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PREFACE

An intensive investigation of Lake Mead, the reser-
voir formed by Hoover Dam on the Colorado River,
was begun in January 1948 and completed late in 1950.
The investigation was conducted under the general di-
rection of a project staff composed of representatives
of the three principal participating agencies: William
O. Smith, Geological Survey; Carl P. Vetter, Bureau
of Reclamation; and George B. Cummings, Bureau of
Ships, Navy Department. The technical report on this
investigation, which is being prepared by the Geologi-
cal Survey, presents the analytical data and conclu-
sions in detail. An advance draft was reproduced by
the Bureau of Reclamation for official use and review
by the cooperating agencies and others concerned.

The comprehensive survey of Lake Mead required
the talents of a diverse group of specialists and effec-
tive coordination of their individual efforts. These men
collected data pertaining to their specialties, and ana-

lyzed and interpreted those data with the aid of other
data collected during the survey, as well as informa-
tion obtained in earlier work in this part of the Colo-
rado River basin. The technical report will be com-
prised of contributions by these men--27 authors in
all—in which the data of the comprehensive survey will
be described, analyzed, and interpreted.

This circular constitutes a summary of the principal
findings of the comprehensive survey; details of proce-
dures and equipment used have been omitted. The
author took no part in the field work of the comprehen-
sive survey, and his chief involvement has been as
technical editor of the advance report. The ideas and
conclusions expressed in the circular are those of the
authors of the pertinent sections of the technical re-
port, but the author of the circular accepts responsi-
bility for any errors of judgment in quoting or other-
wise summarizing the parent material.

I
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Figure 1. --Map of Colorado River basin, showing location of Lake Mead.



FIRST FOURTEEN YEARS OF LAKE MEAD

By Harold E. Thomas

ABSTRACT

This circular summarizes the results of recent
studies of Lake Mead and its environs. Area-capacity
tables, prepared on the basis of a hydrographic survey
of the lake in 1948-49, show that the capacity of the
reservoir was reduced 4.9 percent during the first 14
years after Hoover Dam was completed, but the usable
capacity was reduced only 3, 2 percent. Practically all
of this reduction was caused by accumulation of sedi-
ment 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, or ground-
water storage in the bottom and sides of the reservoir.
Thus the total capacity in 1949 was greater than the
quantity shown by the original area-capacity table,
even though large quantities of sediment had been de-
posited in the reservoir during the 14 years.

According to computations of the volume and weight
of the accumulated sediment, about 2,000 million tons
were deposited in the reservoir by the Colorado River
in 14 years; this is within 2 percent of the amount cal-
culated from measurements of the suspended sediment
carried by the inflowing rivers. It is estimated that the
sediment capacity of the reservoir, when filled to the
level of the permanent spillway crest, is about 75, 000
million tons. The sediment contributed by the Colora-
do River averages about 45 percent sand and 55 per-
cent silt and clay.

If the sediment carried by the river in the years
1926-50 represents the long-term average rate of ac-
cumulation in Lake Mead, it will be a century before
the sediment at the dam reaches the level of the lowest
gates in the intake towers, and more than 4 centuries
before the reservoir is filled with sediment to the level
of the permanent spillway crest. The rate of sedimen-
tation since the first year of Lake Mead (1935) has been
about 20 percent lower, and if that rate continues in
the future, the life of the reservoir will be correspond-
ingly greater. Construction of upstream reservoirs to
capture some of the inflowing sediment, or transporta-
tion of sediment in the outflow through Hoover Dam,
would also increase the life of the reservoir,

In the first 12 years of Lake Mead, the dissolved
mineral matter in the outflowing water was significant-
ly greater than the average in the inflowing water, ow-
ing in part to solution of gypsum and rock salt from the
bed of the reservoir., Currently the increased dis-
solved 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 habitually of better quality
than that 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 excel-
lent water from melting snow,

Geodetic surveys of the Lake Mead area show that the
weight of water has caused subsidence of the earth’s
crust amounting to about 120 millimeter at Hoover
Dam, and an even greater amount in the principal area
of storage in the reservoir,

ENVIRONMENT OF LAKE MEAD

Lake Mead is the reservoir formed by Hoover Dam
on the Colorado River, and it covers parts of southeast-
ern Nevada and northwestern Arizona (fig. 1). The lake
is in the Lower Basin of Colorado River, as defined by
the Colorado River Compact of 19221/. Hoover Dam
is about 355 river-miles downstream from Lees Ferry,
Ariz,, which marks the lower limit of the Upper Basin
of Colorado River.

Hoover Dam provides the regulation necessary for ef-
fective operation of the downstream reservoirs created
by Davis Dam, Parker Dam, and Imperial Dam. Lake
Mead also provides practically all the water that is de-
veloped from the river in Lower Basin, for there is
negligible inflow from Gila River, Bill Williams River,
and other tributaries that enter the Colorado River be-
low Hoover Dam.

Geologic Setting of Lake Mead, by C. R. Longwell

From the mouth of the Grand Canyon the Grand Wash
Cliffs extend far northward and southeastward, marking
the abrupt western edge of the Colorado Plateaus. Be-
tween the cliffs and Hoover Dam there are mountain
ridges that trend generally north, and intervening wide
valleys. The Colorado River has cut deep canyons

1/ The agreement concerning the apportionment of

the use of the waters of the Colorado River System dated
November 24, 1922, executed at Santa Fe, N. Mex., by
Commissioners for the States of Arizona, California,
Colorado, Nevada, New Mexico, Utah, and Wyoming,
approved by Herbert Hoover, representative of the
United States of America, and proclaimed effective by
the President of the United States of America, June 25,
1929,
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SCOPE AND PROGRAM OF THE COMPREHENSIVE SURVEY 3

through the mountain ridges, whereas in the adjacent
basins the river valley is comparatively wide and low
walled. Accordingly, the main body of Lake Mead con-
sists of alternating narrow and wide segments,

The rocks of the highlands are in general older and
more resistant than those flooring the basins. These
older rocks are well exposed in the canyon sections of
Lake Mead. The younger basin deposits are in general
inconspicuous, since they are either covered by the
lake water or form slopes and low hills bordering the
lakeshore.

The most exiensive of the sedimentary beds in the
basins are those of the Muddy Creek formation, chiefly
sand, silt, and clay in thin regular layers that suggest
deposition in shallow lake water. The formation in-
cludes beds of gypsum and rock salt, and these soluble
salts crop out in the floor of the reservoir in extensive
areas.

The Colorado River was dammed during the Pleisto-
cene epoch and formed a lake that was deeper and more
extensive than Lake Mead. The location of this pre-
historic dam—or other cause of ponding--is not known,
but Longwell’s description of the Chemehuevi forma-
tion indicates a pattern of delta deposition similar to
that which has begun since the completion of Hoover
Dam. The lower part of the formation consists chiefly
of banded clay, presumably deposited as bottomset
beds in a deep lake. This clay is thin in Iceberg Can-
yon and thicker downstream; extensive remnants occur
near Davis Dam, about 60 miles below Hoover Dam.
Sand overlies the clay, and comprises most of the
thickness of the formation in upstream areas. The up-
per part of the formation consists of river gravel and
cobbles, presumably deposited after the lake was
filled. 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 trans-
ported 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.

Tributary Drainage Basin, by H. E. Thomas

The water and sediment that accumulate in Lake
Mead come from an area of about 168, 000 square
miles,or 5 percent of the United States. This tribu-
tary basin includes some areas that have very high
rates of runoff, and other areas that yield very little
water to the Colorado River; in certain areas the
streams are generally clear, whereas other areas
contribute much sediment to Lake Mead.

Most of the runoff is derived from melting of snow
in the higher mountains, but considerable quantities
of water move for at least a short distance through the
soil or underlying ground-water zones before reaching
the river, Most of the dissolved material in the river
is derived from ground water rising as springs and
seeps along the main stem and tributary channels, and
return flow of irrigation water.

The geologic formations cropping out within the
drainage basin are also the ultimate sources of the
sediment carried by the Colorado River and its tribu-
taries. Only an insignificant part of the sediment,

however, comes directly from rock outcrops. The
main stream and tributaries rarely come in contact
with bedrock except in their headwaters, for generally,
the bed and banks of the larger channels are formed of
stream-borne sediment, or alluvium, These alluvial
deposits constitute the immediate source of much of the
sediment now moving toward Lake Mead. The bulk of
Lake Mead sediment comes from the arid parts of the
drainage basin in New Mexico, southern Utah, Arizona,
and Nevada.

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 an-
nual load in the period 1930-48, Probably more than
95 percent of the sediment entering Lake Mead passes
through the Grand Canyon., The annual variations in
suspended load at Grand Canyon and the proportions of
the load that pass the three upstream stations are de-
picted in figure 2,

In the period of record at Grand Canyon, the year of
highest runoff (1929) was also the year of greatest sus-
pended sediment load, and the year of least runoff
(1934) was the year of least sediment transportation,
There are striking variations in the proportions of the
load that pass the three upstream stations from year
to year, although it is generally true that the San Juan
River carries less water and more sediment than either
the Green River or the Colorado River above its junc-
tion with the Green River,

SCOPE AND PROGRAM OF THE COMPREHENSIVE
SURVEY

The Lake Mead survey was essentially a reservoir
survey needed primarily for operational purposes, but
its scope far surpassed that of other reservoir surveys
undertaken in the past, The Office of River Control,
of the Bureau of Reclamation, is responsible for opera-
tion and construction for physical control of the Colora-
do River in Lower Basin, and is authorized by Congress
to sponsor investigations that will provide the data
needed for these activities, Although the need for sur-
veys of sedimentation and salinity was recognized be-
fore the lake first filled to capacity in 1941, no definite
plans could be made until World War II had ended.

The basic requirements for surveys of sediment and
salinity developed into the comprehensive survey.
Thus, a hydrographic survey was undertaken to provide
new area-capacity tables and also to derive, by differ-
ence from the pre-Lake Mead data, the volume of ac-
cumulated sediment. The characteristics of the sedi-
ment and the processes by which it was transported
and deposited were also investigated, and some of these
characteristics led to intensive studies by the Scripps
Institution of Oceanography of the biochemistry and
bacteriology of sediments near Hoover Dam. Data con-
cerning the salinity were obtained largely during month-
ly cruises under the direction of the Navy Electronics
Laboratory, and the circulation in the lake was estab-
lished from the salinity distribution. A preliminary
energy budget was also developed, and from it an es-
timate of evaporation was obtained. Precise leveling
by the Coast and Geodetic Survey provided the basis
for estimating the deformation of the earth’s crust
caused by storage in Lake Mead.
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GEODETIC SURVEYS

Precise Leveling, by E. J. Parkin

The precise leveling in the Lake Mead area was done
by the Coast and Geodetic Survey for the purpose of
measuring the deformation of the earth’s crust result-
ing from the load of impounded water. The Hoover
Dam level net was established in 1935, and levels were
first run in March and April of that year, when the
reservoir had just begun to fill. The elevations there-
fore represent the conditions at the time of nearly min-
imum load. The level net was rerun in 1940-41, when
storage in the reservoir was about 85 percent of capac-
ity. The latest leveling was in 1949-50; the reservoir
storage at that time was less at all times than during
the 1940-41 leveling. For determination of the effect
of reservoir load upon the earth’s crust, a special ad-
justment was made of the data obtained in each period
of leveling, holding fixed the elevation of only one
bench mark. All three sets of elevations derived by
this special adjustment are based on the same elevation
of bench mark R1 at Cane Springs, Nev.

