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ABSTRACT 

Suspended solids play an important role in the fluvial transport 

of hydrophobic contaminants. The important components of the 

suspended solid load for geochemical transport are silts, clays and 

particulate organic carbon. Conventional wisdom has ‘assumed that 

inorganic fine-grained sediment moves as primary particles. Recent 

findings, however, suggest that primary particles in rivers are 

frequently and perhaps characteristically transported as larger 

particles due to flocculation. The significance of flocculation to 

the freshwater fluvial system was examined .using the Sixteen-Mile 
Creek in Southern Ontario. Using a new method of floc handling and 

analysis developed in this study the following issues were addressed. 

(1) Is flocculation present in the freshwater fluvial system? (2) How 
stable are the flocs within the realms of the sampling and analytical 
method? (3) Is flocculation influenced by temporal and spatial trends 
for eight independent variables [temperature, pH, conductivity, 
suspended solid concentration, discharge (turbulence), bacterial 
densities associated with suspended solids, particulate organic carbon 
and major ions]? Results indicate that flocculation is an important 
process occurring in the freshwater fluvial system which may produce 
relatively stable flocs. The size of flocs appears to vary both 
temporally and spatially within the river. This variation seems to be 
controlled primarily by turbulence, suspended solid concentration, 
particulate_ organic carbon, and bacteria and their associated 
extracellular polymeric exudates.
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Résuufi 

Les nmtiéres en suspension ont une fonction importante dans le 

transport fluviatile des contaminants hydrophobes. Les silts, les 

argiles et les de carbone organique sont les éléments 

importants de la charge des matieres en suspension. On était 

naturellement portés a penser que les sédiments inorganiques a 

granulométrie fine étaient transportés sous forme de particules 

primaires. Cependant, des observations récentes indiquent que les 

particules primaires dans les riviéres sont fréquemment, et peut-étre 

de faeon caractéristique, transportées sous forme de particules de 

taille supérieure a cause de la floculation. 
A 

L'importance de la 

floculation dans les réseaux d'eau douce a été examinée sur le 

ruisseau Sixteen-Mile, dans le sud de l'Ontario. Grace 5 une nouvelle 

méthode d'analyse et de manipulation des flocs qu'on a mise au point 

pour cette étude, nous nous sommes penchés sur les questions 

suivantes. 1. Se fait-il de la floculation dans le réseau d'eau 

douce? 2. Compte tenu des méthodes d'échantillonnage et d'analyse, 

quelle est la stabilité des flocs? 3. La floculation est-elle 

influencée par les tendances dans. l'espace et dans le temps de 

huit variables indépendantes (temperature, pH, conductivité, 

concentration des matiéres en suspension, écoulement (turbulence), 

densité bactérienne associée aux matieres en suspension, particules de 

carbone organique et principaux ions)? Les résultats indiquent que la 

floculation est un important mécanisme des réseaux d'eau douce qui 

peut produire des flocs relativement stables. Dans la riviére, la 

dimension des flocs parait varier dans l'espace et dans le temps. 

Cfitté V6F'l3'|I10_fl semble déterminée ESS8flt1EHEmEflt par 16 tUl‘bU18IlCB, 

la concentration de matiéres en suspension, les particules de carbone 

organique et les bactéries ainsi que leur exsudat poiymérique 

extracellulaire. »



MANAGEMENT PERSPECTIVE 

The, Phenomenon of fine—grained sediment flocculation" is well 

recognized in the marine and estuarine environments, however, 

flocculation in the freshwater fluvial system requires further 
examination, Because. flocculation is known to "affect sediment 
settling velocities, this phenomenon has important environmental 

implications from a sediment and contaminant transport perspective. 
The suspended sediment characteristics of Oakville Sixteen—Mile Creek 
in Southern Ontario were examined using a new digitizing method 
developed for this study. The study indicates that flocculation is 

occurring in the fluvial system and that flocs represent a significant 
proportion of the total suspended sediment volume. 
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PERSPECTIVE DE GESTION 

La floculation des sédiments 3 granulométrie fine est un 

phénoméne bien connu dans les environnements-marins et estuariens; 
I A cependant, la fioculation dans les réseaux d eau douce demande a etre 

étudiée davantage. Parce qu'on sait que la fiocuiation agit sur ia 

vitesse de sédimentation, ce phénoméne a d'importantes implications 

écologiques par‘ rapport au transport de contaminants et 5 la 

sédimentation. Les caractéristiques prises par les. matieres ‘en 

suspension dans 1e ruisseau Sixteen—Mi1e, dans 1e sud de 1'0ntario, on 

été examinees grace 5 une nouvelie méthode de numérisation qui a été 

mise au point pour ucette étude. Cette derniére indique que 1a 

floculation se _produit dans un réseau fluviatile et que ies fiocs 

représentent une proportion importante du volume total de matiéres en 

suspension. '
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Chapter 1 

Introduction 

i The ecological significance of suspended solids within the fluvial environment 

has long been recognized. Suspended solids play a strong role in the biological and 

chemical balance of the aquatic environment. They are also identified as important 

components for the transport of contaminants in river systems (Allen, 1986 and Ongley 

et al.,‘ 1988). The important components of the suspended load for geochemical 

transport are silts, clays and particulate organic carbon (Ongley et al., 1981). 

To date the majority of suspended sediment research has focused on the 

primary mineral particles because aggregates are usually disaggregated in the laboratory
\ 

for analysis. Conventional wisdom presumes that suspended solids transported for 

long distances downstream as individual grains. Recent findings (Droppo and Ongley, 

1989, Partheniades, 1986, Kranck, 1984, 1981, and Krone, 1978), however, have 

illustrated that primary particles are frequently and perhaps characteristically transported 

as flocs within the aquatic medium. -Therefore, our ability to predict chemical transport 

is highly dependent on our ability to predict the form, size and structure of the 

suspended solids in transport-. To focus only on the primary particles a fluvial 

system is not representative of the true environmental condition. Research must 

focus more on the flocculated material in order to make realistic predictions from 

models on fine-grain sediment and pollutant transport; This thesis will

l
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concentrate on the temporal and spatial regimes of flocculation within the fluvial 

system in an attempt to collect information on the controlling factors of flocculation. 

To the author’s knowledge, this is the first freshwater fluvial field study on 

flocculation. It is hoped that the results of this study will contribute to more realistic 

models of fine-grain sediment and pollutant transport. 

1.1 Definition of Flocculation ’ 

The removal or loss of an individual particle from suspension may occur 

through two physical p1'0C6SSCS;2 sedimentation or coagulation (Hunt, 1980). 

Sedimentation removes the particles from the water column, ‘whereas coagulation 

transfers many smaller particles into fewer larger aggregate particles (flocs) which in 

turn eventually undergo sedimentation. This coagulation is referred to as flocculation 

and may be caused by a number of chemical, biological and physical factors. 

Flocs can be defined as irregular masses or clumps of numerous individual 

grains. According to Kranck and Milligan, (1985, 1980) and Kranck, (1980), each floc 

contains a representative portion of the fine fraction of the whole suspension and can 

make up the largest particles in the natural sediment suspension. They may also be 

minute in size (2 particles aggregated together). Often organic matter or planktonic 

cells (in whole or in part) are present in the matrix of the flocs (Kranck, 1973). Flocs 

may also contain a significant "void" fraction which is composed of inter-particle 

spaces formed during floc formation. These spaces may hold a large volume of water 

which contributes to the overall floc composition (Tambo and Watanabi, 1979). 

Flocculation of suspended solids has a significant effect on effective size. 

surface area, density, settling velocity and deposition rate of sediment (Tsai £11.,



1987). Hence flocculation has significant implications for the modelling of sediment 

and pollutant transport » 

1.2 Objectives 

The objectives of this thesis are two-fold; 

1. To develop a nonrdestructive method of sampling, transporting and analyzing flocs 
from at fluvial envi_1'0nment. 

4

. 

2. To characterize the spatial and temporal regimes of flocculation in a fluvial 
environment and the factors controlling them.

_



Chapter 2 

Literature Review 

2.1 Introduction < 

Flocculation is a phenomenon that is well understood and artificially promoted 

within the wastewater treatrnent injdustry to reduce pollutant loading of receiving water 

bodies (Bartlett, 1971). Flocculation within the marine environment has — also been 

studied for sometime in an attempt to try and understand the filling of estuaries and 

marshes and for delta and submarine fan deposition (Gibbs, 1983a).- Typically, 

however, flocculation in freshwater fluvial systems has been ignored or thought to be 

non-existent. Therefore, the majority of the information on flocculation this 

review is from marine and wastewater literature. While there are obvious physical and 

chemical differences ‘between these and the fluvial environment, many of the physical 

mechanisms for the formation of flocs are the same. - 

Flocculation is not a static process but rather a dynamic process where flocs 

are in a continual state of change depending on the rate of aggregation and 

disaggregation of the particles (Zabawa, 1978). This rate is dependent on site specific 

variables such as fluid shear, sediment concentration, mineralogy and grain size 

distribution, dissolved chemicals and salinity, pH, temperature, organic matter, and 

biological organisms (Tsai .9;-al, 1987 and Kranck, 1973). Each of these variables may 

behave in such a way as to promote coagulation by phenomena such as collision,

4
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sorption and electrochemical flocculation. Zabawa (1978) also states that pelletization 

of fine - grained sediments by filter - feeding planktonic organisms may also promote 

flocculation. The ability of some microbes to secrete a sticky mucal substance can also 

bind suspended sediments together. Diatoms (microscopic algae) have also been 

observed within flocs (Zabawa, 1978 and Paerl, 1974). Despite the importance of 

flocculation, the processes of aggregation and disaggregation of suspended sediments 

and their dependence on the above variables are not yet well understood. 

.From the above discussion it is evident that the coagulation of suspended 

sediment can be divided up into 3 broad groups. 1) the physical factors of flocculation 

(ie. collision, sediment concentration, flow conditions, etc,), 2) the chemical factors of 
flocculation (ie. particle ‘charge and water and particle chemical composition) and 3) 

the biological factors of flocculation (ie. organism interference, feeding and bonding). 

Each of these three factors may work together at different temporal scales as 

dem,.0n,strated by Muschenheim et. al. (1989), however each factor will be investigated 

individually in order to gain a greater understanding of sediment flocculation within a 

fluvial system and the factors controlling it. 

2.2 Physical Factors of Flocculation 

In order for flocs to grow in size, two conditions must be met: there must be 

a significant number of collisions between primary and or flocculated sediment, and 

the collisions mu_st be successful in promoting aggregation (Krone, 1978). Collision 

is dependent on sediment concentration, the physico-chemical properties of the 

sediment-water system and the system turbulence, which is dependent on flow 
conditions. The flow conditions will dictate the suspended particle size distribution and
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settling velocities of the particles and flocs. Settling velocity is also highly dependent 

on density of the particles and flocs. Whether the particles remain together after 

collision is dependent on a number of other variables such as suspended organic 

content and particle surface roughness and shape. ‘The deposition out of suspension 

or the transportation out of the fluvial system of a particle or floc is a function of its 

settling velocity and the turbulent regime (Kranck, 1984). 

Floe growth at the same time is counteracted by such factors as inter-floc 

collision, drag shear" stresses on the surface of settling flocs and the high near-bed shear 

stresses (Partheniades, 1986). Thus the size and settling velocities of flocs are highly 

dependent on flow parameters. . 

Only a fraction of particle collisions will result in the cohesion of particles 

and the formation or increase in the size of flocs. No quantitative ability exists at 

present to predict the degree of particle cohesion (Tsai et.al.c, 1987). It can however 

be inferred that the greater the frequency of collision in a low turbulent enviromnent 

the greater the frequency of coagulation. and floc. formation. 

The collision of particles results from three primary mechanisms; Brownian 

motion, local shear of the suspension and different settling velocities of particles (Tsai, 

et.al., 1987; Gibbs, 1983b; Hunt, 1982, 1980 and Einstein and Krone, 1962 ). 

Brownian motion is a random movement of microscopic particles (generally less than 

0.002mm in diameter (Bogardi, 1974)) resulting from the impact of molecules within 

the surrounding fluid. The local shear of the suspension is the force exerted on 

particles by the horizontal and or vertical motion of the water column at a particular 

location and point in time. The differential settling velocities of the particles relates 

to the collision of paiticles resulting from individual particles possessing different
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specific gravities with respect to that of the water. Collision functions have been given 

for these three mechanisms by Tsai, et.a1. (1987) and Hunt, (1980). 

Tsai. et al. (1987) demonstrated the dominance of these collision mechanisms 

for a particle of 1.0 pm in diameter in a low fluid turbulence environment. Brownian 

motion was found to be‘ the dominant collision mechanism for particles less than 1 pm, 

while particles from 1 to 100 pm collide because of fluid shearing. Collision of 

particles greater than 100 um in diameter with the 1 um particle will occur generally 
as a result of differential settling. For collisions of particles other than 1 pm the order 
of dominant mechanisms with increasing colliding particles will remain the same. 

Paqkhlam (1962) feels, however, that Brownian motion is insufficient to bring about a 

high frequency of inter-particle collisions. In quiescent solutions where shearing is not 

a factor, coagulation is dependent upon collisions brought about by differential settling 

rates of different sized and different density particles. However, once a shear stress 

(turbulence) is imposed the majority of collisions result from this force. In-an 

experiment on the flocculation of lake sediments Tsai gt._al_.. (1987) using a Couette 

viscometer at a variety of different shear stresses (_l, 2, and 4 dynes/cm’) found that 

the strength of the flocs formed by differential settling and Brownian motion were 

much weaker than those formed by shear oriented collisions. When the viscometer was 
stopped, flocs formed due to settling were found to break up easily when the shear 
stress was applied -again. Flocs formed at lower shear stresses are fluffier and more 

fragile with extensive void volumes. ' ' 

As a result of voids in the floc structures and a high. water content, the 

effective floc density decreases as the floc size increases (Tambo and Watanabi, 1979). 

In effect large flocs approach the density of the water they are suspended in. Their



_

8 

settling velocities and therefore depositional rates are thus thought to be lower than 

smaller flocs or large primary particles (Tsai et.al.», 1987). Kranck (1984, 1979) 

however, feels that large flocs with low densities still have a higher settling rate than 

smaller flocs with higher densities. 

In a laboratory setting where all factors can be held constant a steady - state 

of floc size can be reached. This is, of course, an ideal state which is probably never 

reached in the natural environment. Given a sufficient period of time (found to be less 

than 2 hours by Tsai eti (1987)) the median particle size remains constant over time 
with a constant shear stress. However, with a change in shear stress a new steady 

state particle size distribution is reached (Figure 2.1). An inverse relationship was 

found to exist between shear stress and median floc diameter. That is, as the shear 

stress increases the floc diameter decreased (Figure 2.l)(Tsai e‘;,_a_L, 1987 and 

Partheniades, 1986). Tambo and Hozumi (1979) support this observation and add that 

although the floc size is decreased the floc strength is enhanced by the increased shear. 

