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The effects of the Brandon Generating Station's
cooling water di-scharge into the Assiniboine River were

investigated from January 10 through March 14 of L975.

The biological reaction rates of the carbonaceous and

nitrogenous stages of deoxygenation at various river
temperatures \^lere evaluated and confirmed by a simulated.

laboratory study. The thermal discharge does not appear

to have any adverse effects on biological reaction rates.
The biochemical oxygen demand in the river during the

winter months is low.

The simulation laboratory study concluded that
if sufficient substrate (ammonia) is available, nitrifi-
cation can account for a higher oxygen demand than the

carbonaceous stages of deoxygenation. The simulation

study also indicat.ed that nitrification may occur at

temperatures below 5oc.
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CHAPTER I INTRODUCTION

1.1. Statement of Problem

Rivers and streams have been subjected to a role

of accepting the waste of man's various activj-ties since

the beginning of civilization. These wastes include

domestic sewage, industrial wastes of innumerable types and

the most recent type of concern, thermal pollution. An

article by Krenkel, Thackston and Parker (f) quotes Senator

Muskieiandthe American Senaters subcommittee on air and

water pollution as follows, "Excessive heat is as much a

pollutant as municipal wastes or industrial vTastes."

Specialists (1-6) involved in environmental protection and

pollution control agree with the senate subcommittee and.

predict increasing volumes of thermal discharge from the

production of electric energy either by fossil fuel or

nuclear power plants. Novotny and Krenkel (2) predict

that by the year 2000 about nine times as much electric

energy will be produced as in 1970. They further state

that this will increase the volume of thermal discharge

proportionately, resulting in increased receiving water

temperatures which may have harmful effects on the eco-

systems of the receiving streams

Many articles (3'4'5'6) discuss the requirements

to be met in order to preserve established aquatic eco-

systems. A summary of these requirements is as follows:



a) Thermal effluents should not alter significantly

the productive characteristics of indigenous organisms;

b) Temperatures should not exceed the maximum or

minímum levels tolerated by indigenous organisms;

c) High temperature acclimation of aquatic organisms

can cause 1ow temperature stress. High temperature acc-

limation should not be permitted;

d) Seasonal cycles of reproduction and other activit.ies

should not be varied due to thermal discharges;

e) Species diversity should be maintained;

f) Temperature increases should not interfere with

downstream drift of bacteria, insects or fish;
g) Temperature increases should not cause undue de-

plet,ion of dissolved oxygen due to increased bact,erial

action.

The above requirements can be considered appli-

cable to all rivers regardless of natural temperature

patterns prior to the introduction of a thermal source.

The Assiniboine River in Manitoba is one such stream since

it receives cooling water from a fossil fuel electric
generating station located at Brandon.

1.2. Study Objectives

The objective of this study was to determine the

effects of thermal discharge on the reaction rate of the

nitrogenous stage of the biochemical oxygen demand in the

Assiniboine Ríver. The study was a sequence to previous



studies done on the Assiniboine River to help determine

why a fish kiII occurred downstream of the Hydro plantrs

cooling water discharge. The report deals with winter

conditions because the generating station operates only

d.uring peak consumption periods which occur during the

winter. Consequently, the objective was achieved through

the correlation of nitrogenous reaction rates, ammonia and

nitrate concentrations and temperatures on samples collected

during January, February and March of L975.



CHAPTER TT LTTERATURE REVTET^I

2.I. Introduction

The ecosystem of natural bodies of water is
easily disturbed and modern society has in the past

treated streams, rivers and lakes as collectors of wastes

without concern for these ecosystems. Fortunatêfy, a few

far-visioned individuals considered streams as something

speciar and worth protecting. Metcarfe and Eddy, rnc. (7)

quote the late Earle E. phelps as follows, "A stream is
something more thana geographic feature, a line on a ilêp,
a part of the fixed permanent terrain. rt cannot be ade-

quately portrayed in Lerms of topography and geology. A

stream is a living thing, a thing of energy, of movement,

of change. "

The responsibility of ecorogists and environmental

engineers is to ensure that the "change" is not a detri-
mental one due to the discharge of society's pollutants.
lrlater is used widely throughout alr industry including
por4rer generation. According to Gerald E. Arnold (5)

approximately 80 per cent of all water withdrawn by in-
dustry ín the U.S. is used for cooling. W.R. Donald (g)

quotes a figure of 90 per cent. The ever increasíng
industrial growth along with the possibre rapid growth of
fossil fuel and nuclear generating plants could make

thermal discharges the single most important pollutant to
be dealt with in the next few decades.



2.2. Physical Effects of Thermal Discharge

The obvious physical effect of thermal discharge

on a receiving stream is an increase in the water tempera-

ture of the stream. Donald (8) reports the occurrence of
a definite temperature profile consistrÍi,r_rg of a peak imme-

diately ad.jacent to the point of discharge, followed by a
logarithmic shaped temperature decay curve. The decay

curve is influenced by turbulence and atmospheric condi-
tions. velz and Gannon (9) discuss the effect of atmos-

pheric conditions in some detail including convection loss,
radiation loss, solar rad.iation gain and other meteorologic

factors including air temperature, wind velocity and vapor

pressure.

The two main factors influencing downstream temp-

erature profiles is the heat content of the thermal dis-
charge and volume of flow ín the receiving stream. Velz

and Gannon (9) state that the crit.ical condition with res-
pect to temperature rise of stream water from heat load

occurs during drought stream flow conditions combined with
meteorological conditions which are unfavourable to heat

dissipation. In North America this combination usually
occurs during the sunmer months on a calm clear day and

the above mentioned article (9) shows several seasonal

temperature patterns to support this supposition. These

graphs adequately predict the critical temperature condi-

tions that must be considered when planning the use of a

stream for receipt. of thermal discharge.



Pommen (10) mentions that literature on the

effects of thermal discharges on cold water streams or
streams under severe winter conditions is nearly non-

existant. According to Pommen (10) other researchers have

warned against extraporating the results of investigations
conducted in the ünited states to the canadian scene. He

further states that the effects of thermal discharges in
canada may not be as severe as those in the much studied
milder climate of the United States.

2.2.L. Dissolved Oxygen

Many investigators including Velz (If¡ discuss

the effdct of temperature on the dissolved oxygen content

of streams. Theoretically, a higher temperature decreases

the solubility of oxygen in water (6), increases the rate
of reaeration and the rate of biological deoxygenation

causing a net decrease in dissorved oxygen content. pommen

(10) refers to several investigators who report that no

decrease in dissolved oxygen concentration was found down-

stream from a thermal discharge. Donald (B) also concluded

that little or no change in dissolved oxygen occurs as a

result of the passage of cooling water through the con-

densers of stream generating stations.
Dona1d (8) and Pommen (10) both conclude that

no adverse affects occur in levels of dissorved oxygen due

to thermal discharge during winter periods



2.3. Biological Effects of Thermal Pollution
2.3.I. fntroduction

Thermal pollution can U. a"firred as a substantial
change in water temperature that adversely affects the

water ecology and the resulting detrimental effect on the

aquatic organisms which depend on the ecology (I2).
Aquatic life may show immediate adverse affects or the

changes may be slow.

2.3.2. General Effect on Aquatic Life

Velz and Gannon (9) note that a moderate temp-

erature rise may not be injurious but if the rise is be-

yond the tolerance range of any particular species that
species may die or at the least decrease in numbers.

Species are rarely eliminated en mass but as the tempera-

ture changes the mo:re sensitive species are reduced in
numbers. Cairns (6) states that most aquatic organisms

can only withstand the effects of heat within narrow

limit,s. This can cause interruption in migratory practises

and reproduction schedules.

The more tolerant species will out-perform the

more sensitive organisms and eventually cause a qualitative

shift in the kinds of species present. This ís particu-
larly evident in algae where \^rarmer water temperatures

causes the more noxious blue-green algae to predominate

(6). Bacteria are also affected by increasing water temp-

eratures. Canadian rivers are usually in the O-20o Celsius



range (8r10). In this range increasing temperatures

would result in increased activity as discussed iñ the

following sections.

2.4. Thermal Effects on Carbonaceous Biochemical Oxygen
Demand

2.4.I. Introduction

"The understanding of bio-oxidation kinetics is
of fundamental importance for environmental engineers. "

This statement by Varma and Nepal (13) serves as a good

opening statement for a study of temperature effects on

biochemical oxygen demand, hereafter designated as BOD.

Organic matter is assimilated by heterogeneous micro-

organisms using molecular oxygen dissolved in water for
their metabolic activities.

The basic monomolecular reactions which are

normally associated with BOD are well document.ed through-

out the literature and wilt only be discussed in general

terms for the purpose of this paper. Monomolecular re-
action rates are observed whenever the amount of a given

reaction occurring in unit time is directly proportional

to the amount of reactant present (13).

2.4.2. Classification of Bacteria According to Temperature

Busch (fa¡ states that individual species of



bacteria do not grow over the entire temperature range.

Each species has an optÍmum temperature for growth which

usually occurs near the maximum temperature for that
species. Busch (14) classifies bacteria as follows:

Bacteria having optimum growth rates below 2}oc

are psychrophilic, bacteria having optimum growth rates
between 20oc and sooc are mesophilic and bacteria having

optimum growth rates above 50oc are thermophilic. McKinney

(15) and Downing (16) agree generally wíth this classifi-
cation of bacteria according to temperature. The psy-

chrophilic bacteria are of the greatest importance in
connection with stream pollution and thermal pollution in
Canadian rivers. McKinney (15) mentions that the op-

timum temperature for the psychrophilic bacteria is near

20oC and that the rate of growth and metabolish are com-

paratively slow.

2.4.3. Kinetics of Carbonaceous BOD

A literature examination conducted by Gaudy,

Bhatla, Follett and Abel-Niaaj (17) shows the concept most

prevalentry used is the first-order continually-decreasing

rate type of kinetics which prevailed in studies done by

early researchers such as Theriault. This concept only

requires two constants to describe the BOD curve. They

are: L, ultimate demand and k' the rate constant.

Schroepfer, Robins and Susag, (18) reviewed the work of
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street.er and Phelps who stated that the k, reaction rate
was constant at 0.1. The classic work of streeter and

Phelps has been recorded in nearly ar1 articles and texts
dealing with biologicar oxidation and stream pollution
(11-18). YeLz (11) quotes pherps' generalized expression

which covers the rationar method of stream analysis as

follows: "the rate of biochemical oxidation of organic
matter is proportional to the remaining concentration of
unoxidized substance, measured in terms of oxidízability. "

The derivation of the classic formuration of deoxygenation

due to biological degradation is as follows:
Differentially: -dL = k,L

dtr
which may be integrated: 

"sge 
Lt = _k-t
L1

or La = r' (10-ktt)

where L and k, are as defined previously and La is the

amount of oxidizable matter remaining at any time t.
Landine (19) explains the derivation of the most

common form of the equation which is an equation express-

ing the oxygen already consumed. This equation is ex-

pressed as follows:
-1- +Yt = L(1-10 ^1')

where Yt represents BOD already exerted. The terms y, and

t are det,ermined experimentally. A plot of Log La versus

t yields a straight line whose slope is -k1.



2. 4. 3.L. Factors Complicating k, Determination

Landine (19) states that k, is normally associated

with Èhe standard five day BOD (BOD') test and actually
represents an average of those five days. The reaction
rate k, is dependent upon the nature of the substrate and

the ability of the microorganisms to utilize it. Dissolved

organic matter is more readily available than suspended

matter and can cause high k, rat,es during the first few

hours of degradation. Jank and Drynan (20) state that the

only phase of bacterial growth with a constant growth

rate occurs during the exponential growth rate which nor-
mal1y takes place the first 24 hours of incubation.

One other important. factor which affects the re-
action rate of bacterial oxidation, kl, is temperature.

The temperature factor was widely discussed in the litera-
ture and several textbooks including Metcalfe and Eddy (7)

and Sawyer and McCarty (27). The Van't Hoff-Arrhennius.

rule serves as the basis of an equation which approximates

the temperature effect. It is written as follows:

k1t = ktzo o(T-2oo)

where klt = reaction rate aL any temperature T.

€ = a constant developed empirically.
The value of e has been found to vary from 1.056

in the temperature range of 2Oo to 30oc to 1.135 in the

temperature ranges of 40 to 20oc. The most quoted value

in the literature is L.047 but this value does not apply

at cold temperatures.