Interpretation of the Leveling Data, by C. R. Longwell

The changes in elevation during the intervals between
leveling are shown graphically in figure 3. A conspic-
uous feature is a broad basinlike depression centering
in the vicinity of Boulder Canyon. The general form of
this depression remained unchanged from 1940-41 to
1949-50, although the area as a whole continued to sub-
side during that interval, and a pronounced regional
tilt extended apparently beyond the southern limit of the
level net. During the interval 1935-41 the general tilt
was southeastward. Between 1941 and 1950 the total
area affected by subsidence was considerably enlarged,
with overall tilting toward the southwest. The basin
centering near Boulder Canyon was retained but not ap-
preciably deepened.

The basinlike subsidence centering about Boulder
Canyon appears to have resulted from storage of water
in Lake Mead. More than 60 percent of this water, as
much as 25 billion tons, is stored in the wide Virgin
and Boulder Basins that 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. Since 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. The extensive tilting subsidence,
involving the entire lake basin and extending at least
tens of miles farther south, is probably connected with
a regional movement that may have been in progress
before the dam was built.

With reference to bench mark R1 at Cane Springs,
Nev,, the ten bench marks on Hoover Dam dropped an
average of 60 millimeters between 1935 and 1941, and
62 millimeters farther between 1941 and 1950, a total
subsidence of 0.4 foot. If there had been no change in
the elevation of the reservoir bottom, this lowering of
the dam would have had the effect of reducing the ca-
pacity of the reservoir at spillway level by approxi-
mately 60, 000 acre-feet. However, subsidence has
exceeded 120 millimeters (the amount of subsidence
at the dam) in an area that 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 propor-
tion increases with decreasing lake stage. Thus the
change in overall capacity due to subsidence is doubt-
less of very small magnitude.

Since 1941 the dam has been lowered more than any
of the six locations where the level net provides data
as to elevations near the shore of the reservoir. The
leveling of 1941 occurred while the reservoir was filled
nearly to capacity, and the differential rise at these
six locations by 1950 may be an indication of elastic
rebound with reduced load.

HYDROGRAPHIC SURVEYS

Lake and Lower Granite Gorge Portions of the Reser-
voir, by Gunnar Liefson and F. C. Ames

The hydrographic survey of Lake Mead was under-
taken to obtain the data necessary for determination of
the volume and distribution of sediment, and the oc-
currence and extent of other changes in reservoir
boundaries; and for the preparation of new reservoir
area and capacity tables.

Lake Mead is filled to its capacity for controlled
storage when it reaches the level of the spillway gates
in raised position, 1,221, 4 feet above sea level, The
highest lake level yet reached was 1, 220. 4 feet on July
29 and 30, 1941, at which time the lake formed a level
pool extending 120 miles upstream from Hoover Dam
to the Bridge Canyon rapids in the Lower Granite Gorge
of Grand Canyon. At lower lake stages the river flows
into the lake farther and farther downstream in the
Lower Granite Gorge and in Pierce Basin. River rather
than lake conditions prevail in the Lower Granite Gorge
the greater part of the year. Within the Lower Granite
Gorge there is an abrupt change at the foot of the Bridge
Canyon rapids from a relatively steep, canyon-type
stream, to a stream with a typically wide, shallow
cross section and meandering alinement. Near Bridge
Canyon these meanders are still controlled largely by
the canyon alinement; but in the lower reaches the low-
water channel, 200 to 400 feet wide, meanders across
a sediment “flood plain” as much as 2, 200 feet wide.

The water in the canyon section is always sediment
laden. The lower 65 miles of the reservoir (80 river-
miles) between Pierce Ferry and Hoover Dam is essen-
tially a chain or series of relatively wide basins, con-
nected by short, narrow canyon sections. In this part
of the reservoir, lake conditions exist at all stages,
with depths ranging up to 450 feet and widths ranging
from a minimum of 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 re-
sulting from circulation of water in the lake and those
induced by density-current action (p., 13, 20).

The lake is divided naturally into two parts, each
requiring different surveying techniques and different
types of equipment. In the Lower Granite Gorge the
methods were essentially those of land surveying, with
soundings across the river channel to complete the
valley cross section. In the main part of the lake the
methods were those of deep-water hydrographic sur-
veying. ’
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Method of Hydrographic Surveying of the Lake,
by Gunnar Leifson

In the hydrographic survey of the lake, depths were
measured by automatic recording echo sounders, and
the position of the sounding boat was fixed at regular
intervals along the sounding line. Lake Mead provided
an exceptional opportunity for comparison of hydro-
graphic with topographic surveys. The echo-sounding
profile and the corresponding cross section derived
from topographic maps that had been prepared prior to
the filling of the lake are in close agreement.

Horizontal Control, by R. M. Wilson

The triangulation during 1947-48 had several pur-
poses: first, to recover triangulation stations set by
Fairchild Aerial Surveys for control of the 1935 topo-
graphic maps made for the Soil Conservation Service
(U. S. Department of Agriculture, 1935) and to test the
precision of their coordinates; second, to tie in points
of other previous surveys wherever possible, so that
all these surveys might be coordinated on a common
datum; and third, to establish convenient reference
points for the 1948-49 hydrographic survey and to mark
them permanently so that future surveys can be re-
ferred to the same points,

Altogether, 336 new reference points and triangula-
tion stations were established, most of them just above
the high-water mark of the reservoir. About 35 naviga-
tion lights or other objects were located by intersec-
tion, 15 stations of the Coast and Geodetic Survey were
recovered and occupied, and 33 stations established in
previous surveys were tied in. The position closures
involved in all these ties indicate excellent work in the
earlier triangulation in this area. Analysis discloses
that the triangulation of 1935 is dependable and accu-
rate, and entirely adequate for the purposes of this in-
vestigation, some of which required a higher order of
accuracy than that required for use in making the maps
under the 1935 contract.

Vertical Control, by F. C. Ames

Vertical control was required in the hydrographic
survey of Lake Mead 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
elevation at those times and places. A permanent gage
at Hoover Dam provides a continuous record of water-
surface elevations at the dam. This record was suffi-
ciently accurate to be used without adjustment for con-
versions of sounded depths to bottom elevations.

Evaluation of the Echo Sounding, by G. B. Cummings

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. This echo can be recorded

in various ways, such as on a cathode ray screen or on
the paper chart of a recorder.

The equipment operating at 50 kilocycles gave a con-
sistent indication of the top of the sediment, within 2
feet of accuracy. Waves of this frequency did not pene-
trate the sediment layer. Where the sediment was very
thin, the trace of the interface was slightly fuzzy. In-
dependent determinations showed that the transition
layer was 1 to 4 inches thick., The instruments opera-
ting at 14. 25 kilocycles produced an echo from the sed-
iment. surface and, where the sediments were domi-
nantly clay, an echo from the bottom of the old river
bed. In the Boulder Basin, penetration of 100 feet of
soft sediment was obtained. The depths obtained by the
Navy sonar depth-sounding equipments were in close
agreement with the results obtained by cable-and-reel
depth measurements where the depths permitted the
latter observations to be made.

Summary of Results, by F. C. Ames

The sounding records revealed a range of depths up
to about 74 fathoms (444 feet). The elevation of the
sediment surface was lowest at the dam. The thickness
of sediment along the center line of the former river
channel was more than 100 feet at the dam, diminishing
to 45 feet in the Temple Bar area, and then increasing
to a maximum of 270 feet near Pierce Ferry. In the
Boulder Basin, where both the sediment surface and
the prelake topography were recorded on the sound
traces, the indicated elevations of the prelake topogra-
phy checked the 1935 map elevations very closely.

Nearly all of the significant changes in reservoir
bottom between 1935 and 1948 have resulted from depo-
sition of sediment by the Colorado River; in the reser-
voir west of longitude 113°57', covered by the deep-
water or “lake” survey, the accumulated sediment from
the river is about 850, 000 acre-feet. The Virgin River
has built up a delta containing 34,000 acre-feet of sed-
iment, In contrast to the Colorado River, however,
there was no evidence of any significant amount of sed-
iment in the old Virgin River channel below the toe of
the delta., No measurable quantity of sediment was
found in any part of the old Muddy Creek channel.

Aside from sediment accretion Lake Mead has, in
general, remained relatively unchanged since the origi-
nal survey in 1935. Only four slump areas of any con-
sequence were noted, three in Boulder Basin and one
in Virgin Canyon. The largest of these involved an
area along the north shore of Boulder Basin, where
lateral displacements between original and new contours
amounted to several hundred feet. About 12,000 acre-
feet of earth between elevations 925 and 1, 220 feet
slumped downward, of which some probably came to
rest below the present sediment surface at elevation
750 feet.

Stream erosion since 1935 has been great enough in
only one locality to cause an appreciable 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. Some minor alter-
ations of shoreline are clearly attributable to wave ac-
tion, particularly along a few steep-sided headlands of
rather loosely cemented sand and gravel, which are
subject to undercutting and caving. Except for these
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headlands and the rock-walled canyons, the lakeshore
is moderately sloping and not subject to serious under-
cutting and caving. Caving above the high-water line
at elevation 1, 220 feet is rare, and the reservoir ca-
pacity has not been decreased significantly by wave
action.

Survey of the Lower Granite Gorge, by L. C. Pampel

The upper section of Lake Mead, the Lower Granite
Gorge, is approximately 40 miles long, extending be-
tween Bridge Canyon and a point just above Pierce
Ferry. At the maximum designed pool elevation of
1, 229 feet, the water-surface area in the Lower Gran-
ite Gorge is about 3 percent of the whole lake, and the
original storage capacity in this section was about 2
percent of the total lake capacity. However, the 1948-
49 survey indicates that this gorge section contains
about one-third of the total sediment deposited in Lake
Mead up to that time,

In the Lower Granite Gorge survey, the position of
the sediment surface was determined with respect to
an overhead reference plane corresponding to the max-
imum designed water-surface elevation, and the com-
putations led first to a determination of the amount of
original capacity that was not filled with sediment in
1948. The volume determinations were based on 175
cross sections. Excepting the six sections farthest up-
stream and nearest to Bridge Canyon rapids, these
sections were spaced at intervals of 620 to 2, 260 feet
(averaging 1, 220 feet) throughout the Lower Granite
Gorge.

As in the lake survey, adequate horizontal and ver-
tical control was essential in the Lower Granite Gorge
for accurate determinations of the positions of the sed-
iment surface at each point of measurement. The hor-
izontal control was based on the Fairchild triangulation
net established in 1935 and on a net established by the
Bureau of Reclamation in 1942 for use in the Bridge
Canyon investigations, The vertical control was based
on bench marks set by the Bureau of Reclamation for
use in its Bridge Canyon investigations.

The total remaining storage capacity in the Lower
Granite Gorge up to elevation 1, 229 feet was found to
be 219,000 acre-feet. The original storage capacity of
the Lower Granite Gorge was computed by the Soil
Conservation Service to be 760, 000 acre-feet. The
amount of sediment deposited in the Lower Granite
Gorge since the closure of Hoover Dam was determined
by subtraction to be 541,000 acre-feet.

