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Symposium 4. - Sedimentation in Reservoirs 
INTRODUCTION 

This symposium concerns problems directly 
related to sediment deposition in and above 
reservoirs. The papers and discussions to fol- 
low present typical problem situations encount- 
ered in the United States and describe practices 
used by government agencies having responsi- 
bilities for design and operation of reservoir 
projects. Individual papers discuss methods of 
estimating future conditions ; surveying proced- 
ures ; measuring instruments and techniques ; 
design considerations; and measures used to 
alleviate certain problems. Most of the discus- 
sions pertain to problems associated with spe- 
cific projects, specific types of reservoirs, or a 
single aspect of a reservoir sediment problem. 
All are concerned with one or more aspects of 
reservoir storage depletion and/or features 
associated with local deposition and erosion. 

Information contained in the papers concern- 
ing reservoir surveys and related observations, 
reflect important improvements that have been 
made during the past 15 years in the develop- 
ment of instruments,, equipment and techniques 
for measuring sediment. One of the most 
significant advances, implicit in several of the 
papers, has been the development of knowledge 
regarding optimum balance between require- 
ments for survey facilities, survey types, and 
timing of resurveys necessary to accomplish the 
basic objectives. 

Collectively, the papers show that the impor- 
tance of problems varies regionally, depending 
upon the quantities and characteristics of mate- 
rials transported by streams and according to 
reservoir types and purposes. However, reason- 
ably accurate volumetric forecasts of total 
deposits or depletion of space within a given 
elevation-zone is not always indicative of the 
seriousness of problems that may arise. For 
example, storage allocated for recreation may 
become adversely affected for that purpose in a 
short period of time because of unfavorable 
distributions even in cases where total volumes 
of deposits are relatively small. It is noteworthy 

that several of the papers reflect the increased 
attention being given to sediment distributions 
in investigations for project planning, design 
and operation. 

In view of the importance attached to loca- 
tions of sediment deposits, it is significant that 
none of the papers contain suggestions regard- 
ing approaches for rigorous analyses to predict 
distributions. The distributions are governed 
by numerous factors which include sediment 
quantities and characteristics; reservoir size 
and shape ; tributary locations and relative mag- 
nitudes of sediment contributions ; unprediet- 
able sequences of extremes of hydrologic events 
and effects of coincidental regulation opera- 
tions; and influences of unforeseen upstream 
developments. Because of the complexities in- 
volved, the prospects for development of pre- 
cise methods for general application in predict- 
ing future distributions are not promising. 
However, the papers show that, for engineering 
purposes, considerable progress has been made 
in the use of empirical methods to aid in fore- 
seeing potential problems. 

As the development of survey methods and 
techniques has progressed with field experience, 
improvement of capabilities for forecasting res- 
ervoir sedimentation effects, has been coincident 
with a gradual accumulation of improved basic 
data. The Subcommittee on Sedimentation has 
endeavored to facilitate continued efforts in 
reservoir sediment investigations by arranging 
for exchange of pertinent reports and records 
prepared by various agencies. A continuing ac- 
tivity in this area is a cooperative arrange- 
ment whereby standardized summaries are pre- 
pared of all reliable reservoir sedimentation 
surveys made in the United States. These rec- 
ords, which are now available for more than 
1,000 reservoirs of various types and sizes, are 
expected to be of lasting value for further 
studies of problems represented in the follow- 
ing papers. 

777 
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SEDIMENT STORAGE AND MEASUREMENT IN THE 
UPPER COLORADO RIVER BASIN 

[Paper No. 781 

By CLYDE D. GESSEL, chief, Special Studies Branch, Division of River Control, Bureau of Reclamation, 
Salt Lake City 

Abstract 
Provision for sediment storage was a major 

consideration in the planning, selection, and de- 
sign of the reservoirs of the Colorado River 
storage project in the Upper Colorado River 
Basin. These reservoirs are now all in final 
stages of planning. design, or construction, and 
include Flaming Gorge Reservoir on the Green 
River, Navajo Reservoir on the San Juan River, 
Blue Mesa, Morrow Point, and Crystal Reser- 
voirs on the Gunnison River, and Lake Powell 
on the Colorado River. Total initial storage ca- 
pacity is 33.6 million acre-feet. Estimated sedi- 
ment accumulation will total 17.8 million acre- 
feet in 200 years. Extensive data collection 
facilities have been installed in the reservoir 
basins and in headwater and tailwater reaches 
to insure adequate means to accomplish periodic 
future measurements of deposited sediments 
and channel changes. 

Introduction 
Construction and closure of the four units of 

the Colorado River storage project will initiate 
a new stream regimen on the main stem of the 
Colorado River and on each of the prinicpal 
tributaries in the Upper Colorado River Basin. 
Gone forever will be the natural flow patterns. 
Largely substituted for the natural hydro- 
graphs of the uncontrolled streams will be flow 
patterns dictated by the requirements for stor- 
age, control, and use of the water of the Upper 
Colorado River to meet terms of the Colorado 
River Compact, the Upper Colorado River Basin 
Compact, and the various beneficial uses to 
which the waters of the basin will be applied. 
These include irrigation, industrial and muni- 
cipal, power production,, flood control, recrea- 
tion, and fish and wildhfe uses. With the con- 
trol, storage, and use of the water will come 
attendant changes in the movement of sediment 
in the main stem of the Colorado River and 
principal tributaries in the Upper Colorado 
River Basin. This paper will describe some of 
the activities relating to the storage and future 
measurement of sediment in the four units of 
the Colorado River storage project. Time will 
not permit discussion of the numerous partici- 
pating projects nor more than a general de- 
scription of the problems involved and the plan- 
ning that has been accomplished in handling 
the sediment phases of the project. 

Provision for sediment storage was a major 

consideration in the planning, selection, and 
design of the principal reservoirs of the Colo- 
rado River storage project in the Upper Colo- 
rado River Basin. A basic concept adhered to 
was that a specified minimum active storage 
content should remain at the end of a 200-year 
period. Thus, reliable estimates were necessary 
to determine the storage capacity required in 
each of the project reservoirs to accommodate 
the amounts of sediment believed to be present 
and passing each of the damsites. Several esti- 
mates of sediment accumulation and distribu- 
tion were made during various stages of plan- 
ning the reservoir system as new data were 
collected and analyzed. These estimates have 
now been refined, based upon all data that are 
available. Further revisions will be made in the 
future as a result of continued measurement of 
sediment loads moving in the streams and ob- 
servance of sediment accumulations in the 
reservoirs. 

A brief description of each of the storage 
units will serve to acquaint you with the magni- 
tude of the Colorado River storage project. 
Figure 1 shows the location of the reservoirs 
and principal geographic features of the Upper 
Colorado River Basin. Estimates of the amounts 
of sediment that will be trapped in eaen reser- 
voir will he presented, and the various means 
to measure the amount of sediment deposition 
and changes in stream channels in reservoir 
backwater and tailwater reaches will be 
described. 

Description of Storage Units 
Flaming Gorge Dam and Resmvoir 

Flaming Gorge Dam is located on the Green 
River in the northeastern corner of Utah about 
40 miles north of Vernal. The dam and the 
lower part of the reservoir are situated in a 
deep gorge of the Uinta Mountains, a part of 
which was named Flaming Gorge by John Wes- 
ley Powell in his exploration of the Green and 
Colorado Rivers in 1869. The rest of the 90- 
mile-long reservoir extends upstream into the 
rolling hills and flat lands of southwestern 
Wyoming to the vicinity of Green River, Wyo. 
The reservoir will control a drainage area of 
15,350 square miles and contain total storage 
of 3,789,OOO acre-feet when full to normal water 
surface level of 6,040 feet m.s.1. Operation of 
Flaming Gorge will be geared for the maximum 
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generation of hydroelectric energy, so consider- 
able seasonal and long term fluctuation of the 
water surface is expected. Flaming Gorge Dam 
was closed, and storage in the reservoir began 
on November 1, 1962. 

Navajo Reservoir 
Navajo Reservoir was the first storage 

project unit to be closed and storage initiated 
therein. This occurred on June 27, 1962. 
Navajo Dam is located on the San Juan River 
immediately downstream from its junction 
with the Pine River in northwestern New 
Mexico. The reservoir extends 35 miles up- 
stream into Colorado, and the headwaters are 
situated in both the Piedra and San Juan Rivers 
at normal water surface elevation of 6,085 feet 
m.s.1. The drainage area is 3,190 square miles, 
and storage capacity totals 1,709,OOO acre-feet. 
No powerplant was included, but the dam will 
form the future diversion point for the Navajo 
Indian irrigation project south of the San Juan 
River in the vicinity of Farmington, N. Mex. 
The bulk of the river flow will be released 
through the outlet works initially until major 
diversion demands arise for the irrigation proj- 
ect. This reservoir will largely regulate the San 
Juan River at the damsite, but sizable spills 
will occur in years of high runoff and several 
large tributaries of the San Juan River below 
Navajo Dam will not be regulated. 

Cureranti Unit 
The Cureeanti unit consists at the present 

time of two reservoirs located on the Gunnison 
River downstream from Gunnison, Colo., and 
upstream from the mouth of the Cimarron 
River. Blue Mesa Reservoir, formed behind 
Blue Mesa Dam, is the upper and principal 
regulatory unit, with a storage capacity of 
941,000 acre-feet at elevation 7,519.4 feet m.s.1. 
Morrow Point Dam, 12 miles downstream from 
Blue Mesa Dam, forms a 117,000.acre-foot lake 
in the deep, narrow Gunnison River Canyon. 
Crystal Dam and Reservoir, next downsteam, 
with a storage capacity of 38,000 acre-feet, is 
now under active consideration. All three dams 
will be equipped with hydroelectric power- 
plants. Peaking energy will be generated at 
Blue Mesa and Morrow Point powerplants. 
Crystal Reservoir will thus be required to pro- 
vide short-term regulation of releases down the 
Gunnison River, while Blue Mesa Reservoir will 
possess sufficient capacity for seasonal and long 
term regulation. Completion of Blue Mesa Dam 
is due in late 1965, and Morrow Point in 1966. 
No definite schedule is yet available for Crystal 
Dam. 

Glen Canyon Daln and Lake Powell 
Lake Powell., the reservoir behind Glen 

Canyon Dam, 1s the largest reservoir of the 

storage project. It was appropriately named 
after John Wesley Powell, who, as previously 
mentioned, first explored the Colorado River in 
1869. Glen Canyon Dam is located about 15 
miles upstream from the boundary between the 
Upper and Lower Colorado River Basins, and 
the reservoir extends upriver 186 miles. In 
many ways, Glen Canyon Dam and Lake Powell 
closely resemble world famous Hoover Dam 
and Lake Mead. Glen Canyon Dam towers ap- 
proximately ‘710 feet above bedrock as com- 
pared to Hoover Dam’s 726 feet. Lake Powell 
will provide a total of 2’7 million acre-feet of 
storage at normal water surface elevation of 
3,700 feet m.s.l., as compared to Lake Mead’s 
initial capacity of 31,250,OOO acre-feet. 

Lake Powell is assigned the task of final regu- 
lation of the Colorado River before the stream 
leaves the Upper Basin. This long-term storage 
requirement, together with maximum power 
production, will cause the lake to experience 
cycles of filling and emptying extending over 
many years, similar to the pattern of operations 
at Lake Mead. Also,. as in the case of Lake 
Mead, Lake Powell ~111 be required to store a 
tremendous load of sediment annually. Head- 
waters of both reservoirs are buried in deep, 
narrow canyons. This is fortunate in some 
ways, as reservoir fluctuations will prevent for- 
mation of large exposed deltas and consequent 
phreatophyte problems. At the headwaters 
Lake Powell is divided between the main stem 
and its major lower tributary, the San Juan 
River, in some respects similar to the Colorado- 
Virgin River division of Lake Mead. 

Construction began on Glen Canyon Dam in 
October 1956 and has now progressed to the 
point where closure of the diversion tunnels 
and storage of water in the reservoir are im- 
minent. Completion is scheduled for 1964. 

Sediment Storage in Reservoirs 
Flaming Gorge Reservoir 

Studies of suspended sediment in the Green 
River in the vicinity of Flaming Gorge Dam and 
Reservoir revealed that we could expect a mean 
annual accumulation of 2,040 acre-feet. These 
studies were initially based upon suspended 
sediment sampling of streams tributary to the 
reservoir. Sediment measuring points included 
the Green River at Green River, Wyo. ; Blacks 
Fork near Green River, Wyo. ; and Henrys Fork 
near Linwood, Utah. Further comparisons 
were made by utilizing downstream records on 
the Green River near Jensen, Ouray, and Green 
River, Utah, and the Yampa River at Maybell, 
Colo., to establish contribution rates for un- 
measured areas. Final checks were completed 
after 2 years of suspended sediment sampling 
on the Green River near Greendale, Utah. 
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These comparative studies all confirmed the 
estimate of 2,040 acre-feet of annual sediment 
accumulation with the bulk of this amount 
originating in the Blacks Fork drainage and 
other tributaries between Green River, WYO., 
and the damsite. Sediment load in the Green 
River at Green River, Wyo., proved to be Mom- 
paratively light. 

Navajo Reservoir 
The San Juan River sediment load at the 

Navajo Dam was calculated to be 3,300 acre- 
feet annually. This figure is a net inflow to 
Navajo Reservoir aftereffects of the recently 
authorized San Juan-Chama hansmountain 
diversion from the headwaters of the San Juan 
River were accounted for. Studies were based 
upon several years’ record of the San Juan 
River at Blanco, N. Mex., and by comparison 
with other long term records on the river. The 
dam lies upstream from the heaviest sediment- 
producing areas in the San Juan River drainage. 

Cureranti Unit 
The reservoirs of this unit are located on the 

exceptionally clean, sedimentwise, upper Gunni- 
son River. Estimates indicate that less than 340 
acre-feet of sediment would accumulate an- 
nually in Blue Mesa Reservoir and about 28 
acre-feet in Morrow Point. The proposed Crys- 
tal Reservoir will receive and store approxi- 
mately 38 acre-feet annually, mostly from the 
Cimarron River drainage. 

Lake PoweZZ 
Far and away the largest sediment load af- 

fecting the storage units will be carried by the 
Colorado and San Juan Rivers into and stored 
in Lake Powell, the principal regulatory reser- 
voir of the Upper Colorado River Basin. Lake 
Powell is situated below the great sediment- 
producing areas in Colorado, Utah, New Mexico, 
and Arizona, tributary to the Upper Colorado 
River Basin. Fortunately, extensive suspended 
sediment records, some of which date back to 
1925, are available for the Green, San Juan, 
and Colorado Rivers above the reservoir and at 
Lees Ferry and Grand Canyon below the dam. 
After careful consideration of the suspended 
sediment and water records and the possible 
effect of major authorized upstream storage 
units, we estimated that an average of 104,000 
acre-feet of sediment could be expected to flow 
into Lake Powell annually. Compaction of the 
sediments in a loo-year period would reduce the 
104,000 acre-feet to a mean annual volume of 
85,400 acre-feet. Thus, the storage requirement 
for sediment was calculated to be 8,540,OOO 
acre-feet for a loo-year period. Further com- 
paction results in a 16,800,,000-acre-foot re- 
quirement for a 200-year period. 

Possible long term effects of participating 
project developments were not considered. This 
figure also takes full cognizance of and is par- 
tially dependent upon records of the main Colo- 
rado River back to 1925, although records 
since 1943 indicate considerably less sediment 
was carried annually in the Colorado River 
since 1943 than the mean annual load previous 
to that year. Consequently, we feel this amount 
is an adequate reflection of any likely long-term 
sediment-producing condition on the Colorado 
River. The actual measured accumulation in 
Lake Mead for the period 1935-48, inclusive, 
also offers a check on our calculations. 

Special Problems and Plans for Future 
Measurement of Sedimentation 

Flaming Gorge 
Storage of the relatively small amount of an- 

nual sediment inflow offers no particular prob- 
lems for Flaming Gorge Reservoir, as the 200- 
year sediment load of 398,000 acre-feet is ex- 
pected to occupy only about 10 percent of the 
total reservoir capacity. A special topographic 
map of the reservoir basin has been completed 
that will provide basic reference data for any 
needed remeasurement in the reservoir basin. 
Bedload and delta formation in the headwaters 
of the reservoir on the Green River and on 
Blacks Fork were investigated to predict the 
possible backwater effects on improvements 
near the reservoir. 

The city of Green River, Wyo., lies on the 
bank of the Green River, and the Union Pacific 
Railroad and Highway 30 cross the Green River 
near the city about ‘7 miles upstream from the 
normal water surface of Flaming Gorge Reser- 
voir. An extensive network of 27 permanent 
ranges was installed beginning at the railroad 
bridge and extending downstream to where the 
last six ranges lie in the reservoir basin. These 
ranges were surveyed to provide data for back- 
water studies, with an expected sediment delta 
in place and for future measurement of delta 
formations and channel changes in the head- 
waters of the reservoir and in the channel 
reaches upstream to Green River. Studies 
showed no backwater effects from the reservoir 
would extend upriver to threaten any of the 
improvements previously mentioned. 

A short section of Wyoming State Highway 
530 and the highway bridge across Blacks Fork 
on the west side of Flaming Gorge Reservoir 
were required to be raised because of water 
backing up Blacks Fork from the reservoir. The 
present location offered some advantages for 
the crossing rather than crossing above the 
reservoir line. Blacks Fork carries about 750 
acre-feet of sediment per year into Flaming 
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Gorge, and a considerable portion of this is 
expected to form a delta in the Blacks Fork 
channel where little storage space is available. 
Consequently, studies were completed to estab- 
lish minimum clearance for the highway bridge 
under conditions of delta formation and ex- 
pected flood flows. Fifteen sediment ranges 
were surveyed to furnish required data. All 
ranges were permanently monumented. 

Construction of the Navajo Dam and Reser- 
voir required the relocation of the Denver & Rio 
Grande Western’s narrow gage railroad and 
State and county roads near the head of the 
reservoir along the San Juan and across the 
Piedra Rivers. Sediment delta and backwater 
studies were completed after additional sus- 
pended sediment records were gathered and 
permanent ranges installed. The data were 
then utilized to select locations and elevations 
of roadbeds, including the bridge crossings of 
the Piedra River. 

Expected deposition of sediment in Navajo 
Reservoir will total about 532,000 acre-feet in 
a 200-year period and will occupy about 31 per- 
cent of the initial capacity. This estimate in- 
dicated the need for accurate periodic remeas- 
urement of the reservoir basin to adjust area- 
capacity data and operation schedules. 

To best fill this need, a topographic map with 
lo-foot contours was obtained and a eompre- 
hensive network of permanent sediment ranges 
was designed and installed throughout the 
reservoir basin and headwater delta reaches. 
This network consists of 82 permanently monu- 
mented ranges at about l-mile intervals linked 
together by a common survey and based upon 
national systems of horizontal and vertical con- 
trol. These ranges will provide adequate basic 
data for reservoir resurvevs at any time re- 
quired by project operation; ” 

Regulation of the San Juan River and relief 
of its sediment load in Navajo Reservoir may 
cause changes in the channel below the dam. 
Many side Canyons and washes draining to the 
San Juan are subjected to flash floods and oc- 
casionally transport and deposit of heavy loads 
of sediment in the San Juan River channel. 
Thus, the San Juan River channel could ex- 
perience degradation in some sections of the 
channel and aggradation in other parts of the 
reach from Navajo Dam to Shiprock, N. Mex. 
To measure these channel changes, a system of 
river ranges is now being installed downstream 
to Shiprock, with the bulk of the ranges occur- 
ring between the dam and Blanco. Many of 
these ranges will be below the mouths of tribu- 
tary canyons, where changes in channel condi- 
tions seem most likely. Additional cross sec- 
tion data are available at the several Geological 

Survey stations along the river, and the State 
of New Mexico has expressed mterest in sur- 
veying additional ranges or obtaining new 
aerial photographic coverage of the river 
channel. 

Authorizing legislation for the Colorado 
River storage project specified that a storage 
reservoir of not less than 940,000 acre-feet 
should be constructed on the Gunnison River, or 
such greater capacity as could be obtained with 
a water surface at 7,520 feet m.s.1. at the Blue 
Mesa site. A water surface elevation of 7,519.4 
feet m.s.1. was needed to provide 941,000 acre- 
feet of storage. Prospective delta formation 
was believed to be minor for Blue Mesa Reser- 
voir, but backwater studies with delta forma- 
tions were made to determine if any encroach- 
ment would take place. Calculations showed that 
reservoir and headwater channel clearing of 
brush and trees would offset any rise in water 
surface elevations caused by this minor delta 
formation. Sediment ranges were established 
by permanent markers. 

The Cimarron River enters the Gunnison in 
the reach common to the tailwater of Morrow 
Point and headwater of the prospective Crystal 
Reservoir. Studies have now been completed on 
delta formation in this reach to furnish needed 
design data. 

Expected reservoir sediment depositions will 
not cause significant deleterious effect in Blue 
Mesa or Morrow Point Reservoirs, but sedi- 
ment will occupy upward of 20 percent of the 
total storage in Crystal Reservoir in a 200.year 
period. 

Lake Powell 
The accumulation of sediment expected in 

Lake Powell, as described previously, consti- 
tutes a noteworthy factor in the operation and 
management of the reservoir. The 200-year 
sediment accumulation of 16,800,OOO acre-feet 
will eventually occupy about 62 percent of the 
initial capacity. Therefore, careful considera- 
tion was given to provide adequate basic data 
before the reservoir filled that would permit 
periodic measurement of the accumulated sedi- 
ments and also be used for research purposes 
as the need arises for additional studies. The 
rugged and inaccessible walls of Glen Canyon 
of the Colorado River soon convinced us that 
the conventional method of field surveying and 
installation of sediment ranges in Lake Powell 
would not be practical or economical. Consid- 
eration was then given to establishment of suf- 
ficient basic vertical and horizontal control that 
would permit construction of sediment ranges 
or strips of topography across the reservoir by 
photogrammetrie means. An alternate to this 
latter scheme was a proposal to remap the en- 
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tire reservoir basin at a large scale and small 
contour interval. 

The remapping plan was finally adopted. as 
its estimated cost was approximately the same 
as for providing sediment ranges photogram- 
metrically. The complete map offered much 
more freedom for remeasurement for sediment 
purposes and also furnished a large-scale map 
for an accurate initial determination of area 
and capacity data and for many other uses asso- 
ciated with the development and management 
of the reservoir. I have indicated the topo- 
graphic coverage was a “remapping” procedure. 
Modern map coverage was available for Lake 
Powell but only at a scale of approximately 1 
inch equals 1 mile and with a contour interval 
of 80 feet, Specifications for the new map called 
for a scale of 1 inch equals 400 feet and contour 
interval of 10 feet. 

The cooperative efforts of three agencies of 
the Federal Government and ‘several private 
firms produced a map of high standard that cov- 
ered the entire reservoir to 3,750 feet m.s.l., 
some 50 feet above the normal water surface. 
The excellent vertical photographic coverage of 
the natural reservoir basin is also a fine by- 
product. This mapping required unique appli- 
cations of vertical control procedures and called 
for large scale use of helicopter transportation 
to establish control surveys. The complete map- 
ping job is described in the article by Gessel 
and Rutledge.’ 

Extensive first-order level lines joined to the 
national leveling network were also established 
throughout the reservoir basin, to make avail- 
able precise data for measurement of sediment 
deposition in the future and to allow installa- 
tion of ranges when operating personnel will be 
able to work from the lake surface. These high- 
order level lines will also allow detection and 
measurement of possible displacement of the 
earth’s crust in the reservoir basin due to the 
concentration of approximately 37 billion tons 
of water and sediment. 

Predictions of the behavior of the Colorado 
River channel below Glen Canyon Dam were 
needed to determine design data for the dam 
and powerplant. It appeared that the Paria 
riffle, some 15 miles downstream, offered the 
closest stable downstream control section, so 21 
ranges were surveyed in the reach between the 
dam and the mouth of the Paris River. These 
ranges have been resurveyed several times and 
revealed some heavy degradation in the stream 
channel. other resurveys will be made as 
required. 

’ GESSEL, C. D., and RUTLEDGE, D. H. L~ROE SCALE 
MLPPINO OF LAXE POWELL. Amer. See. Civil Engin., 
Jour. of the Surveying and Mapping Div., Paper 3318, 
17 pp. 1962. 

Long range planning for recreational de- 
velopment on Lake Powell required considera- 
tion of sediment aspects. The National Park 
Service was interested in establishing a major 
recreational development near the present Hite 
Ferry crossing in the upper reaches of Lake 
Powell. After consultation and study by the 
Bureau of Reclamation, it was shown that an 
installation at this location would have a eom- 
paratively short life due to sediment delta en- 
croachment. The Bureau study made for this 
purpose drew heavily from data and experience 
of Lake Mead, where the sediment delta has 
now progressed downstream and largely en- 
gulfed the Pierce basin.. 

A resurvey of the delta in Lake Mead in 
early 1961 revealed a topset slope of 1 foot per 
mile. This topset slope data, together with the 
predicted amount of sediment inflow from the 
Colorado River arm and the cross sectional data 
available from the new topographic map re- 
sulted in an estimate of 20 to 25 years before 
the Hite basin would be engulfed and rendered 
hazardous for recreational purposes. 

Another location accessible by road near the 
mouth of Red Creek about 12 miles downstream 
would likely survive for a 40- to 50-year period. 
We understand the Park Service is considering 
this site. Use of an electronic data computer 
greatly speeded the several trial studies re- 
quired, as ad,ditional studies were computed 
rapidly after initial data preparation was com- 
plete. Guidance was also given to solve a similar 
problem on the San Juan arm of the reservoir. 
Here again, it was revealed that the most readily 
accessible area on the San Juan part of Lake 
Powell will be affected by sediment shortly after 
storage in the reservoir begins. 

Closure of the coffer dam and diversion of the 
Colorado River in February 1959 has caused 
significant amounts of sediment to deposit in 
Lake Powell during construction of Glen 
Canyon Dam. This is evidenced by the greatly 
reduced measurements of suspended sediment 
in the Colorado River at Lees Ferry and the 
visible deposits in the reservoir basin. Quanti- 
tative measurements were not taken in the 
reservoir basin, but, from study of flow and 
sediment records at Lees Ferry, we estimate 
that deposits in the order of 60,000 acre-feet 
accrued in the 1959-61 water years. Compari- 
son of records on the tributary streams above 
the reservoir basin with records for Lees Ferry 
in 1960 also showed deposition occurred. The 
total suspended load for 196,O at the three prin- 
cipal stations of San Juan River near Bluff, 
Colorado River near Cisco, and Green River at 
Green River, Utah, was 116 percent of the load 
at Lees Ferry. The highest percentage for 
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previous years was 79 in 1954, while the aver- 
age was 62 percent for the 1943-58 period. 

Discussion 
To summarize, it is apparent that in a space 

of less than a decade the stream regimen in 
much of the Upper Colorado River will be signifi- 
cantly changed as the reservoirs of the Colo- 
rado River storage project will regulate the 
principal tributaries and store great quantities 
of sediment. Lake Powell, by far the largest 
and most important reservoir, will bear the 
greatest burden. It will trap 16,800,OOO acre- 
feet of sediment in 200 years. Navajo Reservoir 
will accumulate 532,000 acre-feet in the same 
period, while the sediment loads in Flaming 

Gorge and the Curecanti unit reservoirs are 
relatively minor when judged against the ca- 
pacities and functions of these reservoirs. 
Overall, the storage project reservoirs will be 
called upon to store about 17.8 million acre-feet 
of sediment in 200 years, or 53 percent of their 
total initial capacity (table 1). Many studies 
have been completed to solve special problems 
associated with sediment. Data collection facili- 
ties have been installed that will provide infor- 
mation for future operational and research 
purposes. 

We intend to watch the sediment phases of 
this project with great interest in the coming 
years and accomplish necessary data gathering 
and additional studies as the needs arise. 

TABLE l.-Estimated sediment accumulation, Colorado River storage project reservoirs, 1963 

Flaming Gorge. GrWl 
.h,c-,Ml AWdEet *C,+d ‘4rrE.m 
3,789,OOO 2,040 398,000 10.5 

Navajo........................... San Juan 1,709,000 3,300 %kc 532,000 31.1 
BlueMesa........................ Gunnison 941,000 340 331300 66,300 7.0 
Morrow Point. .do. 
Crystal........................... . . . ..da..... 

117,000 
38,000 ii 

2,100 5,400 4.6 
3,600 7,500 

Lake Powell, Colorado 27,000,000 104,000 8,540,OOO 16,800,OOO 2; 

Totals...................... 33,594,OOO 9,056,X00 17,809,200 53.0 

llOO-year and ZOO-year figures are eompaeted sediment amounts. 

SEDIMENTATION IN WALLA WALLA ARM OF McNARY 
RESERVOIR AND ITS EFFECT ON 
RECREATIONAL DEVELOPMENT 

[Paper No. 791 
By MELVIN J. ORD, chief, Water Control Section, and JAMES C. CANNON, head, Hydrogmphy and Sedimentation 

Subsection, U.S. Army Engimer District, Walla Walla 

Synopsis 
The preliminary master plan for use of the 

reservoir created by MeNary Dam on the Co- 
lumbia River provided for a recreational park 
to be developed by the State of Washington 
where the Walla Walla River enters the reser- 
voir. Subsequent investigations led to the 
abandonment of the site as a State park because 
of predicted deposition of sediment carried by 
the Walla Walla River. Sediment ranges were 
established and five surveys have been made 
since impoundment of water in 1953. Results 
of these surveys through 1961 show an average 
deposition rate of 860 acre-feet per year. This 
indicates the water storage area below normal 
pool, elevation 340 feet m.s.l., in the Walla 
Walla arm will be essentially filled with sedi- 
ment by the fall of 1965, except for the river 
channel. The deposition rate is equivalent to 

0.49 acre-foot per year per square mile of drain- 
age area. Plans have been investigated to pro- 
tect portions of the water area for boating and 
swimming by construction of dikes and inter- 
mittent dredging, but as yet these have not 
proved feasible. As deposition progresses it 
will enter into the main reservoir and may ad- 
versely affect navigation in the area being de- 
veloped by Walla Walla Port district. Sedimen- 
tation also is an important factor in planning 
other recreational developments along the Co- 
lumbia and Snake Rivers. 

Introduction 
This paper presents the results of a sediment 

study of the Walla Walla arm of MeNary 
Reservoir and the effect of this sedimentation 
on recreational development. 

The initial plans for recreational develop- 
ment of the reservoir (Wallula Lake) created 
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by McNary Dam provided for a recreational 
park to be developed in the area where Walla 
Walla River enters the reservoir. The Walla 
Walla River drains a large agricultural area. 
much of which is devoted to production of 
wheat and peas. Heavy rains or rapid snow- 
melt and thawing of frozen ground in spring 
cause large quantities of sediment to enter 
streams tributary to Walla Walla River, and 
much of this sediment is carried down to the 
mouth of the river. 

Based on the limited data available before im- 
poundment, it was predicted that most of the 
water area in the Walla Walla arm would 611 
with sediment in a relatively short time. Plans 
for the State park development therefore were 
abandoned. However, it was desired that pro- 
visions be made for as much recreational use of 
the area as practicable. Sediment ranges were 
established and have been periodically surveyed 
since impoundment of water in 1953 to deter- 
mine the distribution and rate of deposition. 
The results of surveys made to date are pre- 
sented, including preliminary information on 
the relationship of sediment accumulation to 
streamflow and drainage area. Also. general 
information is presented on the influence of 
sedimentation in the planning of recreational 
developments at some other locations in the 
Walla Walla District of the Corps of Engineers. 

Description of Area 
McNary Dam and Reservoir 

McNary Dam is located 292 miles above the 
mouth of the Columbia River, 161 miles east of 
Portland, Oreg., and 2r/, miles upstream from 
Umatilla, Oreg. (fig. 1). About one-half of the 
dam is located in Washington and one-half in 
Oregon. The dam is constructed of concrete 
and earth and was completed in 1953. Overall 
length of the dam is 7,365 feet. Height above 
streambed is 100 feet, and the normal pool ele- 
vation of the dam is 340 feet above mean sea 
level. Backwater effects extend about 62 miles 
upstream on the Columbia River, 10 miles up- 
stream on the Snake River, 9 miles up the Walla 
Walla River, and 6 miles up the Yak&a River. 
The greatest width of the reservoir is about 2 
miles and is near the mouth of the Walla Walla 
River which enters the reservoir on the left side 
about 25 miles upstream from McNary Dam. 

McNary Lock and Dam is one multiple-pur- 
pose unit of the main control plan for the com- 
prehensive development of the Columbia River 
and tributaries. Its primary uses are power 
and navigation with secondary benefits from 
flood control, irrigation, recreation, industrial 
site development, and other miscellaneous bene- 
fits. Pondage of the reservoir may be used on 
a regular schedule for peak power production, 

with drawdowns of 2 or 3 feet in the ordinary 
operation of the project and a maximum draw- 
down of 5 feet. Since impoundment of water 
in 1953 the mx&num Auctuation in water sur- 
face elevation at the mouth of Walla Walla 
River has been about 5 feet. Maximum fluetua- 
tions of reservoir elevations at the mouth of 
the Walla Walla River are shown in figure 2. 

Walla Walla River 
Basin dercription 

The Walla Walla River rises in the rugged 
Blue Mountains near Walla Walla, Wash., and 
flows about 75 miles westerly before emptying 
into the reservoir (fig. 3). The Touchet River 
is the principal tributary and rises in another 
part of the Blue Mountains near Dayton, Wash. 
It flows southwesterly for 75 miles before join- 
ing the Walla Walla River near Touchet, Wash. 
The Walla Walla River drains an area of about 
1,700 square miles located in northeastern 
Oregon and southeastern Washington. The 
watershed from the reservoir to the mountains 
is predominantly an agricultural area. The hill 
and valley plain lands are extensively utilized 
for agricultural purposes, primarily for the pro- 
duction of wheat, barley, and peas. Land used 
for grain and peas is the primary source of 
sediment. The practice of cultivating much of 
this grainland in the fall increases the suscep- 
tibility to erosion. The higher slopes of the Blue 
Mountains are timbered and produce little 
sediment. 

The climate is characterized by moderate 
temperatures and a large annual range in tem- 
peratures, with light to moderate precipitation. 
Average normal temperatures at Walla Walla 
range from 33” F. in January to 74” in July. 
Extremes have ranged from minus 29” to 110”. 
Mean annual precipitation ranges from about 8 
inches near the mouth of the Walla Walla River 
to about 45 inches in the Blue Mountains, and 
averages 21 inches over the basin. Summer 
precipitation is usually very light. High rain- 
fall intensities are infrequent; the highest ob- 
served was 2.4 inches in 40 minutes. 

The Walla Walla River basin is underlain 
almost entirely by Columbia River basalt flows, 
which have been somewhat folded and locally 
faulted. Occasional sedimentary interbeds are 
found, and the basalt is overlain locally by 
gravels and generally by mess, with a minimum 
thickness of 10 to 15 feet. Alluvial fans are 
present near the mountains and are comprised 
of relatively homogeneous sediments consisting 
principally of subrounded pebbles and cobbles 
often inter-bedded with sand containing some 
silt. These deposits are pervious and become 
partially “silted in,” but there is always con- 
siderable downward percolation to the water 
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FIGURE 2. - Monthly reservoir elevations, month of Walls Walla River. 

table, which underlies the surface at a depth 
of about 30 feet. Stream aggradation is eon- 

to 180 percent of the mean. Streamflows vary 

tinuing throughout the fan areas. 
greatly during the year. The long-term mean 
flow is about 600 c.f.s., but in the brief period 

streanrpow of record at the gaging station below Touchet 
In general, the streamflow characteristics of River flows of 16,300 c.f.s. and 11 c.f.s. have 

the Walla Walla River basin are low flows from been recorded. Flows have a seasonal pattern, 
July through November, with occasional high with consistently low flow during the summer 
flows in December, January, and February. On and fall months and during cold weather in the 
the average, the highest annual flows occur dur- winter months. Table 1 is a summary of dis- 
ing the period March through June. Major charge data for the period since installation of 
floods in the area result from rainfall or a com- stream gage in 1953. 
bination of rainfall and snowmelt on saturated 
or frozen ground conditions. Rapid thaw of the 
top layer of frozen ground during these occur- 

TABLE I.-Summary of runoff data for Walla Walla 
River near Touchet, Wash., 1953-61 

renees results in heavy erosion of cultivated 
land and high concentration of sediment in 
the Walla Walla River. When snowmelt aug- 
merits rainfall runoff, the floods have both Ml”. 

high peaks and large v&umes. 
Walla Walla River below Touchet River pro- 

duces an estimated average annual runoff of 
440,000 acre-feet, or 5 inches over the 1.660- 
square-mile drainage area, based on brief 
records at this location and longer records 
in headwater areas and other streams. In- 
d$dual yearly runoffs vary with annual pre- 
clpltation received, and based on above records 
very likely have ranged from about 60 

pwG.:;:: : : :: : 2 p&e 
March.. 
April.. _. 

1:Zll 1:343 

Mlay........... 
1,290 2,165 

352 
June........... 

1,217 
241 471 

July. m 
August.. ii 
September. ko” 181 
October........ 126 
November.. 

336 
305 531 

December. 785 1,807 

518 3,730 
932 5,610 

2 x;: 

1 
’ 88 

5Y 
*iTo” 
540 

124 1,510 
237 5,950 -- 

CT,.*. 
200 
250 
282 
412 
186 

8.8 
2.3 
2.1 
5.8 

37 

1;: 
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Moderately high flows occur for several 
weeks in the late winter and spring as a result 
of snowmelt, and the larger part of the normal 
year’s runoff volume is from this latter source. 
The stream slopes vary from 100 feet per mile 
in the upper reaches of the stream to 35 feet per 
mile in the lower reaches. 

Sediment Sampling 
Suspended sediment samples were obtained 

at two stations in the Walla Walla River basin 
on a regular basis during the period 1951 through 
1953. These stations were located respectively 
on the Walla Walla River and the Touchet River 
immediately above their confluence (fig. 3). 
The suspended samples were obtained 
with a D-43 sampler. Concentration of sedi- 
ment varied from 0 to 45,000 p.p.m. on Walla 
Walla River and from 0 to 82,000 p.p.m. on 
Touch& River. Graphs of the flow of the 
streams and concentration of sediment are 
shown in figures 4 and 5. 

The somewhat erratic nature of the relation 
between discharge and sediment content is in- 
dicated by comparison of the two graphs. This 
characteristic is explained by the variation in 
soil and runoff conditions that exist during the 
year. Also, it will be noted from figures 4 and 
5 that most of the heavy concentration of sedi- 
ment occurs during relatively short periods 
during the winter and spring. These represent 
periods of heavy runoff from the agricultural 
area caused by rains, rapid snowmelt, rapid 
thaw of frozen ground, or a combination of 
these factors. The gradual snowmelt runoff 
from the higher elevation area does not carry 
much sediment. 

No measurement was made of the movement 
of bedload other than could be measured by 
D-43 sampler. However, observations at the 
bed at low water and analyses of suspended, 
bed, and deposited material (figs. 6, 7, 8) indi- 
cated that the bedload was relatively small, and 
therefore it was estimated at 10 percent of the 
suspended load. The total average annual sedi- 
ment load during this 3.year period was esti- 
mated at 1,540 acre-feet, as shown in table 2. 

The average annual runoff for this 3-year 
period is only slightly below the long-term aver- 

TABLE 2.-Annual runoff and sediment load, Walla 
Walla River, 1951-53 

Year 1 RunOfi ) Sdime”tlaadl 

1951......................... 
*me-,<#I *“+d 

1952......................... 
360,000 

1953.....~................... I ! 419,200 
1,310 

462,100 
1,880 
1,420 

Average. I 413,800 I 1,540 
‘From sediment samples; includes 10 percent bedload. 

age. Consequently, the average annual sedi- 
ment load of 1,540 acre-feet may be considered 
fairly representative of that for a long-term 
period. 

Analyses were made of selected samples of 
the suspended and bed materials at the above 
stations and at accessible locations on the sedi- 
ment delta between ranges 4 and 5. Typical 
gradation curves are shown in figures 6, 7 and 
8. Average of gradation curve values show 
about 80 percent of the sediment to be silt and 
clay. 

Sediment Surveys 
As a basis for measurement of the rate and 

distribution of sediment deposits, 15 sediment 
ranges were established during 1951 prior to 
impoundment of water in the reservoir. Dur- 
ing 1958, six additional ranges were established 
downstream of range 1 to extend the measure- 
ments out into the main body of the reservoir. 
The locations of 9 of the 15 original ranges are 
shown in figures 9 and 10. All ranges were 
marked with concrete monuments to establish a 
permanent system for periodic surveys. 

