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RELATIONSHIPS BETWEEN SEASONAL
SUSPENDED SEDIMENT BEHAVIOR

AND RESERVOIR TURBIDITY

INTRODUCTION

Purpose

The purpose of this thesis is to critically investigate the opera-

tion of Willamette River Basin reservoirs in order to relate the exis-

tence of turbidity in the reservoir pools and releases with causes and

possible corrective actions. Comparisons among seven Willamette

River Basin reservoirs are made to isolate particular turbidity-

associated factors with reservoir and basin characteristics. The

reservoirs of interest are Detroit, Green Peter, Cougar, Lookout

Point, Hills Creek, Dorena, and Cottage Grove. Special attention is

given to Hills Creek Reservoir in a more detailed examination of

causative factors.

Scope

The investigation consists of a field program of sampling and

observations during the period from December 1970 to July 1971 and

an evaluation of that data and other existing records related to the

study. Most of the field work was carried out in Hills Creek Reser-

voir and Watershed, although some sampling and observations were
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made at the other sites.

Specific attention is given to the possible sources of turbidity-

causing sediment within the watershed and within the reservoir itself.

The controlling factors of soil erosion and soil transport as turbid

water are evaluated. The influence of seasonal reservoir operations

on reservoir turbidity and turbid reservoir releases is also examined.

An identification of the most probable causes of turbidity and the

associated remedial actions that might be taken are discussed.

Background

The Willamette Basin reservoirs are shown in Figure 1. The

seven reservoirs of interest in this study were completed and filling

was initiated as follows: Cottage Grove, 1942; Dorena, 1949; Detroit

and Lookout Point, 1953; Hills Creek, 1961; Cougar, 1963; and Green

Peter, 1966. Other reservoirs shown in Figure 1 were excluded from

this study because they reregulated upstream power dams (Big Cliff,

Foster, and Dexter), were quite shallow (Fern Ridge), or were

smaller and recent in construction (Blue River, Fall Creek).

The City of Oakridge constructed Green Waters Municipal Park

in 1954 along the north bank of the Middle Fork Willamette River and

downstream of Hills Creek dam site. The green colored water in a

pool in the river called Green Water Pool was the genesis of the city

park's name. After construction of Hills Creek Reservoir the pool
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became much colder in the summer and received much less use for

swimming. The green colored water eventually became less green

and more turbid in appearance.

A significant increase in reservoir turbidity and downstream

turbidity was noted at Hills Creek following the large December 1964

flood. A similar increase in turbidity in Cougar Reservoir was also

observed at that time. The turbid conditions have persisted since

1965 at Hills Creek Reservoir but not at Cougar.

Observations of turbidity were noted following construction of

Green Peter Reservoir. The excessive disturbance of soil associated

with land clearing and perimeter road construction was identified as

the cause of turbidity at that reservoir. Turbidity has decreased

since that time at Green Peter Reservoir.

Of all the seven reservoirs of interest, Detroit reportedly is

the clearest in the summer and autumn months, usually from April

until the first fall rains.



LITERATURE REVIEW

Operation and Management of Reservoirs
in the Willamette Basin

General Features

5

The reservoirs constructed and operated by the U. S. Army

Corps of Engineers in the Willamette River Basin provide protection

against floods and development of the basin's water resources.

Among the interests served by the reservoirs are: flood control,

irrigation, navigation, power, recreation, fishlife, pollution abate-

ment, and water supply for domestic and industrial uses. The sea-

sonal precipitation and runoff characteristics of the basin allow a

multi-purpose regulation with three operating seasons: the major

flood season, the conservation storing season, and the conservation

releases season. Flood control storage space is provided from

November or December through January to accommodate major

floods. The storage of runoff for conservation uses (beneficial uses

of stored water) is accomplished from the first of February until

early or mid-May. This fills most of the space previously vacated

for winter flood control and provides the necessary water for summer

conservation uses while leaving a modest amount of space for summer

flood control. Stored water is used from June until the next flood sea-

son in November. If conservation uses are insufficient to vacate the
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conservation storage zone, the excess water is released in the fall to

provide the needed flood control storage space.

The full development of the Willamette Basin as visualized in

1947 included 17 storage and 3 reregulating reservoirs (U. S. Army

Corps of Engineers, Portland District, 1947). At present, ten storage

reservoirs are completed and in operation: Detroit, Green Peter,

Cougar, Blue River, Fall Creek, Lookout Point, Hills Creek, Dorena,

Cottage Grove, and Fern Ridge. Reregulating reservoirs in operation

just downstream of Detroit, Green Peter, and Lookout Point storage

reservoirs, respectively, are named: Big Cliff, Foster, and Dexter.

Flood control regulation schedules are basically established

from downstream bankfull capacities. After a flood, reservoir

releases are initiated when downstream flows have receded to levels

within their banks. These flows are limited to those which can be

accommodated within bankfull capacities. If the forecasted flood

volume is greater than the available storage capacity of a reservoir,

the release rate is increased to prevent an exceptionally high release

at the time the reservoir would become full. The inflow is estimated

by applying an adjustment factor to the gaged reservoir inflows in

order to account for additional, ungaged inflow. If gage readings are

not available, the total inflow is computed from observation of the

rise in pool elevation over a period of time. With the reservoir

inflow and pool elevation known, a new outflow is computed from
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curves to optimize the use of the remaining storage space. A limit

is set to the maximum increase which may be made to the reservoir

release in a one hour period (U. S. Army Corps of Engineers, Port-

land District, 1947).

Hills Creek Reservoir Operation and Management

A more detailed synopsis of reservoir regulation for Hills

Creek Reservoir follows. This is representative of reservoir regu-

lation in general in the Willamette Basin (U. S. Army Corps of Engi-

neers, Portland District, 1962).

The major regulation seasons for Hills Creek Reservoir are:

the "major flood season" from 1 December to 31 January, "conserva-

tion storage season" from 1 February to 14 May, and "conservation

release season" from 15 May until 30 November. Regulation of Hills

Creek Reservoir is closely coordinated with the regulation of Lookout

Point and Dexter Reservoirs, which are located downstream.

Flood control schedules are based on maintaining flows within

stream banks below Dexter Dam. Flood storage in both reservoirs

normally begins simultaneously in proportion to their respective

storage capacities (37 percent of the total to Hills Creek and 63 per-

cent to Lookout Point). Figures 2 and 3 are the actual flood control

schedules (rule curves) for Hills Creek and Lookout Point Reservoirs.

Storage is initiated when the river stage downstream of Dexter Dam
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threatens to exceed the banks. The release from Lookout Point Dam

is reduced as indicated on Figure 4 and the excess water is stored in

Hills Creek Reservoir. In the case of a large flood event the fore-

casted flood volume may be greater than the combined available

capacity of Hills Creek and Lookout Point Reservoirs. In this case

the rate of release is increased in order to prevent an especially high

release when both reservoirs become full. If the flood volume is pre-

dicted to be this large, the inflow to Hills Creek Reservoir is used to

derive this increased outflow rate. The Hills Creek Reservoir inflow

rate is obtained from U. S. Geological Survey gaging stations 14-1448

and 14-1449. If the gages are inoperative, the inflow rate is instead

obtained from the relationship:

inflow = outflow ± change in storage,

which is facilitated with the use of Figure 5. The revised outflow rate

is obtained from Figure 6 when the inflow is 30,000 cfs or greater.

The outflow rate may be obtained from Figure 7 for inflow rates less

than 30,000 cfs. The revised outflow rate is gradually adopted over a

long enough time period to prevent a surging effect, an increase in

discharge of 1500 cfs in one hour being the upper limit. If the inflow

to Lookout Point is proportionally greater than the Hills Creek inflow,

the Hills Creek release is reduced to ZOO cfs unless power generation

by Hills Creek turbines is necessary.

The total flood storage capacity of Hills Creek Reservoir is
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composed of primary storage, 145,000 acre-feet, and secondary

storage, 50,000 acre-feet. When there is no shortage of power

(Columbia River flow sufficient to provide for needs) and a major

flood is imminent, the water is released from secondary storage to

provide a larger total flood storage capacity.

Operations during the conservation storing season are governed

by the rule curve (Figure 2) and an inflow forecast. The storage limit

at any time during the conservation storage season is not to exceed

the upper limit defined by the rule curve, with the exception of the

storage of a flood event during the filling period. After such a flood

the pool would be returned to the scheduled elevation intended for that

date. The actual filling schedule is governed by a forecast of the

inflow available before the dry summer season. This forecast is

based on the expected rainfall, ground water availability or base flow,

and the remaining watershed snowpack. The forecast is revised every

15 days.

The conservation release schedule is prepared annually. It is

revised and reviewed throughout the release, season to best serve the

needs of power generation, irrigation, existing water rights, and fish

life. The schedule is based on the amount of remaining stored water,

forecasted inflows, and the needs of water users. A minimum release

is established at 100 cfs. Releases are not scheduled specifically for

navigation or pollution abatement. Recreation is not an authorized
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project purpose but is given some consideration when decisions are

made governing release of stored water. Releases for mosquito con-

trol are not required.

The regulation manual for Hills Creek Reservoir was prepared

prior to the completion of Fall Creek Reservoir (see Figure 1 ) . Fall

Creek Reservoir drains into the Middle Fork of the Willamette River

below Dexter Reservoir. A revision of the Hills Creek regulation

manual upon completion of Fall Creek Reservoir is proposed in the

Hills Creek manual to integrate the three-reservoir system (Hills

Creek, Lookout Point, and Fall Creek) to optimum benefit (U. S.

Army Corps of Engineers, Portland District, 1962), but this has not

yet been done.

Outlet Levels of Seven Willamette Basin Reservoirs

The water quality of releases from a dam is often controllable

if provision has been made for selecting the withdrawal level of water

from within the pool. However, dams in the Willamette River Basin

were not provided with multiple outlet levels specifically to allow for

selective withdrawal of reservoir contents. Those projects which

include power production as a purpose do have penstocks located at a

different level than the regulating outlets. These include Detroit,

Green Peter, Cougar, Lookout Point, and Hills Creek Dams. Detroit

Dam is provided with regulating outlets at two levels, whereas the
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other six dams only have them at a single level. Locations and sizes

of penstocks and regulating outlets in the seven projects are shown in

Table 1.

Table 1. Elevations of penstocks and regulating outlets at seven
Willamette Basin dams.

Project

Penstock

Elevation,Height,No. feetfeet
(m.s.1.)

Regulating Outlet U.S. Army
ElevationCorps ofElevation,

EngineersNo. feetfeet (m.s. ].) reference

Detroit 2 15 1403 2 10 1340 1953b
2 10 1265

Green 2 14 810 2 10 750 1968
Peter

Cougar 1 10.5 1425 2 12.5 1485 1964

Lookout 3 18 780 4 12 730 1954b
Point

Hills 1 12 1390 2 12.5 1415 1962
Creek

Dorena 0 3 6.5 742 1953c

Cottage 0 3 6.5 722 1953a
Grove

Turbidity Related to Sediment Yield

Turbidity is a measure of the ability of suspended colloidal

materials to diminish the penetration of light through a water sample
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(Powell, 1964). Since turbidity is dependent on the amount of sus-

pended sediment, it might be assumed that a simple relationship

exists between the two factors which might expedite the estimation of

suspended sediment in a large body of water. Turbidity measurements

may be made either in situ or in the laboratory. Gravimetric analysis

of the amount of suspended sediment (a laboratory measurement) is

much more time consuming than are turbidity measurements. The

turbidimeter is suggested by the U. S. Interagency Committee on

Water Resources (1963) as a means for determining concentrations of

suspended sediment in samples.

Kunkle and Comer (1971) tested the reliability of this technique

on a particular watershed in Vermont over a two-year period. A

logarithmic relationship between suspended sediment concentration

in milligrams per liter (mg/1) and turbidity in Jackson Turbidity

Units (JTU) was obtained having a ± 25 to 30 percent error. The

ratio between sediment concentration and turbidity did not remain

constant. Values for the ratio of sediment concentration to turbidity

ranged from 6 for lower periods of runoff up to 20 for high spring

runoff and storm periods. The samples taken at the test watershed

were from silty, sandy streambanks lacking clay, organic stains,

pollution derived colors or very fine particles which might complicate

the relationship. Kunkle and Comer endorse the use of a turbidimeter

in estimating suspended sediment concentration in similar watersheds
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but stress that the sediment concentration-turbidity relationship for

each particular area must be determined first. The statement by

Powell (1964), that ". . . attempts to correlate . . . sediment con-

centration vs. turbidity are not practical, since the ability of sus-

pended and colloidal matter to diffuse and diminish light is dependent

on many factors, . . ." (the same complicating factors as described

by Kunkle and Corner) is making the same point about care in using

such relationships. Realizing that the presence of clay and organic

matter might preclude such a relationship, Kunkle and Corner con-

clude that suspended sediment yields from watersheds may be esti-

mated with turbidity measurements in areas similar to those areas

they studied. The relationship between suspended sediment concen-

tration and turbidity in a particular watershed must be established by

measurements from that particular watershed prior to estimating

suspended solids from turbidity measurements.

Sources of Turbidity

Two main categories of watershed erosion are (a) sheet erosion

and (b) gullying and stream channel erosion.

Sheet erosion generally results in the production of fine-grained

sediments. Remedial measures to prevent sheet erosion consist of

land treatment practices such as agricultural strip cropping and

contour terracing.
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Gullying and stream channel erosion are the greatest sources

of sediment in forest areas, according to a Task Committee on Ero-

sion of Cohesive Materials, ASCE (1969). Gullying and stream chan-

nel erosion generally result in the production of coarse-grained sedi-

ment. Remedial measures usually require structural modification

such as channel stabilization. These measures would: (a) produce a

protective blanket to resist the water forces; (b) reduce velocity and

erosion through creation of bank roughness; (c) divert flow from

erodible banks; (d) prevent water surface lowering and the resultant

undercutting; (e) convey flow with maximum efficiency and minimum

maintenance requirements; and (f) enhance capacity and increase

drainage benefits of adjacent land (Task Committee for Preparation

of Manual on Sedimentation, 1969). Obviously, identification of the

sediment source is required prior to initiation of meaningful preven-

tive efforts.

Many of the finer-sized particles may be clay. Experiments

have shown severe erosion of cohesive soil at river banks in winter

months when bankfull flow attacked channel banks that were previously

wet (Task Committee on Erosion of Cohesive Materials, 1968). Sig-

nificant erosion of cohesive soil was also caused by combinations of

cold periods, wet banks, frost action, rises in stage, and crystaliza-

tion of ice with frequent thawing. Cohesive soils resist erosion by

means of an electrochemical bond between the particles. This bond
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depends on the ionic charge, presence of electrolytes, mineralogy,

temperature, pH, ion exchange and absorption.