Partheniades (1986) on the other hand feels that because the inter-particle cohesive 

bonds are expected to vary statistically over a wide range, the aggregate strength will 

also be expected to vary widely. If one equates strength (compaction) to density, then 

it can be said that shear stress is directly proportional to the effective density (Tsai 

et.al., 1987). From Figure 2.1 itcan also be seen that the median steady - state of floc 

distribution is independent of the manner in which the steady - state was obtained, 

whether it be from flocculation or deflocculation-. This i_s seen by the similarity in 

median floc diameter of the initial and changed shear stresses of both 1 and 4 

dyne/cm’). -
‘
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Kranckl (1973, 1975) has proposed the following mechanism for the 

flocculation of primary grain suspensions in a marine environment into a stable 

flocculated distribution. She states that at salinities above 3 %, fine particles are 

unstable (due to suppression of the ion double layer around each particle caused by the 

increased ionic strength of seawater (especially divalent cations)) and flocculate on 

contact. Random variations in transport speed and direction of particles of varying 

sizes caused by gravity and turbulent forces result in abundant particle collisions of the 

initial unflocculated suspension. Kranck feels that larger grains with their lower surface 

areas will not initially form flocs as easily as small grains. Instead these larger grains 

only become part of a floc complex by adhering to already developed flocs composed 

of many smaller grains. Settling velocities of flocs become more -unifonn and particle 

collisions less frequent as larger flocs are progressively formed. Kranck feels that, 

eventually, the settling velocities of the largest flocs equal the settling velocities of the 

largest grains and any further flocculation will cease. If this occurs, flocs will settle 

out as a front. However, this may not always be the case as can be seen in the 
stratification of bed sediment. Deposited sediment beds display a strong degree of 

stratification with increasing density (downward) due to floc segregation during settling. 

The major reason for the segregation of settling flocs is the change in shear stress with 

depth in the water column (Partheniades, 1986). If a stream environment is of a high 

enough energy however, the bed sediments be scoured and sediment stratification 

will not be well preserved. 

In reality Kranck (1975) believes that particles which are equal to or larger 

than the modal class of the sediment distribution will settle out as individual grains. 

Those which are smaller than the modal class will settle out as flocs. As time
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progresses the modal size class decreases as larger sizes are lost from the suspension. 

In this way a well stratified bed sediment is produced. , 

Gibbs (l983b), has demonstrated the effect of particle size on floc growth 

by illustrating that for any degree of salinity particle size ranging from one to two 

microns flocculate faster than particles ranging from two to four microns. This 

relationship may be a result of the smaller size range having a larger surface area and 

therefore a» higher propensity to flocculate (van Olphen-, 1963).
_ 

' 

Kranck (1975) has shown a direct relationship between -the grain mode and 

the floc mode and that the ratio of floc mode to grain mode decreases with increased 

particle size. Kranck feels that t_h_is is probably a result of flocs becoming more 

unstable as they become larger and that the point where all sediment particles have the 

same settling velocity is approached but not reached. Organic matter absorbed on the 

surface of smaller grains may also be a factor. ;This causes small‘ grained flocs to have 

lower densities and larger diameters compared to flocs containing larger grains. 

Particle size distribution can therefore have a strong effect on floc formation. 

There are of course other facjtors which will enhance or decrease the degree 

of flocculation in conjunction with collision. The most important of which is 
suspended sediment concentrations. In low concentrations the inter - particle distances 

are large and the rate of coagulation will be slow, On the other hand, if concentrations 
are high the distance between particles is small and flocculation is fast (Packham, 

1962). 

Tsai et.a1. (1987) have shown that as sediment concentration increases the 

size of the flocs decreases if shear stress is held constant. For concentrations of S0, 

100,“ 400, and 800 rngll the median steady state diameters were 100, 80, 40, and 26
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respectively. Low sediment concentrations generally yield a higher percentage of 
large flocs and a lower percentage of small particles. Kranck (1979) has stated that 

.an increase in sediment concentration will lead to a proportional increase in particle 

collision. This would lead to an increase in floc size. Other investigators such as 

Partheniades (1986), observed that the number of individual particles per floc increased 

with increasing sediment concentration as did the floc density. This dispute may 

indeed be attributed to site specific variables such as localshear stress, grain size, and 

degree of sediment concentration- Einstein and Krone (1962) have illustrated that the 

strength of flocs increases with an increase in sediment concentration. 

The degree of sediment flocculation may vary highly over a year and possibly 

from day to day. This is a result of changing physical, chemical and biological input 

conditions from day to day and from season to season-._ With heavy rains more 

sediment and pollutants are washed into the fluvial system via stormwater runoff. The 

heaviest rains often occur in the summer season in this modified continental climate. 

Less sediment is put into the system under winter conditions. With the spring melt 

however, a large amount of sediment is flushed into the fluvial environment. 

Although relatively little literature has been found on the effect of particle 

roughness, one can infer that the rougher the particle the greater its chance of attaching 

to another particle. Also, little is found on the effect of particle shape. One may 

expect that the particle whose shape yields the greatest surface area will enter into a 

flocculated. state more easily than a shape which gives a small sruface area. Shape, 

however, probably has a, minimal effect on flocculation as compared to grain size. 

While the shape may be irrelevant, a number of different floc shapes may occur. 

Their size and shape is dependent on the flow rate. and floc composition. At low flow
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rates, Kranck and Milligan (1980) found that organic, inorganic and a mix of the two 

sediments formed long string type flocks parallel to the direction of flow. At high rates 

of flow inorganic sediment fonned spherical flocs while the organic and mixed 

sediment formed irregular shape flocs with protruding arms‘. It is apparent that 

collision is the fundamental process by which flocculation occurs. Collision is 

dependent on a number of factors such as suspended solid concentration, shear stresses 

and particle size. Each of these is site specific and will vary over time. Thus the size 

of the flocs will also vary temporally and spatially which will have an effect on the 

effective sizes, surface areas, densities, settling velocities and deposition rates of flocs. 

2.3 Biological Factors of Flocculation 

While sedimentologists and engineers have focused on the physico-chemical 

factors of flocculation, biologists (generally marine) have focused on the role of 

bacteria and larger organisms in floc formation. The sorption of bacteria to surfaces 

is a general phenomenon encountered in natural environments. The ability of bacteria 

to sorb onto particles varies according to the physical and chemical composition of 

the particles, and the species and growth conditions of the microorganisms (ie. 

Temperature and pH) (Marshall-, 1981). Extensive research has been carried out in the 

area of bacteria sorption to sediment (Muschenheim et al., 1989; Brock, et al., 1984; 

Zabawa, 1978; Marshall, 1976; Marshall et al., 1971a; Marshall, et al., 1971b; Schubel 

and Kana, 1971), however, the degree of interdependence between bacterial activity and 

development of flocs is not. fully understood. 

The bacterium - particle interactions are complex and different sorptive 

mechanisms are likely. Two primary‘ theories exist which may work separately or in
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conjunction with each other. ‘The first relates the chemical charge between the 

organism and the particle and their attractive or repulsive forces. The second relates 

to the ability of some organisms to secrete a sticky material which bonds sediment 

together. . 

Both microorganisms and particles can possess sites of positive charged areas 

on what is predominantly a negative charged surface (Marshall, 1971). As opposite 

charges attract, the end result can be an electrical bond of particle to particle forming 

a floc. Santoro and'Stotzky (1968) also showed that as the valence of the cations on 

clays increased so too did the sorption of bacteria to soil. particles. Peel (in Marshall, 

1971) demonstrated the same effect where mono-, di-, and trivalent cations 

corresponded to negligible, moderate, or strong sorption respectively, Thus the degree 

of sorption is proportional to the positive charge cations and is dependent on the 

chemical structure of the particles and bacteria. 

The above "variation in chemical attraction may help explain the selective 

adsorption of certain microorganisms on soil or colloidal particles. Numerous 

researchers have confirmed the selective nature of organisms (Gunnison and Marshall, 

1937; Marshall g_t;a_l;, 1971a and Brock Lain 1984). Minenkow in Marshall (1971) 

illustrated that the sorption of two organisms", (variety mycoides) 

(found in soil) and §_eLr@ marcescens (found in water and soil) increased with 

increasing‘ clay content and to some extent fine and medium silt. Relatively few 

bacteria are sorbed on sand size particles. This relationship is related to the clay, silt 

and bacteria’s small size. This small size results in a larger surface area for chemical 

and biological attraction. The majority of bacteria in freshwater and sediments are
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generally small as compared to clay, ranging from 0.3 to 0.7 um "in diameter (‘I-Iobbie 
et al, 1977). 

As a result of the large quantity of salt ions in an ocean environment, this 

electrostatic process of sediment-bacteria flocculation may have a significant effect. 

However, in a fieshwater environment this process may be less significant due to the 

lower ion content and larger electrical double layers of suspended particles. It can, 

however, not be ruled out as a possible method of flocculation. 
l

V 

Attachment of microorganisms (algae, bacteria and fungi) to inorganic and 

organic matter in situ is common (Muschenheim et al-., 1989). Flocculation is believed 

to be mediated to some degree by bacterial utilization of dissolved organic carbon 

associated with particles and their secretion of extracellular polymeric exudates 

(Muschenheim _et al., 1989 and van Leussen, 1988). The organism’s secretion of this 

polymeric fiber results in the stabilization of the floc arrangement and probably 

trapping of other particles into the of the floc upon collision (Zabawa, 1979, 

Paerl, 1973). (These secretions are largely carbohydrates (Paerl, 1974)). Typical 

bacteria which produce» extracellular ‘polymeric exudates are of the Pseudomonas and 

Zgoglgeg species (Brock et._ali, 1984). Other organisms do not produce slime 

web, but instead attach themselves by stalks or some other structure». Still others 

remain independent. There are several reasons for bacterial attachment, the most 

probable being the sediment acting as a source of energy and nutrients for the 

organisms (Muschenheim et al., 1989 and Marshall, 1976). 

Paerl in a 1974 lake water study demonstrated that tritium-labeled dissolved 

organic compounds (acetate and glucose) are taken up by flocs, but only after the 

compounds were taken up by bacteria and filaments. Concentrations of the labeled
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dissolved organic compounds were localized in the bacterial cells with concentrations 

dispersed outward onto the flocs. The appearance of the tritium around the microbial 

cells strongly suggests the presence of extracellular polymeric fibers on the Surface of 

the particles. He also states that bacteria transform dissolved organic carbon (DOC) 
"into the particulate phase which he states is responsible for large floc formation. 

1‘ 

Muschenheim et al. (1-989) have demonstrated that it is in fact the relict 

microbial extracellular polymeric exudates which must be given the attention for floc 

formation rather than the number of attached bacteria themselves. This conclusion is 

reached because during a period of biological flocculation the percentage of attached 

bacteria was at its lowest value. Therefore, it may be concluded that floc formation 

is developed through relict and some fresh extracellular polymeric exudates and not 

directly by the attached cells themselves. 

While Muschenheim etierl. (1989) focus on biological flocculation, they also 

illustrate that flocculation occurs first by physico-chemical means for a till-sea water 

suspension in the fine grain sizes (2 to A 8 pm). After this initial short period of 

physico-chemical flocculation, biological flocculation takes over once the bacteria have 

sufficient time to grow. This form of flocculation produced much larger flocs-. 

In a lake environment Paerl (1973) illustrated experimentally that the products 

of microbes increased the rate of sediment agglomeration due solely to flocculation and 

sorption. Using dialysis bags, sterile detritus (microflora consisting mainly of small 

particles of organic and inorganic material) and water were placed in one bag while 

sterile detritus and lake water containing living microorganisms was placed in the other. 

After a period of 3 days the particle size of the detritus in the sterile bag was 10% the 

size of the particles in the bag containing microorganisms. In 1974 Paerl also
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demonstrated that microbes will interact with particle in the formation of flocs even if 

the particles had no initial bacterial coverage. 

Another form of agglomerated sediment is the fecal pellets produced by filter- 

feeding zooplankton. These pellets are composed of organic and inorganic matter in 

I6.latively compact regularly shaped masses (Schiibel and Kana, 1972). They may 

remain on their own or enter into flocculation with other -sediment. Although these 

pellets do not represent true sediment-t flocs they may be incorporated into flocs through 
subsequent chemical, physical and biological processes. 

In sewage treatment and stormwater detention the reduction of harmful 

bacteria by flocculation of suspended sediment with sorbed bacteria and their 

subsequent settling is an important process. For example, the activated sludge process 

for sewage treatment utilizes the flocculating ability of organisms to reduce bacteria
\ 

counts and other organic matter. Biodegradation is enhanced by forcing pure oxygen 

through wastewater in large tanks. Slime’-forming bacteria (primarily Zoogloea 

ramigera in this process) grow and form flocs with the organic and inorganic sediment 

in the tanks. These flocs form the substratlllll to which protozoa and other animals 

attach. Filamentous bacteria and fnngi may also be present. The effluent contains 

flocs which are pumped into a holding tank where they settle out of suspension. In the 
main holding tank the adsorption of soluble organic matter to the floc also occurs, thus 

further reducing the pollutants in the water. Once sedimentation is complete the 

relatively clean water is released into the natural waters of the environment (Brock 

et.al., 1984). -

g 

- For stonnwater, Dart and Stretton (1980) stated that when there is a discharge 

of bacterially polluted water into a lake, b‘a_cteri_a adsorb onto particles and deposit out
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(most likely in flocs), or are ingested by protozoa. Davis et.al. (1976) also found that 

ratios of fecal coliform to fecal streptococci were lower for the effluent of a lake than 

in an adjoining lower tributary. This was attributed likely to flocculation and 

sedimentation resulting from the impoundment of the water during storm events-.e 

The rate of adsorption of bacteria is directly related to temperature (Paerl, 

1973). Cold temperatures can be detrirnental to a number of organisms. Warm 

temperatures are generally ideal for the assimilation of bacteria and thus flocculation. 

Bacterial adsorption on sediment is greatest at natural pH ranges between 5 and 8. 

Assimilation tends to be greater at the lower end of this range (Marshall, 1971). pH 
values outside ‘of this range are detrimental to a number of organisms and therefore 

flocculation. 

Thus, organic matter is seen to be a significant contributing factor for the 

flocculation of suspended sediment. This organic matter can take on a number of 

forms, including plant debris, bacteria and their subsequent mucal slime, fecal pellets 

or detritus. All have the general effect of increasing floc size and stability and 

promoting a greater settling velocity. 

