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r l rofes, _ ) 

The lower Willamette River, located between river mile 4. 0 

and 26. 5, is the most seriously polluted section of the Willamette 

River Basin. 

Low dissolved oxygen concentrations of 2. 0 to 3. 0 mg/ 1 are 

observed annually in this section of the river due to the pollutional 

loads discharged into it. Waste discharges originate from upstream 

sources, from two large pulp and paper mills at river mile 26. 5, 

treated domestic sewage from several small communities, from 

several sewer outfalls in the Portland Harbor, and from other mis- 

cellaneous sources. These total waste loads discharged, during the 

summer low flow period, are equal in pollutional capacity to the 

wastes from an equivalent population of 484, 000. Of this total load, 

wastes from the two pulp and paper mills account for an equivalent 

Ye 



population of 350, 000. 

A better understanding of the dissolved oxygen resources of 

this section of the river is necessary for water quality management. 

Analyses of the dissolved oxygen resources in this section of 

the river indicate that sludge deposits may be located in the river 

between river miles 26.5 and 19. 0. These deposits exert a large 

demand on the dissolved oxygen present. The magnitude of this dis- 

solved oxygen demand is about 34, 000 pounds per day. 

Results of this study indicate that the source of this pollutional 

loading originates between river miles 26.5 and 19. 0. It is further 

indicated that a detailed on -site survey of this section of the stream 

and possible waste contributors should be undertaken to provide in- 

formation necessary for restoration of water quality. 
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AN EVALUATION OF THE OXYGEN RESOURCES 
IN THE LOWER WILLAMETTE RIVER 

DURING A CRITICAL LOW FLOW PERIOD 

INTRODUCTION 

The Willamette River Basin is located in the northwest portion 

of the State of Oregon and is oriented in a north -south direction be- 

tween the Coast and Cascade Mountain Ranges. It contains a drain- 

age area of some 11, 200 square miles. Drainage of the Willamette 

River is to the north where it empties into the Columbia River at 

Portland. Approximately 65 percent of Oregon's population is lo- 

cated within the Basin boundaries. Liquid wastes originating from 

this population and from resultant industrial complexes must be 

assimilated by the waters of the Basin. The pulp and paper industry, 

one of the largest contributors, is responsible for wastes equivalent 

to a population of 700, 000 persons, or approximately 87 percent of 

the total wastes discharged. Even under these substantial loadings, 

the water quality of the Willamette River has been maintained at a 

fairly satisfactory level with the exception of the section to be studied 

in this thesis. 

The Lower Willamette River, as it is referred to in the re- 

mainder of this paper, is defined as that section or reach from river 

mile 4. 0 to river mile 26.5 at Oregon City Falls. The river flows 
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from the Oregon City Falls through several small communities and 

into the City of Portland, where it is generally referred to as the 

Portland Harbor, and then continues on to discharge into the Colum- 

bia River at the north Portland city limits. Throughout this relative- 

ly short reach, the stream is subjected to several major pollutional 

loads. Two large pulp and paper mills are located at Oregon City, 

one on each side of the stream. These mills contribute an organic 

pollutional load equivalent to a population of 350, 000 persons. The 

remaining sources of pollution along this reach are several small 

communities located along its banks and a few individual sewers in 

the Portland Harbor. 

As a result of these waste discharges, this reach is seasonally 

subjected to abnormally low dissolved oxygen concentrations. The 

season when the dissolved oxygen concentrations are at the most 

critical levels is during the summer when low stream flows prevail. 

This period has, therefore, been selected as the one for study. 

Objective and Scope of This Thesis 

The objective of this thesis is to evaluate the oxygen resources 

of the Lower Willamette River during the critical low flow period. 

This evaluation will involve a balancing of all dissolved oxygen in- 

come (assets) against all dissolved oxygen demands (liabilities). In 
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a manner similar to that of a daily financial balance sheet. By this 

means a comparison of computed versus observed results can be 

made for each section of the river. These sections are referred to 

as reaches. 

Description of the Study Reach 

The reach of the Lower Willamette River under consideration 

in this study is quite different in nature from the usual stream sys- 

tem. The physical characteristics would classify it as an estuary 

rather than a stream. Its width varies from a minimum of 300 feet 

in the upper portion to a maximum of over 2, 000 feet in the lower 

portions of the study reach. Of even greater significance is the 

depth, which varies from a maximum of 130 feet to a minimum of 

10 feet, with the mean depth approaching 30 feet. 