Five sediment surveys have been made since 
establishment of the 15 ranges. Of these, 3 sur- 
veys were completed for the 15 original ranges 
and the 6 ranges established in 1958. The other 
two surveys have been confined to the ranges 
in the area receiving major deposits. Soundings 
were made with a fathometer. Targets and 
transit were used for keeping the moving boat 
on line. The ranges and cut-in points located to 
give suitable cut-in angles are plotted on plane 
table sheets. Check points along the continuous 
range profiles are made by fixes on fathom&r 
charts that correspond with alidade intersec- 
tions of the range line on plane table sheet co- 
ordinated by portable radio. Figures I1 and 12 
show survey crew and equipment. The 4.wheel 
drive vehicle, boat trailer, 16.foot jet-propelled 
sounding boat, and crew are shown in the 
process of launching in figure 11. A close-up 
view of the fathometer is also shown. Figure 
12 shows plane table being oriented over cut-in 
point and boat proceeding to range location to 
start sounding operations. 

Sediment Deposits 
Analyses of sediment range surveys show 

rapid filling of the water area in the Walla 
Walla arm of the reservoir. As would be ex- 
pected, heaviest deposits started at the head 
end of the reservoir arm and have progressed 
each year toward the main reservoir. The pro- 
gressive deposition at each range is shown in 
figures 13, 14, and 15. No appreciable deposi- 
tion has occurred downstream from range 1 
or upstream from range 9. Depths of deposit 
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FIGURE 5. -Relationship of sediment concentration to stream discharge, Touch& River. 2 
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are as great as 28 feet over the original chan- 
nel and 18 feet over the original valley floor, 
as shown on profiles for ranges 4 and 3, respee- 
tively. A longitudinal sediment delta profile is 
shown in figure 16. A large proportion of depo- 
sition during the year 1961-62 occurred between 
ranges 2 and 3 and therefore does not show on 
the range profiles. The area1 extent of deposi- 
tion as of May 1961 is indicated pictorially by 
the aerial mosaic view in figures 9 and 10. Ap- 
proximately two-thirds of the original water 
surface area upstream of range 1 has been 
covered with sediment to near normal pool 
level. Heavy growth of willows and cattails 
now covers much of this area. This vegetal 
growth is expected to increase annually and in- 
duce further sedimentation during major floods. 

The total deposition between date of im- 
poundment, 1953, and August 1961, is computed 
to be 6,040 acre-feet. The rate of deposition be- 
tween surveys is shown in table 3. 

Data for the 1962 survey were not received 
in time for analysis and inclusion in this table. 
The average rate of deposition for the 8-year 

TABLE 3.-Average annual runoff and sediment 
accumulation, Walla WaUa River 

AC&W 
1953-56 ................. 420,400 
1953-58 ................. 441,100 
1953-60 ................. 435,200 
1953~61................. 434,900 

-1 860 
*“&St 

850 
740 
860 

period 1953-61 is 860 acre-feet. This is equi- 
valent to a rate per year per square mile of 
drainage area of 0.49 acre-foot. Table 3 also 
shows a ratio between annual deposition and 
volume of runoff in acre-feet of about 1 to 500. 
Comparing the above rate of deposition with 
the average annual sediment discharge of 1,540 
acre-feet estimated from suspended samples in- 
dicates that 56 percent of the total sediment 
load ~of the Walla Walla River has been de- 
posited in the Walla Walla River arm of the 
Eeservoir. Eeservoir. 

Analyses of deposited sediment were made Analyses of deposited sediment were made 
from samples obtained at four locations (table from samples obtained at four locations (table 
4 and figure 8) and show somewhat “soupy” 4 and figure 8) and show somewhat “soupy” 

FIGURE 6. - Gradation curves, bed samples, Walla Walla River, Touch&, Wash. 
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TABLE 4.-Ana k/s 

I 
2.53 

ET 
P-l. Percell, 

33.5 
34.8 
34.8 
36.7 
36.3 
39.6 
38.5 
31.6 
39.3 
43.2 

K 
44.5 
44.0 
43.3 
34.0 
39.3 
45.1 
41.4 
46.2 
35.3 
39.7 

Wet 
.denaity 

LL,cu. ,t, 
112.7 
103.4 
113.4 
107.0 

110.6 
109.9 

107.8 
103.9 

100.3 
108.7 
112.3 
112.4 

101.6 
100.2 
103.1 
113.0 
118.0 

1.0-4.0 
2.0-4.0 ^. 

-- 
Feel fhwlis 
2.5-3.1 121.3 
2.5-3.0 111.3 
3.0-3.5 122.1 
3.Fr4.0 115.2 
4.EF5.0 2 52.4 
6.0-5.5 119.0 
5.5-6.0 118.3 
1.6-2.1 2 51.3 
2.1-2.6 116.0 
2.6-3.1 111.8 
4.0-4.5 2 100.6 
4.5-5.0 2 99.2 
6.5-7.0 108.0 
7.0-7.5 117.0 
7.5-8.0 120.9 
2.0-2.5 121.0 
2.5-3.0 * 90.2 
5.5-6.0 109.3 
6.0-6.5 107.8 
6.&7.0 111.0 
7.os7.5 121.6 
7.5Ls.o 127.0 

Z.“-4.” 
2.0-4.0 
4.5-6.0 
4.5-6.0 
4.5-6.0 
1.6-4.0 
1.6-4.0 
1.6-4.0 
4.0-8.0 
4.0-8.0 
4.0-8.0 
4.0-8.0 
4.ow3.0 
2.0-4.0 
2.os4.0 
4.0-8.0 
4.0-8.0 
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FIGURE 7. - Gradation mrves, suspended samples, Walla Walla River, Touch&, Wash. 
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eond,ition typical of recent silt deposition. Ap- 
precmble further compaction can be expected. 

The remaining storage space below normal 
pool upstream from range 1 is 3,390 acre-feet. 
Based on the indicated average annual rate of 
860 acre-feet of sediment deposition, this area 
would fill in 3 more years or by the fall of 1965. 
However, the rate of deposition upstream from 

range 1 will probably gradually decrease as the 
deposition approaches the main reservoir and a 
greater percentage of the sediment is carried 
out into the main reservoir. If possible varia- 
tions of sediment load and stream runoff from 
year to year are considered, the remaining stor- 
age space essentially could fill in 1 year if a 
major flood occurred. In any case, the fore- 

FIGURE 8. -Gradation curves, delta samples, Walla Walla River, Wallula, Wash. 
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going sediment measurements and analyses 
definitely show that the water storage area in 

range 1. Large amounts of deposition in this 

the Walla Walla arm of McNary Reservoir will 
area would be of great concern to the Port Dis- 

be essentially filled with sediment in a few more 
trict of Walla Walla (fig. 9)., as it may affect 

years, except for shallow pools and the channel 
navigable depths. Wave actmn is much more 
pronounced in the main reservoir, and this ac- 

area. 
As yet, there apparently has been no appre- 

tion is expected to distribute and keep the fine 

Gable deposition of sediment downstream from 
sediment transported by the Walla Walla River 
from rapidly depositing in the port area. 

FIGURE 9. - Sediment range layout, Walla Walla River, ranges 1 to 5. 



796 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 

Reservoir Use Development, very desirable for development as a State park. 
Walla Walla Arm, McNary Reservoir A preliminary general development plan was 

prepared (fig, 1’7). Its chief assets~ were the 
Plans Considered apparent ample water area which was well pro- 

During the early planning for development 
tected from the prevailing southwest wind, ac- 

and management of McNary Reservoir, the 
cess, good boat moorage sites, good beach areas, 

Walla Walla arm was selected as an outstand- 
and scenic views. The principal features 

ing recreational area. This area was considered 
planned for the park include a public day use 
area, boating concession, organized group camp- 

FIGURE 10. -Sediment range layout, Walla Walla River, ranges 5 to 9. 
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FIGURE 12.-Plane table being oriented over cut-in point 
and boat proceeding to range location to start sound- 
ing operations. 

ing on the north and south shores, parking areas, 
launching ramp, and the usual beach and 
grounds development. Due to the sediment 
problem, however, recreational development 
thus far has been limited to a private boat head- 
quarters, public launching ramps, picnic facili- 
ties, and wildlife areas. The development of a 
park has been abandoned by the State of Wash- 
ington, but there continues to be strong local in- 
terest in maintaining use of as much of the area 
as practicable, particularly as a small boat 
harbor. 

Investigations for Control of Sedintentatim 
Several plans for protection of the recreation 

areas and control of sedimentation on the Walla 
Walla River arm have been considered. The 
plans consisted of the construction of upstream 
sediment storage reservoirs on the Walla Walla 
and Touch& Rivers and the construction of 
parallel jetties to confine the river in a narrow 
channel designed to discharge the sediment into 
the main reservoir, with periodic maintenance 
dredging as required. Studies of the upstream 
sediment storage reservoirs proved to be in- 
feasible. Other detailed studies showed the 
permanent effects of some of the proposed re- 
medial measures could not be completely and 
accurately evaluated, and the costs were exces- 
sive when compared to probable benefits. Jetties 
for protection of the south shore development 
are undergoing further study and consideration, 
with a view to maintaining a small boat harbor. 

Future Sediment Program 
Important to the future planning and most 

feasible development of the Walla Walla River 
arm of MeNary Reservoir is accurate and up-to- 
date information on sedimentation from the 
Walla Walla River. Because of the relatively 
short period of existing measurements, the 
rates of deposition and relationships to runoff 
are approximate estimates. Therefore, it is 
planned to continue periodic sediment surveys, 
including analyses of deposited material. Also, 
arrangements have been made for the U.S. 
Geological Survey to obtain regular suspended 
sediment samples near the mouth of the Walla 
Walla River. 

Sediment deposition at the mouth of tribu- 
taries as they enter reservoirs is an important 
factor in planning reservoir use development at 
several other locations along the Columbia and 
Snake Rivers. Locations of such areas along the 
reservoirs that will be formed by John Day and 
Lower Monumental Dams are shown in figures 
18 and 19, respectively. Information obtained 
from analyses of sediment measurements on the 
Walla Walla arm of McNary Reservoir has been 
useful in predicting amount and distribution of 
sediment at these locations. However, more in- 
formation is needed and a program of obtaining 
regular suspended samples on the tributary 
streams has been instituted in cooperation with 
the U.S. Geological Survey. 

Conclusions 
The Walla Walla arm of the MeNary Reser- 

voir is rapidly filling with sediment. Based on 
five sediment surveys since 1953, the average 
annual rate of deposition is 860 acre-feet. The 
annual rate of deposition per square mile of 
Walla Walla River drainage area is 0.49 acre- 
foot. The estimated average annual sediment 
discharge of the Walla Walla River is 1,540 
acre-feet. 

The sediment deposition has greatly altered 
the original plans for recreational development 
of the area. Additional information and studies 
are required to determine the feasibility of pro- 
viding protection and maintenance of a small 
boat harbor on the south shore, and the effects 
of port development. 

A program of sediment surveys and suspend- 
ed samples will continue in order to define more 
accurately rates and locations of sediment depo- 
sition in the Walla Walla arm and at other loca- 
tions in reservoirs along the Columbia and 
Snake Rivers. 
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FIGURE 16. -Longitudinal profile sediment ranges, Walla Walla River. 
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CHARACTERISTICS OF SEDIMENT DEPOSITS ABOVE 
CHANNEL STRUCTURES IN POLACCA WASH, ARIZ. 

[Paper No. 801 
By R. F. Hnom, geolog&, U.S. Geological Survey, Denver 

Abstract 
Deposition caused by the construction of 

dams on Polacca and Wepo Washes since 1945 
is estimated at 7,500 acre-feet. Longitudinal 
profiles were surveyed above each dam on Po- 
lacca Wash. The present channel gradients on 
the sediment deposits varies from 0.0005 ft./ft. 
to 0.0037 ft./ft. The gradients of these channels 
prior to dam construction ranged from 0.0040 
ft./ft. to 0.0058 ft./ft. 

Of the total sediment deposited behind the 
structure approximately 8 percent is located 
above the spillway level and aggradation was 
observed some distance above the anticipated 
influence of the dams. 

Introduction 
Many of the alluvial valleys in southwestern 

United States have been trenched by deep ar- 
royos in the past 70 years. Many others have 
just begun to degrade; a few have retained a 
continuous, relatively flat valley floor or are 

aggrading. These various stages of erosion and 
alluviation often can be observed in contiguous 
drainage basins. Conservation measures, such 
as construction of dams and water-spreading 
dikes, have been initiated in some trenched val- 
leys in an effort to restore the usefulness of the 
valley floor for grazing and floodwater farming 
by promoting aggradation of the arroyo. 

The primary objective of this report is to de- 
scribe the extent of channel and flood plain ag- 
gradation induced by dams and the effect of 
these deposits on the longitudinal profile of the 
arroyo. The study was done in the Polacca 
Wash drainage basin in northeastern Arizona 
(fig. 1). 

Polaeca Wash and its principal tributaries, 
Wepo Wash and Keam’s Canyon Wash, are typi- 
cal of the many streams that drain Black Mesa 
in the Navajo and Hopi Indian Reservations. 
In the upper third of the basin the streams are 
narrow and are confined in deeply incised can- 
yons. Near the village of Polaeea, they become 
wider, and flow in broad, relatively flat valleys. 

FIGURE 1. - Polaeca Wash basin, showing location of dams. 
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Windblown sand on the valley floors obscure 
many of the smaller tributaries. In the central 
and lower reaches of the drainage basin the 
tributaries are generally aggraded, forming al- 
luvial fans that obliterate the confluence with 
main channels. For most of its length the pres- 
ent Polacca Wash channel is deeply entrenched 
in the valley alluvium. 

Deposition Caused by Channel 
Structures 

The amount of sediment deposited in the 
channels and on the valley floors of Polacca and 
Wepo Washes caused by construction of the di- 
version dams and waterspreaders was calcu- 
lated from surveys of the longitudinal profile and 
valley cross sections and mapping on aerial pho- 
tographs. Limitations must be placed on the 
precision of these calculations because of the 
lack of complete data on the original profile of 
the streambed and shape of the channel. How- 
ever, measurements of the channel and valley 
downstream from the dam probably provide an 
accurate representation of the original reser- 
voir contours above the dam. Also, by extend- 
ing the longitudinal profile from some point 
downstream from the dam to a point where the 
extension intersects the channel floor above the 
reservoir deposits, the original profile is closely 
approximated. The channel profile and valley 
shape do not vary greatly in a distance equal to 
that affected by a dam. Using the reconstruc- 
tions to provide data on valley shape and slope, 
the volume of sediment was calculated. 

Between about 1900 and 1945 the channel of 
Polacca Wash eroded to a depth of about 40 feet 
in the reach near the village of Polacca. In the 
years 1945 to 1953 three dams were constructed 
on Polacca Wash in this reach and another near 
the mouth of Wepo Wash. (See fig. 1.) The pur- 
pose of these structures is to divert flood flows 
onto the valley floor for irrigation and to pro- 
mote deposition of sediment in the arroyo. 

Polacca Dam 2 was constructed in 1945 and is 
located about 4 miles upstream from the mouth 
of Wepo Wash. The crest of the dam is 4’7 feet 
above the bed of the arroyo, which is about 40 
feet deep in this reach. Sediment has almost 
completely filled the channel behind the dam for 
a distance of 4,000 feet. About 3,000 acre-feet 
of sediment have been deposited in the reservoir 
since 1945 at an annual rate of about 0.5 acre- 
foot per square mile. Since 1953 storage in 
Polacca Dam 1 has reduced the sedimentation 
of the reservoir of Polacca Dam 2. 

About one-quarter mile below the mouth of 
Wepo Wash is Polacca Dam 3, constructed in 
1946. At this site Polacca Wash is entrenched 
38 feet into the valley floor. The crest of the 
dam is 48 feet above the bottom of the wash and 
subsequent deposition of sediment behind this 
barrier completely filled Polacca Wash for 9,030 
feet upstream. The maximum depth to which 
sediment has accumulated at the dam is 38 feet. 
The average thickness of sediment behind the 
dam is 21 feet (table l), and the total volume of 
sediment deposited back of Polacca Dam 3 is 
1,090 acre-feet, The average annual rate of 

TABLE l.-Estimates of deposition caused by constrwtion of dams on Polacca and Wepo Washes, Ark 

Polacca Dam 1. 
.4”4.,et Acrea A~~i~~f 

PalaecaDam2 ,....... 
1,900 260 80 

swore ;;g 

Polacea Dam 3. 2% 
586 290 511 

Main Wepo Dam. ‘190 
1,710 210 757 

920 690 197 
‘Estimates for deposition on wzterspreading area are probably less than actuzl amrmnt~ beexuse much of the sediment has 

been disturbed in repair of training dikes. 

sediment accumulation is 0.8 acre-feet per 
square mile for the period 1946-57. Polacca 
Dam 3 has served primarily to divert runoff to 
the waterspreading area along the south bank 
of Polacca Wash below the damsite, and to pre- 
vent further deepening of Polacca Wash. This 
dam caught all the overflow from Polacca Dam 
2 before construction of a training dike next to 
the arroyo bank and any uncontrolled flow from 
Wepo Wash. The overbank deposition has 
raised the level of the valley floor 3 feet in the 
reservoir area and channel deposits extend to 
an elevation 15 feet above the spillway. 

About 14 miles upstream from Polacca a 
third dam was constructed on the main channel 
and has been designated Polacca Dam 1. This 
dam was completed in 1953 and is located just 
below the mouth of Polacca Wash with Burnt 
Corn Wash and Low Mountain Draw (fig. 1). 
The arroyo has been completely filled above the 
structure for a distance of 2,300 feet, and chan- 
nel deposits extend upstream for 7,500 feet to 
the mouth of Burnt Corn Wash. 

The channel downstream from Polacca Dam 
1 is a rectangular-shaped arroyo and most of the 
storage in the reservoir was confined to a simi- 
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lar channel upstream. The maximum thickness 
of deposition in the reservoir is estimated to be 
15 feet and the average is about 11 feet. The 
volume of sediment deposition in the reservoir 
is calculated to be 1,900 acre-feet, and the an- 
nual rate of deposition to be 1.4 acre-feet per 
square mile. The drainage area above Polacea 
Dam 1 is about 340 square miles and, although 
it is not certain how much area is controlled by 
structures, an inspection of part of the basin, 
which is accessible by roads, revealed no appre- 
ciable diversion or storage. 

On Wepo Wash the main dam was constructed 
in 1944 about 1% miles above the mouth. The 
crest of the dam is 25 feet above the floor of the 
Wash and has caused channel deposition for a 
distance of 5,360 feet upstream. At the dam, 
sediment has accumulated to a maximum depth 
of 15 feet. The total volume of sediment ac- 
cumulated above the main Wepo Dam is 190 
acre-feet, with an average thickness of ‘7 feet 
(table 1). Downstream from the main dam are 
two training dikes that divert overflow from the 
dam away from the main channel of Weno 
Wash. Much of the sediment retained in the 
waterspreading areas below the main Wepo 
Dam has been utilized to construct additional 
training dikes, thus making any determination 
of the total amount of sediment deposited uncer- 
tain. The average annual rate of sediment ac- 
cumulation above the main Wepo Dam is 0.1 
acre-foot per square mile for the period 19465’7. 

Some comparisons may be made between the 
suspended-sediment load carried by the Little 
Colorado River, as measured near Grand Falls, 
Aris., and the estimates of sediment trapped by 
the structures on Polacea Wash. The Little 
Colorado River basin has a drainage area of 
21,200 square miles above Grand Falls and 
available records of suspended-sediment load 
were complete there for 9 years at the time of 
the study (1933, 1948-55). The suspended- 
sediment loads range from 1,000 to 13,900 aere- 
feet annually, with an average for the g-year 
period of 5,640 acre-feet. Distributed over the 
drainage basin, this figure represents an aver. 
age annual sediment yield of about 0.30 aere- 
foot per square mile. 

Since 1945, when the first dam was con- 
structed, the structures in Polacca Wash basin, 
including waterspreading systems, have trapped 
approximately 7,500 acre-feet of sediment. The 
drainage area above these structures comprises 
approximately 950 square miles. The annual 
sediment yield per unit of drainage basin has 
been discussed previously and, because the struc- 

1 HADLEY, R. F., and SCHUMM, S. A. SEDIMENT 
SOURCES AND DRAIN*GE BASIN CHARACTERISTlCS IN UPPER 
CHEYENNE IUYHL BASIN. U.S. Geol. Survey Water-Supply 
Paper 1531-B: 137-198. 1961. 

tures were completed at different times, a mean 
rate of sediment yield, 0.7 acre-foot par square 
mile, will be used for comparison with the little 
Colorado River. 

The data seam to indicate that the Polacea 
Wash area has a higher unit rate of sediment 
yield and consequently more severe erosion than 
other areas within the Little Colorado River 
basin, with a mean annual rate of sediment yield 
nearly three times that of the river at Grand 
Falls. It has been shown in other studies,’ how- 
ever, that in similar drainage basins the sedi- 
ment yield decreases with increase in size of 
drainage area. Therefore, areas of similar size 
and geology in the Little Colorado River basin 
may have sediment yields comparable to Polacca 
Wash. 

Relation of Channel Slope to Deposition 
Gradients were measured on the deposits up- 

stream from the dams to the apparent limit of 
deposition. Results of these profile surveys and 
comparisons with approximations of the orig- 
inal channel profiles are shown in table 2. The 

TABLE 2.-Comparison of original and present 
channel gradients above Polacca Wash diversion dams 

strvctvre Origina, grsdlient h Present zm.dient 

Polaeca Dam 1. 
Fi.,,L 

0.0040 0.&&0037 
Polacca Dam 2. .0041 .W16 
Polacea Dam 3. .0058 .OOlO 

1 Original gradients as determined from survey of the 
channel and reconstruction of profile. 

channel above Polacca Dam 1 has been filled to 
spillway level for a distance of 1,000 feet above 
the dam and has a gradient of 0.0005 ft./ft. and 
a second wave of sediment with a steep front 
3% feet high is encroaching on the dam. There- 
fore, two values for the gradient are shown in 
table 2. The arroyo in Polacca Valley has been 
aggraded to an elevation higher than spillway 
above the three dams that have been con- 
structed and overbank deposition has raised the 
valley floor in some places. The appearance of 
the channel and flood plain upstream from each 
of these dams is quite similar to valleys in the 
Polacca Wash area that are aggrading nat- 
urally. 

In other studies of the slope of reservoir de- 
posits similar results were found. In the Mex- 
ican Springs experimental area near Gallup, 
N. Mex., several dams were constructed in 1936 
to study the effects of waterspreading. Topog- 
raphy of the arroyo channel and valley floor 
were mapped in detail at that time by the Soil 
Conservation Service. The gradient of the ar- 
royo floor ranged from 0.0071 ft./ft. to 0.0105 
ft./ft. and averaged 0.0075 ft./ft. In 1949 when 
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the arroyos had been completely aggraded be- 
hind the dams, the gradients of the alluvial fills 
were measured by the Geological Survey.* The 
gradients ranged from 0.0025 ft./ft. to 0.0044 
ft./ft. and averaged 0.0037 ft./ft. 

The Bureau of Reclamation conducted a study 
in 1952 and 1953 of the amount and location of 
sediment behind Zion Dam on the Little Colo- 
rado River near St. Johns, Ariz.” The gradient 
of the original channel from the dam upstream 
to the elevation of spillway crest, as determined 
by borings, ranged from 0.000’70 ft./ft. to 
0.00148 ft./ft. and averaged 0.00123 ft./ft. The 
gradient of the channel on the alluvial fill ranges 
from 0.0053 ft./ft. to 0.00070 ft./ft. and aver- 
ages 0.00058 ft./ft. 

The gradient of the original channel in each 
of the areas described was much steeper than 
the channel that now flows at or near the level 
of the valley floor. The data also indicate that 
the slope is related, in some degree, to the size 
of drainage area above the point of measure- 
ment. In figure 2 the relation between stream 

gradient and drainage area is shown for the 
areas in Poiacca Wash, Mexican Springs, and 
Little Colorado River. The longitudinal profiles 
of these channels prior to construction of the 
dams probably were representative of ephem- 
eral channeis in equilibrium 01‘ quasi-equi- 
librium. A similar relation for uncontrolled 
ephemeral channels is shown for New Mexico.4 

*PETERSON, H. V., and SNYDER, C. T. SEDIMENT mm- 
SlTlON IN THE MEXICAN SPRINGS EXPERIMENT STATION, 
NAVAJO INDhm mSER”*TIoN, N. MEX. U.S. Geol. survey 
Memo. Rpt. 1949. 

3 U.S. BUKEAU OF RECLAMATION. REPORT ON SEDIMENT 
DEPOSITICIN ABOVE ZION DAM, LITTLE COLOIWK) RIVER FXSN, 
ARIz. 1955. [Processed.] 

~LEOPOLD, L. B., and MILLER, J. P. EPPHEMERAL 
STREAMS - nYDRAuL.Ic F*CToRS *ND THElR RELATlON TO 
THE DRAINAGE NET. U.S. Gal. Survey Prof. Paper 
283-A: 27. 195’7. 

The gradients of the channels developed on 
the alluvial fills are also shown in figure 2. The 
gradient at each station is less than the original 
gradient and decreases with an increase in size 
of drainage area. The longitudinal profile is 
dependent primarily on median size of alluvial 
material, density of vegetational cover, or any 
number of hydraulic factors. 

The relation between channel slope and me- 
dian diameter of bed material in the aggraded 
channels is presented in figure 3. There is some 

J 

i 

4 
$4 w 

FIGURE 3. - Relation of median diameter of bed mate- 
rial to channel slope. 

indication that an increase in size of bed ma- 
terial is accompanied by an increase in channel 
slope. The narrow range of median diameters, 
however, prevents defining the relationship 
more precisely. 

Location of Reservoir Deposits 
The location of sediment deposits in the reser- 

voir area and channel above a dam are of prime 
importance to engineers responsible for design 
and allocation of space for dead storage of 
sediment. The effect of an artificial base level 
produced by the construction of a dam will re- 
sult in marked changes in the stream channel 
and flood plain for some distance upstream 
above the elevation of the spillway, which is 
the new control. 

In the studies of the Polacca Wash dams esti- 
mates were made of the volume of sediment 
trapped and of the original profile of the chan- 
nel reach within the influence of the dam. From 
these data wa may arrive at some approximate 
figures for the quantity of sediment that has 
been deposited above the elevation of the spill- 
way control and to what elevation above the 
spillway deposition occurs. 

Estimates of deposition above the present 
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spillway elevation were made from reservoir 
cross sections and aerial photographs. The re- 
sults of these computations for the Polacea 
Wash structures are shown in table 3. 

TABLE 3.-Location of reservoir sediment above 
Polacca Wash diversion dams 

The data in table 3 show that of the total sedi- 
ment trapped in the three reservoirs, 5 to 10 
percent lies above present spillway elevation 

and also that deposition occurs from 12.5 to 15 
feet above the spillway elevation. In the study 
made by the U.S. Bureau of Reclamation on 
Zion Dam near St. Johns, Ariz., it was con- 
cluded that about 10 percent of the reservoir 
sediment lies above the present spillway crest 
elevation. 

In summary, we may conclude that a change 
in stream regimen affected by a rising base level 
such as a dam will reduce the channel slope and 
cause aggradation upstream to a higher eleva- 
tion than that of the channel control. The ex- 
tent of this deposition may be affected by valley 
width, channel slope, particle size of available 
material, and influence of riparian vegetation. 
The relative importance of each of these factors 
has yet to be determined. 

RESERVOIR SEDIMENTATION SURVEY METHODS IN THE 
U.S. ARMY ENGINEER DISTRICT, VICKSBURG, MISS. 

[Paper No. 811 
By OMEGA H. SHAMBLIN, engineer, U.S. Amy Engineer District, Vicksbwg, Miss. 

Synopsis 
The Vicksburg District has developed a prac- 

ticable method’ for performing sedimentation 
surveys which produces a degree of accuracy 
that is consistent with the conditions existing 
in that district, which has experienced only rela- 
tvely minor siltation. The method is also used 
in the periodic resurveys of these ranges. 

In this development, the major departure 
from conventional survey methods is in the 
positioning of soundings along the ranges. 
Briefly, a taut steel piano wire is anchored along 
the exact alinement of each range. As the 
sounding boat proceeds along the range, the 
distances are automatically determined at 20-ft. 
intervals by means of a calibrated measuring 
wheel that is encircled by the wire, the lake 
bottom elevations are simultaneously recorded 
by a supersonic depth recorder, and alinement 
is maintained by radioed instructions from a 
transitman on the bank to the sounding boat 
operator. 

Alinement and distance errors are considered 
to be within 2 ft. Plotted results of ranges pro- 
filed by this method have been compared with 
direct leveling profiles surveyed before the re- 
servoir was filled. These comparisons indicate 
an accuracy in elevation of kO.5 ft. in depths 
up to 23 ft., and 21.0 ft. in depth up to 180 ft. 

‘This survey method was published in the January 
1961 issue of Zntemational Hydrogmphic Review. This 
article is a revision of that publication, to reflect the 
changes in methods and equipment since the original 
article was prepared. 

General 
To determine the rate of silting in reservoirs, 

the U.S. Army Engineer District, Vicksburg, 
uses a system of permanently marked ranges 
that are usually established either during or 
immediately after construction of the dam. 
These ranges are surveyed periodically to obtain 
comparative profiles, which indicate the rate of 
silting. Figure 1 is a range layout for one of the 
reservoirs. 

Previous Survey Methods 
Prior to 1950 the permanent ranges were es- 

tablished and profiled by conventional direct- 
leveling survey methods before the reservoirs 
were filled. The original range layouts were to 
third-order accuracy. (Horizonal position clos- 
ure 115,000, vertical closure 0.05 ft. d/length of 
loop in miles.) 

Resurveys of these ranges were made by di- 
rect leveling and taped distances on the por- 
tions of the ranges above the water surface, 
and by lead-line soundings below the water 
surface. Horizontal positions for the soundings 
were determined by visual signals from the 
sounding boat, as it traveled along each range 
line, and by turning angles to the boat at each 
sounding with a transit at a convenient location 
on the shore. 

This method was used for a resurvey of Sar- 
dis Reservoir in northern Mississippi in 1943. 
The results of the underwater surveys were 
not considered satisfactory, because of the er- 
rors in the horizonal position of each sounding 
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and the inability to determine the top of the 
silt deposit with the sounding weight. These in- 
accurate results caused the Vicksburg District 
to search for a more reliable survey method. 

Improved Method for Resurveys 
During the period 1946-4’7, a new procedure 

for the underwater survey was developed and 
pilot models of specialized equipment were 
made. This improved survey method was first 
used during a resurvey of Arkabutla Reservoir, 
also in northern Mississippi, in 1947-48. The 
results of this survey proved that the new 
method would produce results that were eon- 
siderably more accurate than those of the 
methods previously used. 

In brief, the improved method consists of 
stretching a wire on range across the reservoir. 
A calibrated distance-measuring wheel travel- 
ing along this wire measures distances simul- 
taneously as the depths are obtained with a 
supersonic depth recorder. Alinement direc- 
tions are transmitted to the sounding-boat oper- 
ator by radio from the transitman located at a 

point on the range as the boat proceeds along 
the range. Figure 2 shows the sounding boat 
and equipment. 

Improved Method of Surveys for 
Establishing and Profiling Ranges 

Before the construction of Blakely Mountain 
Dam in west-central Arkansas, it was evident 
that conventional surveys for establishing and 
profiling the permanent-range system in the 
rugged and mountainous terrain in which the 
reservoir was located would be unduly expen- 
sive. It was therefore decided to: 

(1) Delay establishing the permanent ranges 
until after water was inmounded in the 
reservoir; 

(2) Eliminate expensive traverse in the 
mountains by locating the permanent- 
range markers by ties to aerial photo- 
graphs : 

(3) Use the water surface of the lake as a 
datum plane to eliminate the need for 
direct leveling for vertical control; and 

FIGURE 2. - Sounding boat and equipment used in sedimentation surveys. 
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(4) Use the improved method developed for 
resurveys in making the initial under- 
water swvey of the permanent ranges. 

A summary description of the survey method 
follows. 

Horizontal Control 

Horizontal positions of the permanent-range 
markers are obtained by ties to aerial photo- 
graphs. This eliminates traverse tielines be- 
tween ranges and ties to existing control. 

Vertical Control 

The water surface in the reservoir is used as 
a datum plane for establishing elevations on the 
permanent-range markers. In determining the 
datum plane for the water surface in the Blake- 
ly Mountain Reservoir Survey, several gages 
were located at strategic points around the 
reservoir. These gages were tied to existing 
first- and second-order benchmarks and were 
read twice daily during the period of the survey. 
It was found that water-surface fluctuations 
were constant at all gages and that the differ- 
ences in water-surface elevations at the various 
gages were never more than two-tenths of a 
foot. This eliminated the necessity for level 
tielines between ranges and ties to existing 
control. 

Range Profiles 
The portions of all ranges above the reservoir 

level are traversed and profiled by conventional 
direct-leveling survey methods. The under- 
water portion of each range is profiled with the 
special equipment and improved method de- 
scribed below. 

Special F,quipme%t 
Special equipment needed for this operation 

includes supersonic depth recorder, distance 
wire and reel, measuring wheel, radios, and 
wire splicer. 
Szrpersonic depth recorder 

The depth recorder used on the Blakely Moun- 
tain Reservoir Survey was manufactured com- 
mercially. 

The specifications on the outboard oscillator 
were : 

Sound frequency. . .I4 kc./sec. 
Beam width. . . . .not exceeding 30” 
Sounding rate. ,200 per minute 
Theoretical accuracy. . .3 in. in 150 ft. 

The depth recorder used on later surveys is a 
light, more easily portable instrument (see fig. 
2). The specifications on the outboard oscillator 
are : 

Sound frequency.. . ,210 kc./sec. 
Beam width. . . . . .12” 
Sounding rate. . . . . . . . . . 600perminute 
Theoretical accuracy. . . .0.5 percent 

When comparing profiles obtained by depth re- 

corder with different oscillator specifications, 
some difference in results can be expected. The 
major difference will result from the resolving 
capabilities of the oscillator. Other factors be- 
ing equal, the oscillator with the smallest angle 
of beam width will be more directional and will 
give a more detailed definition of the surface 
directly beneath the oscillator. 
Distance wire and reel 

The distance wire used is an 0.059-in.-diam- 
eter,, steel piano wire. This wire is stored on a 
speually built, powered reel having a drum 
diameter of 9 in. (fig. 3.) 
Measuring wheel 

The distances across the lake are measured 
with a specially built measuring wheel having 
a circumference (at the center of the wire) of 
2 ft. (fig. 4). An attached counter registers 
the revolutions of the wheel. A cam and micro- 
switch on the counter actuate a switch in the 
depth recorder to make a fix mark automatically 
on the depth-recorder scroll at intervals of 20 
ft. The wire encircles the wheel to provide a, 
maximum of friction and prevent slippage (fig. 
5). The measuring wheel is mounted in the 
sounding boat directly over the depth-recorder 
oscillator. A light is mounted on the measuring 
wheel to serve as a target when, because of 
wind and rough water during the day, it be- 
comes necessary to operate at night. 
R&XX 

Transceiver radios having 0.75-w. transmit- 
ters are used for communication between the 
transitman, distance-reel operator, and boat 
operator. (fig. 6). 
Wire sfilicer 

A compressed-sleeve-type wire splicer is used 
for repairing breaks in the distance wire. 

A transit is set up on line at a point near one 
end of the range where the transitman has an 
unobstructed view of the range. The powered 
distance-wire reel is placed on range near the 
water’s edge close to the transit. The loose end 
of the distance wire is then towed by boat across 
the lake and securely fastened at a point on 
range on the opposite bank. While the wire is 
being towed across the lake, radioed directions 
from the transitman guide the boat operator in 
keeping the boat on the range alinement. After 
the wire has been secured on the opposite bank, 
the wire is placed in an eye on a vertical post at 
the bow of the boat and the boat is then run 
back toward the transitman to place the wire 
on the exact range alinement. As the boat 
makes this return trip, the slack is taken up and 
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FIWXE 4. - Distance-meawring wheel. 

FIGURE 3. - Powered reel for piano wire. 

buoys are fastened on the wire at approximate 
300-ft. intervals. These floats holding up the 
wire reduce sag and the resulting errors in dis- 
tance. Radioed alinement directions from the 
transitman to the boat operator are also given 
on this return trip. After the distance wire has 
been placed on range, the sounding boat is 
moved onto the range and the wire is threaded 
around the measuring wheel. The wire is then 
drawn t~aut and securely fastened at a point on 
the range. 
Sounding the range 

To establish a reference point for the sound- 
ing boat on the range stationing, the boat is 
securely held at a point on the distance wire 
and the range station at the measuring wheel 
is determined by a taped distance from a known 
station on the range (fig. 7). Before the sound- 
ing boat is moved from this point, the counter 
is set at zero and the cam is set under the 
microswitch to make the first fix mark on the 
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depth-recorder chart. Then as the boat moves 
forward on the range, the cam will strike the 
microswitch at 20-ft. intervals, automatically 
causing a fix mark to be made on the depth- 

Fmuas 6.- Transitman at point on range. 

recorder chart. The buoys on the wire furnish 
an approximate indication of alinement that 
enables the boat operator to evaluate the tran- 
sitman’s radioed directions better for maintain- 
ing a true course. On the sounding run, it is 

FIGURE 7. -Sounding boat being zeroed on range. 
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necessary to remove and replace each buoy on 
the wire as the boat passes each buoy location. 
Figure 8 shows a sounding boat in operation on 
range. When the sounding boat reaches the 
opposite side of the reservoir, the counter read- 
ing represents the distance across the lake. The 
profile is extended from this point in the usual 
manner with levels and taped distances. Before 
the distance wire is recovered, the tension is re- 
leased and the buoys are removed. The powered 
reel makes recovery of the wire more rapid and 
iess laborious than by hand. 

Results 
Ranges up to 20,000 ft. have been profiled by 

this method. In accuracy tests on a 6,000.ft. 
taped course, the distances obtained by the dis- 
tance-measuring wheel consistently agreed with 
the taped distances to the closest foot over the 
entire course and at numerous intermediate 
points. Under actual working conditions on 
ranges previously taped before the reservoir 
was filled, the measuring-wheel distances across 
the lake agreed with the original taped distances 
within ?2 ft. on distances up to 13,600 ft. 

Alinement errors can be held within any rea- 
sonable limits. Under actual working condi- 
tions, an experienced boat operator can, with 
care, keep the oscillator within 1 or 2 ft. of the 

range alinement. This can be done without any 
appreciable loss of time. 

In establishing and profiling the ranges by 
this method, it was considered necessary to con- 
duct certain tests to determine if the depth- 
recorder survey would yield data that could be 
compared with direct-leveling surveys. Also, it 
was desirable to determine the effect of stand- 
ing submerged timber in the reservoir pool upon 
the soundings. 

To resolve these questionable points, several 
of the Blakely Mountain Reservoir ranges in the 
timbered areas were cleared to a width of 25 ft. 
These ranges were profiled by direct leveling 
before the reservoir was filled. Certain other 
ranges in the timbered areas were not cleared 
and were also profiled by direct leveling. These 
same ranges were resurveyed with the improved 
method after the reservoir was filled. Figure 9 
is a chart comparing tests on one range. 

A comparison of plotted results from surveys 
by both the direct leveling and improved meth- 
ods indicates that : 

(1) In Arkabutla Reservoir in depths up to 
23 ft., the soundings had an accuracy of 
io.5 ft. 

(2) On test ranges in Blakely Mountain Res- 
ervoir where the original survey was 

FIGURE 8. - Range sounding. 
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(3) 

made by direct leveling and a check pro- 
file was run with the depth recorder, the 
soundings had a general accuracy of 
+l.O ft. in depths up to 155 ft. on the 
valley bottom, flat shelves, and on rela- 
tively flat slopes. However, due to the 
mountainous terrain where steep under- 
water slopes were present on or im- 
mediately adjacent to the range, the 
depth-recorder soundings were influ- 
enced by echoes rebounding from these 
steep slopes and did not give the true 
depth directly underneath the sounding 
boat. Also, the depth recorder tends to 
smooth out sharp irregularities on the 
profile in deep water. These inaccuracies 
are inherent in the depth finder and are 
controlled by the beam width of the 
oscillator. 
On test ranges in Blakely Mountain Res- 
ervoir, in check profiles obtained by the 
depth recorder over profiles previously 
surveyed by depth recorder, practically 
no differences were noted on the steep 
slopes; and the differences in the pro- 
files on the valley bottom were *I.0 ft. 
in depths up to 180 ft. 

Conclusions 
The establishment of the original permanent- 

range system on Blakely Mountain Reservoir 
with the improved method was completed at a 
considerable saving in funds. 

The improved method produces results well 
within the accuracy of other field methods avail- 
able. This is especially true in deep water and 
on long ranges. 

In terrain where steep underwater slopes are 
present, office adjustment will be required if 
the range profiles from this method are to be 
compared with direct-leveling profiles. 

Good results are obtained when the original 
profile and the resurvey are both made with 
the improved method at comparable water 
stage. In these instances, the effect of echoes 
from steep slopes can be ignored, because these 
inaccuracies are relative and are present to the 
same extent in both profiles. 