11



Schroepfer, Robins and Susag (18) studied twelve

hundred BOD determinations between 4oC and 3OoC and con-

cluded that the calculated ultimate demands for those

samples whose deoxygenations are described by the mono-

molecular law were approximately constant. The variation
of k" with temperature can be described by the ArrheniusI

relation using a value of Q = 1.05 for converting from

2ooc to 30oc and of 1.135 for converting from 2ooc to 4oc.

2.4.4. Methods of Calculating k, and L

Marske and Polkowski (25) concluded that the

first order model adequately describes BOD data over r kI
range up to 0.20. There are several methods which can

be used to calculate kt and L. All the methods require
BOD data obtained following the procedures set down in
Standard Methods for the Examination of Vüater and Waste-

water (22), hereaft.er referred to as Standard Methods.

The necessary BOD data 1s obtained and k, and L can be

determined using one of the common methods outlined below.

(1) the Reed-Theriault method is discussed by Landine

(19) and Carroll (23) as "The standard method of computing

k, and L values". A trial value for k- is assumed andI _-_I

successive approximations are repeated until the trial
value equals the calculated va1ue. Ho\¡/ever, Ludzack, Moore

and Ruchcroft (24) state that the necessary calculations

involve a great deal of time. This view is shared by

L2



Marske and Polkowski (2s) who note that the researcher

should have access to a digital computer

(2) The Thomas slope method is the simplest of the
reast. squares methods according to Landine (r9). Thomas

(26) who developed the method states that the results are

in good agreement with those obtained by more elaborate
least square methods. The procedure in determining the BoD

constants consist of the f ollowing steps . Q6)

(i) using the experimental data ya and t calculate
the value of (t/yL)L/3 for each dry;

(ii) plot (t/Yt)I/l versus t on arithmetic araph
paper and draw a 1ine of best fit;

(iii) from the plot measure the intercept A and the

slope B;

(iv) k., and L can be calculated using the equationsI

k'' = 2'6IB
A

and f,= 1
2.3k- Art

The method employs the rate of change of ya in
the equation dYt = kl (L-Yt) and is illustrated graphically

dt
in Figure ï. The Thomas method is fast and simpte but
some researchers (25) state that the Thomas method con-

sistently underestimates the k, constant and consequently

overestimates the ultimate BOD.

(3) A third method of estimating kl and L values was

developed by Moore, Thomas and Snow (27) to eliminate the

extensive computations involved in Èhe previously developed

13
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methods. Moore, et a1 (27) believe that if a simple

method of developing k, and L was available more re-
searchers will foresake the BODU test and measure the

strength of sewage in terms of total oxygen demand and the

rate of exertion

he method of moments is based on no lag phase

and as Landine (19) states this method assumes all points

have equal accuracy and a curve of best fit. is d.rawn for
which the sum of the squares of the deviations is a mini-
mum. The no lag phase method of moments assumes that the

oxygen demand proceeds at its maximum rate immediately.

Moore, et aI (27), also developed a method of moments for
determining k, and L when evidence of a Iag phase in the

first part of the curve occurs. The 1ag phase may be due

to the absence of adequate numbers of organisms or p€r-

haps due to a difficulty in acclimation to the substrate.

In any case such a BOD curve cannot be formulated by the

standard equation Yt = L(1-10-k1t) but can be written as

Y+ = L(1-10-k1 (t-to) ) in which t- is the rag period (27).EO

Due to the addition of this extra variable the amount of
computation increases.

The moment method for determining k, and L is
considered to be the one in best. agreement with the stand-

ard Reed-Theriault method (18, 24,, 27).

(4) The daily difference method of evaluating kI and

L is briefly discussed by Gannon (28) as a comparison

'1 tr
J.J



against other methods of determining k, values. The method

as described by sparling (29) involves the following steps:
(i) the five day BOD data is obtained in the

usual manner and the daily difference is evaluated;
(ii¡ the daily difference values are plotted

versus time on a semi-1og scale resulting in a straight
line if first order kinetics is the case;

(iii) the slope of the line is equivalent to kr.
The daily-difference method of obtaining k, was shown by

Gannon (14¡ to be within the range of values obtained by

other methods

l6

2-4-5. comparison of BoD rates in the Laboratory versus
Actual Stream Conditions

Gannon (28) reports that for some rivers the

monomorecular equation developed by streeter and phelps

expresses the river BoD accurately with r kl rate having

a statistical average approximating the generarly accepted

laboratory value. More recent investigators have found

marked differences between actual river BoD rate and that
normally expected from laboratory work.

Gannon (28) proposed a river BOD rate of k, as

opposed to the laboratory rate k, and studied two differ-
ent rivers to observe any differences. There was a marked

increase in the k, of a slow moving river as compared to
normally expected k, rates. This increase Ì,vas explained

by Gannon (28) as being the result of contact with sludge
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deposits, heavy vegetation obstructing flow and abundant

aquatic arowth. He also concluded thaL the difference in
BoD reaction rat,es r¡rere most noticeable between mixed and

non-mixed categories

Ali and Beutra (30) support the theory that the

BoD values obtained under stirred conditj-ons are always

higher than the BoD obtained in the standard procedure

without mixing. These findings are clarified, however, by

the statement that the effect, of stirred versus non-

sitrred BoD values was less pronounced in final effluents.
Schroepfer, et aI (18) al]ude to the fact that

the different k, rates from river to laboratory evaluations
may be due to a change from normal river temperature to the

standard laboratory incubation temperatures of zooc. They

further concluded that a 24 hour delay from sampling to
laboratory set-up caused litLle or no effect on BOD

kinetics.

Nejedly (31) attributes the discrepancy between

laboratory k, rates and stream k, rates to longitudinal- J_ --1-

dispersion by the stream. He concluded that the deoxygena-

tion coefficient, kI, of streams is consistently higher
than those found under standard laboratory tests at the

same temperature. The ratio between the two varues can

amount to as much as 30:l- and is directry proportional to
the longitudinar dispersion. unfortunately, these con-

clusions are only tentative since they were based on

limited evidence.



2.4.6. Typical k, Values

The k, values of typical stream samples eva-

luated under standard laboratory conditions of 2Ooc is
0.1 (LI,24). Schroepfer, et al (18) found k, values in
streams ranging from 0.003 to 0.T46 at 20oc with a mean

value of 0.065. They further found that t.he k, values

peaked for the 12-24 hour time period and then dissipated
with time. Landine (19) had an explanation for this
phenomenon as discussed in section 2.4.3.L. Gannon (za¡

found that the k, value varies with the method used to
evaluate it and arso on the strength of the river BoD.

The kt of one set of sampres with a river BoDs averaging

2.5 mg/I varied from 0.0002 to 0.0232 while a set of
samples with a river BoDu of L8 mg/L varied from 0.0975 Lo

0.1600.

I8

2.5. Nitrification in Streams

2.5.1. Introduction

The compounds of nitrogen are of great interest
to environmental engineers because nitrogen is an integral
part of the life processes of all plants and animals (21).

The nitrogen cycle in nature is as shown in Figure rr. An

important aspect of stream sanitation is the oxygen demand

caused by the nitrogenous compounds which are oxidized by

autotrophic bacteria (7).

The nitrogienous stage of BOD does not normally

begin until after the seventh day of incubation and is thus
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excluded from normal five-day BOD tests (32). Nitrifica-
tion, however, has caused serious error in BoD measure-

ments of secondary efftuents.
Courchaine (33) states that in stream studies

oxidation of nitrogenous BoD can be a highly significant
factor accounting for over seventy-five percent of the

total demand excerted. Wild, Sawyer and McMahon (34)

mention that although the nitrogenous oxygen demand (NoD)

was well understood by engineers in 1940 it was dismissed

as inconsequential until the late nineteen sixties.
The three premises for dismissal were:

(i) nitrification is caused by special organisms

which are of minimal population in surface waters;
(ii) the reaction constant for nitrogenous oxidation

is small in relation to the constant for carbon-

aceous matter

(iii) oxidation of ammonia to nitrates simply converts

dissolved oxygen to a chemical form which is
stilI available to prevent development of anaerobic

conditions.

The work of Courchaine (33) and other investigators
(2L, 33) have proved the above assumptions incorrect and

as Zanoni (47) states, knowledge of the kinetics of nitro-
genous assimilation is necessary for estabrishing the

assimilation capacity of the receiving body of wat.er.

Prasad and Jones (35) report that little work

has been done on the biotogical activity of the micro-

20
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organisms inhabiting waste treatment plants and streams at
Iow temperatures, but W.E. Zernak (36) and Gannon (2g)

demonstrated that the impact of nitrification on stream

oxygen is important enough t.hat ít be considered in oxygen

balance equations. some work has been done by several in-
vestigators on nitrification kinetics and is reported by

Novak (37).

2.5.2. Biological Aspects of Nitrifiers

The cytology of nitrífiers is important in
understanding the biological activities of the nitrify-
ing organisms. Meiklejohn (38) reports that nitrifying
bacteria \Arere f irst isolaÈed in.pure culture by winogradsky

in 1890. winogradsky determj-ned that nitrifiers are auto-
trophic organisms meaning they do not use organic com-

pounds as primary sources of energy. The autotrophs are

abre to synthesize organic compounds needed for respiratory
requirements from carbon d.ioxide and water, using either
light energy (photosynthesis) or the energy released from

exothermj-c organic chemical reactiqns (chemo synthesis)
(3e).

The bacteria traditionarly studied in relation
to sev¡age treatment are heterotrophic and require organic
compounds as their primary source of energy and are de-
pendent directly or indirectly, upon autotrophic organisms

for such food.



Meiklejohn (38) reports that warrington in lggl
discovered two separate specíes of nitrifiers; one which
oxidized ammonia to nitrite he named Nitrosomonas spp.

while Nitrobacter spp. completed the reaction by oxidi zing
nitrite to nitrate. Meiklejohn (3g) described the Nitro-
somonas spp. and Nitrobacter spp. as beÍng small 0val ceIls

.usually single but occasionally two were formed end to end.

The bacteria are gram-negative and non-motile organisms.

There are other organisms which wirr convert
ammonia to nitrite to nitrate but Nitrosomonas and Nitro-
bacter are the most important. These other organisms

include some heterotrophs and fungi.
Lees (40) states that microorganisms of the

genus Nitrosomonas spp. are autotrophs ;which oxidize ammonia

to nitrite and no cell growth or proriferation can take
place without ammonia oxidation. He also states that
Nelson, in 1931, showed that ammonia oxidation could take
prace in the absence of carbon dioxide, the energy released
being dissipated rather than being used for carbon dioxide
assimilation. This means that while a compound may inhibit
proliferation it may not inhibit ammonia oxidation. optimal
pH for nitrite formation by Nitrosomonas spp. is g.5. Lees

(40) determined that nitrite does not interfere with ni-
trate determinations at nitrite concentrations less than

700 micrograms per milliliter of sample.

Lees and Simpson (4f¡ in 1955 reported that
Nitrobacter spp. are autotrophic microorganisms which ob-
tains their entire energy supply by oxidi zíng nitrite to

22



nitrate. rn a follow-up article in rgs7, Lees and. simpson
(42¡ state that Nitrobacter spp. will oxidize nitrite to
nitrate in 2l days at z}oc. The reaction rate is constant
until all nitrite is gone unless interfered with by

chlorate (clO;) ions.

Butt and Lees (43) report that inorganic phos-
phates (orthophosphate) are utilized by Nitrobacter spp.

Butt and Lees (44) determined that high concentrations of
nitrite will inhibit nitrite oxidation by Nitrobacter spp.

The optimum nitrite concentration, the concentration at
which oxidation is maximal is dependent upon the oxygen

tension; the oxygen to nitrogen ratio in the substrate.
The optimal nitrite concentration decreases wíth decreas-

23

ing oxygen tension. once a culture of Nitrobacter
has completely oxidized a given concentration of nitrite
and another batch of nitriLe is added, at a concentration
equal to or lower than the original given concentration,
it will be oxidized without rag. A higher concentration
would exhibit lag.