Partheniades (1964) found erosion rates of clay masses strongly

depended on the shear stresses applied, erosion increasing rapidly

after a certain value of stress had been exceeded. Not identified were

the particular component of cohesion that resisted erosion, the parti-

cular flow variables which controlled erosion, or the soil properties

which resisted erosion.

Anderson (1954) examined and compared 29 watersheds in

western Oregon to relate suspended sediment discharge to such water-

shed characteristics as land use and condition, nature of storms,

streamflow differences, topography, soils, and bank conditions. An

erosion potential map was prepared based on the land use during 1950

to identify areas most susceptible to erosion.

Several studies have related the production of sediment with

logging operations, road building, and slash burning. Leaf (1970)

found that road construction incidental to logging was significant in

causing high sediment yields in a Colorado snow-zone watershed.

The initial high rates of sediment yield from these activities decreased

with time. It was found that burned over watersheds yielded fifteen to

twenty times the sediment as the same areas under favorable condi-

tions. Brown and Krygier (1971) found essentially the same relation-

ships in a study of clearcut logging and sediment production in the
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Oregon Coast Range. Road construction before logging and slash

burning afterward produced the greatest changes in sediment concen-

tration of small streams. In one studied watershed the peak sediment

concentration during storms increased from 200 ppm to 1780 ppm

immediately after roads were constructed. This latter value was

250 times that recorded concurrently in a control watershed. After

two months the peak level decreased to two or three times that of the

control watershed. Landslides from the roads produced concentra-

tions about 34 times greater than the pre-treatment values. Road

drainage failures and erosion of sidecast materials along roads were

identified as likely sources of statistically significant sediment in-

creases in the Coast Range study. One road system was located near

the ridges, entered the watershed from the back of a ridge, minimized

road mileage in the watershed, was well gravelled, and was not used

during the winter months. Even with these extensive precautions a

significant slide occurred during a large storm. The study also noted

that small changes in sediment concentrations and their causes could

not be evaluated because of annual variations in a given watershed,

variations between watersheds, and stage variations at a gaging point.

The U. S. Forest Service has closely monitored watershed

management practices related to erosion of fine grained sediment in

the H. J. Andrews Experimental Forest since 1958 (Rothacher,

Dyrness, and Fredricksen, 1967). The 23 square mile forest is
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located on the west slopes of the Cascade Mountains, 45 miles east

of Eugene, on a tributary of the McKenzie River. A large number of

mass soil movements occurred following the December 1964 flood.

Five events out of 47 occurred in undisturbed areas and accounted for

40 percent of the volume of material moved. Four of these five took

place at the heads of drainage and were caused by the added weight of

water on a steep and unstable area. Little remedial action can be

taken to forestall this type of movement in an undisturbed area

(Dyrness, 1967). Four of the 47 events were caused by failures in

the road drainage system, accounting for 22 percent of the volume of

material moved. Clogging of a culvert or uphill ditch concentrated

the runoff and completely saturated the soil mantle below the road.

As a consequence, flow or slump-type movements released a large

volume of water and erodable material. Twenty six of the 47 soil

movement events were road washouts and roadfill or backslope fail-

ures not attributed to improper drainage. Four of the 47 were slumps

below culverts and eight occurred in logged areas. The logged area

failures could not be credited to logging, per se. Over 80 percent of

the total failures occurred on slopes greater than 45 percent.

It was established in the H. J. Andrews studies that high con-

centrations of suspended sediment were limited to a few days during

the winter months and that a major portion of the annual total weight

of suspended sediment was moved during those days in conjunction
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with major storm runoff events. One watershed within the experimen-

tal forest, having a one-third square mile area, for example, lost 82

percent of its total sediment yield in three days and the remaining 18

percent over a period of 157 days (Rothacher, Dyrness, and Fredrik-

sen, 1967).

Logging without the construction of forest roads, called skyline

yarding, was compared against the usual patchcutting in which logs

are cabled to landings along the watershed slope, loaded on trucks,

and removed over forest roads (Fredriksen, 1970). In general, seven

times the amount of suspended sediment was produced in the road-

associated patchcut watershed as in the skylined watershed with no

roads. The total sediment load in the patchcut area, including bed

load, was 26 times larger than the total load in the skylined area.

Fredriksen (1970) also reported that slide-producing storms

generally occur in the western slopes of the Cascade mountains with

a three to four year frequency.

The Task Committee for Preparation of a Manual on Sedimenta-

tion (1969) found a significant increase in sediment yield to reservoirs

associated with reservoir construction operations. However, the high

rates of sedimentation at early reservoir age decreased with time (a

return to normal rates within about five years after construction).

The bottoms and walls of many reservoirs are exposed during

drawdown. This subjects settled sediment deposits to bed and bank
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erosion in narrow channels and rivulets. Lake Mead is noted for its

wave cut terraces created in the reservoir walls during drawdown

(Neel, 1966).

Wind and the resulting formation of waves on a reservoir are

significant in causing erosion of bank material. The characteristics

of these waves are influenced by depth of water, variations in depth,

bottom roughness in shallow areas, shape of reservoir, and shore-

line features (U. S. Army Corps of Engineers, 1962). A simple

analysis on a reservoir may be upset by the wind turbulence caused

by high bluffs, tree lines, or other irregularities along the shoreline.

In areas of deep water (depth greater than 1/2 wavelength) the char-

acteristics of open water waves will remain the same as they approach

shore. The characteristics are modified substantially where shallow

areas occur. These changes are due to shoaling, refraction, and

diffraction (U. S. Army Corps of Engineers, 1962). Waves approach-

ing shore break at depths which are close to the wave height (Chow,

1964). With a flat shore slope of 1:20 to 1:100 about 90 percent of the

wave energy is dissipated in the wave breaking process and 10 per-

cent is lost in frictional effects prior to breaking. Deep water waves

impinging on shore lines, however, are completely dissipated in the

breaking process (U. S. Army Corps of Engineers, 1962).
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Transport Mechanisms

The transportation of sediment to reservoirs by streams can be

classified into "bed material load," the coarser part of the total sedi-

ment load,and "wash load, " the finer part of the load which is more

easily suspended and carried by the flow. The wash load is the frac-

tion of the total sediment load transported that affects turbidity, since

turbidity and suspended sediment are related, The wash load material

is not found in appreciable amounts in the channel bed. Therefore,

the degree of wash load movement in a channel must be measured

during the period of flow (Einstein, 1964).

Smaller, lighter, and more platy particles will remain in

suspension much longer than the heavier, larger, equi-dimensional

particles. This is especially the case when the transport capacity

decreases due to a reduction in energy gradient, increase in stream

cross-sectional area, or a reduction in flow velocity, all of which occur

as streamflow reaches a reservoir. Consequently, the sediment

released with reservoir outflows will consist entirely of the "wash

load" for the Willamette Basin reservoirs of interest.

Currents and turbulence within a reservoir will inhibit the

settling of suspended material. An indirect method of measuring the

relative degree of wind-induced mixing, proposed by Markofsky and

Harleman (1971), is the reservoir L/d ratio (reservoir length divided
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by average reservoir depth). A high L/d ratio indicates that a

reservoir is more susceptible to mixing due to a large surface area

exposed to wind forces (large L) or to less volume subjected to mixing

action (small d). Use of the ratio implies that the wind direction is

generally along the length of the reservoir, since no shape factor is

included.

Surface water driven by wind from one shore to another will

sink along the leeward shore and be replaced by water rising from

greater depths along the windward shore. The velocity of horizontal

movement decreases with depth to zero at a shearing plane; then it

increases in the opposite direction to a maximum value and finally

decreases to zero with greater depth (Warren, 1971).

The mass movement or transport of water and suspended sedi-

ment within a reservoir is influenced significantly by density-caused

stratification within the reservoir. In the Willamette basin this

stratification is most likely to arise due to thermal gradients. How-

ever, greater concentration of dissolved and suspended solids will

also contribute to the density gradient (Gould, 1951). Markofsky and

Harleman (1971) describe the factors that alter a reservoir's thermal

structure and, consequently, its density structure as: (a) the chang-

ing temperature of inflowing water; (b) incoming heat of solar radia-

tion; (c) evaporative cooling; (d) back radiation; (e) losses through

reservoir boundaries; and (f) operation of reservoir discharge.
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During spring and summer, lakes and reservoirs with small inflows

and outflows become stratified because of surface heating and mixing

of the water to increasing depths. By fall, maximum stratification is

achieved. Thereafter, surface cooling causes downward mixing which

leads to a winter condition of thermal homogeneity (Harleman, 1961).

Vertical density stratification inhibits vertical motion because

the application of energy is required for vertical motion. Movement

of fluid within a density stratum is thus restricted by the balance of

buoyant and gravity forces acting on the water particles (Markofsky

and Harleman, 1971). Water entering a reservoir in late summer or

fall is usually colder than the reservoir surface water and enters at

an intermediate depth. It may find its way to the outlet rather quickly

in some cases. Water entering in spring and early summer may be

warmer than that in the pool. It may enter on the surface and remain

in the reservoir for a long time (Markofsky and Harleman, 1971).

Most dominant of the density currents in Lake Mead are the

"underflows" which transport suspended sediment (Gould, 1951).

They plunge beneath the mass of clearer reservoir water and travel

by gravity through the impoundment, often moving the entire 78 miles

to Hoover Dam. Average velocities of this underflow are 0.4 fps

(1 fps near the inlet and 0.25 fps near the dam). "Interflow s, " or

density currents which enter the reservoir and flow out along a lower

layer of higher density water above the bottom, are not significant in
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Lake Mead. "Overflows" take place in spring and early summer when

the inflow spreads out at the surface over the colder, more dense lake

water body. It was found that the fine size of material in the under-

flows was such that suspended particles had an average median diam-

eter of 1.65 microns in the dispersed state, with 67 percent clay,

32 percent silt, and less than 1 percent sand. The finer particles

travelled the farthest from the inlet, with settling taking place as a

flocculated mass. Density within the turbidity current ranged from

1.001 gram per cubic centimeter (g/cc) at the clear water interface to

1.200 g/cc adjacent to the reservoir bottom. Thickness of the under-

flow was only a few feet and the flow was confined to the channel

bottom for the first 14 miles as it entered Lake Mead. Farther

downstream, mixing took place up to a depth of 20 to 30 feet.

Spurkland (1968) describes the existence of a return flow on the

reservoir surface which balances an underflow and may carry logs or

debris back upstream to the reservoir inlet. His experiments in a

laboratory reservoir with brine solutions indicate that little mixing

takes place between a highly stratified reservoir fluid and the inlet

fluid, even at relatively high inflow velocities. However, with the

inlet above the reservoir surface level (such as for a steep inflow

channel) a submerged current will not form.

The behavior of stratified flow was examined in a laboratory

model by Elwin and Slotta (1969). When the inflow density current
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was of the same density as that for the water at the outlets, it moved

through the reservoir quickly at the same level as the outlet. How-

ever, when the inflow current was denser than the outflow, it was

blocked by the dam. When it reached the far end of the reservoir

then the withdrawal current "selected" the entering streamflow and

pulled it up to the outlet. The inflow current was observed to meander

horizontally (in the plan view). This meandering was thought to be a

function of reservoir geometry and current velocity.

Brooks and Koh (1969) note that the control of water movement

in a reservoir may be affected by: (a) selective withdrawal, provided

the structure is equipped with more than one outlet and the size of the

outlets is small compared to the thickness of the withdrawal layer;

(b) destratification or mixing of the layers within the reservoir; and

(c) mixing or stratification of the inflow with a diffusion structure.

Their laboratory investigations show that at a distance upstream of

only one dam width the stratified flow on approaching a selective with-

drawal outlet is reasonably well distributed laterally across the

reservoir. They report the thickness of the withdrawal layer may

be over a hundred feet thick in some cases. Formulas are presented

which express the layer thickness in terms of the density gradient,

vertical eddy diffusity, and the rate of discharge. Markofsky and

Harleman (1971) suggest the thickness of a layer may be determined

more readily by dye tests or, indirectly, from temperature
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measurements. The thickness of the withdrawal layer near the outlet

depends on the vertical temperature gradient at the outlet. Thickness

of the layer decreases as the temperature gradient increases. When

a power plant operates on a peaking power production schedule, the

daily average outflow rate may hide considerable variation in flow

rate and temperature (Markofsky and Harleman, 1971).

As density current layers are pulled to an outlet, they are

seldom thick enough to avoid mixing with water above and below

(Neel, 1966). Muddy strata are often built up by subsequent turbid

underflows and interflows to a degree that turbid releases persist for

long periods of time. Prolonged turbid discharges are most common

from reservoirs that are filled by drainage of clayey soils.

An artificial transport mechanism discussed by Symons, Irwin,

and Robeck (1967) is reservoir destratification by mechanical pumping

of water to the surface from below the thermocline. Their experi-

ments were basically concerned with biological water quality param-

eters, but total suspended solids concentrations were monitored prior

to, during, and following a five week pumping period. Prior to the

test the possibility of increasing surface turbidity by bringing solids

up from the bottom and discharging them at the surface was consider-

ed. Before pumping began, the test reservoir and a control reservoir

(not pumped) exhibited an increasing trend in total suspended solids

with time at four depths monitored (5, 15, 30, and 45 feet). After
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five weeks of pumping the total suspended solids decreased at 5 and

15 feet in both reservoirs, indicating that surface clarity was not

impaired. At the 30 and 45 foot depths the control reservoir continued

to increase in total suspended solids while the pumped reservoir

showed a significant decrease.

In a later publication, Symons (1969) describes the results of

further experimentation with artificial de stratification. Periodic

destratification throughout the summer, starting in spring, was dis-

covered to be more effective than a single mixing in mid- or late

summer. More economical and efficient than mechanical lift pumping

is diffused air mixing. In this method a compressor causes a column

of air bubbles to rise from the bottom, lifting the more dense water

to the surface.

Settling of Suspended Material

The sediment that is transported into a reservoir may be

retained in the impoundment or carried farther downstream with the

reservoir outflow. A measure of a reservoir's ability to retain

incoming sediment is reservoir "trap efficiency." Brunne (1953)

presents a graph relating the reservoir capacity/annual inflow ratio

to the percentage of sediment trapped in an impoundment. The curve

is useful in comparing the trap efficiency of storage-type reservoirs

of similar shape, operation, and sediment characteristics. Brunne
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states that accurate timing of reservoir releases from low level out-

lets to intercept density current underflows can triple or quadruple

the amount of sediment discharged from the pool.