Comparison of the depth-recorder profiles 
with direct-leveling profiles on ranges in cleared 
and wooded areas did not indicate any appre- 
ciable effect of submerged, standing timber on 
the depth-recorder soundings. 

This improved method can be successfully 
used for slack-water surveys on any reasonably 
calm body of water. 

Continuing Improvements 
The Vicksburg District is considering the 

development of a radar positioning instrument. 
This equipment, if feasible? will be used on Mis- 
sissippi River hydrographx surveys. However, 
it may be useful in sedimentation surveys, espe- 
cially in reservoirs having a high rate of silting. 

This equipment will automatically track and 
plot the position of a sounding boat traveling at 
random over the area to be mapped. Position 
“fixes” on the map and depth “fixes” on the 
recorder chart will be made simultaneously by 
remote radio facilities. Therefore, depths from 
the recorder chart can be added to the plotted 
location of the boat at each “fixed” location. 
Depths and positions between “fixed” points 
can be interpolated. 

The equipment’s range is expected to be 2 
miles when plotting at l/10,000 scale. The ex- 
pected accuracy within this range is +25 ft. 
The range of the equipment can be doubled to 
4 miles with a resulting plotting scale of 
l/20,000 and accuracy of &50 ft. 

INITIAL UNIT WEIGHT OF DEPOSITED SEDIMENTS 
[Paper No. 821 

By J. M. Lana, hydraulic engineer, and E. L. PEMBERTON, assistant head, Sedimentation Section, Hydrology Branch, 
Bureau of Reclamation, Denver 

Introduction Estimating the average unit weight of these 

In the course of conducting project investiga- incoming sediments is necessary to determine 

tion studies by the Bureau of Reclamation, it is 
the magnitude of the reduction in the reservoir 

frequently necessary to determine the average 
capacity. The stream sediment transport load, 

unit weight of sediments expected to accumulate 
generally measured in units of weight per time, 

in a reservoir. The storage capacity of a reser- can be converted to a volume quantity by means 

voir is progressively reduced with time, depend- of the estimated unit weight. 

ing upon the rate of the inflowing sediments. It is the purpose of this paper to present a 

1 LANE, E. W., and KOELZER, V. A. DENSITY OF SEDI- 
method of estimating the average initial unit 

MENTs DEPOSITED IN RESEWOIRS. In A Study of Methods 
weight of sediments deposited in a reservoir. 

Used in Measurement and Analysis of Sediment Loads The method developed is similar in principle to 
in Streams. St. Paul U.S. Engin. Suboffice, Hydraul. that of the Lane and Koelzer 1 studies and fur- 
Lab., Rpt. 9, 60 pp. 1943. Iowa Univ. ther investigated by Miller.z 
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Data from many sources were compiled and 
analyzed by means of the IBM 650 electronic 
computer. A mathematical procedure of the 
method is presented by applying it to a specific 
example from a given set of field data. 

Nomenclature 
The term, “density,” has often been used by 

sedimentologists to describe what is more ap- 
propriately known as unit weight or specific 
weight. This is apparently a carryover of the 
term used by Lane and Koelzer in the title of 
their report and used as a synonym for unit 
weight. However, density, as defined by Rouse,S 
is expressed as mass per unit volume and desig- 
nated as P (rho) ; Rouse further defines specific 
or unit weight as wei.gAt per unit volume ex- 
pressed in pounds per cubic foot and has the 
symbol Y (gamma). In this paper the term, 
“unit weight,” will be used. 

In most sedimentation studies and investiga- 
tions by the Bureau of Reclamation, the classi- 
fication of sediments proposed by the American 
Geophysical Union is used. This classification, 
arranged according to type of sediments in the 
size ranges less than gravel, is indicated below: 
Sedimelzt Size mnge 

me (microns) 
Clay. . . . , Less than 4 
Silt. . . . . 4 to 62.5 
Sand.. . . . . . . . . . . . _. . . . 62.5 to 2,000 

Factors Affecting Unit Weight 
There are several factors influencing the unit 

weight of sediments that deposit in a reservoir. 
The more dominant ones include : (1) The man- 
ner by which the reservoir is to be operated; 
(2) the texture and size of the sediment parti- 

cles; (3) the compaction or consolidation rate 
of the deposited sediments; and (4) other less 
occurring or influential factors such as the 
action of density currents, thalweg slope of the 
incoming stream, and the effect existing vege- 
tation in the reservoir headwaters area would 
have by screening out some of the incoming 
sediments. 

Of the above-mentioned factors, probably the 
most influential is that of reservoir operation. 
Sediments depositing in a reservoir that is 
drawn down for considerable periods are sub- 

2 MILLER, C. R. DETERMIN~~T~N OF THE “NIT WEIGHT 
OF SEDIMENT FOR “SE IN SEDIMENT VOLUME COMPUTA- 
TIONS. Bur. of Reclamation, 7 pp. 1953. 

3 ROUSE, H. ELEMENTARY MECHI\NICS OF FLUIDS. 376 
PP., illus. New York and London. 1946. 

4K~E~ZER, V. A., and Lam, J. M. DENSITY AND COM- 
PACTION RATES OF DEPOSITED SEDIMENT. Amer. Sot. Civil 
Engin. Jour. of Hydraulics Div. 84(HYZ): 1603-1 to 
1603.15. 1958. 

J See footnote 1. 

jetted to exposure. The sediments consequently 
dessicate and become more dense, thus increase 
the unit weight. On the other hand, reservoirs 
normally operating with a full pool would cause 
the unit weights to be lower, the deposited sedi- 
ments not being exposed. Reservoirs operating 
under fluctuating levels impose an intermediate 
set of conditions that produce varying effects 
on the unit weight of the deposits, depending on 
where they are located in the reservoir. 

The size of the incoming sediment particles 
has a significant effect upon unit weights. Sedi- 
ments composed of high silts and sands would 
have higher unit weights than those in which 
clay predominates. 

Compaction or consolidation rates are also of 
importance in affecting the unit weights of de- 
posited sediments. Koelser and Lara4 sum- 
marized the factors influencing these rates as 
(1) the weight of the overlying sediment, (2) 
the degree of exposure to drying, (3) particle 
size, (4) permeability, and (5) time. Little in- 
formation is available as to the quantitative de- 
termination of the consolidation rates of the 
deposited sediments: therefore, they were ex- 
cluded from the analysis presented in the devel- 
opment of the procedure in this paper. 

Data 
Sources of data used in the compilation (table 

1) were numerous, although a major part of the 
data was obtained from reservoir survey reports 
by Federal and State agencies. A total of 1,316 
samples were used, including those in the report 
of Lane and Koelzer.J 

Table 1 lists information pertinent to each 
sample including (1) the location of the reser- 
voir where the sample was taken, (2) observed 
unit weight, (3) percentages of clay, silt, and 
sand, (4) computed unit weight, and (5) the 
deviations of the computed from the observed 
unit weights for each sample. 

The data have been arranged according to 
three types of reservoir operations and a fourth 
type that includes only river sediments. These 
types’ are described as follows : 

WP~ Reseemir operation 
I. .Sediment always submerged or 

nearly submerged 
II. Normally moderate to considerable 

reservoir drawdown 
III. Reservoir normally empty 
IV. Riverbed sediments 

Selecting the proper type of reservoir opera- 
tion from the above tabulation to apply to a spe- 
cific problem is a matter of judgment. Informa- 
tion from the initial reservoir operation study 
relative to fluctuations in the reservoir level is 
a valuable aid in selecting the type of reservoir 
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Harry Strunk Nebraska....... 11 

Leavenworth Count! 
state Lake. 

Lake Calhoun. 

Lake Bracken. 

Conchas Reservoir. 

Tarryall Reservoir 

Lake McBride. 

Lake O&he. 
Lake El Dorado. 
Fort Supply Reservoi 

TABLE l.-Compilation of d 

Loestion 

:Ilinois 

:Ilinois. 

south Carolina. 

iew Mexico 

:olorado ....... 

Lmsas .......... cs ............ 
.ansas .......... cs ............ 
lklahom. ...... iE ............. 

ERAT 
I 

?SBR 

ICS 

xx. ........ 
:cs ........... 

:cs .......... 

:E 

‘S .............. 

cs ........ .. 

br unit weit 

b&f 

97.1 

:i:i 
80.7 
94.3 
12.1 
85.7 
34.3 

8:: 
74.2 
19.6 
62.1 
78.6 
61.4 
45.7 
39.9 
30.0 
47.7 
60.4 
36.5 
58.0 
72.0 
57.0 
73.0 
55.0 
70.0 
31.0 
38.0 
59.0 
41.5 
68.0 
48.5 
89.4 
36.5 
53.6 
70.0 
70.2 
78.9 
68.4 
39.4 
61.5 
20.7 
84.0 
64.2 
45.7 
28.0 
59.2 
40.5 
35.1 
37.4 
31.2 
81.1 
59.0 
59.0 
62.0 
56.0 
60.0 
60.0 
66.0 
41.3 
35.5 
33.5 
30.5 
63.9 
37.5 

CLaY 

1.1 
2.4 
2.6 
4.E 
8.2 
5.1 

10.2 
4.: 
4.6 
6.3 
4.E 
9.E 
3.E 

27.4 
11.: 

9.8 
36.4 
16.2 
60.7 
25.9 
11.E 

2:: 
23.2 
37.6 
20.0 
52.3 
39.2 
55.0 
24.0 

E 
24.9 
38.9 
41.4 
45.4 
61.4 

E 
13.3 
24.8 
25.1 
20.6 
67.0 
4.0 

19.0 
20.0 
63.0 
53.0 
40.0 
51.0 
1.6 

19.2 
4.3 

12.0 
10.0 
LT.0 
16.0 
L4.0 
32.4 

2:: 
72.0 
77.0 
19.0 
32.0 
i8.0 

21.6 
28.8 
10.6 
23.6 
11.0 
59.0 
86.5 
78.4 
73.9 
19.3 
68.5 
80.4 
77.2 
68.0 
76.9 
71.4 
61.0 
75.6 
38.0 
70.6 
83.6 
49.9 
72.4 
68.8 
61.4 
77.0 

%f 
44.0 
14.0 
57.8 
60.5 
74.7 
60.0 
58.0 
53.9 
37.6 
59.1 
67.0 
70.0 
68.2 
65.5 
71.4 
32.0 
14.0 
80.0 
73.0 
37.0 
44.0 
55.0 
43.0 

8.6 
72.6 
16.8 
77.0 
77.0 
81.0 
80.0 
85.0 
22.1 
27.1 
39.0 
24.0 
20.0 
19.0 
26.0 
30.0 

17.: 
6X.! 
62.C 
11s 
14.t 
35.L 

3.: 
11.1 
21.: 
14.4 
27., 
1o.t 
18.: 

4.1 
11.1 
18.1 

2.f 
8.: 
1.: 

::j 

22 
E., 
1.c 
3.c 
1.c 
7s 
1.c 
2s 
3s 

.I 

1:; 
.f 
.: 

1.C 
4.5 

13x 
16.5 
7.c 
9.4 
8.C 
1s 

82S 
1s 
7.c 

3.c 
5.C 
6.0 

89.6 
8.2 

78.4 
1.0 
3.0 
2.0 
4.0 
1.0 

54.5 
57.5 

5.0 
4.0 
3.0 
2.0 

42.0 
2.0 

\&i 

87.75 
85.86 
87.24 
70.53 
77.53 
66.41 
72.83 
73.24 
71.74 
75.53 
68.30 
73.37 
59.47 

E 
54.97 
65.12 
43.43 
59.64 
66.07 
48.71 
59.10 
62.04 
53.55 
62.01 
46.95 
54.73 
46.01 
59.98 
;;:g 

59.00 
53.11 
52.23 
50.47 
43.43 
55.51 
64.71 
68.87 

E:Z 
62.92 
40.79 
90.38 
61.91 
63.09 
42.28 
47.49 
53.75 
49.18 
93.42 
63.80 
88.86 
60.59 
62.01 
63.06 
64.04 
64.11 
74.90 
18.26 
16.71 
39.40 
36.93 
35.78 

Z," 

8.95 
9.35 
2.04 
1.36 

10.17 
16.18 

5.69 
12.87 
10.53 
13.16 
15.87 

5.90 
6.23 

-7.37 
10.64 

-9.33 
-9.27 

1:;:;; 
-11.94 

-5.67 
-12.21 

-1.10 
9.96 
3.45 

10.99 
8.05 

15.27 
-9.07 

-21.98 
5.35 

-5.34 
9.00 

-4.61 
-12.83 

-E:: 
14.49 

5.49 
10.03 
7.51 

-22.03 
-1.42 

-20.09 

-E 
-17.39 
-14.28 

11.71 
-13.25 
-14.08 
-6.02 

-32.60 
-7.76 
-1.59 
-3.01 
-1.06 
-8.04 
-4.11 

-14.90 
-12.25 

-5.41 
-3.90 
-3.43 
-5.28 
-3.36 
-3.12 
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TABLE I.-CO: ztion of data for unit zi 

6 

,sis-Continued 

I 

-- 
lir Oklahoma. 

)kla. and Texas 

-- 

1 

C 

CE ............ 

:E ............. 

Use 

38. 
38. 
34. 
55. 
37. 
58. 
35. 
38. 

101. 
5x 

119. 
73., 
60.! 

117. 
97.1 
80.1 
77.; 
98.‘ 

111.1 
41., 

2::: 
64.1 
5o.c 
57.C 
87.C 
69.C 
4o.c 
86.c 
56X 
71.c 
76.6 
86.0 
74.0 
90.0 
83.0 
85.0 
53.0 

:;:; 
89.0 
74.0 
53.0 
86.0 
89.0 
99.0 
98.0 
87.0 
63.0 
53.0 
35.0 
86.0 
49.0 
88.0 
39.0 

E:i 
S3.0 
38.0 
18.0 
32.0 
33.0 
58.0 
92.0 
44.0 
91.0 
98.0 

74. 
64. 
78. 
69. 
62. 
75. 
53. 
78. 
72. 

5:: 

4;: 
58. 
3. 
7. 

28. 
25. 

$1; 
62.1 
52.1 
41.1 
;j:; 
36.f 
1o.c 
3o.c 
56.c 
15.c 

% 
L3.C 
i0.C 
:O.D 
8.0 
9.0 

ii.0 
7.0 
'8.0 
1.0 
2.0 
1.0 
6.0 
8.0 
3.0 
3.0 
5.0 
5.0 
6.0 
3.0 
1.0 
7.0 
3.0 
4.0 
LO 
4.0 
1.0 
:.0 
I.0 
I.0 

6.0 
5.0 
9.0 
3.0 
5.0 
3.0 

ii: 
30 

ii 
22 

2 

z- 
19 
2 

2 

1:, 

it: 
3. 

3;: 
46. 
56. 
48. 
48. 
52. 
72. 
47. 
26. 
64. 
49. 
43. 
67. 
49.1 
75.1 
653 
!;:I 
i7.t 
16.c 
i4.c 
%S 
3O.C 
i5.C 
41s 
i1.c 
!5.C 
3.0 
9.0 
is.0 
9.0 
7.0 
6.0 
5.0 
7.0 
5.0 
1.0 
7.0 
7.0 
4.0 
7.0 
5.0 

i9.0 
:5.0 
is.0 
~8.0 
1.0 
3.0 

sa. 

: 
2 

i 
3 

11 
1 

7:: 
30. 
96. 
27. 

9:: 
79. 
34. 
36. 
95. 
93. 
1. 

i: 
8. 

23. 
12.' 
8.1 

23.1 
8.1 

21.1 
9.1 
2.1 

20.1 
I.( 
5.c 

?I.( 
z5.c 
78s 
3.c 
ig7:; 
IO.0 
18.0 
:4.0 
i3.0 
il.0 
'2.0 
'4.0 
6.0 
6.0 
5.0 

LO 
8.0 
7.0 
1.0 
5.0 
7.0 
3.0 
4.0 
4.0 
4.0 
5.0 
0.0 
3.0 
2.0 
3.0 
4.0 

Corn 
unit 

$ 

37.' 
40.1 
40.< 
43.! 
37.z 
49.t 
35.L 
392 
86S 
55.f 
95.c 
56.c 
45.: 
94.6 
88.2 
66.8 
68.7 
94.7 
93.7 
42.9 
47.6 
52.7 

2," 
57.4 
33.3 
53.0 
13.1' 
;,":; 
L6.3. 

E:ii 
i2.5l 
'3.7: 
'2.7! 
U.Of 
i7.61 
i5.01 
i9.84 
3.2c 
2.28 
4.34 
1.67 
4.82 
8.12 
4.06 
a.32 
1.62 
3.21 
7.88 
3.47 
5.88 
5.65 
1.71 
I.30 
'.25 
3.81 
..20 
i.12 
1.28 

6.81 
5.60 
2.25 
1.14 
3.37 
L.36 

%;. 

;i’. 
71 
52 
45 
53 
31 
j5 
15 

1; 
46 
14 
il 
i6 
i0 
15 
16 
'2 

; 
9 

G 
0 
5 

: 

i 

; 

: 
7 
5 
7 
3 

; 
1 
4 

-4.21 
.89 

-2.12 
-5.55 
Il.67 
-.31 
8.85 

-35 
-1.74 
14.98 
2.45 

24.86 
17.19 
15.34 
22.90 
x.75 

14.04 
3.73 
3.63 

17.21 
-1.99 
-3.66 
-4.77 
11.20 

-11.25 
-.40 
23.64 
5.99 

-3.12 
16.93 
2.05 

24.66 
6.32 

37.73 
11.45 
16.23 
10.21 

-6.06 
-4.61 

1.99 
19.16 
15.74 
1.72 

-21.34 
4.33 

14.15 

%i 
-1.32 

1.38 
-5.21 
-2.88 

6.53 
-6.38 
12.36 
1.29 
3.70 
1.75 

39.19 
16.80 
2.88 

18.72 
16.19 
2.40 

19.76 
-0.14 
31.63 
5.64 
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TABLE l.-Corn pila 

Lake Texoma- 
Continued 

( 

Lake Bloominaton.. 

Lake Decatur., 

I 

I 

)kla. and Texas. 

.llinois 

.llinois 

- 

-- 
c 

I 

s 

tion of data for unit weight ana 
/ 

:E............. 

cs. 

: c 

L 
'%i? 
100.0 

89.0 
91.0 

E 
81.0 
87.0 
96.0 
96.0 

108.0 
74.26 

%;' 
42.43 
42.43 
36.19 
41.18 
27.46 
28.08 
29.33 
32.45 
64.90 
56.78 
45.55 
49.30 
41.81 

2:; 
24.96 
24.96 

it::: 
36.82 
24.34 
19.97 
33.07 
33.07 
33.07 
30.58 
29.33 

%:; 
39.31 
42.43 
38.69 

Z:E 
41.81 
38.06 
34.94 
38.06 
42.43 
35.57 
41.81 
33.07 
31.20 
37.44 
41.81 

2:; 
51.79 
49.30 
53.04 
49.92 
56.78 
70.51 
70.51 

30.0 
4.0 
3.0 
5.0 
3.0 
6.0 
1.0 
3.0 
3.0 
2.0 
3.0 

TE 
36.0 
31.0 
38~, 
39.0 
31.0 
36.0 

;"G:i 
91.0 
65.0 
77.0 
77.0 
81.0 

E 
66.2 
67.8 
35.5 

~~3 
65.0 
56.2 

:;:3" 
46.8 
66.7 
73.4 
76.9 

:::: 
55.3 

E 
54.1 
62.2 

iPi 

% 
61.4 
57.8 
51.8 
50.7 
47.3 
52.3 
43.6 
47.4 
43.8 
47.1 
48.0 
47.2 
45.3 
45.5 
29.1 
11.8 

silt - _- 

25.0 
26.0 
37.0 
25.0 
22.0 
37.0 
43.0 
11.0 

1.0 
3.0 
1.0 

23.0 

:I: 
12.0 
11.0 

9.0 
12.0 
11.0 

7.0 
11.0 

6.0 
17.0 
20.0 
22.0 
18.0 
14.0 
38.6 
32.3 
32.0 
58.9 
39.4 

Z 
43.2 

2: 
52.8 
33.0 
26.4 
23.0 

2; 
44.5 
43.1 

",E 
37.0 
38.7 
44.5 
34.9 
46.5 
38.5 
42.1 

2: 
52.1 
47.5 
56.2 
52.5 
56.1 
52.8 
51.7 
52.7 
54.5 
54.0 
67.4 
20.7 

- land 
55.0 
70.0 
E: 
51.0 
57.0 

!E 
96.0 

2:: 
17.0 
11.0 

1.0 
1.0 
1.0 
2.0 
7.0 
3.0 
1.0 
3.0 
3.0 

18.0 
3.0 
1.0 
1.0 
1.0 

18.0 
1.5 

5:; 
2.9 

:: 

:i 
2 

:i 

:; 

:; 
.2 
.O 
.l 

3.9 

2:: 
.8 

:; 

:: 

:; 

:; 
.2 

:: 

:; 

:; 
.5 

3.5 
67.5 

. 
1 

- 

:, 

2.95 

'E 
4.30 
8.07 
6.25 
0.58 

-3.28 
1.40 
1.23 

13.40 

2:; 
9.38 

10.44 

'2; 
4.93 

-5.51 
-1.71 
-3.64 

1.68 
18.64 

'E 
14.61 

8.94 
-16.00 

-7.18 

I$:;; 
-7.85 
-8.19 
-4.58 

-21.29 
-24.18 

-9.21 
-16.25 

-7.45 
-7.30 
-6.79 

-22.91 
-9.42 
-6.49 
-2.49 
-8.87 

J1.31 
-4.30 
-2.77 
-8.01 
-1.17 
-8.18 
-0.73 
-8.91 
-5.31 

-14.49 
-17.68 

-9.68 
-8.83 

--.65 

-2:: 
-.42 
3.72 

-.28 
6.58 

12.19 
-12.30 
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TABLE 1.-c% 

! 

-- 

Jklahama. 

Illinois .‘. 

npil - 

( 

c 

ation of data for unit 

“yy 

3CS. 

- 

8 

:E... 

E 

vht a 

%?: 

“ii% 
64.2 
56.1 
62.4 
31.5 
36.8 
43.C 
44.z 
31.2 
34.3 

% 
63.6 
44.9 
51.7 

$I 
54.3 
36.2 
29.4 
46.9 
55.6 
31.5 
34.7 
45.2 
39.2 
46.9 
69.1 
60.0 
25.4 

:Ei 
22.0 
65.2 
52.4 
69.6 
73.5 
57.4 

it; 
56.5 
12.0 
70.5 
60.0 
72.0 
60.5 
50.7 
37.6 
52.8 
42.1 
40.7 
41.5 
40.4 
36.5 
40.7 
86.3 
67.2 
63.0 
62.6 

32. 
30. 
36. 
33. 
66. 
59. 
33. 
47. 
67. 
55. 
61. 
41. 
30. 
42. 
43. 
39. 
42. 
43.' 
69.8 
85. 
67.1 
55.: 
80.1 
83.1 
63.1 
69.! 
54.1 
70.t 
51.1 
78.i 
10.1 
2.: 
73.t 
j3.t 
53.2 
17.C 
LOS 
LlS 
i5.e 
'7.E 
17.5 
i9.4 
i3.5 
'5.0 
'0.0 
i3.8 
8.0 
2.0 
8.0 
3.0 
2.0 
8.0 
6.0 
2.0 
4.0 
5.0 
4.0 
9.0 
2.0 
- 

66. 
69. 
56. 
65. 
33. 
40. 
62. 
52., 
32.: 
43.! 
33.1 
58.' 
66.: 
55.: 
56.' 

E:! 
48.: 
27.! 
14.: 
32.: 
42.! 
19.1 
16.: 
35.: 
29.: 
33,s 
28.t 
37.5 
19.1 
23.C 
32.7 
24.1 
45.4 
44.6 
37.2 
45.5 
48.2 
33.1 
21.7 
44.9 
29.7 
33.1 
24.1 
z9.1 
29.5 
LO.0 
17.0 
j9.0 
14.0 
15.0 
17.0 
10.0 
l5.0 
15.0 
:6.0 
i6.0 
il.0 
9.0 

31 

8: 
3. 

1:: 

;:i 
6.: 
;:i 
1.1 

15.1 
L4.! 

‘!:I 

7:; 

3:: 
.I 

z 

i - 

6: 
~2.0 
1.0 
3.0 
3.0 
3.0 
5.0 
4.0 
3.0 
1.0 
9.0 
0.0 
0.0 
9.0 

- 
'& 

56.8' 
55.6 
55.7 
40.9' 
44.0, 
56.51 
49.3: 
40.5: 

E 
51.91 
57.6: 
52.01 

i%! 

E 
40.4: 

fj;:;: 
46.3; 
35.0< 
33.42 
42.5: 
39.91 
19.4E 
39.03 
13.43 
36.22 
10.38 
14.78 

12: 
L6.78 
53.64 
i6.18 
i4.93 
11.67 
15.68 
il.48 
19.91 
:3.09 
i7.27 
i9.47 
,3.73 
'2.12 
2.99 
3.28 
3.09 
7.93 
5.83 
6.44 
9.13 
2.11 
2.23 
3.74 

2: 

11.83 
7.47 

.55 
6.65 

-9.14 
-7.22 

-13.50 
-5.02 
-9.32 

-11.04 
-6.34 

-13.27 
6.04 

-7.13 
.71 

-8.99 
-1.16 

.79 
-4.25 

-2 
9.26 

-3.57 
1.22 
2.65 

-.71 
-2.58 
30.07 
16.57 

-11.72 
-9.48 
-1.88 

-15.98 
18.25 

5.62 
15.96 
17.32 
2.47 

-4.77 
1.32 
4.92 

32.09 
27.41 

2:; 
16.77 

-1.42 
-5.39 

-.48 
-.99 

-7.23 
-4.33 
-6.04 
-2.63 
-1.41 
14.07 
8.46 
3.06 

-13.20 

Berlin 

TYPE II. - KESERVOIR OPERATION: NORMALLY A MODERATE TO CONSIDERABLE RESERVO,R DRA~OWN 
Reservoir. Pittsburg District. CE. I 63.4 60.0 

i 
38.0 

18.9 73.4 
2.0 

50.0 
49.92 

44.0 
13.43 

6.0 
34.0 

54.56 
4 61.0 69.0 5.0 19.0 60.06 :s":ii 
lt 43.0 43.3 82.8 38.0 21.0 52.0 27.0 

25.0 

74.04 70.46 -5.04 

69.0 6.0 63.56 -E 
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TABLE 3.--IModified values of coefieients in equation 1 for reservoir types 

lines. One standard error of estimate would 
embrace about 68 percent of the residuals or 
differences between computed and observed val- 
ues while about 90 percent would line within 
the range of 1.645 times the standard error. 

The unit weight as determined from values 
of the above tabulation would be considered as 
the initial unit weight. No attempt has been 
made in this investigation to correct for the 
compaction of sediments as was done by Miller. 
This is a special phase and will be considered 
separately in a future study. 

Sample Computation 
An example of the computational procedure 

to determine the initial unit weight will now be 
given. The procedure simply entails the appli- 
cation of equation 1 for a given set of field data. 

Given : 
From the size analysis, it is found that the 

sediments are composed as follows: 
Sediment 

WPE Percentage 
Clay . . . . . .._.................. 23 
Silt . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 
Sand . . . . . . . . . . . . . . . . . . . . . . . . . 37 

7 See footnote 2. 
8 See footnote 1. 
*HEINEMANN, H. G. VOLUME-WEICHT OF RESERVOIR 

SEDIMENT. Amer. Sot. Civil Engin. Jour. Hydraulics 
Div. 88 (No. HY6) : 181-197. 

Reservoir operation : Type I. 
Compute 7: 

y=wcpc + WmPln + WSPS 
=j@~JO.23) + (70) (0.40) + (97) 

\“._. , 
-5.98 + 28.00 + 35.89=69.87 lb./cu. ft. 

This can be rounded to 70 pounds per cubic foot 
for practical use and for use as initial unit 
weight of sediment deposits. 

Summary and Conclusions 
It is concluded from this investigation that 

the unit weights can be computed on the basis 
of the regression equations derived from the 
analysis of the 1,316 samples compiled. This 
study showed better statistical results in deriv- 
ing empirically the unit weight coefficients by 
equation 1 than by equation 2. Because of the 
greater number of samples analyzed, these co- 
efficients would supersede those listed in Mil- 
ler’s ’ and the Lane and Koelzer8 studies. It is 
suggested that the coefficients derived herein be 
used in future investigations where initial unit 
weight values need to be determined. 

Future studies should be aimed at quantita- 
tively determining the various factors affecting 
the unit weight of deposited sediments. This can 
be more readily accomplished by conducting 
sedimentation surveys of the type Heinemann * 
made for Sabetha Lake. 

IMPROVED VOLUMETRIC SURVEY AND COMPUTATION 
PROCEDURES FOR SMALL RESERVOIRS 

lPawr No. 831 
BY II. G. HEINEMANN and V. I. DVORAK, hydraulic engineers, Soil and Water Conservation Research Division, 

Agricultural Research Swvice 

Abstract 
Hundreds of small reservoirs are surveyed 

every year to obtain information on storage 
capacity, sediment volumes, or for other pur- 
poses, at considerable time, effort, and expense 
for the associated field work and office eomputa- 
tions. The final results from these surveys, how- 
ever, are not always comparable or the data 
as useful as desired, because of poor procedures 
or techniques. 

In a quest for the best survey and computa- 

tion methods consistent with available re- 
sources, four small reservoirs were surveyed in 
great detail. Different surveys were imposed on 
these detailed bases and numerous computation 
techniques were used in the office calculations. 

It was found that a field determination of the 
emergency spillway contour and a selected lower 
contour, together with data from sufficient 
ranges properly located (parallel where possi- 
ble) provide adequate and dependable informa- 
tion. The integrimeter is a time-saving area- 
measuring tool that can be used to advantage. 
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Experience elsewhere and this particular study 
show that the stage-area curve method is the 
most direct, simple, accurate, and uniformly 
adaptable way to determine the capacity of a 
reservoir. Volumes of sediment deposits can 
best be obtained from capacity differences. 

Introduction 
Many small reservoirs are surveyed every 

year by Federal, State, and local agencies to 
obtain information on reservoir storage eapa- 
city, amount of deposited sediment, sediment 
distribution, and other factors. The need for 
good volumetric data in the design of water con- 
trol and utilization projects has been so promi- 
nently emphasized in the past that it needs no 
further discussion here. 

Considerable time, effort, and money are ex- 
pended in the field and office work accompanying 
these reservoir surveys. However, the final re- 
sults are not always as dependable as might be 
desired or as comparable with other reservoir 

1 EAKIN, H. M. (rev. by Brown, C. B.) SILTINO OF 
REIE U.S. Dept. Agr. Tech. Bul. 524, 168 pp. 

data, because of the use of poor procedures. 
This situation should be improved. 

This study was undertaken to determine the 
best procedures, consistent with the usually 
available resources, for determining the volume 
(remaining storage capacity) of a reservoir. 
Emphasis in this paper is on reservoir volumes 
rather than sediment volumes. Where sediment 
volumes are also desired, as pointed out in the 
paper, they can be obtained as the difference in 
remaming reservoir storage capacity at differ- 
ent dates. In the case of reservoirs without prior 
volume surveys, the measurements of sediment 
thicknesses can be made with a spud 1 or other 
acceptable device. 

Volumetric Survey Procedure 
The four reservoirs used as a basis for this 

study were selected because they were surveyed 
in great detail and they provided a variety of 
reservoir topography. They are relatively small, 
ranging in capacity from 29 to 70 acre-feet (figs. 
1 to 4). The spacing of many of the cross sec- 
tions near the dams is 25 feet, but spacings of 
50 feet or more were used in the upstream parts 

FIGWE 1. - Matt Hafmr Reservoir, Newell, 5. Dak., sedimentation survey, September 8,19&g. 
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FIGURE 2. -Bertha Armour Resemoir, Newell, S. Dak, sedimentation survey, August 1959. 

of the reservoirs. The survey method used on 
these four reservoirs proved very effective, and 
was used as a guide for the following suggested 
survey procedures. 

Figure 5 is a drawing of a hypothetical reser- 
voir showing many of the shapes encountered 
in the field. It will be used with the following 
discussio?, which is applicable to the survey of 
a reservoz several years old and on which no 
survey base was established at the time the 
dam was completed. 

Preliminary Field Work 
Before actually starting field work, the en- 

gineer should study the topography in the sur- 
rounding area, especially that directly down- 
stream from the dam. The slopes leading into 
the reservoir valley should be examined to de- 
termine if they are continuous or if a bench, 
terrace, or other irregularity exists. The pres- 
ence of such topographic features will require 
consideration and adequate delineation during 
the fieldwork. Also, it is necessary to decide 
upon the method of computing the volume, since 
the field survey data required are partially 
dependent on the computational procedure. 

Where possible, a measured base line should 

be established along one side of the reservoir, 
and this should generally be parallel to the main 
valley. Such a base line requires few permanent 
monuments and provides for greater accuracy 
in the survey itself. 

Experience has shown that a reservoir con- 
tour map can be drawn adequately from a field 
determination of the upper spillway contour, a 
selected lower contour, and data from a suffi- 
cient number of ranges properly located. A 
range is simply a fixed line across a reservoir, 
along which an adequate number of elevations 
are determined to permit the establishment of 
the topography. The proper location of these 
ranges is facilitated if the plane table work 
locating contours is completed first. 

Information as to the locations of the spill- 
way contour (upper spillway-principal or 
emergency, depending on the type of structure) 
and another selected lower contour is desired, 
because these contours provide excellent hori- 
zontal control. The spillway contour should be 
mapped on a plane table sheet by using alidade 
and level equipment. This work proceeds quite 
rapidly if an engineer’s level is used to insure 
that the rod is on the contour while the contour 



848 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 

x 
: 

/ 

FIGURE 3. -Al Olsen Reservoir, Newell, S. Dak., sedimentation survey, July 1958. 

is being located on the plane table sheet. A 
selected lower contour is desirable because it 
provides information on the changes in the 
land slopes between the ranges, and datum from 
it provides a strategic point on a stage-area 
curve. This selected lower contour is more valu- 
able if it is located about one-third of the total 
reservoir depth down from the spillway. If the 
water stage is at this approximate elevation, the 
contour can be mapped rapidly, inasmuch as 
the level is not needed. If the reservoir is full, 
or nearly so, this lower contour is usually 
omitted. 

Rasgges 
Ranges provide excellent vertical controls and 

should be located to yield maximum data for 
drawing contours. Ranges should be placed gen- 
erally perpendicular to the valley and perpen- 
dicular to the base life, if possible. This greatly 
facilitates the computations. The ranges should 
be extended so that the maximum elevations 
are at least 3 feet above the highest spillway. 
It is important to have good range coverage so 

that the topography can be adequately por- 
tra~“d ---., --. 

If the exact topography of the upstream ~face 
of the dam is not known, at least one range 
should be located perpendicular to the axis of 
the dam to establish the presence or absence of 
a berm and also to locate the toe of the fill. If 
only a minimum number of ranges is used, one 
range must be located across the reservoir along 
the upstream toe of the dam. 

Figure 5 shows a suggested range layout for 
a small reservoir. Most of the ranges are paral- 
lel to each other and perpendicular to the base 
line. Other ranges were placed in specific loca- 
tions to facilitate obtaining special information. 

Elevations along the ranges below the water 
level are determined by sounding with a sound- 
ing pole or bell, or other means. If the under- 
water topography is quite uniform, elevation 
determinations can be widely spaced. However, 
if the terrain is rough, the determinations 
should he numerous so that good topographic 
maps can be plotted. If a sounding hell is used, 
the graduations on the line should be checked 
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frequently for accuracy. Gottschalk2 has de- 
scribed a system for marking the line. Eleva- 
tions above the water level should be determined 
by standard level survey procedures. 

If other data are to be obtained during the 
survey, such as the volume-weight of sediment, 
they should be obtained along the ranges. Ac- 
curate locations, both as to distance from range 
end and depth of sample, should be recorded. 

In connection with all of the foregoing, it is 
more practical to obtain more than adequate, 
rather than insufficient data. It takes very little 
field time to obtain information along a few 
additional ranges, and such data may prove 
highly desirable during the computations. 

Methods of Calculations 
Numerous computational techniques were 

used to determine the reservoir capacities of 
* GOTTSCHALK, L. c. SO”NDlNO AND SP”DDING LINES. 

U.S. Soil Conservation Service Tech. Letter &d-19, 
dated August 1,194s. 

the four reservoirs studied. These techniques 
were used with the following amounts of data: 
(1) the complete detailed reservoir surveys; (2) 
parts of the detailed surveys; and (3) imposed 
surveys developed from the detailed bases. The 
computational techniques can be grouped into 
two basic approaches-contour areas and cross- 
sectional areas. 

Contour AreaMethods 
The contour area approach is dependent on 

contours to reflect actual topography adequate- 
ly. Experience has shown that topographic 
maps with 2-foot contour intervals are adeqtiate 
for the size of reservoirs represented by this 
study. This approach can be used with the fol- 
lowing four methods: (1) Stage-area curve; 
(2) modified prismoidal; (3) Simpson’s rule; 
Andy (4) average contour area. 
Stage-area curve method 

The stage-area curve method requires the plot- 
ting of a well-defined stage-area curve. If de- 
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FIGURE 5. - Suggested range layout for 8 typical reservoir. 

sired for Reservoir Sedimentation Data Sum- 
mary forms,3 such curves can be developed for 
various segments of the reservoir. The area 
between such a curve and corresponding selected 
elevations on the stage axis represents the re- 
servoir capacity between the selected elevations. 
As an example, the capacity between elevations 
112 and 114 (fig. 6) is represented by the shaded 
area. This can be planimetered and converted 
directly to capacity. 
Modified prismoidal method 

Figure 7 shows the equation used in the modi- 
fied prismoidal method. The average of three 
areas is multiplied by the contour interval. The 
middle area is an approximation and an attempt 
to duplicate the midpoint of the segment on the 
stage-area curve. The accuracy of the results 
decreases with increased curvature in the stage- 
area curve. 

In this method. the symbols represent the 
3 SUBCOMMITTEE ON SEDIMENTATION, INTER-AGENCY 

COMMITTEE ON WATER RESOURCES. SUMMARY OF RESER- 
“OIR SEDIMENTATION S”E”EYS MADE IN THE UNITED STATES 
TIIROUGH 1953. Sedimentation Bul. 6: Appendix. April 
1951. 

following: 
V=capaeity, in acre-feet ; 
L=contour interval, in feet ; 
A=area of lower contour, in acres ; 
B=area of higher contour, in acres. 

Simpson’s rule 
Simpson’s rule has never been mentioned in 

the reservoir survey literature, but it can be 
used to compute the capacity. A requirement is 
that the reservoir must be divided into an even 
number of segments. The general equation is 

I’=$$ h [ Ao+An+4 (A,+As+. . . +A,,) 
+2 (A,+A,+. .’ +A,.,) 1 

where 
V=capacity, in acre-feet ; 
A-area of contour or cross section, in 

acres; and 
h=interval spacing between contours Or 

croes sections, in feet. 

Awerag~ contour area method 
This method consists of averaging the upper 

and lower contour areas and multiplying by the 
contour interval. The summation of such de- 
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FIGURE 6.-M&t Hafner Reservoir stage-area curve. 

terminations approximates the capacity of the 
reservoir. 

Cross-Sectional Area Methods 

The cross-sectional area approach depends 
primarily on cross-sectional areas (of ranges) in 
volumetric computations. The location of 
ranges, therefore, must be selected carefully to 
show the topography. This approach can be 
used with the following four methods: (1) 
Eakin’s range end formula; (2) cross-sectional 
area vs. distance from dam -curve ; (3) Simp- 
son’s rule, using the cross-sectional area meth- 
od ; and (4) average end area. 
Eakin’s range end formula 

In this volumetric formula, both cross-sec- 
tional and surface areas are used, as explained 
by Eakin and Bro~n,~ and also by Gottschalk.s 
It is based on the prismoidal formula and is 
shown in figure 8 with a segment illustration. 

The symbols are: 
V=capacity, in acre-feet; 

A’=quadrilateral area- the area, in 
acres, of the quadrilateral formed by 
connecting the points of intersection 
of the ranges with crest contour; 

A=lake area of the segment, in acres; 
E=raW& cross-sectional area, in square 

W=wi;;cl,o: the range at crest elevation, 

h=the perp;ndicular distance, in feet, 
from one range to the shore line at 
the other range : 

*see footnote 1. 
5 GOTTSCHALK, L. C. MEASUREMENT OF SEDIMENTATION 

IN SMALL RESERYOIRS. Amer. See. Civil Engin. Proe., 
Hydraul. Div. ‘77 (255) : 11 pp. 1951. 

V=+(A+m+B) 

FIGURE 7. -Modified orismoidal formula. 

h,=the perpendicular distance, in feet, 
from the range on a tributary to the 
junction of the tributary with the 
main stream. 