Knowles, Downing and Barrett, (45) determined

that nitrifiers are mainly mesophilic with optimum growth

temperatures at around 30oc. They al-so stated that Monod,s

first order kinetics applied to nitrification. This has

been substantiated by wild, et al. (34). Knowles, et ar,
(45) also found that the rate of nitrification increased
with temperature throughout the range of 5oc to 3ooc and.

spp.
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that up to five times the retention time may be need.ed to
accomplish complete nitrification in the colder season

since the kinetics are in agreement with the van,t Hoff-
Arrhenius rate. The time required for nitrification is
also proportional to the number of nitrifiers present in
the system.

2.5.3. Chemistry for Nitrification

Goering (46) feels that the universal presence

of nitrogen in all living matter explains the intimate
association of nitrogen's environmental chemistry with
biological systems. He further states that the biological
transformations of nitrogen in aquatic ecosystems is well
understood, but a thorough understanding of the rates and

mechanisms controlring these reactions in streams and rakes

are lacking

Nitrogen has five valence electrons (46) and

can exist in seven states of valence (21). The bond.s are

almost exclusively covalent in character (45). The N-N

triple bond is one of the strongest bonds known. The

most abundant form of nitrogen in unpolruted aquatic
systems is molecular nitrogen with an oxidation state of
zero and exceeds other nitrogen compounds by about twenty

times. Ammonia (-3) or ammonium ion and organic nitrogen
(NH2 (-2) and NH(-1) ) are the most plentiful forms of
reduced nitrogen. Nitrate is normally the most abundant

f.orm of oxidized nitrogen and at times nitrite is also
present.



The primary sources of nitrogen compounds in
domestic sewage are the end products of nitrogen metabolism
in man (36, 46) - Ammonia and urea constitute approxi-
mately 853 of the total nitrogen in seh/age. The ammonia

is oxidized to nitrite by Nitrosomonas spp. and the nitrite
to nitrate by Nitrobacter spp. according to the following
equations (35):

25

I

NH¿

*o;

A more common

follows (2L,

2NH3 +

1.5 02 ---> 2H+ + *o; + H2o

+ 0.5 02 * NO;

method of writing these equations is as

46, 47):

2No; + o.., (Nitroracter 
"oo.)-+ 2Nol

LL

2.5.3.1. Oxygen and Nitrification

According to Lees (51) nitrifying organisms con_

sume more than one hundred parts of oxygen per one part
of carbon. This means that under conditions of low dis-
sorved oxygen or poor aeration the heterotrophic organisms

with a low oxygen demand proriferate much faster than

nitrifiers with high oxygen demand

Young (48) states that if the nitrogenous re-
actions were carried to completion, theoretically 3.43 g

3oz (witro=o*orr.= spp)--+ 2No; + 2H+ +2H2o



of morecular oxygen would be used per gram of ammonia

nitrogen oxidized to nítrite; and 1.14 g of oxygen would
be consumed for each gram of nitrite nitrogen converted to
nitrate. some of the reduced nitrogen is assimilated as

cell material in the carbon dioxid.e fixation react,ion in
the following manner:

*5CO2 + NH3 
--+ 

CS"Z*öZ + 5OZ

* Hnpirical Formula for ce11 composition
some of the ammonia is assimilated as cell materiar and is
not converted to nitrite or nitrate thus not consuming

oxygen. To obtain an accurate oxygen bal-ance the oxygen

equivalent of the assimilated ammonia nitrogen must be

substracted from that theoretically needed for nitrifica-
tion.
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Young (48) and other researchers (23, 36) state
that the theoretical nitrogenous oxygen demand -NoD is
accurately given as follows:

NOD = 3.22 (ltH, - N-->

+1.11 {uo, -N 
->

2.5.4. Nitrification Kineti_cs

Zanoni (41¡, like other researchers, feels that
the deoxygenation progression dating back to the classic
works of streeter and pherps expressed as the monomorecul_ar

or first order BoD, is valid for expressing both the

*o;

*o;

-N)

_N)



carbonaceous and nitrogenous stages of deoxygenation. The

integrated form of the equation is as follows:

where

f = L" (r-to-kct) +

27

Y = BOD in mg/I;

L and L = ultimate carbonaceous and nitrogenousctl
demands, respectively, in m,.g/L¡

k. and kr, = carbonaceous and nitrogenous velocity
constants or reaction rates, respec-

tively, pêr day, and

tr, = time lag to the onset of nitrogenous de-

oxygenation, days.

Ln

Figure rrr presents an "idealized" sketch of the
monomolecular deoxygenation curve showing the two separate

stages. rt is sometimes difficult to discern clearly when

the first stage ends and the second stage begins. De-

pending upon such factors as substrate characteristics and

the quantity, viability, and type-dÍstribution of the
microbiar population it is possible that the two stages

may occur simultaneously. Velz (11) states that during
the first or carbonaceous oxidation stage, about 70 to go

percent of the organic carbon is oxidized. During the
second or nitrification stage biochemical oxidation of
ammonia nitrogen occurs sometimes simultaneously and. Lhe

remaining 20 to 30 percent of the organic carbon is
utilized by the bacteria for growth.

Courchaine (33) determined that at 2OoC nitri-
fication became active at about the ninth or tenth day and

(1-10-kn (t-tn) 
) .
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I^ras complete ten days later. However, during summer cond-

itions when the temperature was 2s to 30oc nitrification,
once begun, hras complete within a period of hours. This

is dependent upon the original number of nitrifying bac-

teria present (3:¡.

Velz (11) obtained BOD curves which ind.icated

that nitrification started within the first day of incuba-

tion and became very active about the fourth day and after
six days the BOD exerted through at a very rapid rate
thereafter and was vi-rtualIy completed by the twelfth
day. Landine (19) quotes several researchers, all with
their own data indicating that nitrification begins in ten

to twenty days, some in five to seven days and some sug-

gest that all polluted river waters show nitrification in
the BoD- test. The reason for the erratic period of time5

erapsed before nitrification begins is mainly depend.ent

upon the number of nitrifying organisms present. at the

beginning of the test. 'Several researchers (11, 33, 47)

agree to this fact since they were able to show that very
little rag occurred, when an adequate innoculum of nitrify-
ing organisms r¡/as used. Nitrification was comprete in
five to six days.

A publication (52) of the British Department of
the Environment states that recent research has shown that
nitrifying bacteria multiply slowry. This slow growth of
Nitrosomonas, coupled with the fact that the population in
sel^rage is small, could account for the erroneous statements

29



sometimes made that nitrification does not begin until
carbonaceous oxidation is actually complete. The doubl-
ing time of nitrite (and hence, p::esumably, of Nitro-
somonas spp. ) was found to be not less than one day even

under favourable conditions. consequently the number of
generations possible in five days is small and the amount

of ammonia oxidized in the first five days depends criti-
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ca1ly on the concentration of Nitrosomonas spp. ceIls
initially present in the sample.

The paper also states that the rate of nitri-
fication for a given concentration of Nitrosomonas spp. is
virtually independent of the ammonia content of the
sample provided that it is not less than about 3 mg/r. As

the ammonia content falls below 3 mg/L, the rate also
falls and is about one harf the maximum at 0.5 mg/l of
ammonia. The rate is only slightly affected by the con-

centration of dissorved oxygen at levels above 2 mg/r.

Montgomery and Borne (53) concluded that the
doubling time of Nitrosomonas spp. averaged about 1.7 day

although the doubling time of pure cultures was 0.7 days.

Generally, the formation of nitrite Ì^ras roughry exponen-

tial when ammonia was not lirniting. A true lag phase was

not evident.

Statton and McCarty (54) developed a generally
applicable method of estimating the amount of oxygen re-
quired to oxidj-ze ammonia nitrogen. The method was based

on the principles of biological kinetics and an estimation
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of the concentration of viable nitrifying organisms. They

determined that the rate parameters for ammonia and nitrite
nitrogen oxidation are functions of environmental condi-
tions including temperature, pH and the chemical composi-

tion of the water. Temperature Ì^ras considered to be the
main factor.

Anthonison (55) considers the sequential oxida-
tion of ammonia to nitrate to be a series of consecutive
first order reactions. rf it, is assumed that nitrifica-
tion follows first order kinetics the nitrogen transforma-
tions can be shown as in Figure rv. rt was assumed that
the concentration of No; and No] were zero at time - ! = 0¿3
and the oxidation rate follows first order kinetics and

that the ammonia and nitrite removal rates v¡ere directly
proportionar to existing concentrations. .A,nthonison (5s¡

described this method and assumed that the reaction rate
for Nitrosomonas spp. (krrr) was equal to twice the reaction
rate for Nitrobacter spp. (krrz). Another approach known

as the bacterial-growth-kinetics theory by Knowles, et ar,
(4s¡ is based on the concept that the rates of oxidation
of Nitrosomonas spp.

and that these growth rates are each proportional to the
concentration of bacteria. Figure v presents this theory
based on incubated samples of estuary water and the curves

\irere calculated assuming that the system obeyed bacteríal
growth kinetics. Anthonison (55) considers the nitrifi-
catíon reactions to occur as shown in Figure VI.

and Nitrobacter, spp. respectively,
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Buswell, Mueller and Van Meter (56) in opposi-

tion to the previously mentioned researchers believe that
the monomorecular react,ion is invalid for determining

nitrogenous BoD. They do agree that the rate of nitrifi-
cation is directly related to the multiplication of
Nitrosomonas spp. and is independent of substrate concen-

tration. They give an equation which demonstrates the

usual growth curve for the rogarithmic phase as forlows:

35

where

r = k = I log(N )Zl5EÑ
o

r=
k-

rate constant for common logarithms;

rate constant when expressed in natural
logarithms;

t = time interval
No = bacterial population at beginning of time t;
N = bacterial population at end of t.ime interval

t.

2.5.5. Methods of Determining Nitrification Rate consLants

Courchaine (33) describes a method of determin-
ing the nitrogenous stage by using the standard carbonaceous

BoD integration and adding to this t.he oxygen required to
produce the observed increase in stream nitrates. This

will yield a total BoD which shourd equal the actual
twenty day BOD of the sample. The actual kinetics of



nitrification were not d.etermined since the calculated BoD

was compared to Do of the stream. Nemerov (57) agirees

that at least a twenty day BoD test should be run to deter-
mine total BoD due to nitrification - NoD. He states that
it is difficult to separate nitrogenous BoD and carbon-
aceous BOD in the standard five day test.

Some researchers such as Wi,Id, et al. (34) and

Downing, et al, (45) determined nitrification rates by

defining it as the weight ratio of ammonia nitrogen oxi-
dized per day to the mixed liquor volatile suspended

solids - MLVSS. At. 2ooc the rate varies from a maximum of
0.185 grams NH, N nitrified/day/g MLVSS at pH of 6.0.
This method can be evaluated using a mixed natural- culture

36

or a pure curture of Nitrosomonas spp. and Nitrobacter
spp. and is similar to the method proposed by Buswell, êt
aI. (56) where the rate of nitrification was d.ependent on

the initial number of nitrifying organisms.

Velz (Il) discusses a dual incubati-on with and

without a nitrification inhibitor, such that the difference
between the two values gives the nitrogenous fraction. Tn-

hibition was also used by Montgomery and Borne (5:¡ to
determine the NOD of samples of sehrage. Carroll (23) did
extensive work on nitrification inhibition but actual rate
constants were not determined. "velz (lL) did determine

that a two-stage nitrification occurs with the growth co-
efficient of the first stage being L.r2 extending to the



thirteenth day when the growth coefficient increased to
2.52. He felt. that this differentiated between the

Nitrosomonas spp. and the Nitrobacter

Zanoni (47) did some

fication kinetics. He ran BOD

standard manner in conjunction

nitrogen tests. Both BOD and
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at greater frequency during the transiti-on phase from the

carbonaceous to the nitrogenous stages. A larger number

of nitrite-nitrogen determinations r¡rere made in the earlier
stages with more numerous nitrate-nitrogen analyses being

made in the later stages. An optimum testing program \^¡as

deveroped by running several t.est series prior to the
actual test. All analyses were conducted in accordance

with Standard Methods (22¡.

Zanoni (47) felt that based on past experience

the "moments" method of Moore, Thomas and Snow (Zl¡ rnras

the most suitable. An important step was to accurately
delineate the two stages of deoxygenation. This was ac-

complished by using numerous nitrogen anaryses and assum-

ing that nitrification proceeded quantitatively according

to the standard nitrogenous equations shown in Figure rv.