The incoming stream flow, during the summer low flow period, 

of approximately 7, 000 cubic feet per second results in a very low 

average velocity. It requires an average of six days for a particle 

of water to pass through this 22.5 -mile reach. This represents a 

mean velocity of only 0. 15 mile per hour. 

The water surface elevation in the study reach is subject to 

tidal fluctuation during the summer low flow period and is affected 

by the prevailing river stage of the Columbia River. 
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Figure 1. Lower Willamette River in Portland Harbor 
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Figure 1 shows the lower portion of the study reach in the 

Portland Harbor, river mile 4. 0 to river mile 12. 0. This section of 

the river is similar to that of most large rivers that serve as water- 

ways for shipping. Industries and loading terminals line both sides 

of the river. 

Proceeding upstream from the Portland Harbor, the river be- 

gins to narrow in width and the depth gradually decreases. Several 

suburban communities are located along its banks. Figure 2 is a 

view of the river at river mile 21, opposite the City of Oswego. 

Substantial recreational activity is enjoyed by boaters and water 

skiers in this portion of the river. 

A 45 -foot falls at Oregon City forms the upper boundary of the 

study reach. Two pulp and paper mills, one on each side of the 

stream, are located at this point as shown in Figure 3. 



Figure 2. Lower Willamette River Near Oswego 

Figure 3. Oregon City Falls 
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OXYGEN RELATIONSHIPS IN A STREAM 

The reduction in the dissolved oxygen concentration, observed 

in a stream into which organic waste material is discharged, is a 

result of the oxygen required by living organisms that utilize the or- 

ganic waste as a source of nutrition. This process is referred to as 

biological oxidation. Direct chemical oxidation of certain wastes, 

causing an immediate oxygen demand, can also occur but is general- 

ly of small or negligible magnitude. 

The biological oxidation process is balanced by reintroduction 

of oxygen into the stream from the atmosphere. This is known as 

reaeration or reoxygenation. Oxygen is also introduced by algae 

photosynthesis. However this source is negligible for this study. 

The manner and related rates at which the reaeration reaction 

takes place has been equated by Streeter and Phelps to the many var- 

iables of a given stream and the characteristics of the organic 

wastes being discharged (15, p. 14 -17). The equation developed re- 

lates the oxygen utilized in the biological oxidation of the organic 

wastes and the oxygen introduced into the stream through reaeration. 

The Streeter -Phelps Oxygen Sag Equation is the most common math- 

ematical model used and is usually presented in the following form: 

Db = 
KlLa 

(10-Kit - 10 -K2t) + Dax 10 -K2t 
K2 -K1 
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Db is the oxygen deficit at a point or time of flow downstream 

from an initial point of reference. This is equated to a relationship 

between: La, the organic waste component in the stream; K1, the 

deoxygenation rate of this organic waste; the the the the rate of atmospheric 

aeration; Da, the initial dissolved oxygen deficit; and t, the specific 

length of time this reaction is allowed to proceed or over what 

length of stream. 

A typical oxygen sag profile is depicted in Figure 4. 
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The deoxygenation rate can be determined by measuring the 

rate at which oxygen is utilized in the oxidation of the organic matter 

present. Reaeration in the stream is controlled by the specific phy- 

sical characteristics of the stream, such as velocity and depth, and 

the dissolved oxygen deficit. The dissolved oxygen deficit is the 

difference between the saturation value and the dissolved oxygen (DO) 

measured in the stream. Knowledge of the time of passage, or the 

time required for a particle of water to pass between known refer- 

ence points, is needed to provide the necessary time -space relation- 

ship in the stream. 

In the reach of the Willamette River under study, determina- 

tion of these rates and variables is quite difficult, due to many inter- 

related factors. Some of these factors are: highly variable waste 

loading, in both time and magnitude; variation in dilution water from 

upstream tributaries; and unstable hydraulic characteristics of the 

receiving stream, inherent of a tidal- oriented system. 