2.4 Chemical Factors of Flocculation 

The chemical factors of flocculation are generally related to the electrical 

charge of the individual particles. The attractive forces bonding dispersed particles are 

a result of van der Waals attractive forces between all the atoms in one particle with 

those of another. The attractive force between the particle is equivalent to the sum of 

the forces between all the atom pairs. The strength of this force is dependent on the
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size and shape of the particles and on the chemical character of the water (van Olphen, 

1963). ' 

The salt ion concentration of water is a primary factor in terms of attractive 

and repulsive forces between particles. Particle attraction is practically the same for 

a low salt ion concentrated water environment as it is for a high salt ion environment. 

However, in a salt Water‘ environment the electrical repulsion is depressed. Therefore, 

the magnitude of the electrical repulsion, as a result of the particle charge, is dependent 

on the concentration of ionized salts in the water. As ion concentration increases the 

repulsive ‘fqrce is no longer able to counteract. the van der Waals attraction and 

particles flocculate (van Olphen, 1963). ' 

_ 

The repulsive force is a_ result of electron double - layer repulsion, The 

electrical double layer of a_ particle is con_figured in such a way that there is a surface 

charge (usually negative) and a compensating counter - ion charge in the liquid around 

the particle surface. The counter t-. ions are electrostatically attracted to the surface of 

the particles by its opposite charge and at the same time try to diffuse away to areas 

of lower concentration. The greatest concentration of T counter - ions is close to the 

particle surface and decreases radially outward. There are also ions in the iojn cloud 

which are of the same sign as the surface. This is the result of the deficiency of these 

ions due to their repulsion (van Olphen, 1963). \ 

Although it appears that chemical flocculation will not occur in a salt-free 

environment, the van der Waals attraction forces between atom pair are additive and 

hence may overcome the repulsive forces found in freshwater. The larger the number 

of atoms between 2 or more particles the greater will be their attractive forces (van 

Olphen, 196,3) and thus the attractive forces may overcome the repulsive forces and
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flocculation may occur. In essence particles are held together by the attraction and 

mutual sharing of the counter - ion cloud. Thus the greater the number of ions the 

greater the attraction. Hunt (1982) states that "at sufficiently high concentrations of 

ions in solution, the electrostatic forces are masked and attractive van der Waals forces 

causes the sticking of particles". 

Particles may possess areas of positive and negative charges (Hannah, et al., 

1967). van Olphen. (1964) has illustrated that the edges of particles are often positively 

(charged while the faces are often negatively charged. Edge to face attraction will 

"result in flocculation in this case. These electrostatic forces and chemical and hydrogen 

bonds actually possess more energy than van der Waals forces and thus are a primary 

mechanism of flocculation, 

Faust and Aly (1981) have shown that Na*, K*, Ca“, Mg“, Al“, Fe-2*, Cl‘, 

SO43’, HCO3'and CO3”are some of the most common ions in natural waters. It is the 

high valence cations which have the most effect on particle cohesion (Santoro and 

Stotzky, 1968) as the majority of colloidal particles are negatively charged. Magnesium 

and calcium seem to be the cations that influence flocculation the greatest in fresh 

water (Tsai .et.a1., 1987). These elements tend to compress the outer layer of ions and 

promote flocculation when there is a sufficient concentration of elements. Flocculation 

will then result due to Van der Waals forces (Krone, 1978). Thus, the chemical 

composition of the sediment (as this may dictate its charge) and that of the water is 

very important for floc development. ~ 

The charge on particles seems-to be highly dependent on the adsorbed organic 

content of the particulate matter (particulate and dissolved organic compounds) (Neihof 

and Loeb, 1974). Organic coatings have the effect of reducing the significance, of
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minerology to flocculation by promoting un_ifo_rm electrical properties on contrasting 

minerals (van Leus_sen, 1988). Gibbs (l983b) has stated that organic coatings can 

greatly inhibit the coagulation rate of suspended solids. This,-,v however, is paradoxical 

as organic coatings on sediment will promote, as stated earlier, biological colonization 

and thus flocculation, This paradox may explain Muschenheim’s gt_al_. (1989) 

observation that initial physico-chemical floc_culation of non-coated till particles is 

followed by biologically promoted flocculation. Biological flocculation occurs after 

there is sufficient time for the development of bacterial colonization and organic 

coatings. Therefore, we can conclude that organic coatings on particles have a two- 
fold effect on flocculation of suspended solids in the fluvial system. Once formed they 

reduce the effect of minerology, inhibiting electrochemical flocculation. However, 

they also promote the colonization of bacteria which in tum secrete polymeric exudates 

which promoter flocculation.
_ 

In a freshwater laboratory experiment Tsai etal. (1987) found that small 

changes in the freshwater composition (Table 2.1) did not have major effects on the 

steady state median diamflers of the flocs (Table 2.2). Thus, the significance of slight 

ionic variations in freshwater on floc fonnation seems questionable. However, within 

some rivers the chemical composition of the water may vary significantly over time 
and space depending on the characteristics of the basin. This may result in the 

promotion of either flocculated or primary particle distributions. van Olphen (1963) 

does stress that flocculation through electrical attraction in freshwater may occur but 
only at a slower rate than in salt water. -This is a result of the absence of salts in the 

freshwater to act as a‘ "catalyst" for electrical attraction.



Table 2.1 Dissolved ion concentration. 
Reproduced from Tsai et al. 1987. 

Element 
Series A Series B 
(I9/1) (I9/1) 

E I 

Na
K 
Ca 
H9 
A1 ' 

Hco 
co 
cl 
so 

44.9 
2.4 

74.1 
38.0 
<0.02 

171.o_ 
0.01 

23.0 
250.0 

10.2 
1.0 

14s.o 
a_'/.4 
<o.o2 
165.0 

0.01 
2oo.o 
2»so.o 

Table 2.2 Floc size in relation to Suspended Sohd 
concentration and shear force. 
Reproduced from Tsai et alt. 1987. 

SS Concentration shear Force Series A SEIIBS B 
(mg/1) _ (dyne) (microns) (microns) 
50 

100 
100 
100 
400 
400 
400 
800 

NDNHQNHN 

100 
105 
80 
50 
60 
40 
20 
26 

Note: Small changes in floc- size between series A 
and B correspond with large changes in ion 
concentrations in Table 2.1
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The addition of chemical additives in wastewater treatment facilities (such 

as settling ponds to enhance flocculation and thus settling of pollutants‘) is a good 

example of the effects that ionic flocculent aids can have on suspended sediment in 

freshwater. It should be noted, however, that chemicals added during in wastewater 

treatment do not occur in the same concentration in nature. 

Tambo and Watanabi (1979) have shown that flocculent aids strengthen and 

produce larger flocs, but they do not influence the floc density. The primary flocculent 

agent is an aluminum ion solution (A_1,(SO,,),.18I-l¢O).9 This is chosen because it is a 

high valence (3+) cation which, as stated earlier, is ideal for electrical particle 

attraction. As the ratio of aluminum concentration dose to sediment particle 

concentration decreased the floc size increased. This is, however, only at acidic pHs._ 

Other flocculent aids such as activated silica, Acofloc N 30 and polyacrylamide are 
frequently used in conjunction with aluminum ion solution. These further enlarge the 

diameter and strength of the flocs (Tambo and Watanabi, 1979). 

From the literature there seems to be at slight increase in general floc size 

with an increase in pH (Tambo and Hozumi. 1979 and Tambo and Watanabi, 1979). 
This increase is probably for normal pH ranges (Tsai gtil, 1987). 

Temperature also appears to have a minimal effect on chemical flocculation. But it 

will have its greatest influence on flocculation in terms of survival of biological 

organisms for colonization of flocs. 

As a result of the low salt ion content in freshwater and the weak process 

of electrical sediment attraction, it appears that this process of flocculation is less 

important in comparison to the other physical and. biological factors of flocculation.
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2.5 CONCLUSION l 

The chemical, biological and physical factors of flocculation, all work together 

to va.rying degrees in the formation of flocs. To analyze one factor without taking into 

account the others is not representative of the true process of flocculation. It appears, 

however, that in a freshwater environment the physical and biological factors dominate 

over the chemical factors of flocculation. To develop a viable study of flocculation, 

however, one must understand the varying degree .of each factor or variable in the 

‘studied environment. r



Chapter 3 

Study Site 

_ 

Sixteen-Mile Creek is situated in Southern Ontario and drains into Lake 

Ontario between Toronto and Hamilton (Figure 3.1 insert). This creek was selected for 

the study because of its proximity to the laboratories at the Canada Centre for Inland 

Waters and due to road access. 

The basin is approximately 350 Km’ of which 50 Km’ is covered by urban 

development with the re'mainder'being primarily agricultural and forested land (areas 

obtained from digitization of Ont. Min- of Agr. and Food land use maps 1983). 

Population the basin is approximately 130,000. 

Two sampling sites were used the study (Figure 3.1). Site 1 (Figure 3.2) 

is a harbour which receives -sewage effluent from the sewage treatment plant in the 

town of Milton ‘upstream (Figure 3.1). Other sources of particulate matter come from 

stormwater runoff fi-om urban, agricultural and forested areas. Additional pollution 

results from extensive pleasure craft traffic during, open water periods. Site 2 (Figure 

3.3) is upstream and receives only surface and subsurface runoff from forested and 

agricultural land. This site is relatively clean in comparison, exhibiting lower 

concentrations of major ions, particulate organic carbon and suspended solids during 

base flow periods. i
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3.1 Basin Characteristics 

It is helpful to have a general knowledge of the basin’s bedrock geology, 

quatemary geology, topography, soils, vegetation, landuse, and climate in order" to 

understand some of the hydrologic and sedimentalogical characteristics which may 
affect floc size both spatially and temporally. 

Generally the river flows in a southeaster-ly direction following the dip of 

the bedrock. The geological, soil and climatic conditions vary along the course of 
Sixteen-Mile Creek, Bedrock geology of Sixteen-Mile Creek basin is primarily 

composed of the Queenston Shale and Georgian Bay Formations (Gillespie, Lil, 
1971) which are found below the Niagara Escarpment. Both are Upper Ordovician and 

consist mainly of shales (Queenston red shale, Georgian Bay grey shale). The 

Georgian Bay Formation also contains some layers of limestone and grey calcarious 

sandstones (Guillet, 1977 and Hewitt, 1972). A small section of the basin is situated, 
above the Niagara Escarpment on the Lockport-Amabel Formation. This formation is 

composed primarily of fme to crystalline dolomites (Hewitt, 1972). The 

headwaters of Sixteen-Mile Creek also run over or through the Cataract and Clinton 

Group which outcrops along the face of the Niagara Escarpment. It consists mostly 

of dolomitic limestone with grey shale partings and lenses of white chert (Hewitt, 

1972-).
. 

The bedrock in this area is the parent material for the Halton and Wentworth 

tills. The Halton tiH is a clay loam till whose colour and texture are dependent on the 

content of red Queenston shale. The Wentworth till is derived from the Lockport-- 

Amabel Formation and is a stonier and coarser textured material than the Halton Till 

(Gillespie egg, 1971).
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The Six-teen-Mile Creek basin contains four main soils (Chinguacousy, Oneida, 

Jeddo series and Bottom Land soils) whose differences are a result of different parent 

material, natural drainage and vegetation (Gillespie g@_l_., 1971). The Chingiiacousy 

soils are located on the low angle slopes; the Oneida soils occupy the steeper slopes. 

The Jeddo soils occupy the depressional areas which are poorly drained and the Bottom 

Land soils occur on the flood plains of the creek. -

_ 

The Chinguacousy soils classified as a gray-brown podzol which ranges 

from loam to silt loam to clay loams; these are imperfectly drained soils which have 

developed in the clay and silt till deposits. The Oneida soils are classified as 

brunisolic grey-brown luvisols which consist of loam, silt loam and clay loams with 

a wide range of textures. These soils are moderately well - drained and are developed 

on the fine textured glacial till produced from the Georgian Bay and Queenston 

Fonn.ati0ns,. The Jeddo soils consist mostly of organic material which overlays a thick 

gray-brown clay loam. The Bottom Land soil is composed of fine sand and silt laid 

down by flooding. It is a dark grayish brown soil which in some areas is washed 

away due to flood erosive action, leaving bare bedrock (Gillespie $1,, 1971). As can 

be seen, these soils are all fine grained and thus the suspended solids within the creek 

will also be fine grained. The exact size distribution of the suspended sediment will 

vary depending on the hydraulic conditions of the river over time and space. 

However, from digitization of primary grains such as those in Figure 5.6 it was found 

that the sediment is generally in the clay to silt sizes. 

Land use within the basin is primary livestock agriculture, however, 50 Km‘ 

in the southern portion is covered with urban development. Small wood lots are also
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present with a large variety of deciduous and coniferous trees (Ministry of Nat. Res., 

1983). 

Figure 3.4- illustrates the three climatic regions within the Sixteen-Mile Creek 

basin (Gillespie et al., 1971). The difference between Lake Erie county's climate and 

the South Slopes is a result of the moderating effects of Lake Ontario. The difference 

between the South Slopes and Huron Slopes is a result of the Niagara Escarpment 

elevating the air masses. The climatic data for each of these regions are summarized 

in Table 3.1. 

3.2 General Hydrology of Sixteen-Mile C-reek t
- 

No historical data were available for station 021-IB004, so present data were 
compared to historical data of nearby station O2HBOO5. Figure 3.5 demonstrates that 

the sampling period (June 1988 to April 1989) at station OZHBOO4 (Site 2) was not 

unusual in seasonal variability for discharge compared to the historical average at 

station 02HBO05. While station OZHBOO4 has a consistently lower discharge in 1988 

than the long term average for Site 02HBOO5 the pattem is generally the same with 

the exception that station OZHBOO4 peaked one month earlier for the spring melt period 

in 1988. The highest monthly averages occur in March and April with the spring 

thaw. Flows decrease in the summer and increase slowly from September to December 

when rainfall increases and days are shorter and cooler.
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Table 3.1 Climate data for the Sixteen-Mile Creek basin. 
Reproduced from Gillespie et al. 1971. 