,The nitrite nitrogen concentration multipried by 3.43 is
equal Èo the total BOD involved in the oxidation of
ammonia and the nitrite nitrogen converted Èo nitrate
nitrogen would be multiplied by r.r4 for a total BoD con-

version of 4.57. The first step was to convert the nitrogen

thorough testing on nitri-
tests on the samples in the

with nitrite and nitrate-
nitrogen analyses v/ere made

spp.



values to equivalent BoD and then subtract these demands

from the total BoDs as determined from the standard BoD

test. The resulting points on the BoD graph should re-
present the progressj-on for the carbonaceous demand. The

carbonaceous verocity constant, kl, and the ultimate de-

mand L, were determined by the moments method. The

theoreticar carbonaceous curve was determined and by sub-

tracting these calculated points from the observed points
deoxygenation progression resulted assumed to be solery
for the nitrogenous phase. The curve of best fit was then

established and the nitrogenous velocity constants and

ultimate demand determined.

The exact time of nitrification onset is im-
portant since it has a significant influence on the value

of the nitrogenous rate constant. Zanoni (47) used the

term "active" nitrificat.ion to signify the portion of the
curve which was actually incruded in the evaluation of de-

oxygenation constants. The "moments" method was then

used to establish the constants and the theoretical nitro-
genous demand curve protted. Tf this plot did not fit
the actuar curve a nernr time for nitrification onset was

selected and the process repeated until a good fit was

obtained. The first evaruation \^/as usualry sufficient.
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2.5.6. Effect of Temperature on Nitrification Kinetics

Zanoni (47) states that the effect of tempera-

ture on the nitrification stage of deoxygenation has been



almost totally ignored and to his knowledge no 0 values
have been reported for nitrification. The term € origin-
ated from the temperature equation of streeter and pherps

1¿ = o (t-2o)
^1 

: i, It was found to vary from I.Og7 in the
ilr
temperature range of looc to 22oc to 0.g77 in the temper-
ature range of z2oc to 3ooc. ïn the range from 5oc to
looc it was found that € ranged from 1.092 Lo 1.rg4 which
is a líttIe higher than the traditional value of L.047
from Streeter and phelps.

Benedict and Carlson (61) agree that the Monod

formulation adequately describes the kinetics of substrate
utilization for bio-oxidation systems over the temperature
range of rooc to 2ooc. Kinetic response to temperature

di-fferentials follows the van't Hoff equation and its
approximation the streeter-pherps expression. Temperature

inhibition does not occur in the temperature range looc to
2ooc

' Zanoni (41¡ based his nitrification kinetics
study on 33 test runs including 700 BoD determinations,
1250 nitrite-nitrogen determinations, 500 nitrate-nitrogen
determinations and 70 ammonia determinations. He found

that the rate constant-k' for the nitrogenous stage was

0.1149 at 20oc, 0.034 at 5oc, 0.052 aL rooc and 0.oB aÈ

rsoc. The optimum temperature for the nitrogenous stage
is often quoted as being 3ooc but most of the studies
were done on pure cultures and do not necessarily corres-
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pond with below 2ooc there is a longer nitrification ]ag

and a more obvious transitionar change could be detected.

Zanoni (41¡ also concluded that the ultimate
nitrogenous demand did not vary significantly with temp-

erature. The time lag before "active" nitrification com-

menced r¡ras greatly dependent on temperature and at 5oC

the time Iag was six times that at IOoC.

Velz (11) reports a maximum nitrification rate
at 28oc. wild, et al. (34) reports that nitrification
occurs at all temperatures between 5oc and 3ooc. The rate
of nitrification increased with temperature throughout the

whole range in reasonable agreement with the Van,t Hoff

Arrhenius law. Statton and McCarty (54) report that in the

temperature range of 15oc to 25oc the rate for ammonia

oxidation increased by seven to nine percent per degree

centigrade while for nitrite oxidation a six percent in-
crease per degree was found. However, they also state
that nitrification rate parameters reported in the litera-
ture indicates a three hundred percent variation in rate
constants found by different workers studying ammonia

oxidation at corresponding temperatures. Knowles, et al.
(45) found that Nitrosomonas spp. rate constants increased

by 9.5 percent per degree

to 23oc while Nitrobacter

six percent per degree centigrade, thus more or less

agreeing with other workers (11, 34, 54).

centigrade in the range from I
spp. growth rates increased by
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Courchaine (33) states

nitrifiers is 25oc to 30oc.

an optimum temperature of zsoc while Nitrobacter spp.

an optimum temperature at 2BoC. The resulting gen-

eration time was about thirty-one hours. He concluded

that a thermal discharge raising the river water tempera-

ture by soc resulted ín a high degree of nitrification
causing the nitrogenous demand to be seventy five percent

of the total BOD.

Landine (19) found no nitrification at 0.4oC and

he reports that other researchers found no nitrification
below 4oc. The lag for nitrification at rooc was thirty
days. This concurs with Zanoni (47) who reported a 1ag of
twenty days at 10oc and forty days at soc.

Prasad and Jones (35) found that physiorogicar
activity of psychrophiles in the presence of various or-
ganic nitrogenous compounds clearly indicates that ternper-

ature exert.s an important influence on the rate of meta-

bolism since in all cases the activity was higher at 2ooc

than at 5oc.

Beckman, Avendt, Mulligan and Kehrberger (59)

concluded that temperature is a controlring factor in all
biological reactions and has a pronounced effect on the
growth rate of nitrifying organisms. The growth rate of
nitrifying bacteria roughly doubles for a 7oc to looc
increase in temperatures between 6oc and 2soc with an

4T

that the optimum ranges

Nitrosomonas spp. bacteria



optimum growth rate at 30oc. Reeves (59) concurs wit.h
these findings as described in a Lg72 article.

Buck and Rankin (60) found that the number of
mesophilic bacteria including nitrifiers in a stream was

quite stable over a temperature range of ooc to 30oc. The

number of bacteria only varied by one order of magnitud.e

from Èhe ooc winter conditions to the 3ooc summer condi-
tions. Psychrophilic bacteria varied by five orders of
magnitude over the same temperature range, the low counts
occurring during the warm stunmer months.

A number of researchers (11, L9, 33, 47 , 54,

57, 61) into nitrification kinetics agree that rittle or
no nitrification occurs below Aoc, the optimum temperature
for nitrification is 22oc Lo 3Ooc, nitrification rates in-
crease with temperatures and nitrification can be an im-
portant aspect of stream BoD if the temperature is raised
into the optimum rangê due to thermal discharges.
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CHAPTER TTI BACKGROUND INFORMATION

3.1. Tntroduction

The effect of thermar discharge on biological.
reaction rates of nitrifying organisms was studied in two

different parts. The first part of the investigation was

carried out on Assiniboine River samples taken near Brandon

during the months of January, February and March of Lg7s.

severar test runs were made during october, November and

December of 1974 to determine the method of sampling, the
type of analysis to be performed and the range of results
to expect.

The second part of the study was carried out on

laboratory samples which were heated to simulate actual_

river conditions at Brandon in terms of temperature. Red

River water was used since it was assumed that a basic
population of nitrifyers was present, due to the discharge
f rom the city of !üinnipeg's south end se\^rage treatment
plant. The samples r^rere spiked (innoculated) with approx_
imately two milrigrams per liter of ammonia to ensure ade-
quate substrate concentrations for the nitrifiers. Two

milligrams \4rere used to ensure that the samples were

within Lhe realm of reality.
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3.2. Sampling Station Locations

3.2.L. Assiniboine River Samples

Three stations were sampled for each set of



analyses. station number 1 was located on the Assiniboine
River about two hundred feet upstream of the cooling water
discharge from Manitoba Hydro's stream generating station.
station number 2 was located approxirnately one thousand

feet (300 meters) downstream of the cooling water discharge
while station number 3 was located approximately four
thousand feet (1200 meters) downstream of the discharge
culvert. stati-on Number 5 was at Lost rsland farm and

was of interest since a temperature recorder was situated
there. The stations are shown on Figure VTI.
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3.2.2. Simulated Laboratory Samples

The samples used in the raboratory simulation
study were obtained from the Red River at crescent Drive
Park in Fort Garry, winnipeg. All the samples \^rere Laken

from the same station.

3.3. Sampling Conditions

3.3.1. Assiniboine River

The generating station did not. begin full time
operation until early in January. The river had been ice-
covered up untir this period and sampling was not possible
until the thermar discharge kept the river free of ice
beyond station 3. The river at station I was open due to
the dam at the Hydro's intake structure.
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Sampling was done from a boat launched at sta-
tion 1 and then proceeding to stations 2 and 3. Due to
the extremely cold ambient air temperatures during most of
the sampling period obtaining samples for BoD analyses

\^ras impossible using the standard A.p.H.A. sampler and

onry one sampre was taken for dissolved oxygen from each

station in this manner. The remaining 20 samples from each

station hrere obtained by filling a five gallon container,
keeping it at river temperatures while carrying them back

to the laboratory, warming them to 2ooc in a water bath,
bubbling out the excess dissolved oxygen by using air and

then siphoning the sample into the standard BoD bottles
for incubation at 2OoC.
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3.3.2. Simulated Laboratory Samples

The samples for the simulated laboratory study
were obtained from the Red River during flood stage in late
April. The water temperature \^/as close to Ooc; similar
to the Assiniboine River temperature upstream of the
thermal water discharge. Eight samples were taken about

fifteen minutes apart by filling a five galron container
from the river bank.

The eight samples were innoculated with approx-
imately 2 mg/r of ammonia as ammonium chloride upon return
to the raboratory. Two gallons of each five ga11on sample

were heated to about. 17oc over a period of about twenty



minutes to simulate heating of the cooling water through

the steam generating plant. The other 3 gallons of sample

\¡rere kept at ooc in the incubator. The 17oc samples were

then mixed into the ooc samples until the combined water

temperature was approximately 5oC. This simulated the

flow of cooring water into the Assiniboine river heating

the river water at station 2 Eo a maximum of 5oC under

the flow conditions during the study.

The simulated river sample was then siphoned

into BOD bottles for incubation at 20oC and at soC.

Samples for ammonia and nitrate analysis \^rere also in-
cubated at those temperatures.
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3.4. Laboratory Analysis

3. 4. 1. Physical Parameters

The main physical parameter checked on all the

Brandon samples was the temperature. lvater temperature

was monitored at stations I, 2 and 5. One thermocouple

was installed on the river bottom at the water intake of
the cooling water pumphouse to monitor upstream water

temperatures. Two thermocouples on the river bottom at
station 2 monitored the water temperature downstream of
the thermal discharge.

A Yellow Springs Instrument Company (y.S.I.)

model 401 thermister with a Y.S.I. model 804 recorder

measured the river water temperature at station 5. The

temperatures at station 3 were obtained by extrapotating



the temperature recordings from stations 2 and 5. An iI-
lustration of the temperature charts obtained is shown in
Figure VIII.

Surface water temperatures were also measured

for each set of samples at each station. The measurementsr

made with a standard Celsius thermometer, served as a
check on the river temperatures.

The temperature was also measured on the Red

River samples for laboratory incubation. These measure-

ments were made with a standard celsius thermometèr.

The only other physical parameter checked on the

Brandon samples was the flow which was obtained from

monthly flow data provided by the provincial water Resources

Branch. The flow over the three month study period was

stable. Variations in temperatures downstream of the

thermal discharge vras so1ely due to the temperature and

vorume of cooring water. Any fluctuations or chemical

analyses resurts wourd be due to natural conditions and

not influenced by different dilutions.
The flow in the Red River which was in flood

stage at the time of sampling \^¡as approximately 40r0OO

c.f.s. as reported by the Federal Government.
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3. 4.2. Chemical Parameters

The Assiniboine River samples and the Red River

samples were all anarysed for the same chemicat parameters.

The samples r¡/ere analysed f or the following:
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sïA. 5

Drop in r¡ver woter temp. when
big turbine shuts down.

FïGURE VIIT: Example of Temperature Graphs.



1. dissolved oxygen concentration (OO¡

2. biochemical oxygen demand (BOD)

3. ammonia concentration (NH4)

4. nitrate concentration (NO3)

The BoD samples rnrere incubated for 20 days at 2ooc. The

dissolved oxygen concentrations vrere determined using the
azide modification at the iodometric method described in
section 2188 of standard Methods (22). The simulated

samples \¡rere handled in the same manner except an addi-
tional set of BOD samples were run at 5oC.