The thickness of sediment varies from none at the
foot of the Bridge Canyon rapids to 16 feet at the
Bridge Canyon dam site and to a maximum of 270 feet
near the junction of the canyon section with the main
lake. The profile of the center of the stream in 1948-
49 had a uniform slope of about 1,25 feet per mile in a
27-mile reach below Separation Canyon, The profile
of highest sediment deposition in the Lower Granite
Gorge also has a slope of about 1. 25 feet per mile,
Many of the highest sediment surfaces in the gorge
probably were formed in 1941 and 1942, when Lake
Mead reached maximum elevations of 1,220, 4 and
1,213.5 feet respectively.

RESERVOIR STORAGE

Significance of Area, Capacity, and Sediment Tables,
by J. W, Stanley

The functions of river regulation and flood control
are in the first priority among the purposes for which
Hoover Dam was authorized. To assure that the desired
flood control can be accomplished, the upper 59 feet of
controlled storage in the original reservoir was re-
served for flood control, and storage for other purposes
must not reach into this reserved zone as of April 1 of
each year. By August 1 only the upper 8 feet was re-
served for protection against floods. Any sediment
deposited in this upper part of the reservoir since 1935,
even in the zone of uncontrolled storage, reduces the
lower limit of the flood-control reserve, and therefore
the upper limit of the storage available for other pur-
poses. Accurate area-capacity data for the upper levels
of Lake Mead are thus necessary to determine the lower
limit of the flood-control reserve.

Second in priority among the purposes of Hoover Dam
and Lake Mead is the combined function of irrigation
and domestic uses. In 1950 the annual release required
from Hoover Dam for downstream use was approxi-
mately 6,600,000 acre-feet, which includes losses in
transit by evaporation, transpiration, and seepage. It
may become necessary during years of minimum inflow
to limit releases from Hoover Dam to those required
by downstream interests, thus curtailing power gener-
ation.

Last in priority among the functions of Lake Mead
and Hoover Dam is hydroelectric power generation.
In spite of this low priority, the revenue derived from
the sale of electrical energy must repay the cost of the
dam and appurtenant works, Accurate area-capacity
information for all elevations of Lake Mead is neces-
sary to translate forecasts of future inflow into terms
of hydrostatic head on the powerplant and thereby into
water releases necessary to generate the energy re-
quired 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 at all times enough reserve storage
water to permit generation of the firm obligation under
conditions established in the contracts with the several
power allottees. :

Computations and Tables, by J. L. Speert,
F. C. Ames, F, W, Kennon, and W, B. Langbein

Tables in the technical report show the lake-surface
area in acres for 1-foot increments in water-surface
elevation; the usable capacity (above lowest outlets at
intake towers) for similar increments of elevation; the
reservoir volumes and sediment deposition in individual
basins of the reservoir, by 10-foot increments of ele-
vation; and comparison of the areas and capacities in
1935 and 1948 and the accumulation of sediment during
the 14-year interval,

Table 1 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, both with respect to powerhouse datum and
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Table 1. —Comparative summary, 1935 and 1948-49

Changes in elevation and capacity

Elevation Capacity
(feet above mean sea level) (acre-feet)
Powerhouse |Datum of 1929 L

datum levels of 1935 Original [1948-49 survey
Maximum designed water surface............... T TR 1229,00 1229.55| 32,471, 000 31,047,000
Top of spillway gates-raised............. veenee . ceennes 1221.40 1221,95] 31, 250, 000 29, 825, 000
Flood control level August 1, 1935........c..euee.s cee e . 1213.17 1213.72( 29,965,000 [..cceeeinnneecennne.
Flood control level August 1, 1948, 1213, 14 1213.69}......... 28 547 000
Permanent SpillWay CreSt...civevieivereeeeneeeroensarnsnsecssnensncens 1205. 40 1205, 95| 28, 794,000 217,376, 000
Flood control level April 1, 1935....... s resecenressisecsritansennes 1162.83 1163.38) 22,958,000 . 0cvnunieccnnnenss e
Flood control level April 1, 1948..... 1162, 19 1162, 74 }.ccvivenrinens 21, 547, 000
Sill of upper outlet in intake towers 1045, 00 1045.55] 11, 162, 000 10, 222, 000
Sill of lowest outlet in intake tOWETS..cvet covvereenenrenenennnns 895, 00 895.55| 3,223,000 2,620,000

Storage of water and sediment, in acre-feet
1935 1948
Water Sediment Water Sediment

Flood-control reserve, August 1.....c.ccccvveennen 2,500,000 0 2,500, 000 8,000
Permissive usable contents, August 1... 26, 748,000 0 25,927, 000 815,000
Flood-control reserve, April 1.......... . 9, 500, 000 0 9, 500, 000 99, 000
Permissive usable contents, April 1.. 19, 748, 000 0 18,927,000 724,000
Dead StOrage..ieeuermecereieensernannennsnses . 3,223,000 0 2,620,000 603, 000
Total storage below permanent sp1llway crest... ............... 28, 794, 000 0 217, 376,000 1,418,000
Total storage below spillway gates in raised position......... 31, 250, 000 0 29, 825, 000 1,425,000
Usable storage below permanent spillway crest......... .......| 25,571,000/................ 24,756,000 ceensas
Usable storage below spillway gates in raised position....... 28,027, 000]......... veenen 27,205,000(...cccnuanrnnmnnennes

the datum of 1929, leveling of 1935. The significant
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, 825, 000 acre-feet
in 1948. The required August 1 flood-control reserve
extended less than half an inch lower in 1948 than in
1935, although the usable storage below that level de-
creased 815, 000 acre-feet because of sediment deposi-
tion. However, the April 1 flood-control reserve by
1948 required an additional 0. 64-foot layer of the res-
ervoir as a result of deposition of 99, 000 acre-feet of
sediment in the upper part of the reservoir, chiefly in
the Lower Granite Gorge. The dead storage, below the
lowest outlet in the intake towers, was decreased

603, 000 acre-feet during the 14-year interval, because
of deposition of sediment.

Water Budget, by W. B, Langbein

The water budget of Lake Mead is an account of its
operation for the basic function of regulating the highly
variable flow of 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 years of low run-
off (fig. 4).

Lake Mead in 1935 had a usable capacity of more
than 28, 000,000 acre-feet, which by 1948 had been re-
duced to 27, 200, 000 acre-feet because of sediment
deposition. 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 210 percent of the average yearly flow
through the reservoir. This storage ratio is indicative
of a long detention time for river regulation and
control,

Setting up the water budget of the lake requires an
accounting of all items of inflew, outflow, and storage.
The shortest practical period for which the budget can
be set up is a year. Most of the inflow to the lake is
measured at the gaging station on Colorado River near
Grand Canyon, 145 river-miles above Lake Mead, and
the inflows from Bright Angel Creek and Virgin River
are also measured. The sum of these three constitutes
the measured inflow, There is about 25,000 square
miles of tributary area from which the runoff into the
lake is unmeasured; this unmeasured inflow is estimated
by statistical analysis to be a maximum of 3 percent
and to average about 13 percent of the measured inflow.
The precipitation on the lake is computed from the rain-
fall recorded at three locations around the lake, multi-
plied by the mean surface area during each year. In the
year of greatest annual precipitation, 1941, the com-
puted precipitation on the reservoir was considerably
less than 1 percent of the measured inflow from
tributaries.

The water released through Hoover Dam constitutes
nearly all of the outflow from Lake Mead, and this is
measured at a gaging station 1 mile below the dam.
Evapotranspiration constitutes the only other important
item of outflow from the lake. Evaporation is small in
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comparison with the measured outflow—about 5 to 7
percent of the annual discharge through the dam.
Nevertheless, it is one of the largest unmeasured
items in the water budget, for it is considerably great-
er than the unmeasured inflow and 10 to 30 times as
great as the addition by precipitation,

The estimates of evaporation used in the water budg-
et are obtained by statistical analysis of available data;
they assume a constant annual rate of evaporation of
6.0 feet per year, which ignores the variation in cli-
mate from year to year. The inadequacy of these es-
timates is fully recognized, and they were used in the
technical report as an interim measure, with the as-
surance that they will be superseded by more accurate
determinations on the basis of recent research at Lake
Mead.

The water budget shows that on an annual basis more
water enters into or is withdrawn from storage in Lake
Mead than is indicated by the capacity table. In other
words, Lake Mead has a significant amount of storage
space in addition to the volumes calculated from the
hydrographic survey of 1948-49, or even the original
reservoir survey of 1935, The unsurveyed storage in
Lake Mead represents the volume of water that can be
stored in the reservoir bottom and sides as determined
during the hydrographic survey of 1948-49. It corre-
sponds to bank storage along a river, with all the phe-
nomena of filling and draining of interstices as the lake
rises and recedes. It includes the water in the volume
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
bed and sides of the reservoir.

The magnitude of this bank storage, or ground-water
storage, is indicated by comparison of the reservoir
storage as indicated by capacity table and the total
storage as computed by difference between outflow and
inflow. As of September 30, 1941, the total storage
computed from inflow-outflow differences was
33,000, 000 acre-feet, compared with reservoir con-
tents of 29, 400, 000 acre-feet as compiled from the
original capacity curve. The difference of about
3,600,000 acre-feet is presumed to represent the
ground-water storage plus sediment storage.

In general under present conditions and with the
rough estimates now available for evaporation, precip-
itation, and unmeasured inflow, the annual change in
gross storage averages about 12 percent more than the
change in reservoir contents indicated by the capacity
table. At the spillway level of 1, 221, 4 feet, the com-
puted gross capacity of Lake Mead is about 35,000, 000
acre-feet, or 3,750,000 acre-feet more than is indi-
cated by the capacity of the table. The sediment par-
ticles carried into the reservoir between 1935 and 1948
have a total estimated volume of 550, 000 acre-feet,
and the water storage beneath the reservoir sides and
bottom when the lake is filled to capacity is therefore
about 3, 200,000 acre-feet.

Under present conditions there is a considerable
variation in usable ground-water storage with change
in lake levels, which adds materially to the degree of
river regulation afforded by the reservoir. From Sep-
tember 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 7,800,000 acre-feet, indicating a recovery of 660, 00C
acre-feet from ground-water storage during this 5-year
drawdown., Because of the time required for water to
saturate or drain from porous material, it is likely

that the ground-water storage changes only slightly dur-
ing short-time or seasonal changes in reservoir level.

LIMNOLOGY

This study is concerned especially with the physical
and chemical characteristics of the lake water, and
with interpretations and conclusions based on those
characteristics. In part, these characteristics are
products of the environment of the lake: the hot and
dry climate; the reservoir bed of ridges, canyons, and
broad basins; and the soluble rocks that form the reser-
voir floor in some places. In large part, however,
these physical and chemical characteristics are inher-
ited from the water that flows into the lake. A know-
ledge of the characteristics of the inflowing water is
therefore prerequisite to an understanding of the char-
acteristics of the lake water. Accordingly, there fol-
lows first a discussion of the physical and chemical
characteristics of the inflow and second sections de -
scribing the chemical and physical limnology of the
reservoir,

Physical and Chemical Characteristics of the Inflowing
Water, by C. S. Howard

About 95 percent of the inflow to Lake Mead comes
from the Colorado River and is measured at the Grand
Canyon gaging station, 190 miles above the uppermost
basin (Pierce Basin) of the lake. 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 chem-
ical characteristics of the water in Lake Mead.