I Lake Erie 4““>.8buth* Huron Climate Region Counties Slopes slopes 
Mean Annual Temperature 7.8 

*Length of Growing Seasen 205.0 
Frost—Free Period 155.0 
Mean Min. Temp. (April) 2.2 
Mean Min. Temp. (Oct.) 5.6 
Mean Annual Precipitation 76.2 
Mean Precipitation (Hay— 35.6 
September) 

deg. C 6.7 deg. C 5.6 deg. C 
203.0 200.0 
145.0 140.0 

deg. C 1.7 deg. C 0.6 deg. C 
deg. C 4.4 deg. C 3.3 deg. C 
cm 78.7 cm 81.3 cm 
cm 35.6 cm 38.1 cm 

*Based on minimum temperature of 5.6 deg. C.
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Chapter 4 

Research Design

v 
4.1 Introduction - 

In order to meet the requirements of the objectives, the following issues need 

clarification. (1) Is flocculation present in the freshwater fluvial system? If so, how 

reliable is the sampling and analytical method in obtaining .a representative floc size 

distribution? (2) How stable are the flocs within the realms of the sampling and 

analytical method? (3) Is flocculation influenced by temporal and spatial trends for 8 

important independent variables‘ (temperature, pH, conductivity, suspended solid (SS) 

concentration, discharge (turbulence), bacterial densities associated with suspended. 

solids, particulate organic carbon (POC) and major ions (SO42; Cl‘, Na*, K‘, Ca” and 

Mg’~*))? In order to clarify these issues a number of field and laboratory "methods must 

be used and/or developed. These methods were used throughout the sampling period 

from June 1988 to April 1989. The most intense sampling occurred during the spring 

high-flow period. Sampling also occurred in the summer on a weekly basis and in 

the fall on an infrequent basis (3 samples). One sample was taken in the winter 

through the ice. 

While the independent variables above all have a standard protocol for 

collection and analysis (with the exception of bacterial densities), the dependent variable 

of floc size does not. Thus, new methods were developed to sample, transport and

36
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analyze flocs and to determine the bacterial concentrations associated with suspended 

solids. This chapter will describe the field and laboratory procedures used within this 

thesis in order to gather information on the dependent and .independe'nt.variables. 

4.2 Method Overview 

The method developed for floc sampling and analysis is graphically illustrated 

in Figure 4.1. The method uses some procedures originally developed for the analysis 

of plankton; equipment includes settling chambers, an inverted microscope and a 

translucent digitizer. In general, a water sample is collected in a settling chamber 

(Figure 4.2) where the suspenjcled solids settle out onto an inverted microscope slide. 

The slide is placed on an inverted microscope and transparencies (slides) are taken of 

the flocs through the microscope. The transparencies are then projected onto a 

translucent digitizer (Figure 4.3) to obtain digital output. 

4.3 Determination of Settling Chamber Size . 

‘ While the microscope and digitizer are constants in the analysis, the size 

(volume) of the settling chamber varies with the degree of SS concentration. Settling 

chamber volume is directly proportional to the number of flocs settled and the SS 

concentration. It is statistically important to utilize the proper chamber volume for a 

given SS concentration. If too large a volume is used, overlapping of settling sediment 

will occur resulting in an over+estimation of average floc size. If too small a volume 

is used, an insufficient number of flocs will be counted to be statistically significant. 

In order to ensure that the proper settling chamber volume is used in the 

field an estimation of S~S' concentration is required. A quick and efficient method for
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determining field SS concentration was to relate a field turbidity reading to a pre- 

determined rating curve of turbidity versus SS concentration (See Figure 4.4). 

The rating curve in Figure 4.4 was produced by taking water grab samples 

and turbidity readings at the same time for different periods on Sixteen-Mile Creek 

when SS concentrations were different, Turbidity levels were measured with an HF 
Scientific turbidity meter ‘having an accuracy of 0.01 NTU. Suspended solid 

concentrations were determined using the method outlined below in section 4.5.-2. SS 

concentrations were then_plotted against turbidity to yield Figure 4.4. At each period 

of sampling all settling chamber volumes (3 ml, 5 ml, 10 ml, 25 ml, and 50 ml) were 

filled, settled and viewed under an inverted microscope in order to determine which 

column for the given SS concentration yielded the best results with a minimum of 

sediment overlap but a significant. number of flocs. Recommended settling chamber 

volumes were then marked off on the rating curve (Figure 4.4). In this way a turbidity 

reading in the field can be equated with a given SS concentration and in turn a given 

settling chamber volume. - 

4.4 Field Methods 

4.4.1 Floc Sampling, 

This is the most critical aspect of the overall procedure as it is the floc 

sampling and transport which may cause the greatest error in floc size analysis due to 

floc breakage (Bale and Morris, 1987). It is important that samples be handled 

minimally to reduce the probability of disaggregation. 

As a result of seasonal infrastructure changes in the harbour (Site 1) (ie. 

docks removed in fall and replaced in spring) the exact location of sampling changed
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over the year. When the docks are removed sampling could only be performed at. the 

side of the river. When the docks were in place, sampling was performed 6 m into 
the river. Sampling at Site 2 was performed at the side of the creek off" of gabion 

.baske,t's. 

Suspended solid samples were collected di,re¢tly in the settling chamber 

determined from the rating curve (Figure 4,4). The settling chamber is placed under 

the surface of the water parallel to the direction of flow to reduce shearing. The 

chamber is filled to capacity and capped under water to "reduce wave motion. The 

chamber is then transported to the laboratory at CCIW in an upright position. This 

method of transportation was found by Cleary gt _al_ (1987) to be the least disturbing 

to soil aggregates suspended in water. 

4.4.2 P.0.C., Major Ion and Suspended Solid Sampling
_ 

Water grab samples were collected in one litre plastic Nalgene bottles for 

POC and major ions and in two 500 ml plastic Nalgene bottles for suspended solids. 
Samples were kept on ice while in the field and refrigerated at 4°C in the laboratory 

until analysis. 

4.4.3 Bacteria Sampling 

Two water grab samples were collected in 1.3 ml plastic vials for each 

sample period at each sample site. Samples were kept on ice while in the field and 

analyzed immediately upon arrival at the laboratory.
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4.4.4 On-Site Measurements 

Temperature, pH and conductivity were recorded for each sampling period 
at each site using a thermometer, a digital Cole-Parmer pH meter and a digital Cole- 
Parmer conductivity meter. These h_ave an accuracy of 

A 

0.1°C, 0.01 pH units and 0.1 
umho respectively. Daily discharge is available for Site 2 from Canada Water Survey 

station OZHBOO4 (East Oakville Creek near Omagh). . 

4.5 Laboratory Analysis . 

4.5.1 Floc Size Analysis 

The method used to deterrninr/.fl0c size is a combination of microscopy, 

photography and digitization. Once the suspended solids have settled out onto the 

settling chamber slide (Figure 4.2) the slide was placed on the inverted microscope 

(Wild Leitz) and transparencies (slides) were taken of the sediment at 100x 

magnification [(10x objective) x (10x eye p'ie_ce)]. A Zeiss 35 mm camera and 
tungsten 50 ASA colour slide film were used. Seventeen evenly distributed stage 

posifi0n.s (fields of view) were taken for each suspended solids sample. (See Appendix 

A for a discussion on why this -photographic procedure‘ was used.) These 

transparencies were then projected onto a Scriptel translucent digitizer (Figure 4.3) 

where the floc’s perimeter was traced by the digitizer mouse to obtain digital output. 

The Scriptel digitizer has a resolution of 0.025 mm and an accuracy of +/-* 0.64 mm. 

Flocs were identified and digitized on the basis of Quinn’s (1980) electron microscope 

work (Figure 4.5). Within this study a particle was considered to be a floc if it 

contained two or more primary inorganic particles. The digital output was then 

converted to area using the program DIGIT produced by Bruce A. Pond at Queen’s



Figure 4.5 Electron microscope photo of a freshwater floc 
(Quinn. 1980). e
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University. A transparency of a 1/16 mm’ standardizing grid scale was used for scale 
correction. Area and X-Y coordinates were then convened by the program PERIM 
produced by A. Fraser (NWRI) to yield equivalent spherical diameter. As flocs are 

generally irregular in shape, their size was expressed as equivalent spherical diameter 

and not from direct measurements (such as longest dimension and width) in order to 

have some uniformity in the data for size comparisons over time and space. This also 

allowed for comparison of size distributions produced by digitization with those 

produced by other methods which are based on equivalent spherical diameter. It is, 

however, recognized that equivalent spherical diameter may not be the best determinant 

of floc size as it eliminates any unique features of a floc in terms of size and shape. 

The equivalent spherical diameter was calculated by the equation: * 

. /4.Ai i 

Di -= 
ll’ 

where Di = equivalent spherical diameter of floc .i 

and Ai ~= area of floc i 

The equivalent spherical diameter was manipulated to yield distributions by number and 

by volume by the program FLOCDIST produced by I.G. Droppo (Appendix C).
_ 

The floc size distributions were characterized by Folk’s graphic mean (Gm); 

V 

Gm = (¢84 +¢5O +<¢16)/3
l 

This statistic was felt to be more representative of the overall distribution than the 

mean or median of the complete data set of equivalent spherical diameters as it is not 

affected to the same degree by extreme values.
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4.5.2 Suspended Solids Concentration Analysis 

Suspended solids concentration was determined by filtration in the Pedology 

Laboratory at McMaster University. Samples were analyzed within a. week in order 

to limit error resulting from bacterial growth and evaporation. The method was as 

follows. - 

1. Millipore HA type 0.45 um filters were numbered for identification and 
heated at 104°C in order to remove any moisture, 

2. Filters were stored in a desiccator to prohibit moisture build up before 

weighing».
F 

. 3. Filters were weighed in grams to an accuracy of +/- 0.1 mg (tare weight). 
4. The grab samples of water/sediment and bottle were weighed in grams to 

an accuracy of +/- 1 mg. V 

5. Grab samples were then filtered through the filters using la standard suction 

filtration apparatus. . 

6. Filters were then placed in an oven at 104°C for 1 hour ‘in order to remove 

all moisture. .

' 

7. Filters were stored in a desiccator to prohibit. moisture build up before 

weighing.- 

8. Filters were then reweighed (with sediment) in grams to an accuracy of +/- 

0.1 mg (gross filter). 
9. Dry grab sample bottles were then reweighed to an accuracy of +/- 1 mg, 

10. Total weight of suspended solid = gross filter - tare finer weight. 

1.1. Weight of grab sample = full grab sample bottle weight - empty grab 

sample bottle weight. »
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12. Suspended solid concentration (mg/l) = (weight of suspended solids (g) x 

1000) / (weight of grab sample / 1000). 

The 0.45 pm filter is conventionally used to separate suspended and dissolved 
solids. In order to test the accuracy of 

B 

this method a known weight of sediment was 

suspended in 500 ml of distilled water and filtered through a 0.45 um filter. The 

weight of the filtered sediment was then determined and compared with the 

weight to yield a percent difference. Results showed the method to have a 7 to 9% 
error in estimating suspended solid concentrations. Blanks run with distilled water only 

showed no change in the weight of the filter. Two environmental samples were always 
filtered separately and the results averaged for greater reliability.

' 

4.5.3 P.O.C. and Major Ion Analysis . 

Filtration of the water sample for P.O.C. analysis was performed on a clean 

(pre-heated at 450°C for 1 hour) Whatman GF/C filter (1.2 pm). Filters were stored 

in a desiccator prior to use and placed in another desiccator for drying after filtration. 

The dried sample was then placed in a airtight petri dish and kept frozen prior to 

analysis. Analysis for P.O.C. was performed by the National Laboratory of the Water 

Quality‘ Branch (Inland Waters Directorate) following the procedure outlined in 

Analytical Methods Manual (1979). Grab samples were also analyied for major ions 

(K*, Mg“, Na*, Ca“, Cl‘, SO42‘) by the National Laboratory (Analytical Methods 

Manual, 1979). 

Blanks were submitted with environmental samples for analysis in order to 

obtain background. levels of the'POC and major ions concentrations. -Blanks for major 

ions consisted of identical one litre bottles filled with distilled deionized water. Blanks
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for POC analysis consisted of Whatman filters which had distilled water of equivalent 
environmental volumes (from identical field bottles) filtered through them. Background 

levels for POC were variable ranging from 0.025 to 0.224 mg/l. The smaller the 

volume filtered (ie the larger the SS concentration) the larger was the error involved. 

Background levels for the major ions were as follows; Ca“ <0.10 mg/l, Mg“ <0.lO 

mg/l, Na* <0.02 mg/1, K‘ <0.02 mg/1, SO,” <0.20 mg/1 and C1'<0.-O5 mg‘/1.
Y 

4.5.4 Bacterial Density Analysis 

V 

The role of bacteria in sediment flocculation is believed by a number of 

researchers (eg. Brock, _e; Q, 1984; Zabawa, 1978; Schubel and Kama, 1972) to be very 

significant. However, a recent literature review has not found a standardized method 

for counting bacteria associated with suspended sediment. The method which follows 

is a modification of Rao _e_t_ gl (1984) which allows counting of living and dead cells 

directly associated with suspended sediment. . 

Bacteria in freshwater‘ and sediments are generally small, ranging 0.3 

to 0.7 um in diameter (I-lobbie 5:; Q, 1977). The flocs analyzed by the digitizer are 

far larger than The 1.3 ml sample taken from the river was diluted into a known 

volume of low response type 1_A reagent in order to give an even distribution of 

sediment on the filter. The low response reagent and stain was filtered periodically on 

0.2 um nuclepore filters to remove bacterial contamination. The sample and reagent 

was filtered through a black 1.0 pm nuclepore filter. This process retains the flocs and 

floc-bound bacteria on the filter but allows water-bound bacteria to pass tlnough the 

filter. The filter was stained with 3 of acridine orange for 3 minutes and then 

placed on 1 drop of very low fluorescing immersion oil on a clean slide. A. cover
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slip was placed on the filter and another drop of immersion oil applied. The bacteria 

were then counted at 1562._5 times magnification [(eyepiece X 12.5) X (objective X 
100) x (Leitz Ploemopak unit. X "1.25)] using the method outlined by Rao gt .51 (1984) 
with a Leitz epifluorescent microscope fitted with a 200 watt mercury lamp. The 

filtrate from the above filtration method was periodically filtered on a black 0.1 pm 
nuclepore filter to obtain a ratio of water-bound to sediment-bound bacteria. Although 

this method is not totally effective in retaining only floc-bound bacteria, it does allow 

for temporal and spatial trends to be observed. 

Densities obtained from the above method were expressed ‘in counts/ml. In 

order to view the relationship between bacteria and flocculation the results must be 

expressed as counts/mg of suspended solids. As the corresponding suspended solids 

concentration (mg sediment/1 of water) with the counts/ml of a given sample were 

known, the proper counts/mg of suspended solids were calculated. 