Several other factors can also cause significant or measurable 

effects on the dissolved oxygen in a stream. Sludge deposits, or 

areas of deposition of settleable organic matter, can be of signifi- 

cant consequence (7, p. 47). Photosynthesis by algae has been 

shown to produce marked effects on the dissolved oxygen. These ef- 

fects may be both positive and negative (9, p. 157). 
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When all the required data are obtained, a profile of the dis- 

solved oxygen concentration can then be computed for these specific 

conditions. The computed dissolved oxygen profile is then plotted 

against and compared with the observed profile measured in the 

stream. If all factors have been evaluated properly for this specified 

period and reach, the computed and observed curves should coincide. 
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DETERMINATION OF NECESSARY PARAMETERS 

Period for Study 

The first and probably the most important determination to be 

made was selection of a representative period for study, during 

which the stream flow, waste loading, and climatic conditions had 

the least variation. It was also necessary that sufficient and accu- 

rate data be available for the particular period selected. The spar- 

sity of water quality and stream characteristic data proved to be the 

governing factor in the selection of a representative period. The 

summer low flow period of 1961 was the first year for which suffici- 

ent data were found to attempt an evaluation of this type. 

The Oregon State Sanitary Authority and the U.S. Public Health 

Service conducted several detailed surveys during the summer of 

1961, which provided the majority of data upon which this study 

could be based. After consideration of these data, the week of Au- 

gust 22 -29, 1961, was finally selected as the period for evaluation. 

Pollutional Load 

The existing pollutional loads discharged into the Lower Wil- 

lamette River during the study period are listed in Table 1. These 

data were obtained from the Oregon State Sanitary Authority and the 
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U. S. Public Health Service. 

Table 

Source River Mile 
Population 
Equivalent* 

I. Crown Zellerbach 
Pulp & Paper Company 26. 0 246, 000 

2. Publisher's Paper Company 26. 0 109, 000 

3. Willamette Sewage 
Treatment Plant 26.0 1, 500 

4. Oregon City Sewage 
Treatment Plant 25. 25 10, 000 

5. West Linn Sewage 
Treatment Plant 25. 0 2, 000 

6. Oswego Sewage 
Treatment Plant 21. 1 6, 000 

7. Milwaukie Sewage 
Treatment Plant 18.5 9, 000 

8. Overall Laundry 16. 0 10, 000 

9. Ross Island Bridge 14. 0 32, 900 

10. Fresh Foods 12, 9 21, 500 

11. 2 sewers 12.0 14, 400 

12. Willamette Iron & Steel 8. 0 23, 800 

Total 484, 700 

* Based on 0. 167 pounds of BOD per person per day. 

1. 
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Loadings for the two pulp and paper mills were obtained from 

weekly average loadings submitted to the Oregon State Sanitary Au- 

thority. It should be expected that substantial variation in these 

loadings may occur from day to day and throughout each day due to 

the batch -type operation of a pulp and paper mill. During the criti- 

cal summer low flow period, the two pulp and paper mills reduce 

their loadings to the stream by approximately 80 percent through 

lagooning and /or barging of their wastes to the Columbia River. 

The listed loadings reflect this reduction. 

Also taken into account in selection of the study period was the 

sporadic operation of a pulp and paper mill located at Newberg, 

some 25 miles upstream from the study reach. This mill operated 

on alternate two -week cycles during the summer of 1961. Study of 

stream survey data indicated that its operation had a significant ef- 

fect on water quality downstream. In order to remove this effect, 

the study period was selected to allow sufficient time for the wastes 

originating from this upstream mill to pass through the study reach. 

Deoxygenation Rates 

The deoxygenation rates, K1, for the study reach were ob- 

tained from data reported by the U.S. Public Health Service. These 

rates were determined for the river by measuring the changes in 
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biochemical oxygen demand for specific periods of time. 

The method utilized in sampling and in determining the biochem- 

ical oxygen demand, or BOD, time- series was a modification of the 

reaeration technique used at the Robert A. Taft Sanitary Engineering 

Center in Cincinnati, Ohio. The method is as follows: 

A three - gallon river sample was collected for each time -series. 

The temperature of the sample was recorded at the time of collec- 

tion, and the sample was then transported to the laboratory. While 

in transit, effort was made to maintain this sample at the initial 

river temperature. Samples were iced only when air temperatures 

were extremely high. When the sample reached the laboratory, the 

temperature was again recorded. The maximum allowable time in 

transit between the time of collection and sample set -up was three 

hours. Thirty to 32 biochemical oxygen demand,BOD, bottles were 

then filled from the three - gallon sample. Two duplicate dissolved 

oxygen determinations were made immediately upon filling of the 

bottles, and the remaining bottles were placed in a dark incubator 

and held at 20° C. Following this, two bottles were taken from the 

incubator and analyzed for dissolved oxygen at the end of 1, 2, 3, 

4, 5, 7, 9, 11, 13, 15, and 20 days. If at the end of any given day 

it appeared that the remaining dissolved oxygen in the samples would 

be depleted before the next set was analyzed, all remaining samples 



15 

were then reaerated by emptying them into a large container. This 

container was shaken until the dissolved oxygen of the samples had 

increased to six or seven parts per million. The bottles were then 

re- filled from the container, and two were immediately analyzed for 

a new initial dissolved oxygen value. The remaining bottles were 

again placed in the dark incubator. 

