-
quired to maintain over-all accuracy and to connect
with the Coast and Geodetic Survey first-order arcs.

In Boulder Basin several Coast and Geodetic Survey
lines served as bases. These lines were CASH-PROM,
PROM-HEM, ROUGH-HEM, HEM-CASH,
VEGA-LA MESA, LA MESA-BOULDER, and E8-
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SUGARLOAF (fig. 9). Except for the chain of single
triangles through Black Canyon, the net consisted en-
tirely of central-point and quadrilateral figures, and
strong figures were easily obtained in most of the area.
Boulder Canyon (pl. 5.1) presented a problem because
of its narrow, twisting shape. However, a continuous
chain of quadrilaterals was carried at water level up
to the very narrow part of the canyon, which is about
a mile long. Since it would have been both uneconom-
ical and time consuming to force a strong system
through this narrow section of the canyon, the main
net was carried at a higher level to connect with a length
derived from the Coast and Geodetic Survey base
BOULDER-BONELLI. An outer continuous system
was also established in Boulder Basin area and extended
to Virgin Basin in order to tie in the lakeshore net
wherever possible and to facilitate the problem of least-
squares adjustment. Figure 9 shows the triangulation
net established for this region.

The shoreline of Virgin Basin was easily adapted to
strong figures. The principal problem centered about
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a method to reduce the long line BOULDER-BON-
ELLI with the least possible loss of accuracy. ¥rom
this line it was necessary not only to control Virgin
Basin, but also to establish strong bases from which
to extend the net northward up Overton Arm and east-
ward to Pierce Basin. In addition, a base must serve
as a tie needed for the net which was extended from
Boulder Basin over Boulder Canyon and into Virgin
Basin. The quadrilateral that was finally used reduced
this long base, and by subsequent reductions using
strong figures, adequate bases were obtained for ti.
above-mentioned purposes. Figure 10 shows the tri-
angulation in the Virgin Basin area.

The Overton Arm net was extended northward from
the base established in Virgin Basin, by means of strong
quadrilateral and central-point figures, and a tie was
effected to the Coast and Geodetic Survey line GLLEN-
BM Z50. This was the easiest part of the survey,
because Overton Arm is relatively straight and fairly
uniform in width. Figure 11 shows the triangulation
in the Overton Arm area of the lake.
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F1GURE 9.—Boulder Basin triangulation net, 1947-48,
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BLACK CANYON AND BOULDER BASIN OF LAKE MEAD

Photograph by Bureau of Reclamation.
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FIGURE 10.—Virgin Basin triangulation net, 1947-48.

The area from Virgin Canyon to Pierce Basin was
the most difficult section of the entire project. Because
of the narrow, tortuous canyons (pl. 3), and alternate
expansion and contraction in the width of the reservoir,
it was necessary to carry a single-triangle chain near
water level, and an additional outer net of large figures,
in order to maintain third-order accuracy. These

":gle-triangle chains, of course, were tied at both ends.
e base for the beginning of this net was derived
from the BOULDER-BONELLI base in Virgin Basin.

From that base a net of quadrilaterals was extended
to Virgin Canyon, and then large single triangles were
carried forward to tie to the main net near Hualpai
Wash. From Hualpai Wash a chain of quadrilaterals
was extended to Sandy Point, but from there to Pierce
Basin single triangles were used almost exclusively.
Figure 12 shows the triangulation in the area included
between the Virgin Basin and Pierce Ferry.
Between Hualpai Wash and Pierce Ferry, four Coast
and Geodetic Survey stations were used as basic control
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FIGURE 11.—Overton Arm triangulation net, 1947-48.

to establish the shore base lines needed to begin and
tie the various single triangle nets. These stations
were BONELLI, GRAND WASH, TUT, and RAM-
PART. By establishing two or three additional high-

point stations, a strong net consisting of central-point
figures was obtained. This net served as a tie, near
Hualpai Wash, for the net carried forward from Virgin
Basin; as a starting point for the single-triangle net
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near Sandy Point; and as a tie for the single-triangle
net at Pierce Ferry.

Altogether, 336 new reference points and triangula-
tion stations were established, each marked with the
standard bronze tablet of the Geological Survey. All
new tablets were stamped with a designating letter
and number and the year established: for a station on
the Arizona shore designated as “A50 1948,” the “A”
indicates that the station is in Arizona, the number
“50” being the serial number of the station, and “1948”

the year the station was established. Stations on the
Nevada shore are similarly stamped except that the
letter “N™ is used to designate the State. All stations
are numbered approximately in consecutive order east-
ward from Hoover Dam. Letters after the numler
merely designate stations that were added after the
numbering system was established for an area. No ref-
erence marks were set.

A brief description was written for each station that
was marked with a tablet. Airline distances were
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given from various prominent objects around the
lake, the object in which the tablet was placed was
noted, and the distance above or below the high-water
mark was recorded. However, by far the easiest way
to find these stations would be to plot the positions on
topographic maps, and to look for them with the aid
of the map. A list of coordinates for all stations, with
azimuths and distances between them, has been lith-
ographed by the Geological Survey (McIntosh, 1951).
The geographic positions of all stations are also listed
in the supplemental base data report.

In addition to those permanently marked points,
about 35 navigation lights or other objects were lo-
cated by intersection only and were not marked by
tablets. Fifteen stations of the Coast and Geodetic
Survey were recovered and occupied. Twenty-six of
the stations established by Fairchild Aerial Surveys
were tied in, also four stations of Brock and Wey-
mouth, one station of the Bureau of Reclamation, and
two stations of the City of Los Angeles. The position
closures involved in all these ties were well within
third-order limits, which indicates excellent work in
the earlier triangulation by the Fairchild Aerial Sur-
veys and by others in this area. The analysis discloses
that the Fairchild triangulation is dependable and ac-
curate, and was entirely adequate for use in making
the maps under the original contract, presumably also
for the horizontal control in the 1948-49 survey of
Lower Granite Gorge (p. 74).

In the higher level net of the 194748 triangulation,
which was composed of large figures, there were 171
triangles for which the average closure was 4.23 sec-
onds. In the shore-level net, including some very short
sights and small triangles, there were 346 triangles
with an average closure of 5.03 seconds. The maxi-
mum triangle closure in the latter work was 24 sec-
onds, but only 39 triangles had closures over 10 seconds.

OFFICE COMPUTATIONS

The closure discrepancies that appeared at the ends
of the various arcs and systems were removed by an
adjustment that was undertaken and completed in sev-
eral parts and stages. Some of these parts involved
rigorous least squares, and others involved less rigor-
ous but faster methods that appear justified in view
of the very small closure errors developed. For this
adjustment, the work was divided into main-scheme
and secondary systems.

The unadjusted observations in Boulder Basin gave
such consistent values at the check stations that no
adjustment was deemed necessary. An arc of large
quadrilaterals and central-point figures, extending from
triangulation stations LA MESA and CASH eastward
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to GRAND WASH and RAMPART, was adjusted
by least squares to serve as a base for the subordi-
nate work. This arc included 11 new stations and 7
Coast and Geodetic Survey stations. The position
changes introduced by the adjustment amounted to
less than 1 foot in either latitude or longitude except
for two of the new stations at the eastern end. At
each of these two stations, the adjusted positions dif-
fered from their preliminary values by approximately
2 feet.

The Overton Arm net was held at the southern end
by its tie to the main-scheme adjustment and at
the northern end by the tie to line GLEN-BM
750. Inasmuch as there were no other intermediate
factors to control the adjustment and the preliminary
computations appeared to be internally consistent, it
was deemed adequate to adjust the entire Overton
Arm net as a single unit by the method of “isodiffs”
(Speert, 1938). For this purpose line N33-N36, of
the least-squares adjustment, was treated as a single
tie, and line GLEN-BM Z50 was treated similarly.
The whole net was then swung into azimuth to fit
these two ties, and the necessary scale factor was ap-
plied to all computed lengths to make the over-all
length of the net fit these two ties. A correction was
determined for the position of each station from its
location on the “isodiff” graph. All azimuths in the
net received the same correction and all lengths the
same proportional increase. At both ends of the net,
in the figures adjoining the two fixed bases, individ-
ual corrections were computed for each line into both
ends of the fixed bases.

A special study was made of each of the narrow
chains of triangles and quadrilaterals along the can-
yons and smaller basins. A small position discrepancy
at any point might very easily have thrown the work
outside of third-order limits because of the unusually
short lines involved in these figures. Wherever posi-
tion discrepancies appeared that approached or ex-
ceeded third-order limits when concentrated in the
closing line of a chain, that chain was adjusted by
the “isodiff” method to distribute the accumulated er-
ror and to avoid any undue concentration at the clos-
ing point,

VERTICAL CONTROL
By F. C. Aurs, U.S. Geological Survey

Vertical control was required in the hydrographic
survey of the lake for conversion of the sounded
depths to the corresponding bottom elevations above a
selected reference plane or datum. All soundings were
referenced to the water surface at the time and place
of sounding, and a prerequisite for vertical control was
the collection of adequate records of the water-surface
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elevation at those times and places. On a small single-
basin lake, records at one or two locations might be
adequate, but. on a large multibasin lake such as Lake
Mead, it was felt that there might be significant dif-
ferences in elevation of the water surface in different
parts of the lake at times, owing to the influence of
wind, ditferences in barometric pressure, the flow of
water through the lake, or other causes. To determine
the occurrence, nature, and extent of these possible dif-
ferences, records of water level were maintained at
several points around the lake.

In this section of the report are described the collec-
tion and analysis of water-stage records at the various
gage sites, the correlation of the water-stage records,
and the magnitude of the errors that might occur in
converting the recorded soundings to elevations above
reference datum. A permanent gage at Hoover Dam
provides a continuous record of water-surface eleva-
tions at the dam. The operations and analyses dis-
cussed in this section established the fact that this record
is sufficiently accurate to be used without adjustment
for conversions of sounded depths to bottom elevations.
In determining whether adjustments are needed, it is
to be noted that the records of the echo sounders operat-
ing in the foot scale could be scaled to about the nearest
half foot, but in the fathom scale only to the nearest
2 or 3 feet.

COLLECTION OF WATER-STAGE RECORDS

Records of water-surface fluctuations were obtained
from recording gages located at strategic points around
the lake. A permanent gage had been in operation at
Hoover Dam since 1935, and this was used as the basic
reference gage during the 1948-49 survey. The gage,
which had been used in the survey of 1935 (Brown,
1941, p. 393), thus served as a direct tie between the two
surveys, after correction for differences in the gage
settings with respect to datum as described on page 57.
As the work progressed, auxiliary gages for the deter-
mination of local variations in water level were installed
at the other points indicated in plate 7.

Three of the auxiliary gages were maintained at fixed
locations throughout the course of the survey: gage 3,
in a cove on the southeast shore of the Boulder Basin;
the Boulder Wash gage, at the western end of Virgin
Basin; and the Pierce Ferry gage, in a cove at Grape-
vine Wash in Pierce Basin. The primary function of
the gages at Boulder Wash and Pierce Ferry was to
provide information as to changes in relative water
levels along the length of the reservoir. Gage 3 in
Boulder Basin was originally intended as temporary
only, but early records indicated variations between
true lake stage and the stage as read from the Hoover
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Dam gage. Therefore gage 3 was left in place through-
out the survey to provide continuous data regarding
these variations.

The other auxiliary gages were operated in con-
junction with the hydrographic survey, during which
they were moved from place to place as the sounding
party progressed from one basin to another. The pri-
mary function of the temporary gages was to provide a
record of local variations in water level that might be
of sufficient magnitude to require attention in the
conversion of soundings to bottom elevations.

GAGE INSTALLATIONS

The gage at Hoover Dam is a Stevens remote-register-
ing gage with the actuating Selsyn motor mounted
over a stilling well built into the dam. The gage
indicator dial and a Stevens water-stage recorder u:c
located in the watermaster’s office in the powerhouse.

All auxiliary gages were installed in portable stilling
wells and shelters, as portability was a major require-
ment for the equipment at the temporary locations, and
it was anticipated that fairly short stilling wells would
accommodate the range in stage likely to occur during
the period of operation at any selected location. A
reconnaissance at the two locations originally selected
for more permanent installations indicated that the
difficulties and costs of erecting stilling wells to cover the
anticipated 50-foot range in stage would far exceed the
difficulties and cost of moving short portable well-
and down the banks. Accordingly, all stilling wells
were fabricated from 24-inch diameter, galvanized, cor-
rugated iron culvert pipe. The bottoms of the wells
were closed and intake action was restricted in order to
damp out surges due to wind on the lake. A staff gage
consisting of enamel gage sections was bolted to each
stilling well to serve as a reference gage. Instrument
shelters were fabricated from 1-inch lumber and bolted
to the top of the stilling wells.

The wells for the temporary locations were 10 feet
long; with a crew of four men no great difficulty was
encountered in moving these up and down the banks or
from one location to another. The wells for the niu:
permanent locations were 16 feet long, in two 8-foot
riveted sections joined by standard band couplers. The
handling of these wells proved rather awkward and
difficult for the crew of four, even with the aid of light
block-and-tackle equipment. During periods of rising
stage the removal of these long wells from the lake for
reerection on higher ground was particularly difficult,
because it was not feasible to provide power equipment
at the isolated sites for the 1 or 2 hours that would have
been required for each move. Except for the press of
other work it would have been better to use 10-foot yells




SURVEY OF

at all locations, even though more frequent moves would
have been required. A minor difficulty with the long
'vells was the excessive intake action around the band
coupler, which permitted considerable surge in the well
when the water surface was above the coupler, as much
as 0.3 foot when the lake was rough. The surge ob-
scured the indication of seiche patterns to some extent
but did not detract from the value of the record for
determinations of lake stage.

Initially the gages were located in narrow, very well
protected coves, to avoid pounding by waves and to
minimize surge induced by wave action. Subsequent
observations indicated rapid reduction of wave height
toward the heads of even fairly open coves, and it was
found that gages could be located safely in small coves
opening directly to the main lake. Installation was
made by standing the well on the bottom near the center
line of the cove, and supporting it with three guy wires
attached to stakes or other anchors in the banks, a few
feet higher than the top of the well. All gages were
transported and serviced with the aid of a Navy air-
plane-personnel boat, because there were no access roads
to the selected sites.

WATER-STAGE RECORDERS

Two types of water-stage recorders were used for the
auxiliary gages: the Stevens Type F weekly recorder,
and the Stevens Type A-35 continuous recorder. The
Type F recorders were used at locations 1, 2, and 3
in Boulder Basin, where the gages were easily reached
from Boulder City for the necessary weekly servicing.
The Type A-35 instruments were used at all other
locations.

On both types of recorder the stage can be inter-
polated readily to the nearest 0.01 foot, and the me-
chaiical linkage is such that the probable error from
lost motion does not exceed 0.01 foot. The Type A-35
has a time scale of 2.4 inches per day, by means of
which time can be interpolated to the nearest 10 min-
utes without difliculty. Time-travel error on these
instruments seldom exceeds 1 hour per month; with
the aid of monthly inspection, corrections can be ap-
plied with confidence to the smallest interval to be
interpolated. The Type F recorder has a time scale
of 1.2 inches per day: the time can be interpolated
to about the nearest 20 minutes; and time-travel error
seldom exceeds 30 minutes per week. Thus the rec-
ords obtained from both types of recorder may be ex-
pected to be correct within 10 to 20 minutes in time,
and within 0.01 foot in gage height. However, the
tecuracy of elevations derived from the gage-height

records at Lake Mead may be somewhat less (p. 55).
496918 O—60-—5
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DEVELOPMENT OF A COMMON GAGE DATUM

The auxiliary gages were set initially to a convenient
arbitary datum, tied in to local reference marks by
differential leveling. Whenever it was necessary to
move a gage up or down slope, the relation between
gage scale and reference marks was redetermined as
a check against possible disturbance subsequent to the
initial setting, and after each move the new relation
was determined and recorded to permit eventual re-
duction of all readings to a common datum.

The true elevation of the zero of each gage with
respect to the common datum for the survey was de-
termined by comparing daily mean gage heights at
the auxiliary gage with daily mean elevations at the
Hoover Dam gage, and averaging the results over long
periods. The accuracy of this determination rests on
the validity of the assumption that the lake has a level
surface during periods of calm weather and small flow
through the lake.

At Boulder Wash and at Pierce Ferry it was pos-
sible to determine apparent elevations for the gage
zeros by leveling from nearby bench marks. The eleva-
tions of the bench marks were derived by interpolation
between the leveling of 1940—£1 and that of 1949-50,
in order to minimize the effect of differential settle-
ment. Elevations thus obtained were 0.02 foot higher
at Boulder Wash and 0.03 foot higher at Pierce Ferry
than the elevations obtained by the water-level trans-
fer from Hoover Dam, differences that are so small
as to be within the allowable limits of accuracy of the
leveling and of the average water-level determinations.
The leveling has thus served to confirm the horizon-
tality of the lake surface during periods of calm
weather and small flow through the lake.

Determination of the elevation of the zero of each
auxiliary gage was as follows: The average difference
between daily mean auxiliary gage heights and daily
mean elevations at Hoover Dam for the first 10 to 20
days of record was taken as a trial figure. The figure
was added to each daily mean gage height as the record
accumulated, the difference between the apparent ele-
vation thus obtained and the elevation at the dam was
computed, and the differences were plotted on a
“difference-time” chart (fig. 13). TIf, after 60 days or
more, any predominance of plus or minus values was
noted, appropriate correction of the trial figure was
made to bring the average daily difference to zero.
Comparison of differences was continued for the entire
period of record at each gage, to establish the validity
of the adjusted value as closely as possible, and to dis-
cover any tendency of the average difference to depart
from zero during periods of changing discharge
through the lake.
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One result of these comparisons was the discovery
of a gradual change in the relation between the gage
readings observed at Hoover Dam and at the auxiliary
gages in Boulder Basin and in Boulder Wash. The
rate of change of this relation was most rapid in May
and early June; it remained fixed during July and
August, and then started to reverse in September, re-
turning to its original value by December (fig. 13).
The discovery led to detailed study of the conditions
of operation of the gage at the dam.

The Bureau of Reclamation had found by periodic
leveling that the relation between true lake stage and
the Hoover Dam gage reading had been variable
throughout the period, and that the variation appeared
to follow a seasonal pattern: the gage readings were
higher in winter than in summer with respect to true
water-surface elevation. The range of the variation
appeared to be about 0.25 foot, which was approxi-
mately the amount of variation observed between the
auxiliary gages and the permanent gage during the
194849 survey. In an effort to confirm the variation
and determine its cause, a reference-mark bracket was
installed at the dam to permit frequent checks of the
gage reading by simply measuring down to the lake
surface with a steel tape. Such checks were made peri-
odically after September 1948. These data indicated
that the source of error must be in the Hoover Dam
gage or the stilling well in which it operated.

One source of error was found to be the result of
differences between the density of water in the lake
and water in the gage well, resulting from differences
in water temperature. The intake to the well, at ele-
vation 940 feet, is generally 200-260 feet below water
surface; and for interconnected water columns of such
height, small differences in density cause appreciable
differences in relative water levels. Computations
based on temperatures in the lake at the dam and in
the gage well, observed at various seasons in previous
years, indicated a difference in relative water levels of
about 0.01 foot in summer and about 0.11 foot in win-
ter, the well water being warmer and therefore higher
in both seasons. Computations made on the basis of
additional temperature observations during the 1948-
49 survey confirmed this value, which would account
for an annual variation of 0.10 foot.

Efforts to determine the source of the remaining 0.15
foot of error led to a check on the calibration of the
gage mechanism. In direct comparison between the
change in gage-dial reading and the measured travel of
the float tape, over as wide a range as possible, it was
-found that the calibration of the gage was correct so
long as the holes in the tape remained properly alined
with the spines on the float wheel. However, during
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changes of stage there is a marked tendency for the
perforated tape to ride up on the spines. A second
test, to determine the calibration error introduced by
operation with the tape out of the spines, showed the
error to be 0.0039 foot per foot change in stage. With
a normal annual range in lake stage of roughly 40 feet,
the total error between high and low stage is about 0.15
foot. The calibration error and the change in relative
water levels due to density changes are additive, and
the sum of the two equals the observed range of error
in gage reading with respect to true lake elevation.

ANALYSIS OF WATER-STAGE RECORDS

Most of the large changes in water stage resulted
from changes in storage in the reservoir, and were
recorded uniformly by gages in all parts of the lake.
Some patterns of fluctuation, however, indicate varia-
tions of the water surface from a level plane, and are
recognized by variations between the stages recorded
at the several gages.

SEICHES

The water-level records reveal considerable seiche
action in the lake during periods of moderate to strong
winds. There appear to be several seiche patterns,
varying from very short-period, small-amplitude oscil-
lations to fairly long-period cycles of variable ampli-
tude. No detailed technical analysis of these seiche
phenomena has been made, but the following general
observations indicate the complex behavior shown by
the graphs.

The long-period seiches are recorded strongly at all
gages in Boulder Basin (including the gage at Hoover
Dam), and at Pierce Ferry near the other end of the
main part of the lake. The general shape of the graphs
is roughly sinusoidal, but the detailed pattern is usually
quite irregular, with many superimposed small-ampli-
tude variations. At times the slopes of the rising and
falling limbs of the oscillations are quite dissimilar—
that is, the time interval from crest to trough differs
from that from trough to crest. Frequently the shapes
of successive cycles are quite different.

The approximate period of these long-period seiches
varies from 314 to 4 hours, and normally a crest is
recorded in Boulder Basin at the same time as a trough
at Pierce Ferry. Sometimes the seiche cycle at Pierce
Ferry leads the corresponding cycle in Boulder Basin
by 180°, and sometimes the reverse is true, presumably
depending on the source of the disturbance generating
the seiche. The amplitudes of the long-period seiches
vary from a barely perceptible sinuosity of the trace,
up to 0.10-0.15 foot in Boulder Basin, and up to 0.30-
0.35 foot at Pierce Ferry. Normally gage 1 showed the
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greatest amplitude of any gage in Boulder Basin,
though exceptions were noted. The maximum recorded
amplitude was about 0.6 foot at Pierce Ferry on the
night of December 34, 1948, during a period of very
strong wind with gusts estimated at velocities up to
60 miles per hour. The time interval between the first
two crests was barely 314 hours, increasing to 4 hours
between subsequent crests.

The long-period seiches recorded at Pierce Ferry and
in Boulder Basin are presumably controlled by, and
travel throughout, the length of the lake. All the
seiches shown at Pierce Ferry were reflected on the
Gregg Basin gage during its short period of operation,
but with considerably smaller amplitude, and some-
times with extensively modified patterns. Only a small
number of the long-period seiches were recorded on the
Detrital Wash and Overton Arm gages, and very few
are discernible at all on the gage at Boulder Wash.
When the seiches did appear on these gages the ampli-
tude was always much less than at the ends of the lake.

The short-period seiches detected on the various
graphs had periods of about 18 to 20 minutes at Pierce
Ferry and about 25 minutes at Boulder Wash, Gregg
Basin, and Detrital Wash. The amplitudes seldom ex-
ceeded 0.05 foot and were normally only 0.01 to 0.03
foot. These may be single-basin seiches controlled pri-
marily by conditions within the basin.

Between the two extremes of short- and long-period
cycles, various other frequencies occurred from time to
time at all locations. These cannot be correlated be-
tween gages, and a detailed analysis would undoubtedly
be very complex and difficult.

TIDES

The records were examined superficially but unsuc-
cessfully for indication of tidal fluctuations. Any such
fluctuations are completely obscured by the more pro-
nounced variations due to other causes. In particular,
the variable rate of rise or fall in lake level resulting
from variable outflow for power generation tends to
mask any diurnal fluctuations that might be caused by
tides.

WIND EFFECTS

In the preliminary planning for the survey it had
been anticipated that sustained winds of moderate to
strong intensity might cause fairly large differences in
water-surface elevations between leeward and wind-
ward sections of the lake. Because the axis of prevail-
ing winds in the Lake Mead area is north and south,
the gages in Boulder Basin and in the Virgin Basin-
Overton Arm section were located in such a way as to
indicate any north-south pileup of water.

The longest reach between gages in Boulder Basin
was the 8 miles between Hoover Dam and gage 2: no
differences attributable to wind were detected in this
reach, even under the influence of many strong south
winds during March and April 1948, The reach be-
tween gages in the Virgin Basin-Overton Arm section,
about 22.5 miles, is completely exposed to the north-
south winds and is entirely open except for a constric-
tion at the Overton Islands, about 8 miles south of the
Overton Arm gage. Even in this reach the observed
differences in water-surface elevation were negligible.
The greatest difference noted was 0.20 foot at 6 ;-
on September 24, 1948, after several hours of a south
wind at 30 to 35 miles per hour. Following these
negative results it was deemed unnecessary to measure
possible pileup in the 13-mile Gregg Basin-lccheryg
Canyon reach, which is also oriented approximately
vorth and south.

SLOPE EFFECTS

The records indicate that the stage at Pierce Ferry
increases with respect to the stage at Hoover Dam in
approximately direct proportion to the inflow. There
was a sustained positive difference between the lake
surface at Pierce Ferry and at the other gages thro: o
out the period of high inflow from April to July 1945,
This difference increased 0.14 foot during a change of
inflow from about 5,000 cfs to 90,000 cfs, and appears
to bear a direct relation to the flow, changing nbou
0.01 foot for each increment of 6,000 cfs of discharge
at Grand Canyon (fig. 13).

The differences between gages represent the slope, or
fall, of the water surface downlake from Pierce Ferry.
A large part of this fall probably takes place in the
canyon sections above Virgin Basin. The record at the
Gregg Basin gage does not cover the period of high
inflow, and evaluation of fall between that point and
the dam is not possible. Changes in fall between ue
Boulder Wash gage and the dam are too small to be
detectable in the record available. During period of
low flow (5,000-10,000 cfs) the fall from Pierce Ferrv
to Hoover Dam apparently is about 0.01 to 0.02 foot.

EVALUATION OF DISCREPANCIES

From the discussion above, it is evident that the
conversion of sounded depths to bottom elevations by
referencing to the record of the Hoover Dam gage is
subject to some error, by reason of the variation of
the lake surface from a horizontal plane and because
of the failure of the Hoover Dam gage to recor '’
true water surface at the dam.

The factors that might cause the elevation of water .
surface at the dam to differ from that at other points
in the lake are as follows:
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1. Slope of the lake surface, practically nil most of
the year, may increase to 0.20 foot with inflow of
120,000 cfs. The water surface at Hoover Dam gage
at that time would be 0.20 foot lower than the water
surface at Pierce Ferry.

2. Seiche action may cause a variation of 0.15 foot
in Boulder Basin, and twice as much at Pierce Ferry,
but with a period of 3 to 4 hours such variations would
be averaged out in the daily mean water-surface
elevation.

3. Wind action has caused a maximum observed
pileup of 0.2 foot in the long, north-trending Overton
Arm, but only negligible effects in Boulder Basin.

4. The lake stage rises rapidly during the annual
freshet in the Colorado River. In 1948 the stage rose
more than 0.5 foot during each day from May 20 to
June 20, and a maximum daily rise of 1.08 feet oc-
curred May 27. The use of daily means or of midday
gage heights may introduce errors of as much as 0.15
foot in conversions of soundings made early or late
in the day.

The maximum operational error in the Hoover Dam
gage readings is about 0.25 foot, which is the same
order of magnitude as the variations from horizontal
surface caused by seiches, wind, or inflow. In the
analysis of variations of the lake surface from the
horizontal it was of course necessary to correct for
these operational errors in the Hoover Dam gage; the
oraphs of figure 13 show the variations between the
auxiliary gages and the corrected gage record or true
water surface at the dam.

The errors that might be introduced in the deter-
mination of bottom elevations because of all these fac-
tors are much less than the total of the maximum
errors listed above. Thus wind effects and slope ef-
fects were found to be negligible in Boulder and Virgin
Basins; a fortuitous combination of seiche effects,
hourly change in water level, and operational error
at the dam gage could cause an error of no more than
0.5 foot in the conversion of individual soundings in
those basins. The survey of Pierce Basin and other
areas in the eastern part of the lake was undertaken
during a period of low inflow, when slope effects were
negligible; here, too, the conversion of individual
soundings might be in error by as much as 0.5 foot,
by reason of maximum seiche action and errors in the
dam gage. In Overton Arm, individual soundings
might include some effect of wind pileup, but there the
seiche action would be negligible, so that the total
error would be no greater than in other parts of the
Lake.

A maximum error of 0.5 foot is of no practical sig-
nificance in the computation of elevations of the reser-

voir bottom, because it is within the limit of accuracy
of the soundings. The Hoover Dam gage record was
thus sufficiently accurate to be used without correc-
tion for conversion of the sounded depths to bottom
elevations, and adjustment of the preliminary bottom
elevations, as computed daily throughout the course
of the survey, was not required.

SELECTION OF REFERENCE DATUM

When the gage at Hoover Dam was installed in 1935,
it was referenced to sea-level datum by leveling from
bench marks whose elevations were derived originally
from the general adjustment of 1912. This datum is
known locally as the powerhouse datum.

Since 1935 the setting of the gage has been checked
periodically by leveling from convenient bench marks
to the lake surface and comparing the elevation obtained
with the gage reading. Different evaluations of the
bench-mark elevations have resulted in differences in
gage settings. Comparisons between the elevation fig-
ures actually used from time to time and the true
elevations above the datum of 1929, leveling of 1935,
indicate that the difference was only 0.18 foot during
the 1985 survey made for the Soil Conservation Service,
and was about 0.5 foot from 1937 to 1948. Starting in
September 1948, correct elevations above powerhouse
datum have been used and the resulting difference has
been 0.55 foot. The temporary datum planes have been
high in all cases. The gage readings on which the
channel cross sections for the 1935 survey were based
are in error by less than 0.2 foot, and well within the
limits of accuracy of the computations. Gage readings
during the present survey, when referenced to power-
house datum, require an adjustment of plus 0.55 foot
to correct them tb the datum of 1929, leveling of 1935.

So far as the computations of capacity are concerned,
the method of vertical control used in the hydrographic
survey permits the computer to choose his reference
plane (provided he adheres to the same reference plane
consistently). Specifically, the method of survey ties
the elevation of reservoir bottom to the dam, and the
capacity is fixed by the relation of the dam to the reser-
voir, rather than by the relation of either to sea level.