The fall velocity of a sediment particle in water depends on the

size and shape of the particle, among numerous parameters. Electro-

chemical processes are important in determining the fall velocity of

fine-grained sediments less than 10 microns in diameter, such as

clays and colloids (Gottschalk, 1964). Other phenomena affecting

settling include hindered settling, where the concentration of particles

is so high that one particle affects the settling of its neighbor and

slows the process, and differential settling, where a faster particle

overtakes a slower one and becomes attached to it so that they both

settle together at a greater velocity, increasing the settling rate

(McLaughlin, 1959).

The settling of small suspended particles within a thermally

stratified reservoir or lake may be hindered by wind-induced move-

ment. The movement is in cell-like spaces, tubular and parallel with

the wind direction (Stommel, 1949). An end view of two such cells is

shown in Figure 8A. Motion of the water in the cells is shown by the

arrows. Heavier particles fall more rapidly than the lighter particles.

The lighter particles may be held in suspension longer because of the

existence of a rising current in the cell. Let R be the ratio of

settling velocity of a particle in quiescent water to the maximum
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A

A. End view of cell-like spaces in a thermally
stratified reservoir. Arrows indicate direc-
tion of movement.

v

B. "Region of retention" where particles are
retained in closed trajectories, indicated by
shaded area.

Figure 8. Settling of a suspension in thermally stratified water
subject to wind stresses.
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upward water velocity. When R > 1 all particles will settle out.

When R = 1/2 some particles in the vicinity of the maximum upward

velocity do not fall out but are retained in a "region of retention," or

zone where the particles are retained in closed trajectories (see

Figure 8B). The region of retention becomes larger as R approaches

zero. In an actual situation, turbulence causes some exchange of

particles across the "region of retention" boundary. If a sharp den-

sity increase occurs beneath the convective layer, particles that are

settling may not sink through the underlying water of increasing den-

sity but instead may be held under the region of retention (but above

the sharp density gradient).

The specific surface (surface area per unit mass of soil) of

individual clay particles may be so high that their behavior is con-

trolled by surface forces rather than gravity forces. Also, a small

single particle may be carried in suspension by Brownian motion in

still water (Partheniades, 1964). Furthermore, there is a wide vari-

ation in the size of clay minerals. Some individual particles (kaolinite)

may be as large as fine silt while others ( montmorillonite) are so

small that they appear as fog through an electron microscope. The

small size of montmorillonite particles and their unstable molecular

structure result in expansive deposits with a high voids ratio and low

specific weight. Of all clay minerals, montmorillonite requires the

longest period of time to achieve ultimate consolidation (Gottschalk,
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1964). The green color in most common sedimentary rocks comes

from the illite and montmorillonite clay groups (Keller, 1953).

The primary mechanism responsible for deposition of suspended

clay is flocculation (Partheniades, 1964). Flocs may form and deposit

rapidly even in a moving water body. The rate of flocculation depends

on properties of the clay, salinity, suspended sediment concentration,

agitation time, and agitation intensity. In order for a floc to be de-

posited it must first approach the bed surface and then it must pass

through the boundary layer, a zone of relatively high shear stress,

without breaking up. The velocity gradient is at a maximum and tur-

bulent fluctuations are at a minimum in this zone (Partheniades, 1964).
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SEDIMENT PRODUCTION IN WILLAMETTE WATERSHEDS

Willamette Basin Study

The suspended sediment production of the Willamette River

basin was monitored by the Corps of Engineers between December

1948 and July 1951 to supplement the meager information available

on the subject at that time (U. S. Army Corps of Engineers, Portland

District, 1954a). Samples of suspended sediment were taken at six

stations located at varying distances below Corps of Engineer reser-

voir basins, as shown on Figure 9. The total sediment load at each

sampling point was adjusted to reflect only that sediment contribution

from the reservoir watershed. This was accomplished by assuming

that the sediment load is proportional to watershed area. The sedi-

ment loads for water years 1949, 1950, and 1951 are given for each

reservoir watershed in Table 2. (The water year 1949, for example,

begins on 1 October 1948 and ends on 30 September 1949.) The great-

est sediment-producing watersheds, Lookout Point and Detroit, are

also the largest in basin area. Since a large amount of sediment in

the Lookout Point watershed would be trapped in Hills Creek Reser-

voir (approximately 40 percent, based on relative basin sizes), the

resulting reduction in Lookout Point sediment load should be consid-

ered when making comparisons. Construction of Dorena Reservoir

in the years immediately prior to water year 1950 included clearing
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Table 2. Total sediment load produced in seven Willamette Basin
watersheds during 1949-1951 water years.

Reservoir
watershed

Basin
area,
square
miles 1949

Sediment load, tons

1950 1951
3 year

average

Lookout 991 93,200 63,100 390,000 148,766
Point

Detroit 438 98,200 73,200 86,900 86,100

Green 277 92,000 77,100 81,000 83,333
Peter

Hills 389 36,500 24,700 152,500 71,233
Creek

Cougar 208 40,600 16,750 37,000 31,450

Cottage 104 34,100 3,630 5,810 4,283
Grove a

Dorena a 265 not not 32,780 not
available available available

a Cottage Grove Reservoir storage first began in water year 1943,
Dorena in water year 1950, all others after 1951.

the floor and walls of the pool as well as road construction. This may

be credited for the high production of sediment below the dam in the

1951 water year. A large increase in sediment load in the Hills Creek

and Lookout Point Watersheds occurred in 1951. Since the sediment

loads for these two basins were derived from measurements taken at

Lowell, the large increase may have been due to Lookout Point con-

struction activity upstream which began in July 1949: construction of
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the diversion channel, site clearing, and stilling basin excavation

(U. S. Army Corps of Engineers, Portland District, 1954b).

Considering the entire Willamette Basin, it was found that the

heaviest concentration of suspended sediment in streamflow usually

followed the first intense storm of the winter season, often before the

watershed became saturated. The suspended sediment concentration

during a flood event usually increased with increasing stage and the

maximum value generally preceded or was simultaneous with the peak

discharge. The watersheds at higher elevations, and consequently

with steeper stream gradients, produced more sediment than did

watersheds at lower elevations (such as Cottage Grove and Dorena).

Anderson's Erosion Potential Map

The erosion potential map prepared by Anderson (1954) was

based on land use during 1950. He considered the production of sedi-

ment in relation to streamflow differences, topography, soils, and

bank conditions, among other influencing factors. A map of the seven

Willamette River Basin reservoirs of interest in this study can be

superimposed on the erosion potential map to make an estimate of the

portion of each reservoir basin that coincides with each erosion

potential category. To do this, the number of square miles in each

category is used to compute the sediment production in tons per

year. The total sediment produced in each watershed in tons per
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year and in tons per square mile is given in Table 3.

Table 3. Sediment production in seven Willamette Reservoir basins.

Reservoir
watershed

Total
sediment

produced,
tons/
year

Rank

Sediment
production,

tons/
square
mile

Rank

Lookout
Point

Detroit

Green
Peter

Hills
Creek

Dorena

Cougar

Cottage
Grove

76,690

41,790

33,280

20,955

17,400

16,410

12,540

1

2

3

4

5

6

7

77

96

120

54

66

79

121

5

3

2

7

6

4

1

The watersheds producing the highest sediment yield were

again found to be those with the largest areas (Lookout Point and

Detroit). Sediment production in tons per square mile was included

in the comparison to show the radical difference in the ranking of the

basins on this basis. Cottage Grove watershed produced the least

total sediment but was highest in tons per square mile produced,

based on 1950 conditions. In comparisons of reservoir watersheds
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of different sizes, the total sediment load, rather than the yield per

unit area, should be the basis of comparison. The total sediment

load entering the reservoir is more indicative of any water quality

problems related to turbidity within the pool.

Evaluation of Cutbank Stability

The stability of slopes in the Willamette National Forest was

investigated by the U. S. Forest Service from 1961 to 1963 (U. S.

Forest Service., Willamette National Forest Region 6, n.d.). The

purpose was to identify areas susceptible to excessive erosion that

could be caused by road cuts. Road cuts, or the removal of a volume

of soil from a hillside to allow the construction of a road, expose the

soil to the erosive forces of storm runoff. Willamette Basin water-

sheds lying within National Forest boundaries could be compared for

slope stability on the basis of these investigations. The areas were

classified for stability through the use of aerial photographs, geologic

maps, and on-site observations.

Color coding of the cutbank stability maps was undertaken to

enhance recognition of problem areas in relation to the reservoirs of

interest in this study. Classification of cutbank stability zones is

shown in Table 4, along with the color coding used on the maps.

Color coded maps of three watersheds are shown in Figure 10 (Hills

Greek), Figure 11 (Cougar), and Figure 12 (Detroit). Watershed
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Table 4. Cutbank stability zones.

Forest
Color Service
code stability

zone

Description

White I, very Practically no chance of cutbank
stable failure.

White H, stable Probability of no more than three
failures per mile of cutbank road.

Light III, moderately Probability of four to eight failures
blue stable per mile of cutbank road.

Blue IV, unstable Probability of nine to fifteen fail-
ures per mile of cutbank road.

Dark V, very Probability of more than fifteen
blue unstable failures per mile of cutbank road.

(Source: U. S. Forest Service. Willamette National Forest Region
6, n. d. )

boundaries are outlined in red. Also, the reservoir pools are colored

red. Those portions of the watersheds not included on the maps are

predominantly classified as I, very stable. These regions occur

largely in the crest zone of the Cascade Mountains and are composed

of materials with no chance of cutbank failure. The southeast portion

of Hills Creek basin, lying in this zone, may not be very productive

of turbidity-causing suspended sediment because of this.

A comparison of the three basins for susceptibility of cutbank

failures suggests that Hills Creek watershed is much more prone to
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Figure 10. Cutbank stability in Hills Creek basin.
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Figure 11. Cutbank stability in Cougar basin.
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Figure 12. Cutbank stability in Detroit basin.
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landslide erosion than Cougar or Detroit basins. Supporting evidence

of this was found on winter trips to the basin. In general, slumps,

landslides, and road failures occurred in all watersheds visited.

However, severe soil movements were noted in tributary watersheds

to the Middle Fork of the Willamette River upstream of Hills Creek

Reservoir in mid-January 1971. Road washouts were observed in

Youngs Creek and an unnamed tributary to Staley Creek. The road

at Buck Creek was undermined but not washed out. A massive slump

was observed about four miles above the mouth of Buck Creek which

was attributed to a cutbank failure. A large landslide was also

observed on Dome Creek. Verification of the accuracy of the cut-

bank stability maps is apparent.

Reservoir Trap Efficiency

The percentage of incoming sediment which is retained within

an impoundment is known as the reservoir trap efficiency. General-

ized trap efficiency curves were developed by Brunne (1953) for

storage-type reservoirs. The curves are entered with a reservoir

capacity-inflow ratio (acre-feet capacity/acre-feet annual inflow) and

a trap efficiency is obtained.

The trap efficiencies determined in this manner for the seven

Willamette Basin reservoirs are shown in Table 5. The annual inflow

values used were average values from water years 1958 through 1969.
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Table 5. Reservoir trap efficiencies for seven Willamette Basin
reservoirs.

Total
reservoir

Reservoir capacity,
1000s of
ac re-feet

Annual Capacity
inflow, to

1000s of inflow
acre-feet ratio

As sumed
percent

of
sediment
trapped

Hills 351 820 0.428 96.0

Creek
Cougar 208 580 0.359 95.0

Green 410 1155 0.346 94.5
Peter

Detroit 436 1540 0.283 94.0

Lookout 443 2070 0.214 93.0
Point

Cottage 32 201 0.159 91.0
Grove

Dorena 72 514 0.140 90.5

The inflows were adjusted to reflect the full basin contribution to each

reservoir. Of the seven reservoirs examined, those with the larger

volumes compared to annual inflows, such as Hills Creek, are more

efficient in the trapping of sediment. The differences in trap efficiency

are not, however, very great.

Reservoir Flushing

Seasonal operation of a flood control reservoir allows for annual

flushing of a portion of the full storage pool. Flushing factors similar
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to the "capacity to inflow ratio" used in finding the reservoir trap

efficiency may be derived for comparing the flushing of reservoirs.

Flushing Ability

The ability of the reservoir to fill with cleaner spring runoff

inflows after the flood season or to evacuate a large portion of its

full-pool volume may be approximated by comparing the volume of

water contained in the reservoir when full to the volume of water con-

tained in the reservoir when drawn down in anticipation of a flood.

Restated, the flushing ability is the ratio of the volume of the maxi-

mum conservation pool to the volume of the minimum flood control

pool. The flushing ability of the seven reservoirs is indicated in

Table 6. A high value indicates a better flushing ability than a low

value.

Cottage Grove and Dorena Reservoirs have a far greater flush-

ing ability than the other five reservoirs shown in Table 6. Among

the others, Hills Creek has the lowest flushing ability.

Annual Flushing Factor

The ratio of the average annual inflow to the volume of a reser-

voir allocated to flood water storage would measure the possibility of

exchange of the total annual inflow each year. The annual flushing

factor is derived in Table 7. A high factor indicates a greater
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Table 6. Flushing ability of seven Willamette Basin reservoirs.

Reservoir

Volume of Volume of
maximum minimum

conservation flood control
pool, 1000s pool, 1000s
of acre-feet of acre-feet

Flushing
ability

Cottage 32 3 10.7
Grove

Dorena 72 7 10.3

Lookout 443 119 3.2
Point

Cougar 208 64 3.3

Detroit 436 155 2.8

Green 410 160 2.6
Peter

Hills 351 156 2.3
Creek

possibility for exchange of inflow than does a low factor. The annual

inflow value is an average based on records for water years 1958

through 1969.

On an annual basis, Dorena and Cottage Grove Reservoirs have

the largest flushing factor. Cougar and Hills Creek Reservoirs have

the smallest annual flushing factor.
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Table 7. Annual flushing factor for seven Willamette Basin
reservoirs.

Reservoir
Annual
inflow,

1000s of
acre-feet

Flood storage
volume,
1000s of

acre-feet

Annual
flushing
factor

Dorena 514 65 7.9

Cottage 201 29 6.9
Grove

Lookout 2070 324 6.4
Point

Detroit 1540 281 5.5

Green 1155 250 4.6
Peter

Hills 820 195 4.2
C reek

Cougar 580 144 4.0

Flood Season Flushing Factor

The frequency and extent of exchange of flood inflows into and

out of the flood storage space of a reservoir may be measured by

means of a flood season flushing factor. Flood season flushing fac-

tors are defined as the ratio of flood season inflow to flood storage

volume.