From the dissolved oxygen data obtained from each of these 

samples, the BOD was computed for each of the 1, 2, 3, etc. , days. 

The BOD was computed for each of the duplicate dissolved oxygen's 

of each day and averaged if they were comparable. If the duplicate 

BOD values varied considerably, each value was plotted. The BOD 

was then plotted against time in days for the first stage of the bio- 

logical oxygen demand, usually to ten days. The plotted points were 

then fitted visually with a smooth curve of best fit (Figure 5). Fol- 

lowing this, the biochemical oxygen demand was read from the fitted 

smooth curve at daily intervals and tabulated as in the following ex- 

ample: 

Days BOD 
Daily 

Difference s 

0 

(Y) (.AY) 

1 4.0 4.0 
2 6.9 2.9 
3 8 9 2.0 
4 10.2 1.3 
5 11.0 0.8 
6 11.7 0. 7 

7 12.1 0. 4 

--- 
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The daily differences in BOD were then obtained from this tab- 

ulation and plotted on semi -logarithmic paper against time in days, 

with differences on log scale, and time on the linear scale (Figure 

6). Extension of this line through the plotted points to t = 0 gives a 

proportional value for the ultimate biochemical oxygen demand, La,of 

5. 80. Therefore, with t equal to 6 days: 

L = 0. 585 = fraction BOD remaining = 10. 1% 
t /La 5. 80 

From Lt /La 10-Kt = fraction BOD remaining 

Lt /L x 100 = 10 -Kt x100= percent BOD remaining 
a 

Log of percent BOD remaining = log (10 -Kt x 100) 

Log percent BOD remaining = 2 - Kit 

If t = 6, % BOD remaining = : 10. 1, then 

Log 10. 1 = 2 -K16 

K1 = 2. 0 -log 10. 1 

6 

K1 = 0. 167 /day 

The majority of the data utilized in computing K1 were col- 

lected during the summer of 1961, but due to the scarcity of data 

within the study reach, data collected during the summer of 1962 

were also used. These determinations were made at sampling sta- 

tions throughout the 22.5 -mile reach. Analysis of the deoxygenation 
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rates obtained indicated that three definite rates existed within 

the study reach. 

The maximum rate occurred in the upstream portion from riv- 

er mile 26.5 to river mile 20. The pulp and paper mill wastes dis- 

charged into this portion contain wood sugars which lend themselves 

readily to oxidation by biological organisms. This portion of the 

river, therefore, has a relatively high deoxygenation rate. The de- 

oxygenation rate downstream from river mile 20 declined markedly 

to values much less than is usually expected in a flowing stream. 

The reasons for this decline are based on conjecture alone at this 

time, but may be the result of one or a combination of causes. 

The average velocity in the upstream portion of the study reach 

is some four times that of the lower portion. The mean depth is also 

considerably less in the upper stream portion. These two factors 

have been shown to be conducive to the growth of biological organ- 

isms which are responsible for the deoxygenation measured in a 

stream. The pH,or hydrogen -ion concentration, in the river sys- 

tem was observed to drop by some 0. 3 to 0. 4 of a unit throughout 

the reach. Reduced pH conditions have been shown to be associated 

with a general reduction in the biological activity of a system. 

Based upon these studies, upper and lower limits were estab- 

lished for three deoxygenation rates in the reach. The following 
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deoxygenation rates were utilized in the evaluation of the stream seg- 

ments thus indicated: 

River Mile 
26.5-20.0 

Deoxygenation Rates ( Kl) 

River Mile 
20.0-10.5 

River Mile 
10.5-4.0 

0. 158 

Reaeration Rates 

0.088 0. 073 

When water is in contact with the atmosphere, the concentra- 

tion of dissolved oxygen in the water increases to a saturation level 

at which the partial pressures of oxygen in the two media are equal. 

Whenever the dissolved oxygen of the water is lower than its satura- 

tion concentration, oxygen from the atmosphere is absorbed into the 

water. This process, occurring at the air -water interface, 

known as atmospheric reaeration, and is a purely physical phenom- 

ena. 