In chapter I the tables of area and usable capacity
are computed for elevations based on powerhouse
datum, and the elevation of the spillway (1205.4 feet)
and of the gates in raised position (1221.4 feet) are
referenced to the same datum. However, the tables of
capacity and sediment storage by basins, and the com-
parisons between 1935 and 1948, are computed for eleva-
tions based on the datum of 1929, leveling of 1935, which
was the datum used in the original (1935) computations
of reservoir capacity. From this datum the elevations
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at the dam as well as all elevations of reservoir bottom
are 0.55 foot greater than those measured from power-
house datum ; the capacity of the reservoir is of course
the same regardless of the datum used, but the capacity
at each indicated elevation, if measured above the datum
of 1929, is slightly less than if measured above power-
house datum.

If the gage readings (and hence the bottom eleva-
tions) are computed on the basis of the elevations deter-
mined by more recent leveling (such as the leveling of
1941 or 1950), then the storage at each indicated eleva-
tion will be somewhat greater than that for the same
elevation above powerhouse datum, but the capacity
when full remains the same because the elevation of the
spillway is less by the same amount.

SOUNDING OPERATIONS
By Lt. C. C. McCaLr, USN

Sounding operations were carried out in the manner
prescribed by the Navy Hydrographic Office. Each of
the Navy personnel on the survey received preliminary
training at the Hydrographic Office in the methods and
techniques of conducting a hydrographic survey. The
training included instruction in horizontal-angle read-
ings by use of the sextant, correct timing procedure, the
proper keeping of records in a sounding journal, and
plotting by use of the three-armed protractor. Upon
their arrival at Lake Mead, the group was given final
instruction and training in teamwork by M. R. Ullom of
the Hydrographic Office. After several days of train-
ing, the sounding crew was running lines that would
meet the standards required for a hydrographic survey.
This trained crew conducted all sounding operations
throughout the survey.

At the start of each day’s work thesfollowing checks
were made on the equipment used on the survey: sex-
tants, for accuracy; motor speeds of echo depth
sounders (a check that was repeated at intervals during
the day) ; and zero setting of the recorder. Calibration
of the echo-sounding instruments was also checked daily
by use of a “check bar” lowered on an accurately meas-
ured cable to depths of 30, 60, 90, and 120 feet. From
these readings the velocity of sound in water was de-
termined for the day’s sounding operations. A few
comparisons were made with wire-line soundings over
relatively flat areas of hard bottom, and these indicated
agreement with the bar checks. The relation of re-
corded depth to true depth varied with the water tem-
peratures, and these variations were found to follow
closely the differences in computed sound velocities for
the various temperatures. Recorded soundings were
corrected accordingly before conversion to bottom
elevations.

IN LAKE MEAD, 1948-49

In preparation for running each sounding line, the
sounding boat was maneuvered to the line position by
study of approximate fixes plotted on the boat sheet,
on which the sounding lines had already been drawn.
After the boat was on position to start the line, the
sounding clock and echo sounder were started and a fix
was taken, When the sound boat was underway every
effort was made to follow the straight course.

Boat speeds during sounding operations varied with
the conditions. When sounding over hard bottom in
open water, a speed of approximately 5.5 miles per hour
was maintained. However, over thick sediment deposits
it was sometimes necessary to slow to approxiniiel;
3.5 miles per hour to get a clear recording on the sound
trace. During close inshore sounding, the boat speed
was reduced to about 2 miles per hour to give a safety
factor against possible grounding. Most of the hazards
to navigation had been marked on the boat sheets from
the topographic maps of the Fairchild Survey, but,
from early experience in Boulder Basin, it was found
necessary to keep a sharp lookout from the bow of th.
sounding boat when approaching the shoreline.

During the travel of the sounding boat along a line,
fixes were taken at intervals of 2 minutes. Anglemen
read angles between three established signals placed on
the shoreline. The left angleman observed the angle
between the left and center signals; the right angleman,
the angle between the center and right signals. These
angles were observed by using a sextant in the horizon-
tal position, and the images of the signals were con-
tinually superposed during the counting period. The
angles were read to the plotter, who set them upon a
three-arm protractor and plotted boat position on the
boat sheet. The line was acceptable if one fix wa:
missed but not acceptable if two consecutive fixes were
missed.

Soundings were recorded in the sounding journal
every 15 seconds and fixed or marked on the sound
trace every 2 minutes or whenever a fix was taken.
At this time the number of the fix was recorded on
the chart and also in the sounding journal. A check
was made between the soundman and the recorder every
fifth fix to make certain that all recordings were in
continuity and agreement.

As the end of each 2-minute sounding interval was
approached, the recorder gave the anglemen a 30-sec-
ond warning, then a 10-second warning, and at the
5-second mark would start counting the remaining sec-
onds, until the end of the 2-minute interval was reached,
when he would call “Mark.” At this time the angle-
men read to the recorder the angles observed, and those
angles were plotted immediately to determine whether
the boat was traveling along a satisfactory course.
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Each of these plots was numbered on the boat sheet
with the identical fix number recorded by the recorder
and the soundman.

In calm water it was possible to run a full line with-
out a course change, but in rough weather it was neces-
sary at times to make changes in course in order to fol-
tow the designated line. These course changes were
made as near to a fix as possible, or to the 1-minute
interval halfway between fixes, to facilitate the proe-
essing of the smooth sheets.

LOW-FREQUENCY DEPTH-RECORDING EQUIPMENT

By W. C. BrawspeL, National-Simplex-Bludworth,
Inc. .

Two types of low-frequency depth-recording equip-
ment were used at Lake Mead—namely, the U.S. Navy
type NJ-8 depth recorder equipment and the U.S.
Navy type NK-6 portable depth recorder equipment.
Both were designed to produce rapid, accurate, auto-
matic, and permanent records of depths of water by
the method of ultrasonic echo sounding. They were
selected for use in Lake Mead because the frequency
of 14.25 ke used for the transmission of sound through
water insured great penetrating power, making it prac-
ticable to obtain reflections from the top layer of any
sediment or other body of distinctive density. By this
means an accurate record in depth of each successive
change in the density of the medium was obtained.

An annular reflector reflects all the transmitting en-
ergy from the transducer pack vertically downward,
causing high intensity of the beam through the me-
dium. Similarly, the use of the same type of reflector
in the receiving transducer enables it to pick up very
small returning echoes. In addition, the intensity of
the reflccted signal can be adjusted so as to differentiate
vlearly between the mediums of reflection.

NJ-8 DEPTH-RECORDING EQUIPMENT

The NJ-8 depth-recording equipment is a perma-
nently installed, rapid-recording, echo-sounding instru-
ment designed for use in shallow to moderately deep
water, operating at 2 ranges: 200 feet and 200 fathoms.
Tt meets Navy requirements in shock and vibration
tests. It consists essentially of 4 separate units: a
recorder cabinet containing the graphic recording
mechanism and echo amplifier, a signal sender, and
the transmitting and receiving transducers. A 115-volt
(£0.5 percent), 60-cycle (+1.5 cycles), single-phase,
a-¢ power supply of approximately 260 watts is
required. If the ship’s power supply is 24, 32, 113,
or 230 volts de, a suitable motor-alternator set, having
a power consumption of approximately 600 watts, and
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a fuse and relay cabinet for remote starting of the

alternator are supplied.
RECORDER
Recorder cabinet.—The recorder cabinet, which

houses the recording mechanism as well as the ampli-
fier chassis, is of three-piece cast-aluminum construc-

tion. The entire front breaks open into two doors
(pl. 8). The upper door provides access to the re-

corder mechanism and the lower door allows for the
servicing of the amplifier. Both doors are drawn se-
curely shut against a rubber gasket by a locking han-
dle. Interlock switches close the power circuits.

The operating controls, located on the covers, consist
of a four-position rotary power switch, a two-position
range switch, a gain control, and a fix button. The
rotary power switch, in successive positions, discon-
nects the power supply from the entire equipment,
maintains the amplifier ready for operation, and con-
nects power to the mechanism drive motor. The range
switch in “feet” position provides for depth recordings
up to 200 feet, and in “fathoms™ position to 200 fath-
oms. Depressing the “fix” button records a horizontal
line the full width of the chart for reference purposes.

The record paper is of a dry facsimile type, impreg-
nated with conductive materials and surface coated
with an electro-sensitive substance that turns black
upon the passage of electricity. The recording is vis-
ible through a shatterproof glass port on the cover,
and this port may be raised to record bearings or other
pertinent data.

Recorder mechanism.—This unit is resiliently
mounted in the upper part of the cabinet. The mech-
anism consists of a 1/50-hp, 1,800-rpm synchronous
motor, a gear box and positive clutch, a drum upon
which a spiral wire is carefully positioned, a positive-
driven paper-propulsion device, a main adjustable key-
ing assembly, a cam-actuated auxiliary keying switch
and associated phasing switch, a zero button, a printer
bridge assembly, and a fathoms-marking contact.

The drum, paper-propulsion device, and cam shaft
are driven by the motor through the positive clutch and
reduction gear box. The drum rotates at 600 rpm on
the feet range and 100 rpm on the fathoms range, and
the cam shaft rotates at one-third the speed of the
drum. Because an impulse is transmitted with each
revolution of the cam shaft, recordings are made at
rates of 200 per minute on the feet range and 3314
per minute on the fathoms range. The paper-pro-
pulsion device positions the recording chart paper by
guide rollers and moves it over the drum and under
the printer blade at the rate of 1 inch per minute on
the feet range and 4 inch per minute on the fathoms
range.
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NJ-8 RECORDER, OPENED FOR INSPECTION OR SERVICING
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4. NJ-8 DRIVER-RECTIFIER, SHOWING HORIZONTALLY MOUNTED STROBOTRON TUBE

B. NJ-8 TRANSDUCER, SHOWING CONICAL REFLECTOR HANGING FROM CASE COVER

. Inside the reflector can be seen the stack of torroidally wound nickel laminations.




62 COMPREHENSIVE SURVEY OF SEDIMENTATION IN LAKE MEAD,

The auxiliary keying switch is in series with the
main keying brush and is closed by the cam for a
short interval, once each revolution of the cam shaft.
The switch is adjustable for proper closure and syn-
chronization so that when this switch and cam are
properly adjusted with reference to each other and to
the main keying assembly, the keying circuit is closed
with every third revolution of the recording drum and
an impulse is sent to the transmitting transducer.

The phasing switch is in series with the amplifier
output and the printer blade. This switch can be ad-
justed in the same manner as the auxiliary keying
switch so that recording is limited to the first revolu-
tion of the drum after keying, thus avoiding false
depth recordings. The cam-rise surface is of such
length that recording is obtained the full length of the
drum. Thus, proper synchronization between trans-
mitted and received signals is obtained, and the posi-
tion of the recording on the chart is a direct indica-
tion of the depth of the water below the transducers,

The printer bridge assembly contains the printer bar,
to which is fastened the printer blade, two pilot lights
for illuminating the observation area, and an adjust-
able fathom-marking stylus. When the range switch
is in the fathoms position, voltage from the amplifier
power supply is applied to this stylus, and when it is
adjusted so that it rests on the chart paper, a recording
i1s made. Thus a vertical line is recorded in the left
margin of the paper as a reference that the recordings
are in fathoms. After a recording has been removed
from the instrument it is possible to distinguish be-
tween feet and fathoms by means of this marginal
identification. The printer blade and spiral wire are in
contact through the paper at only one point at any
given instant. An electrical impulse, received by the
printer blade at the moment of contact, arcs through
the paper, leaving a permanent black dot. Successive
dots form the chart recordings. The range marking
in the left margin is recorded in the same manner.

Echo amplifier—The amplifier is a self-contained
unit consisting of a tuned input transformer, four re-
sistance-coupled voltage-amplification stages, and a
power stage with a tuned output transformer. It has
its own power transformer and rectifier tube for plate
supply.

It is designed to receive a signal pulse at 1425 ke
and, subject to the setting of the gain control, to
amplify this signal voltage sufliciently to produce a
permanent record on the recorder chart by the arc-
discharge method. The amplifier components are
mounted on an aluminum chassis, which is shock-
mounted on the lower door of the recorder cabinet.

1948-49

DRIVER-RECTIFIER OR SIGNAL SENDER

A resiliently mounted cabinet, with a cast bronze
base and a ventilated sheet metal cover, encloses the
electronic circuits that produce the electrical impulses
required by the transmitting transducer. The filtered
supply from a low-voltage rectifier tube stores enc: oy
in a capacitor, which, in turn, is discharged through the
strobotron transformer each time the keying contacts
are closed in the recorder. The resulting pulse, de-
livered to the strobotron (pl. 9.4), causes this tube to
flash through the discharge tube transformer, in turn
producing an extremely high potential pulse that is
applied to the discharge tube. Ionization of the gas
in this tube causes it to conduct, thereby releasing to
the transmitting transducer, in the form of an intense
pulse, the energy that has been stored in the capacitor
by the high-voltage rectifier. The very high current
induced in the transducer produces the magnetosfri:-
tion effect desired.

Part of the output energy of the signal relay is fed
back to the recorder mechanism through the zero-depth
button to the printer blade, for the purpose «f record-
ing a zero-depth mark on the chart.

TRANSMITTING AND RECEIVING TRANSDUCERS

The transmitting transducer converts electrical im-
pulses from the echo sender, under the control of the
keying switches in the recorder, into pressure waves
that pass through the water to the bottom and from
there are reflected back to the receiving transducer.
The receiving transducer converts the pressure v . cs
to electrical impulses, which, when amplified, mark the
chart in the recorder.

Each transducer consists of a stack of torroidally
wound nickel laminations (pl. 98), mounted in a ve-
flector lined with cellular rubber, which, in turn, is
mounted on an adjustable bracket, allowing compen-
sation for a dead rise of the bottom hull plate up to 15°.
This unit is enclosed in a cylindrical housing that is
bolted to a leveling ring, which must be welded to the
outer skin plate of the ship with the transducer
diaphragm in contact with the water. The housing
1s filled with castor oil.

The transducers may be mounted either fore and
aft or athwartships across the keel. For accurate
shoal soundings they should not be placed more than
6 feet apart. The operating frequency of the trais-
ducers, 14.25 ke, is outside the range of interference
from ordinary water noises such as chafing objects.

The impulses from the echo sender set up a magnetic
field in the laminations of the transmitting transducer.
The laminations contract as the field increases and ex-
pand as the field decreases. The effect is known as
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magnetostriction, which sets up mechanical vibrations
that are transmitted through the liquid within the

ransducer housing. These vibrations are transmitted
‘0 the water and thence to the bottom, where they are
veflected back to the receiving transducer.

The receiving transducer is identical with the trans-
mitting transducer; it is mounted in the same way but
is premagnetized by a momentary impulse of direct
current. The reflected vibrations are transmitted to
the liquid in contact with the laminations, causing
cxpansion and contraction of these laminations and
thereby a change in the magnetic field in the receiving
transducer. This change in the magnetic field induces
an electrical impulse in the winding of the transducer,
and the impulse is transmitted to the input of the echo
amplifier through the interconnecting wires.

MOTOR-ALTERNATOR SET

The speed of the mechanism is strictly dependent
upon the frequency of the output of the motor-
alternator set, and proper operation of the equipment
can be attained only when this frequency is held within
0.5 cycle of 60 cycles per second. Frequency regula-
tion is accomplished by means of a centrifugal gov-
ernor, operating across a resistor in series with the
shunt field in the motor of this unit, so that speed
changes cause the contacts to open or close, thereby
tending to oppose speed changes by field compensation.

A magnetic controller, suitable for use with the
motor-alternator set, is supplied as an accessory for
use when required. It contains a relay for remote
starting of the motor-alternator set, a capacitive
filter for prevention of radio interference, and pro-
tective fuses in the d-c supply to the motor-alternator
set. The relay operates from the ship’s d-c supply
under the control of the power switch on the cover of
the recorder.

NK-68 PORTABLE DEPTH-RECORDING
EQUIPMENT

The NK-6 depth-recording equipment is a semiport-
able supersonic, rapid-recording, echo-sounding instru-
ment designed for use in shallow to moderately deep
water and for temporary installation in a launch or
vessel.

The instrument operates in two ranges, 200 feet and
200 fathoms. It consists essentially of three separate
units: a recorder cabinet, containing the graphic re-
cording mechanism, signal sender, echo amplifier, and
motor-speed indicator; a submersible unit containing
the transmitting and receiving transducer; and a 12-
volt storage battery. The power consumption is ap-
.proximately 120 watts at 12 volts de.

RECORDER

Cabinet.—All essential parts of the NK-6 recorder,
except the transmitting and receiving transducers and
the battery, are in one metal case, which has an addi-
tional canvas cover for protection from the weather.
The operating controls consist of a four-position rotary
power switch, a two-position range switch, a gain con-
trol and a “fix” button. A motor-speed indicator and
voltmeter are located on the cover. The recording is
visible through a shatterproof glass port on the cover
and this port may be opened to record bearings or
other pertinent data on the chart.

Recorder mechanism. — This unit is resiliently
mounted in the left compartment of the recorder case.
It consists of a 3600 rpm, series-wound, governor-con-
trolled, 1/30-hp drive motor; a gear box and positive
clutch; a drum upon which a spiral wire is carefully
positioned; a positively driven paper-propulsion de-
vice; a main keying assembly; the cam-actuated auxil-
iary keying switch and associated phasing switch;
a printer bridge assembly; a fathoms-marking contact,
to record a vertical line in the left margin of the chart;
and a two-hole permanent magnet alternator directly
connected to the drive motor shaft, which furnishes
a-c power to operate the reed tachometer used for the
motor-speed indicator (pl. 104).

The drum, paper-propulsion device, paper, method
of marking, cam shaft, and auxiliary keying and phas-
ing switches of the NK-6 equipment are similar to and
operate like corresponding equipment in the N.J-8
recorder mechanism.

When the range switch is set on fathoms, the fath-
oms solenoid operates and transfers the clutch in the
gear box from the feet to the fathoms position and
reduces the speed of the drum and cam shaft. It also
applies voltage from the rectifier circuit of the driver-
rectifier to the fathom-marking contact. This con-
tact is adjustable so that when it is properly positioned
with respect to the spiral wire on the drum, a recording
is made on the chart paper. Thus, a vertical line is
recorded in the left margin of the paper as a reference
that the recordings are in fathoms. When the range
switch is in feet position, the feet solenoid operates and
transfers the clutch to the feet position.

Signal sender and echo amplifier—The unit is re-
siliently mounted in the right-hand compartment of
the sounding recorder.

The driver-rectifier section of the chassis consists
of a nonsynchronous vibrator, which in conjunction
with the step-up transformer and the full wave rec-
tifier tube, furnishes high voltage to charge a capacitor
and also screen and plate supply for the receiver-
amplifier. At the instant the main keying brush
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wands - s

B. NK—6 SUBMERSIBLE UNIT, CARRYING TRANSMITTING AND RECEIVING TRANSDUCERS

This is a portable overside-mounting arrangement.
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and the auxiliary keying switch make contact, current
flows through the primary of the step-up transformer,
and induces a voltage in the secondary which ionizes
the gas in the gaseous discharge tube (strobotron),
thereby discharging the capacitor through the trans-
mitting transducer. A part of the discharge is im-
pressed on the cathode of the first tube in the amplifier
to record a zero signal on the recording chart paper.

The reflected impulse is conducted from the receiv-
ing transducer to the input transformer of the ampli-
fier section of this chassis. The amplifier is a three-
stage resonant type, tuned to a frequency of 14.25 ke.
The second stage is resistance coupled, and the input,
output, and third stages are transformer coupled. The
output is connected through an isolating capacitor and
the phasing switch to the printer blade. The sensitiv-
ity of the amplifier is controlled by adjustment of the
gain potentiometer, which varies the bias of the second
stage. The signal energy is amplified sufficiently to
produce a permanent record on the chart by the arc-
discharge method.

SUBMERSIBLE UNIT

The submersible unit (pl. 10B) consists of a trans-
mitting and receiving transducer in a streamlined cast
aluminum housing, 37 inches long and 14 inches wide.
Each of these transducers is magnetostrictive and con-
sists of a stack of thin annular nickel stampings,
mounted on a spindle inside an air-filled reflector and
immersed in castor oil. Each pack is torroidally
wound with an energizing coil of neoprene insulated
wire. The operating frequency of the transducer is
14.25 ke. The transmitting and receiving transducers
are identical in all respects, except that the receiving
unit is permanently magnetized. This submersible unit
should be installed so that its bottom is at least 2 feet
below the water surface and on a horizontal plane and
its axis parallel with the center line of the vessel.
There should be at least 1 foot clearance between it
and the vessel.

HIGH-FREQUENCY DEPTH-RECORDING EQUIPMENT
By Rosert P. GEpbES, JR., and BIrt BLackMAN, Bendix
Aviation Corp.

NGB-3 DEPTH-RECORDING EQUIPMENT

The principal high-frequency depth-recording equip-
ment used at Lake Mead was the U.S. Navy type
NGB-3 depth-recording equipment. It is designed to
measure depth in water by the echo method and to
chart that information on recording paper. The in-
strument operates at a frequency of 50 ke. It receives
and amplifies the echo, measures the intervening time
interval, and records this interval as a depth measure-
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ment that is subject to correction for temperature and
other factors. It can record depths between the limits
of 214 feet and 50 fathoms. This equipment was se-
lected because of the sharp definition it developed h:-
tween the water and the top of the sediment layer,
even when the sediment layer was thin and the dif-
ference in density slight.

This depth recorder is designed for two depth
ranges: from 214 to 50 feet, and from 1 to 50 fathoms.
When the “feet” range is used, ultrasonic impulses are
sent out at the rate of 576 per minute. When the
“fathoms” range is used, 96 pulses per minute are
transmitted. The equipment comprises a principal
housing, a transducer (the diaphragm of which is sub-
merged in water), and interconnecting cables. The
principal housing is 233 inches high, 183/ inches wide.
11 inches deep, and weigh about 90 pounds. ‘lie
recording unit and the electronic chassis are inside the
housing (pl. 114). The electronic chassis has a sub-
chassis, which mounts a vibrator power supply unit

that is interchangeable with other units having dif-
ferent input voltages; a 24-volt unit drawing 2.75

amperes was used in the survey.

The recording unit (pl. 113) has a pivoted rotating
arm, which carries the marking stylus. The arm is
driven at high or low speed depending upon the “feet-
oft-fathoms” switch setting. Calibrated paper is
pulled horizontally across the face of the platen and
over a stainless-steel grounding plate. The recordir. -1
echoes is accomplished by means of an arc that burns
the paper surface at the point of contact between stylus,
paper, and stainless-steel grounding plate, causing the
initial pulse and returning echoes to appear us a dark
trace. The calibration of the paper is in either feet or
fathoms at option. The initial mark on the “feet” posi-
tion appears as a long dark trace at 0 to approximately
the 214-foot mark on the paper. The initial trace on the
“fathoms"” position appears as a narrower and much
darker trace and can be distinguished readily as a
fathom trace, thereby identifying the marks left on the
paper as definitely in feet or fathoms.

The transducer is 81/ inches high and 5 inches in over-
all diameter, and it weighs approximately 8 pounds.
It is connected to the electronic unit contained in the
principal housing by means of a twin-axial cable. The
electrical energy is converted into 50-kc mechanical im-
pulses in the transducer crystals. Returning echoes
are reconverted into electrical energy by the transducer
and are delivered to the electronic unit through the
transducer cable. In operation the transducer dia-
phragm is pointed downwards with a tilt not over 5°
from horizontal. The transducer may be completely
submerged in water,
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CIRCUIT ANALYSIS

The electrical circuits of the NGB-3 depth recorder
wre shown diagrammatically in figure 14. Primary
power is channeled to the power supply through a jack
in the principal housing and is fed to a “hash” filter
circuit, composed of inductors and capacitors. One leg
is in each side of the line and the winding is such that
the two fields cancel out. Primary power continues
through the jack and switch to where the power supply
is plugged in. All input power supplies must furnish
110 volts ac at 60 cycles for the synchronous induction
motor, 250 volts dc at 15 milliamperes to power the
electronic unit, and 6 volts for the filaments and lamps.
The power supply includes a typical full-wave rectified
rircuit using a 6X5GT tube. Transformers are fur-
nished with an electrostatic shield between the primary
and secondary windings, and an electrostatic lamination
shield is built into each transformer. Each is fed to
the feet—off-fathoms switch, and current for phase 2
field of the synchronous motor flows through the elec-
tronic unit jack and principal housing plug. A 3-
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microfarad power-factor correcting capacitor is con-
nected across the 110-volt a-c line to provide proper
phase relation. The motor phase-shifting capacitor is
connected in series with phase 1 winding of the syn-
chronous motor and connects back to the feet—off-
fathoms switch. Reversal of the motor is accomplished
by reversing the position of phase 1 winding of the
motor across the 110-volt a-c line.

The single-phase induction motor operates with no
electrical connection to the rotor. It has two stator
windings in which a rotating field is established. The
rotor turns mechanically because of the reaction of
heavy circulating current against the rotating field
around it. A capacitor in series with phase 1 winding
provides a calculated phase lag for motor starting.
Direction of rotation is reversed by reversing the con-
nections of phase 1 stator winding in the switch.

Timing—Timing of the outgoing initial impulse is
originated by a contact cam mounted on a shaft ex-
tending through the rear of the gear box assembly.
The switch closes at the instant that the stylus arm is
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FieUrRE 14.—Block diagrams illustrating electronic circuits and principle of echo sounding.
A, Principle of echo sounding ; B, Operation of echo sounder.
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rotating past the 0 mark on the calibrated paper. Co-
axial cable is connected through connectors and jacks
to the pulsing capacitor. The pulse is received at the
thyratron tube grid, as this grid is negative and is
merely driving the tube into a region of greater cutoff.
However, when the switch is opened a sharp positive
pulse appears momentarily at the control grid, causing
it to fire and discharge the capacitor through the auto-
transformer type of inductor in the transducer housing.
At the same time, a voltage appears across the series-
resonant circuit, causing a neon glow tube to fire and
rapidly quench the oscillations that have begun to take
place in the entire circuit. A short initial pulse is thus
fed through the electronic unit amplifier and appears
as a zero mark on the calibrated paper.

Transmission—Shock excitation is produced in the
autotransformer transducer coil in the process of dis-
charge through the thyratron. A large pulse of electri-
cal energy shock excites the 50-ke resonant cireuit in
the transducer and produces a dampened wave. The
cerystal assembly in the transducer converts the electri-
cal energy into 50-ke mechanical energy by virtue of
its piezoelectric property. This energy goes into the
surrounding castor oil in the transducer, which in turn
transfers it through the rubber diaphragm into the
water.

Reception.—The signal progresses through the water
to a reflecting surface and returns to the transducer in
the form of an echo. The crystal assembly in the trans-
ducer, having reversible piezoelectrical properties, con-
verts this reflected energy back into electrical form.
The output of the transducer unit goes back through
the cable system in the reverse direction. The incom-
ing pulse appears across the grid and is amplified in a
conventional manner through electronic tubes. The
sensitivity control is placed in the control grid of one
of these tubes and serves to regulate over-all gain in the
amplifier. Actual marking of the paper occurs in the
same sequence as for the initial pulse previously
described.

EVALUATION OF THE ECHO SOUNDING

By G. B. Cummines and C. E. MoNGaN, JR.,
U.S. Bureau of Ships

The sonar equipment and methods used to determine
the depth of water and thickness of sediment in Lake
Mead are based on the echo-sounding principle: a pulse
of sound energy is emitted from a projector, travels
through the water, is reflected, and returns as an echo
to the projector, which has been arranged in the mean-
time to receive the echo. The echo can then be recorded
in various ways, such as on a cathode ray screen or on
the paper chart of a recorder.

Several factors were considered in choosing the echo
sounders used. The difference in density between the
water and the top of the sediment layer was very smali
in some localities, and relatively high-frequency ultra-
sonic waves (50 kc or more) were required for the
accurate determination of the depth to this interface
between the water and the sediment. In contrast, rela-
tively low-frequency waves (14.25 kc) were used to
penetrate the sediment layers down to the hard bottom.
It was also desirable to arrange for swifching and cross
hookups between the component parts of several equip-
ments, in order to provide flexibility of use and contin-
uous operation.

Most of the sounding of Lake Mead was done with
the Navy type NGB-3 depth-recording equipment, o
erated at 50 ke, and by the Navy model NJ-8 depth-
recording equipment, operated at 14.25 ke. The Navy
model NK-6 portable depth-recording equipment,
which also operates at 14.25 ke, was used for somne ob-
servations. In addition, depth-recording equipment
with a frequency of 88 ke was used experimentally.

The N.J-8 echo depth sounder had been installed by
the Naval Base at San Diego prior to shipping the boat
to Boulder City. The transducers were installed in
the bottom of the hull of the picket boat, amidship
and as close to the keel as possible. During the first
phase of the survey this installation was satisfactory.
but later on portable transducers were used with the
NJ-8.

The first sounding operations were made with the
NJ-8 exclusively; it was found that this equipment
gave a very clear picture of the sediment deposits in
the old river bottom. As this was a desired finding, it
was decided to use only the NJ-8 when the surveying
was over the old river bed. When it was not over the
old river bed, the NK-6 or NGB-3 was used for sound-
ing. The NK-6 is designed to use the same transducers
as the NJ-8, and switching arrangements were devel-
oped to use the same transducers and power supply for
both equipments. The NK-6 gave a very good recor!
ing trace and was much simpler and easier to maintain
than was the NJ-8. Sounding operations utilizing the
NGB-3 recorder produced a sound-trace recording that
was dark and easy to read.