The Assiniboine River samples were not diluted
since it had been predetermined that the natural river
water BoD was Iow. The BoD samples were analysed for one,

tvro, three, four and five day progressions for carbona-

ceous demand and also seven, nine, eleven, fifteen and.

twenty day BoDs were determined to evaluate the nitro-
genous demand.

The ammonia analyses \^rere done according to
section l32A and B of standard Methods (22¡. The samples

were analyzed for ammonia on the day of sampling, to obtain
the actual amounts in the river water, and, every three to
four days thereafter up until 20 days to determine the
amount, of depletion.

The nitrate analyses were done on the same days

as the ammonia analysis in order to measure the increase
due to nitrification of ammonia. The analyses were done

exactly as described in section 213c of standard Methods

(22) .
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CHAPTER IV. RESULTS AND OBSERVATIONS

4.1. Assiniboine River Study

4 . 1. 1. lriater Temperature

The water temperature data collected from

stations 1, 2, 3 and 5 during the three month study peri-od

is summarized in Table r. The results for station 3 were

obtained by interpolating the temperature data from sta-
tions 2 and 5. The t.emperatures at each station refrect
the average temperature of the water during the days the

sampling was done. These temperatures were considered

valid since the total retention time in the section of the
river being sampled was less than two hours thus ensuring

that the bacteria had not been exposed to higher or rower

temperatures than the one indicated on Lhe recording charts.
Station 1 was under ice cover during the whole

study period and therefore the temperature was always

zeyo degrees celsius. The samples were obtained under the
ice in order to obtain a true dissolved oxygen content.
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4.L.2. Flow in the Assiniboine River

The flows in
during the study period

and IV. The flow data

the Assiniboine River, ât Brandon,

\^7ere as shown in Tables fI, IIf
reported was obtained from the mean



Jan. 10

18

24

31

Feb. 6

L4

2L

Mar. I

I4

Average

52

Station 1
tl er

00

00

oo

oo

oo

00

oo

00

oo

oo

ce
Station 2

2. Oo

3. 50

2.50

4. 00

5. Oo

3. 00

2.Oo

1. Oo

o. 50

2.60

Station 3

TABLE T:

1. 50

2.50

1. 50

3. 00

3. Oo

1. 50

1. Oo

0. 50

oo

r.60

Average River lrlater Temperature* at. Time of
Sampting (Degrees Celsius).

Station 5

Temperature recorder

1. 50

2. Oo

r. 50

2.Oo

2. Oo

1. 50

o. 50

00

00

1.30



Date

Jan. 10

18

24

31

Feb. 6

T4

2I

Mar. I

I4

Average

53

Tenrp (oc)

00

oo

oo

00

oo

oo

00

oo

oo

00

Flow (CFS)

440

436

436

437

437

437

437

450

475

440

TABLE II: River Water Temperature,
(incubated at 2OoC)

BoDs 6s/L)

1.3

L.4

0.8

1.0

1.9

1.0

0.9

0.4

0.4

1. 01

BoD2 o fus/t)

3.r
2.9

I.9
2.2

2.6

2.0

1.6

1.1

BOD and River Flows
Station 1.



Date

Jan. 10

18

24

31

Feb. 6

I4

2I

Mar. I
L4

Average

Temp (oc)

54

2. 00

3. 50

2.50

4. Oo

5. 00

3. 00

2. Oo

1. 00

o. 50

2.6L

Flow (Crs¡

440

436

436

437

437

437

437

450

BoDs 6s/Il

TABLE IIT: River Water Temperature,
(incubatea al zooc) -

I.2
0.8

1.0

0.9

L.7

0.7

0.5

0.5

1.1

0. 93

BoD2o @g/Ll

2.8

2.3

2.4

1.8

2.8

1.5

3.2

L.7

I.7 _
2.24

BOD and Ri-ver Flows
Station 2.



Date

Jan.10

18

24

31

Feb. 6

L4

2I

Mar. 1

L4

Average

55

Temp (oc)

1. 50

2. Oo

1. 50

3. 00

3. 00

1. 50

10

0. 50

00

1. 56

Flow (cFS)

440

436

436

437

437

437

437

450

475

440

BoDs @g/I)

TABLE IV: River Water Temperalure,
(incubated ai zooc) l

0.7

1.0

0.8

1.1

1.2

0.6

0.6

0.5

BoD2o @s/I)

3.0

2.4

2.3

1.9

2.4

ï.3
L.2

1.3

1.5

L.92

BOD and River Flows
Stati-on 3.
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weekly stream flow data as reported by the vüater Resources

Branch of the Manitoba Department of Mines, Resources and

Environmental Management. The flow did not vary appreciably
from January to early March when it began to increase. The

flow during the last week of sampling was less than ten
percent above that of the first week. (Januâry, 440 cfs,
middle of March , 475 cfs)

4.1.3. Biochemical Oxygen Demand Analysis

Vtater samples were collected for analysis from

stations 1, 2 and 3 on a weekly basis from January through

March I of 1975. The last set of samples was collected
on March 14, !975. The five day and twenty day BOD re-
sults from each station \¡rere as shown in Tab1es II, ïïI
and IV.

4.1.3.1. Carbonaceous kt Rates

The one, two, three, four and five day BOD

analyses were used to draw BoD progression curves which

in turn \^rere used to calculate the carbonaceous reaction
rate (-k1). The k, rates are temperature dependent and the

rates from each station \^rere compared with the tempera-

ture. The k, rates at each temperature are shown in
Table V.

The reaction rate can also be dependent upon

substrate concentration. Table vr shows the k, rates from



Sample

Date

,ïan. 10 0

18 0

240

31 0

Feb. 6 0

L40

21 0

Mar. 1 0

t4g
Average 0

Std. Deviation

Station 1

57

Temo
(ocj

k, rate

0.1

0. 14

0. 03

0. 11

0. 16

0. 14

0. 14

0. 05

0. l_0

0.108
0. 04

Station 2

Temp
(ocj

2.0

3.5

2.5

4.0

5.0

3.0

2.0

1.0

0.5

2.6I

k, rat,e

0.1

0. 09

0. 04

0. 11

0. 15

0. 13

0. 11

0. 08

0. 13

0.104
0. 03

TABLE V:

Station 3

Temp
oc)

CaÈbonaceous
(incubated

1.5

2.0

1.5

3.0

3.0

1.5

1.0

0.5

0

1. 56

k, rate

0.1

0. 05

0. 03

0. 13

0.72

0. 13

0.13

0. 08

0.11

0.098
0. 04

k, Rates and River lrlater Temperature
at 2ooc).



Sample

Date

Jan. 10 0.10 2.9

18 0.14 2.0

24 0. 03 3.1

31 0.11 1.3

Feb. 6 0.16 2.s

14 0.14 L.4

21 0.14 1.1

Mar. I 0. 05 1.0

L4 0.10 L.2 ,

Average 0.108 1.69
Std. Deviation 0.04

Station 1

k, rate mg/I
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Station 2

k, rate mg/I

0. 10

0. 09

0. 04

0. 11

0. 15

0. 13

0. 1I

0. 08

0.13

0. 104
0. 03

TABLE vr: Reaction Rates (kl) and ultimate carbonaceous
Substrate Concentration (incubated at ZOoC).

1.9

I.4

3.1

1.3

2.2

1.0

0.8

0.7

1.5

1. 51

Station 3

k, rate mg/I

0.10

0. 05

0. 03

0.13

0.12

0. 13

0. 13

0. 08

0. 11

0.098
0. 04

2.0

2.r

3.1

3.1

1.6

0.9

0.9

0.7

1.0

r.49



each station compared to the theoretical urtimate carbon=

aceous demand

The ka rate can be calculated using severar re-
cognized methods. some methods have a better correlation
with the actual situation than others, depending on BoD

progression data. The Thomas method was used to determine
the kt rates shown in Tables v and vr. A comparison of
five methods for determining k, and the ultimate carbon-
aceous demand is shown in Table VII.
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4.L.3.2. Nitrogenous Demand - NOD

The ultimate niÈrogenous demands \^rere carculated
in three different ways. The observed NoD was obtained
by subtracting the theoretical carbonaceous curve from the
total BoD curve. The calculated NoD was determined by

calculating an ultimate BoD based on the progression curves
and the theoretical NoD was calculated by multiplying the
observed ammonia depletion for each sample by the theoretical
oxygen molecular equivalent. The nitrate increase should
yield similar results when multipried by the molecular
equivalent. These results are shown in Tables vrrr, rx
and X.

The lag time before nitrification sets in is
dependent on the number of nitrífying organisms originally
present in the sample and the temperature. The lag time
and temperatures have also been shown in Tables vrrr, rx
and X.



Method

Thomas

Moments
(no 1r9)

Slope

Daily
Difference

Moments (lag)

60

k, value

0.086

0.086

0.078

0.075

0. 082

L value (ng/f)

TABLE VII: Comparison of
k, Values

3.3

3.1

3.6

2.9

4.0

Comments
Theoretical vs. Observed

Close to observed

Various Methods of
(data from ,Ianuary

Close to observed

High

Low

High

Determining
10, L975).



Date

Jan. 10

18

24

31

Feb. 6

I4

2t

Mar. 1

I4

Average

Temp
(oc)

6I

0

0

0

0

0

Time
Lag
(Days

7

I

4

10

2

14

NoD (ns/I)
observed

0

0

0

0

0

0. 17

0.75

0

0. 9s

0

0.75

0.47

0.30

0

0. 565

NOD
calculated

TABLE VIII: Ultimate
Water

* Data only used if

0.17

0. 58

0.80

0.65

0.30

0.30

NOD Theoretical

7.5

NHA Nol Build-
Dep. ' up

0

0.26

0

0.35

0.69

0

0

0

0

0.12

Nitrogenous Demand*, Time Lag and River
Temperature (incubated at 20"C) Station l.

there was some observed NOD.

0

0

0. 09

0. 09

0 .26

0. 09

0. 04

0.09

0. 04

0.05.467



Date Temp Tíme NOD (mg/L) l¡OO NOD Theoreticat_("c) 
,r"g=, "u".Ñãa ."r""i"t.a Ñúa. 

-"'Ñóã-ãiiiä-

62

Jan. 10 2.0

18 3.5

24 4.5

31 7.0

Feb. 6 5.0

14 3.0

21 2.0

Mar. 1 1.5

10 0.s

Average 2.61

Std. Deviation

9

7

7

9

4

1t

6

7.5

2.3

0.

0.70

0

0. s6

0. s5

0. s5

2. 6s

0.80

o.tl
0.86

TABLE IX: Ultimate
Water

* Data only used if

0.7 2

0. 56

0.78

0. 50

2.20

0. 65

0.L7

0.80

0

0

0. 04

0. 69

0. 09

0

0. 13

0. 09

0

0. 14

Nitrogenous
Temperature

there was

0

0.04

0.17

0.13

0 .52

0. r3

0. 09

0. 04

0. 04

0. 14

Demand*, Time Lag and River
(incubated at 2OuC) Station 2

some observed NOD.



DATE

Jan. 10 1.5

18 2.0

24 1.5

31 3.0

Feb. 6 3.0

t4 1.5

2L1
Mar. 1 0.5

10 0

Average 1.56

Std. Deviation

63

Time
Lag
DayS

9

L2

4

10

5

L2

7

8.5

3.2

NoD (ns/L)
observed

0.15

0 .20

0

0

0.85

0. 50

0.30

0.52

0. 55

0.44

NOD
calculated

TABLE X: Ultimate
Water

* Data only used

0. 16

0.25

0.77

0. 50

0. 35

0. 53

0. 65

0.44

NOD
NH4
De

Theoretical
Noã Build-

0.39

0

0

0. 18

0.69

0.35

0. 13

0. 17

o

0.25

Nit::ogenous
Temperature

if there was

0.22

0. 09

0. 09

0.30

0. 52

0. 09

0. 04

0. 04

0

0. 14

Demand*, Time
(incubated at
some observed

Lag and River
20oc) station 3

NOD.