In the first 14 years after the beginning of storage in
Lake Mead, 1,995 million tons of suspended sediment
passed the Grand Canyon station. Thus the Colorado
River has carried sediment toward Lake Mead at an
average rate of 142 million tons a year. Since 1926 the
annual suspended load measured at the Grand Canyon
station 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 annual runoff
was more than 19 million acre-feet. Plotting of the an-
nual runoff against sediment load (fig. 5) shows that
the sediment load is not directly proportional to the
runoff, but increases more rapidly with increasing dis-
charge., In the years 1941-50 the sediment load has
generally been less at equivalent runoff then in the pre-
ceding 15 years, The concentrations and sediment loads
of the inflow during the 1948-49 survey were near the
average for the period since 1935 at Grand Canyon,

In the winter months, November to March, the river
discharge is usually near the minimum for the year,
ranging from 3, 000 to 10, 000 cfs. Sand particles
rarely comprise more than 10 percent of the suspended
load, and clay is likely to make up half or more of the
total. During the period of greatest volume of flow—
April to July—sand ordinarily constitutes at least 20
percent and may be more than 50 percent of the sedi-
ment load. From August to October the discharge of
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the river may drop to less than 5, 000 cfs, or it may
increase to 30, 000 cfs or more for short periods be-
cause of flood runoff from cloudburst storms. Regard-
less of the discharge the distribution of particle sizes
in the suspended load is generally similar to that in the
winter, with less than 20 percent sand, and a predom-
inance of clay and very fine silt.

Most of the dissolved mineral matter in Lake Mead
is carried in by the Colorado River. The river has the
lowest concentration of dissolved solids in the spring
during the period of flood stages resulting from melting
snow, and the maximum concentration is found during
the periods of low flow when the runoff 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 por-
tions of the drainage area. During the 1948-49 survey,
the dissolved solids ranged from 800 to 1,000 parts per
million (ppm) in early 1948, decreased to a minimum
of 276 ppm in the period June 11-20, rose to 1, 380
ppm October 11-20, and then fluctuated between 800
and 1, 200 ppm during the winter of 1948-49, These
variations were less than have been recorded in some
years since 1935. In 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 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, before Hoover
Dam was completed.

The average annual concentration of dissolved solids
in the Colorado River has varied from 491 ppm in wa-
ter year 1928 to 960 ppm in 1934, Since Hoover Dam
was completed in 1935 the weighted average concentra-
tion of dissolved solids at Grand Canyon ranged from
749 ppm in calendar year 1940, the year of minimum
runoff, to 505 ppm in 1942, following the year of great-
est runoff. 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, by C. S. Howard

A density current has been defined as a gravity flow
of a fluid through, under, or over a fluid of approxi-
mately equal density (Bell, 1942b). Apparently this
flow takes place with very little mixing of the two
fluids. For the density currents in Lake Mead, the
difference in density may result from differences in
temperature or in content of dissolved material or sus-
pended material, or a combination of these three fac-
tors. Generally the difference in density has been
caused partly by particles in suspension, so that the
water in the density current is turbid (p. 20).

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 are the characteristics which
under favorable conditions produce density currents in
the lake.

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 (Grover and Howard, 1938). Subsequently,
laboratory studies of density currents were made by the
Soil Conservation Service (Bell 1942a, b). The Bureau
of Reclamation and the Geological Survey made field
observations of density currents in Lake Mead, which
have been reported by the Bureau of Reclamation (U. S.
Dept. Interior, 1941, 1947, 1949, 1953). During the
Lake Mead survey the observational and sample-
collecting program was expanded, with considerable
emphasis being given to the collection of data in the
upper end of the reservoir.

Density currents have been reported in each year
since 1938, and in all months except January. Some of
these 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 relat-
ed to such increases. Since August 1937 the sediment
level has risen more than 15 feet in each of eight pe-
riods; the amount of rise was more than 35 feet in the
fall of 1941, and almost as much in the fall of 1947
(fig. 6). Following each of these eight major rises the
sediment level has declined, rapidly at first and then
more gradually, presumably owing in part to compac-
tion. Several minor rises or interruptions in this gen-
eral downward trend may indicate minor accretions of
sediment at the dam. It is possible also that there is
some redistribution of sediment in the Boulder Basin
subsequent to deposition by density currents.

Chemical Limnology, by C. S. Howard

During the late winter the concentration 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 30 percent variation in the
concentration of dissolved solids from Pierce Ferry
to the intake towers and at practically all depths.

The freshets of April to July bring in water of lower
concentration than the lake water. As a result the sur-
ficial water is more dilute than the deeper water in
parts of the upper lake, and water with a dissolved-
solids concentration as low as 300 ppm is found as far
down lake as Gregg Basin in late May and the eastern
part of Virgin Basin in late July. In the Boulder Basin
the concentration of dissolved solids in surficial water
never reaches the minimum observed in the eastern
part of the lake, showing that some mixing and probably
some increase in solids through evaporation and solu-
tion have taken place. On the other hand, by late sum-
mer the surficial water at the head of the lake is more
concentrated than that in the Boulder Basin.

Inflow from the Colorado River and evaporation
losses from the lake are least in November, Decem-
ber, and January. As the air temperature lowers, the
surface water cools, 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 progres-
sively greater depths. The extent of the mixing in any
season depends upon the extreme air temperatures
reached. In January 1949 the mixing extended the en-
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tire depth at the intake towers, but in 1943 only the up-
per 150 to 200 feet of the lake was affected. By the
close of the winter season, just before the spring in-
flow, the lake water is as thoroughly mixed as it can
be for the year.

Throughout the year, except during a short period in
late winter or early spring, there is definite stratifica-
tion of the lake water, as shown by the existente of two
or more layers of water at different concentrations.

At the bottom of the lake the dissolved solids, alkalini-
ty, and temperature of the water are higher than in the
main body of water. Usually samples of this water
have large quantities of sediment. The greater
dissolved-solids content is mostly in calcium and bi-
carbonate, and it is likely that these constituents have
been dissolved from the sediment. Prolonged contact
of water with the sediments produces a further in-
crease in alkalinity and dissolved solids, Samples col-
lected at the intake towers and stored in the laboratory
increased 50 ppm in alkalinity in a 2-month period and
178 ppm in a year,

The temperatures of water recorded at the surface
in the main body of the lake have ranged from 53° to
90°F. These surface temperatures are affected by
wave action, wind currents, and evaporation, but the
trends reflect the changes in atmospheric temperature.
Large diurnal and seasonal fluctuations occur only in
the surficial zone of the reservoir. 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. The tempera-
ture of the water throughout the lake approaches uni-
formity in the winter both in depth and geographic
distribution,

Analyses of water released from the reservoir show
a variation generally less than 100 ppm of dissolved
solids in the course of a single year. This variation is
very small in comparison with that of the inflowing wa-
ter, which commonly varies by more than 1, 000 ppm
of dissolved solids during a year. Thus it is evident
that there is a great amount of mixing of waters in
Lake Mead (p. 15).

Changes within the lake result in changes in content
of dissolved solids in the stored water. The white pre-
cipitates along the shores below the high-water line of
the reservoir are conspicuous, although they represent
a very small volume of material. The disappearance
of soluble rock materials from the bed or banks of the
reservoir has also been noted in some places. Finally,
significant quantities of water have been lost from the
reservoir by evaporation, with a resultant increase in
concentration of dissolved solids in the water remain-
ing in the reservoir. The effects of these chemical
phenomena within the reservoir are shown by compar-
ison of the analyses of the inflowing and the outflowing
water,

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,
In the water year 1934 the dissolved solids in the river
below Hoover Dam amounted to 6, 500, 000 tons, slight-
ly greater than that measured at Grand Canyon. A to-
tal of 140,000, 000 tons was carried by the river in the

14 water years 1935-48, and it is estimated that an ad-
ditional 8, 000, 000 tons was carred in the unmeasured
inflow to Lake Mead in this period. In the 14 years the
dissolved solids in the outflowing water totaled
136,000,000 tons, or about 12,000, 000 tons less than
that carried in the inflow.

Since April 1, 1936, the dissolved solids in the out-
flow have never exceeded 825 ppm, whereas the concen-
tration of dissolved solids in the inflow has for short
periods exceeded 1, 700 ppm. On the other hand, the
sulfate concentration in the outflowing water in every
year from 1937 through 1949 has been greater than in
the inflowing water and in several years has been more
than 50 percent greater. The calcium content of the
outflowing water has been generally 20 to 35 percent
greater than that of the inflow, and the sodium content
in the outflowing water has also been as much as 25
percent greater in several years. These changes within
the reservoir are correlative with the solution and pre-
cipitation of mineral matter by the lake water and with
the overall concentration resulting from evaporation.

The evaporation losses from Lake Mead are about
5 to 7 percent of the average inflow to the lake, or
about 700,000 to 900,000 acre-feet a year., The soluble
salts from the evaporated water are left in the lake,
thereby increasing the concentration of dissolved solids
in the lake water.

It is estimated that during the first 14 years of stor-
age more than 1, 000, 000 tons of silica and 9, 000, 000
tons of calcium carbonate have been precipitated in the
lake. Most of the white deposit above the waterline and
around the lake edge is calcium and presumably car-
bonate, probably deposited by precipitation following
loss of carbon dioxide. Silica comprises about 20 per-
cent of the material. The marked decreases in silica
and bicarbonate shown in the weighted average analyses
of the outflowing water constitute additional evidence
of precipitation from the lake water,

The water released from Lake Mead has shown in
almost every year 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 on
September 30, 1948, carried 0,91 ton of dissolved
solids per acre-foot, the total solids in the lake would
be about 22, 300, 000 tons, of which about 12, 000, 000
tons is accounted for by the 14-year cumulative differ-
ence between inflow and outflow. The increase of more
than 10, 000, 000 tons represents only part of the dis-
solving action within the lake during the first 14 years
of storage, because an estimated 10,000, 000 tons of
calcium carbonate and silica have been precipitated
from the stored water. The total increase, about
20,000, 000 tons, has been chiefly calcium and sulfate,
derived from gypsum and anhydrite forming the lake
bottom and shores.

Although there has been an increase in dissolved
solids through evaporation and solution, 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 that 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 solu-
ble salts in the unregulated river water (as indicated
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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 ir-
rigation. Thus the “alkali” problem of the lands irri-
gated by the Colorado River below Lake Mead has been
decreased to an appreciable extent.

Physical Limnology, by E. R. Anderson and
D. W, Pritchard

The Navy Electronics Laboratory’s objectives in the
Lake Mead survey were: 1) To determine the general
circulation of the lake from the distribution of temper-
ature and salinity, and 2) to establish a preliminary
energy budget from which an estimate of evaporation
could be made. These authors have published (1951)

a detailed description of the methods and techniques
employed, a complete analysis of the data with respect
to circulation and evaporation, and a summary of the
basic data taken on the various limnological cruises.
The technical report of the comprehensive survey con-
tains only a summary of these studies.

Oceanographic techniques were utilized to establish
the general features of the circulation in Lake Mead.
Analysis of the data collected during 12 monthly
cruises on Lake Mead indicates a distinct and orderly
cyclic progression in distribution of properties and in
the implied circulation which can be related to the sea-
sonal changes of weather and river inflow.

In the winter the salinities in the lake are uniform,
ranging from 600 to 700 ppm (fig. 7). The inflowing
denser Colorado River water flows along the lake bot-
tom, appearing to influence bottom salinities well into
Boulder Basin, A single cellular circulation exists,
resulting in an uplake flow of surface waters from Vir-
gin Basin.

The spring runoff results in high inflow from Colo-
rado River which, because of its low salinity of 200 to
300 ppm, flows out over the lake water, producing a
layer of low salinity over most of the lake. The flow
along the surface sets up a cellular circulation below
150 feet which gives rise to flow uplake along the
bottom.