ANALYSIS OF RECORDS

The NGB-3 equipment, operating at 50 ke, gave a
consistent indication of the top of the sediment. Sound
of this frequency did not penetrate the sediment,
Where the sediment was very thin, the trace of the
interface was slightly fuzzy. Independent determina-
tions showed that the transition layer was 1 to 4 inches

thick.
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The instruments operating at 14.25 ke produced an
echo from the water-sediment interface and an echo
from the bottom of the sediment. Additional echoes
were recorded at some locations in the lake, which were
attributed to changes in density of the layers of sedi-
ment. In the soft sediment of the Boulder Basin, pene-
tration of 140 feet of sediment was obtained near the old
cofferdam at Hoover Dam. This sediment had a specific
gravity of about 1.2, and a 50-pound weight dropped
easily through it. Up the lake 20 miles east of the dam,
the reflections were poor and were not consistently
obtained from the bottom of the sediment. Here the
sediment was more compact, and a 50-pound weight
would penetrate only 3 to 4 feet. However, some of the
sediments farther uplake were penetrated, as for in-
stance near Pierce Ferry, where on one occasion there
was reflection from the bottom of a sediment layer 130
feet thick. The average thickness of sediment in the
old river bed was about 70 feet.

Standard methods of computing sound velocity in
waters of differing salinity were checked and found to
be adequate. Water that contained a concentration of
700 ppm of mineral salts (about average for Lake Mead
water) was considered pure water. Corrections for
sound velocity were made to all charts prior to trans-
ferring the depth information to the smooth sheets.

-\ comparison of the sonar depths with readings from
sounding lines indicate an accuracy within 1 to 8 feet.
The observations, showing reflections from the interface
at one frequency and penetration of the sediment at
‘mother frequency, present an acoustic problem that has
not yet been solved. It seems clear that the difference of
impedance at the interface is inadequate to explain the
effects. The thermal structure of the lake is such that
there is too small an increase in temperature at the inter-
face to account for the reflections. It seems plausible,
therefore, than an energy-absorption process is going
on in the sedimentary layer, and that such a process is a
fanetion of the particle size, the water content, and the
frequency of the sound. The details of this functional
relation have not yet been established. Data, obtained
by Raitt* by sending low-frequency pulses through
marine sedimentary layers, indicate that the transmis-
sion losses in the sediment are less at lower frequencies.
This observation would be in accordance with the trend
of the observations made at Lake Mead.

Observations made during the survey indicate :

1. The high-frequency equipment (50 ke) showed
the top of the sediment within 2 feet of accuracy; thus,
the top of the sediment was established over a large area,

2. The low-frequency equipment (14.25 kc) pene-

3 Raitt, Russell, 1949, Unpublished report of researches: San Diego.
California University Marine Physical Laboratory.
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trated through the sediment to the hard bottom below.
It showed a reflection at the top of the sediment and also
one at the bottom; thus, this equipment confirmed the
results obtained with the high-frequency equipment and
gave a series of measurements that could be coordinated
with the bottom contours obtained from the survey of
1935.

3. A third equipment, which operated at a high fre-
quency (88 kc), was used to a limited extent on an
experimental basis; it indicated the sediment level
within 1 foot of accuracy and otherwise gave results
that were complementary and confirmatory to those
obtained by the other instruments.

4. The depths obtained by the Navy depth-record-
ing equipments were in close agreement with the re-
sults obtained by cable and reel depth measurements
where the depths permitted the latter observations to
be made.

5. Core measurements and samples showed that the
top of the sediment-water interface is quite sharp. This
is in accord with the soundings obtained by the high-
frequency devices.

Much additional research will probably be necessary
to answer fully all questions raised by this survey, some
of which are indicated in the discussion above. It is
apparent, however, that a suitable device for a sedi-
ment and bottom-structure survey can be designed as
a result of this survey. It would combine in one in-
strument the following characteristics:

1. Variable frequency (10-80 kec), with separate
transducers, if necessary, for successful penetration of
and discrimination between layers.

2. Variable power (15 watts to 1 kilowatt) to im-
plement 1 above.

3. A suitable recorder, with time-fix indication.

4. A cathode ray indicator with suitable photo-
graphic attachment and visual viewer. This device
would assist in bottom-structure analysis by return-
pulse analysis techniques.

Such an equipment can be built and would solve a
majority of the survey problems showing characteris-
tics similar to those found in the Lake Mead survey.

HYDROGRAPHIC SURVEY: SUMMARY OF RESULTS
By F. C. Ames, U.S. Geological Survey

A map of Lake Mead just before it began to fill in
1935 was prepared by the Soil Conservation Service
(1935) from topographic surveys by Fairchild Aerial
Surveys, Inc. The map was published in 52 sheets, at
a scale of 1:12,000 with contour intervals of 5 and 10
feet, together with an index sheet at a scale of 1 :250,000.
The data obtained in the present surveys (1948-49)
were used to draw new contour lines wherever signifi-
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cant changes since 1935 were noted. The new con-
tours—at intervals of 5 and 10 feet for the gently slop-
ing sediment surface and 50 feet elsewhere—and the
sediment boundaries have been printed (U.S. Geologi-
cal Survey, 1951) on overlay sheets to fit 43 of the
numbered sheets of the 1935 map, the only ones af-
fected. Both surveys were used by the Coast and Ge-
odetic Survey (1952) in the preparation of navigation
charts of Lake Mead in six sheets at a scale of 1:48,000.

The sounding records obtained in 1948 reveal a range
of depths from the shallowest water in which the sound-
ing boats could operate, about 3 feet, to a maximum of
nearly 450 feet above the sediment surface in Boulder
Basin when the lake was at a high stage. The elevation
of the sediment surface was lowest at the dam. In
Boulder Basin, where both the sediment surface and the
prelake topography were recorded on the sound traces,
the indicated elevations of the prelake topography
checked very closely with the 1935 map elevations, as
shown in plate 12, a representative profile in Boulder
Basin.

EVIDENCE OF SEDIMENT ACCUMULATION

Nearly all of the significant changes in reservoir
bottom between 1935 and 1948 have resulted from dep-
osition of sediment by the Colorado River. The evi-
dence indicates that these sediments are confined almost
entirely to the old river channel, except in Pierce Ba-
sin, Grand Wash Bay, and small parts of Boulder
Basin. The general distribution of sediment contrib-
uted by the Colorado River is therefore well shown by
profiles along the centerline of the former river chan-
nel—the thalweg—as presented in plate 13. This pro-
file shows the maximum sediment thickness in 1948 to
be about, 270 feet along the thalweg in Pierce Basin,
near longitude 113°57”. Downlake from this point the
sediment surface slopes, steeply at first and then pro-
gressively more gently, toward Hoover Dam. Com-
parison with the Colorado River profile in 1935 shows
that the sediment along the thalweg attains a mini-
mum thickness of 45 feet in the Temple Bar area and
increases progressively toward the dam, where it is
more than 100 feet thick. According to the section
normal to the former river channel, the sediment sur-
face is practically level, though slightly concave up-
ward. In parts of Gregg Basin the sediment surface
is from 1 to 3 feet higher near its edge than along the
thalweg.

In Pierce Basin, Grand Wash Bay, and some parts
of Boulder Basin, some sediment has been deposited on
side slopes above the main body of the fluvium. In the
lower part of Pierce Basin, sediment occurs in the bot-
toms of former washes and on benches as much as 30

feet higher than the sediment surface in the thalweg.
In Grand Wash Bay some sediment has been deposited
nearly 2 miles from the old Colorado River channel,
at elevations as high as 50 feet above the sediment sur-
face in the channel. In Boulder Basin between longi-
tudes 114°42’ and 114°44’, a thin layer of sediment
has evidently been deposited on small flat benches in
the original bottom, at elevations as much as 10 feet
higher than the sediment surface along the thalweg.

The Virgin River has deposited sediment from the
high-water line of the reservoir south to latitude 36
25’ but there is no measurable quantity of sediment in
any part of the former Muddy Creek channel.

EVIDENCE OF SLUMPING

Aside from the accretion of sediment, the Lake Mead
reservoir has, in general, remained relatively un-
changed since the original survey in 1935. Only four
slump areas of any consequence are noted, three in
Boulder Basin and one in Virgin Canyon. The larg-
est of these is an area along the north shore of Boulder
Basin near latitude 36°08’, longitude 114°40’, where
lateral displacements between original and new con-
tours amount to several hundred feet. About 12,000
acre-feet of earth between elevations 925 and 1,220 feet
have slumped, of which some probably camc to rest L.
low the present sediment surface at elevation 750 feet
(p. 209).

The two other Boulder Basin slump areas are much
smaller. One is on the north shore near latitude 36°07’,
longitude 114°44’, where there was slumpage of 500
to 600 acre-feet of material that in 1935 had stood be-
tween elevations 1,050 and 1,250 feet. At the other,
east of Boulder Islands near latitude 36°03’, longitude
114°45’, occurred the movement of 300 to 400 acre-feet
of material that had been between elevations 750 and
900 feet.

Near the middle of Virgin Canyon is a slump arci
that extends about 2,000 feet along the north side,
where the steeply sloping side-wall material has slipped
downward about 40 feet (p. 209). There is also surface
evidence of two or three minor slips on the south side
of Virgin Canyon. The tops of all these slide areas
are entirely above the reservoir flow line, and it is not
known precisely how the slides have affected reservoir
capacity. The echo-sounding equipment could not show
the precise position of side walls below water because
of the steepness of the side slopes. Furthermore, in
such a canyon section it is questionable if the origina!
map would be an accurate frame of reference. A de-
pendable estimate of underwater change could have
been determined only by lead-line soundings along a
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series of cross sections monumented and defined prior
to the earth movement. The direction and amount of
oJippage revealed above water, however, indicate that
decrease in the reservoir capacity could have been no
more than a few hundred acre-feet.

EVIDENCE OF EROSION

Stream erosion since 1935 has been great enough in
one locality to cause some increase in the reservoir area.
At the mouth of Detrital Wash the channel above the
average lake level has been scoured in places to depths
of about 10 feet. This cutting, which probably oc-
curred during extreme floods on the lower Colorado
River in 1939 (Gatewood, 1945), has enlarged the area
of the reservoir at an elevation of 1,230 feet by about
100 acres. The material scoured from Detrital Wash
has undoubtedly accumulated on the lake bottom, but
apparently in such a thin layer that it could not be
detected by comparison of the 1948 topography with
the pre-Lake Mead topography.

Some minor alterations of shoreline are clearly at-
tributable to wave action. A few steep-sided head-
lands of rather loosely cemented sand and gravel are
subject to under cutting and caving along the north
shore of Boulder Basin and on the east shore of Over-
ton Arm near latitude 36°20°. Blocks of material have
fallen away and lie at the base of such headlands, but
1t is not known how much of this disintegration oc-
curred as a result of normal weathering long before
Lake Mead was formed, and how much has occurred
as a result of wave cutting. At any rate, such areas
ure so small that quantitative determination of the vol-
umes of rock moved by waves was beyond the scope of
the current survey.

Except for these gravel headlands and the rock-
walled canyons, most of the lakeshore slopes mod-
erately and consequently is not subject to serious un-
dercutting and caving. Certainly caving above the
high-water line at elevation 1,220 feet is rare indeed.
Therefore it may be said with assurance that the res-
ervoir has not suffered any net decrease in capacity
worthy of consideration as a result of wave action.

There remains the visual evidence of compensating
changes in the capacity-elevation relation caused by
wave-built terraces. Such changes are the result of the
shifting of material from one elevation to another
below the high-water line. The lake stage fluctuated
between 1,154 and 1,193 feet during the course of the
hydrographic survey. and most of the reservoir bottom
within this range could not be adequately mapped by
sound boat because it was either near shore or above
the shoreline. (‘onsequently, data are not at hand

from which a quantitative statement might be adduced
regarding littoral change. Such sounding as was ac-
complished alongshore within the operating range did
not reveal important alterations which might be at-
tributed to wave erosion at any place. However, small
wave-built terraces do exist at intervals all around the
lake and it is likely that, in the aggregate, these ter-
races represent the movement of a considerable quan-
tity of material within the operating range of the
reservoir, which is generally between elevations 1,150
and 1,200 feet.

A simple analysis indicates that the volume of mate-
rial in these terraces is small and that wave action is
negligible as an agent affecting reservoir capacity
change at Lake Mead. Boulder Basin, whose shores
exhibit more terracing than any other basin of the lake,
has a perimeter of about 300,000 feet. Let it be as-
sumed that one-third of the perimeter, or 100,000 feet
of shore, has an average slope of 20° and is terraced by
3-foot vertical steps between elevations of 1,150 and
1,200 feet. Let it then be assumed that all the material
in the terraces was carried below 1,150 feet, and that
the outer edge of each terrace lies in the original shore
plane. Both these assumptions exaggerate the true
conditions and imply an earth movement much larger
than actually occurs. Even so the change involved is
only 480 acre-feet, which is less than 0.03 percent of the
1,453,000 acre-feet that can be stored in Boulder Basin
between elevations 1,150 and 1,200 feet.

In addition to the shore proper, islands and some
underwater peaks are subject to wave erosion. Such
erosion is quite evident in places, where 10 to 50 feet of
material has been stripped away from the tops of some
prominences. Erosion of this nature is most marked
in Las Vegas Bay, where islands and offshore shoal
areas are far more numerous than in the rest of the
lake, and where a considerable proportion of the ma-
terial can be dissolved by the lake water. Hence, the
proportion of material removed from shoals and islands
in Las Vegas Bay is far greater than the average for
the entire lake. It is estimated that only about 50
acre-feet of island and shoal erosion has occurred in
that bay between longitudes 114°45” and 114°50’ and
between elevations 1,150 to 1,180 feet. The reservoir
capacity of the same area and between the same eleva-
tions is 211,600 acre-feet. Thus even in the area of
maximum observed erosion the alteration of offshore
features is a negligible element of reservoir change.
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H. SURVEY OF LOWER GRANITE GORGE

By L. C. Pamrrr, U.S. Bureau of Reclamation

The upper section of Lake Mead lies in a deep,
rugged canyon known as Lower Granite Gorge. This
section is about 40 miles long, extending between
Bridge Canyon and a point just above Pierce Ferry.
During the 1948-49 survey the width of water surface
in the canyon ranged from about 200 feet at the upper
end to about 2,200 feet at the lower end. At the maxi-
mum designed water-surface elevation of 1,229 feet, the
water-surface area in the Lower Granite Gorge sec-
tion is about 3 percent of the total water-surface area
of the whole lake, and the original storage capacity in
this section was about 2 percent of the total original
lake capacity. However, a large proportion of this
original storage space has been filled with sediment,
and prior to 1948 it had been estimated that Lower
Granite Gorge contained one-fourth to one-half the
total sediment in Lake Mead. The 194849 survey
indicates that the gorge section contains about one-
third of the total volume or one-half the total weight
of the sediment deposited up to that time. A map
of this section of the lake is shown in plate 14. Longi-
tude 113°57" constitutes the dividing line between the
surveys of the lake and of Lower Granite Gorge.

In general the canyon walls are quite steep, and
in places they rise as vertical cliffs. The height of the
first rim or break in the walls, called the Tonto plat-
form, decreases from about 600 feet near Bridge Can-
yon and Spencer Canyon to only 100 feet near Pierce
Ferry. The canyon walls extend on up from this first
bench to elevations approaching 6,000 feet, or nearly
4,000 feet above the river.

During the survey the velocity of the water at the
lower end of Lower Granite Gorge at range 174 (pl.
14), varied from practically nil in September 1948,
when the lake surface was at an elevation of 1,180
feet, to a maximum of approximately 10 feet per sec-
ond in March 1949, when the lake level reached 1,150
feet. When the lake was at the higher level, the in-
flow was about 5,000 cfs and the water was 29 feet
deep. At the lower lake level, the depth at range 174
was only 6.1 feet and the inflow about 10,000 cfs.

OUTLINE OF OPERATIONS

The survey of Lower Granite Gorge was separated
from the survey of the rest of the lake because of the

difference in character of the terrain and the different
equipment required to make the survey. The long,
narrow gorge and the irregular sediment surface made
the detailed delineation of contours impractical from
the standpoint of time required and costs involved.
Furthermore the boats used in the lake survey were
not suitable for use in the water in the gorge section,
which required shallow-draft boats equipped with spe-
cial rubber impellers in the cooling-system water pumps
to operate in the shallow, sediment-laden water.

The survey of Lower Granite Gorge required a com-
bination of hydrographic and land surveying tech-
niques. It was conducted from a barge, used as a float-
ing base of operations. At the beginning of the survey
in October 1948, the barge was towed up the river to
mile 242 (about 5 miles downstream from the Bridge
Canyon damsite). It was moved downstream as the
work progressed.

The numerous sand bars just under the silty water
surface, and the continual shifting of the river channel,
made navigation of Lower Granite Gorge difficult while
men and supplies were transported to and from the float-
ing base of operations. The current and the waves, com-
monly called “sand waves,” near the junction of the
river with the lake proper increased gradually as the
surface of the lake receded, thus making navigation
upstream increasingly difficult. When the lake sur-
face was at about 1,180 feet and the inflow approxi-
mately 5,000 cfs, the Higgins boat could make the 39
miles upstream from Pierce Ferry to the first camp
location in 7 to 8 hours. By December the lake level
had dropped to 1,165 feet and, with the inflow still
about 5,000 cfs, about the same time was required for
travel only 23 miles upstream from Pierce Ferry. In
March when the lake level had declined to 1,150 feet
and the inflow had increased to 10,000 cfs, the Higgins
boat could not negotiate the channel even in the first 2
miles above the delta front. At this time only the 16-
foot outboards and the airboat were able to navigate
upstream through the shallow delta area at the head of
the lake and the swift water immediately above. It is
obvious that any future surveys of this area could best
be made in the late summer and early fall, when the
lake level is high and the inflow is near the annual
minimum,
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The prime purpose of the survey was, like that of the
lake survey, to determine the volume of sediment that
had accumulated in the reservoir since 1935, a volume
that would also measure the reduction in water-storage
capacity since that year. The techniques employed in
the two surveys were quite different, however. Thelake
survey depended upon mapping the position of the
reservoir bottom in 1948 above a reference plane ap-
proximately at sea level, and computation of sediment
volume from differences in bottom contours since 1935.
In the Lower Granite Gorge survey, by contrast, the
position of the sediment surface was determined with
respect to an overhead reference plane corresponding
to the maximum designed water-surface elevation, and
the computations led first to a determination of the
amount of original capacity that was not filled with
sediment in 1948. The volume determinations were
made by the average end-area method described below,
based on 175 cross sections or sediment ranges. Ex-
cepting the six ranges farthest upstream and nearest
to Bridge Canyon rapids, these ranges were spaced at
intervals of 620 to 2,260 feet (averaging 1,220 feet)
throughout Lower Granite Gorge. As in the lake sur-
vey, adequate horizontal and vertical control were
essential in the survey of Lower Granite Gorge for
accurate, three-dimensional determinations of the posi-
tion of the sediment surface at each point of
measurement.

The horizontal control for the resurvey of the Lower
Granite Gorge section of Lake Mead between Bridge
Canyon and Pierce Ferry was based on the triangulation
net established in 1935 for preparation of the original
topographic maps of the Lake Mead area (Fairchild
Aerial Surveys, Inc., 1935), and on a net established
in 1942 for use in the Bridge Canyon investigations
(U.S. Bureau of Reclamation, 1943). The latter net
was tied to the Fairchild net when it was established.

Little difficulty was encountered in locating the Fair-
child triangulation stations from the river; at most of
them the original 2- by 2-inch timber pole was still in
place. After one point was located by inspection from
the river level, a second could usually be sighted by
use of the transit. The Fairchild triangulation points
at the upper end of the canyon section, near the Bridge
Canyon Dam site, were located on or above the Tonto
platform at elevations of 1,800-2,200 feet above sea level,
or about 600 to 1,000 feet above the river. (Pl 154.)
Near Pierce Ferry and the lower end of the gorge, the
horizontal and vertical control was tied to Fairchild
stations at elevations as low as 1,400 feet.

A total of 43.8 miles of stadia traverse was run, start-
ing at the Bridge Canyon damsite and ending at a
point a few hundred feet west of longitude 113°57".

Traverse stations were located 1,000 to 1,500 feet apart
on sand bars or points on the canyon wall just above the
water surface. These points were not marked perma-
nently, and were flagged only until the ends of the range
lines had been marked on the canyon walls with a cross
of white paint. Sediment ranges crossing the river
channel were established at most, but not all, of the
traverse stations. Ties were made to the Fairchild tri-
angulation points at an average distance between ties
of 2.4 miles. These ties were made by triangulation to
the Fairchild stations, using a Wild T—2 theodolite and
reading to single seconds. All three stations of eacl fri-
angle were occupied, and two direct and two reverse
readings were made of each angle, both horizontal and
vertical.

Vertical control was based on bench marks set by the
Bureau of Reclamation for use in its Bridge Canyon
investigations. That line of levels was a closed circuit,
carried in from the Coast and Geodetic Survey station
J-96, which is about 9 miles northwest of Peach Springs,
Ariz. The leveling for the 194849 survey was started
from bench mark 2-G, established by the Bureau of
Reclamation at the Lower Separation damsite, one of
the four sites investigated during the Bridge Cunyon
investigations. The vertical control was carried along
the canyon near water level by means of differential
leveling.

The stadia traverse through the gorge indicated a
measurable difference between the datum used in the
Bridge Canyon investigations and the datum upon
which the elevations of the Fairchild stations are based.
It was found that the elevations obtained from the
Bridge Canyon datum were 0.94-1.80 feet lower than
the elevations determined from the Fairchild ties. The
Bureau of Reclamation earlier had found a difference of
1.1 feet, in the same direction, between the Fairchild
stations and the levels carried in from Coast and Gro-
detic Survey station J-96 for the Bridge Canyon in-
vestigations. These differences may be caused chiefly
by differential subsidence since the precise leveling to
station J-96 in 1935. That station is east of the Hoover
Dam level net and was not included in the releveling
subsequent to 1935. It is upon the Colorado Plateau
block, which is considered to be a remarkably stable
tectonic unit (p. 33). Thus these differences may be a
measure of the relative movement of the Lake Mead
region with respect to that block.

Differential subsidence is indicated also by a deter-
mination of the lake level near range 174 in l'icice
Basin, on March 13, 1949. As determined from the line
of levels carried down the canyon from bench mark 2-G,
the elevation of the lake was 0.56 foot lower than the "

elevation shown by the gage at the dam. Assuming that "t
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A. THE TONTO PLATFORM

Fairchild triangulation stations used as control were located on this platform, the relatively flat area above first break in canyon walls.
Photograph by Bureau of Reclamation.

B. SOUNDING OF CROSS SECTION AT RANGE 24

Instrumentman signals with white flag the instant sounding is to bc taken and reads stadia distance. White
. cross on canyon wall (indicated by arrow) marks end of range line. Photograph by Bureau of Reclamation.
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there was no slope in the lake surface at that time of
low inflow, it appears that 0.56 foot was a measure of the
difference between the Bridge Canyon datum and the
gage datum at the dam. These discrepancies in datum
are small enough to be well within the limits of accuracy
of the methods used to determine sediment volumes and
residual storage capacity in Lower Granite Gorge.

Cross sections were taken along 175 sediment ranges,
which were spaced as deemed necessary to give rep-
resentative sections and were generally 1,000-1,500 feet
apart. No sections were taken above the Bridge Can-
yon rapids, as visual observation indicated no sediment
deposit. upstream from this point. All ranges cross
the canyon, and the zero end of each is on the left bank
of the river. Both ends of each range were marked
on the canyon wall above the high-water mark with a
white-painted cross. Plate 14 shows the locations of
several of the ranges.

Soundings below water surface were obtained by
means of a hand reel mounted on the front of the Pen
Yan inboard boat, and a sounding cable with a 30- or
50-pound weight attached. The 50-pound weight was
used in the faster water at the lower end of the canyon
section. Stadia distances from a point on shore to
the sounding boat were observed with a transit at the
time of each sounding. A skilled boatman was re-
quired to hold the boat on the range line as the boat
progressed slowly across the channel under its own
power (pl. 15B). The portion of the cross section
above the water surface and up to the maximum de-
signed water-surface elevation of 1,229 feet was made
by conventional surveying methods, using both differ-
ential and trigonometric leveling, and stadia distances.
The elevations at the upper ends of the ranges were
determined by vertical angles in order to reduce the
number of instrument setups. Reference marks were
left at or near the ends of each range line. It is esti-
mated that on a future survey a 4- or 5-man crew could
complete about 8 cross sections a day, now that the
horizontal and vertical control have been established
for the range lines.

The geodetic positions of the corners of each of the
original 5-minute topographic sheets of Lower Granite
Gorge were converted to coordinates based on the
transverss Mercator projection for Arizona, West
(Adams and Claire, 1935) and the transverse Mercator
grid was plotted on those sheets. Similar coordinates
were computed for all stadia traverse points and for
the Fairchild triangulation stations to which those
points were tied. Because each sediment range line in-
cluded one of the traverse points, it was possible, after

plotting the positions of the points, to plot also the
location of each of the range lines. The transverse
Mercator projection was used on the river survey in
preference to the polyconic projection because of the
greater ease of computing coordinates of the many
traverse stations. It worked very nicely on this par-
ticular survey because the central meridian for Ari-
zona, West—longitude 113°45’—fell near the midpoint
of the Lower Granite Gorge section of Lake Mead.

The differences in plane azimuth and horizontal po-
sition found when the stadia traverses were tied to the
Fairchild triangulation net were generally not ex-
cessive. In most cases the difference in the plane azi-
muth was less than 1 minute of arc, and the differences
in the # and y directions of the coordinates were each
under 30 feet. The differences in plane azimuth were
adjusted back through each traverse before the coordi-
nates of the stations were computed. The errors in
horizontal position of four traverse points were also
adjusted back through the traverses; but errors at
other points were too small to warrant adjustment,
all the error was thrown in at the station where the tie
was made to the Fairchild net.

TOTAL VOLUME OF SEDIMENT

The cross section at each of the sediment ranges was
plotted upon cross-section paper, and the area for
10-foot increments in elevation from the top of the sedi-
ment deposit to the maximum designed water-surface
elevation of 1,229 feet was determined by planimeter
or by observation. The distances between ranges were
scaled along the original (preinundation) thulwes,
The storage volume remaining between cach pair of
ranges was determined for each 10-foot zone by multi-
plication of the average of the cross-section areas
measured at the two ranges, and the distance be-
tween them (the “average end-area” method). The
total storage capacity remaining in Lower Granite
Gorge up to elevation 1,229 feet was 219,000 acre-feet.

Cross sections were taken from the topographic maps
for each of the ranges and plotted on the same cross-
section paper, in order to show a comparison beti-een
the 1935 and 1948 surveys. Figure 15 shows cross
sections at four typical ranges as taken duriny this
survey, compared with those taken from the 1935 topo-
graphic maps of the Lake Mead area.

The agreement between the portions of the cross
sections above the sediment deposits is considered quite
satisfactory in view of the several factors that make !
precise correspondence improbable. Appreciable dis-
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crepancy is to be expected between canyon cross sections
prepared from the actual field data of a surveyed range
and cross sections obtained from the same range plotted
on a map of 1:12,000 scale, even if both the map and
the 1948 traverse were perfectly exact ; both the plotting
of the range line and subsequent scaling of horizontal
distances thereon would be subject to errors as great as
20 feet, because the 1:12,000 map scale limits plotting
and scaling to this order of precision. Furthermore,
one should not expect too high a fidelity in the original
stereoscopic plotting of the extremely rugged terrain
that characterizes the Lower Granite Gorge area. In
places the canyon is so irregular that relatively small
horizontal shifts in the position of plotted ranges cause
material changes in cross sections along those ranges.
No effort was made to define from the cross-sectional
data the disparity between the 1935 and 1948 surveys.
However, it seems to be negligible for the canyon as a
whole in the light of evidence discussed elsewhere in
this report (p.86).

The original storage capacity of Lower Granite
Gorge was computed by the Soil Conservation Service,
using the modified prismoidal (or prismatoid) formula,

v=2(4+vAE+B),

in which V is the capacity in acre-feet, 4 is the contour
interval in feet, A is the area of lower contour in acres,
and B is the area of upper contour in acres. The vol-
umes were computed by 10-foot lifts from the areas
enclosed by the 10-foot contours as determined from
the original topographic maps. By this method the
total original storage capacity (below elevation 1,229
feet) was computed to be 760,000 acre-feet.

The amount of sediment deposited in Lower Granite
Gorge since the closure of Hoover Dam was determined
by subtracting the remaining storage capacity (219,000
acre-feet) from the original. This difference amounted
to 541,000 acre-feet.

Because this computed sediment volume of 541,000
acre-feet represents the difference between volumes
computed respectively by the modified prismoidal
formula and the end-area method, an evaluation of its
accuracy requires a comparison of the two methods.
Therefore the capacities between the 1,180- and 1,190-
foot and between the 1,190- and 1,200-foot contours
on sheet 49 of the 1935 topographic map of Lake Mead
were computed by both methods. The average end-
area method gave a slightly smaller volume in both
cases, approximately 11 percent less in the first case
and 8 percent less in the latter. Judging by this com-
parison, the computed sediment volume is not accurate

beyond two places and should be rounded off to 540,000
acre-feet. Even so, this figure is probably a maximum,
and the true volume of sediments in Lower Granite
Gorge may be less by several thousands of acre-feet.

DISTRIBUTION OF SEDIMENT

The thickness of sediment varies from nonc «' the
foot of the Bridge Canyon rapids at mile 235, to 16
feet at the Bridge Canyon damsite at mile 237.3, and
to a maximum depth of 270 feet near the junction of
the canyon section with the main lake ai wile 276,
The variation in thickness of the sediment in Lower
Granite Gorge is presented graphically in figure 16,
which compares the original 1935 and the 1948-49
longitudinal profiles of the thalweg. Also shown on
this diagram is the approximate upper limit of sedi-
ment deposition in the gorge during 194849, based
on interpretation of the cross sections at the sediment
ranges.

The profile of the thalweg in 194849 had a unitorm
slope of about 1.26 feet per mile in a 27-mile reach
below Separation Canyon (miles 242-269 below Lees
Ferry). Downstream from mile 269 toward Pierce
Basin, the slope of the thalweg profile increased to 2.2
feet per mile. This part of the gorge was surveyed
in the early part of 1949 as the level of Lake Mead
was declining toward the seasonal minimum of 1,145.5
feet (reached on April 15), and the increased slope
was doubtless achieved by erosion of the channel as
the water flowed toward the receding lake.

The apparent depression in the thalweg profile above
Separation Canyon (miles 240-235) is based 1 Jata
obtained in October 1948, several months after the
peak inflow, and when the lake level was about at
elevation 1,180 feet. The increased depth of channel
in this reach, more than 15 miles upstream {rom the
quiet lake water, may be analogous to the deepening
of channels following flood stages, noted in other
streams by Leopold and Maddock (1953).