The subscripts shown in the figure identify 
these auantities with the respective ranges of 
the se&next. 

Reservoirs having irregular-shaped~ segments 
may require as many as five different variations 
of this formula to compute the total capacity. 
A standard form is available for uniform and 
orderly calculation of the basic formula. A tem- 
plate has been devised in conjunction with this 
form to speed the calculations and help prevent 
fXTOl%. 

Cross-sectional area vs. distance from dant- 
curwe metbod 

On a graph showing range cross-sectional 
areas plotted versus distances from the dam, 
the capacity is represented by the area between 
the curve and the “distance from the dam” 
axes. The accuracy is dependent on the ade- 
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quaey of the defined curve. Figure 9 shows such 
a curve. 

several instances, it was necessary to use an- 
other cross-sectional area method to compute 
the volume of the final odd segment. 
Average end area method 

FIGURE 9. - Bertha Armour Reservoir cross-sectional 
area versus distance from dam. 

Simpson’s rule 
The use of Simpson’s rule, with the cross- 

sectional area approach, was made possible by 
the many evenly spaced parallel ranges. In 

The average end area method requires a de- 
termination of the average of the cross-sectional 
areas. This average is then multiplied by the to- 
tal length of the reservoir to obtain the capacity. 

Sediment volume 
The easiest and most practical method 

of computing the volume of sediment deposited 
in a reservoir between certain survey dates is 
by determining the difference in capacities on 
the two dates. In the case of a reservoir without 
satisfactory prior volume surveys, sediment 
thicknesses can be determined with a spud or 
other suitable device and the necessary infor- 
mation obtained for establishing the original 
contours or cross-sectional areas of the reser- 
voir. In this latter case, the sediment volume is 
the difference between the original reservoir 
capacity and that remaining at the date of 
survey. 

Short cuts 
Time-saving devices and procedures were used 

whenever possible. All measurements on the 
stage-area curve and contour area measure- 
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merits when the ranges were parallel to each 
other were made with the integrimeter. Figure 
10 shows this instrument. Its use saves a great 
deal of time. It determines the integral value 
from point to point on a curve while tracing the 
curve; it determines directly the area below 
any portion of a traced curve. It can also be 
used as a planimeter. It has another advantage 
in that the measuring wheel runs on a special 
surface at all times, minimizing differential 
wheel slippage. 

A short-cut method for determining cross- 
sectional areas directly from reduced field notes 
has been developed by Mr. Dvorak. This method 
is a programming of a general trapezoidal form- 
ula for determining cross-sectional areas on an 
electric calculator having a single keyboard. 
This method saves from one-third to two-thirds 
the normal time required to determine such 
areas. Furthermore, a check is made of all 
entries simultaneously with the computations. 
Figure 11 shows the tabulation forms used with 
Dvorak’s method. It shows the simplicity of 
the tabulation involved in the computation and 
its check for each of Dvorak’s two methods. 

FIGURE ll.-IIllustration of form used in computff 
cross-sectional areas in the elevation and depth meth- 
ods (after Dvorak’s shortcuta). 

Results 
The field survey and the office computations 

are used together to obtain reservoir capacity. 
The best type of computation procedure is of 
little value without an adequate field survey. The 
fieldwork should be oriented with the computa- 
tion method so that the essential information is 
always obtained. 

The results of the varitius computations ap- 
plied to the data for the small reservoirs are 
shown in tables 1 to 4. A study of these tables 

TABLE 1.Summary of capacity compzctations- 
AZ Olsen Reservoir 

Modified prismoidal 

Eakin’s Lange 
formula. 

Simpson’s Rule 
(range cross- 
se&ma1 area): 

Cross-sectional area 
versus distance 
from the dam. 

tntour 
terval - 
Feel‘> 

i 
2 

2 

i 
2 

2 

2 

z 
2 

4 

2 

4 

- - 

- 

.k,&d 
34 parallel ranges.. 68.06 
34 parallel ranges.. 68.01 
4 parallel ranges, 

1%foot contour 63.56 
7 skewed ranges, 

12.foot contour 69.16 

34 parallel ranges.. 67.69 
34 parallel ranges... 61.36 
4 parallel ranges, 

C-foot contour 68.74 
7 skewed ranges, 

D-foot contour 69.33 

34 parallel ranges.. 68.23 
4 parallel ranges.. 72.43 
7 skewed ranges. 64.07 

34 parallel ranges.. 67.81 
34 parallel ranges.. 67.69 
29 parallel ranges.. 61.54 

34 parallel ranges.. 68.08 
34 pasallel ranges.. 68.80 
4 parallel ranges, 

12.foot eontour 69.11 
4 parallel ranges, 

mfoot cont~our 70.49 
7 skewed ranges, 

12.foot contour 69.71 
7 skewed ranges, 

1%foot contour 10.93 

34 parallel ranges... 68.34 

reveals that when all the available survey data 
(all information from ranges spaced 25 or 50 
feet) were used with each of the methods of 
computation, the capacities were almost identi- 
cal. With a great deal of data, any method is 
adequate. Some methods are a little cruder 
than others, and this is generally shown in the 
results. 

The stage-area method result was considered 
to be the most accurate and was used as a basis 
for other comparisons. This method is more 
direct than others and does not use approxima- 
tion formulas. 



854 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 

TABLE 2.-Summary of capacity computations- TABLE 4.-Summary of capacity computations- 
Bertha Amour Reservoir Mitchell Reservoir 

stage-area. 

Modified prismoidal 

Eakin’s range 
formula. 

Simpson’s Rule 
(range cross- 
sectional area). 

Average contour 
area. 

Average end area. 

Ti 
I- 

Cross-sectional area 
versus distance 
from the dam. 

L 

39 parallel ranges. 
6 parallel ranges, 

8.08-ft. eontcc 

39 parallel ranges, 
6 parallel ranges, 

8.08-ft. contoc 

39 parallel ranges. 
6 parallel ranges. 

39 parallel ranges. 
39 parallel ranges. 

39 parallel ranges. 
6 parallel ranges, 

8.08.ft. eontoc 

39 parallel ranges. 
39 parallel ranges, 

1 

IT 

II‘. 

,I‘. 

?.emati- 
ing 

zapcity 

%%’ 

25.96 

26.06 

25.67 

26.08 
24.16 

26.18 
26.07 

26.14 

25.78 

26.19 

26.20 

TABLE 3.-Summary of capacity computations- 
Matt Hafner Reservoir 

stage-area. 

Modified prismoida: 

Eakin’s range 
formula. 

Simpson’s Rule 
(range cross- 
sectional area). 

Average contour 
sea. 

Type OI 6”r”ey 

34 parallel ranges. 
9 parallel ranges 

14-ft. contour. 
9 parallel ranges, 

14-ft. eontour. 
7 skewed ranges, 

14.ft. contour. 
1 skewed ranges, 

14-ft.. eontour, 

34 parallel ranges. 
9 parallel ranges, 

14.ft. COnto”*. 
7 skewed ranges, 

14-ft. eontour. 

29.63 

29.60 

29.09 

34 parallel ranges, 29.63 
9 parallel ranges. 30.74 
7 skewed ranges. 30.26 

34 parallel ranges. 

%% 

29.58 

29.81 

29.73 

29.76 

29.70 

29.74 

29.71 

9 parallel ranges, 
14-ft. ecmto”r. 

1 skewed ranges, 
14.ft. contour. 

When a study was made of the results ob- 
tained by using the data from a small number 
of parallel ranges, the stage-area method capae- 
ities more nearly approached the volumes deter- 
mined by using all the data. This was followed 
by the results from other methods based on con- 

Methods Of pdo”; computation Type Of survey 
Rcegiaii$ 

Pet ACW,d 
stage-area. 2 26 parallel Kmges. 38.31 
Modified prismoidal 2 26 parallel ranges. 38.41 
Eakin’s range 26 parallel ranges. 38.19 

formula. 
Simpson’s Rule 26 parallel ranges. 38.59 

hnee m"sB- 
B&7&1 area). 