Background concentration levels were determined before counting to estimate 

a level of error. These levels were found by filtering only Type 1A reagent through 

the filter and counting the bacteria using the method of:Rao _e;_a_l_. (1984). Background 

levels ranged from 4.03 to 8.06 "x 10’ counts/ml for all samples. 
2 

Tests revealed. that the fixing of the bacteria by 37% formaldehyde did not 
significantly change the counts of bacteria. Differences between samples with and 

without formaldehyde were background count ranges. Therefore, no fixing was 

done unless ovemight storage was required due to night sampling,
'
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4.6 CONCLUSION 
In studying the temporal and _spat_ial trends in flocculation the accuracy of 

the data is dependent on the stability of the flocs. Thus it is important to develop a 

method of sample collection and analysis which maintains the structural composition 

of the flocs. The methods developed here are felt to produce reasonable data and 

results which are indicative of temporal and Spatial trends of flocculation fluvial 

environments. ' ’ 

5.1



Chapter 5 

" Results and Discussion 

5.1 Introduction
. 

In any study of flocculation the stability or strength of the flocs is of "primary 

concem. Accurate, reliable results are dependent on our ability to retain the original 

floc structure during sampling, transport and analysis. A critical review of the 

sampling and analytical methods developed for floc. size analysis will be presented 

along with results of floc stability experiments and observations.
I 

' The presence of flocculation in the fluvial environment has been neglected 

to a large degree as no specific literature on flocculation in freshwater fluvial systems 

has been found in a recent literature review. Evidence demonstrate that flocs do 

represent an important sediment form within the fluvial environment. 

The fluvial environment is a very dynamic system which changes both 

temporally and spatially with regards to many factors. These changing factors may 

have a significant effect on floc size, resulting in a variable floc size distribution over 

time and space. As the number‘ of samples taken are small due to the time involved 

for sampling and analyzing, no rigorous statistics are practical in this situation. Percent 

fmer floc size distributions (by number) will be compared between sites and over time 

in an attempt to characterize the spatial (between Sites 1 and 2) and temporal

52
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(seasonality) regimes of flocculation. Trends in the floc size distributions be 

explainedlby viewing associated trends in the independent variables analyzed. 

5.2 Floc Stability and the Digitizing Method
i 

Floc stability and the ability of the sampling, transport and analytical method 

to retain the floc structures are crucial to the validity of this study. From the 

marine literature it is generally believed that flocs are very fragile and the act of 

sampling them will cause disaggregation to occur (Kranck, 1984; Gibbs and Konwar, 

1982; Kranck and Milligan, 1980). Floc growth and development in the marine 

environment are highly dependent on electrochemical flocculation due to the high salt 

content suppressing the electrical double layer thitrkness. Salt is, of course, absent to 

a large degree in the fluvial system; thus, while electrochemical forces of flocculation 

exist they appear to be less important in the formation of flocs then biological 

processes. On the basis of this work (direct microscopic observations and floc 

transport experiments) physico-chemically controlled flocs are believed Weaker nature 

when subjected to shear forces than those held together by organic matter. 

This study makes the assumption that the flocs retain their structure during 

sampling into the settling chamber. Although there is no way of directly testing this 

assumption, the observations and experiments on floc stability ‘below indicate the 

validity of the assumption. In any case, it must be recognized that the flocs analyzed 

here may be sub-aggregates of larger structures which were broken during sampling. 

In one test settled flocs were shaken on the settling chamber slide during 

viewing through the microscope.’ It was observed that the flocs merely rolled from side 

to side in a jelly-like fashion and did not break up during this disturbance. Direct
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measurements of floc strength are limited; however, from rheological studies it has 

been found that cohesive sediment suspensions behave like pseudoplastics (van Leussen, 

1988). This strength may be highly correlated with the ability of some bacteria to 

secrete an organic extracellular polymeric substance which helps bond particles together. 

This will be discussed in greater detail later in this chapter. ‘The flocs sampled had 

a high organic content with ‘bacterial counts ranging from 1(_)’ to 10‘ count/mg of 

suspended sediment. POC concentrations ranged from 0.12 mg/1 in late summer to 

12.4 mg/l during spring melt, The compact and stable structure of these flocs may also 

be enhanced by the fact that these flocs were formed in a turbulent environment. The 

larger the shear stress the smaller and stronger the floc becomes (Tsai et. al., 1987; 

Partheniades, 1986; Tambo and Hozurni, 1979; Krone, 1978). 

. The stability of flocs was also seen in their durability during transport In 

an experiment, photographs of specific stage positions were taken of flocs settled on 

a settling chamber slide in the laboratory, from a water grab sample. The slide was 

then driven a nonnal sampling distance in a car and the same stage positions 

subsequently photographed and digitized, Before and after transport photos revealed 

no significant difference between the mean floc areas (two sample, two tail T-test - 

pooled - ot = 0.05). -Direct microscopic observation also revealed that the flocs did not 

move from their original settled position on the slide during transport. In a separate 

experiment flocs were settled in two identical chambers (10 ml) from a water grab 

sample. Photographs from the same stage positions were digitized for the one chamber 

with flocs settled in the lab and for the other chamber whose flocs were settled during 

a normal transport distance. Once again there was no significant difference between 

the mean floc areas of the two samples (two sample, two tail T-test - pooled - ot =
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0.05). The results of these observations and experiments lead to the conclusion that 

flocs in the fluvial environment may be stable and that the act of sampling and 

transporting flocs does not result in floc breakage. Thus any conclusions based on 

digital floc size are assumed to be accurate. 

This system has the advantage of being an image analysis system. It allows 

for the direct ob‘se_rvation of the flocs in the microscope and on the digitizing tablet. 

As seen in Figure 5.1 inorganic and organic grains as well as inter-grain pores may be 

viewed. Direct microscopic observation also revealed microorganism grazers feeding 

on the flocs and swimming in the fluid. There were no instances where grazers broke 

up the flocs over the many hours of viewing. While 100x magnification was used 

throughout this study, different magnifications can be used. This would be useful in 

floc structural studies. The digitization method would also be useful in characterizing 

floc shape (although this was not analyzed here). As shape will affect the settling rate 

of flocs, this is an important parameter for determination of -sediment (floc) settling 

velocity. 

The digitizing method has a high degree of precision (Table 5.1). Three 

replicate digitizations of 500 flocs from Site 1 on August 5, 1988 illustrated that the 

reproducibility of the method for equivalent spherical diameter was statistically 

acceptable. For example, the largest difference among the means was between samples 

1 and 2 (Table 5.1). A two sample, two tail T test yielded a T value of 0.29, 
indicating that the difference between the samples was statistically significant only at 

just over a 20% confidence level. In other words, the samples are statistic-ally‘ the 

same. The median was consistently lower than the mean, indicating that the 

distributions are positively skewed. (This was a typical result for all samples). This
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Table 5,1 Replication test for floc sizing by the digitizmg method 

V Equivalent Spherical Diameter(pnQ 
Sample 

no. Mean Median Deviation 
Standard 

1 -1 s.e1s 
2 8.719 
3 8.806 

7.370 
6.951 
7.235 

5.318 
5.359 
5.309 

_ 

Mean 8.780 
SD 0.053 

7.152 
0.175 

SD = standard deviation 

5.332



58 

indicates that the largest number of flocs were within the small size ranges and the 

number of flocs decreased with increasing in floc size. 

While the digitizing method is believed to provide an accurate representation 

of floc size, it is limited by its dependence on the individual approach of the 

investigator and on the photographic instrument and photographic technique used. The 

digitizing method is also very labour intensive which results in small sample sizes of 

approximately 500 flocs. This number is compared to instruments such as the 

Malvem laser ' particle sizer (Malvem Instniments Ltd. model #2600C) (personal 

communication, Krishnappan, 1989) but is larger than Li and Ganczarczyk’s (1986) 

sampling of approximately 250 flocs. Li and Ganczarczyk used a Bausch and Lomb 
OMNICON 3000 computerized image analysis system which uses a microscope, 

television camera and a tracing pen. As a result of a large range of floc sizes in their 

data they expressed floc characteristics in arbitrary size scales (they also used % by 
number distributions). 

Because of the small floc sample sizes in this study, size classes may not 

be accurately represented in the percent by volume distribution. For example, the size 

distributions (in percent by volume) of four different samples were plotted as 

histograms in Figure 5.2. Initial observations reveal that the last size class generally 

possessed the largest percent by volume of sediment. Closer inspection of the data, 

however, revealed that these large size classes generally represent less than 0.55% of 

the total number of particles digitized The small sample size therefore over- 

emphasizes the importance of one or two flocs in a distribution. "This problem is also 

illustrated in Figure 5.3 where the digitization of a granite till (primary particles) 

underestimated the largest size particles and generally overestimated the volume of
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measured size classes when compared to the Malvern particle size distribution (Droppo 

and Ongley, 1989), If the number of samples in the study was smaller, then a larger 

sampling (digitizing) of floc sizes could be possible resulting in a more accurate 

representation of the floc size distribution. The use of arbitrary scales such as those 

used by'L_i and Ganczarczyk (1986) would have disguised this problem and not have 

contributed to the overall meaning of the data. Because the percent by volume plots 

are strongly affected by a small number of large particles, comparison of these plots 

in order to determine trends in the data is impractical. It is for this reason that percent 

finer by number distributions‘ were used in order to view spatial and temporal trends 

in floc size distributions. 

The percent finer by number distribution is, admittedly, an unorthodox method 

(compared to percent by volume distributions) of representing‘ a distribution. This type 

of distribution does, however, illustrate the significance of each size cla_ss’s contribution 

(by number of flocs) to the overall distribution. 

The digitizing method may also be prone to sediment overlap in the settling 
columnsresulting in some floc size overesti_mati0n,. While great care was taken to 

ensure that the proper column volume was used, some overlap is inevitable. This 

problem was accentuated during the peak spring flow period when sediment 

concentrations were high resulting in the majority of the inverted microscope slide (3 

ml) being covered. A more selective sampling of flocs (approximately 300) in this 
case ensured the minimum amount of sediment overlap and a minimum over- 

estimation of floc sizes. This smaller sample size, however, accentuates the above 

sample size problem. 

1. A percent finer by number. distribution is based on the percentage of the total 
number of particles finer than a given size class.
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5.3 Importance of Flocs to Total Suspended Solid Transport 

Figure 5.4 and Figure 5.5 demonstrate that suspended sediment within Sixteen- 

Mile Creek is flocculated. Figure 5.5 illustrates the suspended sediment of Sixteen- 

Mile Creek in its natural form on March 25, 1989. Figure 5.5 illustrates the same 

sediment, but it has been sonicated to break up the matrix of the flocs, resulting in 

only primary particles. A visual distinction of particle size can be made between the 
two figures. The histogram in Figure 5.6 plots both the flocculated and deflocculated 

distributions of the same environmental sample from March 15, 1989. The flocculated 

distribution was significantly shifted into the larger size classes while the majority of 

the primary particles were ..in small size classes. grain sizes ranging from 1 

to 2.6 ‘microns were entirely incorporated into the matrices of the flocs. 

Over the sampling period it was found (by digitizing flocculated and 

nonflocculated particles on the same slides) that while flocs only comprised 10 to 27% 

of the total number of particles they represented 92 "to 97% of the "total volume of 

suspended sediment. This result demonstrates the importance of flocs to total SS 

transport within Sixteen-Mile Creek and is similar ‘to Schubel and Kana’s (1972) 

findings for an estuarine environment. e 

The above results demonstrate that flocculation is an important process 

occuning in the fluvial system. Later in this chapter the possible factors which control 

the flocculation of suspended sediment in the fluvial system will be discussed.
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5.4 Variability in Floc Size 

Flocs within Sixteen-Mile Creek exhibit some spatial variability in floc size 

distributions between Sites 1 and 2. Trends in this variability indicate that floc size 

distributions may be strongly influenced by season-. This is a direct result of at number 

of variables which vary over time and between sites such as fluid shear, suspended 

solid (SS) concentration, particulate organic carbon (POC), bacterial density and 

dissolved chemicals, among others. 
_

2 

5.4.1 Spatial Variability Between Sites 

Sampling between June 15, 1988 and April 1, 1989 yielded 17 samples at 

both Site 1 and Site 2 for the summer, winter and spring seasons, (Fall samples were 

not analyzed because of a limited number of samples). Fifty percent of these samples 

revealed a significant difference between the _m_ea_n equivalent spherical diameters of 

Site 1 and Site 2 (two sample two tail T‘-test - not pooled - on = 0.05). When viewing 
the spatial trends in the floc size distributions it is apparent that there were distinct 

seasonal influences. 

Summer - Base Flow 
_V 

In eight samples taken from June 15 to August 30, 1988, the floc size 

distribution, as characterized by the graphic mean, was consistently larger for Site 1 

than Site 2 (Table 5.2). An example of this trend can be seen in Figure 5.7. 

However, there was a significant difference between the mean equivalent spherical 

diameters of Site 1 and 2 only 38% of the time (two sample. two tail I‘-test - not



Bumme 
June 
June 
June 
July 
July 
JulY 
July 
Aug. 
Aug. 
Aug. 

Date

I 
15/as 
23/ea 
30/as 
1/as 
15/as 
21/as 
2a/as 
5/as 

19/as 
30/as 

Floc Graphic Suspended Solid 
.Mean Cohcentration 

(microns) (mq/1) 

Table 5.2 The association of floc size to SS concentration and POC. 
. 

._7 .7 
.. _ . . .. . . . ._ . . . .

. Part1 
Organic 

late 
Carbon 

ite 1 Site 2 -Site 1 Site 2 

a.03 
9.50 
9.06 
9.03 
9.11 
3.61 
'N/A 
9.52 
N/A 
8.50 

Site.1 
(mq/1) 

s ite 2 

7.29 
8.92 
8.62 
8.38 
9.11 

N/A 
8230 
N/A 
6.78 

5.5 
49.3 
11.0 
11.1 
15.3 
16.4 
12.1 
0.6 

21.2 
19.2 

v|4____ I 
I I |

P 
PUUUMOQUQM 

IQ‘. 

I 

‘Q0.

Q 

@\OOIPU\G\UlO.\lUl 

o.as2 
3.390 
1.110 
1.220 
1.240 
1.420 
0.991 
0.994 
1.2a 
0.120 

0.367 
0.518 
0.422 
0.551 
0.671 
0.568 
0.329 
0.339 
0.288 
0.266 "'70 Q 

Fall 
1Oct. 
Oct. 
Nov. 

s/as 
26/as 
s/as 

7.60 
6.93 
7.50 

7.41 
7.55 
8.23 

43.0 
12.5 
13.8 

MUN I'D @1110 

1.680 
0.710 
1.280 

0.910 
0.521 
0.434 

Iinte 
Feb.