In summer, with decreasing inflow and increasing
salinity of inflow, the downlake spread of Colorado
River water occurs below the surface at about 80 feet.
Two distinct cellular circulations occur above Virgin
Canyon, one in the surface flow and the other below
80 feet, resulting in an uplake flow in deeper waters.
There is some evidence of a third cell, producing
downlake flow along the bottom, being caused by the
sinking of some sediment-laden inflow water along the
bottom,

In the fall the decrease in temperature of inflow
from Colorado River is associated with a greater sink-
ing of the inflowing river water. During this season
there is downlake flow along the bottom until, at about
170 feet in depth, the flow spreads horizontally down-
lake and then slopes up slowly toward the surface.

Two large cellular circulations, one producing uplake
movement of surface water and the other uplake move-
ment of bottom water exist above the Virgin Basin.

The seasonal cycle is completed when, with further
increase in density, the inflowing water flows all the
way down the slope of the delta along the bottom. The
deep cellular circulation is eliminated and the single
cell of the winter season remains.

Overton Arm appears to reflect primarily the water
conditions found in Virgin Basin, The influence of flow
from Virgin River is seen only in the upper few miles
of the arm. Sedimentation below Lower Narrows in
Overton Arm appears to result from the flow into Over-
ton Arm of water of Colorado River origin, Turbid wa-
ter from this source was observed to extend into Over-
ton Arm during the May survey. Characteristic of
all seasons is the relative uniform character of the
Boulder Basin, indicating that the Virgin Basin acts as
a sort of large “mixing bowl, ” in and above which the
large seasonal variations in salinity of the inflowing
waters are smoothed to nearly their mean value.

That conditions differ from year to year is evident
from the differences found between February 1948 and
the same month of 1949, which was abnormally cold.
The temperature of inflow in February 1949 was some
8°F less than in 1948, and the temperatures in the lake
ran from 3° to 5° less at all levels, The inflow during
February 1949 was only 4, 500 cfs as compared with
13,000 cfs a year earlier. Despite these differences
the major character of the salinity pattern and the in-
dicated circulation did not differ materially between
the two winter seasons. It is believed that the impor-
tant features of the circulation for all seasons as pre-
sented above is repeated from year to year.

In their estimate of evaporation from Lake Mead,
Anderson and Pritchard stress the preliminary nature
of their energy budget. Since the compietion of the
comprehensive survey of Lake Mead the Geological
Survey, Navy Electronics Laboratory, Bureau of Rec-
lamation, and Weather Bureau have cooperated in fur-
ther research in this field at Lake Mead and elsewhere,
with the result that data are now being collected which
permit determination of evaporation from Lake Mead
with a high degree of accuracy. The basic pattern of
the energy budget as outlined by Anderson and Pritchard
still holds, but their estimates of certain parameters
in this budget, particularly solar radiation and long-
wave radiation, would be modified by the subsequent
refinements and instrumentation.

SEDIMENTOLOGY

Methods of Investigation, by H. R. Gould

The conclusions concerning the accumulated sediment
are based largely on studies of more than 1, 800 sam-
ples, of which about 1, 500 were 6- to 12-inch segments
of 46 cores, and the others were collected by Foerst
sampler, dipper, snapper sampler, or pick. Of the
cores, 38 were obtained by a gravity corer, which pen-
etrated to a maximum depth of 95 feet, with an average
recovery of 35 percent. A piston corer used at 8 other
locations penetrated to a maximum depth of 79 feet,
with recovery generally close to 100 percent (Smith,

W. O., report in preparation). Physical properties of
the sediments were measured by standary laboratory
procedures. Sherman (1951, 1953) describes some of
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these procedures in his discussions of textural analy-
ses and of the flocculent structure of sediments in
Lake Mead.

Characteristics of the Accumulated Sediment, by
H. R. Gould

The sediment accumulated in Lake Mead has formed
two deltas, one of which extends from Bridge Canyon
to Hoover Dam along the thalweg of the Colorado Riv-
er, and another of much smaller size along the inun-
dated Virgin River channel. Most of the sediment
brought into Lake Mead is supplied by the Colorado
River and accumulates in the Colorado delta.

Deltas are characteristically formed by sediment-
laden streams where they enter the ocean or other
bodies of still water. The growth of the delta may be
analyzed conveniently with reference to the point at
which the flowing water meets the still water: Sedi-
ment is dropped in the river bed as water velocities
are reduced; additional sediment is carried to the edge
of this graded slope and dropped into the deeper still-
water body to form foreset beds; finer material is car-
ried farther out into the still-water body and there
forms the bottomset beds. As deposition continues the
foreset beds are built out progressively farther over
the bottomset beds, and in turn are covered by topset
beds; also the gradient of the stream is modified and
sediment is deposited upstream from the original
mouth. Thus the delta grows outward in the still-water
body, by deposition of foreset and bottomset beds; by
the deposition of topset beds it grows upward, and it
also projects backward into the original channel of the
stream that provides the source material,

The Lower Granite Gorge and the eastern part of
Pierce Basin have been filled with sediment to a level
higher than the average lake level (approximately 1,170
feet altitude). The Colorado delta progressively in-
creases in thickness from Bridge Canyon to Pierce
Basin, where it attains a maximum thickness of 270
feet. Topset beds make up the surface of this part of
the delta. Although some of the topset beds in the Low-
er Granite Gorge are above the level of the permanent
spillway crest (1, 205, 4 feet altitude), the delta in its
present stage of development does not extend upstream
from the original eastern end of the reservoir.

West of Pierce Basin the delta lies entirely beneath
the average lake surface, and is confined to the region
of the submerged Colorado River channel. Foreset
beds make up the surface of the delta in part of Pierce
Basin, but from that basin to Hoover Dam, a distance
of about 75 river-miles, the delta surface is composed
of bottomset beds. In Iceberg, Virgin, Boulder, and
Black Canyons steep walls bound the sediment on ei-
ther side, but in the intervening basins the delta
spreads out over the terraces that flank the inundated
Colorado River channel.

The topset beds that make up the surface of the Col-
orado delta in the Lower Granite Gorge have an aver-
age slope of 1.2 to 1.3 feet per mile, over which the
Colorado River flows into Pierce Basin. Because of
extreme fluctuations in river discharge and changes
in lake level, the topset beds are reworked extensive-
ly, but observations during 1948 and 1949 show that
the average gradient of 1,25 feet per mile is virtually
unchanged throughout the year,

The foreset beds that make up the delta front in
Pierce Basin dip sharply beneath the lake surface for
a distance of about 13 miles, measured along the course
of the submerged Colorado River channel. Near its
southern margin the delta front ranges in slope from
about 300 feet per mile near the top to less than 25 feet
per mile near the foot, and averages about 100 feet per
mile. The central and northern part of the delta front
is traversed by a valley 300 to 1,000 feet wide, and as
much as 25 feet below the average delta front. The axis
of this valley extends toward the mouth of the Colorado
River, At the foot of the delta front the valley broadens
out onto the gently sloping surface of the bottomset
beds. The average slope of the delta front measured
along the valley axis is about 55 feet per mile.

From the foot of the delta front to Hoover Dam, the
average slope of the bottomset beds is about 4 feet per
mile, ranging from an average of 9 feet per mile be-
tween the delta front and the mouth of Iceberg Canyon
to less than 1 foot per mile in the southern part of
Boulder Basin. There is a marked reduction in slope
of the bottomset beds beginning in the vicinity of Virgin
Canyon and extending westward to the dam. The bot-
tomset beds in 1948 had a minimum thickness of 45 feet
in the Temple Bar area, increasing progressively to
106 feet at the dam.

The Virgin delta occupies only the upper 14 miles of
the Overton Arm, and there it is restricted chiefly to
the inundated channel and flood plain of the Virgin
River. Except for their subdued relief, the surface
features of the Virgin delta are generally similar to
those of the Colorado delta. The topset beds make up
the surface of the upper 8 miles of the Virgin delta,
and they have an average slope of 10.7 feet per mile.
A break in slope at altitude 1, 140 feet marks the delta
front, where the topset beds grade into the foreset
beds, which have an average downstream slope of 29
feet per mile. Farther south the delta is composed of
bottomset beds with an average slope of 14 feet per
mile, which grade into the profile of the former Virgin
River channel at the toe of the delta.

The growth of deltas in Lake Mead is necessarily
more complex than those of streams debouching into
an ocean or into a lake having relatively constant level.
During the first 6% years of the lake history the point
at which the river entered still water migrated from
the Boulder Basin to Bridge Canyon in the Lower Gran-
ite Gorge (a distance of more than a hundred river-
miles), with variations each year corresponding to the
fluctuations in lake stage. Since July 1941 the lake has
generally been at elevations ranging from 1, 150 to
1,200 feet, reaching a minimum level of 1, 134 feet in
April 1947, and the river has entered the lake either
in Pierce Basin or in the western part of the Lower
Granite Gorge. A general idea of the growth of the Col-
orado delta from 1937 to 1948 may be obtained from
the profiles of plate 1.

The Lake Mead deltas are made up almost entirely
of particles of sand, silt, and clay. Gravel is present
only in the easternmost 2 miles of the reservoir and
is confined to the center of the channel; only a very
small part of the detrital load carried into the lake by
the Colorado River is composed of gravel. The sand
has been deposited at or near the mouths of the Colo-
rado and Virgin Rivers and is confined, therefore, to
the topset and foreset beds of the deltas, On the other
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hand, the silt and clay particles have been carried into
the deeper parts of the lake and deposited in the bot-
tomset beds. As a result, the Lake Mead deltas are
geographically graded, the coarsest particles accumu-
lating at the heads of the deltas and the finest particles
at the greatest distance from the source. This grada-
tion in particle size has produced a gradational change
in most other physical properties of the deltas. For
example, the sand of the topset and foreset beds, be-
cause of its small volume of interstitial water, is hard
and firmly packed, but the silt and clay of the bottom-
set beds have an extremely high water content which
has given them the consistency of a soft ooze. Only
samples of the most deeply buried layers are solid
enough that they do not flow under their own weight.
There are numerous gas cavities which in some zones
give the bottomset beds a spongelike appearance,

The water content and porosity are of particular in-
terest since they provide the best indication of the a-
mount of compaction that has taken place in the accumu-
lated sediment, When the silt and clay of the bottomset
beds are deposited, the water content is commonly
more than 80 percent of the wet weight of the accumu-
lated sediment, and the porosity exceeds 90 percent.
As additional layers are deposited on top of those in
place, the solid particles of the buried material pack
together more tightly, thus driving out part of the wa-
ter. The water content and porosity of the accumulated
sediment are also related to the size, shape, and.sort-
ing of the particles. The relationship is well illus-
trated in the Colorado delta where the water content
ranges from 16 percent in the sand of the topset beds
to 75 percent in the silt and clay of the bottomset beds.
Expressed in terms of volume, the porosity ranges
from 34 percent to 89 percent, The water content in
all sections decreases with increasing depth,

Sand and gravel when they are first deposited have a
high specific weight because of the dense packing of the
constituent particles. Silt and clay have a very low
specific weight when they are initially laid down be-
cause of the loose arrangement of the solid grains. In
the Colorado delta the specific weight ranges from 108
pounds per cubic foot for coarse sand to as little as 18
pounds per cubic foot for silt and clay (fig. 8).