Average contour 2 26 parallel ranges. 38.71 
area. 

~~~ i I Average end area.. 26 parallel ranges. 38.24 

tour areas and then by those involving cross- 
sectional areas. Normally, more than four 
ranges are needed in determining the remain- 
ing capacities. Figure 12 shows the few selected 
parallel ranges and the skewed ranges that were 
used on the Al Olsen Reservoir for comparative 
purposes. 

When only the data along a few skewed 
ranges were used in the computations, the 
stage-area method again provided the best re- 
sults. Figure 12 shows a suggested range lay- 
out for a reservoir on which parallel ranges are 
not practical. Note that they were so selected 
that, in conjunction with the selected contours, 
they furnish a maximum of topographic data. 

Different individuals surveying this reservoir 
might select different range layouts and thus 
obtain different data for the computations. 
These would result in different reservoir capac- 
ity values. They might or might not be as good 
as those shown in table 1. Not all possible com- 
putation methods were tried with the data from 
the few ranges shown in figure 12 because some 
were no longer applicable. 

A selected lower contour was used to provide 
additional data on topography. This informa- 
tion was useful with the contour approach but 
such supplemental information cannot be in- 
serted into the cross-sectional area approach. 

Accurate records of the time required for 
each computation method were not maintained. 
However, it is believed that the desired re- 
maining capacity, stage-storage and stage-area 
curves, and other information useful on the 
Reservoir Sedimentation Data Summary forms, 
can be obtained in the shortest time with the 
stage-area method. It is quicker than the other 
methods using the contour approach because 
formula calculations are not involved. Experi- 
ence with the various methods also indicates that 
the stage-area method is faster than the methode 
employing cross-sectional areas. The stage-area 
method is also more uniformly adaptable than 
most of the other methods. It does not require 
separate formulas for various segments of the 
lake, nor does it require an even number of con- 
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tour areas or even spacing of ranges or con- 
tours. 

Discussion and Conclusions 
Volumetric Survey 

The suggested survey procedure discussed 
previously was developed after considerable 
fieldwork experience in determining capacities. 
These experiences have shown that a base line 
along the side saVes time. It permits the plane 
table work to proceed with measured distances 
always available for verification. With such a 
base line and ranges perpendicular to it, ranges 
can be located by distances along this line, and 
no range end monuments need be established. 

The spillway and selected lower contours pro- 
vide substantial information for drawing the 
other contours. The latter is helpful whatever 
its elevation, but the added information is mini- 
mized if this contour is relatively close to the 

spillway contour or near the bottom of the 
reservoir. 

There are instances where the base line along 
the side and determining the location of the 
lower contour are not practical. In these cases, 
select the best base line available and locate the 
range ends on the plane table sheet by distance 
measurements and by triangulation. Where the 
location of a selected lower contour is not prac- 
tical in the field, the ranges should be spaced 
closer so that the topography can be determined 
adequately. 

It is important to acquire adequate data in 
the field. The location of an extra range or two 
and the obtaining of information along such 
ranges take little time. The field surveys should 
be oriented toward the capacitv calculation 
method. 

The results tabulated in the preceding tables 
show that the detailed surveys actually made of 
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the four reservoirs were not necessary. A ca- 
pacity value that is practically the same as that 
computed from the detailed survey was obtained 
with considerably fewer ranges carefully lo- 
cated, the upper spillway contour, and a selected 
lower contour. The suggested type of survey re- 
quires considerably less field and office time, 
fewer permanent markers, and less funds. 

Methods of Computatiolt 
Experience elsewhere and this particular 

study show that the stage-area curve method is 
the most direct, simple, accurate, and uniformly 
adaptable way to determine the capacity of a 
reservoir. This method provides more easily 
the remaining capacity, the stage-storage curve, 
and other information. 

This method also exploits more fully the ad- 
vantage that all contour area methods have 
over the cross-sectional area methods; namely, 
that the stage-area curve can be plotted easily 
for the entire reservoir or segments of it. When 
the work is done by segments, information is 
obtained in regard to capacity changes with in- 
creased distance from the dam. 

Experience in the association of reservoir to- 
pography with corresponding stage-area curves 
can be used in determining what fieldwork is 
needed to provide adequate data for capacity 
determinations. As an example, if experience 
in particular topographic areas indicates that 
stage-area curves are likely to be straight lines, 
minimum field survey data will probably be ade- 
quate. 

The modified prismoidal method requires more 
calculations than the stage-area curve method; 
yet, it is not as accurate if the stage-area curve 
is irregular. Furthermore, judgment is involved 
in the calculations and there is added onaortun- __ 
ity for errors. 

The Sinmson’s rule rewires an odd number 
of equallyapaced conto& or ranges. If this 
cannot be obtained easily, it often necessitates 
the use of another method to compute the ca- 
pacity of the extra segment to complete the 
total capacity determination. The formula pro- 
vides a close approximation of the actual ca- 
pacity, but its use is limited. 

The average contour area method is simple, 
but an average of two contour areas does not 
always approach the correct value, especially 
if there is a large difference in the relative sizes 
of two adjoining areas. Additional calculations 
are also required, which increases the possibili- 
ties of errors. 

The capacity determination by Eakin’s range 
formula requires a large amount of calcu- 

lations using approximation equations. The 
equations depend on segment shape and loca- 
tion. Different ones are required for (1) the 
first segment next to the dam; (2) triangular- 
shaped segments caused by side tributaries i (3) 
long, meandering segments ; (4) relatwely 
straight segments; and (5) end segments. 
There are several equations for some segments, 
and the most appropriate one must be selected 
on the basis of judgment. Furthermore, the lo- 
cation of ranges is more critical when used with 
Eakin’s method than with the stage-area curve 
method. This observation is confirmed from 
range layouts shown in figures 3 and 12 and the 
tabulations shown in table 1. Supplemental in- 
formation cannot be readily utilized in this 
method even though it is easily obtained. 

The cross-sectional area versus the distance 
from the dam method requires that the ranges 
be located approximately perpendicular to the 
valley and parallel to each other. There also 
must be a sufficient number of ranges so that 
the curve is well defined. 

The average end area method applied to range 
cross-sectional areas is simple, but it also has 
the same disadvantage as the average contour 
area method. An average of two cross-sectional 
areas does not always approach the real one, 
especially if there are appreciable differences 
in the areas. Furthermore, this method cannot 
provide stage-area or stage-capacity informa- 
tion. 

Whenever the ranges are approximately per- 
pendicular to the valley and parallel to each 
other, a plotting of the cross-sectional areas of 
ranges versus the distance of the ranges from 
the dam can reveal shortcomings in the range 
layout. If this plotting shows irregularities that 
are not adequately supported by plotted points, 
then additional ranges need to be established at 
those locations to provide the missing data. 
When sufficient points are available so that the 
curve is accurately defined, the range layout and 
the associated volumetric determination will be 
adequate. 
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Synopsis 
Sedimentation estimates for many large res- 

ervoirs,. such as those in the Sierra Nevada 
Range in California, indicate filling rates that 
will not significantly affect their operation for 
50 to 100 years, unless the sedimentation is con- 
centrated to an unforeseen degree at some crit- 
ical point within the reservoir where it might 
interfere with the behavior of special works 
such as diversion intakes, bridge crossings, or 
nearby roads. In such reservoirs, occasional 
resurveys may be required, mainly to detect 
gross errors in estimated sedimentation rates 
or unusual or unexpected concentration of sedi- 
ment at critical points, rather than for detailed 
information on exact sedimentation rates and 
information on specific gravity and grain size 
of sediments. Experience indicates that occa- 
sional aerial and/or ground reconnaissance of 
such reservoirs may be adequate for these pur- 
poses and can be accomplished for only a few 
hundred dollars rather than the thousands of 
dollars needed for a standard hydrographic or 
land resurvey of the established range system. 
When a reconnaissance indicates sufficient sedi- 
mentation to justify a more complete survey, 
information obtained by such reconnaissance 
can usually be used to reduce the scope of the 
required survey sufficiently to more than re- 
cover the cost of the reconnaissance. More use 
of reconnaissance methods is recommended. 

Determination of Reservoir Deposits by 
Reconnaissance Methods 

Current knowledge of the amount, type, and 
location of sediment deposits in a reservoir may 
be of major importance where sediment rates 
are relatively high and available space is lim- 
ited, but deposits may be of only minor interest 
if rates are relatively low and available space is 
adequately large. A study of estimated sedi- 
ment rates and of the planned size and method 
of operation of the reservoir will usually indi- 
cate the probable severity of the sediment prob- 
lems and the frequency of required resurveys. 

Most major streams rising in the Sierra 
Nevada Range of California have large parts of 
their watershed above the winter snowline, and 
a major portion of their annual runoff occurs 
during the spring months as a result of melting 
snow. Snowmelt runoff rates arc moderate and 
result in relatively low sediment production 
rates, with most of the transported material 
consisting of sand and heavy silt moving as bed- 

load. Major rainstorms also occur on these 
streams and result in high flows of short dura- 
tion and low volume. These short duration 
flows have higher sediment production and 
transport rates, both as bedload of sand and 
gravel and as suspended load of silt and clay. 
The combination of large streamflow volume 
having relatively low sediment rates and small 
streamflow volume having higher sediment 
rates is such that the combined total annual 
sediment production and transport rates are 
relatively low on most of these streams. Al- 
though predicted annual sediment rates are low, 
it has been considered desirable to install per- 
manently monumented sediment ranges in many 
of these reservoirs in order to measure total 
sediment deposition during their long antici- 
pated lives. Where such ranges have been in- 
stalled, adequate information on progressive 
sedimentation can often be obtained by only in- 
frequent resurvey of the entire range system if 
this information is supplemented by more fre- 
quent reconnaissance surveys. 

In the Sierra Nevada reservoirs, which are 
characterized by steep side slopes above rela- 
tively flat bottoms, most of the sediment is rela- 
tively coarse and heavy and is deposited near the 
head of the reservoir in well-defined steep-faced 
deltas close to the old stream channel rather 
than uniformly distributed over the reservoir 
bed and sides, as usually occurs when the incom- 
ing sediment is fine or largely colloidal. The 
characteristic wide-season variation in pool level 
and consequent movement of the head of pool 
up and down the canyon causes these delta for- 
mations to occur at widely varying points along 
the stream, but does not cause deposition on the 
side slopes. Therefore, sediment surveys can 
usually be limited to the flat bottom areas, at 
least for reconnaissance purposes. The scope of 
the survey can sometimes be further limited to 
a comparatively few ranges, because examina- 
tion of the operational record of the reservoir 
will often indicate t~hat most of the sediment 
accumulation should be found within a particu- 
lar range of elevations. 

The typical wide fluctuation of reservoir level 
that occurs in these reservoirs, because most of 
the annual flow is concentrated during one sea- 
son of the year, also makes it possible to carry 
out a large part of a reconnaissance survey above 
water, if the survey is properly timed. Under 
these conditions it is sometimes possible to 
determine by aerial observation and aerial pho- 
tographs or by aerial photographs, particularly 
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in color, where and when appreciable sediment 
has been deposited. Such aerial observations 

when there are no large waves to cause exees- 

are very inexpensive and may be entirely ade- 
sive surging. The spud bar should be raised 

quate when only general information is required. 
slowly so as to wash the sample as little as 

If more detailed information is required, these 
possible. Coating the bar with heavy grease 

observations may also indicate where additional 
prior to each measurement has been found to 
aid in retaining the sample; by this means 

surveys are needed. samples have been obtained in water over 200 
For reconnaissance of the part of the reser- 

voir area that remains under water, use can be 
feet deep. The small grooves on the outside of 

made of a spud bar that will measure sediment 
the tip and the cup in the bottom of the tip are 

depths of 10 to 15 feet. Figure 1 shows the spud 
very helpful in retaining samples of the ma- 

bar used by the Sacramento District Corps of 
terial at the deepest point penetrated. 

Engineers. This bar, which is 10.5 feet long 
Pine Flat Reservoir on Kings River, Calif., 

and 1% inches in diameter, was manufactured 
has been selected as an example to show the 

at a local machine shop and is basically the same 
use of various reconnaissance techniques. This 
reservoir is located at the base of the foothills 

as the bar designed and used by U.S Soil Con- about 30 miles east of Fresno. The reservoir is 
servation Service. Spud bars are best adapted 
to water depths of less than 100 feet but have 

created by a ,eoncrete gravity-type dam 440 

been successfully used in depths of over 200 
feet high, with a crest length of 1,820 feet. 

feet. Special precautions must be taken when 
Flows are released through two tiers of 5- by 

working in deep water to prevent loss of part or 
g-foot conduits or over a gated spillway. The 

all of the sample while the bar is being pulled 
lower tier of outlets is located just above the 

up. The survey should be made in calm weather 
riverbed at elevation 570 feet, and the upper 
tier is located 140 feet higher. The reservoir 

FIGURE 1. -Spud md for sediment sampling. 
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was placed in full operation in 1954. Since. that 
time, releases have been made only through the 
upper tier of outlets (or over the spillway since 
1955)) except for a short period in the summer 
of 1962. The reservoir at elevation of 951.5 feet 
m.s.1. contains 1 million acre-feet, covers an 
area of about 6,000 acres, and is 20 miles long. 
Reservoir operation is for flood control and 
conservation. 

The drainage area above Pine Flat Reservoir 
covers 1,542 square miles and ranges in eleva- 
tion from less than 1,000 feet to over 14,000 
feet, with 65 percent of the drainage area above 
6,000 feet. Mean annual runoff is about 1,650,- 
000 acre-feet, of which about 1,190,OOO acre-feet 
results from snowmelt. Inflow has ranged from 
65 c.f.s. to 110,000 c.f.s. Annual rainfall ranges 
from about 15 inches in the foothills to over 40 
inches at the higher elevations. Most of the 
precipitation falls as snow above about 6,000 
feet. The higher mountain areas above 10,000 
feet are characterized by little soil cover and 
large areas of exposed granite, whereas a large 
part of the area between 10,000 and 5,000 feet 

has deep soils and dense forest cover. The area 
below about 5,000 feet is generally covered with 
brush and grass. 

A study of probable sediment rates in various 
proposed reservoirs in the Sacramento District 
was made for the Corps of Engineers by the 
U.S. Soil Conservation Service in 1947. Results 
of this study, which was reported in U.S. Soil 
Conservation Service’s Special Report NO. 10, 
included an annual sedimentation estimate for 
Pine Flat Reservoir. Annual sediment inflow to 
Pine Flat Reservoir was estimated at 230 tons 
per square mile of drainage area. The trap 
efficiency of the reservoir was estimated at 96 
percent and the specific weight of deposited 
sediment as 62 pounds per cubic foot. The an- 
nual deposition in the reservoir was therefore 
estimated at 220 tons or 0.16 acre-foot per 
square mile or about 250 acre-feet per year. 
This would amount to only about 12,000 acre- 
feet of deposition in 50 years, or slightly over 
1 percent of the reservoir capacity. 

Although sediment deposition in the reservoir 
did not appear to be a major problem that might 

r 

FIGURE 2. -Sediment ranges, Pine Flat Reservoir. 
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immediately affect reservoir operations, it was 
decided to establish a network of permanently 
monumented sediment ranges and to resurvey 
then at sufficiently frequent intervals to detect 
any gross errors that may have been made in 
estimates of quantity or location of deposits 
and as a means of measuring very long range 
sedimentation and changes in the reservoir ca- 
pacity. This was highly desirable, since good 
sediment records showing both location and 
amount of sediment were not available for any 
comparable reservoir in the Sierra Nevada area. 
A system of 31 ranges was established in the 
reservoir, as shown on figure 2. 

It also was decided to measure sediment out- 
flow regularly, in order to verify the trap effi- 
ciency of the reservoir. This is accomplished by 
taking “grab” samples in the extremely turbu- 
lent area below the flip bucket. Comparison of 
several grab samples taken in this turbulent 
area indicate that each sample is representative 
and that integration of several samples is not 
required. Also, the same quality of results can 
be expected with grab samples under this eondi- 
tion as would be obtained with detailed samples 
of a normal river channel with the use of a 
standard sampler, such as a P-46. Samples are 
taken once each month, with special samples 
taken each time a sudden major change is made 
in the outflow, or if unusual turbidity occurs. 
Suspended sediment has varied from less than 1 
part per million by weight to about 140 parts 
per million, with the latter value observed for 
only a short period during the 1955 flood when 
the reservoir was quite turbid. Normally, the 
reservoir outflow is clear, with a turbidity of 

only 2 to 8 and suspended sediment of 1 to 3 
parts per million. The calculated annual sedi- 
ment outflow has been less than 5 acre-feet per 
year, thus indicating that the trap efficiency is 
probably in the order of 96 percent, as had been 
estimated by the U.S. Soil Conservation Service 
in their Special Report No. 10. This sampling 
program will be continued and reevaluation of 
the trap efficiency will be made at the time of the 
next complete resurvey of the reservoir. 

While the estimated annual rates were be- 
lieved reasonable, little was known of the 
amount of sedimentation that might occur dur- 
ing a single major rain flood. It was therefore 
decided to make a special sedimentation survey 
following the major rain flood of December 
1955. Although a second rain flood occurred in 
January 1956 before the survey could be made, 
the reservoir stage during the January flood was 
about 150 feet higher than during the December 
flood. Since it was believed the sediment from 
each flood would be deposited mainly near the 
head of the current reservoir pool, it therefore 
appeared likely that the results of each flood 
would be largely separable, and if not, the total 
amount in the reservoir could still be obtained. 

A reconnaissance survey was conducted in 
September 1956 while the reservoir was at its 
lowest stage since the occurrence of the Decem- 
ber 1955 flood. Reservoir stages from begin- 
ning of storage in 1952 to October 1962 are 
shown on figure 3. Reservoir stage was at about 
elevation 740 at the time of the peak inflow in 
December 1955, and at elevation 875 at the time 
of the peak inflow of the January flood, and sub- 
sequently rexhed a maximum elevation of 941 

1952 1953 1954 1955 1956 1957 195s 1959 1960 1961 1962 

FIGURE 3. - Pine Flat Reservoir pool elevations. 
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feet during the spring of 1956. The reservoir 
had receded to elevation 826 in September 1956 
when the reconnaissance survey was made. 

All ranges above streambed elevation 826 
were inspected and observations and estimates 
of deposition depths and amounts made. Depth 
of sediment was determined by digging with 
either a shovel 01‘ soil auger. Distances along 
the ranges were estimated from the reservoir 
topographic maps and the original detailed sur- 
veys of the sediment ranges. The portion of the 
reservoir area below elevation 826 was explored 
by use of the spud bar along the sediment 
ranges. Care was taken to sample at the deepest 
point along each range so as to be certain of 
obtaining samples in or near the old river chan- 
nel. The bar was attached to 300 feet of copper 
core tiller line. The line was tagged at lo-foot 
intervals, and a large float was attached to the 
end so the line could not accidentally be lost 
when a sounding was made. The spud bar was 
lowered from a boat until bottom was found, 
then raised a few feet, and gently dropped to 
detect rocks or coarse gravel. 

After locating a sampling spot free from 
such rocks and gravel, the bar was raised to the 
surface and dropped or plunged to obtain opti- 
mum penetration. The total depth from water 
surface to the point of the bar was measured by 
the tag line both before and after dropping for 
penetration. A simultaneous measurement of 
water depth at each point was made with a 3- 
pound bell sounding weight and standard tagged 
sounding line as an additional check on penetra- 
tion depth. The differences in the two depths 
thus gave a check on depth of penetration of the 
spud bar. It was found that the bar would not 
penetrate more than about 1 foot of natural 
ground, but was capable of penetrating up to 
10 or more feet in silt deposits. In nearly every 
instance where the spud bar penetrated to nat- 
ural ground, samples of the material penetrated 
were retained even after withdrawal through 
over 100 feet of water. Coating the bar with 
grease aided in retaining the samples in deeper 
water. Therefore, even where deep water made 
it difficult to retain a sediment sample, it was 
usually possible to determine the approximate 
depth of sediment, either by examination of the 
retrieved bar sample, or by depth comparison. 

Upon completion of the reconnaissance SW- 
veys, sediment depth at each sampling point and 
the position of each point on the cross section 
were plotted for all ranges surveyed and an esti- 
mate was made of the total sediment in the res- 
ervoir. This estimate indicated total stored sedi- 
ment in the reservoir was probably between 
1,300 and 2,100 acre-feet: thus, indicating a 
sedimentation rate of about 400 acre-feet per 
ye,ar. The average annual sediment rate had 

been estimated at 250 acre-feet per year, but 
since this 4-year period of measurement in- 
eluded the very large flood of 1955, it seemed 
reasonable that the amount deposited would 
exceed the estimated average annual rate. 

The reconnaissance survey indicated that 
sediment deposits along many of the sediment 
ranges were great enough to be effectively 
measured by soundings along the ranges. It 
was decided to make a detailed survey of every 
range in the reservoir except ranges 3 through 
7, which were omitted since the reconnaissance 
indicated no measurable sediment in these 
ranges. The detailed survey utilized chained 
cross sections above the pool level and lead line 
soundings, by means of boat and tag line within 
the pool. Lines of equal sediment depths were 
plotted as shown on figure 4 and the volume of 
sediment was computed by planimetering the 
areas so defined. The total sediment volume was 
thus calculated to be 1,450 acre-feet, which was 
within the range of the reconnaissance estimate. 
The deepest deposits were found near range 16, 
which crosses the reservoir bottom at elevation 
730, just below where the tip of the reservoir 
was at the peak inflow during the December 
1955 flood. Figure 4 shows the heavy deposits 
between range 13 and ranges 17 and 18. Of the 
total 1,450 acre-feet of sediment, about 420 
acre-feet, or 30 percent, was found between 
ranges 12 and 17 and apparently was mostly 
deposited during this large flood. 

From 1956 to 1960 reservoir stages remained 
relatively high and no resurveys of any kind 
were attempted. However, in December 1960, 
reservoir drawdown reduced the stage to about 
773 feet, 50 feet below the level at the time of 
the 1956 survey. A ground reconnaissance was 
made and it was observed that there had appar- 
ently been considerable downstream movement 
of sediment from the upper ranges and most of 
the sediment above the tip of the reservoir (at 
range 17) had moved downstream and formed 
a very long delta along the river bottom. This 
delta varied in width from about 400 feet on 
the downstream end to less than 100 feet at the 
upstream end and appeared to be somewhat 
unstable and continually progressing down- 
stream as the reservoir receded. Flows were 
distributed evenly over this delta and had not 
formed narrow cuts in it as might be expected. 
This was believed due to the fact that reservoir 
inflow had been very low during the drawdown 
period, and it was felt that such channels 
would be cut and the silt and sand carried fur- 
ther down the reservoir when flows increased. 
Cbservations during the winter of 1960 showed 
this to be true, and considerable sediment move- 
ment was noted as normal winter and spring 
flows came into the reservoir. 
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FIGURE 4. -Sediment deposition in Pine Flat Reservoir, May 1952 to November 195,6. 

During the summer of 1961 the reservoir was 
drawn down to elevation 718, the lowest stage 
since the summer of 1953 and 20 feet below the 
pool level that existed at the peak of the 1955 
flood. This provided an excellent opportunity 
to resurvey the reservoir area above the pool 
level by use of reconnaissance methods. Aerial 
observations and photographs indicated that, 
as in 1956, most of the sedimentation was on 
the relatively flat reservoir bottom, with only 
very minor amounts on the steeper hillsides. 
Figures 5 and 6, are aerial photographs of the 
reservoir areas in the vicinity of ranges 16, 17, 
and 22, with the range lines superimposed on 
the photographs. Stumps, rocks, and gravel can 
be seen on the hillsides and on the outside of 
the river bends! thus indicating no deposition. 
Sandbar formatlow can be seen in the old ehan- 
nel and sediment of up to 10 feet deep was sub- 
sequently measured on range 17. The aerial 
observations also indicated that in certain 
reaches of the reservoir more deposition had 
occurred between ranges than along the ranges. 

In planning the range layout, more considera- 
tion was given to locating the ranges where they 
would be representative of sediment deposits 
after a long period of reservoir operation, such 
as 50 years, than during the first few years of 
operation. It was felt that ranges so located 
would also be reasonably representative of 
depths between ranges during the accumulating 
period and that sediment volume could initially 
be computed by methods other than the end- 
section method if that method appeared unsuit- 
able. 

For economic reasons consideration was given 
to placing range monuments at points where 
horizontal control points had already been estab- 
lished during the topographic survey of the 
reservoir. These points were often on “noses” 
and as a result the range lines between these 
points generally cross the reservoir at sections 
having somewhat less than the average width. 
Consequently, there are more off-channel flat 
areas in the reservoir bottom between the ranges 
than are represented by the ranges. Sediment 
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FIGURE 6. -Sediment deposits, ranges 16,17,X3, Pine Flat Reservoir. 

deposited in these off-channel flats or terraces is 
likely to be “benched” and not moved and rede- 
posited during times when high tlows occur and 
the reservoir is at stages below their level. Such 
was the case at Pine Flat and as a result, some 
sections of the reservoir have more deposition 
than had been represented by surveys along 
the existing ranges. 

Preliminary ground reconnaissance of the 
entire reservoir above the water level confirmed 
the aerial observations, and a reconnaissance 
type resurvey of all ranges above the reservoir 
was made. As in 1956, depths were obtained by 
digging through the sediment with a soil auger 
or shovel and by observing depths of vertical 
cut banks where possible. Position of the vari- 
ous points on each cross section was determined 
by estimating distance from recognizable points 
on the cross sections and the reservoir topo- 
graphic map. Many points between the ranges 
were also examined and sediment depths plotted 
on the reservoir topographic map. Lines of 
equal sediment depth were then plotted on the 

reservoir map as shown on figure 7 and plani- 
metered as after the 1956 survey. 

It was assumed that only minor deposition 
had occurred below range 11 between 1956 and 
1961, since the reservoir had been considerably 
above that level during the entire period prior 
to the 1961 drawdown. The total sediment 
deposit so measured was about 1,950 acre-feet, 
indicating additional deposition of about 500 
acre-feet since the complete survey of 1956. 
This deposit of only 500 acre-feet in 5 years or 
about 100 acre-feet per year is less than half the 
predicted annual amount. However, the total 
of 1,950 acre-feet in the 9 years of reservoir 
operation shows an average annual sediment 
deposition of about 220 acre-feet, very near the 
original prediction of 250 acre-feet. 

Figures 8 and 9 are reservoir profiles which 
show maximum observed sediment depths on 
the various cross sections during the 1956 and 
1961 surveys, respectively. Comparison of these 
profiles shows that most of the sediment aecu- 
mulated since 1956 is above range 17, but below 
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range 23. It can also be noted that at least a Although the main advantage of a reconnais- 
part of this sediment was probably eroded from same survey is lower cost, poorer results might 
the area between ranges 23 and 27,. where it be expected, but this may not always be true. 
was deposited prior to 1956. Exammation of Inspection of figures 4 and ‘7, particularly in 
figures 4 and 7 also show that erosion of sedi- the vicinity of ranges 13, 14, and 15, indicates 
merit occurred above range 23 and additional that a more accurate picture may sometimes be 
deposition occurred below range 23. obtained by a reconnaissance survey than from 

FIGURE 6. -Sediment deposits, range 22, Pine Flat Reservoir. 
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a range survey, due to the examination of areas 
between the ranges. It is realized that where 

office analysis. Thus, the reconnaissance survey 

sediment deposits are of great depth and are 
was accomplished for about $500 as opposed to 

uniformly distributed this would not be the 
the estimated cost of $10,000 for a detailed re- 

case. Only 6 man-days were required in the 
survey of all ranges, using standard survey pro- 

field for the 1961 reconnaissance survey and 
cedures. In the case of Pine Flat Reservoir, it 

about the same amount of time was spent in 
appears highly improbable that the 1961 esti- 
mate could be as much as 50 percent in error 

FIGURE 1. - Sediment deposition in Pine Flat Resemoir, May 1952 to November 1961. 
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‘<mild the results are considered adequate for 
project requirements. 

From these studies of sedimentation in Pine 
Flat Reservoir, it is concluded that sufficiently 
accurate results may often be obtained by recon- 
naissance surveys in reservoirs where (1) rates 
are relatively low, (2) total capacity is large, 
and (3) current information is required to 
determine whether inlet or other project works 
are likely to be affected by sedimentation. Many 
reservoirs in the Sierra Nevada Ranges in Cali- 
fornia probably are in this category. It is be- 
lieved other reservoirs in other areas of the 

country will have these same general eharacter- 
istics. In such cases it appears that reconnais- 
sance surveys can be used as an economical 
method of making interim surveys to supple- 
ment more detailed surveys made at infrequent 
intervals. It is further concluded from these 
reconnaissance surveys tha\, in reservoirs of 
this type, care must be taken 1x1 planning a range 
layout or data obtained from the ranges alone 
may not be representative. Also, reconnaissance 
surveys should be used as a method of checking 
the adequacy of a range system early in the life 
of the project. 

I I I I 

FIGURE 8. -Distribution of sediment in Pine Flat Reservoir, November 1966. 
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FIGURE 9.- Distribution of sediment in Pine Flat Reservoir, November 1961. 

RECONNAISSANCE-TYPE RESERVOIR SEDIMENTATION 
SURVEYS 

CPaper No. 851 
By AI.BERT L. HILL, hydraulic engineer, U.S. Amy Engineer District, Kansas City 

Synopsis 
Reconnaissance-type reservoir sediment sur- 

veys can be made at a reasonable cost and with 
sufficient accuracy to meet many operational and 
administrative needs. This technique should be- 
come more effective as additional experience is 
gained with reservoirs of various sizes and with 
the types of equipment now available. Three 
reconnaissance-type surveys were made in the 
Kanopolis Reservoir on the Smoky Hill River in 
Kansas. Point soundings were made on selected 
ranges and the results plotted on the original 
cross sections. The sections were completed by 
extrapolation and the sediment volume corn- 
puted. Results of these three surveys were 
found to be from 1 to 10 percent higher than the 
estimates from sediment inflow-outflow data. 
A complete survey made in 1960 showed the 
sediment volume to be 14 percent higher than 

that estimated from the inflow records. This 
kind of agreement indicates an accept&L, .& 
gree of aceuraey for the reconnaissance-type 
survey. 

Inbroduction 
The larger reservoir projects and many small 

and medium projects have sediment-observation 
programs that include inflow and outflow sam- 
pling stations and a system of sediment-obser- 
vation ranges, or a substantial part of these 
provisions. A complete resurvey of sediment 
ranges may cost from $0.25 to $0.50 per acre, 
depending on amount of exposed soft sediment, 
spacing of ranges, and the extent of weeds, 
woody growth, or field crops that may require 
clearing a part of some ranges. An abbreviated- 
type survey may consist of the “armchair” sur- 
vey, computing inflow and outflow and estimat- 
ing the location of deposits from reservoir-stage 
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records, or the reconnaissance-type surveys 
consisting of (1) checking exposed sediment 
depths and submerged deposits’ thickness by 
probing, (2) visual inspection of exposed depos- 
its and cruising the permanent pool with an 
echo-sounder that will reflect sediment thick- 
ness, (3) complete survey of a few selected 
ranges, and (4) a number of point observations 
of sednnent depths in the permanent pool and 
exposed deposits. 

The principal reasons for making the abbrevi- 
ated- or reconnaissance-type survey are (1) low 
cost, (2) evaluating the need for a complete 
survey, (3) for administrative purposes at a 
multiple-purpose project where different stor- 
age allocations are involved, (4) measuring 
sediment deposits at boat harbors and launching 
facilities, and (5) investigating mud flats or 
swamp areas. 

Three of the reconnaissance-type surveys 
were made in the Kanopolis Reservoir, situated 
on the Smoky Hill River in central Kansas, as 
interim observations. The Kanopolis Reservoir 
was constructed by the U.S. Army Engineer 
District, Kansas City, and has been in operation 
since 1946, primarily for flood control. The 
total initial storage capacity was 450,000 acre- 
feet, of which 53,000 acre-feet was for conser- 
vatIon and sediment requirements. At full-pool 
elevation of 1,508 feet m.s.l., the reservoir has 
an area of 13,900 acres and is 25 miles long. 
The conservation-sediment pool, at elevation 
1,459 feet m.s.l., has an area of 3,550 acres and 
is 12 miles long. Prior to filling the reservoir, a 
series of 2’7 sediment ranges were established 
and surveyed across the main reservoir and 10 
ranges were established and surveyed across 
tributary arms. 

Suspended Sediment 
Prior to construction of the dam, a sediment- 

sampling station was established at the stream- 
gaging station at Ellsworth, Kans., located im- 
mediately upstream from the reservoir on the 
Smoky Hill River. Sampling the outflow from 
the dam was started soon after impoundment 
began. These data were used to estimate inflow 
and outflow tonnage and, together with particle- 
size data, to compute volume of sediment depos- 
its with due regard to age and degree of sub- 
mergence. 

Surveys 
Fieldwork consisted of taking soundings at a 

number of points on selected ranges in the 
permanent pool and determining the thickness 
of deposits at selected points on that part of the 

‘Results are contained in report “Sedimentation in 
Kanopolis Reservoir, Smoky Hill River, Kansas,” pre- 
pared by U.S. Army Engineer District, Kansas City, 
dated December 1961. 

ranges above the permanent pool. The monu- 
ments were located and flagged, and transit and 
stadia used to locate observation points on 
each range examined. 

Office Work 
Office work consisted of plotting field obser- 

vations on the range profile and extrapolating 
to complete the section. The areas were planim- 
etered and the volume of sediment computed 
by the end-area method. Results of the survey 
were compared with estimates prepared from 
inflow and outflow data. For the purpose in- 
tended, no further reports were necessary. 

Results of Surveys 
In 1960 a complete survey was made of the 

reservoir 1 and findings of the survey compared 
with estimates made from inflow-outflow data. 
Table 1 shows the results of the reeonnaissance- 

TABLE l.-Comparison of estimates from inflow- 
outflow data with survey results, 1960 

Nov. 1950 Reconnaissance. “xl? 
Nov. 1951 Reconnaissance. 7:100 
Sept. 1954 Reconnaissance. 7,230 
Sept. 1960 Complete. 12,370 

type and complete survey as compared with 
estimates prepared from inflow-outflow data. 
In addition to volume comparisons, table 2 

TABLE 2.-Appmsimaie percentage distribution of 
Kanopolis Reservoir sediment (by volume) 

conservati& pool. 
In overbank in conservation 

pool. 
In floor of flood-control pool i 

- 

shows location determinations from the surveys. 
Results of the reconnaissance-type surveys 
agree very well with inflow-outflow data. 
Although the degree of accuracy of either is not 
readily apparent, taken together, they add up 
to reasonably convincing evidence that the re- 
sults are reliable. 

Discussion 
Results of this nature may be obtained by 

expenditure of a few hundred dollars for recon- 
naissance as compared. to several thousand 
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dollars in the case of a complete survey on 
reservoirs comparable in size to the Kanopolis 
project. Improved equipment and methods now 
available should give even better results where 
the range method is used. For example, the 
U.S. Army Engineer District, New Orleans, has 
developed a piano-wire distance-measuring de- 
vice that is valuable in measuring distances 
along the submerged part of the range. Annual 
maintenance of monument markers: so that they 
are readily located, helps to save time. In mul- 
tiple-purpose projects, with on-line range monu- 
ments set near the water level of the permanent 
pool, a piano-wire distance-measuring device, 
and echo sounding equipment, a high-type 
reconnaissance survey is now possible. A eom- 
plete reservoir survey involves a sizable sum 
of money. With a limited budget and the rapidly 
increasing number of reservoirs, it is necessary 
to resurvey only when the volume of sediment 

reaches the point where it affects reservoir 
operation or necessitates reallocation to the 
various uses. 

Conclusions 
The Federal Inter-Agency Sedimentation 

Committee has performed a very valuable serv- 
ice in collecting sediment data and distributing 
it to the various using agencies. In this eonnec- 
tion, the collection of data sheets for all known 
sedimentation surveys is of great value. As the 
volume of sedimentation data increases and the 
individual investigator becomes more experi- 
enced, a fairly accurate picture of sediment 
accumulation in a reservoir may be constructed, 
based on the rather limited observations of a 
reconnaissance-type survey. Ingenuity in plan- 
ning limited observations and sound judgment 
in extrapolating the data are the primary 
requirements for using the reconnaissance-type 
reservoir survey. 

USING RAYDIST FOR SEDIMENTATION SURVEYS ON 
LARGER RESERVOIRS 

[Paper No. 861 
By ISAAC SHEPHERDSON, hydraulic engineer, U.S. Army Engimm District, Omaha 

Synopsis 
The Garrison District of the Corps of Engi- 

neers purchased a single dimension type ER 
Raydist system in 1956 for the purpose of resur- 
veying the many long sedimentation ranges on 
Garrison Reservoir. Raydist accomplishes dis- 
tance measurement by the phase comparison of 
separate radio waves from two continuous wave 
transmitters, one that must be stationary and 
the other that is mobile. This system requires 
the simultaneous operation of three transmit- 
ting-receiving units,, which consist of a master 
station, a shore station, and a mobile transmit- 
ter. The usual arrangement is to place the shore 
station at one end of the range line and operate 
the master and mobile stations from the sound- 
ing launch to record dista,nces from the known 
shore station. Since only the distance from a 
known point is established, the centerline guid- 
ance of the launch is maintained by transit 
through radio voice communication. 

Advantages of this equipment are (1) con- 
venient horizontal control for sounding long 
ranges; (2) reduction in visibility problems: 
(3) continuous position determinations; (4) 
ability to reposition very closely; (5) increased 
accuracy; and (6) simplification of office com- 
putations. Disadvantages and limitations dur- -__ 

1 Discussion by Charles W. Thomas to article titled 
“Reservoir Sedimentation Surveys- Objectives and 
Methods,” by Albert S. Fry. 1947 Fed. Inter-Agency 
Sedimentation Conf. Proc., Denver, Cola. 1948. 

ing calibration and operation of the equipment 
are (1) inaccuracies when the master station 
is located within 600 feet of the shore station 
or is near steep bluffs; (2) necessity for a re- 
start when any unit fails during a sounding 
run; and (3) the need for a trained electronic 
technician to install and maintain the equip- 
ment. 

The initial expense of this Raydist system 
necessitates a practical justification for use in 
sedimentation survey work. This requirement 
can be satisfied for such large reservoirs as 
Garrison, where some range lengths exceed 4 
miles. However, for the normal operation on 
smaller reservoirs other methods of horizontal 
control, such as stadia, transit intersection? dis- 
tance measurement by piano wire, or towmg a 
current meter, must be considered as the more 
appropriate technique. 

Introduction 
Raydist was mentioned in an article published 

in the proceedings to the 1947 Inter-Agency 
Sedimentation Conference held in Denver, Colo.1 
This article led to an investigation of Raydist 
by the Omaha District as a means of measuring 
distance for surveying the sedimentation ranges 
on Garrison Reservoir. 

72 
At maximum pool elevation, approximately 
of the ranges on Garrison Reservoir will have 

underwater lengths between 1 and 7 miles. Be- 
cause of the large number of long ranges, sev- 
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era1 methods of horizontal control for resurvey- 
ing these ranges were investigated. 

The stadia and distance measurement by 
piano wire methods were satisfactory for ranges 
approximately 4,000 feet in length. 

Towing a current meter* had been used for 
surveying long ranges; however, this method 
had disadvantages because of (1) time and 
computations necessary to prorate the error 
accumulated for a particular survey; (2) errors 
due to the effect of wind and waves on current 
meter readings; and (3) possible reruns when 
current meter distance differ substantially from 
the actual distance. 

Transit and plane table intersection was con- 
sidered adaptable for the survey of long ranges; 
however, there were disadvantages because of 
(1) necessary surveys and cost for establishing 
points for using this method ; (2) problems due 
to visibility because of fog, haze, and in some 
instances timber; (3) the necessary eomputa- 
tions (in the case of using the transit) for 
determining the stationing for the fix lines on 
the sounding chart; (4) reduced accuracy (in 
the case of the plane table) in transferring the 
stationing from the plane table to the fix lines 
on the sounding chart. 

Ray&t appeared to have several advantages 
over other methods for the sounding of long 
ranges: (1) convenient horizontal control for 
sounding long ranges ; (2) reduction in visibil- 
ity problems ; (3) continuous oosition determi- 
nations, i.e., personnel in the-sounding launch 
would know their position at all times : (4) abil- 
ity to reposition v&y closely, i.e., resounding of 
parts of a range could be easily accomplished 
and following sounding of a range it would be 
easy to return to sampling locations selected 
from the sounding chart; (5) simplification of 
office computations; and (6) elimination of the 
cost of establishing points for cutting in the 
boat by transit or plane table. 

No disadvantages in the use of Raydist for 
horizontal control on sedimentation surveys 
were discovered upon investigating its use by 
the Norfolk District, and the U.S. Lake Survey 
Corps of Engineers3 4 Although the Lake Sur- 
vey group did dispose of its type E Raydist 
system, its reasons for disposal did not apply to 

2 Report of sedimentation survey, Denison Dam and 
Reservoir (Lake Texoma) by the Tulsa District, Corps 
of Engineers, June 1950. 

3 “Raydist for Shallow-water Hydrography,” by Har- 
old H. Waterfield, engineer, chief, Survey Branch, 
Norfolk District, and Cecil Hilliard, engineer, in the 
Norfolk District, November-December 1951, Military 
Engineer. 

4 “Raydist Preliminary Report,” dated January 1, 
1952, and “Final Report Test of the Type E Radist for 
Hydrocraphie Charting Over Fresh Water,” dated June 
30, 1953, U.S. Lake Survey, Corps of Engineers. 

the work the Omaha district planned for the 
equipment. The purchase of Raydist was justi- 
fied solely by the sedimentation surveys plan- 
ned for Garrison Reservoir; however, it was 
envisioned that the Raydist system might be 
used on other reservoirs and by other Districts. 
Over one-half the initial cost of Raydist was 
justified by the elimination of the cost of estab- 
lishing points for the use of the transit and 
plane table methods. 

Consequently, in 1956 a single dimension 
range part of a type ER Raydist system was 
purchased from Hastings-Raydist, Inc. The 
equipment purchased was such that the addi- 
tional components could be added to make a 
complete type ER Raydist system. Thus far, 
the Omaha district has not needed a two-dimen- 
sional system, because detailed hydrographic 
surveys of extensive areas have not been re- 
quired. The district also contracted for a week’s 
work by one of the Raydist technicians to help 
in installing, setting up, operating, and testing 
the equipment. 

Briefly, Raydist accomplishes distance meas- 
urement by the phase comparison of the wave- 
lengths from two continuous wave (CW) trans- 
mitter!, one of which is moving and the other 
is stationary. The equipment literally counts 
the radio waves through which it moves. A 
single dimension Raydist system requires the 
simultaneous operation of three transmitters 
and three receivers and is made up of three dis- 
tinct groups of equipment: the master station, 
shore station, and mobile (CW) transmitter 
(fig. 1). The phase meter in the master sta- 

FIGURE 1. - Equipment comprising the three Raydist 
groups: Left to right are (1) generator and cable, 
(2) shore station units, (3) master station group, 
and (4) the test set, mobile transmitter and master 
power supply. 

tion measures distance in lanes. A lane is equal 
to one-half the wavelength of the mobile (CW) 
transmitter. 
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Arrangement of Raydist Units 
The three basic groups of Raydist equipment 

are the master station, the shore station, and 
the mobile transmitter. These can be arranged 
to give three different position configurations: 
circular, elliptical, and hyperbolic. 

The circular arrangement is achieved by oper- 
ating with the mobile transmitter integral with 
the master station, i.e., it moves with the master 
station or remains fixed with the master station. 
In this arrangement either the master station 
or the shore station may be fixed or mobile and 
the phase meter at the master station will eon- 
tinually indicate the circular line of position 
upon which the mobile equipment is located. 
Lines of position are a family of concentric 
circles centered upon the fixed equipment. (At 
either group of equipment the measuring point, 
center of radiation, lies halfway between the 
CW transmitter antenna and the AM receiver 
antenna.) Figure 2 shows this arrangement 
and the resulting position configuration. 

The elliptical arrangement is achieved by 
separating the mobile transmitter from the 
master station (forming three groups) and 

FIGURE 2. - Circular arrangement and resulting 
configuration pattern. 

making the shore station mobile while the mas- 
ter station and mobile transmitter are fixed. The 
position configuration is a family of ellipses 
having their foci at the antennae of the mobile 
CW transmitter and the AM receiver in the 
master station. The phase meter will now indi- 
cate the ellipse line-of-position upon which the 
mobile unit is located. The ellipses are spaced 
a half-wave apart on the baseline extensions. 

The hyperbolic arrangement is also achieved 
by using three groups of equipment. The mobile 
transmitter is used as the mobile unit, while 
the master station and the shore station are 
fixed. The indicator will now identify the posi- 
tion of the mobile unit on a family of hyperbolic 
lines of position having as their foci the AM 
receiver antennae at both fixed stations. The 
lines of position are spaced a half-wave apart 
along the baseline and gradually diverge with 
distance away from the baseline. In this ease 
the baseline extensions also constitute lines of 
position (or lines of constant phase difference), 
and maximum and minimum phase meter read- 
ings will be obtained when the mobile transmit- 
ter travels (by any path) from any point on 
one extension to any point on the other exten- 
sion. The difference of these readings will 
indicate the length of the baseline in lanes or 
l/s f. Figure 3 shows this arrangement and the 
resulting lines of position. 

Pure range or true distance is measured 
along the line connecting the two or three 
groups of equipment comprising the circular 
and hyperbolic arrangements. The circular 
arrangement with the master station moving is 
the one most used, because position is shown at 
the master station for the mobile transmitter, 
which is a part of the master station in this 
case. The arrangement for the hyperbolic con- 
figuration has been used for control on long, 
shallow ranges, i.e., ranges that have areas too 
shallow for the draft of the large sounding 
launch. 

Operating Principle of Raydist 
The type ER Raydist system, as do all Ray- 

dist systems, employs the method of phase com- 
parison of continuous wave (CW) signals. In 
the Raydist method, however, the phase com- 
parison takes place at a radio frequency, there- 
by eliminating the problems of phase compari- 
son at radio frequencies while maintaining the 
sensitivity and accuracy obtainable at the higher 
frequencies. This is accomplished by the use 
of two CW unmodulated transmitters operating 
on essentially the same frequency but slightly 
displaced by an audio amount. For example, 
one transmitter is operated at a frequency f 
and the second transmitter is operated at a fre- 
quency f + A f, where A f is an audio frequency 
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FIGURE 3. - Hyperbolic arrangement and resulting 
configuration pattern. 

of usually 400 c.p.s. Receivers at the master sta- 
tion and shore station receive both carriers and 
detect a heterodyne or beat frequency, A f. This 
heterodyne tone, as it is received at the shore 
station is returned to the master station and 
compared in the phase-measuring circuits, to 
indicate position. Since the heterodyne is derwed 
from a fixed transmitter and a moving trans- 
mitter, its phase will be dependent upon the 
location of the mobile transmitter. Since both 