I 
14/a9 7.72 8.59 3.1 7.0 0.342 0.611

| 

Bprin 
March 
March 
March 
March 
March 
March 
March 
April 

g Melt 
11/89 
13/89 
15/89 
25/89 
26/89 
27/89 
31/89 
1/89 

8.21 
7.16 
8.03 
8.36 
9.99 
9.98 
7.78 
7.23 

6.67 
6.01 
8.61 
9.87 
9.26 
8.74 
8.32 
7.73 

90° 
19.7 
83.6 
48.2 

489.5 
232.8 
23.3 
17.0 

15.2 
14.6 

140.1 
53.3 

180.8 
153.6 
30.1 
20.2 

0.827 
1.740 
4.460 
2.640 

12.400 
1.430 
1.250 
0.899 

1.150 
1.850 
8.110 
3.400 
7.110 
5.820 
1.540 
1.220
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pooled - 0; = 0.05). While this percentage is not large, the fact that the trends show 

floc size distributions to be consistently larger for -Site 1 seems an important finding, 

albeit, not a statistically significant finding. 

In viewing the many independent variables sampled over this summer period, 

there tended to be other trends which may help explain the above summer floc size 

distribution trend. Firstly,‘ and perhaps most importantly, Site 1 was the least turbulent 

of the two environments. (Turbulence was not measured directly, however, direct 

observation and conventional knowledge tells us that the harbour (Site 1) will be less 

turbulent than the upstream site (Site 2). This can be seen in Figures 3.2 and 3.3)). 

Tsai et al. (1987) have illustrated that as shear stress increases, floc size decreases. 

Site 2 was a more turbulent environment possibly because of shallow water levels 

(approximately 30 cm at base flow) and an -uneven bed surface. Site 1 on the other 

hand was much deeper with calm surface flows; these promote a smaller shear stress 

and thus a larger floc size distribution. 

Figure 5.8 and 5.9 are plots of discharge at Site 2 versus graphic mean for 

the complete sample period. While Tsai _cLa_l.’s (1987) shear stress tjo floc size 

relationship appears to be true, there are cases where the opposite relationship occurs. 

This indicates that "other factors may be ‘involved in the development of flocs. Within 

this fluvial system (as will be seen below), increased discharge and shear forces 

generally resulted in an increase in P.O.C., SS and microbial concentrations due to 

bottom scour and additional runoff. Discharge and shear stress’ therefore, may affect 

flocculation directly and in a secondary manner by influencing the concentration of 

other variables within the fluvial system.
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Suspended solid concentrations were consistently higher for Site 1 than for 

Site 2 for all eight summer samples (Table 5.§2). Tsai et al. (1987) have demonstrated 

experimentally that as SS concentrations increase, floc size decreases. However, 

researchers such as Partheniades (1986) have shown that as SS concentrations increase 

so too does the floc size. The latter relationship seems to be characteristic of Sixteen- 

Mile Creek. This is generally attributed to an increase in particle collisions resulting 

.from a decrease in the distance between particles with an increase in SS concentrations. 

In a low fluid shear environment such as Site 1 differential settling may promote more 

collisions (floc building) than velocity gradients (local shear). In a low SS 

concentration environment such as Site 2, the velocity gradients causing collisions may 

be more important ‘in promoting floc development (Krone, 1978). 

Particulate organic carbon was also consistently higher for Site 1 than for 

Site 2 (Table 5.2). POC incorporates many forms of organic material which may help 
promote flocculation and stabilize flocs. Kranck (1979) experimentally illustrated that 

organic material flocculates faster and more completely than inorganic material. In a 

different experiment Kranck (1984) observed that the addition of particulate organic 

matter (POM) to a glacial till suspension promoted aggregation to a greater degree than 

either the POM or till alone. Therefore, I conclude that the higher 130C concentration 

at Site 1 may have a significant effect in promoting the larger floc size distribution 

found there. 
_

» 

As Site 1 was a more polluted site due to sewage effluence, urban stormwater 

runoff and pleasure boat traffic, it was not surprising that the majority of major ions 

measured within the water, with the exception of Ca“ and Mg“, were higher for this 

site than Site 2 for the summer period (Table 5.3 and 5.4). From the literature, we
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SITE 1 

Floc Graphic Major Ions (mg/1) 
Date Mean 

(microns) Ca Hg Na ' K SO Cl 

Bunme 
June. 
June 
June 
July 
July‘ 
July 
July 
Aug. 
Aug. 
Aug. 

t. 
15/99 
23/99 
30/99 
7/99 

15/99 
21/99 
29/99 
5/99 

19/99 
30/99 

9.03 
9.50 
9.96 
9.63 
9.71 
9.67 
N/A 
9.62 
N/A 
8.50 

48.4 19.5 41-5 
45.2 14.8 37.9 
44.7 15.3 39.5 
47.9 20.6 55.2 
43.4 16.2 40.1 
42.3 15.0 38.5 
44.3 19.9 55.7 
39.6 19.4 49.6 
4147 15.7_ 39.7 
44.0 17.7 51.3 

3.12 
2.95 
2.57 
3.44 
3.34 
3.68 
3.92 
3.38 
3.33 
4.00 

I | l I I 

41.6 371.4 
39.6 59.9 
39.6 59.7 
49.9 97.6 
40.5 67.1 
39.4 57.9 
43.5 91.9 
44.2 95.3 
37.6 63.0 
41.6 71.9 

| | | -__-1.-, |" |"
4 

,ra11 
.Oct. 
Oct. 
Nov. 

5/99 
26/99 
5/99 

7.60 
6.93 
7.50 

46.5 19.9 50.0 
70.0 25.2 60.3 
61.5 24.6 60.3 

3.97 
4.94 
4.04 

49.9 79.0 
76.0 99.1 
69.9 106.0 

| 
|""<" 

Hints 
Feb.

I 
14/5? n 

7.72 

I | | 

86.9 30.5‘ 82.7 3.78 73.5 138.0 
Bprin 
March 
March 
March 
March 
March 
March 
March 
April 

g x619 
11/99 
13/99 
15/99 
25/99 
26/99 
27/99 
31/99 
.1/99 

8.21 
7.16 
8.03 
8.36 
9.99 
9.98 
7.78 
7.23 

| _ , 
| | | 

73.7 26.7 166.0 
44.8 13.1 68.1 
47.1 14.1 64.0 
46.0 12.4 80.8 
36.4 6.3 21.6 
42.2 9.9 25.6 
56.0 16.4 34.3 
60.8 17.5 38.5 

4.27 
6.78 
6.10 
5.44 
5.87 
5.21 
3.54 
3.40 

| | | 

63.5 265.0 
35.3 116.0 
37.2 109.0 
33.9 140.0 
17.2 39.6 
24.4 47.3 
39.1 65.2 
45.4 72.3
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SITE 
Floc Graphic Major Ions (mg/1) Date Mean 

(microns) Ca Hg Na K S0 C1 
Bumme 
June 
June 
June 
July 
July 
July 
July 
Au9- 
Aug. 
Aug.

I 
15/as 
23/as 
so/as 
7/ea 

15/as 
21/as 
28/as 
5/as 

19/as 
so/Ba 

8.03 
9.50 
8.86 
9.63 
9.71 
8.67 
N/A 

9.62 
N/A 
8.50 

47.6 22.1 14.6 
47.8 21.7 14.4 
44.7 21.8 15.1 
43.0 22.0- 15.6 

49.4 21.9 43.1 
42.6 21.1 40.0 
39.0 21.5 21.9 
42.1 22.2 27.9 
45.3 21.1 44.9 

2.22 
2.31 
2.06 
2.24 
2.17 
2.97 
2.30 
2.31 
2.44 
SQO4 

25.0 29.4 
27.2 29.2 
28.5 31.2 
27.5 32.0 
24.6 31.7 
34.4 77.1 
36.9 71.1 
30.7 41.1 
29.8 51.5 
38.4 68.8 

Fall 
Oct. 
Oct. 
Nov. 

5/as 
26/as 
5/as 

7.60 
6.93 

60.9 22.9 18.9 
82.5 24.3 36.6 
68.8 23.3 18.4 

3-26 
4.59 
3.25 

37.7 40.7 
67.6 64.0 
51.7 41.7 

iinte 
Feb.

I 
14/89 7.72’ 81.7 23.8 22.1 

| | I 

2.86 

| 
' 

|
’ 

51.7 45.6 
Bprin 
March 
March 
March 
March 
March 
March 
March 
‘April 

g Melt 
11/89 
13/89 
15/89 
25/89 
26/as 
27/89 
31/89 
1/89 

8.21 
7.16 
8.03 
8.36 
9.99 
9.98 
7.78 
7.23 

69.3 
36.2 
36.4 
42.7 
26.7 
37.5 
63.2 

| 0 

I-‘P 

P 

U\#@|h\O\l\D\O 

Q 

I 

I 

IUFOI 

HNOQUIUPQ 

59.7 
40.4 
28.2 
61.3 
17.8 
19.2 
31.2 
34.8 

5.34 
9069 
9.01 
5.99 
5.75 
5-31 
4.32 

| l I 

45.2 105.0 
33.0 73.4 
24.2 52.7 
27.0 112.0 
14.3 32.4 
22.0 36.9 
38.6 65.3 
46.1 69.5
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do know that some electrochemical flocculation is occurring. The significance of 

electrochemical. flocculation in the freshwater median is, however, not well documented, 

The majority of the research is from salt water and sanitary literature where there is 

an elevated ion concentration. Within the freshwater environment ion concentration is 

believed to have less importance as van der Waals ‘forces are not as prominent due to 

less suppression of the electrical double layer. . 

As high valence cations are believed to promote flocculation the greatest 

(Santoro and Stotzky, 1968), (in particular Mg“ and Ca“, Tsai et al~., 1987), it was 

expected that the Mg“ and Ca“ for Site 1 would have -a higher concentration 

the water to correlate with the larger floc size. This was typically not the case as seen 

in Table 5.3 and 5.4, although 'Na* and K" were consistently higher in concentration 

for Site 1. These positive charges may be cancelled or diluted due to Site 1 also 

having higher concentrations of 
S SO42‘ and Cl‘. Generally, however, there were only 

small differences between the chemical composition -at either site. These differences 

are generally within Tsai eta al_.’s (1987) experimental water composition range (between 

series A and B, table 2.1) with the exception of Ca“ and Mg“ which are even lower 
in Sixteen-Mile Creek (Table 5.3 and 5.4). As Tsai et al. (1987) demonstrated that 

small variations in water ion content (from series A to B, table 2.1) had little effect 
on the size of the flocs developed, and because the important high valence cations were 

relatively low in concentration, I conclude that electrochemical flocculation is unlikely 

to be a s‘ig'n‘ificant "contributing factor in the promotion and stabilization of flocs 

Sixteen-Mile Creek-. The apparent non~effect of major ‘ions on flocculation may, 

however, be an artifact of the small differences in concentrations between sites and thus 

their significance may not be reflected in the floc size trends.
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In the marine literature, the biological mechanism of flocculation is generally 

treated as secondary to the mechanism of electrochemical flocculation, However, as 

electrochemical flocculation may not be an important flocculating mechanism in the 

fluvial system, it is hypothesized that bacteria may play a dominant role in promoting 

and stabilizing flocculation in the freshwater fluvial median. 
' 

Microscopic observations (Figure 5.10) have demonstrated that a. large number 

of bacteria were associated with SS _of Sixtieen-Mile Creek. This is, as discussed in 

chapter 2 section 3, a result of a number of factors, the most important of which may 
be the ability of some bacteria to stick to and within the matrix of the floc by 

extracellular polymeric fibers (Zabawa, 1979). Flocs may also represent a source of 

nutrients (nitrogen, phosphorous and carbon) for bacteria (Marshall, 1976). Depending 

on the nature and density of the particulate matter this may promote bacterial 

colonization on sediment (Jannasch and Pritchard,‘ 1972 and Floodgate, 1972). 

It was hypothesized that the site with the largest floc size distribution would 

possess the largest number‘ of bacteria per milligram of suspended solids. Table 5.5
» 

illustrates that this was not always the case as only four out of ten summer samples 

showed this trend However, because the floc-size distributions were not usually 

significantly larger at Site 1, it is not surprising that the bacterial data did not conform 

to the hypoth_es_i_zed results. Also, Muschenheim et. al. (1989) have demonstrated that 

it may not be the number of attached bacteria but rather the area of the particles 

or flocs covered by new and relict microbial extracellular polymeric fibers that is 

impo_rta_nt in the promotion of flocculation, Unfortunately it was not possible to 

examine these exudates in this study.
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Figure 5.10 Bacteria colonized on a floc (bright dots and rods are the bacteria)
\



Table 5.5 The association of floc size to bacteria. 
Floc Bacteria Free Graphic -Associated with Floating Date Mean Suspended Solids Bacteria 

(microns) (x107 counts/mg) (x106 counts/ml) 
Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 

Bummer 
June 
June 
June 
July 
July 
Julyi 
July 
Aug. 
Aug. 
Aug. 

15/as 
23/as 
so/as 
7/as 
15/as 
21/as 
25/as 
5/as 
19/as 
so/as 

a.o3 
9.50 
a.as 
9.63 
9.71 
8.67 
N/A 
9,52 
N/A 
8.50 

7.29 
8.92 
8.62 
8.38 
9.11 
8.67 
N/A 
8.30 
N/A 
6.78 

11.10 
3.76 
3.01 
5.39 
4.32 
4.30 
5.14 

15.10 
2-25 
2.95 

11.20 
5.20 
6.02 
3.25 
2.59 
3.65 
6.54 
8.13 
4.65 
5.97 

4.59 

2.50 

1.51 
3.45 

| | | | | 
" ’| 

| | 

2.56 

4.48 

1.55 
i.ae 

Pall 
Oct. 
Oct. 
Nov. 

5/as 
25/as 
5/as

l 

7.60 
6.93 
7.50 

7.41 
7.55 
8.23 

8.58 
4.27 
2.50 

2.51 
2.83 
1.33 

0.757 
1.59 
1.61 

1.81 
1.92 
1.38 

Winter 
Feb. 14/as 7.72 8.59 4.45 3.46 

| | 

0.572 
Spring 
March 
March 
March 
March 
March 
March 
March 
April 

Melt 
11/as 
13/as 
15/as 
25/as 
25/as 
21/as 
31/as 
1/as 

8.21 
7.16 
8.03 
8.36 
9.99 
9.98 
7.78 
7.23 

6.67 
6.01 
8.61 
9.87 
9.26 
8.74 
8.32 
7.73 

4.00 
4.73 
3.26 
2.42 
0.76 
1.38 
2.88 
3.27 

2.69 
6.44 
2.40 
2.32 
1.74 
2.01 
2.75 
3.05 

| | 

1.13 

2.10 

1.22 

2.23 

2.77
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These results may suggest that bacteria and their "polymeric exudates are 

required to promote floc development, but that floc size may be controlled by other 

factors such as SS concentration, turbulence and POC. The Iole of bacteria may, 

however, have been camouflaged by other factors such as SS concentration and 

methodological problems.’ It seems a reasonable assumption, though, that the greater 

the number of bacteria colonized on or within the floc the greater will be the 

extracellular exudates, provided the bacteria are of the proper polymeric secreting 

species. This sticky substance should help promote floc growth. If this assumption 

is true then bacteria may play and important role in promoting stable flocs and in 

controlling floc size. , More research is requiredin the future to resolve this -issue (see 

future research requirements in Appendix B). 