Inflows during the reservoir flood control season for the water

years 1962 through 1969 were totaled and averaged. Since Cougar
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and Green Peter reservoirs were first operated in water years 1964

and 1967, respectively, the flood season inflow for Cougar is based

on six years of record and that for Green Peter on three years of

record (the latter excluding the influence of the December 1964 flood).

Inflows to all reservoirs were adjusted to reflect the runoff from the

entire basin. The values used for each reservoir are shown in

Table 8, together with flood storage volumes and flood season flush-

ing factors.

Table 8. Flood season flushing factor for seven Willamette Basin
reservoirs.

Reservoir

Flood Flood
Reservoir season storage

flood inflow, volume
season 1000s of 1000s of

acre-feet acre-feet

Flood
season

flushing
factor

Dorena 1 Nov- 257 65 3.96
31 Jan

Cottage 1 Nov- 92 29 3.17
Grove 31 Jan

Lookout 1 Dec- 611 324 1.89
Point 31 Jan

Detroit 1 Dec- 378 281 1.34
31 Jan

Green 1 Dec- 317 250 1.27
Peter 31 Jan

Hills 1 Dec- 225 195 1w20
C reek 31 Jan

Cougar 1 Dec- 151 144 1.05
31 Jan
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Dorena and Cottage Grove Reservoirs have large flood season

flushing factors whereas the other five have smaller and somewhat

similar factors. However, longer flood seasons for Dorena and

Cottage Grove Reservoirs influence the flood season flushing factors

by providing larger inflow values to the numerator of each ratio.

Increasing the flood storage season of any of the other reservoirs to

coincide with Dorena's and Cottage Grove's flood season (1 November

to 31 January) would increase their ability to flush flood season in-

flows. This measure might be especially effective in reducing the

annual sediment trapped in the reservoir. Earlier flushing might

avoid some sedimentation by evacuating runoff from the first intense

storms of the season which presumably carry the heaviest concentra-

tions of suspended sediment (U. S. Army Corps of Engineers, Portland

District, 1954a).

A summary of reservoir flushing and the related trap efficiency

is presented in Table 9. An examination of the table shows that

Dorena, Cottage Grove, and Lookout Point Reservoirs retain less

suspended sediment than Hills Creek, Cougar, and Green Peter

Reservoirs, whereas Detroit Reservoir occupies an intermediate

position.
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Table 9. Summary of reservoir flushing and trap efficiency.

Rank a
Reservoir

trap
efficiency

Flushing
ability

Annual
flushing
factor

Flood
season

flushing
factor

1 Dorena Cottage Dorena Dorena
Grove

2 Cottage Dorena Cottage Cottage
Grove Grove Grove

3 Lookout Lookout Lookout Lookout
Point Point Point Point

4 Detroit Cougar Detroit Detroit

5 Green Detroit Green Green
Peter Peter Peter

6 Cougar Green Hills Hills
Peter C reek Creek

7 Hills Hills Cougar Cougar
Creek Creek

a Reservoirs are ranked in order of increasing inherent sediment
retention.
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RESERVOIR INFLOWS

Water Inflows from Tributaries

The drainage area contributing runoff to Hills Creek Reservoir

is 389 square miles. The basin consists of rugged mountainous ter-

rain with a mean elevation of 3920 feet. Stream gradients vary from

200 feet per mile at the headwaters to 37 feet per mile at the dam.

Two principal streams supply the reservoir: the Middle Fork of the

Willamette River and Hills Creek. The Middle Fork drains 66.32

percent of the basin or 258 square miles, measured above USGS gag-

ing station 14-1448. Hills Creek drains 13.75 percent of the basin or

52.7 square miles, measured above USGS gaging station 14-1449.

From the drainage network of the basin, twenty one tributary

streams were chosen for inflow monitoring. The choice of sampling

points was made in an attempt to sample all significant inflow to the

reservoir near the pool's pheriphery and to subdivide the larger

Middle Fork drainage area into smaller representative components.

The shifting level of the snow zone limited the access to some of the

stations at higher elevations. Locations of stream sampling points

are indicated on Figure 13. It was not practical to sample the local

runoff from lands directly adjacent to the reservoir. The sampled

percentage of the basin tributary to the reservoir was 92.79 percent.

Assuming a uniform storm event over the entire watershed, the
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percent of contribution of runoff of each stream sampled would be as

shown in Tables 10 and 11.

Table 10. Percent of total basin runoff passing selected sampling
points.

Sampled stream Percent of total
basin area

Middle Fork inflow gage a 66.32
Hills Creek inflow gage 13.75
Packard Creek 3.96
Larison Creek 2.74
Coffeepot C reek 2.53
Big Willow Creek 1.32
Bull Creek 0.77
Snow Creek 0.43
Larison upper tributary 0.40
Modoc Creek 0.17
Packard tributary 0.13
Larison lower tributary 0.12
Little Willow Creek 0.11
Way Creek 0.04

Total percent sampled 92.79
Unsampled and local runoff 7.21

100.00

a Further subdivided in Table 11.

Table 11. Percent of total basin runoff passing selected sampling
points above Middle Fork inflow gage.

Sampled stream Percent of total
basin area

Upper Middle Fork 27.90
Staley Creek 9.13
Buck Creek 3.03
Simpson Creek 2.93
Dome Creek 1.44
Windfall Creek 1.32
Gold Creek 0.36

46.11
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Sediment Load from Tributaries

Turbidity Measurements

Stream samples were collected for turbidity measurements on

eleven dates in 1971. The sampling technique was to lower a one

liter bottle to the stream bottom and bring it back to the surface at a

uniform rate such that the bottle was completely filled just prior to

leaving the water. A few drops of toluene were added to each sample

to inhibit biological activity. The samples were kept cool (as further

protection against biological activity) until their turbidities were

evaluated on a Hach Turbidimeter. In general, evaluation of samples

took place between five and fifteen days after they were obtained.

Turbidity measurements for inflow streams, the sampling dates and

associated hydrograph at the Middle Fork inflow gage for the corre-

sponding period are shown in Figure 14. The streams indicate a

relationship of increasing turbidity during the rising limb of the

hydrograph and decreasing turbidity during the falling limb.

With the exception of Larison lower tributary and Staley Creek,

the highest turbidity values for a given stream are associated with the

largest flood events; and the turbidity between flood peaks decreases

to a lower value. The extremely high value of 1400 JTU recorded on

Dome Creek on 16 January coincided with the observation of a large

earth slide adjacent to that stream. Dilution of the more turbid
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16 19 22 28 16 6 11 12 13

Jan Jan Jan Jan Feb Mar Mar Mar Mar

Mid Fork inflow gage 40 105 23 1. 7 7 24 21 13

Hills Creek inflow gage 93 99 5 5 20 25 15

Packard Creek 3. 2 17 18 23

Larison Creek 19 22 16

Coffeepot Creek 8 23 25 21

Big Willow Creek 10 22 21 23

Bull Creek 40 39 28

Snow Creek 6. 4 18 18 14

Larison upper tributary 21 78 55 43

Modoc Creek 42 39 35

Packard tributary 21 27 27 23

Larison lower tributary 42 40 39 27

Little Willow Creek 26 30 26 25

Way Creek 40 40 37

Upper Middle Fork 21 3. 3 0. 2
Staley Creek 66 14 15 10

Buck Creek 18 82 66 37

Simpson Creek 90 62 14

Dome Creek 1400 150 21 141 65 27

Windfall Creek 92 35 34 40 23

Gold Creek 14

Figure 14. Turbidity observations and runoff hydrograph for streams
tributary to Hills Creek Reservoir.
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waters upstream of the Middle Fork inflow gage may be noted by

comparing the turbidity at the gage with the turbidity of upstream

stations on 16 January (Simpson, Staley and Dome Creeks). Later

during this flood (19 January) the turbidities of the smaller upstream

tributaries were declining but the diluted turbid flows of preceding

days still maintained a high turbidity level at the Middle Fork gage

farther downstream.

The average turbidity during a representative three-day flood

event, 11-13 March 1971, for each sampling point was multiplied by

the percent of watershed area above that point to obtain a comparative

turbidity contribution factor. This is shown in Table 12. For the

two largest tributary areas, Middle Fork inflow gage and Hills Creek

inflow gage, the turbidity contribution factors represent approxi-

mately the same proportional contribution (1283/1848 and 275/1848,

respectively) of turbidity to the reservoir as their proportional basin

areas. However, some of the smaller tributary areas contribute a

greater proportion of turbidity than their size would suggest.

The high turbidity contribution factors for Buck Creek and

Dome Creek, both tributaries of the Middle Fork indicate the loca-

tions of suspected erosion problem areas in the watershed during

March. The areas drained by these two streams are relatively

small compared to the larger drainage areas above the gaging sta-

tions and to the drainage area of Staley Creek, yet the significance
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Table 12. Tributary sediment load based on turbidity measurements.

Sampling point
11-13 March

average
turbidity, JTU

Percent of
watershed

area

Turbidity
contribution

factor

Mid-Fork inflow gage 19.3 66.32 1283
Hills Creek inflow gage 20.0 13.75 275
Buck Creek b 61.7 3.03 186
Staley Creek b 13.0 9.13 119
Dome Creek b 77.7 1.44 112
Packard Creek 19.3 3.96 76
Coffeepot Creek 23.0 2.53 58
Larison Creek 19.0 2.74 51
Windfall Creekb 32.3 1.32 43
Simpson Creekb 14.0 a 2.93 41
Big Willow Creek 22.0 1.32 29
Bull Creek 36.3 0.77 28
Larison upper tributary 58.7 0.40 23
Snow Creek 16.7 0.43 7

Modoc Creek 38.7 0.17 7

Upper Middle Fork b 0.2a 27.90 6

Gold Creekb 14.0 a 0.36 5

Larison lower tributary 35.3 0.12 4
Packard tributary 25.7 0.13 3

Little Willow Creek 27.0 0.11 3

Way Creek 39.0 0.04 1

a Single reading taken on 12 March.
b Tributaries of Middle Fork above Middle Fork inflow gage.

of their turbidity contributions is apparent.

The very small turbidity value (0.2 JTU) of the Upper Middle

Fork on 12 March may indicate that a large portion of the watershed

(27.90 percent) is more stable against erosion. Possible causes of

the low value might be the geological stability of the High Cascades,

the protection afforded the soil by overlying snow cover, and
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snowmelt dilution of turbid water from erodable portions of the Upper

Middle Fork. The Upper Middle Fork drains the higher slopes in the

southeast corner of the basin.

Turbidity measurements were made on 17 and 18 June at most

sampling points to contrast the sediment production of the watershed

during frequent winter storms with sediment production during the

late-spring conservation storage season. These measurements are

compared with the 11-13 March measurements in Table 13. The

marked reduction in turbidity by June supports the assumed seasonal

variation in sediment production in the watershed.

Table 13. Comparison of stream turbidity measurements for March
and June 1971 in Hills Creek Reservoir watershed.

Sampling point
11-13 March

average
turbidity, JTU

17 or 18 June
turbidity,

JTU

Mid-Fork inflow gage 19.3 1.3
Hills Creek inflow gage 20.0 1.3
Buck Creek 61.7 3.8
Staley Creek 13.0 1.0
Dome Creek 77.7 1.8
Packard Creek 19.3 1.0
Coffeepot Creek 23.0 1.8
Larison Creek 19.0 1.5
Windfall Creek 32.3 2.3
Simpson Creek 14. 0a 1.5
Big Willow Creek 22.0 3.5
Bull Creek 36.3 3.8
Larison upper tributary 58.7 7.5
Snow Creek 16.7 1.8
Modoc Creek 38.7 8.0
Upper Middle Fork 0. 2a 1.3
Larison lower tributary 35.3 7.0
Packard tributary 25.7 6.5
Little Willow Creek 27.0 4.8

a Single reading taken on 12 March.
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Secchi Disk Measurements

Streamflow clarity was also measured with a Secchi disk on the

previously-noted sampling dates. The recorded measurement was

the number of inches of water necessary to cause the observer to lose

visability of the submerged disk. Secchi disk readings were taken in

varying light conditions, which introduced some experimental error.

In some cases the observed stream was too shallow to allow full sub-

mergence of the disk to the point of obscurity. In these cases esti-

mates were made of the depth at which the disk would probably be

obscured. Secchi disk readings and the associated Middle Fork inflow

gage hydrograph are shown in Figure 15.

Middle Fork tributaries (Simpson, Buck, Dome, and Staley

Creeks) carry a greater sediment load during the rising portion of

the hydrograph than at other times. The Secchi disk readings at the

Middle Fork inflow gage indicate the same trend. Streams along the

reservoir periphery do not indicate this pattern as well but support

the association of decreased disk visability with flood events.

Magnitude of the Sediment Load

Gravimetric determination of total suspended solids concentra-

tions (in mg/1), and turbidity measurements with the Hach Turbidi-

meter (in JTU) were made on the same 40 water samples from

tributaries to Hills Creek Reservoir to evaluate the relationship

between these two measures of water turbidity. The correlation
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Watershed Runoff Pattern, Reflected by Middle Fork Inflow
Gage 14-1448

I I I I I I

16 19 22 28
Jan Jan Jan Jan

Sampling

Sampling Station

16 11 12 13
Feb Mar

Date
Secchi Disk reading on date indicated, inches

16
Jan

19
Jan

22
Jan

28
Jan

16
Feb

11 I 12
Mar Mar

13
Mar

Mid Fork inflow gage 10 4 21 3.8 36 16 20 35

Hills Creek inflow gage 5 5 38 24 18 24
Packard Creek 24 10 11 36 36 20 24
Larison Creek 23 21 28
Coffeepot Creek 10 18 12 20
Big Willow Creek 16 12 16 20 16

Bull Creek 14 12 10

Snow Creek 18 30 24 20

Larison upper tributary 7 6 11

Modoc Creek 11 13 12
Packard tributary 8 18 17 16

Larison lower tributary 10 10 12

Little Willow Creek 10 10 11 13 8

Way Creek 9 10 9

Upper Middle Fork 10 14 35
Staley Creek 3. 5 28 24 27 28
Buck Creek 2 10 18 6 7 14

Simpson Creek 5 7 30 17
Dome Creek 0. 5 2 9 10 2 6 10
Windfall Creek 8 11 15 12 18

Gold Creek 28

Figure 15. Secchi disk visability measurements and runoff hydrograph
for streams tributary to Hills Creek Reservoir.
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analysis (see Figure A-1 of Appendix), with a correlation coefficient,

R, equal to 0.89, indicated that the relationship was close enough to

allow the estimation of suspended solids concentrations from turbidity

measurements.