the master station and the shore station contain 
an AM receiver that must receive both of the 
CW transmitters and since both also contain 
those transmitters, it is obvious that each trans- 
mitter must be made to appear weak to the 
adjacent receiver but at the same time strong 
to distant receivers. 

Special measures are required to permit these 
receivers to receive the strong local carrier and 
the relatively weak distant carrier simultane- 
ously. This is accomplished by the use of nearly 
harmonically related frequencies and by making 
use of the second harmonic radiation at the 
shore station. For example, assume the primary 
basic frequency of the system to be f. This, 

then, is the frequency that determines the lane 
width of the system, i.e., the spacing of the lines 
of position. The mobile (CW) transmitter at 
the master station is operated on the frequency 
f and the (CW) transmitter at the shore station 

is operated on @$ The AM receiver at the 
master station is a dual channel receiver that 
receives the local carrier f on one channel, and 

the distant carrier *f on the second ehan- 

nel. These two signals are combined in the 
receiver to produce a single heterodyne audio 
output of hf. The AM receiver at the shore 
station is tuned to f and receives the distant 
carrier from the mobile (CW) transmitter as 
well as a small amount of the local transmitter’s 

second harmonic radiation on f * Af __ The two 2 
signals heterodyne in the receiver to produce 
the audio beat of Af. The audio tone, Af, as 
detected at the shore station is then returned to 
the master station, via FM radio, for phase 
comparison. The results of the phase compari- 
son are shown in lanes on the dial of the remote 
phase indicator. Figure 4 is a diagram of a 
two dimensional type ER Raydist system. 

Radio frequencies allocated for the operation 
of this Raydist system are : 

Kc 
Mobile CW transmitter. 4,796.4 
Shore station CW transmitter.. 2,398.O 
FM transmitter 36.8 

Transportation of Raydist Units 
Shore station 

The shore station Raydist units and the neces- 
sary equipment to support the work required in 
setting up and operating the station are gener- 
ally transported in a shallow draft outboard 
cruiser capable of independent operation from 
the larger sounding launch. A photograph of 
such a cruiser is shown in figure 5. This cruiser 
is also equipped with hull-mounted sounding 
transducers to permit sonic sounding of shallow 
areas and a sampling boom to permit sampling, 
velocity, or nuclear density probe measurements. 

The shore station can be transported by 
vehicle; however, most of the shoreline along 
the Missouri River reservoirs is rough and 
irregular, with numerous bays that in many 
cases make it practically impossible to reach 
the range line. Transportation in a vehicle 
eliminates the versatility of being able to select 
the most desirable side of the reservoir for the 
shore station. On the other hand,, an advan- 
tage of vehicle transportation is ehmination of 
the error due to the master station coming close 
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sounding work, this transmitter is installed 
with the master station on the sounding launch. 
The CW transmitter cabinet is fastened in a 
high frame built for this purpose on the port 
stern corner. The transmitter’s antenna is 
mounted on the side of the cabinet. Power in 
this case is obtained from the same l&volt ax. 
generator that supplies power to the master 
station. 

For the sounding of long ranges that have 
areas that are too shallow for the sounding 
launch, this transmitter is installed in the out- 
board cruiser or smaller sounding skiff as neces- 
sary. Both boats are equipped with inboard 
tanks to accommodate the transducers of either 
an Edo or Bludworth sonic sounder. A X0-watt 
motor generator supplies power to the Raydist 
unit while a 12-volt storage battery supplies 
power to the sounder. 

The Master Station 
Since the master station serves as the focal 

point of operations for our Raydist surveys, it 
and the accessory components are installed on 
the sounding launch as previously described. 
The equipment layout varies for different 
launches, but in general the antenna schematic 
remains fairly constant as shown in figure 6. 

FIGURE 4. -Two dimensional diagram of the type ER 
Raydist system. 

to the shore station (described under test pro- 
cedure), because the shore station can be set 
up farther from the shoreline. 

Mobile CW Transmitter 
For the sounding of long deep ranges, and 

this pertains to approximately 95 percent of our 

FIGURE 5. -Shallow draft cruiser used for independent 
sounding operations and transportation of the Ray- 
dist shore stations. 
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Due to the use of the launch as a base of opera- 
tions for all deep water observations, some of 
the components needed for Raydist operations 
serve dual functions. Perhaps the best illustra- 
tion of this point is shown on the launch “Ellis” 
(fig. 7), which was designed specifically for 
reservoir sedimentation survey work. 

FIGURE 7. -Launch Ellis an Garrison Reservoir. Only 
bow booms were installed for this operation. 

The “Ellis” is a 3%foot, steel-hulled work 
launch, propelled by twin diesel engines and 
containing a small galley, toilet, bunks for three 
personnel and a fairly large workroom. Other 
installed equipment includes dual controls, a 
two-frequency two-way FM radio, AM two- 
way radio, dial-type depth sounder, and a 
3.kw. 115.volt ax. diesel generator. Both 115. 
volt ax. and 12-v& d.c. lights and outlets are 
installed throughout the boat. A heavy duty 
convertor is installed on each side to supple- 
ment and charge the batteries for each engine 
from the 3.kw. diesel generator. A flush- 
mounted power windlass is installed on the bow 
deck. For convenience in anchoring, 300 feet 
of $&inch nylon line is carried on a shop-made 
reel. Two booms, equipped with B-50 stream 
gaging reels, are installed on the bow deck. 
These booms are used for sampling. for velocity 
measurements, and for bar checking the depth 
sounder. The upright members of the booms 
are used to mount two of the Raydist antennae. 
Two high booms, one 13 feet and the other 11 
feet, are installed on each side near the stern 
of the boat. (See fig. 8 for typical installa- 
tion on the launch “Dakota” used at Fort Ran- 
dall Reservoir.) These booms, equipped with 
stream gaging reels, are used for taking density 
samples and for suspending the nuclear sedi- 
ment density probe. All the booms can be 
rotated and have a locking device on the base 
to hold them in several positions. 

FIGURE 8. -Launch Dakota an Fort Randall Reservoir. 
Note stem sampling booms and antenna arrangement. 

A 15.foot triangular stadia board is mounted 
on top of the cabin. The Raydist master station 
is installed in a combination rack and table in 
the front port corner of the main cabin. The 
Raydist test set and depth sounder are mounted 
on top or on the table portion of this rack. The 
remote phase indicator is mounted in a re- 
volving frame on the dash so that it can be 
turned or oriented for better operational view- 
ing, particularly for the launch operator (fig 9). 

FIGURE 9. - Raydist remote phase indicator. For two- 
dimensional operation another dial is mounted in place 
of right cover plate. 

Tests to Determine Raydist Performance 
Hastings-Raydist, Inc. tested and operated 

the Raydist system on Chesapeake Eay near its 
factory in the presence of an electronic tech- 
nician from the Garrison District. During this 
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testing, a distance of approximately 20 miles 
was measured, its repeatability was demon- 
strated, and distances to several known objects 
shown on maps of the Chesapeake Bay area 
were checked. 

Prior to receiving the Raydist equipment, 
three sediment ranges near Garrison Dam and 
the town of Riverdale,, N. Dak., were selected 
for checking and testmg this equipment and 
lengths were accurately determined by triangu- 
lation. For convenience in setting up and check- 
ing the Raydist equipment, points were estab- 
lished near the water’s edge at both ends of 
these ranges. During the initial use of the 
Raydist system, it was discovered that the 
measured distances could not be checked by the 
distances obtained with the electronic equip- 
ment. Therefore, tests were performed with 
Raydist to determine the following: (1) The 
lane length; (2) the effect on the lane length 
when the master station is close to the shore 
station; (3) the effect on measurements when 
the master station is close to bluffs; and (4) 
the error due to phasemeter lag. 

there was an indication that the lane lengths 
were shorter when the master station came 
close to the shore station. To obtain informa- 
tion on this phenomena, stadia and Raydist 
readings were taken simultaneously, each 50 or 
100 feet for 1,000 feet from the shore station. 
In general, it was discovered that it was neces- 
sary to separate the stations 600 feet before 
this error was eliminated and that most of the 
error disappeared beyond 400 feet. Closer than 
200 feet resulted in substantial errors. Figure 
10 shows this error plotted against distance 

The lane length was checked and determined 
by running along lines established parallel to 
the axis of Garrison Dam. These lines were well 
targeted and flagged at the ends for theTk;;; 
operator to keep the boat on line. 
transits were set on 90” offsets from the crest 
movements on the axis of the dam. Whenever 
the boat passed the line of a transit, flag and 
radio signals were given for the Raydist opera- 
tor to read and record the phasemeter reading. 
Several runs were made along each of the three 
lines parallel to the axis of the dam. The aver- 
age of these runs revealed an average lane 
length of 102.2, which was quite different from 
the theoretical or computed value of 102.5 feet. 
The theoretical lane length can be computed by 

the equation h= F ; where h is the wave length, 

c=the velocity of propagation of radio waves 
(299,794 km./sec.) ,5 and f=the radio frequency 
(4,‘796.4 kc.) of the basic transmitter. If this 
equation is used, the computed lane length, 
h,2= Cc) WSO8) 

ox =102.53 feet. This meas- 
L’, 

ured or actual lane length was later confirmed 
by numerous surveys of ranges. It is recognized 
that corrections for the various factors affect- 
ing the propagation of radio waves are neces- 
sary to obtain true distances; however, by direct 
calibration as described above the necessity for 
determining the various corrections was elimi- 
nated. 

During our initial surveys with Raydist, 
j ASLAKSO~, C. I. SOME ASPECTS OF ELECTRUNW SUR 

VGYING. Amer. Sot. Civil Engin. Trans., 117 (Paper No. 
2476) : 1. 1952. 

FIGURE 10. - Raydist error when master station is 
operating near shore station. 

from the shore station. To overcome this, it has 
for the first 1,000 feet of soundings near the 
been necessary, in most instances, to use stadia 
shore station. Raydist readings are also ob- 
tained at each of these stadia fixes. 

Also during some of the early surveys with 
Raydist, discrepancies were noted in the lane 
lengths obtained when the master station ap- 
proached steep bluffs on that side of the reser- 
voir opposite from the shore station. This error 
was investigated by simultaneously taking 
stadia and Raydist readings similar to that 
described above. Investigation was also made 
by towing the outboard cruiser with the shore 
station installed and operating. The master 
station and mobile transmitter were installed 
aboard the launch doing the towing. The cruiser 
motors were left down to cause some additional 
drag and thus increase the tension on the 350 
feet of manila towline. The shore station was 
towed in the open reservoir until the phase 
meter revealed that the towline was adjusted, 
i.e., no change in the phase meter reading in- 
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dicated that the length of the towline was not 
changing. The shore station was then towed 
past bluffs at varying angles and distances 
from the shore line. Any deviation of the phase 
meter now indicated reflection of the radio 
waves from these obstructions. It was neces- 
sary to stay about 300 feet from the bluffs to 
eliminate reflection. The maximum reflection 
observed when passing close to steep bluffs was 
about 0.20 lane. Some reflection was even ob- 
served when passing close to low banks approxi- 
mately 10 feet high. This error is also elimi- 
nated by using both stadia and Raydist fixes on 
the first 1,000 feet of sounding near the opposite 
shore. 

Slight errors due to phasemeter lag were ob- 
served during the initial use of Raydist. This 
error was investigated by taking Raydist read- 
ings while makim backward and forward runs 
past the same locations. This error was found 
to be 0.03 to 0.05 lane. To eliminate this error, 
lane length ties for both ends of a range must 
be made with the master station launch pointed 
and moving in the same direction. 

Preparatory Work for Aggradation 
Resurveys 

Preparatory work applies to the survey work 
that is accomplished by a two- or three-man 
party prior to the actual sounding of the ranges 
and includes : 

(1) Installation of the missing markers at 
the range monuments. The markers consist of 
6. by 30-inch white boards fastened to steel 
fence posts. 

(2) Establishment of control points near the 
water’s edge for both elevation and stationing. 
If a large rise in the reservoir is forecast, addi- 
tional control points are established at intervals 
of approximately 10 to 15 feet in elevation be- 
tween the water surface and a point higher 
than that forecast. Flags are set at these con- 
trol points. 

(3) Profile the end of the range from the 
water’s edge to a point beyond where no change 
has taken place. 

(4) Determination of the water surface ele- 
vation. This elevation is checked against that 
obtained on the opposite shore and against that 
recorded by the lake gage. This work saves con- 
siderable time for the sounding party since it 
eliminates doing a substantial amount of survey 
work and searching for the ranges in cases 
where the markers have been damaged or 
destroyed. 

Description of Sounding Procedure 
Personnel Required 

Four to eight personnel can be used to make 
up the hydrographic party depending upon the 

amount of preparatory survey work performed, 
the amount of sampling, etc., that is required 
in conjunction with sounding, and other work- 
load items that affect the availability of per- 
sonnel. Generally, six personnel are used- 
two at the shore station and four with the 
master station. The master station party in- 
cludes a party chief, boat operator, Raydist 
operator, and sounder operator. 

setting up the Shore station 
The most desirable end of the range is se- 

lected by the shore station party. A location 
near the range where the cruiser can be beached 
is preferred. The main duties of the shore sta- 
tion party are: (1) to set up and operate the 
shore station; (2) to profile the portion of the 
range between the water’s edge and the nearest 
control point; (3) to run levels to determine 
the water surface elevation; and (4) to give 
alinement instructions to the operator of the 
sounding launch. After going ashore, the party 
performs the necessary survey work to estab- 
lish the location for setting up the Raydist units. 
The units are set normal and about 17 feet on 
each side of the range line. The offset distance 
is usually determined by the lengths of the 
power cord from each cabinet which are plugged 
into the heavy duty power cord at the range 
line. The transit is usually set up at the point 
between the Raydist units for reading stadia 
and giving alinement instructions to the sound- 
ing launch. A portable “handi-talkie” radio is 
used to give alinement instructions to the boat 
operator. The shore station AC power supply, 
instead of the standard battery supply, is 
usually used for the radio. Figure 11 is a photo- 
graph of a typical setup of the shore station 
units. 

FIGURE ll.-Typical arrangement of Raydist shore 
station units st Garrison Reservoir. 
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In instances where it is impossible or dif- 
ficult to reach the shore because of shallow 
water, bluffs, or vertical banks, the Raydist 
units are installed on the cruiser. One unit is 
mounted on the bow while the other is mounted 
at the stern a,nd the boat is secured across the 
range line so that the units are equidistant and 
normal to the line. 

Positioning Ray&t 
It is necessary to tie-in the Raydist phase- 

meter readings to the range stationing at both 
ends of the range. When beginning or ending 
soundings on the shore station side, positioning 
of the Raydist is accomplished by - 

(1) Repeated stadia position checks at 600 
or 700 feet from the shore station. 

(2) Chaining to the nearest control point 
when the Raydist shore station is set 
over 600 feet from the water’s edge, ex- 
cept when shallow water prevents the 
sounding launch from coming close to 
shore, in which case it is necessary to use 
stadia. 

When beginning or ending soundings on the 
opposite shore side, the positioning of Raydist 
is accomplished by _ 

(1) Chaining when there is deep water and 
no bluffs. 

(2) A 600. or 700.foot stadia tie when there 
is shallow water or bluffs along the 
shore. 

Stadia ties are made with the boat moving 
very slow and are repeated until two phase- 
meter readings agree with 0.02 or 0.03 lane 
length. More than likely, a check reading is 
also obtained during the sounding near shore 
when both stadia and Raydist are used. 

Sounding of Long Deep Ranges 
The shore station party travels to the most 

adaptable side of the reservoir for setting up 
the station. Meanwhile, the sounding launch 
performs a bar check at a deep water location 
near the range line. As soon as the shore sta- 
tion party has completed setting up its Raydist 
units, the units are switched from “Off” to 
“Standby” and the party proceeds with other 
hities. Personnel on the sounding launch turn 
on their Raydist units during the bar check so 
that there is a sufficient (at least 5 minutes) 
warmup period prior to using the equipment. 
After completion of the bar check, the shore 
?arty personnel switch their Raydist units from 
‘Standby” to “On” and tune the two transmit. 
;ers. At the same time, personnel on the sound- 
ng launch switch the mobile transmitter from 
‘Standby” to “On,” tune the transmitter, and 
:heck the operation of the entire Raydist sys- 
,em by observing the phase meter and the test 
iet. 

When the sounding operation is started from 
the opposite shore, two personnel and necessary 
equipment are taken to shore by either the 
sounding launch or in the case of shallow water 
by the small boat. These personnel then per- 
form the necessary shore work, position the 
sounding launch, and if required give stadia 
fixes to the launch for the 1,000 feet of sound- 
ing near shore. One man is left on shore to 
give alinement to the sounding launch during 
the main sounding run. 

When the sounding is started from the shore 
station side, the 1,000.foot portion of sounding 
is accomplished while traveling toward shore; 
after which, the positioning is accomplished 
while leaving the shore. At this time, it is 
necessary for one man from either the sounding 
launch or the shore station to go to the opposite 
shore in the small boat in order that he can 
be setup before the sounding launch arrives. 
One man must remain on the shore to give 
alinement to the sounding launch. 

The main sounding run (from either shore) 
is started within the l,OOO-foot portion by turn- 
ing on the depth recorder and the “automatic 
fix.” Position lines are then automatically re- 
corded on the sounding chart for each even lane. 
The sounding, positioning, etc., at the other end 
of the range is accomplished in a similar man- 
ner to that previously described. Alinement in- 
structions are given the launch operator by 
radio from either shore. Generally, and some- 
times because of radio transmission difficulties, 
alinement is given for about one-half the range 
by each transit operator. Also, if some shore- 
line work remains on either side, the transit 
operator on the other shore takes care of the 
alinement duties. 

Sounding of Long Ranges with Shallow Spots 
Usually on every survey a few ranges are en- 

countered that have areas shallower than the 
draft of the sounding launch. On Garrison 
Reservoir t~hese situations are eliminated or at 
least reduced by surveying as many as possible 
of the ranges in the backwater reach during 
low reservoir stages prior to the June rise. If 
there have been changes (usually deposition) 
in the overbank, this part of the range profile 
is later obtained by conventional survey meth- 
ods. When the launch cannot be used, the 
mobile transmitter is mounted in one of the 
smaller boats to obtain the shallow water pro- 
file of these ranges. The shore station is set up 
at one end of the range and the launch contain- 
ing the master station is anchored at the op- 
posite end of that part of the range to be 
sounded. Positioning is accomplished in the 
same manner as previously described. Fixes for 
the sounding chart are transmitted by radio 
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from the master station to the small sounding 
boat. 

Use of Calculator 

A Monro-Matic calculator is carried on the 
boat for determining lane lengths and range 
stationing. The range stationing is placed in 
the lower dial, the phase meter reading in the 
upper dial and the lane length in the keyboard. 
Range stationing for a particular phase meter 
reading can be obtained by operating the + 
and - keys so that this meter reading appears 
in the upper dial. A phase meter reading for a 
particular stationing can likewise be obtained. 
The range stations for the sounding “fixes” are 
determined in this manner and placed on the 
sounding charts during slack work periods; 
such as, when traveling between ranges and 
during periods when one of the master station 
crew is not busy at other duties. Computations 
of locations for sampling etc. are also deter- 
mined with the calculator. 

Determimztion of Lane Length 

Lane lengths are determined by dividing the 
total known distance covered for any given 
run by the number of Raydist lanes measured 
for that known distance. Predetermined range 
stationing is necessary on each shore to pro- 
vide an overall known distance. In order to 
eliminate accumulated error from using a pre- 
determined lane length, a lane length is com- 
puted and used for each survey of a range. This 
eliminates prorating any error for the entire 
survey of a range. 

After sounding a range, locations are selected 
from the sounding chart for taking samples and 
using the sediment density probe. One observa- 
tion in the channel and one or two on the over- 
bank are usually adequate. Anchoring of the 
launch close to the point selected is accom- 
plished by observing the phase meter. After 
anchoring, samples of the bottom material and 
density probe readings are obtained. The Foerst 
sampler is used when the bottom material is 
“soupy” and not too dense to penetrate. The 
denser material is sampled by use of a tube- 
type instrument, sometimes called a “reser- 
voir” or “density” sampler. Density-probe 
readings are taken at vertical intervals to the 
penetration limit of the probe. Quite often the 
crew determines the weight and volume of the 
samples and saves a small portion in moisture- 
proof containers for laboratory-size analysis 
and moisture content determination. On the 
launch the tube sampler is operated from the 
high starboard boom, the density probe from 
the high port boom, the Foerst sampler from a 
bow boom, and if other samplers, such as a bed 

sampler are required, from the other bow boom. 
At the deepest vertical, temperatures and 
Foerst samples are quite often taken at in- 
tervals of 5 or 10 feet. The temperatures are 
taken with a resistance-type thermometer to 
obtain information on the thermal stratification 
of the reservoir. In general, however, strati- 
fication data are obtained during a continuous 
run up or down the reservoir, so that the infor- 
mation is collected during a shorter time period. 

Disadvantages and Limitations of 
Raydist 

The limitations of this equipment must be 
acknowledged, so that procedures can be de- 
vised and prepared to overcome these deficien- 
cies during work in the field. It is recognized 
that better accuracy would be obtained if we 
could eliminate the stadia ties when the master 
station is close to the shore station or bluffs. 
This could be accomplished by (1) spending ad- 
ditional time to carry the shore station units, 
motor generator, etc., a sufficient distance in- 
land ; and (2) by investigating to discover more 
about this error and how to adjust for it. 
Nevertheless, we feel that the accuracy ob- 
tained with the use of good stadia ties is satis- 
factory. 

Very few failures of the equipment have oc- 
curred during a sounding run; more frequently, 
trouble is discovered prior to starting the run. 
Failures during field operations have been 
minimized by (1) thoroughly checking, several 
weeks prior to use, the equipment in the shop 
by a radio technician; i.e., all the tubes are 
checked and as many as possible of the individ- 
ual components are checked; (2) having the 
entire system operated, tested, and adjusted by 
the radio technician; (3) keeping the motor 
generator units in good operating condition; 
and (4) carrying a tube checker, VTM, and a 
supply of tubes and other spare parts on the 
sounding launch. Personnel in the master sta- 
tion party are usually experienced in using the 
testing instruments ; therefore,, breakdowns can 
often be repaired in the field without calling out 
a radio technician. 

Cost of Raydist Equipment 
At the time of purchase in 1956, a complete 

type ER Raydist system cost $42,000. The cost 
of our single-dimension portion of a type ER 
Raydist system was about $27,000. 

Since purchase of the Raydist system, Hast- 
ings-Raydist, Inc. has developed the type DM 
Raydist system, which is transistorized to a 
large extent; therefore, the units are smaller 
and lighter and require less power. As a result, 
the shore station can be operated entirely from 
batteries. This new system measures distance 
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directly in both dimensions; i.e., to plot posi- 
tion it is only necessary to swing circular ares 
using the shore station points as centers. 

Conclusions 
Various methods and means can be utilized 

in maintaining horizontal control for the sedi- 
mentation survey of reservoirs and each pro- 
cedure has its own particular advantages or 
disadvantages. Use of the Raydist-type system 
of control, however, offers several unique and 
distinct benefits, which can be advantageously 
used on almost any sizable reservoir; but, in 
particular, apply to those larger reservoirs of 
exceptional width. These advantages include 
(1) a continuous measurement of varying dis- 
tances by an accurate, rapid, and convenient 
method; (2) ability to reposition quickly at 

any desired location for additional observa- 
tions; (3) mobility and versatility of uses; and 
(4) elimination of a costly triangulation net- 

work assuming control by intersection. Disad- 
vantages include high initial cost, some limita- 
tions when used near steep bluffs or for the 
measurement of small distances,, and, to a minor 
degree, the need for the occasmnal assistance 
of a trained electronics technician. 

The single dimension-type arrangement for 
Raydist operation is practical, and its charac- 
teristics and limitations have been adequately 
defined through a variety of specific field tests. 
We were naturally disappointed in discovering 
certain limitations but are now confident that 
through our established operational procedures, 
better than third-order accuracy can be main- 
tained. The practical justification for obtaining 
this equipment has been well satisfied. 

FORECASTING SEDIMENT DISTRIBUTION IN A RESERVOIR 
BY ELECTRONIC COMPUTER 

[Paper No. 871 

By FORREST B. MORROW, assistant chief, Sedimentation &it, Xydrology Section, U. S. Army Engineer District, 
Fort Worth 

Synopsis 
Considerable advancement has been made in 

the past two decades in the field of sedimenta- 
tion. Basic sediment data have been accumulat- 
ed by Federal and State agencies in the collec- 
tion of samples, resurvey of reservoirs, and ex- 
perimentation in laboratories. Theoretical 
analyses have been expanded, and the methods 
of collection, analysis, and interpretation of 
field data have been improved. With the advent 
of electronic data processing equipment it be- 
came apparent that the long, tedious computa- 
tions that absorbed many man-hours of work 
could be programmed for computer .analysis 
and could be accomplished in a fraction of the 
time previously required. A method for distrib- 
uting sediment in reservoirs has been developed 
and programmed for the Model G-15D Bendix 
general purpose digital computer. 

Introduction 
It was realized many years ago that sediment 

would be deposited in a reservoir upstream 
from any structure that would impede the flow 
of the sediment-bearing stream upon which it 
was built. As the streamflow enters the reser- 
voir, the velocity decreases due to the larger 
cross-sectional area and the larger sizes of sedi- 
ment begin to settle out. Originally it was as- 
sumed that most of the sediment carried into a 
reservoir would eventually be deposited only in 
the headwaters area and at the bottom in the 
main or deepest part of the reservoir, Resur- 
veys of reservoirs have proved this assumption 

erroneous and that sediment deposition occurs 
in various degrees throughout all reaches of a 
reservoir. The problem then became one of an- 
ticipating the sediment distribution at the 
various levels in a reservoir. Numerous ap- 
proaches have been made to establish this dis- 
tribution. As more information became avail- 
able, the complexity of the influences affecting 
sediment deposition in a reservoir became more 
pronounced. The shape of the reservoir, the 
sediment characteristics, the regimen of in- 
flow, the anticipated reservoir regulation, and 
the sediment-reservoir volume ratio must be 
considered each in its proper perspective in the 
selection of a procedure for predicting sediment 
distribution in a reservoir. 

On studies in connection with investigations 
for space for sediment deposition in reservoirs 
within the Fort Worth District it is desirable 
to know the general trend of the ultimate distri- 
bution patterns of this sediment. Various ap- 
proaches and procedures have been taken in de- 
veloping methods oft predicting the sediment 
deposition patterns. The method most recently 
adopted in the Fort Worth District is the em- 
pirical area reduction method as presented by 
Whitney M. Borland and Carl R. Miller.’ This 
method was programmed for use on the Bendix 
G-15D digital computer. 

Procedure 
In recent years sediment distribution pat- 

terns were required in the Fort Worth District 
for a large number of reservoirs varying in size 
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and shapes for the various river basins. These 
patterns were studied in connection with in- 
vestigations for the U.S. Study Commission- 
Texas, and for survey reports and detailed 
plans for construction of numerous Corps of 
Engineers reservoirs in the district. These 
studies were time consuming because they also 
involved investigations of numerous combina- 
tions or systems of the already large number of 
reservoirs. In order to permit meeting sched- 
ules, various procedures for estimating distri- 
bution of the sediment in reservoirs were in- 
vestigated. The method described by Borland 
and Miller’ was found to be readily adaptable 
to the various reservoir types in the river 
basins under investigation. 

This procedure requires first that the total 
amount of sediment anticipated to be deposited 
in each reservoir be determined and that the 
reservoir be classified in accordance with the 
types established. In accordance with the dis- 
tribution pattern for the type of reservoir under 
consideration, the elevation of the new or ulti- 
mate “zero storage” capacity after the deposi- 
tion of the estimated volume of sediment is then 
determined by the mathematical process de- 
scribed in the referenced paper.’ 

The amount or quantity of anticipated sedi- 
ment to be deposited in a reservoir is currently 
estimated by utilizing procedures recommended 
by the Texas Water Commission (formerly 
Texas Board of Water Engineers) and the Soil 
Conservation Service.’ The average annual 
sediment production rate for the watershed 
above a given reservoir is determined from 
the various land resource areas and their ap- 
propriate unit rates of sediment yield as estab- 
lished in the publication. The weighted average 
annual rate of sediment production is then ap- 
plied to the number of years for which sediment 
deposition storage space is provided in the proj- 
ect. The elevation of the new zero storage 
point is then approximated by successive steps 
through trial and error. This latter procedure 
is time consuming. 

The type of reservoir or curve used to dis- 
tribute this sediment is established by utilizing 
the standard type curves presented by Borland 
and Miller 1 as a basis. These curves represent 
the percentage of sediment deposition versus 
the relative reservoir depth between the stream- 
bed at the damsite and elevation of the reservoir 
at the maximum controlled storage. The type 

1 BORLAND, W. M., and MILLER, C. R. DISTF.,BUTION OF 
SEDIMENT IN LARGE RESERVOIRS. Amer. Sm. Civil Engin. 
Proc. 84, HY2 (Tech. Paper 15%‘). 1958. 

2 SOIL CoNsERVlTIoN SERVICE. INYENTOEY *ND “SE OF 
SEDIMENTATION DATA IN TEXAS. Tex. Bd. Water Engin. 
Bul. 5912. 1959. 

of curve that fits the reservoir involved is ob- 
tained by relating depth versus initial reservoir 
capacity with the standard type curves given 
in the paper. The curves may then be adjusted 
for anticipated reservoir operation, type of 
sediment inflow, or capacity/inflow ratio. A 
specific curve of percentage of reservoir depth 
versus percentage of sediment deposited (sedi- 
ment distribution curve) is finally adopted to 
satisfy the classification of the project under 
consideration. 

Since the last step in this method, that of 
distributing the sediment, follows mathematical 
procedures, it is especially adaptable to deter- 
mination by electronic computer. As presently 
programmed, the Bendix G-15D computer can 
determine the elevation of the new zero storage 
point, distribute the predetermined amount of 
sediment, and print outs the original and revised 
area and capacity tabulations in a period vary- 
ing from 20 to 30 minutes, depending upon the 
number of points in the original area and ca- 
pacity tabulation and the precision required. 
The same computations if done manually would 
generally require from 4 to 8 hours. 

The basic data required for the determina- 
tion of the distribution of sediment in a reser- 
voir by the adopted procedures consist of the 
original area and capacity tabulation, the 
amount of sediment to be distributed, the maxi- 
mum reservoir level below which the sediment 
is to be distributed (usually top of controlled 
storage), the desired precision (usually 1 per- 
cent of the total amount of sediment to be dis- 
tributed), and the reservoir type as classified 
above. The equation for standard type of dis- 
tribution curves is part of the basic computer 
program. With these data the computer will 
determine by trial and error the following ele- 
ments of the computations within the prede- 
termined degree of accuracy desired : 

(1) The revised area tabulation at successive 
increments of elevation. 

(2) The revised capacity tabulation cor- 
responding to the area data above. 

At first an approximation of the elevation of 
the new zero storage point is determined by the 
computer using a trial and error procedure. 
With this approximate new zero elevation, the 
computer determines a revised area-capacity 
table and compares it with the amount of sedi- 
ment to be distributed for the desired accuracy, 
repeating the computation until an elevation for 
the new zero storage point is obtained which is 
within the limits of desired precision. Once the 
final elevation of the new zero storage point has 
been determined, the computer prints out the 
followinr elements: 

(1) I&w&ion; 
(2) Original area ; A See footnote 1, 
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(3) Original capacity ; 
(4) Revised area ; 
(5) Revised capacity. 
In a basinwide investigation where numercus 

combinations and sizes of reservoir projects are 
studied and mc~re than one distribution of sedi- 
ment is made for a proposed reservoir, it is de- 
sirable to have the original and the revised area 
and capacity typed out on the same form for 
ease in identification. The program, as written 
for the Bendix G-15D computer, is limited to 
50 elevation intervals. The elevation intervals 
may be set in either uniform or varying incre- 
ments as desired, so long as the total number 
of intervals does not exceed 50. 

The practice in the Fort Worth District has 
been to start at the topmost elevation of con- 
trolled storage and vary the intervals so that in 
the vicinity of the estimated elevation of the 
new zero storage point, the elevation interval 
is one foot. Once the new zero storage elevation 
has been determined and the.computations eom- 
pleted for the initial 50 elevation intervals, the 
basic computation may be subdivided in order 
to obtain mc~re detailed information at smaller 
intervals. During the early stages of its devel- 

opment, the Fort Worth Office of the Soil Con- 
servation Service of the U.S. Department of 
Agriculture also utilized this program and facil- 
ities of the Corps of Engineers for estimating 
the distribution of sediment in reservoirs they 
were studying. 

It is estimated that the current cost of opera- 
tion of the Bendix G-15D computer based on 
approximately 100 percent utilization will not 
exceed $25 per hour. 

Conclusion 
The use of the Bendix G-15D computer for 

sediment distribution calculations has proved 
satisfactory in the Fort Worth District Office 
on the basis of man-hours saved in making the 
tedious computations and on the basis of making 
qualified engineers available for other studies 
or investigations that are not readily adaptable 
to computer programming. A review of an en- 
tire river basin can be made by the use of the 
computer in a fraction of time previously re- 
quired for the manual distribution of sediment 
in the reservoirs. As the requirements arise, it 
is anticipated that many more sediment compu- 
tations can and will be adapted to the computer 
programming. 

DEVELOPING SEDIMENT STORAGE REQUIREMENTS 
FOR UPSTREAM RETARDING RESERVOIRS 

[Paper No. 881 

Abstract 
Problems that are peculiar to the develop- 

ment of sediment storage requirements for up- 
stream retarding reservoirs are discussed. 

The wide variation in soil, topographic, and 
cover conditions that are possible between small 
watersheds, even within a physiographic region 
or major land resource area, leads to extreme 
variations in sediment yields. Measured sedi- 
ment yield data for a specific watershed are 
usually lacking, and the time involved between 
planning and construction is too short to allow 
for the collection of meaningful data. Where 
sediment yield data are available, it must be 
modified to reflect the influence of the appliea- 
tion of soil conservation measures. 

To meet the specific policy requirements of 
the Soil Conservation Service pertaining to sedi- 
ment capacity in retarding reservoirs, two 
methods are in general use. One involves the 
transposition of measured data from compara- 
tive watersheds. The second involves the esti- 
mation of watershed erosion and sediment de- 
livery ratios, used when transposable data are 
unavailable. 

Allocation of storage capacity for sediment 
accumulation within the reservoir basin re- 
quires consideration of the trap-efficiency, spe- 
cific weight of sediment,, and distributmn of 
sediment within the basm. These considera- 
tions are discussed briefly. 

General 
Floodwater retarding reservoirs in small 

watersheds are designed to provide full effee- 
tiveness for a minimum period of 50 years. To 
assure the full effectiveness for the designed 
economic life, additional capacity must be pro- 
vided in the reservoir to offset the depletion of 
capacity due to the accumulation of sediment 
within the reservoir. 

The volume of storage that must be allocated 
to sediment is dependent upon the sediment 
yield from the watershed, the trap efficiency of 
the reservoir, the volume-weight of the deposited 
sediment, and, to a certain extent, the distri- 
bution of sediment within the basin. The most 
important of these is sediment yield. 

Sediment yield can be defined as the total 
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amount of sediment that is delivered to or trans- 
ported past a given point in a watershed. It is 
made up of that part of the products of erosion 
within the watershed which escape redeposi- 
tion upstream from the point of measurement. 
In other words, sediment yield is dependent 
upon the total amount of erosion within the 
watershed (gross erosion) and the proportion 
of the products of erosion that is delivered to the 
point of measurement (delivery ratio). Delivery 
ratios are usually described as percentage of 
gross erosion. Since sediment is the product of 
erosion, factors that influence erosion must nec- 
essarily influence sediment yields. There is no 
direct relationship, however. One watershed 
may have a high rate of erosion but a low de- 
livery rate, whereas another, with a relat,ively 
Fayio&o of erosmn, may have a high d&very 

The trap efficiency of a given reservoir is the 
ability of that reservoir to retain sediment 
which is delivered to it. Trap efficiency is the 
percentage relationship between sediment yield 
to a reservoir and sediment retained by the 
reservoir. It is dependent upon numerous fac- 
tors, such as detention storage time, sediment 
particle characteristics, type of spillways and 
inlets, reservoir shape, and quality of water. 

The volume-weight (dry weight) of sediment 
deposited within a reservoir may vary from 
less than 30 pounds per cubic foot to over 100 
pounds per cubic foot. An overall average for 
measured volume-weights in existing small res- 
ervoirs would be in the neighborhood of 60 to 65 
pounds per cubic foot. The ultimate volume that 
a given weight of sediment will occupy within a 
reservoir will depend upon its texture and min- 
eral composition and whether it is permanently 
submerged or is alternately submerged and 
aerated. 

The distribution of sediment in a reservoir is 
dependent upon the physical characteristics of 
the sediment, the shape and underwater topog- 
raphy of the reservoir, the nature of the chan- 
nel above the reservoir, and the time required to 
empty the retarding pool. Capacity must be 
provided for all sediment that is deposited be- 
low the elevation of the emergency spillway. 

Sediment Yields 
At present the best known method of deter- 

mining sediment yield is the long-term sampling 
of suspended sediment and bedload and record- 
ing of rainfall and runoff data on the water- 
shed. Land-use data taken during the period of 
record may indicate the effects of land-use 
changes on sediment yield. These data ecm- 
bined with expected future land-use changes, 

1 MUSGRAVE, G. W. THE QU~NTITLTIVE EVI\L”ATION OF 
FnCTORS IN WATER EROSION-A FIRST *FFROXIMATION. 
Soil and Water Consarv. Jour. 2 (3) : 133-138. 1947. 
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can then be used to make a reasonable predic- 
tion of future sediment yields. Unfortunately, 
such data are practically never available for 
small watersheds where structures are being 
planned. On occasion, an adjacent watershed 
having similar physxal characteristics may 
have sediment yield data available. These data 
can often be transposed to the watershed in 
question, making adjustments for differences in 
drainage area and land use. 

The most substantial source of measured sedi- 
ment yield data comes from sedimentation sur- 
veys of existing small reservoirs. This provides 
a composite record of sediment yield from the 
drainage area above the reservoir for the period 
since the reservoir was built. However, it is 
usually impossible to isolate the effects of indi- 
vidual runoff events or to determine the effects 
of land-use changes. Periodic resurveys can 
sometimes overcome this difficulty. 

The third alternative, when neither sediment 
load data nor reservoir survey data are avail- 
able, is to determine rates of gross erosion and 
sediment delivery ratios. This involves the iden- 
tification of the sources of sediment, computation 
of the volume of sediment available from each 
source, and an analysis of the factors that in- 
fluence delivery rates. 

A sediment source study is made to locate the 
origin of the sediment, to determine what part 
of the sediment is derived from each source, and 
to determine the effects of land treatment upon 
the production of sediment. The primary 
sources of sediment are sheet erosion, which is 
the removal of soil by the combined effects of 
raindrop impact and shallow overland flow, and 
channel erosion, which is the removal of soil by 
concentrated flow. Channel erosion includes 
gullying, streambed and bank erosion, and flood 
plain scour. There may be other sources of sedi- 
ment within a local watershed, such as gravel 
washing plants or quarries. 
Sheet erosion 

Sheet erosion implies the removal of soil ma- 
terial from the land surface by overland flow. 
It is initiated by the impact energy of rain- 
drops. Qualitatively, the primary factors in- 
fluencing the rate of sheet erosion are, as sum- 
marized by Musgrave :I 

(1) 

(2) 

(3) 

Rainfall, characterized particularly by 
intensities and amounts in the deter- 
mination of the energy of impact; 
Flow characteristics of surface runoff, 
particularly as affected by slope degree 
and slope length ; 
Soil characteristics, particularly those 
physical properties that affect erodibil- 
ity ; and 
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(4) Vegetal cover, characterized by compara- 
tive densities and protective effects. 

Data that bear upon the relation of these major 
factors to soil erosion were assembled from ap- 
proximately 40,000 storms on fractional acre 
plots at 20 erosion experiment stations. A group 
of U.S. Soil Conservation Service research spe- 
cialists was brought together to analyze these 
data. The results of the analysis were reported 
by Musgrave.l From the analysis the following 
equation was developed, which can be used for 
estimating the rate of sheet erosion under vari- 
able conditions : 

E=IRS’.3” LO.35 pm 
where 

E=soil loss, in inches ; 
I=inherent erodibility of the soil, in inches: 

R=a factor describing cover conditions ; 
S=degree of slope, in percent ; 
L=length of slope, in feet; 
P=maximum 30.minute intensity rainfall of 

a 2-year frequency, in inches. 
The general procedure of the use of this em- 
pirical equation has been outlined by Gotts- 
chalk.’ 

More recently, the data used by Musgrave 
and additional data that have become available 
since the original analysis were subjected to an- 
other analysis. The result was the development 
of an improved soil loss equation. The general 
procedures for the use of this equation, which 
relate the same major factors to rates of soil 
erosion, have been outlined by Wischmeier and 
Smith.3 

In both equations the vegetal cover and the 
use of conservation practices are shown to have 
a most profound effect upon land erosion. The 
rate of sheet erosion for clean-tilled crop or 
fallow land will be upwards of one hundred 
times the rate of erosion for established grass 
meadow, all other factors being equal. 

Public Law 566 requires that not less than 50 
percent of the lands situated in the drainage 
area above each retention reservoir must be 
under agreement to carry out recommended soil 
conservation measures and proper farm plans. 
In addition, not less than 75 percent of the effec- 
tive land treatment must be installed, or their 
installation provided for, on those sediment 
source areas which, if uncontrolled, would re- 
quire a material increase in the cost of con- 
struction, operation, or maintenance of the 

* GOTTSCHALK, L. C. PREDICTING EROSION him sm. 
MENT YIELDS. Internatl. Union Geodesy and Geophys., 
Gen. Assembly 11, 1 (tome 1): 269-276. 1958. 

3 WISCWMEIER, W. H., and SMITH, D.D. SOIL-LOSS 
ESTIMATION *s A TWX IN SOIL *i-m TNATER MANAOEMENT 
PLANNING. Internatl. Assoc. Sci. Hydrology, Comm. on 
Land Erosion Pub. 5,9, pp. 148.159. 1962. 

structural measure. These additional require- 
ments must be scheduled for installation either 
before or concurrently with the installation of 
the structural measures. 

This, then, necessitates the computation of 
gross erosion rates under “present” conditions, 
while soil conservation measures are being ap- 
plied or are becoming effective, and under “fu- 
ture” conditions, when the soil conservation 
measures have become fully effective. 

The average annual rate of sheet erosion un- 
der present conditions is computed from exist- 
ing soil-survey and land-use data, supplemented 
by field reconnaissance where necessary. The 
total rate of sheet erosion on a watershed is 
determined by the summation of the sheet ero- 
sion on individual, more or less homogeneous 
increments. This is the rate that is used until 
the end of the project period, at which time all 
required land-treatment measures will have 
been applied and become effective. 

The average annual rate of sheet erosion 
which will prevail after the installation of re- 
quired land-treatment measures is also com- 
puted. This computation takes into account the 
effectiveness of better crop rotations, stripcrop- 
ping, stubble mulching, contouring, terracing, 
land conversion, and controlled grazing in the 
control of erosion. This is the rate that is used 
for the remainder of the project period. The 
Department of Agriculture, in cooperation with 
the local sponsoring organization. has the re- 
sponsibility of determining what these required 
land-treatment measures are, and the local 
sponsoring organization has the responsibility 
of applying the measures to the land. 
Channel erosion 

Channel erosion implies erosion by concen- 
trated flow and is influenced mainly by such 
factors as channel gradient, channel soil char- 
acteristics, hydraulic parameters, and sediment 
supply and characteristics. In channel stability 
studies, these factors must all be considered. 
However, existing criteria are inadequate for 
estimating the expected volume of channel ero- 
sion under the highly variable conditions which 
occur within a watershed. Consequently more 
generalized methods have been developed by the 
Soil Conservation Service. This involves the 
field measurement of the net enlargement of 
channels over a known period of time, the time 
factor being determined through the use of 
aerial photographs of different ages and by in- 
terview of the local people. The average annual 
rate of channel erosion is then applied to the 
project period. 
Other sediment solcrces 

Other sources of sediment that occur within 
a watershed must be studied individually and 
control methods evaluated. The effects of urban- 
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ization on sedimentation rates are of special in- 
terest. Only limited studies have been conducted 
to date, but these studies indicate the serious- 
ness of the problem brought on by the rapid 
expansion of urban construction. 

Sediment Delivery Ratios 
Ideally, the delivery ratios of sediment from 

each of the various sources of erosion should be 
determined and applied to compute sediment 
yields. However, determining the source of sedi- 
ment after it reaches the point of measurement 
(sediment samples of reservoir surveys) is 
usually impossible, and delivery ratios must 
therefore be determined on an overall basis. 

The determination of sediment delivery ratios 
when both sediment yield and gross erosion are 
known is a simple matter of arithmetic. When 
sediment yields are not known and only gross 
erosion can be computed, it is necessary to esti- 
mate delivery ratios so that sediment storage 
requirements can be computed. 

The relationship of sediment delivery ratios 
to measurable influencing factors, such as the 

5 BRUNE, G. M. TRAP EFFICIENCY OF RESERVOIRS. Amer. 
Geophys. Union Trans. 34 (3) : 407-318. 1953. 

~ROEHL. J. W. SEDIMENT SOURCE AREAS. DEL~VEEY RA- 
T~S AND iivmmrwm MORPH~~~C*I. ~ic~ms. Inter- 
natl. Assoc. Sei. Hydrology. Comn. Land Erosion Pub. 
5,9, pp. 202-213. 1962. 

magnitude of sediment sources, climate, soils 
characteristics, topography and other watershed 
characteristics, and depositional environments, 
has been analyzed by several workers in the 
field of sedimentation. The results of several of 
these analyses have been reported by RoehL4 
Significant relations appear to exist between 
delivery ratios and area of drainage, average 
total stream length, and relief-length ratio. 
Local and regional analyses have been made, 
and curves have been developed in most areas 
of the country which relate delivery ratios to 
these physical factors These curves are used 
locally in the estimation of expected future 
sediment yields from small watersheds. 

Trap Efficiency of Reservoirs 
The trap efficiency of a reservoir is the per- 

centage relation between the amount of sedi- 
ment that is delivered to a reservoir and the 
amount that remains within the reservoir. It is 
a function of detention storage time, character 
of sediment, type and location of spillways, res- 
ervoir shape, quality of water, and probably 
several other factors. An analysis conducted by 
Brune il indicates a close relation between trap 
efficiency and the ratio of the capacity of a 
reservoir to the average annual inflow. This 
relation, as used by the Soil Conservation Serv- 
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ice, is illustrated by figure 1. These curves allow 
for the modification of trap efficiency estimates 
based on the expected character of sediment. 
Capacity inflow ratios in small detention reser- 
voirs are seldom less than 0.1 and trap efficien- 
cies are seldom less than 90 percent. 