Winter -. Ice Cover 

No definite trends can be determined in tenns of floc spatial variability 

between sites during the winter period as only one sample was collected. However, 

it is i_nte_resting to note that there was a reversal from the summer period in that the 

floc size distribution was largest at Site 2 c0II1Pared to Site 1 (Figure 5.11). A 
significant difference was found between the equivalent spherical diameters of Site 1 

and 2 (two sample, two tail T=test - not pooled - as = 0.05). This apparent change was 

likely related to the ice cover of winter reducing substanti'ally,_ if not completely, 

sediment and POC inputs into the river. With Site 2 being more turbulent than Site 

1, ‘it is possible that the larger flocs were a result of bottom scour. Bottom scouring 

2. The reader is referred to Appendix A for a discussion on thCS6*.p1'Ob1¢1I1,S and 
possible ways to rectify them.
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may distribute flocs throughout the water column as the depth of the water under the 

ice at Site 2 was estimated at 30 cm. With greater depth at Site 1, chances of the 

larger flocs reaching the surface for sampling was small. The ice cover over Site 1 

would also accentuate the low turbulence and would increase the chance of larger 

flocs settling out of suspension. ’ 

While SS concentrations were low, Site 2 had twice the SS -concentration of 

Site 1 (Table 5.2). Therefore, the smaller floc size distribution at Site 1 may also be 

reflected in the fact that fewer collisions between particles were possible. 

Bacterial counts per milligram of suspended solids were again contrary to 

expectations (Table 5.5). The discussion raised for the summer period may, however, 

also be applicable here. 

The chemistry for this February 14, 1989 sample day exhibited similar trends 

between sites as the summer water with the exception of the salts Na* and Cl‘ which 

were higher in concentration (Table 5.3 and 5.4). (This is likely due to road salt 

inputs). The Ca“ and Mg“ were again opposite of what was expected with Site 1 

having the highest concentrations while Site 2 had the largest flocs. This confirms 

earlier views that water chemistry may have little effect on floc size. 

Spring - Melt Water 

Eight samples were collected throughout spring melt from March 1.1 to April 

1 1989. Within these eight samples there was more ‘variability in floc size between 

sites then during the summer base flow period. Five of the eight samples showed a 

larger floc size distribution at Site l While. three were largest at Site 2 (Table 5.2). 

An example of each situation is seen in Figures 5.12 and 5.13. There was a significant



'°° 5.12 A 

F 
NER AAAA sm: 1 

~ IIII SITE 2 
OO 

i March 11, 1989 

PERCENT 8 

20 

01 
I 

1° 1 

PARTICLE SIZE (microns? 

‘°° 5.13 

,0 \ 1 
' AAAA SHE 1 anus SITE 2 F 

NER 

‘ 

i March 25, 1989
8 

PERCENT 8 

A 
20 

0 
, 10 

‘l 

1., 

PARTICLE SIZE (microngs 

Figure 5.12 and 5.13 Floc size distributions (percent finer by number) for 
March 11 and 25, 1989.



-- 

_ 

81 

difference 63% of the time (two sample, two tail T-test - not pooled i <1 = 0.05) 

between the equivalent spherical diameter for Sites 1 and 2 for this period. 

When viewing the independent variables it is apparent once again that floc 

size may be related to POC and SS concentrati0n_. Both the SS concentration and POC 
were consistently higher for the site with the largest floc size distribut_i_on with the 

exception of the March 11 (SS and POC samples) and March 13 (POC sample) sample 
(Table 5.2). March 1.1. was the initial sampling of spring melt. Conditions were 

unusual as flow was over the top of the submerged ice at Site 2. Therefore, SS and 

POC concentrations may be less as a result of smaller inputs from the creek bed. It 

is more difficult to explain the March 13 deviation from the trend and may be a result 

of analytical and sample error. With the exception of these two dates there was once 

again a definite pattern of floc -size related to SS and POC concentrations; 

. 
As Site 2 showed signs of being the more turbulent site (Figure 3.2 and 3.3), 

it was expected that it would possess the smallest of the floc size distrfibutions due to 

dissaggregation by the turbulent flows. This, asstated above, was not always the case 

which may suggest that turbulence is important to flocculation only as a secondary 

mechanism by affecting the concentration of other variables such as POC and SS 
concentration. 

_ 

.

t 

The bacterial analysis on the spring samples once again did not conform to 

the expected results of 
V 

high bacterial counts (counts/mg SS) being associated with the 

largest floc size distribution (Table 5.5). The discussion raised in the summer base 

flow period may also be applicable here. - -

i 

The chemistry of the water as related to floc size trends is once again 

difficult to interpret as there was not a consistent association of high cation
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concentration with the largest floc size (Table 5.3 and 5.4). Ca“ does retain the above 
association for 7 out ofl8 samples, however, the difference in concentration between 

sites is small. Consequently little confidence can be placed in the water chemistry as 

a major contributor in producing the differences in floc size between sites. 

Of the variables measured in the field, conductivity and pH, are believed to 

have minimal effect on flocculation in the freshwater medium. This was true from a 

spatial and temporal perspective of floc size. Conductivity readings were consistently 

higher for Site 1 for the entire study period with the exception of one sample as seen 

in Table 5.6. While this may help explain. the larger floc size-in the summer period 
for Site ,1, the actual major ion concentrations (l6t6I‘II1i1‘l6(l were a more accurate 

representation of the chemical composition. As major ‘ions illustrated a poor 

relationship to floc size, little confidence can be given to the conductivity data to 

support electrochemical flocculation processes which may exist in Sixteen-Mile Creek. 

Conductivity data trends also did not follow the expected floc size distribution trends 

found. in later sample"-periods (ie. high conductivity corresponding with large floc size 

distributions). 

Lambe (1958) believes pH has a negligible effect on flocculation when pH 
values range between 5 to 8 in natural waters. As pH values of Sixteen-Mile Creek 
were within normal ranges for fresh water (Table 5.6), it -is believed that the small 

fluctuations in pH values have little effect on floc size. ' 

While temperature is known to affect settling velocity (Irvine, 19855), 

variations in temperatures within Sixteen-Mile Creek appeared to have no direct effect 

on floc size distributions within seasons (Table 5.6). However, it is believed that 

temperature will have a direct effect on the metabolic state of the microorganisms
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Floc Graphic Water Date Mean Cunductivity pH Temperature 
(microns) (umho) (deg. C) 

Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 _s1te 1 Site 2 

Bummer 
June 15/88 
June 23/88 
June 30/88 
July 7/88 
July 15/88 
July 21/88 
July 28/88 
Aug. 5/88 
Aug. 19/88 
Aug. 30/88 

a.q3 
9.50 
a.ae 
9.63 
9.11 
a.s7 
N/A 
9.62 
N/A 
8.50 

1.29 
a.92 
s.s2 
s.sa 
9.11 
a.s7 
N/A 
a.:o 
N/A 
6.13 

622 
500 
436 
672 
52° 
490 
644 
617 
466 
512 

515 
470 
384 
469 
451 
647 
551 
481 
447 
488 

7.43 
6.98 
7.19 
7.34 
7.39 
7.46 
7.38 
7.40 
7.09 
7.25 

"N/A 
7.05 
7.22 
7.27 
7.36 
7.40 
7.30 
7.34 
7.40 
7.39 

19.3 
16.8 
13.3 
21.1 
19.0 
20.8 
23.5 
25.8 
18.5 
15-5 

22.0 
21.0 
14.4 
20.5 
21.5 
22.0 
21.5 
26.3 
18.5 
4?-5. 

Pall 
Qct. 5/88 
Oct. 26/as 
Nov. 5/as 

7.60 
6.93 
7.50 

7.41 
7.55 
8.23 

541 
688 
761 

489 
601 
586 

7.27 
7.15 
7.14 

7-97 
7.15 
7.23 

‘P 
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n
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Iinter 
Feb. 14/as 7.72 8.59 7873 574 6.99 7.10 0.0 0.0 
Spring Melt 
March 11/89 
March 13/89 
March 15/89 
March 25/89 
March 26/89 
March 27/89 
March 31/89 
April 1/89 

8.21 
7.16 
8.03 
8.36 
9.99 
9.98 
7.78 
7.23 

6.67 
6.01 
8.61 
9.87 
9.26 
8.74 
8.32 
7.73 

1139 
539 
558 
653 
256 
362 
533 
588 

670 
433 
343 
540 
234 
320 
522 
564 

7.15 
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7.59 
7.72 
7.43 
7.55 
7.50 
7.57 
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7.57 
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1.25 
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7.44 
7.40 
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within the water column and on those attached to the suspended sediment. Therefore, 

temperature will affect the number and species of microbes within the water which may 
in tum affect the size of the flocs developed. This factor will have an important role 

in the explanation of seasonal differences» in floc size in section 5.4.2. 

5.4.2 Temporal Variability Within Sites 

There is considerable variability within the floc size distributions for a given 

season and substantial overlap in the sizes between seasons. This makes it difficult to 

determine distinct seasonal trends. The graphic means for summer ranged from 8.03 

to 9.71 micron_s for Site 1 and from 6.78 to 9-.27 microns for Site 2. 
_ 

During spring 

melt the graphic means ranged from 7.16 to 9.99 microns for Site 1 and from 6.01 to 

9.87 microns for Site 2. The winter sa_mp1e’s graphic means were 7.72 and 8.59 

microns for Site 1 and 2 respectively." This large variation was a result of variations 

in the independent variables which have occurred over time due largely to changes in 

discharge.
i 

As stated earlier in section 5.4.1, flow conditions, SS concentration, POC 
concentration and bacteria appear to be the most important factors controlling 

flocculation in Sixteen-Mile Creek. Therefore, explanation of seasonal variability will 

focus on their temporal variability. 
'

' 

Because Site 2 had a very small SS concentration during summer and winter, 

it is possible that the flocs observed were formed only by the resuspension of 

coagulated bottom sediment. Flocs sampled at Site .1, however,_ were probably formed 

completely or partially within the water column due to the increased sediment load and 

their position sampled in the water column. In an environment such as Site 1, I
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hypothesis the following seasonal mechanisms which control flocculation for the 

summer, winter and peak spring melt periods. 

While the spring melt period for Site 1 possesses the sr.n.al]es_t floc size 

distribution, it is only smaller for two out of the eight samples (March 13 and April 

1) as compared to the winter floc sized distribution characterized by ‘a graphic mean 

of 7.72 microns. Discharge during these two days was the smallest for the spring 

period (March 13 - 0.4 In,’/sec., April 1 - unknown but visib_ly as small as March 13). 

During the spring melt period, the largest flocs of the sampling year occurred in 

conjunction with the largest discharge of the year on March -26 and 27 (12 m’/sec.; - 

9.99 microns and 9.15 m’/sec - 9.98 microns respectively). During these two days 

over 300,000 kg of sediment passed by Site 2 while just under 35,000 kg of sediment 

passed during the four previous days of spring melt sampled. (Sediment loads are 

based on daily discharge and the average of two SS concentrations for each sample 

day.) (March 31 and April 1 had unknown discharges due to, gauge malfunction, but 

were visibly smaller in discharge than any of the previous spring melt sample days). 

Only 1,197 kg of sediment passed through Site 2 on all other days sampled throughout 

the study. March 26 and 27 were the days that characterized the significance of the 

spring melt period for sediment transport. Discussion of the spring melt period will 

therefore focus on these days. The summer period generally possessed an intermediate 

floc size distribution. An example of a typical change in floc size distribution between 
summer, winter and peak spring melt may be seen in Figure 5.14. 

Although there was only one winter sample, it exhibited the smallest floc 

size distribution (excluding March 13 and April 1) and is representative of the ice 

cover and the cold temperatures characteristic of the general winter conditions of
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Sixteen-Mile Creek. The ice cover restricts sediment and POC input resulting in fewer
1 

inorganic and organic particles for collision and flocculation (SSH concentration was the 

smallest of any sample at 3 mg/l and POC concentration was very small at 0.342 
mg/l). Ice cover would also dampen turbulence within the surface layer of the water 

column. This reduction in velocity gradients along with the small number of particles 

would further reduce the probability of successful collisions. The cold temperatures 

inhibit the number of bacteria in the water column and on the sediment. Free-floating 

bacterial counts at this time were the lowest of any sample day at 5.72 x 10‘ counts/ml 

(Table 5.5). (Counts/mg of sediment camtot be used because of the distortion caused 

by the SS concentration). In this hypothesis flocculation is inhibited due to fewer 

bacteria and therefore fewer polymeric exudates to promote flocculation. Therefore, 

the symbiotic relationship of low concentrations of SS, POC. and bacteria and low 

turbulence may explain why the winter sample possesses the smallest floc size 

distribution. » 

' 
'

' 

During the spring melt the biological, physical and chemical conditions of 

the ice covered season change. Turbulence is increased as are concentrations of SS, 

POC and bacteria. The increase in SS and POC concentration up to 490 mg/1) and 12.4 

mg/1 respectively on March 26 were a result of increased runoff from the melting of 

snow and ice. This increased inorganic and organic particulate matter along with the 

increased turbulence will promote a higher degree of collision and thus a higher degree 

of flocculation. The bacterial concentration will also increase within the water column 

due to the turbulence resuspending bacteria and polymeric exudates from the bed of 

the river and bacteria washed in by overland flow. Total counts increased to a high 

2.10 x 10‘ counts/ml (Table 5.5) within the water column. The greater the amount of
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bacteria in the water column t_he greater the chance of flocs developing to a larger and 

more stable state. Therefore, the combination of these four variables may explain why 

at the peak of the spring melt" period the floc size distribution is the largest of any 

time of 
A 

the year. , 

The summer period appears to possess an intemtediate floc size distribution 

which again may be explained by the deviation of the above four variables from other 

times of the year. During the summer base flow period, the turbulence at Site 1 

should be less than the spring time but greater than during winter ice conditions. The 

SS and POC concentrations were significantly lower, ranging from 5 to 48 mg/1 and 

1.0 to 3.4 mg/l. respectively. This is a direct result of less sediment input and bed 

scour during base" flow conditions. While these three variables are low the bacteria 

were at a high concentration within the water column (up to 4.59 x 10‘ counts/ml, 

Table 5.5) as" a result of the warm water. Therefore, flocculation may be enhanced by 

biological means. Thus the combination of high bacterial counts but low turbulence 

and SS and POC concentrations may explain why the summer period generally 

possesses a distribution between that of the winter and peak spring melt periods. 