Estimates of the suspended sediment inflow from likely sources

above Hills Creek Reservoir, as indicated by Table 12, are shown in

Table 14. The sediment values measured at the Middle Fork inflow

gage and Hills Creek inflow gage are "integrated" samples because,

together, they represent 80 percent of the total basin runoff. The

sediment inflow values measured at the sampling points on Buck,

Staley, and Dome Creeks identify more localized suspended sediment

sources which mix together in the Middle Fork and influence the inte-

grated value measured at the gage.

The integrated sediment inflow values measured at the gaging

stations indicated that, for the basin as a whole, the larger contribu-

tion of sediment volume to the reservoir accompanied the earliest and

greatest flood event of the three floods occurring between 16 January

and 13 March. The magnitude of the more localized sediment inflow

at Dome Creek was responsive to the largest flood but indicated that it

had a somewhat different behavior, independent of the integrated maxi-

mum inflow. The high concentration of suspended solids recorded on

Dome Creek on 16 January was due to an observed landslide. The

timing of a specific landslide would be responsible for a more-
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Table 14. Contribution of suspended sediment to Hills Creek Reservoir from tributary stream inflows.

Sampling Mean daily Suspended Suspended Suspended

point stream solids solids solids

and
date

discharge
cfs a

concentration,
mg/1

inflow,
tons/hour

inflow,
cu ft/hr b

16 Jan 7200 106 86.0 1720

Middle 19 Jan 7956 446 398.0 7990
Fork 16 Feb 1017 21

c
2. 4 48

gage 11 Mar 1021 50 5. 7 115

12 Mar 1247 41 5. 7 115

13 Mar 918 20 2.0 41

16 Jan 1500 564
c

95.0 1900

Hills 19 Jan 1956 545c 120, 0 2400
Creek 16 Feb 422 14 0. 6 13

gage 11 Mar 488 38 2. 1 42

12 Mar 630 53 3. 7 75

13 Mar 447 25 1. 2 25

16 Jan 329 not available
19 Jan 363 not available

Buck 16 Feb 46 not available -- --
Creek 11 Mar 47 309 1.6 33

12 Mar 57 224 1. 4 29
13 Mar 42 95

c

0. 4 9

16 Jan 994 325 36.4 728
19 Jan 1096 not available

Staley 16 Feb 140 not available -- --
Creek 11 Mar 141 22 0. 3 7

12 Mar 172 25 0. 4 9
13 Mar 126 13 0, 2 4

16 Jan 156 14732 c 259.0 5180
19 Jan 172 1250 C 24.2 484

Dome 16 Feb 22 not available -- --
Creek 11 Mar 22 691 1. 7 34

12 Mar 27 291 0. 6 13
13 Mar 20 59 0. 1 3

a. Mean daily stream discharges for 16 January are estimated from limited unpublished data.

b. Based on an assumed settled specific weight of 100 lb/cu ft,

c, Values determined gravimetrically, all others from correlation curve in Appendix A,
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independent and less-predictable suspended solids productivity.

The 19 January flood was one of two large flood events occur-

ring in water year 1971. The other event occurred in late November

1970 (see Figure A-2 of Appendix) and was of lesser magnitude. In

general, past streamflow records show that about one relatively major

flood occurs in the basin each flood season of a magnitude reasonably

similar to the 1971 flood. A very rough estimate of the total volume

of suspended sediment entering the reservoir during one flood season

may be made by assuming that: (a) the 1971 water year is typical;

(b) the combined suspended sediment inflow from the Middle Fork and

Hills Creek on 19 January is a representative value; and (c) this

representative inflow occurring over a single 48-hour period approxi-

mates the major flood season inflow of suspended solids. The result-

ing estimate of total sediment inflow is 407,000 cubic feet, or 9

acre-feet annually, based on an assumed settled specific weight of

100 lbs per cubic foot.

Observations of Road Locations and Clearcutting

In addition to the identification of existing landslides and slumps

in the basin, an attempt was made to correlate the mass failures with

particular topographic features or land use practices. It is believed

that certain easily identifiable areas within the watershed require

special care in order to control the inflow of sediment-laden runoff.
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Restrictions on timber harvest practices and on the construction and

maintenance of roads are suggested in these areas, which are indicated

schematically in Figure 16.

The downcutting and incision of steep V-shaped channels or

"notching" of a drainage area produces a potential earth slide zone.

In many cases the existing forest roots may provide the predominant

"anchor" force preventing the onset of a major slide event. Clear-

cutting and road construction in such an area may accelerate the

erosive process begun by nature. An example of a V-notched area

is shown in Figure 17. Similar restrictions on clearcutting should be

enforced in areas such as shown in Figure 18. These locations of

steeper stream gradients and headwaters are found higher in the

watershed and mark the beginning of the crest zone of the Cascade

Mountains.

The land surface between the two zones indicated by Figures 17

and 18, and sometimes including them, is the zone most susceptible to

road construction-caused erosion, as shown in Figure 19. Practices

here which may reduce the production of excessive suspended sedi-

ment in streams are (Dyrness, 1967): (a) keep roads in the area to a

minimum; (b) locate roads on ridges and in valleys to the maximum

extent possible; (c) where necessary to site a road on a slope; use a

full bench cut and end haul the soil rather than sidecast; (d) leave a

strip of trees on the downhill side of the road; (e) provide adequate
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Figure 16. Major sediment producing zones in Willamette reservoir
basins located in the Cascades.
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Figure 17. Example of V-notched area.
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Figure 18. Example of increased stream gradients and headwaters.
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Figure 19. Cutbank failure and landslide.
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drainage including energy dissipators below culvert outfalls; and (f)

in maintaining existing roads and clearing winter landslides do not

allow sidecasting of spoil material (as done in Figure 20) but end haul

it to an approved fill site.

Sediment Supply in Relation to Storage Volume

The reservoir inflow s during the flood season are greater than

at other times of the year. The supply of sediment from the water-

shed is also greater during this period and is roughly proportional to

the high inflow rate. The reservoir flood storage volume (the volume

available for the retention of flood waters) permits not only the

retention of flood runoff but also the retention of sediment that may

be carried by these floods.

The flood season flushing factors for Hills Creek Reservoir

during ten years of operation are derived in Table 15. These show

some differences with the 1.15 average factor shown in Table 8 and

based upon the 1962-1969 water years. The significance of the large

December 1964 flood is evident from Table 15. The flood storage

volume would have been quite adequate to retain the full flood season

inflow in water years 1963, 1966, 1968, and 1 9 70 . The inf low

was about equal to the flood storage volume in water years 1962,

1964, and 1969. The larger flood events of water years 1965,1967, and

1971 could not have been retained within the reservoir in one filling.



Figure 20. Sideca sting of spoil material.
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Table 15. Flood season flushing factors for Hills Creek Reservoir
during ten years of operation.

Combined
flood season Estimated total
inflow from flood season Flood

Water Middle Fork inflow from season
year and Hills watershed, flushing

Creek, acre-feet factor°
acre-feet

1962 151,420 188,800 0.970

1963 118,020 147,300 0.757

1964 152,800 190,800 0.981

1965 461,880 575,000 2.950

1966 109,850 136,700 0.703

1967 184,510 230,000 1.181

1968 102,810 128,200 0.659

1969 152,560 190,200 0.978

1970a 121,600 151,500 0.778

1971a 179,320 223,000 1.144

a Estimated inflow from available gaging station records.
b Flood season flushing factor = (flood season inflow from water-

shed) -I- (flood storage volume of reservoir)

It could be expected that greater sediment inflows accompanied the

increased flood season inflows of water years 1965, 1967, and 1971.

In the above discussion it should be remembered that most of

the December-January inflow is released and the flood pool re-

evacuated in anticipation of late winter floods before the conservation
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filling begins on 1 February. Hence a great deal of the finer material

held in suspension is undoubtedly also released from the dam.

Effect of Changing the Reservoir Filling Schedule

The variation in pool elevation for Hills Creek Reservoir since

its first filling in fall, 1961, is shown in Figure 21. The major flood

control season, the conservation filling period and the conservation

use season are evident. In almost every year the reservoir was

filled to the normal full conservation pool by summer. The exception,

1968 and 1970, represented years of very dry spring and summer

weather or a poor spring snowpack.

Maximum possible evacuation of the reservoir contents at the

end of the flood control season would provide one means of releasing

much of the suspended sediment which is carried into the reservoir

earlier by flood runoff. Subsequently, filling the pool with as clear

water as possible would be desirable. This ideally would require a

uniform runoff during late winter and spring without flood peaks and

the associated turbidity problems. Beginning to fill the reservoir

later in the season than 1 February would approach this desired con-

dition because fewer floods occur as the season progresses, that are

likely to carry large sediment loads.

Conservation filling after 1 February is based on the available

water supply, which in turn depends on water stored in the watershed
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in the form of ground water and snowpack, and on runoff from rainfall

during the conservation storage season. Forecasts of the remaining

runoff available in the watershed are made by the Corps of Engineers

at fifteen day intervals and are based on a statistical evaluation of

past meteorological records, snow cover in the basin, and recession

runoff. Delays in undertaking conservation filling would be at the

risk of jeopardizing some reservoir uses if the available water supply

is limited in a particular year. Failure to fill the conservation pool

would thus have to be weighed against any benefits of turbidity control

gained from a delayed filling schedule. During years with an abundant

snowpack the schedule could be automatically delayed in agreement

with the forecast procedure.

Concerning the maximum possible evacuation of reservoir con-

tents at the end of the flood control season it is noted that the mini-

mum flood control pool (elevation 1448 feet) is the usual level to

which the reservoir is evacuated in anticipation of flood s and held

between floods prior to 1 February (according to the rule curve).

The pool may be drawn down an additional 34 feet to elevation 1414

(minimum pool level) as was done in 1969 and 1970. In 1970 the pool

was at the 1414 foot level prior to the largest flood of the season;

thereafter, however, this large sediment-producing flood was not

flushed to the 1414 foot elevation. In fact, the pool only dropped to

elevation 1500 because of the approaching storage season. Thus a
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great deal of suspended sediment was retained in the pool at the start

of the filling season. In the 1965 water year, the pool was lowered

only to 1452 feet following the largest flood event in the reservoir's

existence.

An alternative approach to controlling reservoir suspended sedi-

ment during the winter flood control season might involve an advanced

flood control storage season beginning on an earlier date. This would

be effective in flushing out runoff from the first storms of the winter

which ordinarily contain the highest concentrations of suspended sedi-

ment. Such an approach would not have any effect upon the filling

schedule during the conservation storing season. It would, however,

have the beneficial effects of reducing sedimentation on the reservoir

banks and reducing the average turbidity of the pool as later, less-

dirty runoff enters the reservoir.
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RESERVOIR BANK EROSION

Observations of Hills Creek Reservoir at different seasons of

the year indicate that reservoir bank erosion is of two principal types:

That due to runoff and that due to wave action. The first of these may

be approximately identified with winter. Wave action is responsible

for erosion at all seasons but is most pronounced in the summer.

Runoff-Caused Pool-Edge Turbidity

Winter observations of the reservoir indicated the erosion of

reservoir walls and banks was contributing to the supply of suspended

sediment in the pool. The discoloration of the reservoir water adja-

cent to rivulets and small eroded channels in the reservoir walls

identified these areas. Muddy rivulets running into a brown patch of

water in the pool were most apparent on 28 December 1970, a rainy

day. This erosion is shown in Figures 22 and 23. The sloping banks

of the reservoir are quite susceptible to this washing and eroding.

Whether the suspended sediment entering the pool from this source

remains in suspension indefinitely, settles to some intermediate zone

or the bottom, or is drawn off with reservoir releases is not known.

But some settling occurs because the more turbid water does not

extend out into the pool for any great distance during calm conditions.

Also, mixing from waves and wind forces could cause the vertical

distribution of these turbid inflows.
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Figure 22. Pool-edge turbidity at Bull Creek due to runoff-caused
overland flow on 28 December 1970.
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Figure 23. Hills Creek entering reservoir, depicting runoff-caused
pool-edge turbidity, terraces, and clearer inflow water
interface on 28 December 1970.
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Terracing

In many portions of Hills Creek Reservoir terracing is notice-

able on the banks. These terraces are shown in Figures 23 and 24.

Wave forces acting on the reservoir walls at different elevations, are

suspected of causing the formation of the terraces.

Samples of bank material taken from different locations around

the reservoir varied in clay content as shown in Table 16. The devia-

tion in clay content suggests that different bank locations vary in their

Table 16. Variation in clay content of bank samples from Hills
Creek Reservoir, winter 1970-1971.

Sampled
location

Sampled
depth,
inches

Percent
of sample

composed of
coarse clay,
0.002 mm
to 0.0008

mm median
diameter

Percent
of sample

composed of
medium and
fine clay,
less than

0.0008 mm
median

diameter

Packard Creek, 0-12 8 27
Site 1

Packard Creek, 1-17 11 51
Site 2

C. T. Beach
boat ramp

0-18 4 5

Little Willow 0-12 8 12
Creek

Reservoir floor
sample off Big

0-24 5 11

Willow Creek
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Figure 24. Terraces at Bull Creek on 28 December. 1970.
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contribution to turbidity. The reservoir floor sample, which was

included for comparison, is only representative of the reservoir floor

at the upstream end of the pool, where coarser material might be

deposited by river inflows along with the finer material in suspension

in the pool. Nevertheless, the 11 percent medium and fine clay value

from the reservoir floor in the vicinity of Big Willow Creek is not too

different from values reported for the reservoir banks (except at

Packard Creek--identified as a source of locally concentrated clayey

material during visits to the site).

The reservoir bank terraces were monitored for evidence of

soil movement from 22 December 1970 to 6 February 1971. Stakes

were placed and marked indicating the top and bottom of the "riser"

of each "stairstep" in the terraces. The line of stakes was located at

the easternmost protrusion of Packard Creek Campground into the

reservoir pool. Figure 25 shows the timing of the pool elevation

variation during the monitoring period. The bank was subjected to

overland runoff erosion for more than half this period. A rapid rise

in elevation (5 days) was followed by the more gradual drawdown (16

days). The period coincided with the major flood event of the flood

storage season. The heavy runoff from this storm, rapid increase in

pool elevation, impact of falling rain, and erosive forces of breaking

waves, all may have contributed to the reworking of the bank material

during the monitoring period.
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Careful measurement of the new bank terraces in relation to

each stake permitted a plot to be made of the change in the cross

sectional shape of the bank. A portion of this plot is shown in

Figure 26. Measurements of the area lost and the area gained dur-

ing the monitoring period indicated a significant movement of soil.