Volume Weight of Sediment 
The ultimate volume occupied by deposited 

sediment will depend essentially upon its tex- 
ture and whether it is permanently submerged 
or is subject to alternate submergence and aera- 
tion. Where possible, volume-weight analyses 
are made of sediments in existing reservoirs to 
aid in the prediction of volume weights in pro- 
posed reservoirs. Because it is not always pos- 
sible to make field measurements, table 1 has 

TABLE l.-Indicated ranges in volume-weight 
of reservoir sedGnent 

Clay.. 
Lb.,eu. R. Lb.,CU. R. 

40 to 60.. 60 to 80. 
Silt.. 55 to 75. ~. 75 to 85. 
Clay-silt mixture.. 40 to 65.. 65 to 85. 
Sand-silt mixture. 75 to SE.. 95 to 110. 
Clay-silt-sand mixture.. 50 to 80. 80 to 100. 
Sand........................ 85tolOO... 85tolOO. 
Gravel.. 35 to 125.. 85 to 125. 
Poorly sorted sand and grave,. 95 to 130.. 95 to 130. 

been devised, based on the analysis of available 
data on mechanical analyses and correspond- 
ing volume weights of sediments. 

With a knowledge of the character of the in- 
flowing sediment and whether it will be sub- 
merged or aerated, an acceptable estimate of 
the volume weight of sediment in a proposed 
reservoir can be made with the aid of the table. 
Since soil in place will have a different volume 
than the same weight of soil deposited as sedi- 
ment, it is necessary to make all estimates of 
sediment yield as weights instead of volumes. 

Sediment Distribution 
The portion of the incoming sediment that 

will deposit above the elevation of the principal 
spillway will vary with the amount and char- 
acter of the sediment and the stage of the reser- 
voir. In general, a larger part of the coarse- 
grained sediment will be deposited above this 
elevation. The general distribution of sediment 
below the principal spillway, after its elevation 
has been set, is of little consequence. However, 
that portion that is deposited above the prin- 
cipal spillway will have a bearing on the eleva- 
tion of the spillway A given volume of storage 
is allocated to sediment. This volume, if all sedi- 
ment would occupy the lowest parts of the pool, 
would normally determine the elevation of the 
principal spillway with the detention pool above 
this elevation. When a portion of the sediment 

is deposited in the detention pool, the elevation 
of the principal spillway must be lowered by 
an amount equal to this volume of storage. 

Little inform&ion is available on sediment 
distribution in retarding reservoirs, but from 
an analysis of available data the following 
guide lines have been developed to aid in esti- 
mating deposition above the principal spillway. 

(1) In watersheds of low to moderate relief 
where the predominant sources of sediment 
are silty and clayey soils. where sheet flow is 
the principal eroding agent, and the sediment 
is transported primarily m suspension, ap- 
proximately 10 percent will be deposited above 
the principal spillway. 

(2) In watersheds of low to moderate re- 
lief, with combination sheet and channel ero- 
sion. where products of erosion are essentially 
equal amounts of medium to fine sands, silts and 
clays, transport of coarser materials is along the 
bed and finer materials are in suspension, ap- 
proximately 20 percent will be deposited above 
the principal spillway. 

(3) In watersheds of moderately high re- 
lief where the primary source of sediment is 
from channel erosion producing substantial 
amounts of coarse sand and gravel that are 
transported as bedload, with smaller propor- 
tion of fine-grained sediment transported in 
suspension, approximately 30 percent. 

(4) In watersheds of high relief where the 
primary sediment load consists of boulders, 
cobbles, and sand, above 30 percent. 

These percentages may be adjusted upward 
or downward, using judgment based on local 
watershed conditions. 

These estimates are also used to help in de- 
termining what portion of the deposited sedi- 
ment will be aerated and what portion will 
be permanently submerged. Other factors will 
also enter into this determination. For in- 
stance, drawdown outlets may be provided so 
that the sediment pool will be “dry.” Or seep- 
page and/or evaporation losses may exceed in- 
flow for long periods of time. 

Sediment Storage Requirements 
The foregoing procedures and computations 

are used by the Soil Conservation Service in 
the determination of sediment storage require- 
ments and the allocation of this volume to 
various portions of the reservoir. The Soil 
Conservation Service is continually striving 
to improve its estimates and to develop new 
tools and procedures. The collection and anal- 
ysis of data that is becoming available as the 
small watershed program advances will aid in 
the refinement of estimates and improvement 
of procedures. Continuing research in the field 
of sedimentation is doing much to this end. 
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A NEW METHOD OF ESTIMATING DEBRIS-STORAGE 
REQUIREMENTS FOR DEBRIS BASINS 

[Paper No. 891 

By FRED E. TATUM, chief, Hydrology and Reservoir Regulations Section, U.S. Army Engineer District, LOS Angeles 

Synopsis 
A method was needed for computing the debris 

production for all areas for which debris basins 
are to be built. It is recognized that there are 
many factors affecting debris production. The 
method presented in this paper was based on 
observed data, most of which resulted from 
floods that occurred when the ground was con- 
ditioned for runoff by prior rain and from areas 
that had been partially or completely burned 1 
to more than 10 years prior to the flood. The 
observed debris amounts were adjusted to a 
common base and curves were developed by 
trial and error to represent separate adjust- 
ments for the major factors affecting debris 
production. This procedure is then adapted 
to estimating debris production for areas 
where debris basins are to be built. 

Introduction 
The design debris capacity for debris basins 

in the Los Angeles area of the Los Angeles 
District originally was based on a flat rate of 
50,000 to 100,000 cubic yards per square mile 
of drainage area, depending upon the results 
of an inspection of the area. Later, when more 
information had been compiled, the debris 
basin capacity was based on an enveloping 
curve of debris inflows plus 100 percent (fig. 
1) and a field inspection of the drainage area. 
It was realized that a more detailed method 
of determining the debris capacity for use 
in the design of debris basins was required 
to afford equal protection to areas below de- 
bris basins. To meet this requirement a new 
method of computing debris production from 
a drainage area was developed. The method 
is based on evaluating the main factors that 
affect debris production. The development and 
use of the method are presented in this paper. 

Available information on debris deposition at 
alluvial cones and on debris inflow at reser- 
voirs and existing debris basins in the Los 
Angeles area, as well as in generally compar- 
able areas in the Southwest, was evaluated. It 
was recognized that in the production df de- 
bris, several factors are involved, including the 
size and shape of the drainage area; the steep- 
ness of canyons and side slopes; geological 
characteristics (such as type of rock and soil, 
and weathering effects) ; the type and density 
of plant cover; recency of burns; and the fre- 
quency, the duration, and, in particular, the 
intensity of storms and floods. 

Debris-Production Factors 
A review was made of all available reports 

on debris, and after a study of the records of 
major debris flow in the Los Angeles County 
area, the factors that were found to have the 
most effect on debris production are as fol- 
lows: (1) drainage area, (2) slope, (3) drain- 
age density, (4) hypsometric-analysis index, 
(5) 3-hour rainfall, and (6) burn effect. Defi- 
nition of the factors as used in this paper are 
given in the following paragraphs. 

Drainage Area 
The drainage area is the area upstream 

from the considered concentration point or 
debris-basin site, in square miles. 

Slope 
The slope is the average slope of the longest 

watercourse upstream from the considered 
concentration point or debris-basin site, in feet 
per mile. 

Drainage Density 
The drainage density is the total stream 

length in miles, divided by the drainage area 
in square miles. The total stream length is the 
summation of stream lengths of all streams 
indicated by those streamflow lines upstream 
from the considered concentration point or de- 
bris-basin site that are shown as either inter- 
mittent or perennial on the pertinent U.S. Geo- 
logical Survey map. (l/24,000 scale U.S. Geo- 
logical Survey maps were used in this study.) 

Hypsometric-Analysis Index 
The hypsometric-analysis index is based on 

the hypsometric analysis developed by W. B. 
Langbein and others and presented in U.S. Geo- 
logical Survey Water Supply Paper 968-C, 
dated 194’7. The analysis involves the develop- 
ment of a nondimensional elevation-area curve 
with unity equaling total height and total drain- 
age area above the considered concentration 
point (fig. 2). Arthur N. Strahler, in an article 
titled “Quantitative Analysis of Watershed 
Geomorphology,” published in the December 
1957 “Transactions, American Geophysical 
Union,” states that the hypsometric curve 
properties tend to adhere generally to the same 
curve family for a given geological and climatic 
combination. 

The hypsometric-analysis index! as developed 
by the Los Angeles Engineer D&.rict, is the 
relative height at which the drainage area is 
divided into two equal parts (see fig. 2, relative 



DRAINAGE AREA IN SQUARE MILES 

FIGURE 1. -Debris inflows, debris) and flood control basins in LOS Angeles County, Calif. 
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FIGURE 2.- Hypsom+ie eurqes for drainage areas 
h; selected debris basins m Los Angeles County, 

area equals 0.5). A comparison of the index 
numbers with the geology for the drainage 
areas studied indicated that soil most likely to 
erode was generally in drainage areas with the 
index number equal to or less than 0.5. At the 
same time, index numbers less than 0.5 reflect 
the lessened debris potential affected by the con- 
centration points being farther removed from 
the steeper part of the drainage area. Index 
numbers larger than 0.5 indicate soils generally 
less likely to erode. The relation of the hypso- 
metric-analysis index to an analysis of the 
drainage area by a geologist is shown in table 1. 

Three-Hour Rainfall 

The 3.hour rainfall in inches is the maximum 
3-hour rainfall occurring during the storm 
after prior rain has conditioned the ground for 
debris movement. This S-hour period of rain 
was determined to be the critical period of rain- 
fall for use in determining the effect of rain on 
debris production. The area that produced most 
of the debris quantities used in this study dur- 
ing the 1938 flood were conditioned for debris 
production by rain prior to the maximum 3- 
hour rainfall. 

Burn Effect 
The burn effect depends on the percentage of 

clrrF area burned and the recency of the 

Observed Debris Production 
Data on debris flow have been obtained from 

(1) a paper by B. H. Dodge titled “Design and 
Operation of Debris Basin,” published in pro- 
ceedings of the Federal Interagency Sedimen- 
tation Conference, Denver, Cola., and dated 
January 1948; and (2) reports and unpublished 
data of Los Angeles County Flood Control Dis- 
trict. Pertinent data and observed debris pro- 
duction are given in table 2 and the locations 
of the debris basins are shown on figure 3. 

Adjusted Observed Data 
To determine the effects of the various fae- 

tars on production of debris, it was necessary to 
adjust the observed data to a common base. 
This was done by adjusting the observed debris 
production to the amount that would have been 
produced if the storm had occurred the first 
year after 100 percent burn in the drainage 
area. The adjustment was based on data from 
the report by California Forest and Range Ex- 
perimental Station, Forest Service, U.S. De- 
partment of Agriculture, titled “Hydrologic 
Analysis Used to Determme Effects of Fire on 
Peak Discharge and Erosion Rates in South- 
ern California Watersheds,” by P. B. Rowe, 
C. M. Countryman, and H. C. Storey, and 
dated February 1954. Hereafter in this report, 
that report will be referred to as the U.S. For- 
est Service report. 

The observed debris production from a drain- 
age area (A) can be represented by the equa- 
tion: 

X. =X,,A,+X,Ao (1) 
Where X, = Observed debris production, in 

cubic yards ; 
X,, = Rate of debris production 10 or 

more years after burn, in cubic 
yards-per square mile ; 

X, = Rate of debris production for 
“9” year (1 to 10) after 100 
oereent burn, in cubic yards per 
square mile ; 

A,, = Portion of drainage area not 
burned, in square miles ; and 

A8 =Portion of drainage area 
burned, in square miles. 

The relation of debris production rate in per- 
centage of first year production and 100 per- 
cent burn to the debris production rate for “2)” 
years (1 to 10) after the burn, based on data 
from the U.S. Forest Service report, is given on 
figure 4. The debris production rate for 10 
years after a burn, in percentage of first year 
and 100 percent burn, is 3 percent. It is realized 
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TABLE l.-Relationship of the hypsometric-analysis index to the analysis of the area.s by a geologist 

Brand. 

Childs 

D lie 
-- 

5. 

Sunset.. 

Elmwood 

Blanohar’ a.. 

Hillcrest. 

1 

Brand Canyon drainage basin 
is composed of closely frac- 
tured g&nitic and metamor- 
phic rocks with thin soil and 
sparse to moderate growth 
of chaoarral. Steep side 
slopes cbmposed of s&h rock 
form a definite potential for 
high debris production. 

Zhilds Canyon draina 
“; 
e basin 

is comoosed of close Y frao 
tured g%anitic and metamor- 
phic rockswith a thin soiland 
a sparse to moderate growth 
of ehanarral. Steep side 

forum a definite potential for 
high debris production. 

iunset Canvnn drainaee basin 
is composed of clo&~y frae- 
tured granitic rocks with 
thin soiiand sparse to moder- 
ate growth of chaparral. 
Steeo side slooes comoosed 
of s&h rock f&o a d&i&e 
potential for high debris pro- 
duction. 

Elmwood Canyon drainage 
basin is composed of closely 
fractured granitic and meta- 
morphic rocks with thin soil 
and a sparse to moderate 
growth of chaparral. Steep 
side slopes composed of such 
rock form a definite poten- 
tial for high debris produc- 
tion. 

Blanchard Canyon drainage 
basin’s geological factors af- 
fecting debris potential are 
comparable to those of near- 
by Haines Canyon; the de- 
bris potential is high. 

Hill&t Canyon, an> its right 
tributary (Sberer Canyon) in 
particular, has a drainage 
basin of closelv fractured 
erenitic and n&morphic 
?oekswiththinsoilandsparse 
to moderate growth of chap- 
arral. Steep side slopes eom- 
posed of such rock form a 
definite potential for high de- 
bris production. 

that the relationship developed in the U.S. For- 
est Service report was based on annual rainfall 
and may not be a true relationship for a single 
storm. However, this is a relative matter, in 
that all developed curves of separate adjustment 
factors are interrelated ; therefore, a deviation 
from the relationship presented on figure 4 
would tend to be compensated for in the de- 
velopment of the other curves. The relation of 

Wilson 

Schoolhouse 

Live Oak. 

Emerald. 

Emerald 
(East) 

Lopez..... 

- 
3rain. 
age area - 

2isi; 

28 

29 

.i9 

53 

1.56 

!- 

- 

Yilson Canyon drainage area Yilson Canyon drainage area 
is similar to that of other San is similar to that of other San 
GabrielMountainsfrontean- GabrielMountainsfrontean- 
yens for about two-thirds of yens for about two-thirds of 
the drainage area and forms the drainage area and forms 
a definitelv hieh ootential a definitely high potential 
for debris production. The for debris “pra&tion. The 
debris potential of the rest debris potential of the rest 
of the area appears to be of the area appears to be 
much less. much less. 
ichoolhouse Canyon drainage ichoolhouse Canyon drainage 
area is a definitely high po- area is a definitely high po- 
tential for debris production tential for debris production 
from two-thirds of the area from two-thirds of the area 
where the material is similar where the material is similar 
to other San Gabriel Moun- to other San Gabriel Moun- 
tains front canyons. The de- tains front canyons. The de- 
bris potential of the remain- bris potential of the remain- 
ing one-third of the area ing one-third of the area 
overlvine sedimentarv rocks overlvine sedimentarv rocks 
is & ~&aerate. ” 

.ive Oak Canyon drainage 
area below Live Oak Dam is 
about 40 percent terrace area 
of gently rolling hills and 
about 60 percent more or 
less steep canyon slopes. The 
terrace area has a low debris 
potential! whereas the can- 
yon portmn has a moderate 
to high debris potential. 

smerald Wash drainage area 
is about 75 percent terrace 
area with a low debris po- 
tential and about 25 percent 
steep canyon slopes-with a 
moderate to high debris po- 
tential. 

emerald Wash (East) drain- 
age area is about 70 percent 
t&ace area with a iow de- 
bris potential and about 30 
percent steep canyon slopes 
with a moderate to hieh de- 
bris potential. 

,opez Canyon drainage area 
has a shallow soil cover and 
conditions are such that de- 
bris contribution should be 
substantially less than at 
areas along the mountain 
front to the east where de- 
bris oraduction has been 

debris produced in a given year after a burn to 
the debris production percentage rate for that 
year is equal to the relationship for 10 years 
after, as in the following equation: 

X” x,0 -=- 

(2) 



890 
M

ISC
ELLAN

EO
U

S 
PU

BLIC
ATIO

N
 

970, 
U

.S. 
D

EPAR
TM

EN
T 

O
F AG

R
IC

U
LTU

R
E 



SYM
PO

SIU
M

 
&-SED

IM
EN

TATIO
N

 
IN

 
R

ESER
VO

IR
S 

891 



892 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 

NOTE; 

FIGURE 4. -Debris production rates following burn. 

Where C,=debris production rate for “2)” 
year (1 to 10) after burn, in percentage of rate 
for first year and 100 percent burn. 

Equation 2 is substituted in equation 1: 

3-G 
Or x’o= 3A,+C,Ab (3) 

Also from figure 4 we get the relation : 
x, -x,,, 
100 3 

or x1=? x,,, (4) 

Where X,=rate of debris production first year 
after 100 percent burn, in cubic 
yards per square mile. 

If equation 3 is substituted in equation 4: 
X’=$!$!r (5) n ub 

By means of equation 5 the observed rates of 
debris production were adjusted to first year 
after 100 percent burn and are given in table 2, 
column 10. The adjusted values were then plot- 
ted versus drainage area in square miles (fig. 
5). A curve was then drawn through the two 
highest points (parallel to the enveloping curves 
shown on figure 1, which reflects the effect of the 
size of drainage area on debris production) to 
represent the ultimate debris-potential index 
of production the first year after 100 percent 

burn for a 3.hour rain of approximately 2.9 
inches. This curve represents maximum debris 
from the areas with the more severe debris 
producing characteristics. 

Development of Adjustment Curves 
The development of method was based on 

the assumption that the debris potential for 
an area was equal to the product of the ulti- 
mate debris-potential index and the percent- 
age values for each of the four factors (slope, 
drainage density, hypsometric-analysis index, 
and 3.hour rainfall) representative of the area. 
It was considered that each factor, if not the 
ultimate for the area, would reduce the debris 
potential index by a percentage representing 
the difference between the ultimate and actual. 
Curves were drawn to represent the relation- 
ship for each of the four factors. These curves 
were then adjusted by trial and error to give 
the best results when computed data were com- 
pared to observed data. The adjusted curves 
are shown on figures 6 and ‘7. 

The steps used in computing debris produc- 
tion, for comparison with the observed values, 
are as follows : (1) the slope, drainage density, 
hypsometric-analysis index, and 3-hour rainfall 
for the debris-producing storm are determined 
for each area; (2) the percentage correction 
for the above factors are determined from the 
applicable curves on figures 6 and 7; (3) the 
percentage corrections are multiplied together 
to give a total correction ; (4) the total correc- 
tion is multiplied by 1,900,OOO cubic yards, 
which - as shown on figure 8 -represents the 
ultimate debris-potential index for 1 square 
mile in maximum-debris-producing areas, to 
give the maximum debris production in cubic 
yards from areas of 1 square mile; (5) the 
value thus computed for maximum debris pro- 
duction in cubic yards for areas of 1 square 
mile is then adjusted for size of area under 
consideration by plotting the computed value 
on figure 5, drawing a curve through the plotted 
point and parallel to the enveloping curve, and 
reading the value for the area under considera- 
tion from this line; and (6) the adjusted value 
is then corrected to the actual area burned and 
number of years after the burn by use of equa- 
tion 5. The results thus obtained are given in 
table 2, column 21. 

The comparison of the observed and com- 
puted debris production is shown on figure 9. 
The curve shown on figure 9 represents com- 
puted values equal to observed values and in- 
dicates that the relationship of computed to 
observed values are reasonable. The scatter of 
the points is partly due to (1) the difference in 
ground conditions prior to the flood, (2) the 
variation in ground cover, (3) the probable 
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DRAINAGE AREA IN SQUARE MILES 

NOTE : 
NUMBERS INDICATE DEBRIS tinSiNS AS LISTED IN TABLE 2 

AND DATA WERE TAKEN FROM COLUMNS 3 AND IO. 
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DRAINAGE DENSITY 

SLOPE 

FIGURE 6. -Drainage density and slope cumes indieat- 
ing correction of debris praduetion. 

error in determining observed debris quan- 
tities and 3-hour rainfall amounts, and (4) the 
possible inconsistency in using the streamflow 
lines in determining total stream length to be 
used in the determination of drainage density. 

Verification of Method 
Verification of the method is indicated by 

comparing results obtained by computing the 
amount of debris produced during the storm of 
7 to 12 February 1962 in the Los Angeles area, 
with amounts actually produced according to 
the Los Angeles County Flood Control District 
measurements. A fire occurred in the drainage 
areas of Sierra Madre Villa, Bailey Canyon, 
Auburn Canyon, and Carter Canyon debris 
basins (fig. 3) in October 1961. A storm oc- 
curred over these areas on 7 to 12 February 

1962, with a total rainfall of about 11 inches. 
The maximum 3.hour rain occurred in the eve- 
ning of the 10th. Although prior to this storm 
the ground conditions were relatively dry, the 
rain prior to the maximum 3-hour rain was 
reasonably adequate to condition the ground for 
runoff. Pertinent information for drainage 
areas above the debris basins and the com- 
puted and measured amounts of debris are 
given in table 3. 

Recommended for Design 
The design capacity of a debris basin should 

represent that amount of debris for one major 
storm that would be exceeded in magnitude only 
on rare occasions. The assumption that a major 
storm would occur, with ground conditions con- 

MAXIMUM 3-HOUR PRECIPITATION 

HYPSOMETRIC -ANALYSIS INDEX 

FIGURE 7. -Maximum 3-hour precipitation and hypso- 
metric-analysis index curves indicating correction of 
debris production. 
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DRAINAGE AREA IN SQUARE MILES 

NOTE : 
CURVES (BASED ON DATA FROM FIGURES 4 8 5) REPRESENT ULTIMATE DEBRIS 

PRODUCTION FOR INDICATED NUMBER OF YEARS AFTER 100 PERCENT BURN WITH ALL 
CORRECTION FACTORS ASSUMED AS 100 PERCENT, 

FIGURE 8. -Ultimate debris production from maximum debris-producing area for one major storm. 
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2 3 4 5 10 20 30 40 so 100 200 

COMPUTED DEBRIS PRODUCTION IN THOUSAND CUBIC YARDS 

NOTE: 
NUMBERS INDICATE DEBRIS BASINS AS LISTED IN TABLE 2 AND DATA WERE TAKEN FROM 

COLUMNS 8 AND 21, 

FIGURE $.-Debris production relationship. 
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TABLE 3.-Observed data and computed debris production from stmn of 7 to 12, February 1962, 

Mli2es 
lleet per 

square 
miles F%~7$ ;“;” $;;# “zzg 

Sierra Madre Villa.. 1.6 (“1 1,160 2.2 
Bailey Canyon. .58 26 10,000 1,525 3.5 “:E 
Auburn Canyon.. .21 80 20,100 2,240 52 
Carter Canvan.. .11 100 11.700 2.540 i.6 .62 

::r% 
48,000 

9,300 
22,200 
12,400 

2 Computed as explained in text under paragraph titled “Development of Adjustment Curves.” 
3Amount of debris produced not available. Total of 122,450 cubic yards of debris has accumulated since completion Of 

the debris basin in February 1958. 

ducive to runoff during the first year after 100 
percent of the drainage area was burned, is be- 
lieved to be too severe for design purposes. As 
indicated on figure 4, the debris potential of an 
area decreases rapidly in the first 5 years after 
a burn. The recommended design debris quan- 
tity from a maximum debris producing area of 
1 square mile is 220,000 cubic yards, or about 
12 percent of the maximum index value, un- 
adjusted. This value is equivalent to the value 
for 1 square tiile area obtained from the envel- 
oping curve of debris inflow (fig. 1) increased 
by 100 percent. This value also represents the 
amount of debris that would be produced from a 
similar area if a major storm occurred, with 
ground conditions conducive to runoff, 4 to 5 
years after 100 percent of the drainage area 
was burned (figs. 8 and 10). This value is then 
adjusted by the factors affecting the debris 
potential for the drainage area being studied 
and the resulting computed value is the capac- 
ity for design of the debris basin in question. 

Conclusions 
The method presented in this paper is based 

on using varying degrees of debris potential for 
the drainage area above each debris basin to 
determine such debris capacities for use in de- 
sign of debris basins as will provide approxi- 
mately equal protection to the different down- 
stream areas. The method is believed to give 
reasonable values within the limits of presently 
available data. Obviously, where many interre- 
lated variables are involved, a large number of 
basic data are required for definitive analysis. 
Further studies will be made as data become 
available. The method presented herein is be- 
lieved applicable for other than the Los Angeles 
area; however, the correction factors should be 
veyified. One of the basic assumptions in devel- 
opmg the method is that ground conditions, 
prior to the maximum 3-hour rainfall, are con- 
ducive to runoff. In order to use this method of 
computing debris potential for areas with vari- 
ous prior ground conditions, development of 
additional correction factors would be neces- 
SSl-y. 
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DRAINAGE AREA IN SQUARE MILES 

CURMS SHOWN HEREON ARE EASED ON THE ASSUMPTION THAT THE DEBRIS PRODUCING 
STORM OCCURS 4 TO 5 YEARS AFTER 100 PERCENT BURN IN THE AREA. 

FIGURE 10. -Recommended debris production from maximum debris-producing area for one major storm. 
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MEASUREMENT OF SEDIMENT DENSITY WITH GAMMA PROBES 
[Paper No. 901 

By J. ROGEPI MCHENRY, soil physicist, and PAUL H. HAWKS, geolagist, USDA Sedimentation Laboratory, 
Agridtural Research Seruiee, Orford, Miss.’ 

Introduction 
Sedimentation studies generally require that 

the density of the sediment deposits be deter- 
mined in order that estimates of deposition and 
accumulation can be made. The conversion of 
a measured volume of accumulated sediment to 
a weight basis is dependent on this information. 
Many types of soil and sediment samplers have 
been developed for taking undisturbed col‘es 
for volume-weight measurements. Numerous 
improvements have been made in the undis- 
turbed core-type samplers, but their operation 
in underwater sediments has not been com- 
pletely satisfactory (4). 

Nuclear techniques have been employed in re- 
cent years for measuring the density and/or 
thickness of numerous materials (5, 6). The 
single-probe technique, which utilizes the re- 
flection principle, has been successfully adapted 
to the measurement of soil density (2, 9), and 
of sediments in situ (I, 3, 7). This method has 
one disadvantage, which may, or may not, be 
serious, depending on the objectives of the par- 
ticular study. The single-probe system measures 
the attenuation of the gamma rays, which, after 
emission from a radioactive source, are re- 
flected or scattered back to the probe by the 
surrounding medium. The direct transmission 
of these gamma photons from the source to the 
detector tube must not occw, and is prevented 
by placing a lead shield between the source and 
the detector. In order to shield effectively the 
detector tube from the radioactive source, a 
shield of about 6 inches of lead is required. This 
physical separation of the source and detector 
in the vertical axis limits the density measure- 
ment to an ellipsoidal volume with a vertical 
axis of 12 to 18 inches. Thus, the determination 
of densities of narrow bands or near interfaces 
of sediments is not possible (7): 1~ many eases 
t,hz,ii,yt, however, a serious hmltation of the 

Van Bavel and coworkers (10) utilized the 
attenuation of gamma rays that passed through 
a medium between the source and detector to 
measure soil density. This procedure is known 
as the transmission method. The transmission 
method requires two access tubes or probes: 
one for the radioactive source, one for the de- 

1 Research cooperative with the University of Mis- 
sissippi and Mississippi State University. 

2 Reference to commercial equipment or manufacturer 
is in no way an endorsement by the United States De- 
partment of Agriculture. 

t&or. With proper instrumentation it is pos- 
sible to measure the density of thin 01 narrow 
bands of material in situ. The transmission 
method of measuring density and thickness has 
been used ext~en$ively and successfully in in- 
dustry (5, 6). The possibilities of using such a 
dual-probe system for the measurement of sedi- 
ment densities in situ have been investigated 
and reported by this laboratory (8). This paper 
reports on the development of the dual-probe 
system and compares its performance in the 
laboratory and in the field with that of the 
single probe. 

Methods and Materials 
Gamnra Probe 

The single probe, henceforth called a gamma 
probe, used in this study wasp manufactured by 
Technical Operations, Inc.,* according to speci- 
fications furnished by the Beach Erosion Board 
(I) The original probe has been modified. This 
modification was largely one of streamlining 
the exterior container so that insertion into and 
removal from sediments was expedited. The 
gamma probe as used is shown in figure 1, to- 
gether with necessary or desirable accessory 
equipment. 

This particular probe employs a 3-millicurie 
radium-226 source located near the tip. The 
source is separated from the three Geiger-Muel- 
ler detector tubes by 6 inches of lead. The GM 
tubes are connected to a transistorized pre- 
amplifier, and from this signals are fed through 
a cable to a portable scaler, Nuclear-Chicago 
Model 2800. 

Dual Probe 
The dual-probe system, henceforth desig- 

nated as the dual probe, consists of a gamma 
source, a scintillation detector, a fixed dual ac- 
cess-tube assembly for spacing the probe and 
source, and a suitable power supply and elec- 
tronic read-out device. The equipment is shown 
in figure 2. The gamma radiation is produced 
by a ‘I-millicurie cesium-137 source placed in 
the smaller access tube. A NaI (Tl activated) 
scintillation crystal (1 inch in diameter, 11~ inch 
high) is used to detect the gamma emissions. 
The crystal, photomultiplier tube! and tran- 
sistorized preamplifier are housed m the probe 
in the larger access tube (2-inch diameter). 
The distance between the two access tubes is 
maintained constant, IZinch center to center, 
by the jig arrangement shown in figure 2. The 
power supply and scaler-ratemeter used in this 
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FIGURE 1. -A single gamma probe with operating accessories: (1) gamma probe containing the radioactive source, 
shielding,, Geiger-Mueller detection tubes, and transistorized preamplifier; (2) aluminum eonneetlng sections 
for insertmg probe; (3) stopwatch; (4) personnel exposure pencils; (5) personnel exposure badge; (6) radia- 
tion meter; (7) portable sealer; (8) connecting cable; (9) carrying box, with lead shield, far gamma probe. 

study was a Troxler Model 200B unit. This in- 
strument is transistorized and when used in the 
field employs a silver-cadmium dry battery that 
can be recharged readily. In the laboratory this 
instrument can be operated from standard al- 
ternating current or from the battery. The Nu- 
clear-Chicago scaler used with the gamma 
probe can also be operated in the laboratory 
from an alternating current supply. 

Theory of Operation 
The attenuation of a beam of gamma photons 

(rays) in matter follows the exponential rela- 
tionship : 

I=I, e JE (1) 
P 

where I is the emergent intensity observed for 
an incident radiation intensity, I,, in a material 
whose linear absorption coefficient is p, its thick- 
ness z, and of density p. The absorption coeffi- 
cient of a material is the product, NV, of the 
number of atoms, N, per unit volume and of the 
cross section, c. The mass absorption coefficient 

is NV/,. The linear absorption coefficient, ,A, is 
equal to NV. In this paper ,A is used as the total 
linear absorption coefficient. If p and z are con- 
stant; that is, if the medium is homogeneous 
and geometry or distance is constant, the ratio 
l/l, is inversely proportional to the density, p. 

The exponential equation 1 is valid only when 
the emissions are monoenergetic and when the 
medium through which the emissions pass is 
homogeneous; that is, a constant p. It is theo- 
retically possible to obtain proportional values 
of 11, I,, I,, . . I, for values of wl, EL*, pz, . . pn 
and sum them for total attenuation,, but the 
procedure would be laborious. Pra&cally, the 
medium to be tested should be homogeneous so 
that the necessary calibration information can 
be obtained readily. The requirement for mono- 
energetic emissions may be handled in either of 
two ways. Shielding of the source and detector 
may be employed so a minimum of scattered or 
reflected radiation reaches the detection system 
along with the unattenuated primary emission. 
In order to screen out effectively the undesired 
radiation, bulky and heavy shielding is re- 
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FIGURE 2. -A dual-probe assembly and accessories nec- 
essary for operation: (1) lead container for storage 
of radiaactive source when not in use; (2) aluminum 
rod for inserting source in access tubing; (3) detector 
probe containing scintillation crystal, photomultiplier 
tube, and preamplifier and attached to a connector rod 
for insertion in access tube; (4) portable, transistor- 
ized, scaler-ratemeter; (5) aluminum access tube, 
2.inch diameter, for detector probe; (6) battery char- 
ger; (I) aluminum access tube, %-inch diameter for 
source; (8) standard magnesium bar for calibration, 
and resting on aluminum spacer for maintaining car- 
rect alinement of access tubes. Personnel exposure 
devices are not shown. 

quired. This requirement presents problems in 
the field use of this m&hod of controlling radia- 
tion detection. It is possible also to screen out 
unwanted radiation by the use of gamma scin- 
tillation spectrometry. All emissions below a 
certain energy level are discriminated against 
and are unrecorded when the scintillation spee- 
trometer is operated integrally. Effectively, a 
“window” exists when the spectrometer is op- 
erated differentially. Electronic discrimination 
of energies below and above desired levels can 
be obtained with the differential spectrometer. 
To achieve this discrimination of observed 
radiation, complex electronic equipment is re- 

quired. Units capable of performing these 
duties are available or are under development. 

The gamma probe employs an empirical 
method that depends on the similar geometry 
of the test system and of the calibration setup, 
and on the existence of homogeneous medium 
about the probe that is similar to that of the 
calibration system. The direct emissions from 
the radioactive source are not detected by the 
detector tubes, but rather, the reflected or scat- 
tered radiations of lower energy are “seen.” 
Under the conditions of the test; that is, iden- 
tical geometry for test and calibration, the 
number of reflected photons reaching the de- 
tector tubes are inversely proportional to the 
density of the surrounding medium. The mass 
absorption coefficients of the elements of low 
atomic weights are similar. As a result, in 
systems of soil or sediment, and of water, the 
overall mass absorption coefficients of the 
constituents are so similar that the linear ab- 
sorption coefficient may be substituted. The ob- 
served attenuation is then due to changes in 
density of the medium, as the average path of 
travel of the photons is unaffected by the small 
change in number of atoms per unit volume. 

On strictly theoretical considerations, a cal- 
culation of the density of a medium based on 
the attenuation of reflected a,nd scattered 
gamma photons is almost impossible. However, 
because of factors considered above, it is prac- 
tical to determine the density of materials that 
approximate in makeup those for which cali- 
bration curves have been determined. 

Measurements made by the dual probe can 
be based on theoretical considerations. Two 
things are required for this. First, the medium 
through which the photons will travel, and 
will be attenuated thereby, must be homogene- 
ous. Second, the detection system must be ca- 
pable of measuring the emitted monoenergetic 
gamma photons and only those monoenergetic 
gamma photons. This can be accomplished by 
combining a scintillation detector and a dis- 
crimination circuit in the electronic recording 
system. A gamma scintillation differential 
spectrometer would do just this. The Troxler 
200B scaler as used was not capable of full 
discrimination. Partial discrimination was 
achieved, however, by adjusting the high volt- 
age and amplifier controls. In effect, all pulses 
of less energy than the peak cesium-137 pho- 
tons of 0.66 Mev. (million electron volts) were 
discriminated. This means that any scattered 
or reflected cesium-137 photons were not 
counted as they would be of reduced energy. 
Hence, the reduction in count rate between a 
standard and the test medium would be due to 
the differential attenuation of the emitted 
gamma photons. 
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Experimental Results 
Laboratory 

The procedure for calibration of the gamma 
probe for determining sediment densities has 
been described (7). A typical calibration curve 
is shown in figure 3. This particular curve was 

FIGURE 3. -A calibration curve for a single (gamma) 
probe. The measured activity density is plotted as a 
function of the density of the prepared sediment-water 
system. The conversion of density to pounds per cubic 
foot assumes a specific gravity of 2.65. 

valid for only one gamma probe, Technical Op- 
erations, Inc., Serial No. 3, for a given period 
of time. Each gamma probe has a geometry 
peculiar to it, so each requires a calibration. 
The calibration cuwes obtained (7) are par- 
allel, differing only in the magnitude of the 
measured activity density at a given sediment 
density. When a new Geiger-Mueller detection 
tube is installed in the probe or a transistor is 
replaced in the preamplifier circuit, a check on 
the applicability of the calibration curve is 
necessary. Usually, the curve will have shifted 
slightly from the previous level. 

Note that in the calibration curve (fig. 3), 
the second, or lower, abscissa scale is applicable 
for sediments whose specific gravity approxi- 

mates 2.65. Most sediments encountered in the 
Mississippi Valley have specific gravities ap- 
proaching 2.65, that is, of silica or alumino- 
silicates. 

The dual probe was calibrated according to 
directions of the manufacturer. A magnesium 
bar and water were used for this purpose. A 
reading was taken with the magnesium bar in- 
terposed between the source and the detection 
crystal. Then, a measurement was made with 
water occupying the intervening space. The 
density of the magnesium bar is 1.75. The 
measured activity density obtained with the 
magnesium bar was taken as 100 percent. The 
measured activity density of the water, specific 
gravity=l.OO, was calculated as a percentage 
(350 percent) of the magnesium bar activity 
reading. A calibration curve was constructed 
from these two orimarv ooints. The resultina 
equation was: * ” ^ 

Sediment density=4.4945 
-1.3723~ (log of the (‘a 

measured activity 
density in counts 
per minute). 

This calibration curve was applicable, as was 
that for the gamma probe, as long as the elec- 
tronic components and geometry remained con- 
stant in the test system. 

The utility of the calibration curve is shown 
in figure 4, where the measured sediment den- 

CALCULATED DENSITY 

FIGURE 4.-The density of a prepared sediment meas- 
ured by the dual-probe system plotted as a function of 
the calculated density. (Specified gravity assumed as 
2.65.) 
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FIGURE 5. -Measuring the density of reservoir sediments. A dual probe, containing a radiaactive swrce and a 
detection wstem, has been lowered fram the ra-Et into the sediment, and an activity density measurement is 
being made. 

sity values are plotted against calculated sedi- 
ment densities. Known weights of water and 
soil materials were mixed in containers, the 
volume measured, and the density computed. 
Then the dual probe was placed in the sediment 
and measurements of density made. 

The fit of the observed points to the 1 :l 
ratio line is good. Many of the points that are 
somewhat off the line are values for those mix- 
tures that contained considerable amounts of 
sand in systems of rather low viscosity. The 
amount of sand in the material employed as 
sediment was appreciable. The settling ve- 
locity of the coarse sand was sufficiently great 
in suspensions of low viscosity to affect the 
measurements of density. The data reported 
in figure 4 represent averages for 5.minute 
counting times. With careful control of the 
above-mentioned conditions, the observed den- 
sities very closely fit the 1:l ratio line. To 
this end bentonite was added to increase the 

viscosity where possible and, if not, several 
shorter counting times were employed. 

Field Studies 
The gamma probe has been used in sedimen- 

tation surveys conducted by the Agricultural 
Research Service (3, 7). In Mississippi, a small 
reservoir near Oxford, called Power Line Res- 
ervoir, was surveyed in 1959 and 1960 and the 
gamma probe was used to measure sediment 
density. The Power Line Reservoir was used 
again in 1962 in a study to evaluate the utility 
of the dual probe for field surveys and to com- 
pare its performance with that of the gamma 
probe. All established ranges were resurveyed 
for sediment density, using both probes. 

A specially constructed raft (fig. 5) was used 
in this survey. This raft is designed so that it 
may be quickly disassembled for transporta- 
tion. Its utility for this purpose has been 
proved by use on a number of reservoirs of 
varying size and on the Gulf of Mexico. 
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The raft provides a stable platform for 
work; an overhead A-frame for the support of 
the probes and for the raising and lowering of 
the probes by means of the attached reel and 
cable; suitable facilities for using the nuclear 
equipment; and space for storing equipment 
when not in use. The center-well arrangement 
permits maximum accessibility to the probes 
by the crew. The umbrella provides shade for 
the electronic equipment, which is desirable 
both as protection against excessive heat and 
as an aid in reading the dekatron glow tubes 
of the scaler. On small reservoirs a cable is 
stretched across the designated range and the 
raft is attached to this cable and moved to the 
desired sample location. The distance moved is 
recorded on the produetimeter attached to the 
raft and through which the cable passes. On 
larger bodies of water locating the raft is 
usually done by triangulation either from the 
raft or from a shore-based member of the field 
party. 

The techniques employed in making density 
measurements with the gamma probe have 
been described (3, 7). The techniques used 
with the dual probe were similar. The meas- 
urements of radiation activity were 1 minute 
in length. The absolute counting rate ranged 
from 6,000 to 30,000 counts per minute, yield- 
ing a standard deviation (0) of 1.3 to 0.6 
percent. 

A comparison of typical data obtained by 
the two probes is shown in figure 6. Here the 
measured wet density is plotted as a function 
of sediment depth. As stated previously, the 
vertical height of the sediment layer meas- 
ured, or “seen,” by the dual probe is less than 

FIGURE 6.--A depth-density profile for a sediment as 
measured by the gamma and dual probes: Range N-M, 
50 feet, Power Line Reservoir, Lafayette County, Miss. 

1 inch. Likewise, the vertical resolution of the 
gamma probe is about 18 inches (7). The 
diameters of the circles used to indicate the 
dual-probe test points are approximately scaled 
to be the vertical dimension measured by the 
dual probe. 

The values for the density of sediments in 
situ obtained with the two probes are in gen- 
eral agreement. Allowances must be made for 
the integrating effect of the gamma probe as 
opposed to the specific density measure pro- 
vided by the dual probe. 

There is some indication of a semisolid sedi- 
ment, or highly viscous suspension, overlying 
the consolidated sediment. In figure 6 the dual 
probe indicates that water exists at a depth of 
9 feet 1 #inch with sediments of densities of 
1.059, 1.371, and 1.501 at l-, 2-, and 3-inch 
lower depths. Considerable variation in the 
density of sediment with an increasing sedi- 
ment depth was also noted. Typical depth-den- 
sity profiles are shown in figures 7 to 10. In 

FIGURE 7. -A depth-density profile of a sediment as 
measured by a gamfna and a dual probe: Range C-D, 
30;sseet, Power Lme Reservoir, Lafayette County, 

three of the four profiles the dual-probe density 
values are shown at greater depths than occur 
for the gamma probe. It is necessary to recall 
that the effective length of the gamma probe is 
18 inches so that the bottom of the gamma 
probe is 9 inches below the illustrated, mid- 
point value of the gamma probe depth. In the 
case of the dual probe, the two access tubes are 
lowered as far as possible into the sediments. 
The lowest recorded dual probe value repre- 
sents that of the source and detection tube at 
the bottom of the access tube. 

In figure 7 the greater sediment densities at 
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TABLE L-A comparison of selected sedimmt densi- 
ties obtained with a ~amrna~ probe with those 
calculated from dual-probe data 

samo,e I wet density 

Fw.w.~ 8.-A depth-density profile of a sediment 
measured with a gamma and a dual probe: Ram 
C-D, 100 feet, Power Line Reservoir, Lafayette 
County, Miss. 

FIGURE 9. -A depth-density profile of a sediment meas- 
ured with a gammfl and a dual probe: Range C-D, 
g;sfeet, Power Lme Reservoir, Lafayette County, 

‘7 and 8 feet are not observed with the gamma 
probe. The lowest observed gamma probe 
value, 7 feet 5 inches, represents an integra- 
tion of the sediment densities from 6 feet 8 
inches to 8 feet 2 inches. One may arbitrarily 
assume that 60 percent of the observed attenua- 
tion of radiation oeeurs with 33 inches of the 
center of the gamma probe; 30 percent with the 
second 3-inch layer; and that 10 percent occurs 
in the third 3-inch section.~If these assumptions 
are applied to the data in figures 7 to 10, the re- 
sults summarized in table 1 are obtained. 

The agreement between the calculated and 
the observed integrated density values is rea- 

-,-,-- 

Feei 
I... C-D 300 
S... C-D 100 

g:: $1; 
100 
240 

lo... H-G 190 

.- 

.- 

- 

Messore. with Caleulatd from 
Depth gamma probe dual-probe data 

7.2 1.685 1.100 
6 5 1.670 1.707 
6 11 1.708 1.685 
4 11 1.690 1.141 
9 11 1.574 1.529 

sonably good with the exception of the data 
taken from the 240-ft. profile in range C-D 
(fig. 9). In the latter there are insufficient 
dual-probe values to estimate adequately the 
density in an B-inch vertical zone. 

In three depth-density profiles (figs. ‘7, 8, 
and 9), the dual-probe data indicated varia- 
tions in the density of the deposited sediments. 
In figure 8, the gamma probe also indicates this 
fact, although the influence of the integrating 
characteristic of the gamma probe reverses the 
true location of high ad low density layers. 
Similar agreement in the measured density 
values by the two&robes continued for other 
locations in range C-D in addition to those 
illustrated. At times, however., agreement was 
less good: In figure 10 eonslderable discrep- 
ancy is noted at the lower depths. This discrep- 
ancy and those in other data not shown may be 
due to any one or more of the following rea- 
sons. The location of the test spot is subject to 
variation. Lateral drift of the raft may occur 
due to wind currents. Even on quiet days, some 

FIGURE 10.-A depth-density profile of a sediment meas- 
ured with a mamma and a dual probe: Ran= H-G, 
190 feet, Power Line Reservoir, Lafayette County, 
Miss. 
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yaw of the raft occurs. The measurement of 
distance traveled on the cable is subject to 
error because slippage between the cable and 
productimeter may occur. Corrections for 
changes in the water level elevations were 
made. It is difficult, however, to measure the 
water level at the probe within an inch or two. 
The surveys with the two probes were made 
on different days, so relocation was subject to 
error. Although care was taken to insure that 
the probes were inserted vertically into the 
sediment, this was not always accomplished be 
cause of movements of the raft in the water. 
The data reported are assumed for duplicate 
determinations, but the actual points measured 
may be somewhat separated. 

To summarize the representative data ob- 
tained with the dual probe, the sediment den- 
sities measured for the entire cross section C-D 
are shown in figure 11. The existence of a few 
inches of semiconsolidated sediment is seen, 
particularly between 140 and 180 feet. The 
high density sediments, those over 70 pounds 
dry weight per cubic foot, are confined to the 
edges of the larger channel and at the bottoms 
of the two smaller channels. Some penetration 
of the dual probe into the original ground is 
observed in the deep part of the illustrated 
cross section. Otherwise, little or no penetra- 
tion of this material was achieved with this 
dual probe. 

The existence of layers of sediment of dif- 
ferent densities is readily apparent on exami- 
nation of the data shown in figure 11. A num- 
ber of factors have contributed to this layering, 
but discussion of them is beyond the scope of 
this paper. It was observed, however, in the 
course of the survey that those areas where 
densities were higher usually contained larger 
amounts of sand. The lack of high density ma- 
terial in the deeper parts of the cross section 
could, therefore, be ascribed to the settling out 
of the sand before the sediments were carried 
into the deeper pool areas. 

Discussion 
The performance of the dual probe has been 

generally satisfactory. In the laboratory, den- 
sity measurements were made ~with the same 
precision and reliability as with the gamma 
probe. In the field, the performance of the dual 
probe was less dependable than was that of the 
gamma probe. This is due in part to the elee- 
tronic circuitry comprising the scintillation de- 
tection system. Geiger-Mueller detector tubes, 
as employed in the gamma probe, function 
similarly over a range of applied voltages. 
Once this voltage plateau is reached, small 
changes in the applied voltage have little effect 
on the performance or sensitivity of the system. 

On the other hand, the sensitivity of a scintil- 
lation system to radiation is directly propor- 
tional to the applied voltage-the greater the 
voltage, the greater the sensitivity and the more 
counts that are observed. In order, therefore, 
for a scintillation system to operate reliably, 
it is necessary to have rigid control of the high 
voltage supply. As presently constructed, the 
Troxler Model 200B does not provide adequate 
high voltage control for routine measurements. 
In the laboratory, and in the field when used by 
well-trained persons, the dual probe is pres- 
ently adequate. For routine field work of the 
type where the gamma probe may now be used, 
the dual probe is inadequate in its present 
state. However, within the noted limitations, 
its performance is adequate and its use permits 
the collection of unique data. As auxiliary 
portable equipment becomes available, the per- 
formance of the dual probe will be unproved. 

Summary and Conclusions 
The use of nuclear techniques for measuring 

the densities of materials by the attenuation 
of gamma rays has been successfully applied to 
reservoir sedimentation studies. The perform- 
ance of a single (gamma) probe and of a dual- 
probe (gamma) system for measuring densities 
of reservoir sediments in situ was evaluated. 
Both field and laboratory tests were conducted. 

Previous work has indicated the gamma 
probe is unsuitable for measuring the densities 
of sediments in narrow layers or near phase 
interfaces. The dual probe provides means 
whereby such measurements can be made. The 
reliability and pre,cision of these measurements 
is equal to that obtained with the gamma probe 
for larger masses of sediments. 

In its present state of development, the dual 
probe is capable of measuring the density of 
l-inch layers of sediment unaffected by the 
material above or below. Such measurements 
of density have been made successfully in up 
to 3 feet of sediment beneath 10 to 15 feet of 
water. 