According to laboratory experiments by Terzaghi
(1925), the consolidation or increase in specific weight
of sand is insignificant when subjected to pressures
less than about 100 pounds per square inch, Since the
weight of the superimposed load reaches this value only
in the most deeply buried sand layers east of the delta
front, the specific weight of the topset and foreset beds
probably does not increase appreciably with increasing
depth, and the specific weight of the surface material
is characteristic of all depths. Consequently, the spe-
cific weight of all the sand in the topset and foreset
beds east of the delta front is estimated at 93, 8 pounds
per cubic foot, which is the average specific weight of
12 samples collected from the surface of the topset and
foreset beds.

It has been assumed that the deeply buried bottomset
beds eastof the Colorado delta front are similarin tex-
ture to the bottomset beds immediately west of the delta
front. Data from the bottomset beds immediately west
of the delta front are available, however, only to a
sediment depth of 95 feet. Extrapolation of these data
to greater depths gives an estimated mean specific

weight of 100 pounds per cubic foot for the deeply
buried bottomset beds in the vicinity of the delta front.

It is estimated that the Colorado delta has an average
calcium carbonate content of 10, 3 percent. This quanti-
ty is far greater than can be accounted for by precipita-
tion from the lake, and it is concluded that large quan-
tities of calcium carbonate are carried into the lake as
part of the suspended load of the Colorado River, This
conclusion is confirmed by analyses by Sykes (1937) of
the suspended load of the Colorado River deposited in
the delta at the head of the Gulf of California, which in-
dicate that the suspended load has an average calcium
carbonate content of 10 percent.

The average organic content of samples from the bot-
tomset beds is 0, 93 percent, and of samples from the
topset and foreset beds, 0. 14 percent. Within the bot-
tomset beds the organic content shows a general but
somewhat irregular decrease from 1. 12 percent in
Pierce Basin to 0,68 percent at Hoover Dam,

Bacteriology and Biochemistry of the Sediments, by
F. D, Sisler

Bacteriological examinations were made of samples
of the sediment midway between the intake towers at
Hoover Dam. The samples were collected from depths
of 0.3, 46, and 99 feet below the sediment surface, or
approximately the top, middle, and bottom of the ac-
cumulated sediment. The samples indicated a progres-
sive decrease in water content with depth, from 71 per-
cent at the top to 62 percent at the bottom, and an in-
crease in temperature from 52°F at the top to 58. 4°F
at the bottom. The median particle diameter of a sam-
ple from 93-foot depth was 0,0006 millimeter and 97
percent of the particles were smaller than 0,008
millimeter.

The total bacterial population was found to exceed
1,000,000 bacteria per gram at all depths, and is thus
comparable with raw sewage. Near the mud surface
there is a minimum of 10, 000, 000 bacteria per gram.
By contrast the water within a foot above the sediment
surface contained only 100 bacteria per gram. By com-
parison with marine and natural lake muds, the Lake
Mead sediments are unique in containing a high bacte-
rial population distributed uniformly throughout a deep
and loosely packed layer.

Laboratory tests indicate that the abundance and ac-
tivity of the microflora have contributed to the heating
of the fresh sediment layer in Lake Mead, but radio-
activity was found to be negligible as a possible source
for the heating of the sediment in Lake Mead. It is es-
timated that the amount of heat from radioactivity is

less than 10-10 calories per hour per gram, whereas
the heat obtained from the biochemical oxidation of

oxidizable material in Lake Mead mud is about 10-6
calories per hour per gram.

The evolution of methane from the mud was demon-
strated in the laboratory. Methane production is a
common occurrence in swamps and some lakes where
conditions are anaerobic, and where abundant organic
matter such as cellulose is present., Although the mud
appeared to be a stable colloidal mixture, changing the
reaction in the laboratory from pH 7.25 to pH 10
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brought about a 22-percent volume reduction or com-
paction. The pH of sediments in situ may be a signifi-
cant factor in compaction of those sediments.

Amount of Sediment, by H. R. Gould

The amount of sediment accumulated in Lake Mead
may be expressed either in terms of volume-the space
occupied by both the solid constituents and the inter-
stitial water--or of weight, which includes only the
solid particles. The weights, volumes, and certain
other features of the sediment in individual basins of
Lake Mead are summarized in table 2,

The average annual rate of sedimentation during the
14-year period, 1935-1948, is computed to be 144 mil-
lion tons. Most of the material in the Colorado delta
and the Virgin delta has been supplied by the Colorado
and Virgin Rivers, respectively. Consequently, the
mean annual load of the Colorado River was 140 mil-
lion tons, and that of the Virgin River only 4 million
tons, in the 14-year period. During the same period
the suspended sediment carried by the Colorado River
averaged about 142 million tons a year or approximate-
ly 2 million tons more than the estimated average an-
nual deposition of sediment from the Colorado River in
Lake Mead in the same period. Such close agreement
between the mean annual suspended load of the Colora-
do River and the average annual rate of sedimentation
in the Colorado delta is striking.

Any material carried as bed load has not been in-
cluded in the measurement of sediment passing the
Grand Canyon station, whereas it is included in the es-
timate of the amount of sediment accumulated in the
Colorado delta. If the quantity of sediment carried in
the bed load were appreciable, the total amount of sed-
iment in the Colorado delta should be somewhat great-
er than the total suspended load passing the Grand
Canyon station, Since this is not the case, it appears
that the bed load of the Colorado River is extremely
small, and that practically all of the sediment supplied
by the Colorado River is carried in suspension,

Transportation of Sediment by Turbidity Currents,

by H. R. Gould

Some density currents (p.13) are produced solely by
differences in temperature or salinity, whereas others
may originate, at least in part, from differences in
their amount of suspended sediment. The type of den-
sity current in which suspended sediment accounts for
part of the difference in density is referred to here as
a turbidity current. Some quantitative aspects of Lake
Mead turbidity currents have been described elsewhere
by Gould (1951).

A turbidity current may be rather simply defined as
a gravity flow of turbid water through, under, or over
water of different density. Part of the difference in den-
sity is produced by suspended sediment, but suspended
sediment is not always the dominant factor. In the
overflow type of turbidity current (Bell, 1942a) the low-
er density of the current is due to higher temperature
or lower salinity or both. Similarly in the interflow or
underflow type of current, suspended sediment may not
account in some cases for as great a part of the higher
density as does lower temperature or higher salinity.
A density current moves through still water with very
little mixing and remains identifiable because of the
lack of mixing.

Turbidity currents are always present near the movth
of the Colorado River, but only rarely do they flow the
entire length of the lake. The three types of currents
designated above as overflow, interflow, and underflow
all occur in Lake Mead. Overflows occur only during
the late spring and early summer (usually from late
April to early July) when the incoming river water is
less saline than the water at the surface of the lake.
Turbid overflows seldom extend west of the Virgin Ba-
sin and they apparently never reach the dam.

Interflows during 1948 were most prominent in August
and September, when the temperatures of the river and
the lake surface water were about the same, but the
salinity of the incoming water was considerably greater
than *he salinity of the lake surface layer. The sus~

Table 2. --Sediment in individual basins of Lake Mead

Volume Weight
Area Percent Percent| Millions| Percent| Mean specific Mefiian ]
of total | Acre-feet| of total | of tons | of total weight particle dia-
area (lbs/cu ft) meter
(microns)
Colorado delta:
Boulder Basin.........cccveueunee teenencenes 26.9 295, 000 20.7 219 10.9 34.1 0.95
Virgin Basin........... verneeans 28.4 142, 000 10.0 123 6.1 39.8 1.25
Temple Bar Area.....c.ceeeeveieeiiennnnnes 8.7 59, 000 4.1 54 2,17 41.8 1.40
Gregg Basin.., 6.7 114, 000 8.0 122 6.1 49.4 2.45
Grand Bay...... 2.7 97,000 6.8 111 5.5 52.3 6.60
Pierce Basin.. 2.5 144,000 10,1 214 10.6 68,2 25.0
Lower Granite Gorge.... ........ 3.0 541, 000 37.9 1,113 55.3 94.5 150.0
Total or mean............co.... [ 78.9 |1, 392,000 97.6 1,957 97.2 64.6 47.0
Virgin delta:
Overton Arm....ccccovvvnveinennee vrvvnnenns 21,1 34,000 2.4 57 2.8 78.2 31.0
Total or mean, Lake Mead,....... 100.0 |1,426,000 100.0 2,014 100.0 64.9 44,0
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pended sediment settles to the bottom within a t"ew
miles of the river entrance, but the high salinity of
such interflows can be identified for a considerable
distance downstream and thus distinguishes the inter-
flow from the lake water above and below it,

Whenever the density of the inflow is greater than the
density of the deeper lake layers, the turbid water
plunges beneath the lake surface and travels downlake
as an underflow. Water discharged by the Colorado
River from October to April is colder, more saline,
and more turbid than the deep water in the eastern part
of the lake, hence it sinks rapidly beneath the clear
water and travels along the submerged Colorado River
channel. During this period the division between the
turbid river water and the clear lake surface is sharp
and distinct and is commonly marked by logs and other
debris which collect at the convergence of the opposing
surface currents,

Most underflows do not reach the western part of the
lake, but at least 12 conspicuous underflows have trav-
eled along the submerged Colorado River channel from
the river mouth to Hoover Dam. Of this number, 11
occurred during the first 7 years of reservoir opera-
tion (1935-1941) when the lake was from 70 to 120
miles long. The only other major flow of turbid water
to reach the dam arrived in the fall of 1947 when the
distance between the river mouth and the dam was
about 78 miles. Although these extensive currents are
comparatively rare, they have transported a tremen-
dous quantity of sediment great distances from the head
of the lake. The periods of underflow are marked by a
rapid rise in the level of the water-sediment interface
behind the dam (fig. 6) whereas the intervals between
periods of underflow are marked by a gradual but pro-
gressive lowering of the sediment surface due to com-
paction.

One of the most striking features of the underflows
is their low velocity. Mean velocities of 1.0 foot per
second are common near the river mouth where the
turbid water plunges down the face of the delta front,
but by the time these currents reach the flat floor of
the Boulder Basin, their velocities are less than 0, 25
foot per second and are commonly too low for meas-
urement,

In most of Lake Mead, underflows are confined to
the submerged channel of the Colorado River and are
generally only a few feet thick. Between the entrance
of the river in 1948 and the mouth of Iceberg Canyon
(a distance of about 14 miles), abundant mixing of the
muddy inflow and the lake water occurred several tens
of feet above the reservoir bottom, but west of Iceberg
Canyon the underflow of turbid water was confined to
the very deepest part of the reservoir. In late Novem-
ber 1948, an underflow of muddy water extended into
the eastern part of the Virgin Basin. Observations of
this current showed a very sharp interface between the
muddy flow at the bottom of the lake and the clear wa-
ter above. The underflow west of Iceberg Canyon was
about 3 feet thick and its density ranged from approxi-
mately 1.001 at the top to 1,20 at the bottom,

It has been estimated that approximately 50 percent
of the total weight of sediment accumulated in the Col-
orado delta is contained in the fine-grained bottomset
beds, and practically all of this material has been
transported by turbidity currents developed at the

mouth of the Colorado River. Most of the sediment in
Boulder Basin has been transported at least 70 miles
before finally coming to rest.

The Colorado delta deposits have a minimum thick-
ness of 45 feet in the Temple Bar area about 40 miles
above Hoover Dam. The progressively increasing
thickness east of this point is normal for a sediment-
laden stream entering quiet water. The increasing
thickness to the west may be attributed to Hoover Dam,
which has arrested the infrequent but farthest traveling
turbidity currents and caused deposition of their sus-
pended loads. In open water, some of these currents
might have continued for tens or even hundreds of
miles, and the total thickness of deposition would de-
crease progressively from the front of the delta near
the point of entrance of the inflowing water.