Considering the bank cross section, 2330 square inches of area were

lost from the original profile while 1079 square inches of area were

gained. The difference in these two values, 1251 square inches,

represents the net amount of bank area lost into the reservoir pool

or deposited on the bank below elevation 1465 feet. The length of the

1465 foot elevation contour around the reservoir bank is somewhat

over 100,000 feet. The 1251 square inches converted to square feet

(8.69 square feet) and multiplied by the length around the reservoir

yields a total loss of about 870,000 cubic feet of bank material to the

pool in this 46 day period, assuming that similar terracing occurs

around the entire perimeter of the reservoir and that exposure and

other factors are similar. If the full flood control storage zone is

subject to similar terrace erosion, as is the 49-foot high portion

observed, the loss figure would be approximately doubled or 1,740,000

cubic feet. The bank sample at Packard Creek Site 1 was taken adja-

cent to stake A 16, about midpoint of the monitored section. Assum-

ing that the total reservoir bank area contributes about one-third of

the loss measured at Packard Creek (since this is a very exposed
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area) 580,000 cubic feet of soil entered the reservoir from the bank.

If this material averaged about 10 percent fine clay it would produce

slightly over one acre-foot of fine clay and add to the turbidity of the

reservoir.

Smectite, a fine clay related to montmorillonite, was absent

from outflow samples taken from Dorena, Cougar, Green Peter, and

Detroit reservoirs. Samples from the tributary inflows and the out-

flow of Hills Creek Reservoir all contained smectite. The presence

of very fine clay in large unflocculated amounts in Hills Creek Reser-

voir and the monitored loss of bank material containing clay offer

evidence in support of the banks being an important contributor of

turbidity. This may be through direct erosion or through erosion of

material which has settled out on the banks during floods or times of

high pool levels. Little can be done to easily correct the erosive

nature of the banks.

Landslides

A reconnaissance was made of the reservoir banks at low pool

in December 1970 to locate slumping failures. Small areas of shore-

line failure and mass movement were noted. The only major land-

slide source of sediment observed adjacent to the reservoir was above

the west shore road near the dam. A portion of this slide is shown in

Figure 27. The photograph was taken after a storm period. The



Figure 27. Landslide above Hills Creek Reservoir perimeter road
near west end of dam, 16 January 1971.
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slide may account for a small inflow of suspended sediment. Land-

slides near the reservoir proper are not considered a major cause of

turbidity. The repair of slides that block the road should be accom-

plished with endhauling of the slide material to an approved fill loca-

tion rather than sidecasting it into the reservoir.

Summer Observations of Wave-Caused Erosion

Water sampling trips to the reservoir when the pool was full or

nearly full allowed frequent observation of wave-caused erosion along

the shore. A brown strip, ranging from two to fifteen feet in width,

was first noted off Packard Creek campground, along the east shore,

and in the Hills Creek arm of the reservoir on 8 May 1971. Winds

estimated at about 15 knots often prevail in the afternoon on Hills

Creek Reservoir in the spring. The winds blow from north to south,

in line with the long axis of the reservoir, causing the formation of

waves of about a foot in height measured from trough to crest. These

are estimated to be average May-July conditions for five or six hours

of each afternoon. Typical wave-caused turbidity on the east shore

opposite Packard Creek boat ramp is shown in Figure 28. Turbidity

of a surface water sample from this location was 48 JTU on 20 June

1971. Wave caused turbidity off Packard Creek Campground on the

west shore (near the terracing study) is shown in Figure 29. A sur-

face sample of this water had a turbidity of 74 JTU on 20 June 1971.
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Figure 28. Wave-caused turbidity opposite Packard Creek boat ramp
on east shore of Hills Creek Reservoir at 1500 hours on
20 June 1971.
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Figure 29. Wave-caused turbidity off Packard Creek campground on
west shore of Hills Creek Reservoir at 1400 hours on
3 July 1971.
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The browner sediment-laden water plumes extended into the pool for

distances of up to ZOO feet when the wind and waves "sheared" along a

reservoir promontory.

Hills Creek, Lookout Point, Dorena, Cottage Grove, and

Cougar Reservoirs were observed for presence and extent of wave-

caused shoreline turbidity during the 5, 6, and 7 July period. The

phenomenon was evident at all reservoirs to varying degrees. Hills

Creek Reservoir was the most affected, however.
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RESERVOIR WATER FEATURES

The characteristics of Hills Creek Reservoir water were studied

in several ways. During the winter, interfaces between clearer and

more turbid water were noted in the reservoir on several occasions.

The thermal structure of the pool was investigated over the spring-

summer months to identify mixing and stratifying behavior. Turbidity

variations over the spring- summer months were carefully studied.

The effect of outlet location upon reservoir water behavior was also

considered.

Interface Observations in Winter

A distinct interface between clearer and turbid reservoir water

was noted frequently in December 1970 and January 1971. An inter-

face near the mid-reservoir log boom is shown in Figure 30. This

interface moved about a mile downstream from the 18th to the 29th of

December. Clearer inflow water during fair weather apparently

pushed the more turbid reservoir water downstream. The "lagging"

water on the west side (left part of the pool in Figure 30) may be

attributed to the twisting reservoir configuration upstream and

greater frictional resistance along the west bank due to a point of

land. Reservoir temperature during this period is estimated to have

been vertically-uniform at about 6 degrees centigrade (°C), based on
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Figure 30. Hills Creek Reservoir turbidity interface looking
upstream from east shore on 28 December 1970.
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reservoir outflows, while inflow from the Middle Fork varied from

21 to 4°C (see Figure A-2 of Appendix). The inflow water would tend

to be more dense than the warmer reservoir water due to the tempera-

ture difference. However, the turbidity of the reservoir water would

tend to increase its density and compensate to some degree for ther-

mal density differences. The position of an interface wedge between

the two water masses would depend on the stronger of the two influ-

ences. A clear-water/turbid-water interface is also in evidence in

the Hills Creek inflow (Figure 23).

During the last half of January the interface was observed to be

reversed; that is, the inflow was much more turbid than the reservoir

water. Observations of this reversed interface were made following

a large storm. In this case the colder and more turbid inflow was

unmistakenly more dense than the water in the upper end of the

reservoir and would tend to sink to the bottom as it pushed out into

the pool. However, the inflow volume was sufficiently large during

the major flood event of mid-January that the pool began to fill rapidly

and the interface became indistinct with time.

Thermal Structure

Vertical temperature profiles were measured at different sta-

tions in the reservoir starting on 24 March 1971 (see Figure 31 for

locations). The observed temperatures at each station on each date
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are given in Tables A-1 through A-7 of the Appendix. Figure 31

shows the longitudinal variation in temperature profile along the

Middle Fork arm of the reservoir on 20 June to indicate the longitudi-

nal uniformity of the thermal structure. Composite thermal profiles

for the reservoir on the several field measurement dates are pre-

sented in Figures 32 and 33 to show the trend in temperature variation

over the spring-summer period.

Variations in temperature with depth below the water surface

were very similar at all stations on the reservoir on the same day.

Figure 31 shows a typical example of this longitudinal homogeneity,

as do the data of Tables A-1 through A-7, The difference between

the temperature at a given depth at the dam log boom on a given day

would vary only approximately one °C from that measured at any

other point in the reservoir at the same depth. Thus, composite

reservoir temperature profiles can be used to facilitate the compari-

son of reservoir thermal structure on different dates.

Figures 32 and 33 are composite profiles of sampling stations

from 24 March 1971 through 3 July 1971. The temperature varied

from a fairly uniform 5°C in March to a stratified condition in late

June and July when the thermocline became very pronounced. The

growth of the thermocline corresponded to periods of warm air and

water surface temperatures.

Water entering the reservoir from the Middle Fork of the
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Willamette River on 1-3 April, 1 May, 22 May and 27 May had

average daily temperatures of 6.5, 8.3, 9. 8 , and 8.3°C, respectively

(source: unpublished records of U. S. Geological Survey). By com-

parison with Figures 32 and 33 it can be seen that the inflow probably

acted as an "interflow" in the reservoir, seeking a level between

1460-1490 feet elevation. However, mixing at the upper end of the

pool (with warmer impounded waters) and diel (24 hour) fluctuations

in stream temperature undoubtedly increased the thickness of the

interflow over that suggested by daily average temperature. As the

pool warms during the summer, the inflow, derived from cooler

snowmelt and baseflow, probably seeks lower intermediate elevations

in the reservoir.

Of particular importance to the investigation of suspended sedi-

ment behavior and turbidity is the persistent uniformity in tempera-

ture below the penstock elevation (see Figures 32 and 33). Variations

in temperature with time indicate that a mixing action is occurring in

the water above elevation 1390 feet. All significant movement within

the pool, at least from the onset of thermal stratification in late April,

occurs above the level of the penstocks. Water for reservoir releases

is thus drawn from the storage volume above 1390 feet. This pheno-

menon probably continues until the time of the fall overturn of reser-

voir water, caused by cooling of surface water and mixing as this

denser upper water sinks. Although data is not presently available to
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support this assumption, it is supposed that this quiescent zone

becomes mixed with the water above elevation 1390 feet during this

overturn, causing increased turbidity of releases when the pool is

drawn down for the flood control season.

The role of wind-waves in modifying the thermal and turbidity

structure of the pool is probably most significant in the upper levels

of the reservoir. An indirect measure of reservoir susceptability to

wind-induced mixing proposed by Markofsky and Harleman (1971) is

the reservoir length-to-depth ratio. This has been applied to Hills

Creek and six other Willamette Basin reservoirs, as shown in Table

17. Lookout Point Reservoir is influenced by wind-induced mixing to

Table 17. Wind-induced mixing approximated by reservoir length-to-
depth ratio for seven Willamette Basin reservoirs.

Reservoir
Reservoir

length,
feet

Average
reservoir

depth,
feet a

L/d
ratio

Lookout 75,000 138 543
Point

Dorena 26,000 73 356

Cottage 16,000 47 340
Grove

Green 53,000 180 295
Peter

Hills 42, 000 152 276
Creek

Detroit 47,000 231 203

Cougar 32,000 226 141

a Approximated by one half the dam height, generally given as
streambed to roadway deck.
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a much greater degree than the others while Detroit and Cougar Reser-

voirs are influenced the least. Hills Creek Reservoir has the lowest

of the intermediate ratios. Wave producing winds in the spring and

early summer, discussed earlier, may not have a great influence on

mixing at depth because of a relatively low L/d ratio. This observa-

tion is in agreement with the assumed inhibited mixing below the 1390

foot elevation which is reflected by nearly constant temperatures

there over time.

Turbidity Variations

Turbidity profiles were obtained at several stations in the

reservoir during the 1 April through 3 July 1971 period (see Figure

34 for locations). The observed turbidities at each station on each

date are given in Tables A-8 through A-13 of the Appendix. Figure

34 shows the longitudinal variation in turbidity profile along the Middle

Fork arm of the reservoir on 20 June to indicate the longitudinal uni-

formity of the turbidity structure. Composite turbidity profiles for

the reservoir on the several field measurement dates are presented

in Figures 35 and 36 to show any trends over the spring-summer

period. Turbidity has been evaluated with a Hach turbidimeter in all

cases.

Turbidity changes with depth, like temperatures, did not vary

from station to station to any marked degree, with one exception.
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The samples of 1 April were analyzed prior to the establishment of a

field laboratory at the reservoir site. These samples were frozen

because of a time lag before laboratory analysis and may have not

been sufficiently resuspended prior to evaluation. Turbidity mea-

surements on 1 April may therefore be unrepresentative of actual

conditions.

Composite turbidity profiles for the period 1 April through 3

July 1971 are shown in Figures 35 and 36. The turbidity gradient with

depth is fairly stable between sampling dates in the vicinity of the

penstock elevation, 1390 feet. Some decrease in turbidity near the

bottom in the deepest portions of the reservoir appears to have taken

place after 27 May. A slight clearing tendency with the passage of

time is noted above that level except for the upper 18 feet on 3 July.

Reservoir surface water on that date was abundant with an algal die-

off, a possible cause of increased turbidity in those upper layers.

Turbidity of the powerhouse tailrace water was measured on

22 May at 16 JTU. The corresponding elevation for water having a

turbidity of 16 JTU within the reservoir pool was 1440 feet, some 50

feet above the penstock centerline. Water from the regulating outlet

channel downstream of the dam was measured at 14 JTU. This cor-

responds to a 14 JTU turbidity in the reservoir at 1448 feet elevation

or 33 feet above the regulating outlet. Evidently, released water is

being pulled down from levels above the penstock and regulating outlet
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elevations. Examination of the turbidity profiles supports this con-

cept because the profiles are generally vertical (well-mixed condi-

tions) down to the 1440-1448 foot elevation and increase in turbidity

below (quiescent conditions). Comparison of the profiles in Figure 36

at the 1440 foot elevation indicates the boundary between the clearer

water (vertical profile from surface to 1440 feet) and more turbid

water (sloping profile below 1440 feet) is descending with the passage

of time. This could coincide with settling of suspended material

above and the gradual replacement of turbid winter runoff with cleaner

spring runoff in the upper layers. Water entering from the Middle

Fork of the Willamette and Hills Creek can be easily recognized as

an "interflow" by examining the data taken between March and July

(Tables A-8 through A-13 of Appendix). A less turbid strata lies

between 33 and 66 feet (10 and 20 meters) below the surface.

Evidence of wave-caused bank erosion is not apparent in the

turbidity profiles. Uniformly low turbidity measurements (taken

away from the banks) for the first 80 feet of depth below the surface

indicate that bank erosion from wave action does not seriously

increase surface turbidity. It may be that this bank erosion material

either resettles locally or moves to deeper levels and mixes well with

the much more turbid water there.

The increased turbidity (attributed to algae) in the surface

layers on 3 July was not observed during sampling on 11 July 1971.
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Turbidity on this date in the first 60 feet of depth was uniformly low,

less than 3 JTU, while wave-caused bank erosion and plumes of turbid

water were observed on the same afternoon,

Effect of Outlet Locations

It was indicated previously that the elevations of the Hills Creek

Dam outlets (penstocks and regulating outlets) were related to the

temperature stratification and turbidity stratification at the dam.

Uniform low temperatures in the reservoir below the outlet levels

indicated quiescent conditions or little mixing there. Uniform low

turbidity from the water surface to a consistent elevation (about 1445

ft) above the outlets indicated that turbid releases were from a strata

bounded by the outlet elevation on the bottom (1390 feet), and the

beginning of an increasing turbidity gradient on the top (1445 feet).

The withdrawal layer thickness is thus considered to be 55 feet and

influenced strongly by the outlet locations. An outlet at a lower ele-

vation would be effective in releasing more-turbid water as well as

causing mixing and drawing the thermocline to a greater depth.