The rate at which this reaction occurs must first be deter - 

minded before the reaeration can be computed. The reaeration rates 

were determined by using the O'Connor and Dobbins' relationship for 

isotropic flow conditions (3, p. 115 -1). The following equation re- 

lates the necessary parameters: 

K U 
1/2 

2 
_ 

2. 31 H. 3/2 

is 

DL 
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K2 is the reaeration rate to the base 10. DL is the diffusion 

coefficient, with U the forward flow velocity in feet per day. H is 

the stream depth in feet. The diffusion coefficient is temperature - 

dependent, and therefore, must be adjusted to the temperature found 

in the stream. 

The reaeration rate, K2 , is the most difficult of the stream 

purification parameters to determine. Numerous investigations have 

been conducted in recent years in an attempt to more accurately de- 

fine this parameter in terms that are measurable or determinable. 

It has been the practice of many investigators to use the re- 

aeration rate, K2, as the variable in fitting the oxygen sag equation 

to observed values. In order to substantiate an approximation of K2, 

variable observed conditions in the stream under study should be 

available for confirmation. This approach does not appear feasible 

for the Lower Willamette River system since conditions, during the 

summer low flow period, become stabilized to the extent that confir- 

mation of the initial approximation would not be possible. 

Therefore, it is felt that the relationships developed by 

O'Connor and Dobbins offer - -at least at this time - -the most realistic 

approximation of the reaeration rate. The reaeration rates in this 

case are so low that any error introduced is negligible. 

The physical features of the river predicated the establishment 



of three specific rates within the study reach. The following re- 

aeration rates were computed for the three specified sections: 

Reaeration Rates (K2) 

River Mile 
26.5 -21. 3 

0. 074 

Hydrology 

River Mile 
21. 3 -10. 5 

0. 0198 

River Mile 
10. 5-4.. 0 

0. 008 
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The incoming flow of the Willamette River at river mile 26. 5 

was computed, using the discharge at Salem as the base flow, and 

adding the entering tributary stream flow. Flow at river mile 26. 5 

was computed to be 6, 400 c. f. s. , with the Clackamas River con- 

tributing an additional 900 c. f. s. at river mile 24. 9, for a total 

flow of 7, 300 c. f. s. The operation of hydroelectric power facilities 

on the Clackamas River cause this tributary flow to be released in a 

slug. For this reason, the inflow from the river is highly variable, 

and any resultant beneficial effect may be masked by this variability. 

Study of the hydrograph of flow, Figure 7, at Salem for the 

months of June, July, August, and September reflects the stabilized 

flow regimes that now exist in the Willamette River. Upstream 

storage projects constructed and operated by the Corps of Engineers 

provide for a considerable amount of flow augmentation and regula- 

tion. It is anticipated that a minimum flow of 6, 000 c. f. s. will be 
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at Salem for June, July, August, and September, 1961 
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maintained in the Willamette River at Salem when the projects pres- 

ently under construction are completed. Therefore, the flow ob- 

served during the period of evaluation represents that which can be 

expected to occur during future summer low flow periods. This fact, 

in conjunction with presently- determined stream characteristics, 

provides a basis for evaluation of projected future stream conditions. 

Tidal Fluctuations 

The reach of the Lower Willamette River under study is sub- 

jected to tidal fluctuations during the summer low flow period. 

These tides are similar to those recorded on the coastal waters in 

the Pacific Northwest and are approximately semi - diurnal in nature. 

There is a tidal stage recorder located in the lower Portland 

Harbor at river mile 12.7 where daily records are available, Fig- 

ure 8 illustrates the recorded tidal stages during the study period. 

The mean tidal fluctuation observed was determined to be approxi- 

mately 3. 5 feet. 

Current direction and velocity measurements are not available 

for the study reach. Detailed evaluation of the horizontal flood and 

ebb movements associated with tidal fluctuation are not possible with 

the data presently available. 

The tidal fluctuation of 3. 5 feet observed in the Portland 
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Harbor is reported to diminish to less than 1. 0 foot as one pro- 

gresses upstream to the head of the study reach at river mile 26. 5. 

Actual upstream surface transport of Willamette River water 

has not been observed except in the extreme lower portion, up to the 

St. Johns Bridge at river mile 6. 0. 