The profile of highest sediment deposition also has
a slope of about 1.2 feet per mile east of mile 267.
Many of the highest sediment surfaces in the gorge
probably were formed in 1941 and 1942, when T.ake
Mead reached maximum elevations of 1,220.: and
1,213.5 feet respectively. Some sediment has been de-
posited above these highest lake levels east of the mouth
of Salt Creek (mile 255). The highest observed viver
sediment is a bar at elevation 1,236 feet, on the right
bank of the canyon at sediment range 17 (mile 242).
Some of these high-level sediments are shown in plate
16, which offers views of the gorge upstream from
North Separation Canyon, in 1939 and in 1948. The
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zone between elevations 1.220 and 1.229 feet was oc-
cupied by 1.275 acre-feet of sediment in 1945—49.
The cross sections along the 175 sediment ranges also
provide a means of computing the area of the topset
beds of the delta that has been built by the Celorado
River since 1935 (Chapter N).  On most of these cross

sections the width of the sediment deposit is apparent
by inspection. The area of sediment between each pair
of ranges was computed by multiplying the average
end-width by the thalweg distance between the ranges,
and the total area of the delta east of latitude 113957
The total area thus computed

was then derived.
amounts to 4360 acres.
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I. RESERVOIR STORAGE

SIGNIFICANCE OF AREA, CAPACITY, AND SEDIMENT
TABLES

By J. W. Sraxeey, U.S. Bureau of Reclamation

An area and capacity table actually comprises two
tabulations—an area-elevation and a capacity-elevation
table. As the names imply, these tables show areas of
the water surface and volumes of water in the reservoir
at various elevations of the water surface. For most
reservoirs the areas considered are the total plane areas
within contours representing various water-surface ele-
vations at the dam. The capacity-elevation table gives
volumes of water that the reservoir will contain at
various water-surface elevations. These capacity tables
refer only to volumes below level water surfaces, and
do not take account of the increase in river channel or
lnke storage which exists above such levels as a result
of the backing-up etfect of the lake.

The areas and capacities of a reservoir at various
elevations may change with time, chiefly because of
deposition of sediment brought in by the feeder
streams.  When the deposit of sediment becomes so
great that the area-capacity tables are too inaccurate
for further use, it becomes necessary to resurvey the
bottom and side slopes of the reservoir, and from the
data thus gained to compute new area and capacity
tables.  The percentage of the capacity that can be
lost before a resurvey is necessary depends upon the
degree of accuracy to which the capacity must be
known. For example, if it is necessary to know within
close Timits at all times the capacity of the reservoir,
resurveys will be necessary at brief intervals of time:
on the other hand, if approximate knowledge of
capacity will suffice, resurveys need be made only
occasionally.

Operation of a reservoir for multiple purposes is
predicated on the attainment of the greatest practical
efficiency regarding water use. The area and capacity
table is the key which determines the holdover storage
that might tide over prolonged periods of drought.
In addition it is an essential tool in the translation of
furecasts of probable inflow into usable data for the
guidance of those responsible for planning and sched-
uling future operations, on both long- and short-term
basiz, for each individual purpose. For this latter use,

the reservoir capacity between any two elevations of
water surface, as indicated by the area and capacity
table, is more important than the total capacity below
any single elevation: thus, up-to-date tables that are
accurate throughout the full operating range are es-
sential. In the following paragraphs is discussed in
some detail the economic importance of area and capac-
ity tables for Lake Mead for the various functions
involved.
FLOOD CONTROL

The functions of river regulation and flood control
are in the first priority among the purposes for which
Hoover Dam was authorized. Critical areas, in which
great investments of private capital exist, and which
might suffer appreciable damage in the event of flood
flows, include Needles, Calif.: the Palo Verde irriga-
tion district near Blythe, Calif.; both sides of the (olo-
‘ado River near Yuma, Ariz.; and the Colorado River
flood plain below the International Boundary.

During the period of the comprehensive survey, and
indeed during the first 19 years of Lake Mead’s his-
tory, the desired flood control was accomplished by
reserving 9,500,000 acre-feet of space in the reservoir,
below elevation 1,229 feet, to be available on April 1
of each year. Of this amount, to insure protection
against exceptional summer floods, 2,500,000 acre-feet
of space must normally be available on August 1 of
each year. Elevation 1,229 is the maximum designed
water level: it is 7.6 feet above the top of the spill-
way gates in raised position.  The volume represented
in this 7.6-foot layer at the top of the reservoir
(1,200,000 acre-feet) is uncontrolled storage, which
would flow from the reservoir over the tops of the
raised spillway gates at maximum rates approaching
65,000 efs. The controlled storage space originally re-
served for toods amounted to 3300,000 acre-feet on
April 1, and 1,300,000 acre-feet on August 1. In terms
of controlled storage, the upper 59 feet of the original
reservoir was reserved for flood control, and storage
for other purposes was not allowed to reach into this
reserved zone as of April 1 of each vear. By August
1 only the upper 8 feet of the controllable space was
Any sediment

reserved for protection against floods.
deposited in this upper part of the reservoir since
83
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1935, even in the zone of uncontrolled storage, reduced
the lower limit of the flood-control reserve, and there-
fore the upper limit of the storage available for other
purposes. Accurate area and capacity data for the
upper levels of Lake Mead are necessary to determine
the lower limit of the flood-control reserve, which
changes when revised area and capacity data are
determined.

Flood control regulations for Hoover Dam and res-
ervoir, negotiated with the Corps of Engineers and
published in the “Federal Register” of February 18,
1954, have superseded the originally established April 1
flood-control reserve of 9,500,000 acre-feet. The new
regulations provide a flexible flood-control operating
procedure based on inflow forecasts and represent no
reduction in flood-control benefits.

IRRIGATION AND DOMESTIC USE

Second in priority among the uses of Hoover Dam
and Lake Mead is the combined function of irrigation
and domestic uses. The importance of this function
is evident from the fact that regulation and delivery
of water supply to about 800,000 acres of fertile land
(some of which is cropped for 12 months each year)
depend primarily upon Lake Mead and Hoover Dam.
Approximately 500,000 acres of this total is located in
the United States, and the other 300,000 acres is in
Mexico. The Imperial and Coachella Valleys, and the
Palo Verde Valley at Blythe, all in California, include
some of the most productive agricultural areas in the
United States. In addition, a large portion of the do-
mestic water supply for the coastal area of southern
California, which has an estimated population of about
3,500,000, is diverted from the Colorado River below
Hoover Dam through the Colorado River aqueduct of
the Metropolitan Water District of Southern Cali-
fornia. Although some reregulation of river flow is
accomplished by Davis and Parker Dams, most of the
regulation required to satisfy the downstream require-
ments for irrigation and domestic use must be accom-
plished at Hoover Dam.

In 1950 the annual release required from Hoover
Dam for downstream use was about 6,600,000 acre-feet,
which includes losses in transit by evaporation, trans-
piration, and seepage. Average annual releases from
Hoover Dam currently are about twice this amount,
chiefly because the States of the Colorado River Upper
Basin are not yet utilizing the water to which they are
entitled under the Colorado River Compact of 1922.
As the entire basin approaches full development of its
water resources, it will be more and more essential that
accurate area-capacity information be available for use
in planning operations so that river flows are adequate,

especially during the summer when irrigation and
domestic requirements are greatest. Even in the pres-
ent stage of development it may become necessary
during years of low inflow to limit releases from
Hoover Dam to those required by downstream interests,
thus curtailing power generation. During such erit-
ical periods accurate planning is essential to secure
the most efficient water use.

POWER GENERATION

Last in priority among the uses of Lake Mead and
Hoover Dam is hydroelectric power generation. In
spite of this low priority, the revenue derived froin the
sale of electrical energy must repay the cost of the dam
and appurtenant works. In view of this situation and
of the extreme importance of power generation at the
Hoover powerplant to the economy of the Southwest,
it is necessary that schedules for powerplant operation
be programmed very carefully to secure the maximum
generation (and consequently maximum revenue to the
project) that can be produced from the available water
supply. Accurate area-capacity information for all
elevations of Lake Mead is necessary to translate fore-
casts of future inflow into terms of hydrostatic head
on the powerplant at critical times in the future, and
thereby into water releases necessary to generatc !’
energy required to meet estimated future loads.
Further, the amount of water stored in the reservoir
in the elevation band usable for power generation must
be known, in order to maintain for use during possible
periods of drought enough reserve storage water to
permit generation of the firm obligation under con-
ditions established in the contracts with the several
power allottees. Annual revenue from the sale of elec-
trical energy at Hoover powerplant averages approxi-
mately $9 million ($8,771,847 during the fiscal year
ended June 30, 1948). A close estimate cannot be
made of the loss of revenue which might result {= i
inaccurate area-capacity data. However, the above
figure for annual revenue—together with the fact that,
in terms of generation at Hoover powerplant, 1 acre-
foot of water is about equal to 1 barrel of fuel oil
utilized in an efficient steam generating plant—gives
an indication of the relative importance of accurate
information.

COMPUTATIONS

By J. L. Seeerr, F. C. Ames, and F. W. Kennony,
U.S. Geological Survey

The computations of the area, capacity, and sedii:vc
tables are divided into several phases: (1) The original
area and capacity computations; (2) review and re-
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vision of these computations; (3) area and capacity
computations for the 1948-49 survey; and (4) compu-
tation of sediment tables and auxiliary tables from the
results of (2) and (3). The final tables based on these
computations are given in the section on tables.

ORIGINAL AREA AND CAPACITY COMPUTATIONS

The original computations were based upon the set of
topographic maps compiled by the Soil Conservation
Service from aerial photographs. The set comprises
52 5-minute quadrangles, of which 44 include areas
covered by Lake Mead at its maximum designed water-
surface elevation. These maps are at scale 1: 12,000,
and have 10-foot contour intervals, except in very flat
areas where 5-foot intervals are shown.

The areas between contours on each of the 44 sheets
were determined by the Soil Conservation Service by the
weight-apportioning method : successive annular strips
of map paper between contours were trimmed and
weighed, beginning with the highest contour (1,230
feet) and proceeding downward (Brown, 1941).

The capacity table was computed for 10-foot vertical
increments by the prismatoid formula,

10 — :
V=21(A+ VAB+B) (1)
in which 4 and B are the upper and lower areas of the
horizontal surfaces bounding the 10-foot segment of
volume. This formula represents the definite integral
between the limits 4, and A, of the equation 4 =¢h? in
which A,—,=10 feet, 4 is the contour area at elevation
h above the lowest point of the reservoir, and ¢ is a con-
stant. Areas and volumes at 1-foot intervals were then
interpolated between the 10-foot values on the assump-
tion, consistent with the equation A=cA?, that the
square roots of these quantities varied in proportion
toh.t

Although the area-elevation curve for Lake Mead ex-
hibits the general shape defined by 4 =cA?, there are sev-
eral reversals of curvature, as indicated by second dif-
ferences alternating in sign. The prismatoid formula 1
vields results which are too small for all parts of the
reservoir where the area-elevation curve is linear or
concave upward. But, since the sinuousity is not pro-
nounced and the 10-foot thickness of the successive vol-
ume increments is quite small in comparison with the
total depth of the reservoir, such errors probably do not
exceed the errors inherent in the observed data.

¢The Soil Conservation Service computations are deseribed in detail
in & memorandum to G. C. Dobson, Chief, Sedimentation Division. from
Gelie AL Zwerner, Assistant Engineer, Reservoir Section of that division,
dated May 24, 1940, and on file in its Washington office.
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REVIEW AND REVISION OF THE ORIGINAL
COMPUTATIONS

The review of the computations of the original area
and capacity tables included rechecking of some of the
original data and comparison with data obtained during
the 194849 hydrographic survey. That survey, under-
taken largely in a water medium, has its own limitations
that prevent a rigid check of the earlier data. So far as
could be determined in the review, the topographic maps
and the computations based thereon are valid and of
generally high quality. No significant errors were
found in the data from 34 of the 44 map sheets. In the
large areas of the reservoir, where there has been negli-
gible accumulation of sediment, the original computa-
tions were generally considered to be of sufficient
accuracy to be adapted to the 1948-49 survey.

Nevertheless, some errors were found in the area and
capacity tables that had been in use prior to 1949. Be-
fore the original capacities could be compared with the
new capacities for the determination of sediment vol-
umes, it was necessary to revise the original tables by
correction of all known errors. The source of most
errors was in the area tables, but their revisions neces-
sitated corresponding revisions of the capacity tables.

Contour areas that were obviously erroneous were re-
planimetered. These areas covered parts of 10 map
sheets. Such errors were relatively small and tended to
be compensating, except for areas on map sheet. 42—the
contour areas on that sheet between elevations 870 feet
and 1,040 feet were inadvertently omitted in the original
tabulation. The resulting maximum error in the orig-
inal cumulative capacity values occurred in the eleva-
tion range between 1,050 feet and 1,150 feet. Tt
amounted to about 30,000 acre-feet, or about 0.3 percent
of the original capacity at elevation 1,050 feet.

A section of about 3 or 4 square miles of the reservoir
area was not printed on map sheet 5, and it is not
known how values of contour areas for this sheet were
determined; the 1948 survey data made it possible to
complete the map sheet. The subsequent planimeter-
ing of 50-foot contours checked closely the area values
for those contours as determined by the Soil Conserva-
tion Service. On sheet 22 the flat Virgin River delta
is represented by 5-foot contours; errors in contour
area on this sheet were apparently caused by mistaking
some 5-foot contours for 10-foot contours.

Of the remaining eight sheets corrected, the errors
were all found in the lowest contours—namely, those
crossing or immediately adjacent to the old river chan-
nel. A number were depression contours in the chan-
nel itself. The occurrence of all these errors in the
lowest reservoir sections is probably not purely fortui-
tous. The weight-apportioning method used to deter-




86 COMPREHENSIVE SURVEY OF SEDIMENTATION IN LAKE MEAD, 1948—49

mine original contour areas would tend to be least re-
liable for the lowest contours, because only the 50-foot
contours were numbered on the maps, and progressive
trimming of 1-minute quadrangles would, in most in-
stances, reach a point where no numbered contours
remained on the trimmed portion of the map below
the lowest 50-foot contour. Thus, unless an operator
was extremely careful he might easily become confused
when working with the lowest contours.

It was concluded that there was no reason to doubt
the general accuracy of the Soil Conservation Service
tabulation of reservoir area except those parts that
included the few lowest contour areas of each map
sheet. Therefore, the bottom areas of each map sheet
were carefully compared with the originally tabulated
values. The review so made is believed thorough
enough to justify the conclusion that no errors of any
consequence remain uncorrected.

After the original area table was corrected, it was
necessary to revise the original capacity table to con-
form with it. Revised capacities were computed for
10-foot vertical increments by two different methods:
(a) The prismoidal formula 2 (p. 87), used to compute
the new capacity table; and (b) the prismatoid formula
1 (p. 85), used in the original computations and used
as a check on method a. Except for the lowest 30 feet,
all 10-foot volume increments computed by both meth-
ods checked within 1 percent, and the cumulative totals
checked even better. For example, at elevation 1,150
feet, the two computed values for cumulative volume
agreed within 1 part in 20,000.

Table 2 shows the revisions made in the 1935 area
table, and the resultant modifications in the capacity

TaBLE 2.—Revisions of 1935 area and capacity tables

Area of lake surface, in Resulting
thousands of acres changes in
Elevation Difference |capacity, in
thousands

Original Revised of acre-feet
0.4 0.2 -0.2 0
1.1 1.0 -1 -1
5.3 5.5 +.2 0
6.3 6.2 —-.1 +1
8.2 8.1 -1 0
9.3 9.2 -1 -1
20.8 20.7 ~.1 -4
26.7 26.6 -1 -4
32.3 32.4 +.1 —4
34.3 34.4 +.1 -3
36.7 36.9 +.2 -2
39.1 39.3 +.2 -1
41.5 41.7 +.2 +1
43.8 44.0 +.2 +3
46.2 46.4 +.2 +5
48.8 49.0 +.2 +8
51.2 51.5 +.3 +10
54.2 54.4 +.2 +12
57.2 57.5 +.3 +15
60. 2 60.5 +.3 +18
63.7 64.0 +.3 +21
66.9 67.2 4.3 +24
70.3 70.7 +.4 +26
73.8 74.2 +.4 +30
124.7 124.4 -3 +30
120.6 129. 4 -2 +27
134.8 134.6 -2 +24
140.0 139.9 -1 +23

table. The revisions make very slight changes in the
capacity of the reservoir below 930 feet, most of which
is dead storage. Original capacity above that level
has been generally increased above the original tubula-
tion by these revisions; the increase amounts to about
30,000 acre-feet in the zone 1,040 to 1,160 feet, and to
23,000 acre-feet at elevations above 1,190 feet.

AREA AND CAPACITY COMPUTATIONS FOR 194849
SURVEY

Owing to the shape of the reservoir, two distinet
methods were employed for the preparation of th. .ow
area and capacity tables, according to the two types of
basic data available. For the lake portion of the
reservoir, west of longitude 113°57’, the 194849 sur-
vey provided new contour maps from which new contour
areas at 10-foot vertical intervals could be obtained.
For Lower Granite Gorge, east of longitude 113°57’,
only vertical cross sections were available at average
horizontal intervals of 1,200 feet. The present capac-
ity of the western portion of the reservoir is over 100
times that of the eastern portion.

Comparison of the old and new contours revealed that
practically all of the sedimentation occurred along ‘he
former channel, and practically none remained on the
slopes. As a result, the new contours agreed in shape
and position with the old ones except in their upstream
parts, where the contours crossed the lowest part of the
reservoir bed. By taking advantage of this condition,
it was possible to lighten considerably the task of deter-
mining the new contour areas. In the original tabula-
tion by the Soil Conservation Service, the contour areas
of the 10-foot contours were tabulated for each 5-minute
quadrangle of the reservoir basin. Extensive plani-
metry of the new contours was not required. It was
necessary only to select the 5-minute quadrangles con-
taining the upstream loop of each contour, wlicre it
differed from the original, and to planimeter the area
on these quadrangles. The rest of each contour area
(the downstream part) was obtained from the origina
tabulations, revised where necessary as described above.

The method employed for the computation of vol-
umes required area values at half-foot intervals. These
half-foot contour areas were interpolated between the
planimetered 10-foot values by standard interpolation
formulas involving second and third differences. For
the lowest 50 feet of the reservoir, where the area-curve
reversals were most pronounced, third differences were
required; for the remainder of the range in dvjth,
second differences were adequate to develop a smooth
interpolation. Each of the 20 interpolated values in
each 10-foot range was computed by increments from
the preceding value, so that the interpolation was self-
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checking at each 10-foot level. The process was well
adapted to rapid computation with an automatic

calculating machine.
. With the table of contour areas available at half-foot

intervals, volumes were computed in 1-foot increments
by the prismoidal formula,

V=§(Al+4A2+A3) (2)

in which % is the vertical increment or 1 foot, 4, and
A, are the top and bottom areas of the segment, re-
spectively, and A, is the middle area. For the range
in depth above elevation 800 feet, it is noted that, within
any 1-foot range, the variation of area with respect to
height is essentially linear; hence formula 2 can be
simiplified to "=~44, In other words, the volume in
acre-feet of each 1-foot increment is numerically equal
to the area of its midsection in acres. The 1-foot vol-
nume increments for the upper 430 feet of depth were
thovefore determined in this way, and the total was
checked by computing the same volume in 10-foot
increments from elevation 800 feet to elevation 1,230
feet by formula 2. The totals differed by only 48
acre-feet.

The 1948 capacity of Lower Granite Gorge, east of
longitude 113°57’, was computed in 10-foot vertical
inerements by the end-area method, whereby the vol-
une of cach increment is the product of the average of

he areas of the vertical end sections and the length of

the reach. In the few cases where relatively large
bays were included within a reach, the volumes of the
buayrs were computed from the original contour maps
and were added to the volume computed for the reach
by the end-area method.

After the capacity table at 10-foot intervals was pre-
pared, intermediate 1-foot values were interpolated by
second differences, by the method used for interpolat-
ing the half-foot area values described above. Reser-
voir areas at each foot of elevation were taken as equal
numerically to the mean of the 1-foot incremental vol-
umes immediately above and below the respective con-
tour planes. As an indication of the precision attained
in this computation, it is interesting to note that the
coltour area of the canyon section at elevation 1,230
feet, which is above practically all river-deposited sedi-
nient, was determined to be 5,177 acres, as against
5,183 acres determined for the same contour area from
the original data of the Soil Conservation Service—a
difference of about 0.1 percent.

The area and capacity values for the east and west
portions of the reservoir were combined to form the

‘rea and capacity tables for Lake Mead.

COMPUTATION OF SEDIMENT AND AUXILIARY
TABLES

The 1948 sediment-volume table was prepared by
taking the difference, at 10-foot vertical intervals, be-
tween the revised original capacities and the new
capacities.

In addition to these tables (1948 area and capacity,
1948 sediment volume, and revised original area and
capacity) two other tables were prepared to aid in the
analysis of sediment distribution and other limnologi-
cal studies. One shows the 1948 capacity by basins;
the other, the 1948 sediment volume by basins. The
basins for which the capacity tables were prepared
differ in some instances from those used for the sedi-
ment data (fig. 17).

All values appearing in these tables for individual
basins were computed by the prismatoid formula 1
rather than by the prismoidal formula 2, because com-
putations had been substantially completed before an
alternative to equation 1 had been chosen, and recom-
putation was not considered justifiable. The sum of
volumes by basins for each 10-foot elevation agreed
closely with the value derived for the lake as a whole.
The basin tables have been made consistent with tables
for the entire lake by distributing the small discrep-
ancies between them among the several basins in pro-
portion to their relative sizes.

TABLES

By F. C. Ames, F. W. Kennow, and W, B. LaNGBEIN,
U.S. Geological Survey

The following tables of the surface area, capacity,
and sediment volume of Lake Mead were prepared
from the results of the first resurvey of the reservoir,
for which fieldwork was begun in March 1948 and com-
pleted in March 1949.

Tables 3 and 4 are the principal tables prepared for
use in operation of the reservoir. They contain data
on the surface area and the usable contents of the reser-
voir referred to Powerhouse datum, to which the gage
at Hoover Dam is set. Table 3, showing reservoir
areas referred to Powerhouse datum, was prepared by
interpolating between the 1948 area values determined
on the datum of 1929, leveling of 1935. Table 4, ex-
pressing usable reservoir capacity based on Power-
house datum, was prepared by interpolating between
appropriate entries in the 1948 capacity table after sub-
tracting dead storage of 2,620,000 acre-feet.

Tables 5 and 6 give water content and sediment vol-
ume of individual basins in terms of the same datum
that was used in the 1935 original survey, in order to
facilitate study of changes. Table 7 presents a com-
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36°35
BASINS
| Boulder Basin
2 Virgin Basin
3 A. Temple Bar area 30'

B. Virgin Canyon
4 Gregg Basin
5 Grand Bay
6 Pierce Basin
7 Lower Granite Gorge

8 Overton Arm 25
X+Y Boulder Canyon

4
B .
7-All east of this
meridian ee—=mp»
le——A :
[%4
114°50' 45 40' 35 30 25’ 20' 3 10 0s' 14’00’ 57 55

91234356789 t0Mm

FiGURE 17.—Index map showing basins for which separate capacity and sediment tables have been prepared.

parison of the original area and capacity data with
those of the 1948 survey, together with 1948 sediment
volumes, all as a function of elevations referred to the
datum of 1929, leveling of 1935. Subtract 0.55 foot
from the elevations in these three tables to obtain
stages corresponding to the gage at Hoover Dam (Pow-
erhouse datum). ‘

Table 8 summarizes the significant items of change
between 1935 and 1948. It shows the elevations above
mean sea level of various features of operational sig-
nificance, with respect to both the Powerhouse datum
and the datum of 1929, leveling of 1935. The signifi-
cant changes in storage of water and sediment are also
summarized. Thus, the maximum storage controlled

by the spillway gates in raised position decreased from
31,250,000 acre-feet in 1935 to 29,827,000 acre-feel in
1948. The dead storage, below the lowest outlets in
the intake towers, was decreased 603,000 acre-feet dur-
ing the 14-year interval, because of deposition of sedi-
ment. The higher flood-control level for August 1 on
the 194849 capacity table as compared with the 1935
table reflects the effect of scour at Detrital Wash and
the fact that the flood-control capacity is 2,500,000
acre-feet instead of 2,506,000 acre-feet as used with the
old table.
REFERENCE CITED

Brown, C. B., 1941, Mapping Lake Mead: Geog. Rev, v. 8],
p. 385-405.
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TABLE 3.—Area of Lake Mead, in thousand acres, for indicated rige, in feet, of lake level, 1948—49

[Elevations of lake surface are in feet above mean sea level, adjustment of 1912 (powerhouse datum); add 0.55 foot to convert to datum of 1929, leveling of 1935]
Elevation

1,120..
1,130..
1,

1100, .o eeaeaas

1,110..
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' TABLE 4.—Usable capacity of Lake Mead, in thousand acre-feet, for indicated elevations, 1948-49

[Elevations are in feet above mean sea level, based on adjustment of 1912 (powerhouse datum); add 0.55 foot to convert to datum of 1929, leveling of 1935. Dead storage
below elevation 895 feet is 2,620,000 acre-feet]

Elevation 0 1 2 3 4 5 6 7 8 9
64 97 134
400 434 464
757 794 83
1,137 1,176 1,21
1,538 1,579 1,62
1,963 2,u07 2,05
2,412 2,455 2, 504
2,885 , 934 2,98
3,384 3,435 3,48
3,911 3,965 4,020
4 1 4,468 4, 526 4, 584
4, 4,997 5,058 5119 5. 184
5, 554 5,617 5, 681 5, 5 o, 80!
6, 202 8,269 6, 336 8, 403 6,47
6, 884 6, 954 7,025 7,096 7,16
383 7,602 7,676 7,750 7,824 7,899
7,974 8, 050 , 126 8,202 8,279 8, 356 8, 434 8, 512 8, 500 8, 664
8,748 8,828 , 908 8, 088 9, 069 9,150 9,232 9,314 9, 396 9,479
9, 562 9, 646 9, 730 9,814 9,899 9,984 10, 069 10,155 10,241 10, 3!
10, 414 10, 501 10, 589 10, 677 10, 765 10,854 10, 943 11,033 11,123 11, 21
11,304 11,395 11, 486 11, 578 11,670 11,763 11,856 11,949 12,043 12,13
12,232 12,327 12, 422 12, 518 12, 614 12,711 12, 808 12, 905 13,003 13, 10
13,201 13,399 13,499 13, 509 13, 13, 801 13,903 14, 005 14,10
14, 210 14,313 14,417 14, 521 14, 625 14, 730 14, 835 14,941 15, 047 15,1
15,261 15, 368 15,476 15, 584 15, 692 15, 801 15,010 16, 020 16, 130 16, 240
16, 351 16. 462 16, 574 16, 686 18, 798 16,911 17,025 17,139 17,253 17, 364
£l
17,483 17, 599 17,715 17,832 17,949 18,067 18,185 18, 304 18,47 18,
18, 663 18,783 18, 904 19, 026 19,148 19, 271 19,394 19, 513 19, 642 19,76
19, 892 20,019 20, 146 20,274 20, 403 20, 532 20, 661 20, 791 20, 922 21,0
21,186 21,319 21, 452 21, 586 21,721 21, 857 21,993 22,129 22,267 22, 40,
22, 543 22,682 22,822 22,963 23,104 23, 245 23,387 23, 530 23,674 23, 818
23,963 24, 108 24,254 24, 401 24, 548 24, 696 24, 845 24,904 25,144 25,29
25, 445 25, 597 25, 749 25,901 26, 054 26, 208 26, 363 26, 518 26, 673 26, 844
26, 986 27,144 27,302 27, 461 27, 620 27,780 27, 941 28,103 28, 205 03,42
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TABLE 5.—Reservoir volumes in Lake Mead, by basins, 1948-49

{Elevations are in feet above mean sea level, datum of 1929, leveling of 1935)

. Reservoir volumes, in thousand acre-feet, for indicated basins {Symbols in parentheses refer to fig. 17]
Elevation Boulder Boulder Virgin Temple Virgin Qregg QGrand Pierce QGranite Overton
Basin Canyon Basin Bar area Canyon Basin Bay Basin Gorge Arm Total
1-X) (X+Y) 2-Y) (3A) (3B) [C)) %) ©) )] 8
| 135 SO Ry
66 ) PO
123 10
182 - 20 11
243 29 40
310 39 92
380 50 159
454 61 237
532 72 324
614 83 419
700 96 522
791 109
122 752
136 878
1,001 151 1,011
1,201 166 1,151
1,317 182 1,
1,439 199 1,454
1, 565 215 1,620
1, 697 234 1,
1,835 252 1,074
1,979 272 2,1
2,129 202 2,
2,284 312 2,
2,445 4 2,718
2, 612 356 3, 000
2,785 379 3,231
2, 964 403 3,471
3,149 428 3,721
3,340 453 3,982
3,537 479 4,251
3,741 508 4,
3,950 534 4,818
4,166 562 5,116
4,388 592 3
4,618 622 5, 741
4, 855 653 6, 068
5,009 686 8, 403
5,352 719 6, 748
5,612 752 7,103
5,878 787 7, 467
6, 152 823 7,842
6, 434 859 8,229
6,725 806 8, 627
7,024 935 9, 036
7,331 973 9, 456 355 2,
7,647 1,013 9, 887 2,336 374 2,
7,973 1,054 10, 333 2, 459 304 2,267 715 414 169 3,742 29, 520
8,308 1,096 10, 761 2, 585 415 2, 381 770 456 219 4,100 31,121
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TaBLE 6.—Secdiment volumes in Lake Mead by basins, 1948—49

[Elevations are in feet above mean sea level, datum of 1929, leveling of 1935)

Sediment volumes, in thousand acre-feet, for indicated basins [symbols in parentheses refer to fig. 17)

Elevation Temple Lower
Boulder Virgin Basin | Bar+Vir- | Gregg Basin | Grand Bay | Plerce Basin QGranite
Basin gin Canyon Gorge
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TaBLE T.—Comparative date showing areas, capacities, and TABLE 8.—Comparative Summary, 1935 and 1948-49
sediment volumes as a function of elevation Elevation and capacity

volume mean Sea level acre-feet
Original | Original | 1948-49 | 1948-49
contour | ecapacity | contour | capacity Reference level
Elevation ! areas (thou- areas Within | Cumu- Power-
(thou- sand (thou- 10-foot lative house 10351 104849
sand) acre-feet) { sand zone datum
acres

‘ 1948-49 sediment Elevatlon, in feet above Total capacity, in

usand acre-feet Maximum designed water surface 1,229.00 3 32,471,000 | 31,047,000
Top of spillway, gates raised 1,221. 40
Flood-control level August 1(1935).| 1,213.14
Flood-control level August1(1948).] 1,213.17
Permanent srlllway crest 1,205. 40 27, 376, 000
Flood-control level April 1 (1935). 1,162.83 3

Flood-control level April 1 (1948). 1,162.19 3 21, 547, 000

Sills of upper outlets in intake
1, 045. 00 3 11,162,000 | 10,222, 000
895. 00 3 3,223, 000 2, 620, 000

Storage of water and sediment, in acre-feet

1935 104849
Reference level

e R skl

Water Sediment Water Sediment

ELEZ2ZERREBEG Lo

Flood-control reserve, August 1..| 2, 508, 000 2, 500, 000 3,000

26, 742, 000 25, 927, 000 820, 000
Flood-control reserve, Ap 9, 500, 000 9, 500, 000 96, 000

Permissive usable contents
19, 735, 000 18, 927, 000 727, 000
2 000 603, 000

, 223, 000 620,

.
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spillway 28, 794, 000 27, 376, 000 1, 418, 000
Total storage below
gates in raised position 31, 250, 000 29, 827, 000 1, 428, 000

SRZBBREBERBERINNBESGEES

1 Original survey by the Soil Conservation Service, revised capacity, see table 7.
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1 Elevations are in feet above mean sea level, datum of 1929, leveling of 1935.
2 Revised value (see table 2).
$ Larger than original area because of scour at Detrital Wash,




J. WATER BUDGET

By W. B. LancsEiN, U.S. Geological Survey

The water budget of Lake Mead is an account of
its operation for its basic function of regulating the
highly variable flow of the Colorado River for the
benefit of flood control, irrigation, domestic use, and
hydroelectric power generation. This regulation of
the flow is brought about through storage of water in
years of high runoff to supplement the flow during the
years of low runoff (fig. 18). '

Lake Mead in 1935 had a total controlled capacity
of 31,250,000 acre-feet (to top of spillway gates in
raised position), and a usable capacity of 28,027,000
acre-feet. By 1948 the usable capacity had been re-
duced to 27,207,000 acre-feet because of deposition of
sediment. The annual inflow into the lake in the 14-
year period since Hoover Dam was completed (1935-
48 inclusive) averaged about 13,000,000 acre-feet. The
usable capacity therefore has been equal to 215 per-
cent, and is still nearly 210 percent of the average
yearly flow through the reservoir. This storage ratio

is indicative of a long detention time for river regula-
tion and control.