Observations, by Corps of Engineers personnel, of concurrent

penstock and regulating outlet releases below the dam on 22 June 1971

indicated a definite selective withdrawal behavior. The elevation dif-

ference between penstock and regulating outlets at Hills Creek, as

noted in Table 1, is only 25 feet, considerably less difference than at
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Detroit (138 feet), Green Peter (60 feet), Cougar (60 feet), or Lookout

Point (50 feet)--Dorena and Cottage Grove outlets are at a single ele-

vation. At Hills Creek on 22 June the water from the penstock was

significantly more turbid than that from the regulating outlets. In

this case, the deepest selection was evidently at the 1390 foot pen-

stock level and the less turbid water, from the regulating outlets,

was pulled from above that drawn to the penstock.

Sluicing the more turbid bottom water from the pool, at a con-

venient season to minimize the loss of water to beneficial uses, might

be accomplished with a flushing outlet located closer to the reservoir

floor than the penstock. Such an outlet might be provided, for

example, by using the existing dam construction diversion tunnel.

Diversion tunnels of future structures could include a gate or valve

rather than a permanent concrete plug to permit this. Multiple eleva-

tion outlets would allow a range of selection for controlling the water

quality of the pool and of releases.

Artificial Destratification

Artificial destratification as proposed by Symons (1969) would

more uniformly mix the reservoir contents and force a more uniform

turbidity throughout the full reservoir depth. The upper 40 to 60 feet

might become more turbid, an undesirable result, but the bottom tur-

bidity would be diluted, avoiding possible highly turbid releases in
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late summer and fall that coincide with the fall overturn. Symons'

experiments did not indicate excessive increases in surface turbidity

due to pumping. Using an air compressor to bubble air up from the

reservoir floor at intervals throughout the summer would inhibit

stratification. The release of clearer water from the outlets might

be gained at the expense of a more turbid condition at the pool surface.
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EVALUATION OF FINDINGS

Seasonal Sequence of Pertinent Events

A review of the annual cycle of reservoir operations and exter-

nal influencing factors at Hills Creek Reservoir is presented to con-

solidate the information previously discussed. The sequence of

events described will begin on 1 December with the reservoir pre-

pared to store the first winter flood.

The flood storage space is filled with the very turbid flood run-

off of the first large storm of the season. Some settling occurs onto

the sloping banks and some into the deeper regions of the pool. The

reservoir is not thermally stratified since drawdown and the fall over-

turn have permitted the water to become mixed vertically. Wind mix-

ing is effective to a greater depth in the non-stratified pool. After the

first large storm, flood storage space is again evacuated in anticipa-

tion of a second flood. Erosion from currents and waves releases

clayey bank material into the reservoir in the terracing process. As

the pool is drawn down, suspended sediment from the pool above the

outlets is released to travel downstream. Much of the suspended

sediment is at an intermediate depth and lower, however, and does

not find its way to the outlet. Fine clay continues to periodically

enter the pool from the banks and from subsequent storm events.

The flood storage space may be filled again by a second large flood
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and again be drawn down. The second large storm might not carry

as large a sediment load as the first storm but the second drawdown

would enhance more complete flushing of the pool.

In the conservation storing season, cleaner spring runoff enters

the reservoir. The inflow is slightly warmer and less dense than dead

storage water so it mixes and travels in the upper part of the reser-

voir. Thermal stratification begins as surface heating occurs.

In the conservation release season the water is relatively clear

at the surface except for zones of wave-caused turbidity along the

banks. Releases are moderately turbid from the 55 ± foot thick layer

above the penstock elevation. As fall approaches and overturn occurs,

the reservoir reaches a condition of increased turbidity in the upper

levels (probably much less than for the period immediately following

a major flood, however). Mixing occurs and disturbs the quiescent

bottom strata below the penstock, causing more turbid releases than

were experienced during the summer. Turbid releases and reservoir

turbidity continue as the pool is lowered in preparation for the flood

season.

Causes of Turbidity and their Relative Degree of Influence

Hills Creek watershed produces only an average amount of

suspended sediment annually (based on 1949-1951 data and land use

conditions) when compared with the other six reservoirs of interest
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in Table 2. Lookout Point and Detroit Reservoirs are the most pro-

ductive, partially due to their large drainage areas. The average

annual sediment inflow to Hills Creek Reservoir predicted from the

Report on Sedimentation (U. S. Army Corps of Engineers, Portland

District, 1954a) was 71,233 tons. This figure was no doubt influenced

by Lookout Point Reservoir construction activities which were initia-

ted in 1949. The total tons of sediment per year estimated in Table 3

from Anderson's Erosion Potential Map (20, 955 tons) is more related

to conditions in the watershed and independent of the such localized

influences as Lookout Point construction. Because of this, the 20,955

tons per year figure may be more representative of current watershed

conditions. An annual suspended sediment inflow of 20,300 tons per

year (407, 000 cubic feet annually at an assumed settled specific weight

of 100 lbs/cu ft) was estimated from actual sampling of inflows from

January through March 1971 (Table 14). Twenty thousand tons per

year may be a conservative estimate of the annual suspended sedi-

ment inflow to Hills Creek Reservoir. Sediment inflows following the

more severe flood events (water years 1965, 1967, and 1971 were probably

greater than 20,000 tons per year.

Hills Creek watershed is highly susceptible to cutbank failures.

Soil mass movements were observed and identified in the winter as

important sources of suspended sediment. They occurred along Buck

Creek, Staley Creek, and Dome Creek, among other locations.
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Forest road failures and sidecasting of spoil were also identified as

important sources of sediment. Clearcutting in certain areas contri-

buted to the instability of failure-prone slopes. The majority of the

seasonal sediment load may be transported from the watershed into

the reservoir within a few days during the major flood of the year.

Hence, mass soil movements and the flushing of trapped sediment

accumulated since the last flood season undoubtedly occur in this short

period.

The inflowing sediment included fine clay, such as smectite

(which was not found in samples taken at four of the other six reser-

voirs). Green sedimentary rocks indicative of fine clay were found

in the inflowing streams throughout the basin. Bank samples and

bottom samples from the reservoir also contained fine clay. These

particles may resist flocculation and settling.

Since the turbidities in the upper pool are small and the tur-

bidity gradient begins 70 to 100 feet below the surface after the con-

servation storing season, it appears that the spring inflows may have

diluted the fine sediment in the upper part of the pool at the same time

that settling has occurred. The downward displacement of the tur-

bidity gradient with time shown in Figure 36 suggests that either

dilution with clearer river inflow or settling of clayey particles with

or without flocculation must have occurred in this zone.

The reworking of bank terraces releases clayey deposits into



117

the pool. A rough estimate of the medium and fine clay lost from

terracing during the flood season was about 1 1/3 acre-feet or 3,000

tons per year. Since large slumps and slides are not apparent along

the banks to any appreciable degree, the erosion creating the terraces

may just involve previously undisturbed soil. Much material lost

from the bank may have been previously suspended material that

settled out on the slopes of the reservoir. Nevertheless, net loss

of bank material is apparent in many areas where roots of tree trunks

have been exposed.

Wave action on the banks following the flood season, when the

pool is less turbid, appears to create local turbidity. This turbidity

along the shores does not extend into the pool for any great distance

before it clears except near promontories. The settling of material

suspended by this wave erosion may be related to the build-up of the

slopes below the water surface, discussed in conjunction with terrac-

ing. Failure of the pool-edge turbidity to spread over the surface

supports the assumption that flocculation and settling of clay along

the shoreline is occurring.

Turbid conditions in Hills Creek Reservoir are more likely to

persist because of a lesser degree of flushing than for the other

reservoirs studied (see summary in Table 9). Turbid releases from

Hills Creek Reservoir flow into Lookout Point Reservoir but are not

as persistent there because of a good flushing relationship and wind-
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induced mixing in Lookout Point. Flood season flushing in any reser-

voir can, however, be influenced by changes in the reservoir operating

schedule.

From the data presented here it appears that the Hills Creek

watershed is the main source of turbidity and of far greater signifi-

cance than bank erosion (20, 000 tons/year vs. 3,000 tons/year, very

approximately). The cause of this watershed turbidity is a combina-

tion of natural and man-caused conditions related to the stability of

the soil mantle and the presence of fine clays which tend to remain in

suspension over long periods.

Possible Corrective Actions

Watershed Activity

Effective curtailment of a portion of the sediment produced

annually in Hills Creek watershed may be achieved by the proper

maintenance of forest roads. Drainage ditches and culverts must

remain fully operational throughout the flood season. Ponding that

may cause saturation of road fill material must be relieved. Spoil

dumping areas should be located and used to eliminate the practice of

sidecasting in conjunction with construction and maintenance, especi-

ally the clearing of winter landslides that fall onto roads. One such

disposal area might be the level area below the dam. Road building
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should be minimized in those drainage areas of Buck Creek, Staley

Creek, and Dome Creek that contribute greatly to the production of

sediment. Siting of new roads should be along ridges and in valleys;

road cuts on slopes greater than 45 percent should be prohibited.

Road fills must be well drained.

Modifications of existing logging practices should be made.

Timber harvest in unstable headwater areas and locations of steep

V-notched stream channels (slopes steeper than 45 percent) should

be avoided. Where logging of these areas is necessary, use should

be made of skyline methods to avoid road construction on the slopes.

Modifications to Reservoir Operation and Management

Removal of water containing large concentrations of suspended

sediment might be effected by: (1) establishing a new regulating out-

let incorporating use of the diversion tunnel, or (2) artificial destra-

tification with air lift pumping.

Revised reservoir operations that might be adopted are indicated

in Figure 37 for the flood season portion of the Hills Creek Reservoir

rule curve.

A delayed filling schedule (Figure 37A) would allow cleaner

spring runoff to enter in the conservation storing season. However,

since existing (1971) turbidity in the upper 55 feet of the pool is low

because of the runoff that entered this spring, a further, slight
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reduction of turbid conditions may not be worth the risk of failure to

fill to maximum conservation pool. Delayed filling is recommended

only within the limits set by existing 15-day inflow forecast proce-

dures. Late spring snowpack would allow delayed filling.

An advanced drawdown schedule, as shown in Figure 37B, would

increase the flood season flushing factor, as discussed earlier. This

modification would alter the power production capability of the reser-

voir as indicated in the figure. Execution of such an advanced pool

drawdown might be feasible only in years with an exceptionally large

Columbia River Basin runoff in late fall or when power can first be

produced at Hills Creek and later at alternate sources in the

Willamette or Columbia Basin power system. Timing of earlier

flood storage capacity releases in conjunction with the fall overturn

might change the turbidity of downstream flows. Releases might be

less turbid if mixing had not extended down to the penstock elevation,

or more turbid if mixing throughout the full depth had occurred.

During years when the first heavy winter flood is early, as in

the 1969 water year, maximum flushing is recommended immediately

following flood storage, as shown in Figure 37C. Pool evacuation to

the bottom of the winter flood control storage space is indicated in the

figure, but further lowering to the minimum power pool elevation

would be even more beneficial in dumping turbid water. As in the

advanced drawdown situation, power commitments would be
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jeopardized. Improved turbidity control would be achieved at the cost

of decreased power production if some water is released through the

regulating outlets. Adequate Columbia River flows should provide

the signal to adopt this modification in the operating schedule.

Figure 37D illustrates the maximum evacuation of the reser-

voir following a later occurrence of the major flood of the winter.

Power production is not sacrificed in this case. If the first major

storm of the winter occurred earlier than is shown in Figure 37D,

followed later in the season by a second large storm, full evacuation

of the second storm only would not be as effective as full release of

the first storm runoff, assuming the greater availability of watershed

sediment in the fall.

Full flushing of the pool to the maximum extent possible imme-

diately after the first large flood is strongly recommended as the

primary remedial action for reducing the turbidity in Hills Creek

Reservoir. Complete release of the suspended sediment-laden waters

of the initial storm of the season is recommended above all other

corrective steps.
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CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are made:

1. Hills Creek drainage basin is more subject to cutbank

failures and landslides than other, similar watersheds

(Cougar and Detroit).

2. Relationships between the magnitude of runoff entering the

impoundment and the storage volume available in Hills

Creek Reservoir limit the ability of the pool to flush itself.

This limitation is noted as well for other Willamette Basin

reservoirs studied but is most severe for Hills Creek.

3. The majority of the annual suspended sediment load may

enter Hills Creek Reservoir within a short two or three day

period coinciding with the major flood of the water year.

4. The appreciable amount of fine-sized material, such as

clay, and its wide dispersal throughout the pool after enter-

ing Hills Creek Reservoir with flood runoff may prevent

settling and deposition of much suspended material in the

lower regions of the reservoir.

5. The upper portion of this turbid volume of water is drawn

into the penstocks, creating turbid conditions downstream.

The following recommendations are made:

1. Establish restrictions on the construction and maintenance
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of roads within the most erosion-prone areas of Hills

Creek watershed.

2. Establish restrictions on timber harvest in recognized

unstable areas.

3. Following the major flood event of the winter, evacuate the

stored water as thoroughly and quickly as possible. When

power production storage may be sacrificed, lower the pool

all the way to the 1414 foot %elevation.
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Table A-1. Hills Creek Reservoir temperature measurements on
24-25 March 1971.

Depth below Station

o aTemperature, C.

Station Station Station
surface, meters

1 2 3 6

0 5.57 6.18 6.35 6.48
0.6 6.40
1.2 6.32
1.8 6.10
2.4 6.03
3.0 5.54 5.95 5.95 5.86
4.3 5.78
4.6 5.57
5.5 5.50
6.0 5.90 5.80 5.40
7.6 5.20
9.1 5.73 5.46 5.20

10.7 5.20
12.2 5.62 5.05 5.20
13.7 5.20
15.2 5.44 4.94 5.20
18.3 5.36 4.86
21.3 5.31 4.82
24.4 5.35 4.82
27.4 5.42 4.82
30.5 5.42 4.82
33.5 5.40 4.85
36.5 5.35 4.88
39.6 4.86
42.7 4.84
45.7 4.82
48.8 4.85
51.8 4.87
54.9 4.88
57.9 4.89
61.0 4.90
64.0 4.92

a The deepest temperature reading was obtained at or just above the
bottom of the reservoir.
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Table A-2. Hills Creek Reservoir temperature measurements on 1-3 April 1971.