The net change in occupied channel volume for the incoming 

portion of the tidal cycle was calculated, using the average tidal fluc- 

tuation reported above. This change was computed to be approxi- 

mately twice that available from the incoming stream flow for the 

period. The major portion of the net change in occupied channel vol- 

ume occurred in the lower seven miles of the study reach, from riv- 

er mile 4. 0 to river mile 11. 0. From these calculations it would 

not appear that an upstream transport could be expected, except in 

the extreme lower portion of the reach. As reported above, this 

does appear to be the case. 

Another factor, which may further diminish the probability of 

any substantial upstream transport in the Lower Willamette River, 

is the effect the Columbia River has on the Willamette near its 

mouth. During the summer low flow period, Columbia River water 

is observed to enter into the mouth of the Willamette and to flow up- 

stream approximately four miles to Multnomah Channel. Multnomah 

Channel is a waterway that is believed to have at one time carried the 
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entire flow of the Willamette, but which now acts as a secondary 

channel during the summer low flow period. Besides carrying the 

Willamette River flow during the low flow period, a contribution 

from the Columbia River also enters the Channel and flows down- 

stream before again joining the Columbia. At this time of the year 

the Columbia River is one to two degrees centigrade colder than the 

Willamette River and tends to flow beneath the Willamette River. 

Due to the difference in densities and possibly other hydraulic fac- 

tors, the Columbia River water has been observed to travel up- 

stream approximately six miles beneath the Willamette River water. 

This upstream transport of Columbia River water into the Willamette 

River, observed during the incoming tidal cycle, further diminishes 

the required upstream transport of Willamette River water. 

Time of Passage 

The time of passage for the study reach was computed by de- 

termining the displacement of occupied channel volume by the in- 

coming flow. Summations of channel segments one mile in length 

were used. The characteristic river depths and widths at these one - 

mile intervals were obtained from Corps of Engineers and Port of 

Portland sounding charts. The mean tidal elevation was used as da- 

tum. These elevations were obtained from the U.S. Weather 
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Bureau's recording tide gage located on the Morrison Street Bridge 

at river mile 12. 7. Adjustment of the U. S. Weather Bureau's gage 

datum then had to be made with the Corps of Engineers and Port of 

Portland sounding data. The cumulative time of passage from river 

mile 26.5 to river mile 4.0 is shown on Figure 9. 
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COMPUTATION OF THE DISSOLVED OXYGEN PROFILE 

The dissolved oxygen profile was computed by use of the rela- 

tionships, developed by Streeter and Phelps, between reaeration and 

deoxygenation. The equation was not used in its conventional form, 

but was divided into its two basic relationships of reaeration and de- 

oxygenation. This permitted separate computation of the deoxygena- 

tion and reaeration, which in this case proved to be time - saving. 

The reaeration for a given period of time is in mathematical 

form: 

dD 
dt 

which has as its solution: 

D 10 =Dax -K2t 

where D is the dissolved oxygen deficit with dD being the change in 
dt 

deficit for a specific period of time, t, in days. Da is the initial 

deficit at the beginning of the period, t. K2 is the reaeration rate 

which has been previously computed. 

The deoxygenation, or measure of the biological oxidation, 

taking place over this period of time is computed from a similar 

mathematical expression: 

dL(t) 
dt 

k 1L(t) 

- k D 
2 



where: 

L(t) = La x 10 
-Kit 
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with L(t) being the total amount of first -stage biochemical oxygen 

demand remaining unexerted after t days. La is the ultimate first - 

stage biochemical oxygen demand. K1 is the deoxygenation rate or 

the rate at which this organic waste material is being oxidized. 

The net effect of these two simultaneous reactions is repre- 

sented by the following expression: 

dD 
dt 

k1L - 
2 

which will determine the oxygen deficit, or change in deficit for a 

specific period of time. The measure of time most commonly used 

in stream studies is the time of passage between specific points of 

waste loading. The cumulative time of passage for the study reach 

was computed and provided the necessary time factor. 

Results 

The computed dissolved oxygen profile is plotted on Figure 10 

with the observed stream values for the study period. 

It is evident from the two curves that the computed profile is a 

poor approximation of the actual observed concentrations in the 

stream. There are several factors which might explain the wide dis- 

crepancy in the observed and computed profiles. These factors are: 
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1. The reaeration and deoxygenation rates are seriously in 

error as an estimate of what actually exists in the stream. 

2, The waste loading data of the listed sources are inaccurate 

or incomplete. 

3. Organic sludge deposits are present. 

A further analysis of the shape and slope of the two profiles 

indicates factors that eliminate some of these possibilities and may 

give the reason for this variation. 