Setting up the water budget of the lake requires an
accounting of all items of inflow, outflow, and storage.
In an ideal case, all these items would be measured in-
dependently and continuously, which would permit
striking a daily balance at the close of each day’s busi-

ness, as is done in a financial institution. The extent
to which this can be done in practice is limited because
there are certain items that cannot be measured. Of
the inflow items there is a significant amount of runoff
nto the reservoir that cannot be measured in a prac-
tical way. The outflow is measured continuously ex-
cept for evaporation, for which measurement was not
begun until 1952. Storage volumes in the reservoir
are known from the 1935 and 1948-49 surveys, but pre-
liminary consideration early in the history of the lake
indicated a significant amount of bank storage in the
sediments in the reservoir and in the sand, gravel, and
rock materials underlying the reservoir. It is, there-
fore, inevitable that the water budget must include
estimates for some items in lieu of measurement, leav-
ing in the balance certain residuals that are indicative
of net errors or items not directly accounted for. Itis
also impossible to obtain accurate balances for daily or

even monthly periods, because of uncertainties as to
time of travel of water from the points of measurement
to the lake, and because of the uncertainties as to the
seasonal distribution of the unmeasured inflow and of
evaporation. = The shortest practical period for which
the budget can be set up therefore is a year. Table 9
sets up the annual budget for Lake Mead since its
creation.

METHOD OF COMPUTING THE BUDGET

The water budget of table 9 is developed by (1)
measuring or estimating all the accretions to Lake Mead
and adding them to derive the “total inflow”; (2) simi-
larly evaluating the depletions from the lake and de-
riving the “total outflow”; (3) computing the difference
between inflow and outflow, and comparing that quan-
tity with the recorded change in reservoir storage.
These comparisons yield significant “residual” quanti-
ties, which may be in part due to the errors in estima-
tions of certain items but appear to be also a measure
of hidden assets or liabilities that have not been evalu-
ated in the budget.

INFLOW

Most of the inflow to the lake is measured at the
gaging station on the Colorado River near Grand Can-
yon, 145 river miles above Lake Mead. A gaging sta-
tion is also operated on Bright Angel Creek, which
enters the Colorado River below the gaging station
near Grand Canyon, and another is operated on the
Virgin River at Littlefield, Ariz. The sum of the
flows past these three stations is shown under measured
inflow (Za).

Below the Littlefield gaging station the Virgin River
traverses open desert valleys for about 40 miles to the
lake and is subject to natural losses and some diversion
for irrigation. No other tributaries to Lake Mead or
to the Colorado River below the Grand Canyon are
measured. There is thus about 25,000 square miles of
tributary area from which the runoff into the lake is un-
measured. Of this area, about 10,000 square miles can
be said to be desert land which yields negligible run-
off. The unmeasured inflow from the remaining area
is doubtless very small in comparison with the total
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TABLE 9.—Lake Mead water budget, 1935 to 1950
[All quantities in thousands of acre-feet, except as indicated]

Inflow Qutflow Inflow minus Reservoir storage
outflow
Mean
surface Measured O Stage at

area, in end of | Reser- Residual
Water year | thou- Precipi- Evapo- water voir 1-0-A8

sandsof | Mea- | Unmea- | tation Total ration Total | Annual | Cumu- | year,in | content Net

acres sured sured on lake | inflow (esti- outflow I-0 lative [feet above| atend |change

- . . 1 mated) | Hoover | Pump- 0 sea level, | of water AS

0, Dam ing ower- year !
ouse
datum

21 10, 417 266 10, 689 150 5, 556 1 5707 | -+4,982 4,982 920. 78 4,140 | 44,140 +-842
49 12,476 174 16 12, 350 6,282 1 6,633 | +86, 11,015 | 1,024.6 9, 621 +5, 481 +552
82 , 692 468 37 13,197 585 5, 826 1 6,412 | +b, 17,800 | 1,007.65 15,639 | 46,018 +-767
111 15, 953 573 31 16, 557 790 6, 168 1 6,95 | 9,508 27,398 | 1,173.8 24,272 | 48,633 <4965
131 9, 799 238 79 10,116 930 8,473 1 9, 404 +712 28,110 | 1,178, 95 24, 956 +-684 428
131 7,641 200 48 7, 97 930 7,694 1 8, 625 —646 27,464 | 1,174. 4 24, 351 -605 —41
141 17, 404 900 119 18, 423 940 11,730 1 12, 671 +5, 752 33,216 | 1,200.85 29,357 | +5,006 4746
144 17, 504 400 43 17, 947 1,045 17,880 3 18,928 —981 32,235 | 1,205.0 28,637 -720 -261
141 11, 642 301 49 1, 982 12, 515 16 13, 513 -1, 521 30,714 { 1,105.70 27,277 -1,360 -161
135 13, 739 314 45 14, 098 990 14, 465 17 15,472 | -1,374 29,340 | 1,187.10 , 067 | —1,210 -164
130 , 063 268 64 12, 395 870 12, 947 9 13,826 | -~1,431 27,000 | 1,177, 95 24,827 | ~1,240 ~181
124 9,233 147 24 9, 404 845 11, 295 7 12,147 -2, 743 25,1668 | 1,157.65 22,217 -2, 615 -133
123 13, 950 338 32 14, 320 825 10, 666 8 11,409 | +2,821 27,987 | 1,178.02 24,832 | +2,615 +206
132 14, 008 133 37 14,176 985 12,755 7 13, 747 +429 28,416 | 1,180.82 , 209 +377 +52
126 14, 547 241 62 , 850 875 , 200 7 14, 082 +-768 29,184 | 1,186.86 26, 035 + -58
128 11,228 163 23 11,414 925 12, 940 7 13,872 -2, 458 , 726 | 1,168.77 23,617 —2,418 —40

! Original capacity table, used without correction for datum difference (sec Surface Water Supply of the United States, Part 9, Colorado River Basin, for the years 1940-49),
This introduces no significant error as the differences in yearly content are used here, and the diffcrence in datum is indistinguishable on fig, 21,

inflow, but it must be taken into account in preparing
a budget for the reservoir. The actual amount is un-
known, but it doubtless varies from year to year; and
provided the record of the Virgin River can be used
as a satisfactory index, it can be used to estimate the
unineasured inflow according to the formula: 7, (un-
measured inflow) =a/,+5, in which 7, is the measured
inflow of the Virgin River. The evaluation of the con-
stants ¢ and 4 is explained in the section on “statistical
analyses.” The estimates determined in this way are
given as unmeasured inflow (7,).

The precipitation on the lake is computed from the
rainfall recorded at three locations about the lake,
multiplied by the mean surface area during each year.
Allowance was made for the higher rainfall during
months when the surface area of the lake is least, but
the resulting estimates of precipitation are subject
nevertheless to large error because rainfall over the
lake is highly variable. Precipitation is a very small
item in the budget, and great accuracy, although
desirable, is not essential.

OUTFLOW

The water released through Hoover Dam constitutes
practically all the outflow from Lake Mead; it is ade-
quately measured at the gaging station 1 mile below the
dam, originally built by the Bureau of Reclamation
and now operated by the Geological Survey in coopera-
tion with the Bureau. The quantities are given in table
9. The quantities diverted by pumping from the lake
for use at Henderson and Boulder City are also shown.

‘ There is some depletion of storage by evaporation

from the surface of the lake and by transpiration from
the small areas of vegetation in some spots around the
lake shore. To the extent that the rate of evaporation
is a constant, the estimated annual evaporation may be
evaluated by multiplying the mean surface area of the
reservoir (with due allowance for the higher rate of
evaporation in summer) by the annual rate of evap-
oration. The annual rate of evaporation has been
estimated by the methods explained in the section “Sta-
tistical analyses,” and the volumes of evaporation are
the results of these computations.

RESERVOIR STORAGE

The stage of Lake Mead at the end of each water
year and the corresponding contents according to the
original capacity table are listed under “Reservoir
storage.” These volumes include water plus sediment,
which is proper inasmuch as the inflow includes the
volume of sediment particles of the suspended load.

STATISTICAL ANALYSES

Algebraically the water budget may be set up as
follows:

In+ I+ 1,— AS=0,40,

in which 7, is the measured surface inflow, 7, is the
unmeasured inflow, 7, is the precipitation on the lake
surface, AS is the increase in storage, 0, is the evap-
oration, and O, is the measured surface outflow.

Of these quantities 7, is unknown, and the bank
storage component of AS is also unknown. These
factors can be resolved provided they can be related to
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known variables. There is a strong possibility that the
unmeasured inflow can be related to the record of the
Virgin River at Littlefield, Ariz.; and total storage can
be expressed as a constant times the measured change in
reservoir contents, it being assumed, subject to test,
that the bank storage is proportional to the annual
changes in reservoir storage.

In lieu of formal least-square analysis, these rela-
tions were defined by a graphical method of converging
approximations. In other words, preliminary assump-
tions were introduced for the unmeasured inflow, and
net storage changes were then computed and related to
the storage changes in the reservoir basin as given by
the capacity table. This result indicated, for example,
that total storage change is about 12 percent greater
than that given by the capacity table. Using this
result, calculations were made of the unmeasured in-
flow, which was then graphically related to the flow of
the Virgin River. The points defined a satisfactory
relation, quite different from the initial assumption.
Now using these graphs, the process was repeated,
which yielded results not very different from those ob-
tained during the second approximation. The process
was therefore not repeated. The results are given in
figure 19.

The efficacy of the method used depends on the
mutual independence of the factors used—Virgin River
runoff and storage change—and the range through
which these factors vary. The independence is not as
great as might be desired. Greater variations in the
record prior to the filling of the reservoir would have
been invaluable for evaluating the unmeasured inflow.
The flow of the Virgin River is roughly correlated
with changes in storage, because large increments in
reservoir storage tend to occur in wet years when flow
of the Virgin River is high, and vice versa. Neverthe-
less there is enough independence to make the derived
relations useful.

EVAPORATION

Evaporation is an important item in the water
budget of Lake Mead. Estimates of annual water loss
made from several different assumptions have ranged
from as much as 100 to as little as 64 inches. The
inadequacy of these estimates had long been recognized,
and the plans for the 1948-49 survey envisaged the
collection of data that might provide a basis for com-
parison with the records of pan evaporation that had
been collected at Lake Mead since 1935. As described on
page 141, a reconnaissance energy budget was derived,
which afforded a means of calculating evaporation
during the period of the survey. But analysis of the
possible errors introduced in estimating some important
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FIGURE 19.—Relation between unmeasured inflow to Lake Mead and
runoff of Virgin River at Littlefield, Ariz.

items of the energy budget led the authors of that
reconnaissance to conclude that their estimates may -
in substantial error.

Recognizing the important need for accurate infor-
mation, intensive research into the problem of evap-
oration from reservoirs was undertaken in 1050 and
1951 at Lake Hefner, in Oklahoma, a reservoir that
was well suited to the proof and test of new methods
of measuring evaporation loss (U.S. Geol. Survey,
1954 a and b). After these tests, investigations were
begun in March 1952 for the purpose of determining
evaporation from Lake Mead as accurately as possible,
applying the methods tested at Lake Hefner, specif-
ically adapted to fit conditions at Lake Mead. 'The
Geological Survey, Bureau of Reclaniation,
Weather Bureau collaborated in that investigation, the
results of which have been published (U.S. Geol. Sur-
vey, 1956). The total evaporation determined for the
1953 water year was 875,000 acre-feet, or 85.5 inches
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over the average area of the lake during that year.
The investigations also provided a means for making

tstimates of annual evaporation from the lake during

revious years, and for keeping monthly records of
evaporation in the future, within limits such that an-
nual figures will not be more than 10 percent in error.

TRANSPIRATION

The change in ecologic conditions brought about by
the formation of Lake Mead has sustained the intro-
duction of a new species of vegetation into the desert
wasteland that became its shores. The saltcedar, 7ama-
riz gallica, is a lusty water-loving exotic that has been
able to displace native species rapidly wherever water
is accessible, notably along streams and canals, and in
areas of shallow water table. Around Lake Mead it is
seen at various places below the high-water line estab-
lished in 1941: in coves and bays of shoaling water, on
some islands far from shore, along the beaches in Las
Vegas Wash and Overton Arm, and along both sides
ol Lower Granite Gorge where it contrasts with
the creosote bush (Cowillea tridentata) and other xero-
phytes above the high-water line.

No studies were made during the 1948-49 survey to
determine the areal extent of the saltcedar growth
around the reservoir, or the quantity of water that
might be consumed by it. Research in southern Ari-

'zona (Gatewood and others, 1950; Robinson, 1958)

indicates that the saltcedar is an extravagant water
user and, acre for acre, may transpire more water than
is evaporated from a free water surface. Thus, if the
area covered by saltcedars is sufficiently large, there
could be significant losses from the reservoir in addi-
tion to the quantities evaporated from the reservoir
surface.

Fluctuations in the level of the reservoir are some-
what discouraging to all types of vegetation, but salt-
cedar fares better than most. Plants on islands in Las
Vegas Bay flourish even when the reservoir level has
dropped 60 feet below them (pl. 29), and it seems that
they are able to follow the water down with their roots.
On a rising stage, a saltcedar plant can be drowned if
it is completely submerged for an extended period,
but in 1952 some plants in Las Vegas Wash survived a
period of several weeks in water as much as 5 feet
deep, while only the topmost branches reached above
the lake level. ~

From these casual observations, it may be concluded
that the zone in which saltcedar can become established
ranges from the high-water line at 1,221 feet elevation
down perhaps to the average operating level at 1,170
feet. The area of reservoir bed between these eleva-

tions is more than 30,000 acres. Reconnaissance trips
on the lake, however, indicate that only a small propor-
tion of this area is actually covered by saltcedar. The
rock walls below the high-water line are almost in-
variably barren, and they appear to predominate
around the shore. If as much as 10 percent of this
30,000 acres is occupied by saltcedar—and this is prob-
ably a very liberal estimate—the annual loss by trans-
piration would be of the order of 20,000 acre-feet,
which is less than 3 percent of the evaporation from
the free water surface and well within the limit of
error of the evaporation calculations.

PRECIPITATION

Rain gages maintained by the Office of River Con-
trol in conjunction with its evaporating pans show
marked variations in precipitation in various parts of
the Lake Mead region. Random variations in monthly
totals, particularly during the summer, doubtless re-
flect the intense but local cloudburst storms that are
common in the region.

The variations in annual precipitation from one
locality to another give some indication of the geo-
graphic distribution of rainfall. The precipitation re-
corded at Pierce Ferry, at the base of the Grand Wash
Cliffs, may be two to four times as great as that at
stations around Boulder Basin of Lake Mead. Be-
tween 1936 and 1949 the average annual precipitation
at Pierce Ferry was 6.8 inches, compared with 3.7 to
3.8 inches at gages near the western end of the lake.
It is not known whether the rate of precipitation in-
creases sharply near the base of the Colorado Plateaus,
or whether there is a progressive increase eastward
from Boulder Basin.

The values shown in table 9 are based on three avail-
able records around the lake. It is not known to what
extent the 3-station average represents the actual pre-
cipitation upon the lake, but, as already pointed out,
these quantities are in any event a very small propor-
tion of the total inflow. Even in the year of greatest
annual precipitation, 1941, the quantity contributed
to the reservoir was considerably less than 1 percent
of the measured inflow from tributaries.

EVALUATION OF BANK STORAGE

The annual changes in reservoir contents shown in
table 9 are similar in amount to those representing the
differences between inflow and outflow. If all items
of the budget had been accounted for and accurately
measured, the quantities in these two columns would
be identical. Actually there are significant differences
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in most years, and these differences are listed as “re-
siduals.” They vary in magnitude and sign, in a man-
ner quite comparable to the net changes in reservoir
contents. These residuals are plotted against the an-
nual change in reservoir contents on figure 20. Al-
though each residual, being the difference between two
large figures, parts of which are estimates, is subject
to large relative errors, nevertheless the points on figure
20 show a consistency which indicates that the actual
errors are not large. The conclusion may be drawn
that on an annual basis more water enters into or is
withdrawn from storage than is indicated by the capac-
ity table. In other words, Lake Mead has a significant
amount of storage space in addition to the volumes
which were calculated from the hydrographic survey
of 194849, or even the original reservoir survey of
1935.

The unsurveyed storage in Lake Mead is the volume
in which water can be stored in the banks or bottom of
the reservoir, as determined during the hydrographic
survey of 1948-49. It corresponds to bank storage
along a river, with all the phenomena of filling and
draining of interstices as the lake rises and recedes.
It includes the water in the volumc that has been filled
by sediment during the interval from 1935 to 1948,
and it includes voids in the gravel and sand and other
rock materials that underlie the sides of the reservoir.
Inasmuch as all this unsurveyed storage is in the banks
of the reservoir, it is properly classed as ground-water
storage, of the kind generally known as bank storage.

The magnitude of this bank storage is indicated in
table 9 by comparison of the reservoir storage at end

of year as indicated by capacity table, and the total
storage as given by the cumulative difference between
inflow and outflow. The data from both columns are
plotted in figure 21 against corresponding lake stages.
The gross storage, computed from the difference be-
tween outflow and inflow, indicates the total detentinn
in the Lake Mead basin, subject to errors of estimation
and measurement as explained. Since the inflov in-
cludes the volume of the solid particles of the suspenaed
sediment, the detention necessarily includes sediment
plus water. The sediment solids (about 2,000 million
tons) occupy a volume of about 550,000 acre-feet: the
bulk volume (1,426,000 acre-feet) is the sum of the
sediment solids volume plus the volume of the
interstitial water.

As of September 30, 1941, when the highest year-end
stage was reached, the total storage computed from
inflow-outflow differences was 33,216,000 acre-feet.
compared with reservoir contents of 29,357,000 acre-
feet as computed from the original capacity curve. The
difference of about 3,859,000 acre-feet is presumed o
represent the bank storage plus sediment storage. As
shown in chapters N to T, the sediment particles carried
into the reservoir between 1935 and 1948 have a total
estimated volume of 550,000 acre-feet. ThLe wuter
storage beneath the reservoir sides and bottom when
the lake is filled to capacity is therefore of the order of
3,300,000 acre-feet.

Not all the 3,300,000 acre-feet of ground-water
storage is usable storage. About 875,000 acre-feet is
held within the interstices of the sediments deposited
within the lake, of which about 40 percent lie below
the dead storage level. The effect of continued sodi-
mentation below this level will be to reduce the pro-
portion of water in existing sediment by compaction, but
to increase the over-all quantity of interstitial water
at the expense of reservoir dead storage.

The bank storage is not available during short-
period changes in water level. It takes time for the
water to permeate and drain the sediments containing
this storage, and only a small proportion is available
during the usual seasonal change in reservoir contents.
Detailed analyses of bank storage associated with
monthly or seasonal fluctuations in reservoir levels can-
not be made until more is known of the distributic: -t
evaporation and unmeasured inflow during the year.
However, preliminary studies indicate that bank stor-
age of the extent indicated is available only for year-
to-year changes in reservoir contents.

In general, under present conditions and with the
estimates now available for evaporation, precipitation,
and unmeasured inflow, the annual change in gross
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storage averages about 12 percent more than the change
in reservoir contents indicated by the capacity table,
which adds materially to the degree of river regulation
afforded by the reservoir. Thus, under present condi-
tions, as shown by figures 20 and 21, there is a consid-
erable variation in usable bank storage with change in
lake levels. From September 1941 to September 1946
there was a net decline of 52.2 feet in reservoir level.
Reservoir contents declined 7,140,000 acre-feet, but the
gross storage contributing to the discharge at Hoover
Dam amounted to 8,050,000 acre-feet, indicating a re-
covery of 910,000 acre-feet from bank storage during
this 5-year drawdown.
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K. CHARACTER OF THE INFLOWING WATER

By C. S. Howarp, U.S. Geological Survey

SOURCES OF INFLOW

Almost all the inflow to Lake Mead comes from the
Colorado River and is measured at the Grand Canyon
gaging station, some 190 miles above the uppermost
basin (Pierce Basin) of the lake. The discharge of
the Virgin River at Littlefield, Ariz., averages less
than 2 percent of the discharge measured at Grand
Canyon, and as indicated by figure 19, the unmeasured
inflow of other tributaries to Lake Meade is generally
less than twice as great as the measured discharge of
the Virgin River. Thus the water measured at the
Grand Canyon gaging station probably constitues more
than 95 percent of the total inflow to Lake Mead. The
inflow from side canyons and tributaries below Grand
Canyon, including the Virgin River, is probably not
in sufficient volume to have any significant effect on
the physical and chemical characteristics of the water
in Lake Mead.

Records of sediment and dissolved solids as well as
of river discharge have been collected at the Grand
Canyon station since 1925, and records of temperature
have been maintained since 1936; these serve as the
hasis for the study of the physical and chemical char-
acteristics of the water flowing in the river and stored
in the lake.

Records of sediment at the Grand Canyon and at
other gaging stations in the Colorado River basin for
the period 1925-41 have been published in two water-
supply papers of the Geological Survey (Howard,
1930, p. 1544, and 1947) ; all records are for the sus-
pended loads only and there is practically no informa-
tion on the amount of material carried by the Colorado
River as bed load. Analytical records of the chemical
character of the Colorado River water for the period
192541 have also been published (Howard, 1928, 1930,
p- 1-14, and 1932; U.S. Geol. Survey, 1943). The rec-
ords of chemical analyses, water temperatures, and sus-
pended sediment since 1941 have been published in
water-supply papers dealing with the quality of sur-
face waters of the United States (U.S. Geol. Survey,
1943 and later.).

SEDIMENT CARRIED BY THE INFLOWING WATER
SUSPENDED LOAD IN THE COLORADO RIVER

The annual loads of suspended sediment carried past
Colorado River near Grand Canyon, Ariz., during the
period 1926-50 are given in table 10 (see also fig. 7).
The records show that 1,990 million tons of suspended
sediment passed the Grand Canyon station during the
period February 1, 1935, to February 28, 1949. These
dates mark respectively the beginning of storage in
Lake Mead and the completion of the 194849 survey
of the reservoir. Presumably all the sediment passing
Grand Canyon in this interval was trapped in Lake
Mead except for the quantity, estimated at less than
10 million tons, that passed through the dam during
1935-36 when water was discharged from the bottom
of the reservoir (p. 109). However, this is not a full
measure of the sedimentation in Lake Mead because
the sediment carried by the Virgin River and minor
tributaries is not included.

TABLE 10.—Annual runoff and suspended load of Colorado River
near Grand Canyon, Ariz.

Suspended
sediment, in
millions of
tons

Runofl, in
millions of

Water year
acre-feet
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On the basis of total sedimentation of 1,990 million
tons by February 1949, the deposition in the lake has
been at an average rate of 142 million tons a year.
This average rate is of interest to all who would like
to forecast the future of Lake Mead, but it hides some
tremendous variations in sedimentation rates—daily,
seasonal, and annual. Acceptance of an average fig-
ure, without consideration of these variations and the
reasons for them, can result in forecasts that are basi-
cally unreliable.

Since 1926 the annual suspended load (measured at
Grand Canyon) has varied from about 50 million tons
in 1934, when annual runoff was less than 5 million
acre-feet, to nearly 500 million tons in 1929, when an-
nual runoff was more than 19 million acre-feet. The
range in sediment load was therefore tenfold, where-
as the range in discharge was only fourfold. Plot-
ting of the annual runoff against sediment load (fig.
22) shows that the sediment load is not directly pro-
portional to the runoff but increases more rapidly with
increasing discharge. The points are widely dispersed,
but they indicate that from 1941 to 1950 the sediment
load was generally less at equivalent runoff than in
the preceding 15 years. Daines (1949), by double-
mass analysis of the records of annual runoff and
suspended load at Grand Canyon, also found a fairly
consistent relation from 1930 to 1941, and a different
but likewise consistent relation from 1942 to 1948. The
differences are not adequately explained by available
hydrologic data, but it is possible that they may re-
sult at least in part from variations in distribution
of precipitation and runoff in the Colorado River basin
(p. 235).

The sediment concentrations and loads entering Lake
Mead during the 194849 survey were less than the av-
erage for the period of record at Grand Canyon. On
only a few occasions were there any high concentra-
tions of sediment. The maximum daily mean sediment
concentration at Grand Canyon was 2.60 percent on
August 8, 1948, during a short period of increased
inflow. The total load of sediment during that rise
was about 7 million tons, or 75 percent of the monthly
load and 5 percent of the total load for that year.
At a lower concentration (not over 1.76 percent) for
a longer period of time and at a higher rate of dis-
charge in April 1948, the total load was over 30 mil-
lion tons, which was about 21 percent of the annual
load. The concentration of sediment and its relation
to discharge for part of the period of the survey are
shown graphically in figure 23,

COMPREHENSIVE SURVEY OF SEDIMENTATION

IN LAKE MEAD, 1948-—49

PARTICLE SIZES IN SUSPENDED LOAT

Size analyses of the particles of suspended sediment
have been made on samples collected at Grand Canyon
since 1935, and published records (Howard, 1947; U.S.
Geol. Survey, 1943 and later) generally include anal-
yses of 40 to 100 samples each year. Similar data
were obtained for the samples collected at the Willow
Beach and Topock stations (below Hoover Dam) while
they were operated as sampling points. The meth-
of making the size determinations have not been uni-
form. For most samples, the proportions of sand-
sized particles (diameter greater than 62 microns) was
determined by sieve analysis, but the sieve siies nsed
since 1944 are different from those used in earlier
years. For determination of the silt- and clay-sized
particles, a dispersing procedure was used for some
of the samples, but others were settled in the native
water or in water having a chemical character and
concentration of dissolved solids similar to those of
the native water.

Laboratory tests have shown that in an undisporsed
sample a large percentage of the finer particles will huve
a much faster settling rate (that is, will act like coarser
particles) than in a similar sample after dispersion. It
is difficult to evaluate the analytical records hased on
dispersed samples, because in a reservoir the material
will settle in an undispersed or partly dispersed condi-
tion. It is known that there will be some variation in
the state of dispersion of the suspended material as it
moves into and through the reservoir water, but the
extent of this variation is not known. Since the vari-
ation applies especially to the fine particles, it is of
interest to note that there was considerable difference in
the nature of the material carried during the v
periods in 1948 mentioned above. In the load of 7 mil-
lion tons carried in August 1948, more than 60 percent of
the particles were finer than 8 microns, whereas about
50 percent of the load of 30 million tons in April 1348
consisted of particles coarser than 62 microns. The de-
terminations were made on dispersed samples but it is
evident that the material carried in April consisted
largely of the faster settling particles. Thus the move-
ment into and distribution within the reservoir of the
material carried during these two periods would not be
the same.

Even if the size distribution of particles in individna!
samples could be measured accurately, the estimation of
total quantities of a given size transported by the river
would be subject to considerable error, because of the
great variability of the sediment load from time to tim:
and from place to place in both concentration and
particle size.
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IGURE 23.—Discharge, temperature, dissolved solids, and suspended sediment records for Colorado River at Grand Canyon. October 1947 to
February 1949,

SEASONAL VARIATIONS

In winter, from November to March, the river dis-
charge is usually near the minimum for the year, rang-
ing from 3,000 to 10,000 e¢fs.  Sand particles larger than
62 microns rarely compose more than 10 percent of the
suspended Toad, and the clay fraction (smaller than 4
microns) is likely to make up half or more of the total.