4. 1. 3. 3. Nitrogenous Reaction Rates

The nitrogenous reaction rates can be calcul-
ated similarly to the carbonaceous reaction rates pro-

vided that an assumption is made that. nitrogenous re-
actions are first order reactions. If the reactions are

first order the nitrogenous reaction rate would be temper-

ature dependent. The nitrogenous reaction rates for each

station from each sampling period are listed with the

temperature and lag times in Tables XI, XII and Xïïï.
The nitrogenous reaction rates, assuming they

are first order, can be evaluated using the same methods

as those used for carbonaceous reactions. There are

two methods which work out quite close to the actual

observed results. The reaction rates determined using

both methods are also shown in Tables XI, XIT and XIII.
A general comparison of all five methods is shown in
Table XIV.
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4.2. Simutated Laboratory Study at 20oC

The BOD and ammonia levels in the Assiniboine

River at Brandon r,'rere 1ow during the study period. These

low results made it difficult to determine if the data

was valid due to the inherent inaccuracy of the BOD test.
A simulation study with spiked samples to obtain more

reliable results was conducted to confirm the Assiniboine

River data.



Sample
Date

Jan. 10

18

24

31

Feb. 6

L4

2I

Mar. I

T4

Average

Std. Deviation

65

River
Temp
tocj

Time
Lag

(Days )

0

0

0

0

7

I

Reaction Rate (Method)
Thomas Moments

0

0

0

0

0

0

4

10

2

L4

0.15

0. 08

0. 09

0. 20

0.24

0. 08

TABLE XI: Nitrogenous Reaction Rates, Time Lag and River
l{ater Temperatures Station 1.

0. 19

0.32

0.1

0.2\

0. 11

0.12

7.5

4.3

0. 14

0. 07

0.175

0-08



Sample

Jan. I0

18

24

31

Feb. 6

T4

2L

Mar. 1

I4

Average

Std. Deviation

66

River
Temp
(oc)

2.0

3.5

2.5

4.0

5.0

3.0

2.0

1.0

0.5

2.6r

Time
Lag

(Days )

9

7

7

9

4

11

6

7.5

2.3

Reaction Rates (Methods)
Thomas Moments

TABLE XII: Nitrogenous Reaction Rates, Time Lag and River
Water Temperatures Station 2.

0 .08

0.11

0. 02

0.19

0.125

0. 125

0.22

0.125

0. 07

0. 09

0.11

0.02

0.24

0. 0s

0.L2

0.14

0. 11

0. 07



SampIe

Jan. 10

18

24

31

Feb. 6

I4

2I

Mar. I

L4

Average

Std. Deviation

67

River
Tçmp

1.5

2.0

1.5

3.0

3.0

1.5

I

0.5

0

1. s6

Time
Lag

9

L2

4

10

5

I.2

-+
8.5

3.2

Reaction Rates
Thomas

0. 15

0. 06

0. 08

0. 18

0. 04

0.085

0.075

0.09s

0. 05

TABLE xrrr: Nitrogenous Reaction Rates, Time Lag and River
Water Temperatures Station 3.

(Methods )
Moments

0. 19

0. 05

0. 08

0.20

0. 04

0. 03

0.075

0.095

0. 07



Method

Thomas

Moments
(no lrg)

Slope

Daily Difference

Moments
(Ias¡

Std. Deviation

Reaction Rate

68

0. 15

0.19

0. 06

0. 17

0.06

TABLE XIV: Comparison of
Nitrogenous
January 10,

Ultimate NOD

0.2

0.17

0.14

0. 03

Comment
Theoretical vs. Observed

Close Fit

Close Fit.

Low

Various Methods
Reaction Rates
L97s).

of Determining
(kn) . (Data from



4.2.L. Carbonaceous BOD and Reaction Rates - kI

A total of eight different samples were ob-

tained from the Red River to simulate a thermal dis-
charge effect on the Assiniboine River. The BOD's and

the k, rates for each sample are shown in Table XV. The

BOD data was obtained aü lToC instead of 2OoC due to the

fact that the incubator's temperature was 3oC below the

setting of the control gauge. A comparison of five
dj-fferent methods of determining the k, rates and the

ultimate carbonaceous demand i-s shown in Table XVI.
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4. 2. 2. Nitrogenous Demand

The nitrogenous demand was evaluated using four
different determinations as discussed in section 4.I.3.2.
The results for the first four sampres are shown in Table

XVII. The observed and calculated NODs were based on in-
cubation at 17oc due to the incubator temperature contror
problem. Samples I-4 for ammonia and nitrate analysis

were stored in another incubator due to lack of space. The

actual temperature of the samples in the second incubator

was 2OoC. This resulted in the theoretical NOD values

being calculated at 20oC as indicated in Table XVïï. The

remaining four samples were all incubated at 17oc and the

results \^rere as shown in Table XVIII.



' Sample

1

2

70

BODs (17o)

(ms/L)

5

6

2.8

2.r
1.8

1.8

2.3

2.3

2.3

2.3

2.2

7

8

Average

Std. Deviation

kt (1zo¡

TABLE XV: Laborat,ory
(Thomas

* 0 = 1.047 used to

0.040

0. 052

0. 08

0. 08

o. 07

0. 07

0. 07

0. 07

0.067

0. 01

kr (2oo¡

0.045

0. 060

9, 09

0.09

0. 08

0. 08

0. 0B

0. 08

0.07 6

0 .02

Simulation - Carbonaceöus k- Rates
Method) * (incubated. at fZoC) *

convert from 17oc to 2 ooc.



Simulation using

Method kt

7I

Thomas

Moments
(no lag)

Slope

DaiIy
Difference

Moment.s
(Ias¡

various methods at 20oc

value L value

0. 08

0. 07

0. 09

0. 10

0. 08

TABLE XVI: Comparison of
k, Values

3.5

3.7

4.3

3.9

3.9

(May, 1975).

Comments
Theoretical vs. Observed

Close

Close

High

High

High

Various Methods of Determining
(data from May, 1975).



SampIe

72

Observed (17oc)
(Tota1-Carbonaceous )

Average 5.1

Std. Deviation 0.33

4.7

5.1

5.2

TABLE XVIT: Comparison of NOD Values
Means (incubated for

NoD (mg/I)
calculated

Y = L G-10-k

at 20oC
Theoretical

,rt) NH4 Depletion NO3 Incr

4.2

6.2

6.1

6.5

5.6

1. 05

7.2

6.7

6.2

_6. 3

6.6

0.45

Obtained by four Different
10 days at Zooc).

7.3

6.1

7.3

4.8

6.4

1. 19



Sample

73

Observed
(Total-Carbonaceous)

5

6

7

I
Average

4.5

5.8

4.7

5.1

5.0

TABLE XVIII:

Calculated,
y = L (1-10-Knt)

Comparison of NOD Values
Means (incubated for

5.3

7.5

5.2

5.8

6.0

Theoretical
N"4 depletion NOrJnc:

2.3

I.7

2.4

3.9

2.6

Obtained by four Different
10 days at IZoC).

4.8

4.3

4.3

3.5

4.2
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4.2.2.I. Nitrogenous Reaction Rates

The nitrogenous reaction rates were calculated
as previously described in section 4.1.3.3. The reaction
rates obtained using the most accurate two methods are

shown in Table XIX along with t,he lag time until nitri-
fication. The samples were incubated at IToC but the re-
action rates shown were converted to 20oc for ease of com-

parison to oLher researchers.

The simulated samples \¡rere evaluated using five
methods. The reaction rates and ult.imate NoDs obtained

using each method are shown in Table XX.

4.3. Simulatéd.Laboratory Study at 5oC

4.3.1. Carbonaceous BOD and Reaction Rates

One set of eight simulated samples was incubated

at 5oc while another set was incubated at 20oc. Two differ-
ent incubators r,vere necessary to store all the samples.

The first four samples were incubated at 5oC while the

remaining four were incubated at 3oC.

The BODs, kl rates and. ultimate BOD on the first
four samples ürere calculated using the moments method.

The results are shown in Tab1e XXI.

The last,four samples were treated identically
except for the temperature and the carbonaceous BoDs and

kt rates are shown in Table XXII.



Sample

1

2

3

4

5

6

7

8

75

Lag Time

4

5

4

4

3

3

3

3

3.6

NOD Reaction Rates (Methods
Thomas

Average

0. 14

0. 09

0. 11

0. 11

0.125

0.09

0. 125

0.13

0. 115

0. 02

TABLE XIX: Nitrogenous Reaction Rates and Lag
(incubated at 17oC converted tó

Moments

0. 13

0. 09

0. 10

0. 09

0.L2

0.085

0.16

0. 13

0. 114

0. 03

Time
200c) .



Method

Sample f
Thomas 0. 14

Moments
(no 1.9 ) 0. t3

Slope 0.10

Daily Difference 0.19

Moments
(las¡ 0.08

Std. Deviation 0.04
Sample VITT

Thomas O. 09

Moments
(no 1.9) 0.09

76

Reaction Rate Ultimate NOD

slope o.o7s g.7 High
Daily Difference 0.13 g. g High
Moments

(lag¡ 0.075 7.L CLose

TABLE xx: comparison of various l{ethods of Determining variousNitrogenous Reaction Rates (d,ata trå* ã"*plesT and VIII of the simulated study)

4.4

5.3

6.1

6.1

6.9

0.95

7.r

7.8

Comments

Low

Close

High

High

High

Close

Close



Sample

I
2

3

4

77

BOD5

7.2

L.25

0.90

0. 50

0.96

ion 0.34

Average

TABLE xxr: Laboratory simulation carbonaceous k, Rates
(incubáted at soc).

BoDulti*rt.

2.95

4. 00

2.90

2.50

3.10

kt

0. 05

0.02

0.02

0.005

0.024

0.0264



Sample

5

6

7

I

Average

Std. Dev

78

BOD5

1.40

0.7 0

0. 95

0. 90

1.0

TABLE XXII: Laboratory Simulation
(incubated at 3oC).

BoDurt,i*rt.

4.25

2.25

3.30

3.10

3.2

0. 015

0.030

0. 005

0. 015

0. 016

Carbonaceous k, Rates



79

4.3.2. Nitrogenous Demand at 5oC and 3oc

The nitrogenous demand was calculated by the
moments method described in section 4.1.3.3. The results
of the four samples incubated at 5oc are shown in Tabl-e

xxrrr. The results of the four samples incubated at 3oc

are shown in Table XïV.

4.3. 2.I. Nitrogenous Reaction Rate

The nitrogenous reaction rates were evaruated

using the best fitting of the five different methods pre-
viously compared in Table XX of the report.

The lag time, the observed NoD and the resulting
reaction rate are listed in Tabl-es xxv and xxvr, respec-
tively, for the samples at 5oc and 3oC.

4.4. Nitrate Results

The laboratory at the Brandon generating station
conducted weekly nitrate anaryses on the Assiniboine River
upstream and downstream of the thermal d.ischarge point.
Their results \^rere compared to those obtained by the autho¡:

of this study in Tabre xxvrr. This comparison acLs as a
check on the nitrate values obtained during the study.



SampIe
(tota1

1

2

3

4

Average

Std. Deviation

BO

NOD observed
BOD-carbonaceous BOD)

(mq/L)

0.6

0

1.3

1.8

1. 33

0.79

TABLE XXTTT:

NOD calculated
Y=L (1-10-knt)

Ultimate NOD Values (incubated at SoC).

(mq/L)

0.65

0

1. 90

.1.20
1.35

0. Bl

NOD theoretical
NH4 depl. NOginc.

0. 65

0

0.90

0 .25

0. 60

0.40

0. 45

0

1.9

1.3

L.22

0.85



Sample

81

NOD observed
(total BOD-carbonaceous BOD)

5

6

7

I
Average

Std. Deviation

mq/L

0.7

0.45

0 .25

0.40

0.45

0.19

TABLE XXIV: Ultimate NOD Values at 3oC.

NOD calculated
Y=L (1-1O-knt)

1.30

0.35

0.65

0.90

0.80

0.40

NOD theoretical
NHn depl. NO: inc

1. s0

I.4
1.3

0.9

1.3

0 .26

0.90

0.90

1.3

2.0

1.3

0 .52



Sample

1 12 0.60 0. 05

2I36

3 t6 1.30 o.o3
4 s 1.80 0.06
Average 9 1.33 0.047
Std. Deviation 3.6 0.79 0.02

TABLE xXV: observed NoD, Time Lag and Reaction Rates(incubated for 20 days at 5oC).

B2

Time Lag NOD (observed ) Reaction Rate



Sample

83

5

6

7,

Time

B

Average

Std. Deviation

Lag
s)

16

10

18

18

15. 5

3.8

TABLE xxvr: observed t[oD, Time Lag and Reaçtion Rates(incubated for 20 days at 3oC).