The suspended particles transported by the Colorado
River turbidity currents consist of 67 percent clay, 32
percent silt, and less than 1 percent sand. The coars-
est particles are generally deposited near the river
mouth and the finest particles at the greatest distance
from the source. The sediment may not settle as dis-
crete particles, but as flocculated masses that are 2
to 20 times larger than the individual grains. Studies
of suspended sediment in the Lake Mead underflows
(Sherman, 1953) and in the Colorado River (Grover and
Howard, 1938) show that the material also travels in
a flocculated state.

Most of the Virgin River turbidity currents have ex-
tended only a short distance into Lake Mead, but ob-
servations at Lower Narrows indicate that some under-
flows of turbid water have traveled through most, if
not all, of the inundated Virgin River channel. Records
obtained several times each year since January 1938
show that suspended sediment has appeared periodically
in the submerged channel between 1938 and 1947. Sus-
pended sediment was observed in the channel at Lower
Narrows in April 1948 but by January 1949 it had dis-
appeared. The suspended sediment at Lower Nar-
rows commonly appears prior to the period of Colorado
River overflows, and the Virgin River is evidently its
source.

Sedimentation in Relation to Reservoir Utilization,

by H. R. Gould

This section forecasts the pattern of sediment accu-
mulation in Lake Mead after evaluating the sediment-
storage capacity of the reservoir and the compaction of
the sediment.

The difference between the sediment-storage capacity
of Lake Mead and its water-storage capacity is equal
to the volume between the level surface at the elevation
of the spillway crest and the sloping sediment surface
that will extend upstream from the dam when the reser-
voir becomes filled with sediment. If we assume that
the ultimate slope of the topset beds will be at least as
great as the slope in 1948 (roughly 1.2 feet per mile),
the topset beds when the reservoir is completely filled
will intersect the old Colorado River profile about 13.5
miles upstream from the original head of the reservoir
and will rise about 160 feet higher than the permanent
spillway crest. The sediment-storage capacity above
the permanent spillway level is estimated to be about
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6, 900,000 acre-feet, and the total sediment-storage
capacity is therefore 35, 700, 000 acre-feet.

Sediment compaction has an extremely important
bearing on the rate of depletion of water-storage
volume and on the life expectancy of the reservoir,
The sediment accumulated in Lake Mead consists of
two major types of material; namely, the sand of the
topset and foreset beds, and the silt and clay of the
bottomset beds. The compaction of sand is probably
insignificant and can be neglected. The potential com-
paction of silt and clay, however, is large.

The degree to which silt and clay sediments are
compacted is related primarily to their depth of burial
and to the size, shape, and sorting of their constituent
particles. In order to obtain an average empirical re-
lation between these various factors, the depth and
water-content data of all cores from the bottomset
beds of both the Colorado and Virgin deltas were plot-
ted, and a best-fit visual curve was drawn which in-
dicated an approximately linear relation between de-
crease in water content and depth of burial of the bot-
tomset beds throughout a depth interval of 95 feet. By
the use of Hedberg’s (1936) porosity data for fine-
grained sediments, it is possible to extend the water-
content curve obtained from the Lake Mead cores to
considerably greater depths.

The gates through which water can be discharged
from the reservoir are at three levels, The upper-
most of these are the spillways with their permanent
crest at 1, 205 feet elevation. The gates at the two
lower levels are situated in the four intake towers im-
mediately uplake from Hoover Dam. The sills of the
upper gates are at an elevation of 1,045 feet, 310 feet
above the 1948 sediment surface and 415 feet above
the original floor of the reservoir. The sills of the
lower gates are at elevation 895 feet, 160 feet above
the 1948 sediment surface and 265 feet above the orig-
inal lake bottom at the intake towers. These are the
outlets through which water for generating power and
for downstream users is normally discharged.

All water stored below the 895-foot level is, of
course, in dead storage. When water was first im-
pounded behind Hoover Dam, the dead storage space
measured 3,223, 000 acre-feet, but by January 1949
it had been reduced by the accumulation of sediment
to 2,620,000 acre-feet, or by 18.7 percent. Whenever
the dead storage space becomes completely filled with
sediment it will be necessary either to discharge great
quantities of sediment downstream or to close the low-
er gates and allow them to become covered. Loss of
the dead storage space will thus mark the first critical
stage of reservoir filling. Similarly, the filling of the
reservoir to the sills of the upper gates in the intake
towers and to the permanent spillway crest will
denote, respectively, the second and third critical
stages.

A total of about 2, 000 million tons of sediment (dry
weight) has been deposited in Lake Mead during the 14-
year period 1935 to 1948. This quantity is taken as a
convenient unit of measurement for discussion of the
future accumulation of sediment in Lake Mead. This
material consists of approximately 45 percent sand
and 55 percent silt and clay. The total load of sand,
therefore, is 900 million tons, and the total load of
silt'and clay is 1, 100 million tons. For the few cen-

turies under discussion in the following paragraphs, it
is assumed that the size distribution will be similar to
that in the 2, 000-million ton sample accumulated prior
to the 1948 survey.

Using a mean specific weight of 93.8 pounds per cubic
foot for sand, the total sediment-storage capacity
(35, 700, 000 acre-feet) has been reduced 441,000 acre-
feet by the sand in the first 2, 000 million tons of sedi-
ment brought into the reservoir. Since it is assumed
that sand will experience no further compaction, the
sand in each 2, 000-million ton unit will reduce the total
sediment-storage capacity by an equivalent amount.
The rate of sediment-storage depletion resulting from
the accumulation of silt and clay is not constant, but
will become progressively less because of increased
compaction during the filling of the reservoir.

Based on curves of sediment compaction it is calcu-
lated that when Lake Mead reaches its sediment-storage
capacity of 35,700, 000 acre-feet, it will contain 74, 700
million tons of sediment--37 times as much as in 1948
with a mean specific weight of 96. 1 pounds per cubic
foot, 48 percent greater than the computed mean in
1948. The sand of the topset and foreset beds will
weigh 33, 600 million tons, with specific weight of 93.8
pounds. The silt and clay will have a mean specific
weight of 98.0 pounds per cubic foot, and a total weight
of 41, 100 million tons.

The usefulness of the reservoir will not be materially
impaired until its water-storage capacity at the level
of the permanent spillway crest is reduced to about
13,000, 000 acre-feet, the average annual flow into
Lake Mead from 1935 to 1948. This will occur when
the sediment accumulation becomes slightly more than
18 times as great as the amount brought into the lake
between 1935 and 1948. At that time the topset, fore-
set, and underlying bottomset beds will fill all the res-
ervoir east of Virgin Basin and extend into that basin,
The bottomset beds at the dam will reach almost to the
level of the upper outlet gates. The water-storage ca-
pacity (not including ground-water storage) will be
about 13,000, 000 acre-feet below the permanent spill-
way crest, comprising about 4, 500, 000 acre-feet in
Boulder Basin, 500, 000 in Boulder Canyon, 5,000, 000
in Virgin Basin, and 3, 000, 000 acre-feet in Overton
Arm. The total water storage can be increased to about
14, 900, 000 acre-feet by raising the spillway gates.

The sediment level at the dam will reach the elevation
of the lower outlet gates when the total accumulation
becomes about seven times as great as the amount
prought into the lake from 1935 to 1948. At that time
the reservoir east of Gregg Basin will be filled with
sediment, but abundant storage space will still be
available in the western part of the reservoir. The
water-storage capacity below the permanent spillway
crest will be about 22,000,000 acre-feet, comprising
6, 300, 000 acre-feet in Boulder Basin, 800,000 in
Boulder Canyon, 8,000,000 in Virgin Basin, 3, 300, 000
in Overton Arm, 2,000,000 in the Temple Bar area,
300, 000 in Virgin Canyon, and 1, 300, 000 acre-feet in
Gregg Basin, By raising the spillway gates, the total
storage can be increased to about 24, 100, 000 acre-
feet.

These predictions are based on certain assumptions,
of which an important one concerns reservoir opera-
tions. It is assumed that the average operating level
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will be at spillway level 35 feet higher than at present,
and on that assumption it is predicted that approxi-
mately 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.

In the foregoing discussion of the various stages of
reservoir filling it has been assumed that all the sedi-
ment transported into Lake Mead will be deposited in
the lake and that none will be discharged through the
outlet gates or spillway tunnels of Hoover Dam. If the
outlet gates are used for discharging sediment through
the dam, however, it is likely that the reservoir will
never become entirely filled with sediment but will
eventually reach a terminal stage when all the sedi-
ment transported into the lake will be discharged
through the outlet gates and spillway tunnels of Hoover
Dam.

LIFE OF THE RESERVOIR
By H. E. Thomas, H. R. Gould, and W, B. Langbein

The quantities of sediment that may eventually be
deposited in Lake Mead—about 75, 000 million tons
when the reservoir is completely filled, or 37,000
million tons at the half-way point, as calculated by
Gould—are essential items in the computation of the
life of the reservoir. The life, or the half-life, of the
reservoir in years depends also upon the average an-
nual rate of sediment accumulation. The life of the
reservoir is forecast first on the assumption that the
average rate of accumulation in the 14-year period
1935-48 will continue in the future, and then on the ba-
sis of analyses of other hydrologic data for the purpose
of evaluating the “normal” rate of accumulation.

Projection of Observed Rates of Sediment Accumulation

Some estimates of the probable life of Lake Mead
have been based on projection of the observed rates of
sediment accumulation at Hoover Dam. As shown by
figure 6 the top of the sediment rose 100 feet in the
first 3 years of operation of the dam, and then rose
another 40 feet by the fall of 1941, less than 7 years
after water was first impounded. This rapid rise of
the sediment level--to a position about halfway between
the original river bed and the lower gates at the intake
towers--could lead to very pessimistic estimates as
to the life of the reservoir. However, the rapid rise
is readily explained by the shape of the reservoir: the
volume in the lowest 100-foot layer of the reservoir
(below elevation 720 feet) constitutes less than 0.5 per-
cent of the reservoir capacity. Records since 1941,
too, show that sediment compaction is a very impor-
tant factor at the dam, for by January 1950 the sedi-
ment level at the intake towers was 38 feet lower than
it had been in 1941. Projections of the observed rate
of sediment accumulation into the future necessarily
lead to erroneous estimates of the life of the reser-
voir, if they neglect the factor of compaction.

Other estimates of the life of Lake Mead have been
based upon projection of the ratio of sediment volume
to the water-storage capacity of the reservoir. In the
1948-49 survey it was determined that the volume oc-
cupied by sediment was 1,426,000 acre-feet, and thus
the average annual rate of accumulation in the 14-year
period was 102,000 acre-feet. By projection of this
rate of accumulation, the time required for a sediment
volume equivalent to the original water-storage capac-
ity of Lake Mead would be 280 years.