The period April to July is the time of greatest
volume of flow. Sand particles ordinarily constitute
at least 20 percent of the sediment load, and during peak
discharges the sediment load may be more than 50 per-
cent sand and less than 10 percent clay. Even at these
high discharges, however, the suspended load includes
few particles larger than medium sand (500 microns in
diameter).

From August to October the discharge of the river
may drop to less than 5,000 cfs, or it may increase to
30,000 ¢fs or more for short periods because of flood
runoff from cloudburst storms. Regardless of the dis-
charge, the distribution of particles of various sizes in

the suspended load is generally similar to that from
November to February, with less than 20 percent larger
than 62 microns.

CORRELATION OF ANALYSES OF DEPOSITED AND
SUSPENDED SEDIMENT

There is some uncertainty about the proper method
of correlating the reported sizes of the finer particles
of suspended material with those determined from de-
posited samples. The difticulty of determining the
sizes of particles whose diameters are less than 30
microns has been discussed (Howard, 1948). Many
samples of deposited material have been dried a?
deposition, either in place or after collection. If the
material has been dried it is necessary to disperse the
samples to obtain a satisfactory sample for size analy-
sis, especially if a large proportion Is less tnaw 30
microns in diameter. It is difticult to obtain a uniform
state of particle dispersion, and for that reason com-
plete dispersion is attempted. The particles then are
in a condition which is not representative of any con-
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dition existing in nature, and the analytical results
are of questionable value for correlation with results
obtained from analysis of material in transport. Tt
is true that the samples of suspended material can also
be dispersed and the analytical results compared or
correlated with the results obtained on the dispersed
samples of deposited material. This sort of correla-
tion has limited application, and is questionable if one
wishes to compute the volume of deposit that will be
occupied by a given amount of suspended load, for
the sediment is transported and deposited under con-
ditions in which the water has different chemical
characteristics and dispersing properties.

Data collected during the Lake Mead survey show
the particle size and weight-volume relation for mate-
rials deposited in the reservoir (p- 195). So far as
particles larger than 30 microns and particularly the
sand-sized ones are concerned, direct correlation should
be possible with the data on suspenaed load in the
Colorado River at Grand Canyon. However, there
may be some uncertainty in the correlation of data
concerning the smaller silt and clay particles, because
of differences mentioned in the paragraph above.

SUSPENDED LOAD FROM OTHER SOURCES

It has already been mentioned that probably more
than 95 percent of the total inflow of water to Lake
Mead comes from the Colorado River and is measured
at the Grand Canyon gaging station. All the evidence
indicates that a similarly large proportion of the sedi-
ment entering the lake also passes this station. Thus
a comparison of the sediment loads measured at Grand
Canyon and at Topock, Ariz. (115 miles below Hoover
Dam), during the 10 years prior to 1935 indicates that
the inflow of sediment from tributaries below Grand
Canyon was probably only a very small part of the
total load carried past the Hoover Dam site.

Beginning in 1948 the suspended load in the Virgin
River has been measured at Littlefield, Ariz. The
measured loads of 652,000 tons in the water year 1948,
1,310,000 tons in 1949, and 1,690,000 tons in 1950
amounted respectively to (.45, 1.10, and 2.83 percent
of the quantities measured in the Colorado River at
Grand Canyon. In confirmation, the amount of sedj-
ment in the Virgin delta (in Overton Arm above the
Lower Narrows, P- 157), as caleulated by the volumetric
survey of 1948, was about 24 percent of the total
sediment in Lake Mead (p. 195). This sediment was
evidently derived almost entirely from the Virgin
River, for there is evidence that sedimentation by
Muddy Creek, which also flows into Overton Arm
(p. 157), is negligible in amount,

Minor tributaries or washes have doubtless contril-

uted some sediment to Lake Mead, but the only dire
evidence obtained during the 1948-49 survey is
Detrital Wash (p. 71, 171), where a cloudburst in 19:
caused erosion of several hundred acre-feet of sedimen
which was doubtless carried into the reservoir. Th
quantity is negligible in comparison with the tot;
sedimentation in the reservoir,

Although the sediment contribution to the lake fro:
the part of the drainage basin below Grand Canyo
was small during the years prior to 1948, it is realize
that this area may receive occasional storms of hig
intensity, which produce short but high peaks in runo
and sediment contribution. In some months, and pe1
haps in some years, its contribution of sediment t.
the lake may rise far above the rather small average
However, these occurrences have been too rare, at leas
in recent years, to have a significant over-al] effec
upon sedimentation in the lake.

TEMPERATURE OF THE INFLOWING WATER

Records of temperature of the Colorado River at
Grand Canyon may be of questionable significance as
an indication of the temperature of the water entering
Lake Mead, because these records are obtained at a
point that is about 190 miles above the reservoir. The
records are, however, the only available records of
temperature of the inflowing water. The temperature
and discharge of the Colorado River at Grand Canyon
for the period October 1947 to February 1949 are
shown in figure 23. Tt will be noted that the water
temperature was at a minimum of Jess than 40°F dur-
ing January and February, rose above 60°F during
the spring runoff, reached a peak of about 80°F in
August and September, and then decreased. The tem-
perature of the water at Grand Canyon has followed a
similar pattern of annual fluctuation since 1936, with
a winter minimum ranging from 35° to 40°F., and a
summer maximum of 75° to more than 80°F.,

In late April the runoff consists of appreciable
volumes of water with a temperature higher than that
of the lake water. The concentration of suspended
sediment during the spring runoft is relatively high,
but the sediment consists largely of coarse particles
that will be deposited at the head of the reservoir. The
content of dissolved solids in the inflow during this
period is decreasing, and by the end of April is usually
lower than the dissolved-solids content of the lake
water.  As the inflow has a lower content of dissolved
solids and is warmer than the lake water, it will be
less dense than the water in the lake. Because of this
difference in density, the inflowing water remains at
the surface and floats downlake on top of the water
stored in the reservoir.
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DISSOLVED SOLIDS IN THE INFLOWING WATER

Most of the dissolved mineral matter in the water of
Lake Mead comes from the water flowing past the
Grand Canyon gaging station, for which records of
quality of the water are available since 1925. Practi-
cally nothing is known about the dissolved solids in the
inflow from side canyons and small tributaries; this
inflow is probably more mineralized than the main
stream, but in any event it is not in suflicient volume to
have any significant effect on the chemical characteris-
tics of the lake water. The principal constituents of
the dissolved solids in the Colorado River water and also
in the Lake Mead water are calcium and magnesium;
sodium and potassium; sulfate, bicarbonate, and chlor-
ide; and silica. When the reservoir was first planned
there was some concern over the possibility of the boron
content of the water being sufficiently high to cause
trouble when the water was used for irrigation, but the
boron content of the inflow and of the release is con-
siderably below the maximum concentration that is
suitable for irrigation. Similar concern was expressed
about the posibility of the fluoride content of the water
being high enough to mottle the enamel of teeth when
used for drinking water by growing children, but the
fluoride concentration has not been high enough to
cause such damage. Other constituents are present in
low concentrations, but they are not significant for this

discussion.
SEASONAL VARIATIONS

Water passing the Grand Canyon gaging station
shows a large seasonal range in concentration of dis-
solved solids. As a rule, the lowest concentration is

found in the spring during the flood stages resulting
from melting snow, and the maximum concentration is
found during the periods of low flow when the runoft
consists almost entirely of ground-water inflow. The
concentration of dissolved solids may also be relatively
high during floods, which come after heavy rains on the
arid parts of the drainage area. Analyses representing
these three conditions of river stage and a weighted
average for the period of the 194849 survey are shown
as numbers 1 to 4, respectively, in table 11,

The seasonal variations in dissolved solids in the
(Colorado River water during the 1948—49 survey are
shown in figure 23. The concentration of dissolved
solids ranged from 800 to 1,000 ppm during the winter
of 194748, decreased to a minimum of 276 ppm during
June 11-20, rose to 1,380 ppm during October 11-20,
and then fluctuated between 800 and 1,200 ppm during
the winter of 1948-49.

The variations in concentration of dissolved soi
during the period of the survey were less than have been
recorded in some years since 1935. In the water year
1942, the dissolved solids reached a 10-day minimum of
225 ppm on June 11-20, and a maximum of 1,350 ppm
on September 21-30. In 1940, the range in concentra-
tion was even greater: from a minimum of 334 ppm in
the 10-day period June 1-10 to a maximum 1,720 ppm
on September 1-10. The maximum 10-day average
concentration in the period of record was 1,890 ppm on
September 21-30, 1934.

ANNUAL VARIATIONS

The annual average concentration of dissolved solids
in the Colorado River also varies widely. In the pub-

TABLE 11.—Chemical analyses of water samples of inflow and outflow, and from various points and depths in Lake ileud. in
parts per million

Location of samples Inflow Pierce | Virgin Canyon Virgin Basin Boulder Basin, intake towers Out-
Basin flow
Sample 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
Silica (€107 ppm. . 13 14 20 14 16 12 oo et 13 12 [....... 11 b2 A 12
Calcium (Ca)..._.... ..do.... 55 156 148 87 60 40 88 114 60 96 91 72 94 92 121 &0
Magnesium (Mg).....__... do_._. 11 60 34 26 13 12 33 41 16 26 26 23 26 38 67 27
Sodium plus potassium (Na+K)

. do._... 25 222 133 90 29 20 109 119 42 93 87 60 96 94 7 95
Bicarbonate (HCO3)....... do....| 167 261 271 216 200 17 176 372 138 164 165 121 167 176 408 i
Sulfate (804) do.... 69 596 405 224 66 68 301 256 140 208 283 223 207 307 285 Lni
Chloride (C)).. . 19 188 58 71 17 17 94 96 33 73 67 52 72 88 80 il
Nitrate (NOs).............. do._... .7 9.9 .5 2.5 .9 1.9 2.0 5.4 2.1 2.4 ... 1.3 2.9 2.3 .7 2.3

Total .. _........... do....| 276 1,380 992 621 301 228 714 815 374 681 644 502 682 708 832 656
Specific conductance
(micromhos)..| 455 1,970 1,390 956 481 374 1,120 1,280 572 1,010 981 782 1,030 1,120 1, 360 | Q38

1. Inflow: June 11-20, 1948, minimum concentration of dissolved solids at Grand
Canyon during period Oct. 1, 1947-Feb. 28, 1949.

2. Inflow: Oct. 11-20, 1948, maximum concentration of dissolved solids at Grand
Canyon during period Oct. 1, 1947-Feb. 28, 1949,

3. Inflow: Aug. 21-31, 1947, period of summer flood at Grand Canyon, mean dis-
charge 29,570 cfs; rean discharge for previous composite period was 18,850 cfs.
284.15‘:19ﬂ0w: Weighted average for Grand Canyon during period Oct. 1, 1947-Feb.

5. Inflow: May 21-31, 1948; minimum conductance for period previous to May
28 was 455 on May 26,

6. Water at surface of lake: May 28, 1948, Pierce Basin.

7. Water near bottom of lake: Feb. 20, 1945, Virgin Canyon, depth 200 feet.

8. Water at hottom of lake: February 20, 1945, Virgin Canyon, depth 330 feet.
(Sam\)le at 325 feet had 180 ppm of HCO; and conductance of 1,160.)

9. Water at surface of lake :May 31, 1948, upper end of Virgin Basin, station 45,

10. Water at 320 feet depth: May 31, 1948, upper end of Virgin Basin, station 45,

11. Water at surface of lake: Feb, 29, 1948, Virgin Basin, station 27.

12. Water at surface of lake: Sept. 23, 1948, intake towers.

13 Water at bottom of lake: Sept. 23, 1948, intake towers, depth 443 feet.

14. Water at bottom of lake: July 3, 1945, intake towers, depth 442 feet.

15, Water at bottom of lake: July 3, 1945, intake towers, depth 443 feet.

16. Outflow: July 12-18, 19-20, 1948, typical release at Hoover dam,
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lished records of chemical analyses (U.S. Geol. Survey,
1943 and later), weighted-average analyses for the
Grand Canyon station are shown for each water year.
The weighted-average analysis is computed by multi-
plying the discharge at the time of sampling by the
quantities of the individual constituents, adding the
products for all samples collected during the year, and
dividing by the sum of the discharges. In the period of
record the concentrations of dissolved solids have
ranged from a weighted average of 491 ppm in the
water year 1928 to 960 ppm in 1934,

Since Hoover Dam was completed in 1935, the
weighted-average concentration of dissolved solids at
Grand Canyon was greatest in 1940, the year of mini-
mum runoff, and least in 1942, the year of greatest run-
off. This weighted-average concentration has varied
greatly from year to year; it decreased about 25 percent
from 1940 to 1941, and increased by an even larger
percentage from 1938 to 1939.

DENSITY CURRENTS

A density current has been defined by Bell (1942b)
as a gravity flow of a fluid through, under, or over a
fluid of approximately equal density. Apparently this
flow takes place with very little mixing of the two fluids.
But in Lake Mead, the water through which the density
currents flow have various differences in density, which
may result from differences in temperature, content of
dissolved material, or suspended material, or a combina-
tion of these three factors (p. 107).

Density currents were first recognized in Lake Mead
within a few months after storage began in 1935
(Grover and Howard, 1938). In most of them the
difference in density has been caused to a considerable
extent by fine suspended material, so that the water in
the current is turbid. In some density currents, even
those that are heavily laden with suspended material, an
increased content of dissolved solids contributes mate-
rially to the greater density.

The water stored in the lake forms the medium in
which density currents can flow ; the causative factor is
the inflowing water, because of its different density,
which in turn is dependent upon its suspended load,
dissolved solids, and temperature. Thus, the charac-
teristics of the inflow already discussed are the char-
acteristics which under favorable conditions produce
density currents in the lake. The following paragraphs
describe the investigations that have been made of den-
sity currents in Lake Mead, the record of density cur-
rents, and their correlation with characteristics of the
inflowing water.

INITIAL EVIDENCE, 1935-36

The first, and still the best, evidence of density cur-
rents flowing through the entire length of Lake Mead
was obtained during the first 15 months of operation
of Hoover Dam. During the first year, all water re-
leased from the reservoir was discharged through tun-
nels at or near the base of the dam and therefore was
drawn from the bottom of the reservoir. Early in
1936, some water was released through the intake
towers at a level about 250 feet above the base of the
dam, but discharge through one tunnel was continued
until May 1. Then the gate in that tunnel was closed,
and all outflow from the reservoir since that date has
been through the intake towers or over the spillways.

The evidence of density currents during the period
when water was discharged from the bottom of the
reservoir has been described (Grover and Howard,
1938), on the basis of records obtained at the Grand
Canyon gaging station and at the gaging stations on
the Colorado River at Willow Beach, Ariz., and near
Topock, Ariz, about 10 and 115 miles respectively
below Hoover Dam.

Storage in Lake Mead began on February 1, 1935,
and the sediment concentration at Grand Canyon
ranged from about 0.10 percent to 0.38 percent in the
period January 23 to February 5. The sediment con-
centration at Willow Beach dropped from 0.45 per-
cent on January 31 to 0.07 percent on February 5,
chiefly because of obstruction of the flow of water, be-
cause there was not much storage in the early part of
February. On the 20th, 23rd, and 24th of February
the sediment concentration at Willow Beach was more
than 0.15 percent, but for the remainder of the month
it was less than 0.10 percent.

The first outstanding discharge of turbid water from
Liake Mead occurred in March and April. On March
26 the sediment concentration at Willow Beach rose to
0.52 percent ; except on the 29th, it remained more than
0.30 percent for the rest of the month but dropped to
0.07 percent on the first of April. The increase in
sediment concentration at Willow Beach seemd to be
directly related to an increase in sediment concentra-
tion at Grand Canyon from 0.44 percent on March 17
to 1.72 percent on March 18; this was the first apparent
density current flow in Lake Mead. A similar but more
turbid flow occurred in mid-April with a sediment con-
centration of 1.15 percent at Willow Beach, following
a steady increase in sediment concentration at Grand
Canyon,

In September and again in October of that year
similar density currents were indicated by increases
in sediment concentration at the Willow Beach sta-
tion, in each case about 8 days after increases at Grand
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Canyon. In these September and October flows there
were also increases in the concentration of sulfate at
Willow Beach following similar increases at Grand
Canyon. Observations at the Topock gaging station
showed increases in sediment and sulfate on the day
following the increases noted at Willow Beach. The
correlation of suspended load and of sulfate content
at these stations above and below Lake Mead is illus-
trated by Grover and Howard (1938, fig. 2).

In 1936 the sediment concentration at Willow Beach
increased from 0.02 percent on April 21 to 0.21 per-
cent on April 22 and to 1.16 percent on April 23,
reaching a peak of 1.44 percent on April 26. This
followed and was directly related to an increase in
sediment concentration at Grand Canyon from 0.22
percent on April 12 to 1.68 percent on April 18. The
concentration at Grand Canyon had decreased to 1.26
percent on April 30; at Willow Beach the concentra-
tion dropped to 0.77 percent on April 30, and to 0.10
percent by May 1 and 0.01 percent by May 9. The
concentration at Willow Beach has rarely been above
0.01 percent since May 1, 1936, the date on which the
gates in the diversion tunnels were closed, and since
which no water has been released from the bottom of
the reservoir. In fact, the lowest elevation from which
water can now be released from Iake Mead is at 895
feet, some 270 feet above the original bottom of the
reservoir.

During the periods when turbid water was discharged
from Lake Mead the reservoir was about 70 to 90 miles
long and contained 4 to 5 million acre-feet of water.
Apparently the turbid water flowed through the reser-
voir essentially unmixed. The four density currents
of 1935 and 1936 carried a total suspended load esti-
mated at 6 million tons, chiefly of clay and silt-sized
particles finer than 20 microns in diameter. The ab-
sence of turbidity in the water released from the reser-
voir since May 1936 suggests that in the vicinity of
the dam these density currents occur only near the
bottom of the reservoir.

INVESTIGATIONS, 1936-49

The evidence in 1935 of density currents in Lake
Mead led to a program of continuing investigation,
including theoretical, laboratory, and field studies of
the subject. The National Bureau of Standards made
some preliminary studies of density currents and their
causes, based on field data furnished by the Geological
Survey and the Bureau of Reclamation. This work led
to consideration of the problem by others. In particu-
lar, the Soil Conservation Service made laboratory
studies at California Institute of Technology, which
arereported by Bell (1942a,b).

COMPREHENSIVE SURVEY OF SEDIMENTATION

IN LAKE MEAD, 1948-—49

The Bureau of Reclamation and the Geological S -
vey made plans for field observations of density cur-
rents in Lake Mead. The National Research Council
formed its Density Currents Committee, a group that
acted in an advisory capacity for studies planued for
Lake Mead and for the Elephant Butte reservoir on the
Rio Grande. Especially through the efforts of C. P.
Vetter, a comprehensive program of sampling and
observations was outlined by T. . Mead, of the Bureau
of Reclamation, and the writer in the summer of 1937.
This program called for temperature observations and
the collection of samples at monthly intervals at
Hoover Dam, Cape Horn in Black Canyon, Bou:»
Canyon, and Virgin Canyon. It was hoped that suf-
ficient warning could be given when turbid water was
known to be passing Grand Canyon to permit obser-
vations to be made and samples to be collected u! the
upper end of the reservoir, but this was found to be
impractical. The program suggested “observations to
be made at locations across the lake in the wider sections
to determine the outer edge of the deposited silt,
reference points to be established for five locations in
the lake.” The five locations specified were between the
Virgin River and Hemenway Wash, at the boat landing
near mile 352 3 in Boulder Basin.

This program, with some modification, was the bis.s
for the studies carried on for several years. Monthly
samples were collected from various depths at Hoover
Dam and from the surface at Pierce Ferry. Occasional
trips (usually two or three each year) were made to
other parts of the reservoir, including Boulder Canyon,
Virgin Canyon, and the Lower Narrows in Overton
Arm.

Published reports of the density current investiga-
tions (National Research Council, 1949, and Bureau of
Reclamation, 1949, 1953) include sounding graphs that
show temperature, specific conductance, density, and
specific gravity at each observation station, and :':
graphs summarizing the data from all stations for 18
periods during which there was evidence that density
currents were flowing in the reservoir. The sounding
graphs for the area near Hoover Dam are Lused on
monthly measurements since May 1937. 1In other areas
of the lake, notably Boulder Canyon, Virgin Canyon,
and Pierce Basin, the sounding graphs are based on
measurements made monthly from January 1938 to
June 1940, and once or twice a year thereafter. These
infrequent measurements are insufficient to indicate
the duration of the reported density flows, and nothing
is known about such flows in the intervals betu-cen

5 River distances on the Colorado River are measured downstream
from the Geological Survey marker opposite the mouth of the Paria
River, along the pre-Lake Mead channel of the river.
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measurements. The fact that several density move-
ments are inferred during the periods of measurement
is indicative that numerous other density currents may
not have been recorded. H. R. Gould’s graphs of daily
densities at Grand Canyon (pl. 26), indicate that there
are several periods in almost every year when condi-
tions may have been favorable for development of den-
sity currents.

During the Lake Mead survey the observational and
sample-collecting program was expanded ; considerable
emphasis was given to the collection of data in the
upper end of the reservoir, particularly in the ‘“con-
vergence area’ in the vicinity of Pierce Ferry (p. 126).
Samples were collected and temperature observations
made approximately once a month during the survey.
The results of these observations and discussions of
their significance are presented by Anderson and
Pritchard (p. 125-146) and by Gould (p. 201-207).

RECORD OF DENSITY CURRENTS

The density currents observed in 1935 and 1936
(Grover and Howard, 1938) and those reported in sub-
sequent. years (National Research Council, 1949, and
Bureau of Reclamation, 1949) are listed in table 12,
The antecedent characteristics are those which were ob-
served at Grand Canyon during the reported period
of the density current and the preceding week.

In every category, the periods listed cover a wide
range. Density currents have been reported in each
year since 1938, and in all months except January. In-
flow to the lake during these periods has ranged from
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less than 7,000 to more than 90,000 cfs, and the tem-
perature of the inflowing water has ranged from 34°
to 81° F. During several periods the concentration of
dissolved solids in the inflowing water has exceeded
1,100 ppm, but some density currents have been re-
ported when the water had a very low concentration of
dissolved matter. The peak concentration of sus-
pended sediment at Grand Canyon has exceeded 1.2
percent in most periods, but density currents have also
occurred when the inflow carried less than 0.2 percent
of suspended matter. In periods during August
through February, most of the suspended particles
have been smaller than 20 microns in diameter; but in
periods occurring in April through July the clay and
fine silt has constituted only a small proportion of the
total sediment in the inflowing water.

Some of these reported density currents occurred
during or immediately prior to recorded increases in
the amount of sediment at the face of the dam, but
others are not clearly related to such increases. The
accumulation of sediment at the dam is shown by
monthly measurements of the position of the sediment
surface between the intake towers (fig. 24). Since
August 1937 the sediment surface has risen more than
15 feet in each of 8 periods; the amount of rise was
more than 35 feet in the autumn of 1941, and almost as
much in the autumn of 1947. Following each of these
eight major rises, the elevation of the sediment sur-
face has declined, rapidly at first and then more gradu-
ally, presumably due in large part to compaction of
the accumulated sediment. Although minor fluctua-

TABLE 12.—Reported density currents in Lake Mcad, and antecedent conditions at Grand Canyon, 1935 to 1949

Antecedent characteristics at Grand Canyon !
Rise in sedi- Suspended load
ment level e
Year Reported period of density current at Hoover Maximum Temper- Maximum
Dam,? in discharge, | ature range, dissolved Dominantly
feet in cfs in°F, solids,3in | Maximum | lareer (L) or
ppm ¢ percent smaller (8)
than 20
microns
1935 Mar, 25 AP .o e e e 8,100 1,010 1.72
Apr. 10-21_. . . e Y P 15, 600 780 3.16 L
Sept. 3-13__ S AR 12, 300 1,130 5.02 s
Oct. 6-18. e e e 18, 100 1,130 5.09 S
1936 ADr. 22-May 1o 51, 700 740 . 1.68 L
1038 Nov. 16-Dec. § 0 9, 300 1, 050 i .14 8
193¢ Jan. 18-Feb. 3 44 6, 800 1,110 : .07 S
Mar. 15-Apr. 18 28, 500 980 2.12 L
June 20-28_._... LD B 31, 900 410 .32 L
1040 itfpr. 30-May 5..... 0 23, 100 660 1.25 L
ay 21-June 7..... 0 45, 500 360 1.28 L
1941 June 2-Oct. 25.. .. .. ... ... 6 45 87, 500 1,080 6.36
1942 Apr. 21-May V.. 2 68, 700 420 2.15 L
1943 Aue. 24-8ept. V... ... ... ) S P P P S
1944 May 2331 . e 0 90, 500 4C0 1.47 L
1945 Feb. 19-28.. e el 0 7,700 1,080 | .42 S
1946 Mar. 1829 ... ... .. 2 9, 500 940 | .26 8
1947 Feb.2&-Mar. 4. . ... ... ... ... 0 9, 200 1,00C .30 N
Oct. 1-8. . .. et aaaa . 635 12, 400 910 .80 S
1948 Apr.19-28 .. . e 0 , 600 1,070 | 1.76 L
1949 F T ] 32 19, 20¢ 840 ’ 1.07

! As recorded during period of density current plus the preceding 7 days.
2 Rise is above trend of preceding monthly measurerr ents.
3 As shown in reported 10-day averages.

¢ Observed at mile 354 uplake from coffer dam.
3 Rise occurred more than 30 days later than reported period of density current.
¢ Rise began prior to reported period of density current,




112

COMPREHENSIVE SURVEY OF SEDIMENTATION IN LAKE MEAD,

1948—49

PERIODS OF DENSITY CURRENTS

[ L i | il

I O 1 O 1 O

Reported by Grover

and Howard (1938) MO record

Reported by Burecu of Reclamation (I1941,1947, ond 1949)

780

760
-
w Sediment 'surface at mile 353.5 A
o
- \M \
= 740 : \— —= 7 ]
% Sediment surface at mile 354 ! \""-v : . \’\f,.,-v\
w f | AIAAL

| P |
3 720 . ;
©
= e
- -
uJ -
l'iJ 700 7
Sediment surface at intake towers,

Z | mile 354.6
Z . N !
O 680 Sediment surface was measured monthly at intake towers
: throughout period, except in 1944 and 1945 when
> measurements were made at mile 353.5. Measurements
tj No record J were also made at mile 354 in 1937-40
w 660 I -

640

1935 1940 1945 19560

FIGURE 24.-—Periods of reported density currents and elevation of sediment surface at Hoover Dam, 1933 to 1950.

tions in the graph may result from the difficulty of
determining precisely the actual sediment level, several
small rises or interruptions in the general downward
trend may indicate minor accretions of sediment at
the dam. It is possible also that there is some redistri-
bution of sediment in Boulder Basin subsequent to the
periods of the density currents.

The difficulty of correlating the periods of reported
density currents with the changes in level of the sedi-
ment surface at the dam is evident from inspection of
figure 24. No reservoir observations were made during
the three prominent rises of sediment level in 1937
and 1938, Several density currents are reported in the
reservoir during the years 1938 to 1940, but the sedi-
ment level at the dam showed no increase for these
particular periods. Density currents were reported
during the major rises of 1941 and 1947, but in each
instance the field observations were made subsequent
to the beginning of rise in sediment level. The sedi-
ment surface declined generally from 1942 to early
1947, and during 1948 and 1949.

The period of the Lake Mead survey was a relatively
poor time to observe density currents in action. Only

one density current, on April 19-28, 1948, is recorded

during the period, and that one was unlike many of
the earlier currents in that the greatest velocity of
movement through Boulder Canyon was in the shal-
lower water. The progressive downward trend in the
position of the sediment surface indicates no accretions
of sediment at the dam. It is possible that no maj:
density currents traversed the entire length of the lake
during the survey, and it thus appears that the com-
bined effects of suspended and dissolved load and tem-
perature of the inflowing water (as depicted on f{ig. 27)
were not such as would cause extensive density cur-
rents. However, in the discussion of the chemical
characteristics of the lake water (p. 115) evidence is
given which indicates a density movement along the
surface of the lake during the spring of 1948.
Following the completion of the survey, the records
at the intake towers show an increase in concentration
of dissolved solids in deep waters between Februurv
and April 1949. The sediment surface at the intakc
towers rose slightly during May of that year, giving
further evidence of the movement of a density cur-
rent into and through the lake at this time. The
calculated increases in density were from 2 to more
than 6 percent and, though small, appear to have been
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the effects of appreciable density flows along the bot-
tom of the lake.

In the early days of construction, a cotfferdam was
built 700 feet upstream from the face of Hoover Dam;
its crest was at elevation 720 feet. The cofferdam was
inundated by April 1935, but until 1940 it acted as a
barrier to sediment moving toward the face of tle dam
along the bottom of the reservoir. The relative rates of
sediment accumulation above and below the cofferdam
since August 1937 are shown by comparison of the
position of the sediment surface at the intake towers
with that measured about half a mile upstream from
the cofferdam, at mile 354 (fig. 24). During October
1937 the sediment level at the intake towers rose 42
feet; above the cofferdam it rose only 9 feet during
that month, but it rose to within 3 feet of the top of
the cofferdam, and it is apparent that large quantities
of sediment surmounted that barrier and came to rest
below it. The movement of sediment over barriers is
described by Bell (1942). Three times during 1938
and 1939 the sediment level at mile 354 rose above the
720-foot elevation, and each time the sediment surface at
the intake towers rose to the level of the top of the
cofferdam. Since October 1940 the cofferdam has been
no barrier, because the sediment level at the intake
towers has been higher than 720 feet.