The performance of the dual probe in the 
laboratory was entirely satisfactory. However, 
the field performance of the dual probe in its 
present state of development is not equal to 
that of the gamma probe. An increase in the 
ruggedness of the design and in the reliability 
of the observed measurements is necessary. 

The performance of the gamma probe is such 
that its use in routine sediment surveys is now 
possible. Additional design modifications and 
improved measurement techniques must be de- 
vised before the dual probe can be employed 
in the average sedimentation survey. However, 
for special purpose surveys, the dual probe can 
now be employed by suitably trained personnel. 
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SEDIMENT WITHDRAWAL INVESTIGATION - 
GUERNSEY RESERVOIR 

[Paper No. 911 
By E. A. Jmcm, hydraulic engiwer, Region 7, and T. D. MURPHY, hydraulic engineer, Ofice of Chief Engineer, 

Bureau of Reclamation, Denver 

Synopsis 
Guernsey Reservoir? which was constructed 

primarily for irrigatmn storage, was drawn 
down purposely to produce increased sediment 
concentration releases. Data were collected 
for 3 years to determine sediment movement 
and redistribution of substantial sediment de- 
posits within the reservoir area. Inflow and 
outflow rates, as well as the drawdown rate, 
were varied to establish sediment outflow from 
the reservoir under various conditions. Studies 
of field data were made to estimate the effi- 
ciency and length of life that can be expected 
from future reservoir drawdowns with respect 
to removing sediment from the reservoir. 

Results indicate that controlled fluctuated 
reservoir inflow (clear water) does not, in it- 
self, significantly improve the maximum sedi- 
ment concentration outflow. The relative effi- 
ciency of sediment withdrawal by reservoir 
drawdown has varied considerably with fluctu- 
ation of reservoir storage and redistribution of 
sediment within the reservoir. Sediment with- 
drawal is greater at low reservoir storage and 
will be limited if a storage cushion is required 
at the bottom of a reservoir for power opera- 
tions. Increased concentrations of sediment 
withdrawn from the reservoir can be obtained 
by increases in inflow at minimum storage. It 
is expected that a stable channel gradient will 
ultimately prevail through the reservoir and, 
combined with some continued channel widen- 
ing, will provide sufficient sediments for with- 

drawal if reservoir storage can be decreased 
below 2,000 acre-feet and inflows can be fluctu- 
ated. 

Introduction 
For many years, the irrigation systems in 

the North Platte area have experienced heavy 
intake of sediments with the diverted canal 
waters. Canal .cleaning problems were severe, 
but canal seepage losses appeared to be less. 
With the construction of Guernsey Dam and 
Reservoir in 1927, clear water releases tended 
to increase the canal seepage losses and canal 
bank erosion. As sediment accumulation in- 
creased in Guernsey Reservoir, normal reser- 
voir operations during the past decade removed 
sediments from the reservoir and again bene- 
ficial aspects appeared in the downstream 
canals and laterals. With the construction of 
Glendo Dam and Reservoir in 1957, about 16 
miles upstream, sediment inflow to Guernsey 
Reservoir was radically reduced. With an in- 
tegrated operation of the North Platte River 
storages for irrigation and power purposes, it 
was necessary to evaluate the qualitative and 
quantitative extent of sediment withdrawals 
from Guernsey Reservoir, the effectiveness of 
the sediment-laden water upon canal seepage, 
and the most effective means of extracting the 
reservoir sediments-now and in the future. 

General Description 
Guernsey Dam, on the North Platte River in 

Wyoming, was completed by the Bureau of 



SYMPOSIUM 4.-SEDIMENTATION IN RESERVOIRS 909 

Reclamation in 1927, as a feature of the North 
Platte Project. The reservoir behind the dam 

this reach, the reservoir for over it 4-mile reach 

is used for the storage of irrigation water, 
widens, ranging from l/2 mile to almost 1 mile. 

reregulating upstream storage releases, and 
The upper reach of the reservoir is narrow, 

for power production. Irrigation releases from 
ranging from 300 feet to about I/ mile. 

Guernsey Reservoir to downstream lands aver- 
Although the North Platte drainage area 

age about 1,130,OOO acre-feet per year. The 
above the Guernsey Dam is about 16,200 

present surface area of the reservoir is about 
square miles, the sediment contributing area 

2,380 acres at crest elevation of 4,420; the ex- 
has varied from 5,500 square miles in 1927 

isting storage at this elevation is about 44,800 
(below Pathfinder Dam), 5,400 square miles in 

acre-feet, as compared to the original capacity 
1938 (below Aleova Dam) and to about 700 

of 73,810 acre-feet. The length of the reservoir 
square miles in 1957 (below Glendo Dam). Up 

is 14.6 miles; the width varies from less than 
to 1957, the reservoir has been subject to a very 

500 feet to approximately 1h mile for a dis- 
high sedimentation rate, losing 39.3 percent of 

tance of about 5 miles above the dam. Above 
the original capacity. Since construction of 
Glendo Dam, or since 1957, the estimated rate 

TABLE I.--Sediment concentration data for resem%r drawdown periods, Gu,wnseu Reservoir ig5g-&? 
*bore Guernsey *bore Guernsey 

Date ___ Date ____- 
s-1 SeaI s-1 SeaI s 

____ ____- 
,959 ,959 

Aug.6.. Aug.6 
P.p.m. P.p.m. P.mn. P.p.m. ! 

................. ............ 
Aug.7 Aug.7 ......... ......... 90 .. 
Aug.8.w Aug.8.w ii 68 
Aug.9 Aug.9 .... .... ..tf. ..tf. ... ... 

.... 

.. 
Sept. 16. 8 95 Sept. 16. 8 95 

1960 1960 
July 2,3,4 July 2,3,4 
July7 July7 ... ... ..~!1. ..~t:. . . ..? ..? 
July9 July9 ... ... 14 14 14 14 
July 10. July 10. 
July11 July11 .... .... ..?. ..?. :: :: 
July 12. July 12. 
July13 July13 .... .... ..f:. ..f:. :; :; 
July 14. July 14. ....... ....... 
July 15 11 July 15 11 ;8’ ;8’ 
July 16. July 16. 
July17 July17 .... .... ..ft. ..ft. 

14 14 

July 18. July 18. ....... ....... :: :: 
July 19 July 19 
July20 July20 ................. ................. ..f!. ..f!. 
July 21. July 21. ............. ............. 
July22 July22 ............... ............... 
July 23. July 23 1. 

............. ............ 
July 24. July 24. ............ ............ 
July 25 July 25. ............. ............ 
July26 July26 ............. ............. 
July 27. July 27. ............ ............ 
July 28. July 28. ............ ............ 
July 29. July 29. ............ ............ 
Aug.4 Aug.4 ... ... 22 23 22 23 
Aug.5.. Aug.5.. ............ ............ 
Aug.6 Aug.6 .............. .............. 
Aug. 7. Aug. 7. 

...... ...... ..!:. ..!:. 
15 15 

Aug.8 Aug.8 
Aug.9.. Aug.9 ......... ....... :: :: 
Aug. 10 Aug. 10 ........ ........ 22 22 
Aug. 11.. Aug. 11.. ...... ...... 29 29 
Aug. 12. Aug. 12. 
Aug. 13 Aug. 13 .... .... ..?. ..?. 

29 29 

AUE. 14 AUE. 14 ........ ........ ;3” ;3" 
Aug. 15 Aug. 15 ........ ........ 26 26 
Aug. 16 Aug. 16 ........ ........ 
Aug. 17 Aug. 17 ........ ........ 
Aug. 18 Aug. 18 

2 2 
........ ........ 

Aug. 19 Aug. 19 30 30 . . ..“’ ..“’ 
Aug. 20 Aug. 20 ............. ............. 
Aug. 21.. Aug. 21.. ........... ........... 
Aug. 22 Aug. 22 
Aug. 23. 

............. ............. 
Aug.23 .. 21 21 
Aug. 24 Aug. 24 

..... ..... 
.............. .............. 

4,270 

600 
1,060 

560 
560 
375 
360 
355 
330 
332 
352 

., 
20 

150 
730 

5,850 
4,930 
2,620 
2,900 
2,140 
z,140 
2,140 

,I:: 

370 
350 
550 
600 
620 
470 
525 
560 
352 
598 
580 

25 
70 

160 
240 
530 

2,600 
2,190 
1,830 
1,060 

575 
1,700 

111 - 

- 

-0 

P.p.m. 
114 
476 
847 
585 

10 

:: 

:,” 

2 
310 
235 
310 
169 
202 
264 
255 
156 

Ki 

zi 

ii 
11 

:‘5 
18 
15 
25 
19 

2 

ii 
123 
178 
369 
195 
120 
154 
134 
95 

i: 

;A 
82 

- 
-c 

39 
40 

z- 

3:: 
460 
540 
560 

76 
37 
34 
24 
10 
13 

27 
50 
52 

- 

3ta “I 

P.pn. 

3,750 

6 
25 

58 
950 
660 

2,050 
4,160 
5,970 
3,000 

340 
570 

3,080 
1,180 
1,260 
1,330 
1,575 

‘.*.“A. 

48 

54 

E 
255 

1,600 
1,400 
1,930 
1,500 

335 

;: 
40 
50 

235 

370 
285 
270 
460 

“sg 
3,750 

%i 
(375 
1.405 
1,610 
1,410 
1,720 

270 
365 

5”: 

-- 

In ouerna 
sta v 
P.P.ln. 

54 

.I. 

sta I” 

P.p.m. 

161 
840 
225 
330 
175 
260 

105 
350 

440 

2: 
720 

2,900 
1,700 
1,060 
1,140 

E 
810 
870 
990 
890 

1,270 
310 

3’: 
81 

Jury a.. .,. ,, 
July 18. ............ 
July 20. 
July22 ................ ..t: 
July23 ....... 7 
July 24. 

............. July25 .. ..t! 
July 26 ........ 13 
July 27. 

.... .?. 
74 

July 28. 
July29 ......... ..: 2 
July 30. 
July 31. ./. 

.......... 
.......... 

Aug. 1.. ............ 
Aug. 2. ............. 
Aug.3.. ............ 
Auc.7 
Aug.20 ..................... . 

196s 
July 12, 21 ..... 
July 21. ............ 
July 22. ............ 
July 23 ............. 

uly 24 ............. J 
July 25. 
July 26.. 

i ! 

26 
July 27. 

“1~28.. 20 > ^^ UiY %Y. ....... ... 
"IY 30 ............ 
uly 31. ........... 

AUK.1 I ! ............. 
Aug.2 .............. 
Aug.3 .............. 
Aug.4 
Aug.5 ................... .."" 
Aug.6.. ............ 
Aug. 7 ......... 25 

i 
ii:: :;::I::::::~--ii 

ug.13 ............ 

:: .“!a 21.. .......... 
.“C. 22 ............ 

A .w. 31.. I i ........... 
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of sediment inflow is approximately 150 aere- proper, and sediment concentration of reser- 
feet per year as compared to the historic sedi- voir outflow were collected relative to the 
ment accumulation of 970 acre-feet per year. Guernsey Reservoir drawdown periods 1960, 

Available Data 1961, and 1962. These data are summarized in 
table 1. Data relative to the reservoir draw- 

Under the Bureau of Reclamation’s Soil and 
Moisture Conservation Program, data pertain- 

down periods are tabulated in table 2. A gen- 

ing to sediment concentration of reservoir in- 
era1 graph of reservoir operations from 1957 

flow, sediment movement within the reservoir 
to 1962 and pertinent sediment concentration 
data collected during the withdrawal periods 

TABLE 2.-G%ern: 

Date 

m 

1959 
Aug. 7, 1959 ............. 

1960 
July 10 .................. 
July11 .................. 
July12 .................. 
July13 .................. 
July 14 .................. 
July 15, ................. 
July 16.. ................ 
July17 .................. 
July 18 .................. 
July19 .................. 
Aw.8.. ................ 
Aug.9.. ................ 
Aug. 10 ................. 
Aug. 11.. ............... 
Aug. 12 ................. 
Aug. 13 ................. 
Aug. 14. ................ 
Aug. 15 ................. 
Aug. 16. ................ 
Aug. 17. ................ 
Aug. 18. ................ 

1961 
July23 ................. 
July24 ................. 
July25 ................. 
July26 .................. 
JUlY 27 .................. 
July28 .................. 
July 29 .................. 
July30 .................. 
July 31.. ................ 
Aug. 1. ................. 
Aw.2.. ................ 
Aug.3.. ................ 
Aug.7.. ................ 

1.968 
July26 .................. 
July 27 .................. 
July28 .................. 
July29 .................. 
July 30 .................. 
July31 .................. 
Awl.. ................ 
Aug. 2 .................. 
Aw.3.. ................ 
Aug.4 .................. 
Aug.5 .................. 
Aug.6.. ................ 
Awl.. ................ 
Aug.8.. ................ 
Au&S.. ................ 
Aug. 10. ................ 
Aug. 11. ................ 
Aug. 12. ................ 

C.,.S. 
5,190 

data, 1, 
yeace, 

4(F;: 
Cf.& 

-242 
P.P.rn. 

4,270 
P.%rn. 

416 

4,405.6 
4,399.2 
4,392.Z 
4,386.6 
4,383.O 
4,384.g 
4,383.4 
4,381.4 
4,380.9 
4,389.l 

%E~ 
4:401.19 

2%::: 
4:3%3.3 
4,381.0 

%:2” 
41380.4 
4,381.l 

%J:; 
4Z396.35 
4,389.40 
4,380.lO 

%:3 
p:;; 

p;:;; 

4:398.30 
4,407.l 

%Z 
4:398.0 
4,390.S 

2% 
4:380.1 

.G:Y 
4z377.9 

%KY 
4:379.2 
4,380.7 
4,395.4 
4,401.8 
4,406.S 
4.407.7 

16,900 2,916 
10,300 2,886 

5,500 2,868 
3,200 3,975 
2,200 4,424 
2,700 5,155 
2,300 4,800 
1,750 4,796 
1,650 4,987 
4,150 6,106 

16,000 3,981 
14,100 3,705 
12,000 3,616 
9,500 3,423 
6,600 3,676 
3,800 3,613 
1,650 4,404 
1,750 4,361 
1,950 4,224 
1,560 4,194 
1,700 5,860 

11,600 
14;;; 

gg 

(200 
1,050 
1,100 
2,450 
3,900 
5,900 
9,500 

19,000 

3,979 
3,662 
3,010 
3,136 

2% 
3:902 
4,534 
2,933 
2,347 
2,446 
3,797 
4,058 

XL! 
9:800 
4,800 
3,550 
2,500 
1,500 
1,150 

:% 
po”; 

(350 
1,600 
7,800 

%ooi 
20:700 

3,596 
2,846 
3,049 
3,230 
3,928 

x: 
;:g 

3:759 
4,241 

$782 
6:089 
7,176 
7,007 
6,772 
5.246 

4,960 
5,000 
5,000 
4,980 
4,980 
4,980 
5,020 
5,040 
5,040 
5,080 
4,800 
4,820 
4,840 
4,880 
4,820 
4,710 

2:: 
4’360 
4:350 
4,270 

4,570 
4,570 
4,590 
4,610 
4,590 
4,610 
3,960 

x: 
1:750 

:2:: 
4:230 

4,720 
4,631 
4,419 
4,422 
4,270 
3,791 
3,740 

8E 
3:723 
4,090 
4,840 
4,726 
4,490 
4,669 
4,733 
4,840 
4.745 

-2,044 
-2,114 
-2,132 
-1,005 

-556 

2;;: 
-244 

-53 
+1,025 

-819 
-1,115 
-1,224 
-1,475 
-1,144 
-3;;; 

-119 
-136 
-156 

+1,580 

-591 
-908 

-1,580 
-1,414 

-332 
-45 
-58 

:;;i 
+597 

-1,124 
-1,785 
-1,430 
-5;;; 

- 583 

-y; 

3: 
f151 

$2” 

600 
1,060 

730 
5,850 
4,930 
2,620 
2,900 
4,160 
5,970 
3,000 

370 
350 
550 
600 
620 

2,600 
3,080 
1,830 
1,260 
1,330 
1,700 

400 
300 
300 

3,900 
4,600 
2,400 
2,930 
1,500 

170 
900 
125 
105 
350 

370 
285 
720 

2,900 

3% 
3:750 
2,050 
1,900 
1,375 
1,405 
1,610 
1,410 
1,720 

310 
365 

s":: 

ii 

3;: 
235 
310 
169 
202 
264 
255 

21 

:: 

12”: 
178 
369 
195 
120 
154 
134 

40 

it 
86 

390 
460 
540 
560 

;: 

2 
10 

40 

:;4 
125 
200 
190 
410 
780 
780 
590 
620 
710 
690 
770 
115 
65 

ii 

5.5 
3.1 

11.5 
5.3 
4.8 

11.8 
5.8 
4.8 
4.4 
8.5 
5.7 

17.4 
11.4 

:i:i 
6.8 

12.0 
10.6 
9.5 

11.6 
7.9 

10.0 
11.3 

2:; 
8.5 

19.2 
18.4 
37.3 

9.9 
4.1 

27.2 
22.9 

2.9 

2; 
8.3 
4.3 

10.0 
11.9 
10.9 
38.0 
41.0 
42.9 
44.1 
44.1 
48.9 
44.8 
37.1 
17.8 
61.5 
27.2 
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are shown in figure 1. Included in the investi- 
gations during the drawndown periods were 
information on bank erosion of the exposed 
sediment deposits, channel cross sections in the 
reservoir area, water surface slopes, and a re- 
survey of ranges in the lower end of the reser- 
voir. The 1957 resurvey of Guernsey Reservoir 
was used in obtaining prior data on reservoir 
sediment ranges, size analyses, and densities of 
reservoir sediment deposits.’ 

Sediment Characteristics 
Suspended sediment samples were obtained 

within the reservoir study reach and from the 
reservoir releases during the withdrawal in- 
vestigations. The average size analyses curves 
for these respective locations are shown in fig- 
ure 2. Sampling of the reservoir sediment de- 
posits was also performed during these pe- 
riods. Samples were taken of the channel bed 
material and the quasi overbank deposit within 
the reservoir area (fig. 2). 

Unit weight determinations were based on 
samples of reservoir sediment deposits, gamma 
probe investigations of in situ sediment de- 
posits, and computations of volume weights 
relative to the size analyses of suspended sedi- 
ments. An average unit weight of 67 pounds 
per cubic foot was determined from these 
methods and was employed in the analysis of 
the sediment withdrawal data.2 

Reservoir Sediment Distribution 
Resurvey of the reservoir in 1957 deter- 

mined a sediment accumulation of 29,100 acre- 
feet in the reservoir proper. Based on inflow- 
outflow sediment concentration data collected 
during the period 1957-1962, an estimated 117 
acre-feet of sediment has been removed since 
the 1957 survey. Of the 117 acre-feet total 
sediment removed, 88 acre-feet were removed 
during the withdrawal periods 1960, 1961, and 
1962, or approximately 75 percent of the total 
removed. The longitudinal distribution of sed- 
iment deposits determined at the various reser- 
voir resurveys and investigations is shown in 
figure 3. The thickness of the sediment depth 
has ranged up to almost 40 feet. The thalweg 
profile depicts the slope of the deposits at 
various locations in the reservoir area and 
their change relative to time. The slope of the 
delta topset bed is estimated to be about 2.5 
feet per mile as compared to 5.7 feet per mile 
for the original river channel slope. 

Comparing the 1957 profile with subsequent 
‘BUREAU OF RECLAMATION. SEDIMENTATION RESURVFY 

OF GUERNSEY RESERVOIR, 1957, NOEn PLATTE PROJECT, 
WYOMING AND NEBR*SKA. Sedimentation Section, By- 
drology Branch. August 1958. 

* See paper 82 of this Conference. 

profiles (fig. 3) shows a decrease in the upper 
reservoir sediment deposits and an increase in 
sediment deposition in the lower portion of the 
reservoir. Below elevation 4,386 feet, there 
was a reduction in reservoir capacity of about 
31 percent. A typical cross section of sediment 
deposits in the lower reservoir reach is shown 
in figure 4. The redistribution of sediment de- 
posits during the 5-year interim period oc- 
curred relative to drawdown periods, at which 
time the main channel traversing the reservoir 
area scoured the upper sediment beds and con- 
veyed the bulk of the scoured sediment to the 
lower portion of the reservoir. This movement, 
however, applies in general to the thalweg, as 
defined by the single profile shown for respec- 
tive years. 

Sediment Withdrawals 
The aforementioned data, tables 1 and 2, 

were analyzed to determine possible correla- 
tions, if any, between inflow-outflow rates, 
drawdown rates, or storage fluctuation on the 
sediment concentration of the reservoir dis- 
charge. The parameter used for determining 
the effect of the drawdown operation will be 
referred to as relative efficiency, being defined 
as the ratio of the observed suspended sediment 
concentration of the reservoir releases to the 
maximum observed suspended sediment concen- 
tration inflow to the reservoir. The maximum 
observed inflow concentrations to the reservoir 
occurred in proximity to the reservoir estuary, 
which fluctuated during and between drawdown 
periods. 

Effect of Inflow-Outflow Rates 
During the drawdown investigations, the 

reservoir inflow ranged between approximate- 
ly 2,000 and 7,000 c.f.s. with controlled releases 
from the upstream Glendo Reservoir. The re- 
spective inflow-outflow discharges for the 
drawdown periods 1960.62 are tabulated in 
table 2 and are shown graphically in figures 5, 
6, and 7. The efficiency (col. 9, table 2) appears 
to be affected by inflow-outflow fluctuations; 
however, there appears to be no significant 
trend. The relative efficiency of the sediment 
withdrawal is somewhat higher when the in- 
flow exceeds the outflow ; however, this does not 
give an entirely independent parameter. The 
effect of increased inflow, coupled with mini- 
mum reservoir storage, does appear to have 
impact on relative efficiency and absolute maxi- 
mum sediment inflow and outflow. These ef- 
fects are to be discussed later in this paper. 

Effect of Drawdown Rate 
The drawdown rate in acre-feet per day was 

determined from the respective slopes of the 
drawdown storage curves shown in figures 5, 6, 
and 7. The storage curves are based on revised 
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capacity curves prepared from resurvey data 
pertaining to the sediment ranges in the reser- 
voir study reach. The rate of drawdown had no 
apparent effect upon sediment concentrations 
in the reservoir releases, as indicated in table 3. 

Ej$ect of Storage Fluctuation 
The effect of storage on the sediment con- 

centration of reservoir releases is shown in 
figures 5, 6, and ‘7. As previously pointed out, 
the rates of storage fluctuation do not have 
significant effect on the relative efficiency; 
however, the period of “minimum storage” ap- 
pears to be relative to increased efficiency and 

is certainly indicative of maximum sediment 
inflow and outflow. The correlation of storage 
to sediment concentrations of reservoir releases 
is shown in figure 8. A differentiation was 
made between sediment concentration obtained 
during increasing and decreasing storage. The 
dispersion of sediment concentration relative to 
increasing and decreasing storage gave no dis- 
tinguishing trends in this respect. A curve was 
drawn representing the trend of the storage 
concentration relation of the plotted data. Out- 
flow sediment concentrations relative to storage 
below approximately 4,000 acre-feet can have a 
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TABLE ~.--DWUJ~OUWI rates for Guernsey Reservoir, 
1960-62 

A”6 Porfqer 

July lo-12,196O. 16,900 
Acre-,aei Ane-,e~‘ Acre+d fealdau m”%oo 

Aug. 8-13, 1960 16,000 
5,500 11,400 5,700 
3,800 12,200 2,440 173 

July 16~20,1961. 21,750 14,300 
July 23-26,1961. 11,600 

7,450 1,860 
4,250 7,250 2,420 ii 

July 26-29, 1962. 16,800 4,800 12,000 4,000 125 
1 The indicated periods were determined from the storage 

curves, figures 5, 6, and 7. 
x The maximum outflow eoncentratians referred to in this 

table are the respective sediment concentrations for the 
terminal days of the defined drawdown periods. 

relatively wide range of values for a,given stor- 
age. It is also evident that maximum concen- 
trations can be achieved with the reservoir 
storage below 2,000 acre-feet. 

Effect of Inflow Eluctwtim at Minimum Storage 
A relationship to maximum outflow eoncen- 

t&ions appears to occur between inflow fluctu- 

ation at minimum storage, as shown in figures 
5, 6, and 7. At minimum storage, an increase in 
inflow relative to outflow results in an increase 
in outflow sediment concentrations. Also, when 
the increasing relative inflow is reversed, there 
is a corresponding drop in concentration. It 
should be emphasized that these fluctuations of 
the inflow are “relative to the outflow dis- 
charge” and have significant effect only at mini- 
mum reservoir storage. This phenomenon is 
attributed to (1) maximum exposure of sedi- 
ment beds resulting in maximum inflow con- 
centrations, and (2) a minimum quantity of 
water (storage) acting as a diluent on the in- 
flow concentrations, thereby providing higher 
concentrations available for withdrawal. 

Future Sediment Withdrawals 
The source of sediment that can be scoured 

from Guernsey Reservoir is sediment deposited 
above the dam~since closure of the dam in 1928. 
With sediment inflow now curtailed by the up- 
stream Glendo Dam, the sediment withdrawal 

RELEASE! 
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investigations have shown that sediments can 
be flushed from the reservoir area. In analyz- 
ing the potential of future withdrawals from 
the reservoir, an appraisal was made to deter- 
mine if the withdrawals of 1960,1961, and 1962 
show any decreasing rates of scour and to see 
if an estimate could be made of the physical 
limitations of future withdrawals. 

Rate of Scour 
Any analysis of the changing rates of sedi- 

ment withdrawal from the reservoir during the 
3 years of drawdown must include some ap- 
praisal of the sediment redistribution by areas 
within the reservoir. As shown on the reser- 
voir topography (figs. 9, 10, and 111, there is 
considerable variation in location of sediment 
deposits within the reservoir. In the lower and 
upper parts of the reservoir, the deposits are 
confined between narrow canyons, while there 
is a wide flat area of deposition in the vicinity 
of sampling station IV and downstream to sam- 
pling station V. The suspended sediment sam- 
ples collected at the sampling stations were 
used to compute the changes that took place 
during the drawdown periods. These changes 
in acre-feet between sampling stations are 
shown in table 4. Acre-feet values were deter- 
mined by use of a unit weight of 67 pounds per 
cubic foot, which was supported by density 
samples of sediment deposits and a computed 
unit weight for deposited material of 22 per- 
cent clay, 62 percent silt, and 16 percent sand. 
Although it is realized the unmeasured load at 
each of the sampling stations would affect the 
results given in table 4, only those stations 
within the reservoir would have significant un- 
measured load and the values shown should be 
adequate for comparative purposes. 

To illustrate the results of the redistribution 
study, the changes shown in table 4 are plotted 
by reaches on figure 12. Since the volume of 
water varied for each drawdown period with 
85,100 acre-feet for the July lo-19,1960, period, 
89,400 acre-feet for the August 8-18, 1960, pe- 
riod, 107,200 acre-feet for the July 20-August 
3, 1961, period, and 179,000 acre-feet for the 

“Y,a=~~~sw .l”lY *c- July 24. 
Ul ““‘(;;.I” Aug 8-18 *y? s “Kg 12 

A~,&~L acre-foot - Aere-Jeet A”&d 
11tow.. -34.4 -40.5 -29.0 -10.3 

IVtaV.... -166.2 -45.6 -45.5 -101.6 
vto VI... +39.3 +9.2 -21.0 -40.4 

VI to Dam. +146.5 +66.2 +m.o f101.1 

TOtd..../ p14.8 / -10.9 / -17.z I -44.6 

July 2bAugust 12, 1962, period, the changes 
were converted to acre-feet per acre-foot inflow 
for comparative purposes. In general, the re- 
lationship, as given on figure 12, shows a de- 
creasing rate of channel scour in the upper 
parts of the reservoir and a decreasing rate of 
deposition in the lower part of the reservoir. 

The second factor considered in estimating 
the future sediment withdrawals from Guern- 
sey Reservoir is the physical limitation on 
scour. Three possible interrelated conditions 
that appear to be acting as controls on scour 
are (1) the reservoir storage near the dam, 
(2) a limiting or controlling channel slope, and 
(3) a limiting channel width. The longitudinal 
profiles on figure 3 give some indication of the 
effect that reservoir storage and limiting chan- 
nel slope would have upon future reservoir 
channel scour. The only data available on ulti- 
mate channel widths through the scouring por- 
tion of the reservoir were channel widths at 
sampling stations observed during the draw- 
downs of 1960, 1961, and 1962. 

The controlling slope for ultimate channel 
degradation in the reservoir is supported by 
information shown on the longitudinal profiles 
(fig. 3). The slope of delta deposits in the 
reservoir of about 2.5 feet per mile, or 0.00047 
foot per foot, for the 1957 thalweg was also 
observed at the time of the 1937 and 1947 sur- 
veys of Guernsey Reservoir. This was also 
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FIGURE lo.- Aerial views of Guernsey Dam and Reservoir: (top) during reservoir drawdown of July 14, 1960; 
and (bottom) looking southeast toward dam during drawdown. Sediment deposits between sampling stations 
IV and V are in foreground. 
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FIGURE 11. - (Top) North Platte River flowing through sediment deposits in Guernsey Reservoir during draw- 
down, August 1, 1962. Sloughing unstable banks are shown in reach between sampling stations IV and V. 
(Bottom) Aerial view of sediment deposits in area above sampling station V during drawdown July 28, 1961. 
This view shows channel scour and meander within the reservoir. 
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about the same slope as determined for the bed 
profile between sampling stations V and VI in 
1962. An analysis of sediment samples collected 
in the delta area in 1957 and of bed material 
samples at sampling stations IV and V both 
give a mean bed material size of about 0.6 milli- 
meter. A limiting slope of about 0.00047 also 
coincides with low transport rates for the reach 
above sampling station IV and a mean bed size 
of 0.6 millimeter. A control on the degradation 
within the reservoir will be the minimum reser- 
voir level for future drawdowns. It is esti- 
mated that any future withdrawals will be pat- 
terned after those made in 1960-62. In this 
case, the controlling bed elevation in the vicin- 
ity of sampling station VI will be at about ele- 
vation 4375. Based upon the above observa- 
tions, a predicted profile for ultimate reservoir 
channel scour is shown as figure 3. 

The remaining factor of defining the con- 
trolling width for future reservoir channel 
scour was analyzed with respect to any ob- 
served changes in widths and stable channel 
widths. The observed channel widths at the 
sampling stations in the reaches of channel 
above the reservoir have varied from about 190 
to 250 feet, with no obvious changes with time. 
However, there is evidence of more bank scour 
in the reach between sampling stations IV and 
V. An ultimate channel width, based upon a 
limiting tractive force of 0.1 pound per square 
foot, a D,, of 0.05 millimeter, and the ultimate 
;loie of 0.00047, would be more nearly 600 

The potential estimated material available 
for scour in Guernsey Reservoir is 4,700 acre- 
feet. This represents vertical scour down to the 
predicted controlling slope shown on figure 3 
and lateral scour in the reach in the vicinity of 
sampling station IV and down to sampling sta- 
tion V. Of the above amount, an estimated 
2,000 acre-feet is in the reach between sampling 
station IV and V and the remaining 2,700 acre- 
feet are above sampling station IV. 

Predicting Future Sediment Withdrawals 
Although the potential volume of sediment 

that can be withdrawn from the reservoir is 

4,700 acre-feet, the 2,700 acre-feet of material 
above sampling statIon IV is predominantly 
material in the sand size function. Samples 
collected at sampling station IV show there had 
been a reduction in concentration with time to 
about 100 p.p.m. in 1962. It is concluded from 
this limitation in concentration at sampling 
station IV and the sand material in the delta 
deposits above station IV, that in computing 
sediment withdrawal from the reservoir the 
2,000 acre-feet of material between sampling 
stations IV and V be considered as that avail- 
able for scour from the reservoir. Based upon 
the average size analyses of deposited material, 
there would be about 1,700 acre-feet of sedi- 
ment in this reach of silt and clay sizes. 

In predicting the future scouring capabilities 
in Guernsey Reservoir, a rate of scour must be 
correlated with the 1,700 acre-feet considered 
as potentially available. If drawdowns in the 
future can be patterned after the drawdowns 
of the 3 years, 1960-62, the average rates of 
scour as shown on figure 12 should give some 
indication of the future rate. A projection of 
the data on figure 12, combined with the esti- 
mated physical limitation of scour as shown on 
figure 3, would indicate an average rate of 
about 0.00018 acre-foot per acre-foot of water 
inflow for future withdrawals. With with- 
drawals averaging 100,000 acre-feet of inflow 
per period, the average sediment scoured from 
the reservoir would be 18 acre-feet per draw- 
down period. 

Conclusions 
There is an estimated 1,700 acre-feet of ma- 

terial available in Guernsey Reservoir that 
could be scoured during properly regulated 
withdrawals. 

Analysis of the withdrawals made during 
1960, 1961, and 1962 shows that for effective 
scouring of reservoir sediment deposits, the 
reservoir should be drawn down to 2,000 acre- 
feet, or below. The relationship of sediment 
concentration below Guernsey Dam, with stor- 
age capacity shown on figure 8, defines the 
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recommended storage that will result in given 
concentrations below the dam. This can be 
used to determine the best operation for obtain- 
ing the proper sediment concentration in the 
river relative to the requirement for the down- 
stream distribution system. 

Fluctuation of the reservoir inflow during a 
drawdown period appears to have an effect on 
sediment concentrations below Guernsey Dam. 
After a minimum reservoir storage has been 
reached, a fluctuation of about 1,000 to 2,000 
c.f.s. at I- to 2-day intervals should help main- 
tain sediment concentration in the outflow from 
Guernsey Reservoir. 

per year as derived for the 1957-62 period, re- 
sults in an estimated total annual outflow of 
about 42 acre-feet. ,The 1,700 acre-feet of ma- 
terial expected to be scoured within the reser- 
voir and the small contribution of sediment 
from above Guernsey Reservoir should continue 
to give the desired sediment outflow for about 
40 years. It is anticipated that the withdrawal 
rate will diminish with time; however, the 
amount of data accumulated is not sufficient to 
prognosticate as to the effect of diminishing 
withdrawal rate. 

With drawdowns to 2,000 acre-feet capacity, 
or below, and by proper fluctuation of the res- 
ervoir, an estimated future sediment with- 
drawal rate of about 18 acre-feet appears pos- 
sible for a lo- to 15-day period with an inflow 
of about 100,000 acre-feet. If it is assumed that 
sediment would be withdrawn from the reser- 
voir twice annually for periods of 10 to 15 days 
each, then the estimated future annual sedi- 
ment withdrawal rate would be approximately 
36 acre-feet. This value, combined with an 
average annual withdrawal during the non- 
drawdown period, averaging about 6 acre-feet 

There can be expected to be an increase in 
the sand size material flushed from the reser- 
voir, which has not been considered in this 
analysis. An additional detrimental effect will 
be the increased amounts of sand, as well as 
finer material in water flowing through the 
turbines. 
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DISCUSSION - SYMPOSIUM 4 

Sedimentation in Reservoirs 
Moderator: B. L. Hobbs. m 
Panel: L. C. Gottschalk, SCS 

C. R. Miller, ARS 
D. C. Bondurant, CE 

MR. HOBBS: 
Satisfactory engineering solutions to reser- 

voir sediment problems require reasonably ac- 
curate forecast determinations of (1) quanti- 
ties of material expected to be delivered to the 
reservoirs; (2) amounts of material expected 
to be carried through the reservoirs and dis- 
charged with water releases; (3) volumes of 
material retained; (4) average rates of sedi- 
ment accumulations in channels tributary to 
reservoirs ; and (5) depletion of reservoir stor- 
age space allocated for various purposes in 
designated elevation zones. Scheduled meas- 
urements are necessary to obtain basic infor- 
mation as required for operational purposes 
and for use in testing and improving methods 
of forecasting sediment quantities and distri- 
bution. 

With these points in mind and in view of 
time limitations, the Danelists are reauested to 
confine the prearranged parts of your discus- 
sions to broad considerations involved in proj- 

ect planning and design investigations and to 
provisions for periodic measurement of sedi- 
ment accumulations. 
MR. GOTTSCHALK: 

On the subject of trap efficiency, I wish to 
direct attention to a definition of the term as 
“ability of a reservoir to retain sediment,” 
where amounts of materials retained are ex- 
pressed as percentages of the total quantities 
delivered to the reservoirs. The importance at- 
tached to trap efficiency in connection with 
project planning and design investigations has 
increased with the development of an entirely 
new retarding-type reservoir and with the in- 
creased knowledge of the interrelations of the 
numerous factors that affect sediment deposi- 
tion and retention. 

The first trap efficiency investigations were 
undertaken in the early 1930’s by Carl B. 
Brown, who developed useful relations between 
trap efficiencies and the ratios of total reser- 
voir capacities to drainage area sizes. How- 
ever, it was found that these relations were 
not valid for all conditions, particularly those 
found in reservoirs located in the arid and 
semiarid areas in the United States. This led 
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to the investigations by Gunnar Brune, who 
developed a curve relating trap efficiency to the 
capacity-inflow ratios. 

In addition, Brune attached considerable im- 
portance to (1) the “detention time” of sedi- 
ment-laden water as a factor influencing depo- 
sition and (2) the related time factor involved 
in the decline of trap efficiency that starts at 
some stage during the period of storage deple- 
tion. Although investigators have recognized 
that numerous other factors influence trap effi- 
ciency, for the most part the early studies were 
based upon data obtained from single-purpose 
storage reservoirs where the time factors were 
found to be of primary importance. 

New types of reservoirs have come into be- 
ing as units in plans for accelerated develop- 
ment of water resources; these include the so- 
called dry reservoirs designed for operation to 
retard flood flows and reservoirs planned for 
operation to serve two or more purposes. In 
connection with investigations of these projects 
we have gradually accumulated evidence that, 
under certain conditions, some of the following 
factors affecting deposition may be equally as 
important as the interrelated time influences. 
The factors include reservoir shape; type of 
regulation; location of tributaries to the reser- 
voir with respect to the outlets; sediment char- 
acteristics including mineral constituents as 
well as particle size; and chemical composition 
of the water as it affects the settling velocity 
of discrete particles. 

In the case of the so-called “dry reservoirs,” 
materials previously deposited tend to be “re- 
worked” and transported farther into or out of 
the reservoirs than is found in the permanent- 
storage reservoirs. Also, stilling effects during 
the initial periods of inflow, which tend to cause 
deposition before high inflow rates exceed the 
release rates, are generally not present in dry 
reservoirs. This is usually true to some degree 
at all stages of a flood when releases are equal 
to or exceed inflow rates. To illustrate the po- 
tential importance of this stilling effect upon 
the trap efficiency of a dry reservoir, we should 
take note of a comment by Robert F. Piest 
stated in paper No. 15 (p. 98) that on small 
watersheds, “. . storms with a return period 
less than one year were the cause of 34 to 92 
percent of the total sediment yield.” 

The Soil Conservation Service is construet- 
ing a type of “upstream retarding structure” 
at a rate of about ‘700 per year. The urgent 
need for information regarding trap efficiency 

1 See pawr No. 83. D. 845. 
2 “Distribution of’ -Sedi&ent in Large Reservoirs,” 

p”f. See. Civil Engin. Proc. 84 (No. HYZ) Paper 1587, 

3 See papers Nos. 44 (p. 376) and 80 (p. 801X), respec- 
tively. 

of reservoirs created by these structures has 
resulted in initiation of a plan for cooperative 
study by the Soil Conservation Service, Agri- 
cultural Research Service, and the U. S. Geo- 
logical Survey, which provides for field meas- 
urements to obtain basic data. In conclusion, I 
suggest that further investigation be initiated 
to improve capabilities for estimating trap 
efficiency for all types of reservoirs. 
MR. MILLER: 

I am impressed with the coverage contained 
in the papers relating to sedimentation in res- 
ervoirs. This information represents an excel- 
lent documentation of the progress that has 
been made since the 1947 Conference, ranging 
from instrumentation and techniques for sedi- 
ment measurement to methods developed to 
forecast conditions from 50 to 100 years in the 
future. In addition to the value of the papers 
as records of present knowledge and descrip- 
tions of engineering practices being used in 
connection with reservoir sediment problems, 
the papers will prove to be useful indicators of 
areas of need for further investigation and the 
proper direction of such efforts. 

I consider the empirical methods for making 
forecast estimates of distribution of reservoir 
deposits, described by Heinemann,’ and Borland 
and Miller,* to be generally satisfactory for pre- 
dicting locations of the bulk of future deposits 
in connection with estimates of storage deple- 
tion. However, the methods presently available 
have many weaknesses and I consider them in- 
adequate in several respects. 

The use of reservoirs for recreational pur- 
poses is continuing at an accelerated pace. and 
demands for storage allocations to be used pri- 
marily for recreational activities are growing. 
We are becoming aware of the relations be- 
tween the exposure of reservoir sediment ac- 
cumulations and the number of mosquitoes. 
These developments have added to the impor- 
tance associated with improving procedures for 
estimating sediment distributions correspond- 
ing to various regulation schedules. We expect 
probable errors in forecast estimates of distri- 
bution of the total deposits as determined by 
existing methods to be negligible insofar as 
storage depletions are concerned. However, dif- 
ferences in the location of relatively small frac- 
tions of the total may be quite important in con- 
nection with determinations relating to outlet 
designs and real estate takings. Also, drainage 
and ground water problems may be sensitive 
to small differences in sediment distribution. 
Papers presented by Mr. Ferral and Mr. Had- 
ley ’ and work by other investigators indicate 
progress is being made in studies of channel 
aggradation resulting from reservoir effects. 

Our procedures for estimating sediment dis- 



928 MISCELLANEOUSPUBLICATION970,U.S.DEPARTMENTOFAGRICULTURE 

tributions could be improved; especially, we 
should refine procedures for predicting delta 
developments and progressive p,ositions of ac- 
cumulations near reservoir outlets. 
MR. BONDLJRANT: 

I believe the selection of papers has provided 
excellent coverage of reservoir sediment studies. 
These papers suggest the types and amounts of 
data that are required to serve various pur- 
poses; the types of surveys that should be con- 
ducted; the accuracies required in reservoir 
sediment measurements ; and what measuring 
equipment and survey techniques can be used. 
I believe the information obtained by recon- 
naissance methods and spot measurements in 
many cases is entirely adequate for use as a 
qualitative indication of the extent of storage 
depletion, general magnitude of local problems, 
and as an aid to judgment concerning the need 
for and proper timing of more accurate instru- 
mental surveys. The reconnaissance methods 
are particularly appropriate where sediment 
deposits are small and the primary interest con- 
cerns storage depletion. More detailed reser- 
voir surveys are occasionally justified if the in- 
formation is to serve as an aid in planning and 
designing other similar projects in the same 
region and as an aid to the optimum installa- 
tion of permanent field facilities necessary for 
future sediment surveys in similar projects. 
The reliability of any survey, however, is 
largely dependent upon the judgment of the 
surveyor and, in the case of a reconnaissance 
type survey, it is particularly important that 
the assignment be given to an experienced man. 

Insofar as distance measurements are con- 
cerned, there is a sufficiently wide range of 
good methods and techniques to allow a selec- 
tion adaptable to any particular reservoir sit- 
uation and type of survey one would want to 
make. The current meter method, first used for 
surveys of submerged areas by the Southwest- 
ern Division of the Corps of Engineers to deter- 
mine distances of boat movement along a range 
line, gives good results in still water. 

The use of a piano wire and reel mounted on 
a boat to measure distances from a shore posi- 
tion was first described in a TVA paper pre- 
sented at the First Sedimentation Conference 
held in 1947. Since that time many improve- 
ments of the piano wire method provide more 
accurate data. These improvements include 
(1) the distance measuring wheel; (2) tensi- 
omster devices to indicate the correct tension to 
be held in the wire; (3) floats to prevent sag; 
and (4) a distance-wheel attachment that auto- 
matically makes “fix” marks on a sonic depth 
recorder chart at intervals represented by 100 

4 See paper No. 86, ,I. 869. 

feet of boat travel,.reeently developed by the 
New Orleans District of the Corps of Engi- 
neers. This latter item is discussed in an article 
on pages 37 to 39 of the January-February 
1962 issue of the Military Engineer. The “piano 
wire” method, with the wire permitted to sag 
to the bottom, has proved to be reasonably ac- 
curate for ranges of up to 15,000 feet. The 
error due to the sag is minimal on wide, shal- 
low ranges and greater on narrow, deep set- 
tions, but a sag calculation will show that it is 
not generally as large as the errors inherent in 
other methods of distance measurement. The 
radist described by Isaac Shepherdson’ is ac- 
curate and perhaps the most satisfactory posi- 
tion-finding equipment that could be used under 
reservoir conditions involving extreme dis- 
tances and depths. 

I believe we should continue to improve the 
measuring equipment, because future needs can- 
not be foreseen. However, in the matter of nor- 
mal range-type surveys of large reservoirs, 
good judgment in spacing of ranges for practi- 
cable surveys is one of the more important fac- 
tors. In this connection, because of irregular 
reservoir boundaries and economic limitations 
placed upon the number of ranges that can be 
provided, merely increasing precision of profile 
surveys beyond that which can be attained by 
existing methods would not greatly improve the 
overall accuracy of reservoir capacity determi- 
nations and would be of questionable justifica- 
tion. 

There is a dearth of dependable basic data re- 
garding the densities of reservoir deposits and 
rates of compaction of materials of different 
characteristics deposited under the various con- 
ditions and subjected to varying conditions of 
submergence. Sediment load records of weight 
quantities and volumetric estimates of erosion 
are helpful in reservoir sediment investigations, 
but the degree of confidence to be placed in fore- 
casts depends to considerable extent upon the 
soundness of the engineer’s judgment in pre- 
dicting future densities of the reservoir de- 
posits. Accordingly? the improvement of our 
capabilities for maklng sediment-density obser- 
vations is perhaps the most urgent present need 
insofar as field measurements of reservoir de- 
posits are concerned. 

I believe the development of the nuclear probe 
is the most important advancement for meas- 
urement of in-place densities of sediment de- 
posits that has been made in many years. Den- 
sities indicated by the probe are considered to 
be quite accurate, but there are numerous oper- 
ational obstacles that impose limitations on the 
practicability of making a desirable number of 
density measurements. These difficulties mul- 
tiply with the increase in the size of the reser- 
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voir and water depths. Problems of penetrat- 
ing deposits with densities exceeding 30 to 40 
pounds per cubic foot are formidable, and the 
question regarding the extent to which the 
probing operation affects the density of the ma- 
terials measured needs investigation. 
MR. HOBBS: 

We believe the foregoing statements provided 
adequate answers to some of the written ques- 
tions, which were submitted prior to the panel 
session. The essence of questions directed to the 
panel members and authors of individual papers 
are presented below: 

Mr. Miller, what approaches and procedures 
have been developed for predicting future delta 
formations with respect to shapes and extent of 
upstream deposition? 
MR. MILLER: 

As I stated earlier, tools for estimating future 
delta formations are inadequate. Some work 
has been done in an effort to develop step 
methods for predicting delta formations by ap- 
plying sediment transport equations in combi- 
nation with the available empirical methods 
used to obtain reasonable approximations of 
quantity distributions. This work, by employees 
of the Bureau of Reclamation, Corps of Engi- 
neers, and Agricultural Research Service, has 
not progressed to a point where publication of 
general predicting methods is warranted. Sev- 
eral papers dealing with various aspects of the 
delta formation problem have appeared in the 
literature since 1950. The paper, “Deposition at 
the Heads of Reservoirs,” by A. S. Harrison 
that appeared in the Proceedings of the Fifth 
Hydraulics Conference. held at the State Uni- 
versity of Iowa in June 1952, contains a eom- 
prehensive evaluation of the problem. 
MR. HOBBS: 

The gamma ray probe as presently developed 
from work originally sponsored by the Beach 
Erosion Board (Corps of Engineers) appears 
to be the best available means of determining 
the density of deposited reservoir sediment. 
The probe and accessories are expensive, how- 
ever, and require special training and clearance 
for their use. What type of samples does the 
panel recommend for volume-weight determi- 
nation in cases where the gamma probe is not 
available? 
MR. BONDIJRANT: 

A probe, of the same model as the one on dis- 
play at the conference, is available at the Inter- 
Agency Sedimentation Project at St. Anthony 
Falls, Minneapolis, Mimi., for loan to agencies 

5 Cl. M. Caldwell, Beach Erosian Board. 
6 Norman Brooks, California Institute of Technology. 

of the U.S. Government. At present it is advis- 
able for anyone requesting a loan of the instru- 
ment to arrange for 1 or 2 days of instruction 
by someone familiar with its operation. It is 
anticipated that when an operation manual 1s 
finally prepared, there will be no particular 
need for special instruction. No license is re- 
quired to use the probe, and with exercise of 
reasonable precautions it is not dangerous. 
However, it is advisable to check with State 
health agencies regarding their position on the 
use. of the probe. 

I have no suggestion regarding a type of 
sample to be taken in lieu of probe measure- 
ment. Perhaps the most comprehensive infor- 
mation regarding instruments for obtaining in- 
place soil samples is contained in a report en- 
titled “Subsurface Exploration and Sampling of 
Soils for Civil Engineering Purposes,” by M. 
Juul Hvorslev, and published by the Waterways 
Experiment Station, Vicksburg, Miss., in 1948. 
However, the expense involved in sampling and 
analyzing sediment samples obtained by the 
instruments described, as well as the accuracy 
of the results, does not compare favorably with 
costs and results obtained by use of the nuclear 
probe. I suggest that arrangements for loan of 
the probe is simpler than many people realize. 
MR. CALDWELL:~ 

The Corps of Engineers, Baltimore District, 
has developed a scheme to effect probe pene- 
tration to depths from 30 to 40 feet through 
deposits in the Baltimore Harbor. In this teeh- 
nique water is pumped through perforations in 
pipe used to suspend the probe and force it into 
the deposits-jets of water emerging from the 
perforations above the probe flow upward and 
reduce friction resistance between the sides of 
the pipe and the sediment. 
DR.BROOKS? 

It seems that we have made a lot of progress 
in finding out about sediment in reservoirs, 
especially in surveys and so on. I would like 
to ask the panel, what are we going to do about 
sediment in the next century or two? 
MR. GOTTSCHALK: 

From the standpoint of design it is the prac- 
tice of Federal agencies to provide sufficient 
reservoir capacity for sediment storage so that 
deposits will not encroach upon space allocated 
for useful purposes, during the period used for 
economic analysis of the project. In general, 
dredging is the only effective way to “desilt” 
a reservoir. In most cases in this country, how- 
ever, it is not economical to restore capacity by 
desilting a reservoir; costs involved in dredg- 
ing, hauling, and providing for disposal areas 
are usually prohibitive. There have been many 
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suggestions for desilting reservoirs, but only a 
few have been effective in special ca8es and 
none have general application. 
MR. MILLER: 

In many cases, our economic system requires 
that reservoirs be designed with a view to 
eventual obsolescence. 
DR. BROOKS : 

We need a little more explicit answer and we 
should give more thought to the prospective 
problems of sediment in reservoirs three or 
four hundred years hence. 
MR. SHARP :’ 

Although we are solving some problems con- 
cerning reservoir sediment now, we are losing 
sight of major long range problems that will 
eventually confront us. We should consider 
solutions to the problem of holding sediment at 
its source? where it represents productive soil ; 
this solutmn to this problem is more important 
than the relatively short range problems associ- 
ated with sediment after it reaches the streams. 
For example, degradation and aggradation are 
important on the Lower Colorado River, but 
the big problem involves such questions as: 
keep that thing from closing when 100,000,000 
acre-feet of water per year when there is noth- 
ing but a mud flat above Hoover Dam?” and 
::I” the Columbia River, how are we going to 

how are we going to salvage 10,000,000 
a&:feet of fresh water that goes down the 
river every year is diverted to the interior 
basins to irrigate land ?” 
MR. HOBBS: 

The foregoing discussions represent abbrevi- 
ated considerations of onlv a few of the 
problems relating to a single aspect of the 
sedimentation field. At the outset the problems 
were oriented primarily for benefit of the worL 
ing engineer with an assignment. Accordingly, 
readers of the papers at this conference should 
consider this and not be misled by such limited 
treatment of the subject of reservoir sedimenta- 
tion. For example, it should be understood that 
there are several reservoirs in different regions 
of the United States where storage depletion 
is expected to be negligible for long periods, 
ranging upward from 200 to 1,000 years, and 
possibly longer. In such cases it seems reason- 
able to expect that the structures creating some 
of these reservoirs probably will be obsolete 
before storage depletion becomes a problem. 

It is obvious from the implications in the 
last question presented above and the state- 
ments which followed that authorities on the 
subject feel strongly that more thought should 

7 A. L. Sharp, Agricultural Research Sewice. 

be given to long range plans for (1) eventual 
use of partially filled reservoirs; (2) provision 
of substitute facilities; and (3) soil conserva- 
tion measures that would reduce sediment 
yields. The panel members and I agree gener- 
ally with these ideas, but we view planning as 
a continuing requirement and feel that any firm 
plan for reservoirs that extends far beyond 
periods used for current economic analyses 
would not be in accordance with present policies 
of the Federal Government. 

If the thoughts expressed here serve to stimu- 
late some further interest in the field, the dis- 
cussions will have served their purpose. 
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