The wide variation in the two curves occurs in the first 18 

hours of flow -time down stream from the head of the reach. During 

this short period of flow a net decrease of approximately 2. 0 mg/ 1 

was observed, but only O. 45 mg/ 1 can be accounted for by calcula- 

tion. The magnitude of the observed difference in dissolved oxygen 

amounts to a total demand of 34, 000 pounds of oxygen per day. 

Downstream from river mile 19. 0 the computed and observed pro- 

files are almost parallel. This indicates a good correlation between 

the evaluated and the existing deoxygenation and reaeration rates. 

Therefore, the accumulative error must be in the upper reach be- 

tween river mile 26.5 and river mile 19. 0. 

A reaeration rate constant, K2, for this reach was computed 

to be 0. 074 per day. This value, though very low, is comparable 

with that associated with similar bodies of water. Only 0. 35 mg/ 1 
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of dissolved oxygen was computed to have been introduced into this 

reach, and assuming a reaeration rate of zero, would have had little 

net effect. 

A deoxygenation rate of O. 158 per day was computed and used 

for the reach in question. This rate was computed by procedures 

that simulated, as closely as possible, in situ stream conditions. 

This value is comparable to that of O. 120 per day computed by Velz 

for his reach (8, p. 6). A deoxygenation rate greater than O. 50 

would be required to fit the computed profile to the observed profile. 

Such a value is highly improbable, particularly in view of the nature 

of the contributory waste load. 

Since the observed differences cannot be explained by errors 

of calculation, the error must be in the known waste loading. On 

the basis of these results and evaluations, it would seem than an ad- 

ditional oxygen demand is responsible for this unexplained depletion 

in the reach under study. 

Discussion 

Further study of the area in which this depletion occurs has 

not uncovered any additional source of waste. The magnitude of this 

waste source, as computed from the observed and computed dis- 

solved oxygen profiles, would require an additional waste load 
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equivalent to a population of 200, 000 persons. 

It is very unlikely that an error of this size has been made in 

reported waste loading. The most reasonable explanation is the ex- 

istence of a sludge deposit. This explanation is further supported by 

the manner and location at which this oxygen deviation occurs. 

A sludge deposit is an accumulation of settled, oxidizable or- 

ganic material which occurs in a stream when the velocity is re- 

duced to the point of permitting deposit of the suspended material 

carried by the stream. 

The physical and chemical factors responsible for determining 

the existence and the quantitative effects of a sludge deposit have not 

been fully evaluated. However, a certain degree of knowlege is 

available regarding these phenomena. 

During extended periods of low stream flow, with resulting 

low velocities, undisturbed settling continues and the sludge layer 

becomes thicker. Except at the stream - sludge interface, the de- 

posit undergoes anaerobic decomposition. The soluble end- products 

of this process pass upward toward the sludge -water interface. Up- 

on reaching the interface, they undergo rapid oxidation, thus cre- 

ating a high, localized demand for the dissolved oxygen carried by 

the flowing water. The oxygen demand attributable to a sludge de- 

posit has a much more dramatic effect on a stream system than an 
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equivalent amount of dissolved or soluble organic waste, subject to 

conventional deoxygenation in the flowing stream. 

Streeter has described the foregoing process in the following 

equation: 
11 

Ld = 
Pd 

(1 10 
-K t 

2. 3 K1 

where Ld is the total accumulation of BOD in pounds present after ti 

days of undisturbed deposition. Pd is the pounds of BOD deposited 

daily; K1 is the rate of anaerobic decomposition (4, p. 198). 

It can be seen from this relationship that, after a long period 

of accumulation, the daily oxygen demand approaches the magnitude: 

Pd 
2.3K1 

which is referred to as the "equilibrium" accumulation. A sche- 

matic representation of this process is presented in Figure 11 after 

Velz (7, p. 52). This diagram represents a sludge loading of one 

pound of BOD per day, with K1 equal to 0. 03 and at a temperature 

of 25° C. 

At this point the daily oxygen demand of the sludge deposit has 

become equal to the amount of BOD deposited daily. The time re- 

quired to reach this equilibrium has been determined to vary from 

30 to 50 days. In most cases, the settleable solids component of the 

waste BOD may be from 10 to 20 percent of the total waste load. 