The rapid rise of the top of the sediment layer be-
tween the intake towers (100 feet in the first 3 years
of reservoir operation) was considered by some to indi-
eato that within a very few years the sediment level
would reach 895 feet, the lowest elevation from which
water can be released through the intake towers. The
additional rise of 40 feet in the single year 1941 doubt-
less caused further alarm. However, the subsequent
records indicate a gradual but progressive lowering of
the sediment surface, with the result that by July 1947
it was down to the level of the top of the cofferdam,
and 45 feet lower than the highest sediment level
measured in 1941, Another major influx of cediment,
recorded at the intake towers in the latter part of 1947,
has had a similar history. Throughout 1950 the sedi-
ment surface was more than 20 feet lower than its
recorded position in October 1947.
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L. CHEMISTRY OF THE WATER

By C.S. Howarp, U.S. Geological Survey

PROGRAM OF INVESTIGATION

The study of the chemistry of Lake Mead waters
during this survey was a continuation and expansion
of the studies begun in 1937 by the Bureau of Reclama-
tion, the Metropolitan Water District of Southern
California, and the Geological Survey. The study
was originally set up as a part of the density-current
studies and was carried out under the auspices of the
Committee on Density Currents of the National Re-
search Council. A preliminary report was issued in
mimeographed form in October 1941, and the complete
records for the work done between 1937 and 1946 were
published in 1949 (National Research Council, 1949).

During the density-current studies (1937-46),
samples were collected at points in Pierce Basin, Vir-
gin Canyon, Boulder Canyon, Black Canyon (at both
Cape Horn and the intake towers), and at one or more
places in Overton Arm. Samples were collected in
Pierce Basin and at the intake towers once a month
and at other points two or three times each year. Dur-
ing the Lake Mead survey (1948-49), samples were
collected at these points about once a month. The
comprehensive sampling programs of both studies pro-
vided samples from different depths, especially at
depths where field observations of temperature and
specific conductance showed changes in the physical
or chemical characteristics of the water. The samples
were collected in a modified Foerst sampler (p. 151)
or in Nansen bottles (p. 127).

All samples were analyzed for the total quantity of
dissolved solids as indicated by the specific-conductance
determination. Alkalinity was determined on the

samples collected in the density-current studies. Suf-
ficient other determinations were made to determine
the nature and extent of variation in the chemical
character of the available samples.

DISSOLVED SOLIDS IN THE LAKE WATER
SEASONAL VARIATIONS

Records obtained during the density-current investi-
gations showed variations in chemical character and
temperature of the water in the lake at different sea-
sons. This was apparent in the early stages of stovage
at different depths at four places in the reservoir, as
is shown in table 13, based on measurements in 1937
and 1938.

During the late winter (February-March) the con-
centration of dissolved solids in the lake water is fairly
uniform throughout the lake, both in depth and areal
distribution. In March 1948 there was less than a
30-percent variation in the concentration of dissolved
solids from Pierce Ferry to the intake towers, at prac-
tically all depths. An analysis of lake water typical
of this condition is shown as analysis 11 in table 11. It
is likely that this uniformity in dissolved-solids con-
centration is related to the uniformity in temperature
discussed on page 120.

During the period of greatest inflow, usually from
April to July, there is considerable variation in con-
centration of dissolved solids at different depths
throughout the lake. It has been mentioned that the
inflowing water may form density currents as it enters
the lake. It seems that under certain conditions water
with a heavy sediment content and low concentration

TABLE 13.—S8pcecific conductance of water at four points in Lake Mead, 1937 and 1938

[In micromhos; multiply by 0.7 to obtain approximate quantity of dissolved solids in parts per million.

Italic figures represent samples from bottom of lake]

Virgin Canyon Lower Narrows, Overton Arm Boulder Canyon Black Canyon
Approximate elevation, in feet - B
above sea level 1937 1938 1937 1938 1937 1938 1937 1938
Sept. | Nov. | Jan. | Mar, | Sept. | Jan. Feb. | Mar. | Sept. | Nov. | Jan. | Mar. | Oect. ' Dec. | Jan. | Mar
1,100t01,000..._... ... . . 850 | 1,1 1,000 | 1,100 760 980 | 1,030 | 1,030 710 810 960 | 1,030 840 880 920 | 1,040
950 to 850. 1,330 1, 35C 1,270 1,190 990 1,280 1,840 1,170 1,160 1,210 1,210 1,150 1. 140 1,16C 1,210
800........ 1,380 | 410 888 |l TTD L T Y 1,100 | 1,270 | 1,240 | 1,330 | 1,210 | 1,200 | 1,190 | 1,340
OSSO Nt Nttt Il Ia ot NSt NUROot etiattt SR L1400 | 1,230 ] 1,670 | 1,660 | 1,450 | 1,240 | 1.290 1,430
A EEO ) LU IOUOROl LSS ORIl OStont HOSERl ett ete  NLLL  N LA oo 1,660 | 1,320 | 1,470 1,5%0
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of dissolved solids may sink toward the bottom as it
enters the reservoir; then, because of a lessening of the
velocity, some of the suspended load is deposited, and
the inflowing water may then rise to the surface and
continue downlake in the surficial layer.

During and after the spring-flood period, the sur-
ficial water has a lower concentration of dissolved
solids than the deeper water in parts of the upper lake,
including Overton Arm. Monthly observations show
the progressive movement of this water into the lake.
During the 1948 survey, water that had a dissolved-
solids concentration of about 300 ppm was found as
far downlake as mile 295 in late May and mile 320 in
late July. Water of such low concentration has not
been found at the intake towers, even in 1941 when
some water went over the spillways. The progressive
movement of the inflow of low concentration is shown
by the italic figures in table 14. The figures in each
line indicate the seasonal variations in concentration of
dissolved solids at specific sampling points; the varia-
tion is greatest near the head of the lake, and progress-
ively less toward Hoover Dam.

At many places in the lake in spring, water may be
found with a concentration of dissolved solids lower
than in any prior inflow of that season. This is illus-
trated by analyses 5 and 6 in table 11, of waters whose
major difference is in the concentrations of calcium and
bicarbonate. It would appear that some of these con-
stituents have precipitated out of the surface water
owing to loss of carbon dioxide. Similar low concentra-
tions have been noted in most of the years for which
records are available. A similar phenomenon has been
noted in the Conchas reservoir on the Canadian River
in New Mexico.

By late summer (August-October), the water of low
concentration of dissolved solids has moved downlake

and reached a very low point. Since storage was effec-
tive in Boulder Basin, the concentration of dissolved
solids in surficial water has always been higher than
in the eastern part of the lake, showing that some mix-
ing and probably some increase in solids through ev..p-
oration and solution have occurred. In late summer
the surficial water at the head of the lake is more mir-
eralized than that in Boulder Basin; except in the
unlikely event of a large inflow of water of low min-
eralization, the water at the head of the lake will not
reach a low mineralization again until the frllowing
spring.

In late summer, floods of considerable magnitude
may bring in water that has a relatively high concen-
tration of dissolved solids and very high concentrations
of suspended sediment. The sediment in these floods
commonly consists chiefly of very fine material, which
will stay in suspension for long periods and may cause
the movement of sediment in density currents through
the lake. A flood of this nature caused the density il w
noted in September and October of 1935, when storage
in Lake Mead was first started (Grover and Howard,
1938). Since that date other floods carrying predom-
inantly fine material have been observed at Grana Can-
yon ; these floods could have furnished the material that
has collected at the intake towers and at other places
in Boulder Basin. Such a flood in late August 1947
probably caused the increase noted in the elevation of
the top of the sediment layer at the intake towers be-
tween July 31 and August 28. There was only a slizht
change in concentration of dissolved solids at the bot-
tom of the lake during this period.

Inflow from the C'olorado River is least in November,
December, and January; evaporation losses also are
least. The principal change that takes place in the lake
water in winter is a stabilization in concentiatinu of

TaABLE 14.—Dissolved solids (ppm) in surface samples from Lake Mcad, 1948

[Reported values where available, other values cemputed from reported conductance values and ratios of conductance to dissolved solids. Items in italic represent low
concentrations and show progress of spring-flood water through the lake]

Sampling Cruise I, Cruise IT, Cruise 111, Cruise IV, Cruise V, Cruise VI, | Cruise VIIL, | Cruise X,
Location station ! Feb. 25-29 Mar. 31- Apr, 23-28 May 25-31 June 26-30 July 24-29 Sept. 25-20 | Nov, 27-30
Apr. 14

Colorado River at Grand Canyon?_..___ ... _..... 929 678 453 301 334 701 1,300 1,180

Lake Mead: )
Pierce Basin 217 277 530 958 Tii0
Do.... 220 245 474 56 T34
Grand Bay 231 236 457 672 720
Iceberg Canyon.. 241 238 369 668 681
QGregg Basin..___ 289 229 340 572 626
Virgin Canyon 325 227 288 448 565
Virgin Basin.._. 374 253 305 398 487
Do........ 416 369 309 898 30
Do........_. 534 361 349 405 377
Boulder Canyon 550 332 343 461 502
Boulder Basin.. 665 352 464 486 530
Do........ R 667 567 541 508 532
Hoover Dam__..__._......_ ... 676 501 517 508 542
Colorado River below Hoover Dam___. . ..._._....... 660 660 646 612 678

! Station locations shown on plate 18.
2 Reported value for normal composite period corresponding to sampling period in
lake; usually the period during which the sampling was done.

¥ “Convergence'’ area.
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CONVERGENCE OF COLORADO RIVER AND LAKE MEAD IN PIERCE BASIN, NOVEMBER 1948

Note sharp contrast between lake and river where the turbid water rushes down along the lake bottom. The 1948 terrace just below water surface can be seen at right.
Photograph by Bureau of Reclamation.
691N O—6G0—-—-0
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the dissolved solids, caused chiefly by turnover. The
surface water cools with decreasing air temperature,
becomes more dense, and moves to greater depth in the
lake. This causes a mixing of the water of the upper
layers, and monthly samples during the survey of 1948-
49 show a mixing to progressively greater depths. The
results obtained in earlier studies also indicate that this
mixing takes place progressively, the upper few feet
being mixed first, followed by mixing to greater depths
(see analysis 7 of table 11). The extent of the mixing
in any season depends on the extreme air temperatures
reached. In some years, as shown in January 1949, the
mixing extends the entire depth at the intake towers,
but in other years, such as 1943, only the upper 150 to
200 feet of the lake seems to be affected. By the close
of the winter season, just before the spring inflow, the
lake water is as thoroughly mixed as it can be for the
year (see table 13, measurements in March 1938). The
process just discussed refers to the mixing of water
from different depths at a specific locality within the
lake. There is a uniformity of concentration of dis-
solved solids throughout the lake in the winter, as is
shown by the measurements during cruises of February
95-29 and March 31-April 14, 1948 (table 14).

GEOGRAPHIC VARIATIONS

The chemical analyses of samples and the more nu-
merous observations of specific conductance indicate
variations in quality of water at different points in the
lake.

In Pierce Basin, because of the turbulent conditions
due to inflow and incomplete mixing where the river
enters the lake, it is difficult to make observations, col-
lect representative samples, and interpret the results of
those observations and samples. In this area the water
at the surface of the lake often has a mottled appear-
ance, with the sediment appearing as “curds” through-
out patches of clear water, and it is believed that this
unmixed condition may exist over a considerable area.
In some seasons the inflowing river water and the lake
water form a distinet boundary (pl. 17). The circula-
tion patterns in the area of convergence are described
on page 135. During the Lake Mead survey
the part of the lake near the mouth of Pierce Basin
was generally near the convergence area, and samples
were collected in this area each trip. Many of the
samples represented the inflow (see analysis 6 of table
11), whereas others were obviously mixtures of inflow-
ing and lake waters.

The variations in concentration of dissolved solids
in the surficial lake water in various parts of the reser-
voir are indicated in the vertical columns of table 14.
The progressive movement of the spring flood waters
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into the lake is shown by printing in italic of the lowest
concentrations of dissolved solids in this table. The
effect of inflow of more mineralized waters, follow-
ing the spring floods, is shown by the presence of such
water at the surface in the upper reaches of the lake,
particularly in September and October. Througlivut
the lake, the percentage variation in concentration of
dissolved solids in the surface samples is least in Feb-
ruary and March; in those months in 1948 the maxi-
mum difference of such concentration in samples trom
a point below the convergence area and one at the in-
take towers was about 10 percent. The composition of
the lake waters is almost as uniform in early April.
By contrast, the difference in concentration at these
points in late May was about 300 percent.

The presence of soluble rocks underlying and border-
ing Overton Arm of the lake suggests that the quality
of the water might be different and the concentratio: = uf
dissolved solids might be higher there than in most of
the lake. Extensive rock outcrops in the southern part
of Virgin Basin also might contribute to the salinity
of the lake there. For that reason sampling points
were selected within Overton Arm, and also in Virgin
Canyon and Boulder Canyon, which are above and be-
low the areas where gypsum outcrops are most abun-
dant. Casual observations during boat trips indicated
that some of the gypsum and salt cliffs previously seen
along the edge of Overton Arm had disappeared, a
circumstance that was particularly noticeable in the
vicinity of the Calico salt mines (p. 123). Solution f
that material has obviously changed the shoreline and
increased the capacity of the lake, but the total volume
change has been but a small part of the total capacity
of the lake.

Observations have been made since 1937 in Boulder
Canyon near mile 335, about 20 miles above Hoover
Dam. There has always been a considerable variation
from month to month in the specific conductance of
the water at the Boulder Canyon sampling point. On
May 24, 1939, the range in specific conductance was
from 1,040 to 1,110 micromhos in the top 440 feet; but
on June 23, 1939, the range was from 770 to 1,100 in
micromhos in the same depth range. In January i.40
the range was from 1.030 to 1,110 micromhos for the
entire depth. Observations made in Boulder Canyon
during a trip in August 1950 showed that the range in
conductance was from 635 to 1,074 micromhos n the
top 415 feet of water. It appears that the concentra-
tion of dissolved solids at Boulder Canyon is always
higher than at the sampling point in Virgin Canyon,
but some of the values for Boulder Canyon are lower
than has been found at the intake towers. Water in

Boulder Canyon has a lower calcium and bicarbonate
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concentration than is found in the inflow, representing
the effect of precipitation of caleium carbonate during
storage.

The most complete records of temperature and dis-
solved solids are those collected in Black Canyon at the
intake towers of Hoover Dam (mile 354.6). Although
these records apply to only a small section of the lake,
they are of considerable significance in indicating the
changes that take place throughout the lake from sea-
sun to season. All water released from the reservoir
since May 1, 1936, has entered the intake towers at ele-
vations 900 and 1,050 feet,® except during 1941, when
about 3,122,000 acre-feet flowed over the spillways in
the period August 8 to December 1. As a rule samples
have been collected and observations made at the intake
towers once each month since May 1937, except during
the war years. These records show the stratification
of water of different salinities and temperatures and
the effects of mixing at certain times during the year.

VARIATIONS WITH DEPTH

Throughout the year, except during a short period in
late winter or early spring, there is definite stratification
of the water of Lake Mead, as shown by the existence of
two or more layers of water of different salinity. The
main body of water in the lake has a conductance of
about 1,000 micromhos. Above this body of water there
are commonly layers or strata of varying thickness,
composed of waters of lower salinity which probably
result from incomplete mixing of the main body with
inflowing water. The quality of water at different
depths in Virgin Basin and in Boulder Basin is shown
by analyses 9 to 15 in table 11,

At the bottom of the lake the specific conductance and
alkalinity of the water are higher than in the main body
of water. This more mineralized water, represented by
analyses 8 and 15 in table 11, commonly has a higher
temperature than the water in the main body of the lake.
It is always associated with the sediment deposits, and
usually samples of this water include large quantities of
sediment. The increase in content of dissolved solids is
mostly in calcium and bicarbonate; it is likely that these
constituents have been dissolved from the sediment, in-
asmuch as organic matter in the sediment could furnish
carbon dioxide that would assist in the solution of car-
bonates. It has been observed that dissolved solids and
alkalinity, as well as temperature, increase with depth
of penetration into the sediment ; waters associated with
sediment commonly have alkalinity greater than 300
ppm (expressed as HCQ,). It hasalso been found that
prolonged contact of water with the sediments produces

¢ Measured at the centers of the 10-foot gates ; the sills of the gates
are 5 feet lower.

further increase in alkalinity and dissolved solids.
Analyses of samples collected at the intake towers and
stored in the laboratory showed an increase of 50 ppm of
alkalinity in the 2-month period July 25-September 25,
1949, and a total increase of 178 ppm during a 12-month
period.

These changes in dissolved solids content of samples
were noted in the early studies of the lake waters, and for
that reason water samples that were collected at the
bottom ‘of the reservoir and had a muddy appearance
were allowed to settle, and the clear water was decanted
from the container as soon as possible after collection.
Such samples were designated “decantates” ; analyses of
those samples represent the water in contact with the
sediment at the time the sample was collected, or at the
time of decantation, which was shortly after the collec-
tion. It is believed that the volume of this more min-
eralized water near the bottom is small, but it may have
some effect on the average salinity of the lake water
through mixing. Such mixing may be accelerated by
the movement of density currents, which is generally
along the bottom or very near the bottom of the lake.

RELATION TO TEMPERATURE OF THE LAKE WATER

The temperatures of water recorded at the surface in
the main body of the lake have ranged from 53°F to
90°F. These surface temperatures are affected by wave
action, wind currents, and evaporation, but the trends
follow pretty well, of course, the changes in atmospheric
temperature. Seasonal temperature patterns at 10-foot
depth throughout the lake are shown in figures 33, 35,
38, and 40. Large diurnal and seasonal fluctuations
occur only in the surficial zone of the reservoir.
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F1GURE 26.—Temperature and dissolved solids in Virgin and Boulder Canyons, 1948.

Water in the main part of the lake and at most depths
has a fairly uniform temperature of about 52°F.
At the intake towers the range in temperature at
depths greater than 150 feet (except at the bottom) is
less than 4°F. Seasonal variations in temperature
throughout the range of depths at the intake towers
are shown in figure 25. The warmer water at the bot-
tom of the reservoir appears to be related to the bio-
chemical activity in the accumulated sediment, which
is described by F. D. Sisler (p. 187-193). The higher
concentration of dissolved solids in this zone has been
mentioned above.

The temperature of the water throughout the lake
approaches uniformity in the winter, when the waters
are more thoroughly mixed than at other times during
the year. It has been pointed out that the content of

dissolved solids is also most nearly uniform throughout
the lake at this time in both depth and geographic
distribution.

Throughout the year the greatest uniforn.ty n
temperature is recorded in the deeper waters oi ihe
reservoir, particularly in Boulder Basin, as indicated
by figure 25. The deeper waters also remain fairly
uniform in content of dissolved solids, as shown by
measurements of specific conductance. Figure 26
shows examples of the records of temperature and dis-
solved solids at various depths. In April 1948 the
temperature and concentration of dissolved solids were
fairly uniform at all depths, in both Boulder and Vir-
gin Canyons. In August there was considerable varia-
tion in temperature and dissolved solids in the upper
150 feet of the reservoir, but below that depth both
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characteristics were uniform and only slightly different
from those observed in April.

. {“FFECT OF RESERVOIR STORAGE UPON WATER
QUALITY

The content of dissolved solids in the water released
from Lake Mead would be equivalent to the weighted
average of dissolved solids in the inflow from all
sources, provided there were thorough mixing of all
inflowing waters within the lake before release, and
provided there were no changes during storage. Inas-
mucii 1. the reservoir is large enough to hold more
than 2 years’ average inflow, the content of dissolved
solids would ordinarily represent the weighted averages
of inflow for a period at least so long.

i'here is abundant evidence, however, that the mix-
ing of waters is never quite complete, although in late
winter the characteristics of the water are fairly uni-
form throughout the lake. Outstanding examples of
nonmixing have been mentioned in the discussion of
density currents, which may move inflowing water to
the dam essentially without mixing with the lake water;
the density currents are relatively rare phenomena,
however. The variations in content of dissolved solids
just described—areally, in depth, and in time of year—
are also indications of the incompleteness of the mixing
process in the reservoir,

‘nalyses of water released from the reservoir show

atiation generally less than 100 ppm in dissolved
solids in the course of a single year. The variation is
very small, in contrast to variations shown by analyses
of the inflowing water, which commonly are greater
than 1,000 ppm in a single year. It is thus evident that
there is a great amount of mixing of waters in Lake
Mead. Anderson and Pritchard (p. 129) cite evidence
for their further conclusion that most of this mixing
i+ acconiplished within and above the Virgin Basin
of the Lake.

There is also evidence of changes within the lake
that would result in changes in content of dissolved
“ulis In the stored water. The white precipitates
along the shores below the high-water line of the res-
ervoir are conspicuous to visitors, although they repre-
sent. a very small volume of material. Many may also
have noted the disappcarance of rock materials in the
bed or banks of the reservoir in some places; some of
these were soluble gypsum or rock salt of the Muddy
Creek formation. Evidences of removal by solution are
discrssed by H. R. Gould (p.212). Finally, significant
(uantities of water have been lost from the reservoir
by evaporation, with a resultant increase in concentra-
tion of dissolved solids in the water remaining in the

'v'voir. The effects of these chemical phenomena
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within the reservoir are shown by comparison of the
analyses of the inflowing and the outflowing water (see
analyses 4 and 16, table 11).

COMPARISON OF CHEMICAL CONSTITUENTS IN THE
INFLOWING AND OUTFLOWING WATER

Analyses of the Colorado River water at the Grand
Canyon gaging station represent pretty well the chemi-
cal character of the water flowing into Lake Mead.
The inflow from tributaries and side washes is prob-
ably somewhat more mineralized than the water of the
main stream; but the volume of water in the tributary
inflow is small as compared to the flow at Grand Can-
yon, hence the quality of their water has little effect
on the quality of the lake water. However, the total
quantity of dissolved material brought into Lake Mead
is somewhat greater than the quantity calculated from
the records of the Grand Canyon station, because of
the unmeasured amounts in this tributary inflow. The
dissolved solids carried past the Grand Canyon station,
based on annual weighted-average analyses, has ranged
from 6,100,000 tons in the water year 1934 (a year of
serious drought) to 12,900,000 tons in 1941. A total
of 140,000,000 tons was carried by the river in the 14
water years 1935-48. It is estimated that the dissolved
solids in the unmeasured inflow to Lake Mead in this
period was of the order of 8,000,000 tons.

Analyses of the water flowing out of the reservoir
are based on samples collected at the Topock gaging
station, 115 miles downstream from Hoover Dam, in
the water year 1934 (before the dam was completed) ;
at the Willow Beach gaging station, 10 miles below the
dam, from 1935 to 1939 inclusive; and at the gaging
station immediately below the dam since 1939. In the
water year 1934 the dissolved solids in the river below
Hoover Dam amounted to 6,500,000 tons, slightly
greater than the amount measured at Grand Canyon.
In the 14 water years 1935-48 the dissolved solids in the
outflowing water totalled 136,000,000 tons.

A comparison of the concentration and chemical
character of dissolved solids in the inflowing and out-
flowing water shows the effects of changes within the
reservoir. When storage was first started in 1935,
water released from the reservoir had approximately
the same concentration of dissolved solids as the water
of the inflow, and the water released on those days
showed variations in concentration of dissolved solids
similar to the variations at Grand Canyon. This is
illustrated by the graphs in figure 27. As soon as there
was an appreciable volume of water in the reservoir
(July 1935) the maximum concentration of dissolved
solids in the outflow dropped below the maximum of
the inflow. Since October 1, 1936 (5 months after the
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FIGURE 27.—Dissolved solids and discharge at the Grand Canyon and Willow Beach gaging stations on the Colorado River during the year
ended September 30, 10335.

tunnel gates were closed), the dissolved solids in the
outflow have been less than 825 ppm, whereas the con-
centration of dissolved solids in the inflow has for short
periods exceeded 1,700 ppm. The water released from
Lake Mead in 1948 is represented by analysis 16 in
table 11. It will be noted that this water is somewhat
higher in dissolved solids than the average for the
Grand Canyon station, represented by analysis 4 in the
same table. Owing to the filling of the reservoir, how-
ever, the total outflow of dissolved solids was less than
the total inflow.

The weighted-average concentration of dissolved
solids in the outflowing water has been greater than
that in the water at Grand Canyon in every year of
the period 1937—49, except in 1946. Comparison of
the published weighted-average analyses of the inflow-
ing and outflowing waters (U.S. Geol. Survey, 1943
and later) provides some additional information as to
the chemical changes occurring within the lake. There

is little change in content of potassium, magnesium, or
nitrate, although the outflowing water generally has
a slightly higher concentration of each of these con-
stituents. The content of bicarbonate is generally sig-
nificantly less and the silica content is commonly 10
to 25 percent less in the outflowing water. On the
other hand, the sulfate concentration in the outflowing
water in several years has been more than.50 percent
greater than in the inflowing water; this increase began
in 1937 and continued through 1949. The calcium
content in the outflowing water in some years has been
20 to 35 percent greater than that in the inflowing
water. The sodium content in the outflowing wuter
has also been as much as 25 percent greater in several
years.

These changes within the reservoir are correlative
with the solution and precipitation of mineral matter
by the lake waters and with the overall concentration
resulting from evaporation.
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CONCENTRATION BY EVAPORATION

The evaporation losses from Lake Mead are about
5 percent of the average inflow to the lake, or about
700,000 to 900,000 acre-feet a year (p-. 98 and table
17). The soluble salts from the evaporated water are
left in the lake, for the most part in solution, thereby
increasing the concentration of dissolved solids in the
lake water. With such a high annual evaporation loss
we can expect the lake to show a concentration of min-
eral matter appreciably higher than the average of the
inflowing water. Any increase in concentration due
to evaporation is offset to some extent by decreases due
to precipitation of dissolved constituents.

Concentration by evaporation may account for the
slight increases in concentration of such constituents
as magnesium, potassium, and nitrate noted in the out-
flowing water.

PRECIPITATION OF DISSOLVED CONSTITUENTS

It is difficult to compute the magnitude of the
changes caused solely by evaporation of the lake water,
but it appears, from a study of the records of inflow,
outflow, and quality of the lake water, that during the
years of storage more than 1,000,000 tons of silica and
more than 9,000,000 tons of calcium carbonate have
been precipitated in the lake. Analyses of the white
Jdeposit above the waterline and around the lake edge
have shown that most of it is calcium, presumably car-
bonate, and that silica composes about 20 percent of the
material. The cause for precipitation of silica is not
known, but it seems likely that the calcium carbonate
was precipitated by loss of carbon dioxide.

An attempt was made to observe the precipitation
of calcium carbonate and silica through the collection
of samples at various depths in the upper levels of
the lake. The analytical results for the samples do
not give much evidence of the precipitation process,
possibly because the sampling was done too late in the
season to detect the difference due to evaporation losses.
Observers have noticed, however, that during the sum-
mer months the water near the surface has an opal-
escence that could be interpreted as an indication of
the presence of finely divided precipitated material.

It is extremely unlikely that the white deposits above
the waterline represent all the material precipitated
from solution during storage. Much of the precipi-
tated material has probably settled and is deposited on
the bottom of the lake along with the suspended ma-
terial.

Further evidence of the precipitation of calcium
carbonate in the reservoir is found in the data in table
14, showing the concentration of dissolved solids at the
surface at different points in the lake, and in the
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analyses in table 11. The dissolved-solids concentra-
tion shown by analysis 6 represents water with less
dissolved solids than was present in the river at Grand
Canyon at any time during the preceding 12 months.
The calcium and bicarbonate in the surface samples
(analyses 6, 9, 11, and 12) are generally less than are
found in the river water at Grand Canyon (analyses
1-4). The marked decreases in silica and bicarbonate
shown in the weighted-average analyses of the outflow-
ing water constitute additional evidence of precipita-
tion from the lake water.

SOLUTION OF RESERVOIR BED AND BANK MATERIALS

The presence of large quantities of soluble rock
material that cropped out within the reservoir area,
particularly in Overton Arm, was recognized during
the planning stages for Hoover Dam. This material
consisted largely of gypsum (calcium sulfate) and
some halite (sodium chloride) within the Muddy Creek
formation. At one time it was suggested that the so-
lution of these salts would increase to a serious extent
the concentration of dissolved solids in the stored water.
In the early studies a few samples of water were col-
lected close to the bottom of the lake, particularly in
the vicinity of the submerged Calico salt mines in
Overton Arm of the lake. These samples showed a
local concentration of dissolved solids somewhat higher
than was found in water at lesser depths in that area,
but they failed to show for any large masses of water
a marked increase in concentration which could be at-
tributed to dissolving of the rock material.

The water released from Lake Mead in almost every
year has shown a higher concentration of dissolved
solids than the average for the inflow. Assuming that
the 24,600,000 acre-feet of water in Lake Mead at the
end of water year 1948 carried 0.91 ton of dissolved
solids per acre-foot, the total solids in the lake would
be about 22,300,000 tons. About 12,000,000 tons of this
is accounted for by the greater inflow than outflow
(p. 121), during the filling of the lake. The remaining
10,000,000 tons or so represents the net change, in dis-
solved solids in the lake itself—that is, the increases
resulting from solution less the decreases due to precipi-
tation of 10,000,000 tons of calcium carbonate and
gilica from the stored water. The total increase, of
the order of 20,000,000 tons, has been largely in caleium
and sulfate, and considering the large quantities of
gypsum along the lake bottom and shores, the in-
creases are not surprising. The increased concentra-
tion of sulfate in the outflowing water, shown in the
published weighted-average analyses, and the slight
increases in calcium even though some calcium is
known to be precipitated from the lake water, are
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doubtless partly the result of this solution. Similarly,
the increased concentrations of sodium and chloride in
the outflowing water are attributed partly to dissolving
of halite.

STABILIZATION OF WATER QUALITY BY RESERVOIR
STORAGE

Although there has been an increase in dissolved
solids through the evaporation and solution processes
described in the previous sections, there has also been
a stabilization of the chemical quality during the period
of storage, which has been of considerable value to the
users of water below Hoover Dam. As a result of the
stabilization, a lower tonnage of soluble salts has been
delivered to the irrigated lands below Hoover Dam
than would have been delivered if there had been no
storage. This is because the concentration of soluble
salts in the unregulated river water, as indicated by
the Grand Canyon records, is higher than the con-
centration in the released water during the periods
when most of the water is taken from the river for

SEDIMENTATION

IN LAKE MEAD, 1948-49

irrigation. Thus the “alkali” problem of the lands
irrigated by the Colorado River below Lake Mead has
been decreased to an appreciable extent.
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CIRCULATION AND EVAPORATION

By E. R. Anperson, U.S. Navy Electronics Laboratory, and D. W. PriTcHARD, Chesapeake Bay Institute,
Johns Hopkins University

Late in 1947, representatives of the Geological Sur-
vey asked the Navy Electronics Laboratory (NEL)
[or assistance in both equipment and personnel, on the
Lake Mead Sedimentation Survey, which was then
being planned. The Laboratory’s contribution, in addi-
tion to furnishing equipment and consulting services,
was (1) to determine the general circulation of the lake
from the distribution of temperature and salinity (dis-
solved solids), and (2) to establish a preliminary energy
budget from which an estimate of evaporation could
be made.