Depth below
surface, meters b Station

2

Temperature, °C a
Station

3

Station
4

0 7.73 8.45 7.20
1 7.55 8.45 7.18
2 7.45 8.10 7.10
3 7.30 7.60 7.06
4 7.30 7.10 6.93
5 7.28 6.94 6.72
6 7.23 6.88 6.63
7 7.15 6.79 6.54
8 7.06 6.67 6.45
9 6.85 6.54 6.42

10 6.69 6.35 6.37
11 6.61 6.28 6.02
12 6.49 6.24 5.87
13 6.43 6.14 5.81
14 6.40 6.02 5.81
15 6.20 5.89 5.81
16 5.90 5.80 5.80
17 5.77 5.74 5.76
18 5.65 5.69 5.73
19 5.58 5.67 5.75
20 5.58 5.60 5.72
22 5.49 5.57 5.59
24 5.43 5.59 5.30
26 5.39 5.58 5.27
28 5.32 5.51 5.27
30 5.25 5.40 5.23
32 5.16 5.21 5.07
34 5.10 5.05 5.13
36 5.17 5.15
38 5.20 5.14
40 5.20 5.15
42 5.20 5.15
44 5.19 5.13
46 5.09 5.15
48 5.15 5.14
50 5.08 5.16
52 5.00 5.12
54 5.00 5.15
56 5.01 5.23
58 5.01 5.20
60 5.01 5.20
62 5.00 5.20
64 5.01 5.20
66 5.22
68 5.20
70 5.05 5.25
72 5.23
74 5.20

a The deepest temperature reading was obtained at or just above the bottom of
the reservoir.

b Figures have been adjusted to account for sloping probe cable due to drift.
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Table A-3. Hills Creek Reservoir temperature measurements on 1 May 1971.

Depth below
surface, meters Station

2

Temperature, °C a

Station Station
3 4

Station
5

0 12.27 10.98 12.30 12.09
1 11.72 10.98 11.74 11.00
2 11.39 10.95 11.40 10.70
3 11.10 10.90 11.00 10.40
4 10.92 10.60 10.78 10.19
5 10.60 10.20 10.58 10.13
6 10.15 10.11 10.46 9.90
7 9.44 9.60 10.40 9.95
8 9.28 9.50 10.31 9.89
9 9.12 9.20 10.18 9.80

10 9.03 8.80 10.19 9.77
11 8.85 8.65 10.21 9.57
12 8.53 8.56 9.60 9.28
13 8.31 8.47 8.99 9.10
14 8.17 8.30 8.60 9.01
15 8.07 8.20 8.22 8.95
16 7.84 7.59 7.85 8.20
17 7.50 7.25 7.45 7.68
18 7.35 6.90 7.33 7.40
19 7.10 6.77 7.11 6.80
20 6.84 6.66 6.91 6.70
22 6.60 6.32 6.55 6.50
24 6.35 6.10 6.38 6.14
26 6.20 5.81 6.12 5.96
28 6.00 5.68 5.92 5.81
30 6.59 5.47 5.78 5.70
32 5.92 5.45 5,70 5.52
34 5.87 5.31 5.53 5.42
36 5.83 5.19 5.44 5.40
38 5.72 5.10 5.36 5.39
40 5.65 5.10 5.33 5.36
42 5.57 5.07 5.29 5.36
44 5.02 5.31 5.31
46 5.00 5.19 5.23
48 5.00 5.25 5.30
50 5.01 5.21 5.12
52 5.00 5.21 5.09
54 5.00 5.20 5.10
56 5.18 5.00
58 5.18 5.02
60 5.00 5.18 5.09
62 5.17 5.03
64 5.17
66 5.00 5.16
68 5.00 5.11

a The deepest temperature reading was obtained at or just above the bottom of the
reservoir.
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Table A-4. Hills Creek Reservoir temperature measurements on 22 May 1971.

Depth below
surface, meters

Temperature, °C a
Station

3

Station
5

0 16.45 14.35
1 15.20 14.35
2 13.70 13.75
3 13.60 13.40
4 13.55 13.20
5 13.52 13.00
6 13.40 12.80
7 13.15 12.70
8 12.55 12.43
9 11.73 11.90

10 11.33 11.65
11 10.90 11.45
12 10.65 11.12
13 10.42 11.00
14 10.35 10.90
15 10.10 10.65
16 9.68 10.20
17 9.53 9.75
18 9.25 9.75
19 9.02 9.60
20 8.88 9.35
22 8.60 8.85
24 8.35 8.45
26 8.15 7.95
28 7.58 7.40
30 7.10 7.20
32 6.80 6.90
34 6.55 6.50
36 6.30 6.35
38 6.20 6.25
40 6.10 6.12
42 6.02 6.10
44 5.95 6.00
46 5.80 5.98
48 5.75 5.95
50 5.70 5.93
52 5.65 5.85
54 5.65 5.85
56 5.65 5.80
58 5.65 5.75
60 5.65 5.75
62 5.65 5.80
64 5.65 5.80
66 5.65
68 5.65
70 5.70

a
The deepest temperature reading was obtained at or just above the bottom of the
reservoir.
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Table A-5. Hills Creek Reservoir temperature measurements on 27 May 1971.

Depth below
surface, meters Station

1

Station
2

oc aTemperature,
Station

3

Station
5

Station
6

0 15.93 15.83 14.62 16.70 16.00
1 15.92 15.78 14.62 14.23 15.93

2 15.87 15.73 14.62 13.90 15.87
3 15.82 15.58 14.62 13.25 15.67
4 15.13 15.48 14.53 12.80 15.60
5 14.42 15.38 14.10 12.00 15.46
6 13.20 15.27 13.67 11.60 15.43
7 12.40 14.85 12.82 11.20 13.94
8 10.70 13.40 12.34 10.80 13.40
9 9.70 12.05 11.73 10.20 12.97

10 9.60 11.90 11.13 12.78
11 9.40 11.30 10.88 12.23
12 10.70 10.65 11.93
13 10.30 10.22 11.83
14 10.10 10.33 10.47
15 9.90 9.72 10.25
16 9.80 9.68
17 9.65 9.47
18 9.40 9.28
19 9.00 9.00
20 8.90 8.80 9.60
22 8.65 8.42
24 8.35 8.05 8.85
26 8.15 7.77
28 7.90 7.44
30 7.40 7.08 7.75
32 7.00 6.77
34 6.70 6.34 6.80
36 6.50 5.90
38 6.40 5.64
40 6.10 5.56 6.50

42 5.90 5.46
44 5.83 5.34 6.10
46 5.83 5.23
48 5.20
50 5.02 6.10
52 5.10
54 5.10 6.00
56 5.10
58 5.20
60 5.20 5.90
62 5.15
64 5.15 5.90
66 5.16
68 5.16
70 5.15
72 5.15
74 5.15

a The deepest temperature reading was obtained at or just above the bottom of the
reservoir.
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Table A-6. Hills Creek Reservoir temperature measurements on 20 June 1971.

Depth below
surface, meters Station

1

Temperature, °C a
Station Station

2 3

Station
4

Station
5

0 17.81 18.33 18.30 17.60 17.00
1 17.79 18.03 18.04 16.89 16.75
2 17.65 17.75 17.05 16.50 16.52
3 17.40 16.95 16.85 16.20 16.00
4 16.97 16.55 16.65 16.03 15.23
5 16.68 16.46 16.60 15.78 15.04
6 15.85 16.42 15.91 15.75 14.83
7 15.25 15.30 15.00 15.03 14.65
8 15.05 13.95 14.51 14.76 14.38
9 13.36 13.73 13.16 14.67 13.51

10 12.91 12.83 13.36 14.02 13.19
11 12.17 12.31 12.87 13.49 13.01
12 12.20 12.66 12.61 12.90
13 12.10 12.48 12.30 12.37
14 11.50 12.13 11.95 12.13
15 11.15 11.80 11.81 12.07
16 10.89 11.60 11.71 11.88
17 10.75 11.40 11.58 11.75
18 10.63 11.00 11.33 11.68
19 10.50 10.51 11.15 11.62
20 10.41 10.30 10.90 11.21
22 9.85 10.07 10.45 10.41
24 9.56 9.80 9.95 10.10
26 8.91 9.37 9.75 9.51
28 8.51 8.87 9.03 9.04
30 8.35 8.54 8.50 8.60
32 7.80 8.03 7.80 7.78
34 7.38 7.40 7.03 7.03
36 7.20 6.95 6.27 6.41
38 6.98 6.39 5.84 5.90
40 6.68 6.05 5.60 5.58
42 6.22 5.67 5.45 5.25
44 6.00 5.50 5.30 5.10
46 5.94 5.40 5.13 5.04
48 5.89 5.32 5.05 5.00
50 5.20 5.05 5.00
52 5.09 5.00 5.00
54 4.95 4.99 4.92
56 4.95 4.95 4.92
58 4.80 4.90 4.88
60 4.80 4.80 4.80
62 4.95 4.95 4.80
64 4.90 4.85 4.80
66 4.89 4.81
68 4.90 4.90
70 4.88 4.90
72 4.90
74 4.95

a The deepest temperature reading was obtained at or just above the bottom of the
reservoir.
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Table A-7. Hills Creek Reservoir temperature measurements on 3 July 1971.

Depth below
surface, meters Station

1

Temperature, °C a
Station Station

2 3

Station
4

Station
5

0 19.00 18.88 18.25 17.74 17.30
1 18.98 18.87 18.10 17.32 17.30
2 18.81 18.80 17.83 17.20 17.24
3 18.50 18.12 17.70 17.13 17.20
4 18.44 17.75 17.66 17.02 17.15
5 18.26 17.69 17.59 16.98 17.12
6 18.11 17.45 17.41 16.95 17.05
7 17.68 17.41 16.70 16.94 16.84
8 17.58 16.71 16.30 16.91 16.42
9 17.45 14.40 15.46 16.58 15.79

10 16.30 14.09 14.55 16.37 15.21
11 14.70 13.85 14.12 14.30 15.11
12 13.24 13.68 13.53 14.00 14.50
13 13.01 13.33 13.31 13.80 13.76
14 13.15 13.18 13.28 13.24
15 13.00 13.03 12.79 13.12
16 12.76 12.70 12.50 12.93
17 12.61 12.25 12.39 12.62
18 12.40 12.08 12.22 12.31
19 12.03 11.99 12.20 12.21
20 11.82 11.87 11.95 12.09
22 11.56 11.45 11.60 11.67
24 11.20 10.80 10.89 11.11
26 10.85 10.20 10.51 10.30
28 9.81 9.67 9.92 9.96
30 9.36 9.10 9.05 9.40
32 8.73 8.54 8.55 8.68
34 8.09 8.12 7.90 7.95
36 7.73 7,54 7.09 7.27
38 7.39 7.18 6.68 6.60
40 7.22 6.87 6.35 6.02
42 6.71 6.51 5.70 5.70
44 6.58 6.20 5.45 5.45
46 6.57 5.88 5.40 5.41
48 6.41 5.67 5.23 5.39
50 5.59 5.18 5.29
52 5.38 5.15 5.11
54 5.30 5.10 5.11
56 5.15 5.02 5.09
58 5.11 5.00 5.00
60 5.10 5.00 5.00
62 5.00 4.97 5.00
64 5.00 4.97 5.00
66 4.98 5.00 4.98
68 4.98 4.98
70 4.98 4.96
72 4.98
74 4.98

a The deepest temperature reading was obtained at or just above the bottom of the
reservoir.
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Table A-8, Hills Creek Reservoir turbidity measurements on
1 April 1971.

Depth below
surface, meters Station

2

Turbidity, JTU

Station Station
3 4

0 14 7.5 8

1.5 14

3.0 15 13

4.6 12

6.0 8 12 13

9.1 14 11

12.2 8 11 14

15.2 10 14

18.3 13 11 12

21.3 10 12

24.4 9 15 13

27.4 16 16

30.5 16 23 13

33.5 26 25

36.5 71 29 12

39.6 43

42.7 33 18

45.7 43

48.8 45 34

51.8 12,

54.8 36 301

57.9 44

61.0 48 47

64.0 48

65.5 59
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Table A-9. Hills Creek Reservoir turbidity measurements on
1 May 1971.

Depth below
surface, meters Station

2

Turbidity, JTU

Station Station Station
3 4 5

0 10 11 11 13

7 9 11 11 13

14 10 11 11 13

20 12 14 11 14

26 24 17 20 22

32 35 33 32 33

38 48 41 43 40

42 75

44 56 59 46

50 70 76 72

56 79 90 90

61.5 95

62 88 100

68 98 105
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Table A -1Q. Hills Creek Reservoir turbidity measurements on
22 May 1971.

Depth below
surface, meters

Turbidity, JTU

Station Station
3 5

0 11

1 10

2 11

5

6 10

12 8

15

20 9

25

30 15

35

40 37

45

50

55

60 78

65

71 85

10

10

9

13

25

56

76

93
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Table A-11. Hills Creek Reservoir turbidity measurements on
27 May 1971.

Depth below
surface, meters Station

1

Turbidity, JTU

Station Station
2 3

Station
5

Station
6

0 6.5 8 7.5 7 8

2 6.5 7

4 6.5 7

5 7 8 7

6 5.5 7

8 4.5 8

10 4 6 5.5 7

12 6.5

14 6.3

15 5 6 6

20 5 7.5
25 6 7 10

30 15 12

35 26 20 27

40 41 32

45 52 52

46 54

50 63

55 69 74

60 79

65 105 83

70 92



142

Table A-12. Hills Creek Reservoir turbidity measurements on
20 June 1971.

Depth below
surface, meters Station

1

Turbidity, JTU

Station Station
2 3

Station
4

Station
5

0 7.5 5.5 4.1 5.5 4.6

2 6.0
4 7

5 6 5.5 4.6 4 3.5

6 5

8 5

10 3.2 3.5 4 3.7

15 3.5 2.2 3.5 3.1

20 4 4 4 3.0

25 6 3.9 6 4.5

30 10 6.3 8 8.0
35 23 15 16 23

40 34 33 25 30

45 53 36 36 41

50 57 55 59

55 64 70 72

60 72 71 74

65 78 79 81

70 84 79

75 86
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Table A-13. Hills Creek Reservoir turbidity measurements on
3 July 1971.

Depth below
surface, meters Station

1

Turbidity, JTU
Station Station

2 3

Station
4

Station
5

0 16 11 4.6 11 8.1

2 16

4 11

5 6 3.2 3.6 3.9

6 6.5

8 3.7

10 3.7 10 2.6 3.3 3

12 5

15 3.5 2.2 2.4 2.7

20 2.4 2.4 2.3 3

25 2.6 2.8 3.4 4.3

30 3 3.9 5.7 6.1

35 7.4 10.5 14 13

40 23 26 26 27

45 46 35 38 46

50 42 60 60

55 51 69 69

60 70 82 78

65 79 88 80

70 80 86

75 85