- ) 
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This fraction of the BOD is then exerted in one localized sludge 

deposit each day rather than being subject to the much slower deoxy- 

genation process, as is the remainder of the waste. This phenome- 

non results in substantial localized reductions in dissolved oxygen 

which are otherwise unexplained. Of interest in this regard, is the 

results of some research conducted on the effects of a sludge deposit 

resulting from another type of pulping process (2, p. 27). This re- 

port concluded that though the settleable solids portion of the waste 

discharged was only ten percent of the total, removal of these solids 

would have an effect of reducing the oxygen consumed by the waste 

as much as 87 percent in areas of previous sludge deposits. 

A velocity of less than O. 6 foot per second is recognized as the 

critical point at which deposition of sludge will occur in a stream (6, 

p. 32). The first segment of the Lower Willamette River, the reach 

in which such an unexplained depletion occurs, is within this velocity 

range, and deposition can be reasonably expected (Figure 9). 

The source of this settleable organic material is of next im- 

portance. Located at the upper limit of our study reach, river mile 

26. 5, is a 45-foot-high natural barrier- -the Oregon City Falls. 

This barrier forms a 25 -mile pool, the Newberg Pool, upstream 

from our study reach. The average velocity within this upstream 

pool is approximately 0.4 foot per second and acts as a settling basin 

. 
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for all suspended material entering it. Therefore, it can be assumed 

that the flow entering our study reach is relatively free of suspended 

organic material. 

All the waste sources discharged between river mile 26. 5 and 

river mile 19.0 are subjected to primary sedimentation, with the 

exception of the two pulp and paper mills located at Oregon City. 

Primary sedimentation will remove approximately 85 percent of sus- 

pended settleable solids. 

There are no data presently available on the settleable solids 

losses from these two mills. Since the settleable solids losses at- 

tributable to pulp and paper mills exhibit considerable variation, 

exact determination of the sludge load potential of these two mills is 

not possible at this time. These losses usually originate in the bark- 

er and paper making operations, and in this instance, in a large 

groundwood operation at one of the mills. One interesting statistic, 

that may be an indication of the settleable solids losses at these 

mills, is the fiber losses reported. Fiber is lost in the making of 

paper and represents an actual production loss. Publishers' Paper 

Company reported a fiber loss of 5. 2 percent, and Crown Zeller - 

bach Company reported a loss of 2. 9 percent for the period under 

study. The average reported fiber loss for mills of this type, on a 

national basis, is about 1. 5 percent, with the average reported for 
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the Northwest being close to 2. 5 percent. 

Fiber has been shown to be quite inert in nature, and in itself, 

cannot be expected to produce a significant oxygen demand. Studies 

have shown that the biological material attached to or growing on the 

wood fiber particles is primarily responsible for the oxygen demand 

of a sludge deposit (1, p. 81). 

Velz has determined that sludge may originate from three 

types of deposits. These are: 

1. that associated with the settleable solids of the waste; 

2. that associated with the flocculation or coagulation which 

may take place in a stream; and 

that associated with biological extraction and accumula- 

tion (7, p. 47). 

It is possible that all three types of deposits are present in the 

suspected sludge deposit. The wastes originating from a pulp and 

paper mill contain a settleable solids portion subject to sedimenta- 

tion and decomposition. The physical and chemical nature of the 

waste may also lend itself to flocculation around the fiber or to other 

finely- divided wood particles present. The third type of deposit 

listed by Velz, that associated with biological extraction and accumu- 

lation, may be of prime importance in this study. Significant sphae- 

rotilus ( a bacterial slime) growths have been observed in the river 

3. 
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immediately downstream from the two pulp and paper mills. These 

growths are the type that attach themselves to a fixed object, such as 

on the stream bottom and under optimum conditions, these bacteria 

increase rapidly. As they grow, parts of the growth are continually 

sloughing and are carried downstream to settle and decompose. It 

is believed that these growths, together with the wood fiber and other 

finely- divided wood particles from the mills, are a major factor in 

the creation of sludge deposits in the reach under consideration. 
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CONCLUSIONS 

1. A large discrepancy exists between the computed and observed 

dissolved oxygen profiles, occurring in the upper 7. 5 miles of 

the study reach. 

2. Based upon this study sludge deposits, located between river 

miles 26.5 and 19. 0, appear to be responsible for this discre- 

pancy. 

The source of the pollution responsible for these suspected 

sludge deposits is located upstream of river mile 19. 0. 

Improvement in the dissolved oxygen concentration of approxi- 

mately 1. 5 mg /1 may be achieved by prevention of these sus- 

pected sludge deposits. 

5. These findings indicate that a detailed survey of these areas 

should be conducted to provide the necessary information for 

restoration of water quality. 

3. 

4. 
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