The maximum life of the reservoir will be consider-
ably greater than this, however, because 1) the
sediment-storage capacity is greater than the water-
storage capacity of the lake, and 2) the current average
specific weight of the sediment will be increased by
compaction., From consideration of the principles of
stream gradation and the history of delta building in
Lake Mead to date it has been concluded (p. 21) that
the sediment-storage capacity of the reservoir is about
25 percent greater than the water-storage capacity.
From analysis of core samples and other data, it has
been estimated (p. 22) that the average specific weight
of the sediment when the reservoir is completely filled
will be nearly 50 percent greater than the average of
the deposit in 1948. The 2, 000 million tons of sediment
deposited in the 14-year period (1935-48) constitutes
only 2.7 percent of the calculated ultimate storage ca-
pacity of nearly 75, 000 million tons. By projection of
this rate of accumulation, the probable maximum life
of the reservoir is computed to be about 520 years.
The time required to reach the half-way point, when
accumulation of 37,000 million tons of sediment will
have reduced the water-storage capacity at the perma-
nent spillway crest to 13,000, 000 acre-feet, would be
about 260 years.

“Normal” Rate of Sediment Accumulation

In using the record for a 14-year period to forecast
events 5 centuries in the future, we are using an ex-
ceedingly short base and projecting it for nearly 40
times its length. Any inaccuracies in that base are
similarly magnified in the forecasts. Thus, if on the
average it takes only 12 years for streams to carry the
2,000 million tons that reached Lake Mead in the 14-
year period, the probable life of the reservoir would
be shortened by 75 years. The records at Grand Canyon
show that there is sufficient variability in sediment load
to justify a great range in forecasts as to the probable
life of the reservoir. In the single year 1927 the sus-
pended load of 480 million tons was nearly one-fourth
of the total carried in the 14-year base period; and in
the 8 years 1926-33 the river carried 2, 000 million
tons of sediment past the Grand Canyon station--as
much as was carried in the 14-year period 1935-48.

Hydrologists are generally agreed that the period
1935-48 was not a normal period, for the average run-
off was appreciably less than averages for longer
terms, and the sediment load was also less than the
average for the entire period of record. The problem
is complicated by the fact that the sediment-runoff re-
lation since 1941 has been notably different from that
recorded in earlier years.
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The volumetric survey of 1948 provides only one
point of correlation between runoff and sediment: that
2, 000 million tons of sediment was carried into the
reservoir by 176 million acre-feet of Colorado River
water, plus the unmeasured flow of other tributaries.
Any detailed analysis of the rate of sediment transpor-
tation in relation to stream discharge depends on rec-
ords of suspended load, especially the record for the
Colorado River at Grand Canyon.

The record of sediment at Grand Canyon, beginning
in 1926, provides information as to the suspended load
and contemporaneous runoff for nearly a quarter of a
century. Records of river discharge cover a longer
period, and climatic fluctuations are inferred for a
still longer period, but the sediment-runoff relation-
ships in these extended periods must be extrapolated
from the relatively short sediment-gaging records.

The average annual load of suspended sediment pass-
ing the Grand Canyon gaging station in the 23-year pe-
riod 1926-48 was 175 million tons, or about 23 percent
greater than the mean annual load (142 million tons)
during the 14-year period 1935-48. The mean annual
runoff in the 23-year period was 12.8 million acre-
feet, or 2 percent greater than the average for the pe-
riod 1935-48. If the high suspended load recorded at
Yuma in the years 1911-25 is representative of Upper
Basin, it appears that the rate of sediment transport
into the Lake Mead area during the 38-year interval
1911-48 may possibly be as much as 60 percent above
the 1935-48 average.

Schulman’s (1945) tree-ring investigations in Upper
Basin provide a basis for estimating the average rate
of runoff of the Colorado River during the past several
hundred years. Extrapolation of his results, together
with available runoff records, suggests that the aver-
age annual virgin streamflow at the Grand Canyon sta-
tion during the 658-year period 1288-1945 has been
about 15, 800, 000 acre-feet, slightly less than the es-
timated virgin flow in the period 1897-1948. However,
this long-term average is about 7 percent greater than
the estimated actual flow in the 52 years, 23 percent
greater than the measured flow in the period 1926-48,
and 27 percent greater than the average discharge in
the 14-year period 1935-48, The depletions caused by
water development, currently about 2, 200, 000 acre-
feet a year, will doubtless insure that the average flow
at Grand Canyon in the future will be less than the
average as indicated by tree-ring records. With no
increase in the amount of upstream diversions, this
long-term future average should be about 13, 600, 000
acre-feet, or 8 percent greater than the average in the
14-year period 1935-48.

In four years since 1926 the annual runoff at Grand
Canyon has been close to the projected long-term mean
of 13, 600,000 acre-feet: In 1930, 1944, 1947, and
1948 the runoff ranged from 13, 400, 000 to 13, 900, 0U0
acre-feet. These four years demonstrate the striking
variation in sediment transport that is characteristic
of the records to data. The measured sediment load
was more than 235 million tons in 1930, but less than
98 million tons in 1944. In both 1947 and 1948 the load
was close to the 142 million-ton average for the 14-
year period 1935-48. Similar inconsistencies are ap-
parent throughout the record, including years of high
as well as low runoff. Thus in 1950 less sediment was
carried in 11, 200, 000 acre-feet of water than was

transported by 6, 700, 000 acre-feet in 1931; and
17, 300, 000 acre-feet of water carried 389 million tons
of sediment in 1927, but only 230 million in 1942,

As shown by figure 5 the sediment-runoff relation in
the years 1942 to 1950 is as consistent as for earlier
years of record, and the curve showing that relation is
approximately parallel to that drawn on the basis of
records for the years 1926 to 1940, However, in each
of the later nine years the annual sediment load has
been 50 to 100 million tons less than would be expected
on the basis of the curve established by data for years
prior to 1941.

Neither the annual runoff nor the seasonal distribu-
tion of runoff since 1941 has been perceptibly different
from that in earlier years, and thus neither offers an
explanation for the change in sediment-runoff relation-
ship that year. Since that year introduced a new and
different relation that has persisted for at least 9
years, the factor or factors causing the change must
have been effective for a similarly long period. It is
believed that a possible explanation may lie in long-
term trends in regional precipitation. The southwestern
United States since 1941 has recorded a drought which
is recognized as one of the eight most severe droughts
in 600 years. Lake Mead is within this drought area,
but the principal sources of its water supply are far to
the north, in a region where precipitation has generally
been about normal. The drought-affected area includes
most of the sediment-producing area of the Colorado
River basin: the basins of the Virgin, Little Colorado,
San Juan, and Dirty Devil Rivers, and smaller tribu-
taries that enter the Colorado below the mouth of the
Green River. The change in sediment-runoff relation
since 1941 may well be a product of drought; reduced
streamflows in sediment-producing tributaries, and
corresponding reduction in contribution of sediment
from them; normal streamflow from the high headwater
areas in Colorado, Wyoming, and northern Utah.

The life of Lake Mead will be prolonged if some of
the sediment is permitted to pass through the reservoir
and dam and continue downstream. At the present time,
of course, there is no possibility of passing sediment
through the intake towers and there is little likelihood
of doing so in the near future, because the water is
habitually clear at the lower gates of the intake towers.
At some time in the future it is inevitable that the sed-
iment surface will approach that level, and it will then
become a question of operational policy whether to
cease using the lowest reservoir outlets or to draw
sediment-laden water through them. If passage of
sediment-laden water through the lower gates is ac-
cepted as normal procedure, the outflow of sediment
will be nil for several decades, while the sediment
surface rises toward the 895-foot level. Then one may
expect sediment outflow, occasionally at first as a re-
sult of exceptional turbidity currents, then more fre-
quently and with greater volumes of sediment as the
sediment surface in Boulder Basin continues to rise.

From the foregoing discussion, the following con-
clusions are believed to be warranted as to the future
rates of sediment accumulation Lake Mead:

1. The average annual rate of suspended-load trans-
port at Grand Canyon in the 14-year period 1935-48 is
142 million tons, and this rate is well confirmed by the
calculated total of sediment accumulated in Lake Mead
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during the period, However, the quantities calculated
by both methods are probably 3 to 5 percent less than
the total sediment deposited in the lake in the 14-year
period. The error in suspended load measurements
results chiefly from the omission of unmeasured loads
of the Virgin River and other minor tributaries to the
lake, whereas the error in measurements of the quan-
tity of sediment accumulated in the lake results from
the omission of unmeasured amounts of sediment de-
posited during the 1935 and 1948 surveys. The upper-
most graph of figure 9 is based on the assumption that
sediment accumulation will continue at the rate of ap-
proximately 148 million tons a year, or 4 percent
more than the average annual suspended load at Grand
Canyon during 1935-48.

2. The average annual rate of suspended-load trans-
port at Grand Canyon in the last 7 years of this 14-
year period was only 104 million tons, but this reduced
rate is attributed to exceptional climatic variations
within the basin and is not considered to be indicative
of future trends. Inclusion of the data for these 7
years has of course lowered the average annual rate
in the 14-year period.

3. The average annual suspended-load transport at
Grand Canyon in the 23-year period 1926-48 is 175
million tons, and if a 4-percent allowance is made for
unmeasured contributions to the river above Black
Canyon (as in 1935-48), the estimated average rate of
sediment inflow to the Lake Mead area would be in-
creased to 182,000, 000 acre-feet a year. Most of the
graphs of figure 9 are based on a projection of this
rate.

4, Correlation of sediment records at Grand Canyon
and at Yuma is considered to be too weak to justify
conclusions as to rates in years prior to 1926,

5. The average annual runoff in the 23-year period
1926-48 was only 2 percent greater than in the 14-year
period 1935-48. There is evidence from tree-ring
studies that the long-term average virgin flow of the
Colorado River at Grand Canyon is about 15, 800, 000
acre-feet annually, which is slightly less than the
average obtained from extended records of streamflow
in 1897-1948, corrected for stream depletions. With
current depletions, however, the estimated long-term
average at Grand Canyon is about 13. 6 million acre-
feet a year. The 1926-40 curve on figure 5 offers a
possible sediment-runoff relation, based on 15 years
of record: with annual runoff of 13. 6 million acre-feet
the annual sediment load would be about 200 million
tons. The basis for this estimate is weak, because of
the great uncertainty as to the sediment-runoff rela-
tion,

6. The construction of Glen Canyon reservoir will
intercept more than 75 percent of the sediment moving
toward Lake Mead, and together with Bridge Canyon
reservoir will intercept about 95 percent of it, until
the two reservoirs start spilling sediment, Upstream
development and use of water may reduce the sediment
inflow to these two reservoirs by about 25 percent.

7. After the sediment level at Hoover Dam has risen
to the level of the lower outlet gates, silt and clay can
be passed through the turbines until the rate of sedi-
ment outflow approaches half the rate of sediment in-
flow.

The graphs of figure 9 demonstrate the variation in
estimates based on various assumptions as to the fu-
ture. More significant, they show that the benefits of
Lake Mead will continue for many centuries and that
the usefulness of the reservoir will not be seriously
impaired.

PROBLEMS FOR FUTURE STUDY

The Lake Mead survey has provided answers to many
perplexing questions, but equally important, it has
raised many new questions and serves to focus attention
upon problems that require further study. Many of the
conclusions throughout the technical report are neces-
sarily hedged because of the incompleteness of our
knowledge. This is particularly noticeable relative to
the life of the reservoir, which is necessarily specu-
lative because it is concerned with future centuries,
but which must be satisfied with wide limits because of
uncertainty both as to observed phenomena and basic
principles of sedimentation, The Lake Mead survey
serves as an introduction both to a discussion of prob-
lems related to reservoirs in general by Thomas Mad-
dock, Jr,, and to discussions of the broad hydrologic
and geologic problems of the Colorado River basin by
C. B. Hunt and H. E. Thomas,
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