NOD (observed)

0.70

0.45

0.25

0.40

0.4s

Reaction Rate

0. 19

0. 03

0. 01

0. 03

0. 08

0.038

03



Date

Jan. 10

18

24

31

Feb. 6

I4

2T

Mar. 1

I4

B4

No¡
Thesis

Station 1

0.28

0.26

0.32

0.40

0.34

0.38

0.42

0.44

0 .52

LeveI
Study
Station 3

0.35

0.26

0.32

0.38

0.32

0.40

o.4o

0.43

0.52

TABLE XXVTT:

Station 1

Manitoba Hydro

0 .28

0. 90

1.10

0. 45

0.4

0.8

0.4

0.48

0.45

Thesis Study Nitrate
Nitrate Levels in
January, February,

Station 3

0.28

0.30

0.40

0.40

0.42

2.92

0.42

0. s0

0.45

Leve1s and Manitoba Hydro,s
the Assiniboine River during
and March of 1975.



CHAPTER V. DTSCUSSTON OF RESULTS

5.1. The Assiniboine River Study

5.1.1. Physical EffecL on the Assiniboine River

The average river water temperature upstream of
the thermal discharge was Ooc throughout the study period.
This would be expected since during the months of January,
February and March the Assiniboine River upstream of Lhe

thermar discharge üras ice-covered. The ambient air temp-

eratures were well below the freezing point, during the
whole study.

The temperatures at station 2 ranged from O.5oC

to 5.0oc during the course of the study. The flow in the
river was stable at around 440 c.f.s. during the three
month period so that any temperature fluctuations would

be due to the thermal discharge. The cold ambient. temper-
atures would cause the temperature of the river water to
decrease from the thermal outlet to station 3.

The maximum temperature of the cooling water as

it discharged into the river was lg-lgoc. This tempera-

ture was only reached when the generating station had been

operating at fulI capacity for several hours.

The river flow in the approximately one thousand

foot reach from the point of thermal discharge to station
2 was turbulent. one narrow channel carried most of the
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flow due to ice formation in the shallow areas. The river
water temperature at station 2 was assumed to be homo-

geneous and not affected by thermal plumes.

The river wat.er temperatures at station 3 varied
from ooc to 3oc depending on the temperature and volume of
the thermal discharge. The t.emperatures at station 3 were

determj-ned by extrapolating the temperatures at stations
2 and 5 and the accuracy was double checked by manually
checking the temperature at station 3 for each set of
samples. The correlation was reasonably close and the
temperatures listed in Table r are assumed to be vaIid.

The river was open from st.ation 1 right past
station 5 during the January 10 through February 6 sampl-
ing periods but became partially ice-covered downstream

of station 3 during the last three weeks of sampting.

5. 1. 1. 1. Simulated Laboratory Study

The sample temperature \^¡as controlred through-
out the simulated laboratory study. severar variations
did occur due to the necessity of having to use more than
one incubator. one incubator when set at 20oc actually
ran at a temperature of 17oc causing four samples to be

incubated at rToc and four at 2ooc. A simirar probrem

occurred at the Iow temperature incubation since one in-
cubator ran at 5oc and the other at 3oc. However, the
main objective of the study was not disrupted but a wider
range of data did result.
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5.I.2. Effect on Dissolved Oxygen

The dissolved oxygen content of water is inversely
proportional to the temperature. velz (11), among others,
states that the higher the temperature the lower the dis-
solved oxygen content. The dissorved oxygen content,
under ice, in the Assiniboine River averaged 6.5 mg/r dur-
ing the study period. A temperature rise from ooc to 5oc

was not enough to depress the dissolved oxygen content but
rather caused an increase due to the reaeration which be-
came possible with removal 0f the ice cover. The average
dissolved oxygen content at station 2 was g.o mg/r and at
station 3 it averagëd r0 mg/r, reflectíng the longer re-
aeration period.

B7

5.1.3. Biochemical Oxygen Demand

The determination of the one, two, three, four,
and five day BoDs is necessary in order to draw the pro-
gression curves requíred to det.ermine the reaction rate,
kI. The DO's for the study r^¡ere determined according to
section 2188 of Stand.ard Methods (22¡. The average BOD_

5
at station 1 was one mg/l. The average BoD20 at station
1 was two mg/1.

The average BODU and BODr' at station 2 were

0.9 mg/l and 2-2 mg/L, respectively, whire at station 3 the
BOD5 and BOD,O values averaged O.g and I.9 mg/L,
respectively.



The values are quite low and according to some

researchers may be meaningless. However, the results are
consistent for the several hundred BoD tests which were

completed beginning on day one and done periodically until
day twenty. on each sample the BoD progression curves
p'igure rlQ drawn usíng this data resemble the idealized
monomolecular BoD curves as described by Zanoni (47) and

shown in Figure rrr. The results arthough questionabler.

considering the accuracy range of the BoD test, \¡rere

assumed to be a reasonable representation of the BoD in
the Assiniboine River at Brandon during the study period.

The average BODU decreases from station 1 to
station 2 and to station 3 indicating that higher river
water temperatures do not adversely affect the BoDu of
the river. Donald (B) found that the thermal discharge
has no effect on the BoD. of the Assiniboine River.5

5.1.4. Carbonaceous Reaction Rates kt

The carbonaceous reaction rate k, was deter_
mined using the method described by Thomas (26). The

moments method described by Moore, et al. (27) is considered
the easiest and best method of determining k, values (18,

24, 27) - However, for the samples analyzed during the
Assiniboine River sLudy the Thomas (26) method appeared

to agree more closely with observed values than other methods

as indicated in Table VII.

BB
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The k, values from station 1 averaged 0.108 with
values ranging from 0.03 to 0.16 at an incubation temper-

ature of 2OoC. Stations 2 and 3 had average k, values of
0.104 and 0.098 respectively. These values are typical
for river water as confirmed by \lelz (lf¡ and Ludzack,

et a1. (24) who state that the average k, value for river
water incubated at 2OoC is 0.1. Schroepfer, et al. (Ig)

found k, values ranging from 0.003 to 0.146 with a mean

value of 0.065 when incubated. at 2OoC.

According to Gannon (28) the actual k, values

in a stream may be higher than those obtained under

laboratory conditions because mixing takes place in a

stream. The Assiniboine River at station 1, 2 and 3 in
Brandon is turbulent and there are no srudge deposits or

heavy vegetation in this stretch of the river. Therefore,

good mixing takes place and the k, values obtained are pro-

bably lower than those actually existing ín the river at
Brandon.

The single most important factor affecting kt
rates is temperature. Metcalfe and Eddy (7) state that
the k, reaction rate is temperature dependent according to
the Vanrt Hoff-Arrhenius rule which states that k, in-
creases with temperature. The data given in Table V for
stations 2 and 3 indicate that the k, rate is lower at
lower river temperatures. However, Lhe k, and river temper-

ature data from station 1 do not conform to the rule.
The effect of the varying river water temperature on the

k, value is probably negated by the fact that all the
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samples were incubated at 2Ooc.

Some researchers including Gannon (29) discuss
the effect of substrate concentration on k, rates. The

general thought being that k, rates increase with increas-
ing substrate concentrations. The data presented in Table

vr indicates that a higher substrate concentration does

cause a higher k, rate. However, the differences in sub-

strate concentration are slight and the decreasing kl
rates may be coincidental.

91

5. 1. 5. Nitrogenous Demand

The Assiniboine River at Brandon has a slight
nitrogenous demand. The NoD on incubated samples was al-
Ì^rays less than one mg/l during the winter study period..

The NoD was determined in three different ways. The ob-

served NoD was obtained by subtracting the theoretical
carbonaceous demand from the total demand measured by

the standard twenty day BoD test. The NoD was aLso car-
culated by using the nitrogenous part of the standard

equation of streeter and pherps as described by zanoni

(41¡ in section 2.5.3.1. This requires a varue for the
nitrogenous reaction rate and an ultimate nitrogenous

demand which are discussed in the next section.
The other way of determining the NOD is by

measuring the ammonia depletion and,/or the nitrate increase
in the samples and then muttiplying t,hose results by the
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theoretical oxygen demand required for conversion of
ammonia to nitrite and then to nitrate. The chemistry
of this nitrifying process is discussed in section 2.s.3.

carroll (23), wezernak and Gannon (35) and young

(44¡ agree that the theoreticar NoD of one gram of ammonia

completely converted to nitrate is 4.33 grams of oxygen.

The results from the various ways of determining the NoD

of the Assiniboine River sampres are shown in Tables vrrr,
rx and x. The observed NoD and the carculated NoD show

good correlation but the two theoretícalry calcul_ated NoDs

do not correlate with each other or the practically deter-
mined NoDs. one possible reason for the poor correlation
is that the ammonia concentrations v¡ere so low that it
was difficult to obtain accurate readings. similarly due

to the low ammonia concentrations the increase in nitrate
was so slight that it was probably less than the accuracy

of the test much of the time. New standards rnrere run
with each set of samptes but, some inaccuracy could have

occurred due to the colour comparison type of test.

5.1. 6. Nitrification Kinetics
5.1.6.1. Lag Time

There has been much questionning by various
researchers as to exactly when nitrification begins.
Knowles, et al. (45) and other researchers (52¡ state that
the lag time is proportional to the number of nitrifying
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organisms initiall-y present in the sample. Zanoni (4g)

and velz (1r¡ state that the ammonia oxidatiol can occur
simultaneously with the carbonaceous demand. The lag time
before nitrification begins varied from two to fourteen
days at station I and averaged 7.5 days. station 2 resurts
indicate a lag time of four to eleven days with an average
of 7.5 days, while at station 3 the time rag varied from
four to twelve days averaging B.5 days.

ft can be assumed that the number of nitrifyers
present at stations 1, 2 and 3 would be the same. Although
the water temperature was highesL at station 2 the re-
tention time was not enough to have any effect on the rate
of multiplication of the organisms. The fact that nitri-
fyers are mesophilic (45) and follow the Vanrt Hoff Arrhenius
rule means that the optimum temperatures are in the 25-30oc
rangie. Their activity at 5oc and less would be row or
non-existant. Courchaj-ne (3S¡ and Velz (11) agree that
nitrification could begin at anytime after incubation but
due to a low growth rate (doubling time greater than one

day) it would not show in the BoD test until_ after five to
twenty days and usually become apparent on the ninth or
tenth day. The lag time for this study was much shorter
than that indicated by the literature.

5.1.6.2. Nitrogenous Reaction Rates k'

The nitrogenous stage of deoxygenation can be



expressed as a monomolecular or first order reaction (4t¡.
Based on this assumption the nitrogenous reaction rate can

be determined in a similar manner as the carbonaceous k,
rate. The nitrogenous reaction rates for stations L, 2

and 3 are shown along with the river temperature at the
time of sampling and the rag t.ime in Tables XT, xrr and

XIII. The k' rates average 0.14, 0.125 and 0.095,

respectively, for stations 1, 2 and 3. As discussed in
the previous sectíon, the length of exposure to the
\^rarmer temperatures downstream of the thermal discharge
is not enough to cause greater numbers of nitrifying
organisms and since they are arl incubated at'20oc the
reaction rates should be similar for each station. The

results seem to indicate that the sampres from the warmer

station 2 has a higher k. rate than the other two sta-
tions but station 3 is lower than stations 1 and 2.

A publication of the British Department of the
Environment (52) states that the rate of nitrification is
independent of the ammonia content unless it is below

3 mg/I. rt also states that. at 0.5 mg/r the reaction
rate is one-half of the maximum. since the ammonia con-

centration in the samples !{ere always wel1 below this level
the reaction rates calcurated would be ress than one-half
of the maximum possible in a stream with ammonia content
greater than 3 mg/I.
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5.1.6.3. Method of Determining the Nitrogenous Reaction Rat,e

The method used to evaluate the nitrogenous re-
act.j-on rate in the study was similar to the one described

by Zanoni (47). He felt that the moments method by Moore,

et al . (27 ) was best suited. The moments method \Â¡as com-

pared to several other methods and checked for accuracy

against the observed values. The comparison is shown in
Table xrv and indicates that either the moments method

(27) or the Thomas Method (26) give good results.