This section of the report presents a summary of
the circulation and evaporation studies, together with
the major conclusions. A brief discussion of the
methods and techniques employed is included, but a
detailed description of the methods and techniques,
complete analysis of the data with respect to circula-
tion and evaporation, and a summary of the basic data
taken on the various limnological cruises are omitted ;
they are published in a technical report of the Navy
Electronics Laboratory (Anderson and Pritchard,

1951).
CIRCULATION

TECHNIQUES FOR DETERMINING CIRCULATION

Suitable instrumentation and techniques are not
available for determining the general circulation of a
bodyv of water, such as Lake Mead, by means of direct
measurements of currents. However, oceanographers
for many years have utilized the distribution of various
properties and their variations, for determining the
movement of water in the subsurface layers of the
oceans, and especially for tracing masses of sea water
moving from one region to another. The waters of
all the oceans acquire their original characteristics
when the water is in contact with the air or subject to
heating and cooling at the surface. With the passage
of time the original characteristics become changed by
vertical and lateral mixing. The “conservativeness,” ’
with respect to time and place, of the original tem-

* Ag used in this report, the term ‘‘conservative” describes a property
which changes relatively little from day to day.

perature and salinity distribution varies, depending
upon the subsequent history of the mass of water.

It was considered that some of the oceanographic
techniques would be useful for determining the general
circulation of a lake such as Lake Mead. In this sec-
tion the following techniques, which have been em-
ployed by oceanographers, will be briefly examined
regarding their utility in such an application: (a)
tonguelike distributions, (b) Wiist's “core method,”
and (c) temperature and salinity (7-S) relations.

TONGUELIKE DISTRIBUTIONS

Without going into the dynamics of the development
of ocean currents (Sverdrup and others, 1946), it may
be stated that, in the northern hemisphere, the water of
highest density is found on the left-hand side of a
current. Thus, it is possible to interpret a tonguelike
distribution in a horizontal plane as representing water
movement. Considering a tongue of low temperature,
and assuming that salinity is constant or its effect on
density negligible, the currents will be directed along
the temperature contours, not along the axis of the
tongue as might be assumed if the dynamics of the sys-
tem were ignored. Some modification may occur at
the sea surface, where external factors may con-
tribute toward maintaining the observed temperature
distribution.

A tonguelike distribution of either temperature or
salinity in a vertical section may also indicate flow. If
an initial horizontal flow be assumed, then processes of
vertical and horizontal mixing are important in de-
veloping the vertical tonguelike distribution. Hence the
distribution is indicative of both horizontal and ver-
tical motion.

Defant (1929) and Thorade (1931) examined ana-
lytically the relation between velocity and vertical mix-
ing and, making certain simplifying assumptions,
showed how horizontal flow and vertical mixing
can produce and maintain this tonguelike distri-
bution in a . vertical plane. The tongue may curve up
or down, although horizontal flow is assumed, and
therefore the axis of the tongue need not coincide with

125




126

the axis of maximum velocity. In addition, a tongue-
like distribution in a vertical section may be developed
by processes of horizontal and vertical mixing alone.
However, in the case of relatively narrow restricted
bodies of water, such as certain parts of Lake Mead,
the effect of horizontal mixing would be minimized.
As a result, the observed tonguelike distributions at
Lake Mead are largely the result of horizontal flow and
vertical mixing.
wUST'S CORE METHOD

Wiist (1935) introduced the “Kernschicht-methode”
or “core method” for studying the spreading out and
mixing of water masses, a method that has been used
successfully in studying the flow of deep water in the
Atlantic Ocean. It does not involve any assumptions
as to the character of the mixing and is especially useful
in giving a qualitative picture of the spreading out
of a well-defined water mass from a source region. The
“core,” as defined by Wiist, is that part of a layer of
water within which temperature or salinity, or both,
reach maximum or minimum values. For example, the
water that flows out of the Mediterranean Sea has a
high salinity, and the salinity maximum that is the
“core” of the layer can be traced for great distances
in the Atlantic Ocean. The decrease in the value of
this maximum is caused by mixing processes, but the
salinity is conservative for long periods of time and
over great distances.

T—-S RBELATIONS

Helland-Hansen (1916) introduced the use of a
temperature-salinity (7-8) diagram in identifying
o?e:mic water masses and demonstrated that, for any
given water mass, a plotting of temperature versus
salinity resulted in a characteristic curve.

Consideration of these techniques leads to the fol-
lowing conclusions: In the subsurface layers of a body
of water, in the absence of internal chemical effects,
the salinity distribution is conservative, being modi-
fied only by mixing processes. It is possible, by ob-
serving changes in the vertical distributions, to gain
knowledge of the effective circulation in a vertical
plane, but great caution must be exercised regarding
such details as the location of the axis of maximum
velocity. The distribution of temperature can be
looked upon in the same manner. However, in a lake,
temperature is probably not conservative enough to
be followed from one time to another because of diurnal
and seasonal variations produced by the exchange of
energy between the atmosphere and the lake.

In this study, the above three oceanographic tech-
niques were utilized to establish the general features
of the circulation in Lake Mead. The distribution of
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salinity proved sufficiently conservative to enable rea-
sonably accurate conclusions to be drawn regarding
the main features of the circulation in a vertical plane
in Lake Mead.

OBSERVATIONAL PROGRAM

The objectives of this study prescribed the param-
eters to be measured. Data concerning the distribu-
tion of temperature and salinity in the lake and in the
river water, and of temperature, humidity, and wind
velocity in the air just over the lake, were required.
As an aid in following the circulation, especially in
relation to sedimentation, Secchi-disc readings were
made. Of particular importance with regard to the cir-
culation in the upper portion of Lake Mead are the notes
made by the survey parties as to the presence or ab-
sence of the “convergence”® above Pierce Feiry, the
intensity of this convergence if present, and notations
of any other related phenomena which lent themselves
to description if not quantitative measurement.

As frequently happens in a study involving a series
of observational surveys, the optimum procedure was
not pursued in the first few surveys. For simplicity,
the observational program that was finally evolved
will be discussed first, and the departures from it in
any particular cruise will be mentioned where
necessary.

Plate 18 shows the station locations of the observa-
tional program as finally established. At the head of
the lake, the location of station 66 on any particular
cruise depended upon the location of the convergence.
During periods of strong convergence several stations
were taken, in and very near the convergence area;
they have been designated as stations 66a to 66m.
Stations 67 and 68 in Lower Granite Gorge were oc-
cupied only when the stage of the lake allowed rea-
sonably safe navigation upriver. The inset maps on
plate 18 indicated the location of the stations tulicn
near the convergence on cruises I and II.

Twelve cruises were completed during the year the
program was under way, as follows:

Cruise dales

Cruise From— To—
P Feb. 25, 1948 Feb. 29, 1948
) I Mar. 31,1948 Apr. 3, 1048
I .. Apr. 22,1948 Apr. 29,1948
IV e May 25,1948 May 31, 1948
V o e eea June 26, 1948 June 30, 1948
VI e July 24,1948 July 28,1948
VI oo e Aug. 22,1948 Aug. 26, 1948
VIII. oo Sept. 25, 1948 Sept. 29, 1948
IX oo Oct. 23,1948 Oct. 27,1948
D G Nov. 27, 1948 Nov. 30, 1948
XTI oo Jan. 5,1949 Jan. 9, 19140
D, € § P Feb. 11,1949 Feb. 15, 1949

8 A convergence can be defined as the boundary between two converg-
ing currents; in this case, at certain seasons, it is the boundary between
Colorado River water and Lake Mead water (pl. 17).
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In the initial cruises, all stations shown in plate 18 were
not occupied, and cross sections, particularly in Boulder
Basin and Virgin Basin, only approximate the lines
shown on the station-location chart. The stations along
the old Colorado River channel, which proved in the
analysis of the data to be most important, did not shift
greatly from survey to survey.

The stations occupied on each cruise and the data
collected at each are appended to the NEL technical
report (Anderson and Pritchard, 1951). At all sta-
tions temperature measurements were taken with a
bathythermograph, except that on some cruises the up-
permost station at the head of the lake was reached by
foot and only surface temperature and a surface-water
sauple could be obtained. At about half the stations
on each cruise, samples of lake water were obtained at
selected depths for analysis as described below; they
are called “Nansen stations” because Nansen bottles
were used to collect the samples.” At each Nansen
station from 1 to 11 samples were obtained, the number
depending on depth, location, and season.

Bathythermograph * observations provide a contin-
uous record of temperature versus depth. At each
station a bathythermograph was loiwered to the bottom
and thus a complete record of the temperature of the
water column from surface to bottom was obtained for
each station. Surface temperature was also taken with
a surface-bucket thermometer, to provide a calibration
check for the bathythermograph records. Wind speed
and direction, present weather, cloud types and amount,
air temperature, and wet-bulb temperature were also
recorded as auxiliary data to the bathythermograph
record. ‘,

For all surveys subsequent to ¢ruise IIT (except on
cruise X, when the Secchi disc was lost during the sur-
vey), Secchi-disc ' readings were taken at each station
to obtain a measure of the turbidity of the water; a
few were taken on the third cruise.

Additional data were also used extensively. Records
of the daily flow and temperature of the Colorado
River and the Virgin River were provided by the Ge-

% Nansen bottles are metal bottles constructed so that a series of them
may be attached to a hydrographic wire. When the bottles have been
lowered to the desired depths, a small weight is dropped down the wire
to trip n release catch on the upper part of the upper bottle, causing
it to fall over, or reverse. A second welght, or “messenger,” is released
from this bottle in the reversing process, and falls down the wire to
trip the next bottle. In reversing, valves at each end of the bottle close,
thus trapping a sample of water. By this procedure, subsurface water
samples can be obtained from several depths in one lowering.

10 A bathythermograph consists of a stylus, attached to a Bourdon
tube, which records the temperature on a smoked glass slide to within
0.1°F. The slide is held in a frame attached to a pressure bellows,
and hence the frame and slide move relative to the arc of the stylus as
the depth changes.

' A Secchi disc Is a white-painted horizontal metal plate, 30 cm in
diameter, which is lowered into the water; the depth at which it dis-
appears from view is a measure of the turbidity of the surface layers.
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ological Survey. Weather data covering the year
studied were secured from the joint Weather Bureau-
Bureau of Reclamation station at Boulder City, Nev.
The Bureau of Reclamation also provided records of
the daily volume and temperature of outflow from the
lake through Hoover Dam, and of evaporation from
the several evaporation pans located on the lake. The
Geological Survey supplied the information on volume
and capacity used in the energy-budget study.

ANALYSIS

The primary parameters used were temperature and
salinity. Temperatures obtained with the bathythermo-
graph were used in the analysis. Although the bathy-
thermograph is a solidly built field instrument and can
be expected to give good relative data, frequent checks
of depth are necessary. Because the bathythermo-
graphs employed in this study were calibrated for aver-
age sea water, an initial scale correction for depth had
to be made to compensate for the density difference
between lake water and average sea water. This correc-
tion was taken as 2.5 feet per 100 feet of depth. The
framework holding the glass slide occasionally becomes
displaced slightly from the calibrated position. In
order to check this possible source of error in the depth
scale, comparisons were made of the bottom depth as
read from the bathythermograph slide, corrected for
the density difference between lake water and sea water
and for the observed depth as recorded from the read-
ing of the meter wheel. The average depth correction
for each cruise was obtained from the difference be-
tween these two values.

Temperatures were read from the corrected bathy-
thermogram for each station at the surface, at 10, 25,
50, 75, 100, 150, 200, 250, 300, and 400 feet, and at the
maximum depth. These results were plotted on hori-
zontal charts,”? by station location, for the surface and
for depths of 10, 25, 50, 100, 200, and 300 feet. The
depths of integer isotherms were also obtained from the
bathythermogram and plotted in vertical sections, both
along the old Colorado River channel and the Virgin
River channel, and across the major basins and arms
of the lake. These horizontal charts and vertical sec-
tions were contoured and studied. Some of the charts
and sections are presented in this report in support of
the discussion.

Conductivity measurements were made on the water
samples collected on each cruise, primarily by H. R.
Gould, using the conductivity bridge provided by the
staff of the Bureau of Reclamation at Hoover Dam.

127The terms “horizontal chart” and *vertical chart” are used in this
report to designate plots of distributions in the respective planes.
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For each survey a number of water samples, represent-
ative of all locations and depths, were sent to C. S.
Howard, Geological Survey, Salt Lake City, Utah, for
complete chemical analysis. The average ratio of
salinity (total dissolved solids in parts per million) to
conductivity of the samples analyzed by Howard was
used to compute the salinities of all the other samples.
A study of these data indicates that the error in salinity
as determined by this procedure was in most cases less
than 10 ppm.

The salinity was plotted against depth, for each
Nansen station. A smooth curve was drawn through the
points and values read from the curve at the surface
and at 25, 50, 100, 200, 300, and 400 feet. The data were
then used to prepare horizontal charts and vertical sec-
tions, just as for temperatures. From a study of the
charts and sections it soon became evident that the lon-
gitudinal section made along the old Colorado River
channel was the most important for the study of the
seasonal cycle in the distribution of variables and in
circulation. Most of the discussion deals with this
longitudinal section.

Secchi-disc measurements were also plotted on a hori-
zontal chart for each cruise, which was useful for
determining the lateral spread of the inflowing water
during the spring-flood runoff.

A 7-§ diagram was constructed for each Nansen
station. For each cruise, those 7-8 diagrams that were
very nearly the same were plotted on the same sheet,
and the typical temperature-salinity relations for the
various sections of the lake were determined. The
typical relations have been plotted as “ribbons,” show-
ing the spread of observations used in constructing the
typical 7-S diagram.

Analysis of the data collected during the whole year
at Lake Mead indicated a distinct and orderly cyclic
progression in distribution of properties and in the
implied cireulation, which can be related to the seasonal
changes of weather and river inflow.

On the basis of this single year’s data it appears that
the conditions observed in the January, February, and
March cruises are characteristic of the winter season;
in the May and June cruises, of the spring season; in
the August and September cruises, of the summer
season; and in the November and December cruises,
of the fall season. The months of April, July, and
October appear to be transitional between winter and
spring, spring and summer, and summer and fall,
respectively.

Conditions for each season are discussed on the basis
of representative charts of each season. In some cases,
actual observed data for a particular month are used
as representative of a particular season; in other cases,
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distributions representing a slightly smoothed mean
seasonal condition are presented. The vertical section
taken along the old Colorado River channel appears
to be the most important section from the standpoint
of evaluation of circulation. A slightly smoothed pre-
entation of the distribution of salinity and circulation
along this section is discussed.

SPRING

The progressive nature of the changes in salinity
distribution and circulation is best presented by start-
ing with spring conditions. The inflow from the Colo-
rado River into the lake during 1948 increased from
about 22,000 cfs on April 1 to an average of 48,000 cfs
during the period April 22-29, and to a pealk of abowe
88,000 cfs in late May. Conditions characteristic of
the spring season prevailed during May and June,
though during June the inflow decreased slowly.

This high runoff results from spring melting, and
the salinity of the inflowing water from the Colorado
River is very low, having a value of approximately
220 ppm during the May cruise. Although the sedi-
ment load carried by this high flow is large, the heavier
particles apparently settle out quickly upon entering
the lake. The temperature of the inflowing water is
nearly the same as that of the surface lake water, but
its density is lower because of its very low salinity. The
inflowing water, therefore, spreads rapidly downlake
along the surface, overriding the residual lake water
of higher salinity and density. The distribution of
salinity along the old Colorado River channel in spring
is indicated by one of the diagrams of figure 28. The
vertical gradient in salinity in the lake above Virgin
Basin is large. In Iceberg Canyon the vertical vari-
ation in salinity is from less than 260 ppm at the surface
to more than 680 ppm on the bottom. Above Icebery
Canyon there is a sharp vertical increase of 300 ppm
in the 50-foot layer between 80 feet and 130 feet.

The isohalines (lines of equal salinity) fan out ver-
tically downlake. Between Virgin Canyon aud Virgin
Basin the vertical variation is from about 340 ppm to
slightly over 660 ppm, and the layer of sharp salinity
gradient is here nearly 90 feet thick, with a change of
200 ppm.

In Virgin Basin the vertical gradient has decreased
still further. The 400-, 500-, and 600-ppm isohalines,
which are nearly horizontal in the lake above Virgin
Basin, curve upward in Virgin Basin, resulting in the
largest horizontal gradient in salinity that was found
along this section. In the lower end of Virgin Basin
the increase from 400 ppm to 500 ppm along the sur-
face indicates the front of the downlake spreud of the
lower-salinity inflow from the Colorado River.
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FIGURE 28.—Typical seasonal salinfty distribution and circulation patterns in Lake Mead.

Characteristic of all seasons is the relatively uniform
character of Boulder Basin salinity, indicating that
Virgin Basin acts as a large “mixing bowl,” in and
above which the large seasonal variations in salinity of
the inflowing waters are smoothed to nearly their mean
value. Near Hoover Dam, at the lower end of Boulder

Basin, the vertical salinity varies only from about 600
ppm to 640 ppm during the spring season.

Vertical curves of temperature and salinity char-
acteristic of the spring season are plotted in figure 294
for stations located near Pierce Ferry, in Iceberg Can-
yon, Salt Springs Wash, Virgin Basin, Boulder Basin,

SR a
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and in Black Canyon near Hoover Dam. These are
actual observations and differ slightly from the some-
what smoothed picture presented in vertical section in
figure 28.

Otler diagrams on figure 28 offer a schematic presen-
tation of the circulation along the old Colorado River
channel. The major features during spring are the flow
of fresher water downlake in the surface layer, and a
counterclockwise cell below 100 feet. This cellular cir-
culation results in flow uplake along the bottom in most
of the section.

The lower boundary of the surface water flowing
downlake is apparently indicated in May by the very
sharp salinity and temperature gradient that occurs at
a depth of about 140 feet in Iceberg Canyon. From the
peak inflow of 88,000 cfs moving through the cross sec-
tion of Iceberg Canyon, the velocity due to this inflow
was computed to be 0.42 foot per second, or about 7.0
miles per day. The velocity of the inflow can also be
computed from the movement of the isohalines. Be-
tween cruise ITI on April 22-29, and cruise IV on May
25-31, the 500-ppm isohaline moved downlake some
34 miles from its middepth position in Iceberg Canyon
to a surface position in the Virgin Canyon. This move-
ment corresponds to an average displacement of 1.2
miles per day. During the same period, the 600-ppm
isohaline moved along the surface about 40 miles down-
stream, appearing in Boulder Canyon on cruise IV,
which indicates a displacement of 1.4 miles per day.
Along the bottom between Virgin Canyon and Iceberg
Canyon, however, the 600 ppm isohaline had moved up-
lake about 13 miles, giving an average uplake displace-
ment of about 0.5 mile per day. In comparing these
figures, it should be remembered that the salinity dis-
tribution is a result of both advective flow and mixing,
and that the displacement indicated by movement of
isohalines is indicative of both processes and should
not be interpreted as advective flow only. The figures
obtained from the movement of the isohalines are,
therefore, minimum figures, and the true downstream
flow is probably between 1.2 and 7.0 miles per day.

The peak runoff from the Virgin River occurred in
April, a month earlier than from the Colorado River.
The average inflow from the Virgin River during the
last half of April was about 400 ¢fs, but the peak was
slightly over 600 cfs. By the time of the peak inflow
from the Colorado River in May, the inflow from the
Virgin River had decreased to less than 100 cfs, and it
was less than 200 cfs during most of the other months
studied. The peak flow of the Virgin River is much
less than the minimum flow from the C'olorado, and the
salinity distribution indicates that the conditions in
Overton Arm arve affected more by conditions along the
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old Colorado River channel than by inflow from the
Virgin River. Only during May does the inflow from
the Virgin River appear to affect the salinity distribu-
tion much below Overton Landing, and even then the
effect does not extend down to the Lower Narrows.
During May and June the low-salinity water from the
Colorado River spreads along the surface into Over-
ton Arm, affecting the salinity distribution as far north
as Overton Landing. Below the Lower Narrows the
salinity distribution at all depths parallels closely the
conditions in Virgin Basin. Figure 30 gives the salinity
distribution along the channel in Overton Arm during
the spring.

The spreading of the Colorado River water up into
Overton Arm is clearly shown from the horizontal
plot of the Secchi-disc readings for May. The sharp de-
markation between the clear lake water and the turbid
river water flowing downlake on the surface occurs
along a line that runs up the center of Overton Arm
as far as the lower Narrows (fig.31).

The horizontal distributions of surface salinity and
temperature for the May survey are shown in figures
32 and 33. The values of temperature shown are ac-
tually for 10-foot depths, since the surface temperatures
are greatly affected by diurnal processes. Note that the
spread of water from the head of Virgin Basin upward
into Overton Arm is shown on the horizontal salinity
distribution in figure 32.
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FIGURE 81.—Secchi-disc readings at Lake Mead, cruise IV, May 25-31, 1948,

SUMMER

The inflow from the Colorado River decreases rap-
idly after its peak in late May and early June; in 1948
it had declined to 9,500 cfs at the time of the August
cruise and the extreme low for the year, about 3,000
cfs, occurred during mid-September. This decrease
in volume is associated with increasing salinity. The
inflowing water had a salinity of 875 ppm in August
and 1,033 ppm in Iate September.

Inasmuch as the temperatures of the river and lake
water are still nearly the same, the higher salinity re-
sults in a higher density, causing the inflowing water
to sink to a depth of 80 feet beyond the edge of the
delta. At this depth it spreads out over the more
dilute but colder water, of still higher density, that re-
mains from the spring inflow,

Figure 28 includes a cross section of the salinity dis-
tribution that is characteristic of summer along the old
Colorado River chamnel. In the lake above Virgin
Basin a tongue of high-salinity water extends downlake

at a depth of about 80 feet, between layers of lower
salinities. At 150 feet occurs a minimum-salinity layer
that corresponds to the low-salinity water brought in
during the high spring inflow. The high-salinity
tongue extends downlake as far as the lower part of
Virgin Canyon. Beyond this point the minimum-sa-
linity layer is at the surface: there is a large region in
the center of the lake with surface salinities of less than
400 ppm.

The surface water in Virgin Basin is a part of this
fow-salinity layer with salinities of 400 ppm or less
down to about 100 feet. At a depth of 160 feet the
salinity is 600 ppm; below 160 feet the salinity is very
uniform but increases gradually with depth. In Boul-
der Basin the salinity gradients are very weak, with
values of about 500 ppm at the surface and of 600 ppm
to 670 ppm below 150 feet.

Vertical distributions of temperature and salinity
found during this summer season are plotted in figure
207, for stations located near Pierce Ferry, in Iceberg
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FIGURE 32,—S8alinity (ppm) distribution at surface of Lake Mead, cruise IV, May 25-31, 1948,

Canyon, Virgin Canyon, Virgin Basin, Boulder Basin,
and Black Canyon near Hoover Dam. These observed
distributions bear out the characteristics of the salinity
pattern presented in the longitudinal section in figure
28, Note the similarity between all the temperature
traces in figure 293, This uniformity in temperature
structure is found throughout most of the lake, result-
ing in nearly horizontal isotherms.

The indicated circulation, based upon changes in the
salinity distribution in the section along the old Colo-
rado River channel, is also shown in figure 28. The cell
designated as “a™ on the graph for spring appears con-
siderably smaller during the summer. The inflowing
C'olorado River water, being higher in salinity than the
lake water, sinks to about 80 feet and spreads downlake
at this level, thus giving rise to a new cellular circula-
tion at the surface. This cell carries surface water up-
lake, causing a weak to moderate convergence to de-
velop at the edge of the delta where the inflowing river
water sinks.

496918 0—60——10

There is evidence that some of the inflowing water
continues to sink along the bottom past the 80-foot
depth and helps to establish a clockwise circulation near
the bottom above Virgin Canyon. This cell, designated
on figure 28 as “c”, appears only during the summer.

Between the July and August cruises the 400-ppm
isohaline moved downstream some 18 miles, indicating
a minimum displacement of approximately 0.6 mile
per day in the region between Iceberg and Virgin
Canyons. During the same period the movement of
the 500 ppm isohaline gives a minimum daily displace-
ment of 0.7 mile per day. In Iceberg Canyon during
August the water flowing downlake appears to be con-
fined to a layer about 100 feet thick, centered at about
the 70-foot depth. Computing the current in this layer
in Iceberg Canyon, whose width is about 1,500 feet,
and average inflow is about 7,500 cfs, gives a velocity
of 0.8 mile per day. Like the computations for the
spring season, these figures must be conservative
estimates of the actual velocity, because the salinity
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FIGURE 33.—Temperature (°F) distribution in Lake Mead at depth of 10 feet, cruise 1V, May 25-31, 1948,

distribution reflects both advective and diffusive pro-
cesses, and because more water is flowing downlake

through Iceberg Canyon than comes in at the head of’

the lake, due to the effect of the cellular circulation
above and below the downlake flow.

The inflow from the Virgin River into Overton Arm
remains very low (about 100 cfs) during this season;
in fact, from June through October. During the entire
5-month period the distribution of salinity in Overton
Arm remains about the same, which reflects the spread
of low-salinity water along the surface up into Overton
Arm from Virgin Basin.

Figure 30 gives this salinity distribution along the
channel in Overton Arm in summer. At depths less
than 100 feet the salinity is less than 500 ppm; early
in the season it is less than 400 ppm near the surface.
The 600-ppm isohaline is found at about 150 feet during
these 5 months; below this level the salinity increases
slowly with depth. There is very little evidence that
inflow from the Virgin River affects the salinity pattern.

The dominant features in Overton Arm parallel condi-
tions along the Colorado River channel in Virgin Basin.

The horizontal distribution of salinity and of temp-
perature at the 10-foot depth during the August cruise
are given in figures 34 and 35 respectively.

FALL

The inflow from the Colorado River remained low
during the fall of 1948, averaging about 6,000 cfs during
October, November, and December. The inflowing
water had a fairly constant salinity of about 1,000 ppm,
but its temperature steadily dropped as the seuson
progressed, from 64°F in late October to 43°F in late
November. Because of this decrease in temperature, the
river water had a considerably higher density than the
surface lake water.

The distribution of salinity along the old Colorado
River channel in the fall is shown in figure 28. The
tongue of high salinity and density, evident at about 80
feet during the summer, now extends down the face
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FicURE 34.—Salinity (ppm) distribution at surface of Lake Mend, cruise VII, August

of the delta and spreads out at about the 170-foot depth.
It slopes slightly toward the surface and appears as a
bulge in the 500-ppm 1sohalme at a depth of about 100
feet in Virgin Basin.

A very sharp salinity and temperature gradient
occurs at the head of the lake; within a distance of
a few hundred yards, during the November cruise, the
surface values of salinity ranged from 1,070 ppm in
the river to 730 ppm in the lake, and the temperature
from about 43°F in the river to about 62°F in the lake.
This is the area of “convergence,” and it is sharply
marked at the surface just below Lower Granite Gorge
by a line of accumulated floating debris. Upstream
from this line the surface water is flowing downriver,
and downstream from it the surface lake water has a
definite uplake movement. This feature was observed
to be particularly strong during the period from Octo-
ber through March, appearing in moderate intensity in
September; from June through August the converg-
ence completely disappears.

2~-26, 1948.

This convergence phenomenon is always associated
with flow of the river water below the lake water.
Figure 28 includes the pattern of circulation deduced
from the salinity distribution along the old Colorado
River channel during the fall. The river water flows
downward over the edge of the delta as in summer but,
because of the decrease in temperature, it continues
to flow down along the bottom to nearly the 200-foot
depth before spreading horizontally downlake. The
flow appears to slope upward as it progresses down-
lake, appearing near the surface in Virgin Basin. The
two major cellular circulations that occur in the sum-
mer remain throughout the fall, cell “a” appearing
deeper and farther downlake, and cell “b” becoming
considerably larger.

Figure 36 gives the vertical plots of temperature and
salinity found during the fall, at stations near Pierce
Ferry, in lceberg Canyon, Virgin Canyon, Virgin
Basin, and Boulder Basin, and in Black Canyon near
Hoover Dam. The uniformity in the temperature
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FIGURE 35.—Temperature (°F) distribution in Lake Mead at depth of 10 feet, cruise VIII, August 22-26, 1948.

structure as far uplake as Virgin Canyon is evident
in these plots.

Between the October and November surveys the 700-
ppm isohaline moved downlake at middepths for about
23 miles, corresponding to an average daily displace-
ment of 0.66 mile. In Iceberg Canyon the downlake
flow appears to be confined to a layer about 100 feet
thick. The average inflow of 6,000 cfs would produce
a flow of 0.65 mile per day in this layer in Iceberg
Canyon.

The Virgin River flow increased slightly during the
fall, having an average value of about 160 cfs. Evi-
dence of relatively high-salinity flow from this river
appears in the salinity distribution of Virgin Arm as
far down as Overton Landing (fig. 30). At the lower
end of Overton Arm the high-salinity inflow from the
Colorado River probably causes the maximum of about
700 ppm at depth of 150 feet in the salinity distribu-
tion. It appears that the high-salinity water flowing
down the Colorado River channel cuts northwestward

across the head of Virgin Basin into Overton Arm. A
low-salinity layer of less than 500 ppm remains near
the surface below the Lower Narrows.

The horizontal distribution of surface salinity and
10-foot temperature for the November cruise is shown
in figures 37 and 38.

WINTER

The observational program actually began in the
winter, the first cruise having been made in February
1948. The last cruise was also made in February, !
year later. The second winter was considerably colder
than the first; in fact, the winter of 1948-49 was the
coldest in more than 30 years, and this abnormal con-
dition is reflected in both low temperatures aud low
inflows. Conditions corresponding to the first winter
are discussed here with some modifications, as required