5.2. Simulated Laboratory Samples at 2OoC

5.2.L. Carbonaceous kt Rates

The BoD progression curves were developed in the
same manner as described previousry in section 5.r.3. The

calculated k, val-ues from the simulation study are shown

in Table xv. The temperature control on the incubator was

reading incorrectly and the samples were incubated at 17oc

instead of 2ooc. This may explain the fact that the sim-

urated k, values are lower than the k. varues from ther -'-- '-1

Assiniboine River. The different chemical properties of
the Red River water could also cause different results.
The k- values of the simulated samples average o.og atJ-

2OoC. The Vanf t Hoff Arrhenius rule was applj-ed using

e - L.047. According to Benedict and Carlson (Of) and

Zanoni (47) € may vary from I.097 to 0.877 in the temper-

95
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ature range of l0oc to 22oc. A 0 = 1.047 was used in this
study because it is the most quoted value for temperature

around 2Ooc.

The Thomas method (26) and method of moments

(21¡ were both used to calculate the reaction rate con-
stants since they both give good correlatj-on wíth actual
observed conditions. A comparison between various
methods is shown in Table XVï.

5.2.2. Nitrogenous Demand

The nitrogenous demand on the simurated sample

were obtained in the manner described in section 5.1.5.
The observed values were based on incubation at 17oc. The

calculated values are higher than the observed perhaps in-
dicating that the nitrogenous stage of deoxygenation does

not conform to the Monod first order reaction.
The correlation between the theoretical NOD

(ammonia and nitrate) and the calculated NOD using the
first order equation is quite good. The samples \^/ere

spiked with 2 mg/l of ammonia. The initial ammonia con-
tent was approximately 2 mg/r since very littte hras pre-
sent in the river water samples. This 1eve1 is well be-
low the 3 mg/r concentration required for optimum nitri-
fication rates as described by the British Department of
the Environment (52¡. This could account for the dis-
crepancies between the actual observed NoD and. the



theoretical as shown in Table XVïI.

A second set of samples was incubated at 17oc

and analyzed, for BoD, nitrate and ammonia. The results
were different in that the observed NoD values are higher
than the theoretical values although the theoretical values
obtained based on nitrate íncrease are only slightry
lower. The theoretical values obtained based on ammonia

depletion are about one-hal-f the observed varues. This is
probably due to the nature of the ammonia test where the
results are inaccurate below 0. 5 mg/I due to the limit,a-
tions of the spectrophotometer as described in section
1328 of Standard Methods (22).

The theoretical NoD values obtained at 2ooc

incubation are about one hundred and fifty percent higher
than those at t7oc. This concurs with the findings of
Stratton and McCarty (54) and Knowles, et al. (45) who

report an approximate ammonia oxidation rate increase of
9.5å per degree centigrade in the range from 10 to 25oc.
Zanoni (47') concluded that the urtimate NoD does not vary
significantly with temperature and the simurated samples

of this study concur with his findings.
The simulated laboratory sample analyses in-

dicates that the nitrogenous demand can exceed the carbon-
aceous demand if adequate ammonia is available. Table xv
i-ndicates five day BoDs in the range of 2 mg/r while
TABLES xvrr and xvrrr indicat,e ten day BoDs in excess of
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5 mg/r or two hundred and fifty percent greater at 17oc,
indicating that NoD can be a serious problem in a porluted
river at higher temperatures.

5. 2. 2.I. Nitrogenous Reaction Rate

The nitrogenous reaction rates at 2ooc average

0.115. Thís corresponds with the findings of other re-
searchers (11, 34, 45, 47, 54) who report average nitro-
genous reaction rates of 0.115 at 200c. The lag time is
also shown in Table xrx and averages approximately four
days confirming the supposition that nitrification can

occur simultaneously with carbonaceous deoxygenation. The

probable reason for a lower lag time in the laboratory
samples than the Assi-niboine River samples is due to a

higher population of nitrifyers in the Red River than in
the Assiniboine River. This is expected since the sampl-
ing point on the Red River was downstream of the effluent
discharge from the south end plant. rn addition, the
different chemical properties of the water could cause

some variation in results.

5-2-2-2- Method of Determining NoD Reaction Rate

The reaction rate can be determined in a

manner as the carbonaceous k, rate if it is assumed

the nitrogenous reaction follows Monods first order
tion. There are several researchers who agree with

simi-lar

that
equa-

Zanoni
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(47) that this is the case. However, others like Busnerl,
et aI. (56) disagree. The method based on the first order
assumpti-on was therefore continually checked to ensure that
the values obtained for k' and Ln agreed \^rith actual ob-
servations. Table xx indicates that the moments method

(27) consistently achieves a close correlation with actuar
conditions. This consistent correlation indicates that
the first order equation can be used to adequately for-
mulate the nitrogenous stage of deoxygenation as it.
occurred in the Assiniboine River during this study.

5.3. simulated Laboratory samples at cold Temperatures

5.3.1. Carbonaceous BOD (5oc and SoC)

The original intent was to incubate the cold
temperature samples at 5oc to simulate Lhe maximum waïm-

ing conditions caused by the thermar discharge. Due to a

lack of space two incubators had to be used and the first
four sampres \^¡ere incubated at 5oc while the second four
samples Ì^rere j-ncubated at 3oc. The carbonaceous BoDs at
5oc averaged less than forty percent of the carbonaceous

BoDs at 20oc. This is consistent with the van,t. Hoff
Arrhenius rul-e which states that the reaction rates is
halved for a 10oc drop ín temperature from looc. The ur-
timate BoD was not appreciably different which correlates
with the findings of Zanoni (47) and others who state
that the ultimate BoD is not temperature dependent.



5.3.1.1. Carbonaceous k, Rates ( 5oC and ¡oc)t

The carbonaceous k, rates average less than
0.02 as shown in Tables xxr and xxrr. These values are in
the expected range based on the work of Zanoni (47),
velz (1r¡ and others. There is little difference between

the k, rates found at 5oc and 3oc.

5.3.2. Nitrogenous Demand ( 5oC and :oC)

The nitrogenous demand was determined in the
manner previously discussed in sections 5.1.5. and 5.2.2.
The results tabulated in Tables xxrrr and xxrv seem to
indicate that some noticeable nitrification takes place
below 5oc. The observed NoD values at 3oc are less t.han

half of the levels found at 5oc. There is pooç agreement

between the observed NoD and the theoretical NoD probably
due to low ammonia content resulting in inaccurate
results.

The optimum temperature range for nitrifyers
is 25oc to 3ooc (33, 35, 54). Zanoni (47) found the op-
timum temperature to be 27oc. The discrepancies are due

to the fact that some researchers work with pure cultures
of nitrifyers while others did tests on mixed curtures.
However, many researchers (11, 33, 34, 47, 54, 55, 59,

61) agree that little or no nitrification occurs below 5oc.
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The results of the Brandon study seem to indicate that some

nitrification did occur at temperatures below 5oc. Landine
(19) found no nitrification at. 0.4oc which could be inter-
preted to indicate that he feels nitrification may occur
right down to 0.4oc. Most of the research was done in a

milder winter climate than western canada during January,
February and March and as Zanoni (47) states; virtually
no work has been done on nitrification in streams at Iow

temperatures. This may account for his assumption that
little or no nitrification occurs at low temperatures.

5.3.2.1. Nitrogenous Reaction Rates ( 5oC and ¡oC)

The nitrogenous reaction rates for incubation
at 5oc and 3oc are shown in Tabres xxv and xxvï, respec-
tively. The average nitrification reaction rates are

0.047 and 0.038, respectively, ât 5oC and 3oC. These

rates are higher than those of Zanoni (+l¡. He found

the nitrification velocity constants at 5oc to be 0.034.
The reaction rates at 2ooc averaged 0.115 which is about

a two hundred and fifty percent increase over a tempera-

ture increase of 15oc. This corresponds with the nine to
ten percent increase per loc discovered by stratton and

McCarty (54), Knowles, et al. (45) and other workers (11,

34, 47) - The findings of this study compared to other
research fal1s well within the variation ín rate constants
found by various workers studying. ammonia oxidation as



reported by Stratton and McCarty (54). The data from the
simulated laboratory study seems to have a relatively
close correlation with previous workers such as Zanoni
(4t¡ and Landine (19).

I02

5.3.2.2. Lag Time

The lag time before nitrification became ob-
vious averaged twelve days and seventeen days, respec-
tively, ât 5oc and 3oc. This lag ti-me is bel-ow that re-
ported by Landine (19) who found a lag time of thirty days

at 10oc. Zanoni (47) reports a lag time of twenty days

at 10oc and forty days at 5oc. The rag time at 5oc was

three to four times as long as at 2ooc. Zanoni (+l¡
reports the lag time at 5oc to be six times that at 2ooc.

The findings of the Assiniboine River study does

agree with those of other researchers (59, 59,60) in that
temperature is an important controlling factor in all bio-
logical reactions and has a pronounced effect on the growth
rate of nitrifying organisms.

5.4. Nitrate and Ammonia Levels in the Assiniboine River

The Manitoba Hydro Laboratory personnel (62¡

at the Brandon GeneraLing station checked weekly samples

for nitrates and theír results are tabulated in Table

xxvrr along with the results of this study. Generally,



the nitrate concentrations are very similar. They used

a different method than the Brucine method and some dis-
crepancy would be normal.

The Environmental Control Branch (63) also ran
monthly nitrate and ammonia 1evels in the Assiniboine
River at Brandon downstream of the Hydro plant. Their
tests indicate nitrate levels in the same range as found

in this study and ammonia levers averaging less than o.o2

mg/L. rhe fact that three independent groups obtained
similar resurts lends authenticity to the findings of the
study and the results are assumed to be valid.
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CHAPTER VI.

1. The thermal discharge from the Manitoba Hydro

steam generating station at Brandon had no adverse

downstream effect on the Assiniboine River during
the study period of January, February and March

of 1975.

2. The dissolved oxygen content, in the stretch of
the Assiniboine River kept ice free by the thermal
discharge, increased by an average of õur milligrams
per liter.

3. The five day carbonaceous biochemical oxygen

demand at stations l, 2 and 3 averaged 1.0, 0.9

and 0.8 mg/I respectively when the river water samples

hrere incubated at 2OoC.

4. The carbonaceous reaction rates at stations L, 2

and 3, averaged 0.106, 0.104 and 0.099 respectively
at 2OoC incubatÍon.

5. The nitrogenous oxygen demand of the samples

studied averaged 0.45 mg/I, O. L mglI and 0.34 mg/L

at station 1, 2 and 3, respectively, ât 2ooc incubation.
6. The nitrogenous reaction rates averaged 0.133,

0.145 and 0.105 respectively, at stations 1, 2 and 3

at 2OoC incubatie¡.r^iith an average Iag time of eight days.

7 - The carbonaceous reaction rates from the simurated

laboratory study averaged approximately 0.0g at 20oC

incubation.

r04
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8. The nitrogenous reaction rates of the símulated

samples averaged 0.115 at 2OoC with a lag time of
about four days

9 - The carbonaceous reaction rates of the simurated

samples at 5oC and 3oC averaged 0.024 and O.016,

respectively

10. Nitrification appeared to occur at 5oc and 3oC

in the simulation study. The nitrogenous reaction
rates at 5oc averaged 0.045 while at 3oc the reaction
rates averaged 0.035.

11- The rag time of the simulated samples incubated

at 5oC appeared to average twelve days white at 3oC

it averaged seventeen days
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CHAPTER VTI. RECOMMENDATIONS FOR FUTURE VÙORK

1. The ef f ect of cooling wat,er discharge into the

Assiniboine River should be studied under sunmer

conditions to determine the effect of higher temper-

atures on biological oxidation, specifically
nitrification.

2. A detailed study on nitrification (low tempera-

tures) in the range from 5oc to ooc should be carried
out on samples containing more than three mg/L of
ammonia.

3. Study the effect of open river conditions at
Brandon on the quality of water reaching downstream

users, specifically portage la prairie. It may be

adviseable to by-pass cooling towers during winter
conditions in northern climate.

4. A computer model should be built to simulate the

effect of thermal discharge on a "cold climate"
receiving stream. This could be accomplished quite
easily since the temperature of the cooling water is
known, the stream flow is usually available, the

chemical and biological nature of the stream is
usually available from control agencies and the re-
action rates can be obtained from the literature.
such a model would have wide application in the.future
since various electrical power generating agencies

are seriously looking at nuclear plants which requir:e

large volumes of cooling water.
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5. A more meaningful and accurate test than the
BOD test. should be developed for this type of
work.
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