The above seasonality theory is purely hypothetical as it is based upon the 

trends of the independent and dependent variables for Site 1. No statistical analysis 

of field data is possible to confirm or deny the hypothesis. More experimental research 

is required to test this seasonal theory of floc size.



Chapter 6 

Conclusion 

The flocculated state of Sixteen-Mile Creek’s suspended sediment was studied 

on a seasonal basis (with the exception of fall) from June 1988 to April .1989. As this 

is, to the author’s knowledge, the known field study on flocjculation in a fluvial 

regime, five major contributions have been made. Each of these have major 

implications on future studies and on sediment and pollutant transport modeling. 

1. An economical, nofn.-destructive method of floc sampling, transport and 

analysis was developed, This method, which incorporates the settling of suspended 

solids in settling chambers along with microscopy, photography, and digitization, 

provides, good results for non-rigorous statistical analysis. No sample preparation is 

required as suspended solids are sampled, transported and settled directly the 

settling chambers. This "method allows for direct observation of flocs and is therefore 

more desirable when floc structure is of major emphasis than indirect methods of 

analysis such as the Malvem laser particle analyzer. The digitization method also will 

allow for direct measurement of floc shape. As floc shape will have a significant 

effect on settling velocity, this method may become more important for modelling 

purposes in the future. This method has ah added advantage in that sizing analysis 

need 110.1 be performed innnediately as transparencies are taken of the flocs and can 

be stored for later analysis. a

.
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The direct digitizing method is, however, limited by its labour intensive 

method of analysis and possible floc overlapping during settling. Because only 

approximately 500 flocs could be digitized for one site, conventional floc distributions 

by volume were biased by extreme values. The method is also limited by its high 

dependence on the individual interpretation of the investigator. 

With these limitations inmind this method of floc size analysis will be a 

useful technique on its own or in conjunction with other methods of particle size 

analysis. While other more technically advanced methods may be more accurate in 

floc sizing, only image analysis systems such as digitization will allow for direct floc 

observation. 

2. Flocculation was found to be an .-important constituent of thesolids phase. 

This is an important finding as past research has assumed that or no 

flocculation occurs in rivers. This finding is perhaps the most significant of the study 

as it has important implications for sediment and pollutant transport models. The 

majority of mathematical models assume a primary particle distribution and ignore 

flocculation (Krishnappan, 1988). As it has been detennined that this is a prominent 

process occurring the fluvial system, these models may not be accurately 

predicting the true environmental conditions of sediment and pollutant transport. 

Therefore, future modeling of fme-grain sediment and pollutant transport may usefully 

include the process of flocculation. 

A 
3.Through controlled experiments and direct microscopic observations, it was 

determined. that flocs are relatively stable within the realms of the sampling and 

‘analytical method developed. This result allows a high degree of confidence to be 

placed in the digital floc size results. As flocs appear to be stable-, one can conclude
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that once floc growth reaches the _threshold size and density for settling to occur, the 

flocs may settle out of suspension without disaggregation. This result could have 

significant implications on the modelling of sediment and pollutant transport, as "floc 

breakup would only need to be considered for floc sizes which are approaching the 

maximum possible size or when some threshold condition of shear is met. 

4. It was found that the floc size distribution may be dependent on the 

conditions of the local environment along the river. Floc size distribution changes 

between sampling sites are believed to be controlled by fluid shear, POC 

concentrations, bacterial content and associated extracellular polymeric fibers, and SS 

concentrations. Major ions, conductivity, temperature, and pH appeared to have little 

direct effect on floc size. Trends in the data seemed to indicate that the floc size 

distribution would be largest at the site with the highest POC and SS concentmfions 

and bacterial content in the water along with the lowest shear stress. This was 

typically at Site 1 during the sumrner, Site .2 in the winter (based on only one sample), 

and varied between sites during spring melt due to larger discharges and shear stresses. 

5. Floc size. distributions for one site were also found to be affected on a 

seasonal basis. Floc size distributions varied at one site over the year in a similar 

manner as they varied between sites. For example, during the peak of the spring melt 

when concentrations of DOC, SS and bacterial counts within the water were high due 

to increased water volumes and fluid shear, floc size distribution was generally large. 

During the winter period (hypothesized on only one sample) low temperatures and ice 

cover resulted in low shear stress, bacterial count and SS and POC concentrations. 
These conditions promoted a small floc size distribution. In the summer period floc 

size distributions were between the peak spring flow and winter periods most likely due
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to a high bacterial count in the water but low SS and POC concentrations along with 
low shear stress. 

Results 4 and 5 demonstrate that "floc size is controlled by both spatial and 

temporal factors due to the spatial and temporal changes in the independent variables 

which affect floc size. Itwould be interesting to detemfine if the same trends in floc 

size and controlling variables are universal for all fluvial systems; If they are, then the 

task of modelling of sediment and pollutant transport will be greatly simplified.’ 

Questions raised by- this thesis and possible methods of solving them are 

discussed in Appendix B. During the tenure of this research an interesting scientific 

question was answered. This question asked whether or not filtration (on Nuclepore 

and Millipore filters) changed the original (pre-filtered sediment) grain size distribution 

after filtration and resuspension of the filtered sediment. The reader is referred to 

Appendix D for a technical note on this subject. 
. This thesis has demonstrated that flocculation is a predominant. process within 

the freshwater fluvial system. While the trends of floc size distribution are based on 

an unorthodox percent by number approach, it is believed that the results presented 

here are accurate within the limitations of the methods. It must be recognized, 

however, that these results may be based on sub-aggregates of larger structures due to 

breakage during sampling. It is hoped that the results presented ‘here will provide 

sediment and pollutant modelers with a guideline of the important factors influencing 

flocculation. .

'
T
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Appendix A 
Methodological Problems and Solutions 

It was found through statistical means that there was not a random settling 

of flocs onto the inverted microscope slide. This may be a result of possible areas of 

preferential settling due to electrical attraction with the column walls. Three 

digitizations of 500 different flocs (Table A1) from three different areas on a slide 

settled for Site 1 on August 5, 1988 illustrated that there was a significant difference 

between the means of sample 1 and 3 with a 95% confidence level. It is for this 

reason that 17 evenly distributed slides were taken and later digitized in whole or in 

part (depending on the density of settled flocs on a slide) in order to obtain a 500 floc 

representative sample of a suspension. 

Bacterial counts associated with the suspended solids were strongly affected 

by the SS concentration within the water. Total bacterial counts (counts/ml) were 

converted to counts per milligram of suspended solids by equating the total bacteria 

count with the filtered SS weight. As Site 2 consistently possessed a smaller SS 

concentration than Site 1, it was biased to having a larger count per of 

sediment even though Site 1 consistently had higher total bacterial counts (counts/ml). 
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Table A1 Replication test of floc sizing over an entire inverted 
microscope slide using the digitizing method, 

Equivalent Spherical Diameter; (pm) 
Sample

4 no . Mean Standard 
Median Deviation 

1 8.806 
2 9.396 
3 9.535 

7.235 
7.786 
8.460 

5.309 
5.369 
7.742 

Mean 9-.246 
SD 0.387 

7.827 
0.613 

SD = standard deviation 

s.14o
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After using the analytical method outlined in section 4._5.4, it was apparent 

that there may be inherent problems associated with it. The first, and perhaps most 

important, is that a one micron filter- was used to retain the sediment and sediment- 

bound bacteria, This filter will retain some free-floating bacteria due to filter clogging 

and some solids less than one micron will also be lost through the filter. ‘A future 

experiment to test if‘ using a larger filter will produce more acceptable results with 

reduced numbers of free-floating bacteria and retain the majority of the solids, 

will be required to support the validity of this method. Because this method was 

originally devised to keep the flocs intact, no bacteriawithin the floc’s matrix were 

counted, However, in order to include bacteria Which may be incorporated within the 

matrix of the floc, perhaps resuspension of the filtered flocculated material followed
t 

by sonication, refiltration and counting would give a more representative bacterial 

density. , 

A potential problem with the method is the constant grab sample of 1.3 ml 
used for counting throughout the entire sampling period. During low SS concentrations 

a very small area of" the filter was covered. At times of high SS concentrations the 

entire filter was covered. These two conditions result in error due to sediment and 

bacterial overlap in the case of too much sediment, and not enough sediment-bound 

bacteria counted in the case of low SS concentrations. Experimentation with different 

volumes of water filtered for different SS" concentrations is needed in order to obtain 

the optimal sediment filter coverage. A rating curve could be used in the field similar 
to that of Figure 4.4. Sample volume ¢ould be determined from turbidity (a SS 

concentration predictor) measurements in order to optimize the number of bacteria.



Appendix B 
Future Research Requirements 

Y Because there is comparatively little research on flocculation the 

freshwater fluvial environment, a series of experiments would be useful to test the 

various physico-chemical and biological processes which influence flocculation as 

discussed. in chapters 2 and 5. In addition some methodological questions will need 

to be answered. Y 

For example, in ‘order to test if bacteria are in fact important to the 

development and stabilization of flocs, the follo\\tri_ng laboratory experiment should be 

carried out. Using a circular flume, two separate experiments should be run; one 

which contains bacteria and the other without. Both experirnents should contain equal 

SS concentrations. If my hypothesis is correct, the flocs developed with bacteria 

should be larger and stronger than flocs developed by only physico-chemical forces, 

In way a direct measure of the relationship of bacteria to the process of 

flocculation would be obtained. 

By using a circular flume, controlled variations of shear stress, size, 

mineralogy, pH, POC and major ions, among others could also be studied and 

compared to the marine and sanitary literature. ‘ 

’ Because juiisdtli measures of floc» size were not possible for this study, a 

determination of the initial effect of floc sampling on floc size was not possible. As 
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a result, it is possible that this thesis may not be dealing with the actual in situ flocs 

but rather with sub-aggregates of larger structures which were broken during sampling. 

A comparison of the distributions produced by the Malvem laser particle sizer (in situ) 
, . 

and the digitizing method could clarify this problem. It must, however, be remembered 

that the Malvem analysis will size every object Within the water column which passes 

through the laser beam. Therefore, all objects within a photo must also be sized by 

the digitizing method for a reliable comparison of distributions. Sampling by the 

Malvem particle sizer and into settling chambers must be done simultaneously. A 
significantly larger number than 500 flocculated and nonflocculated material will have 

to be digitized to obtain comparable distributions. If the distribution determined from 

the digitizing method shifts to smaller size classes. then dissaggregation may have 

"occurred from sampling. - 

Another question which will need clarification is whether or not there is any 

additional flocculation occuning within the settling chamber. If no breakage occurs 

during sampling with the above experiment and the distributions are similar then no 

additional flocculation has occurred. However, if the distribution shifts to a larger size 

class then the original distribution, additional flocculation must be assumed.
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90 PRINT 
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CLOSE 
OPEN 
OPEN 

Appendix C 
Floc Size Distribution Program 

" program prouutcd gy IAN G. DRDpP°’FIbryQry 19, 1989." " n.u.n.|. Qua 0:91. or atosnnwnv. H;nas1ER UIVENSITY“ 
“THIS paosnan caLcuLa1Es x FINER lY'VDLUHE nun uunatfi AND z IN anus: lv nun uunnzni 1HlS'PROBRAH uses FLOC anza nova oa1a1~Eo rnon A scnxwtsu DIGIIIZER," - 

“THIS PQOGRAHVCONVERY5 AREA nnia 10 E0u1vaLEu1 SPHERICAL DlanEN1En" "V14 THE €DUATlON:" 

U DIAH = SOR(4IAREAl3-I416)" 
"THE VQLUHE or was ruocs (ASSUHING snnznzcau FLDCS) an: nzfsnniuzn" "via THE EDUATION:" 
" VOL ' (4/3)l3.1416il(DIAHI2)“3)" 
¢iuPu1 FILE (IN nouapz ouovss aup naive SPECIFIED) =";x~r1;zs "outwur FILE (IN DOUBLE ouoras nun DRIVE SPECIFIED) =";OUTFILE$ on oz ‘ 

fl":I1,XNFl;Ei 
"o",02,ouTF1LEa 

DIH suH(37) 
LET c I O 
LET A I O 
DIH F INEVOLISB) 
DIH PUNDER(3B) 
DIH VDLI37) 
DIH'RNUH8ER(37) 
DIH TCDUNTI37) 
LET vto1AL-0 
DIH PERCENT(37) 
LET 1cgun1=o 
DIH cou~1431) 
LET PSUH I O 
LEI PVSUH * O 
PRINT 
PRINT " SIZE x an anus: z FINER 1 In RANGE 

av uunasnfi 
390 
390 
400 
4:0 
420 
4:0 
440 
450 

FRINT u 
IF EOF(1) THEN GOTO G80 CDUNT 
INPUT 

(RAN6E)=c0u~1(RA~s5) . 1 
l1,FLOC,AREA 

TCOUNT = wcouuw ~ 1 
LET DIAHESORI(QIAREB)/5.1416) 

ir oxAn<=11a.4 AND pxan>1o2.1 THEN RANGE=1 
IF n1Ah<=1o2.1 AND o1nn>as.1 THEN aA~sE=2 
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460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
£30 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
BOO 
BIO 
B20 
830 
B40 
B50 
B60 
B70 
B80 
890 
900 
910 
920 
930 
940

- 

IF DIAH(=B8.1 AND DIAH>7b THEN RANGE=§ IF DlAH<=76 AND DIAH>65-6 THEN RANGE=4 
IF DIAH<I65.b AND DIAN>56.b THEN RANGE=5 

IF DIAH<=5b.b AND DIAH>4B.8 THEN RANGE=5 
IF DIAH<=4S.B AND DIAM>42.1 THEN RANGE=7 IF DIAH(=fl2.1 AND DlAH>36.5 THEN RANBE=8 

IF DIAH<=36.3 AND DIAH>3I.3 THEN RANGE=9 
IF DIAH<=31-3 AND DIAH>27 THEN RANGE=IO 

IF DIAH<=27 AND DIAH>23.3 THEN RANGE=1I 
IF DIAH<=23.3 AND DIAH>20.1 THEN RANGE=12 

IF DIAH<=20.1 AND DIAH>17.4 THEN RANGE=13 IF D1AH<=17.4 AND DIAH>15 THEN RANsE=14 
IF plAfl<=1s AND D1AH>12.9 THEN RANGE=15 IF D1AH<=12.9 AND D1An>11.1 THEN RANGE=1b 

THEN RANsE=11 IF D1AH<=9.bO0O01 AND DIAH>B.3 THEN RANGE=1B IF D1An<=a.3 AND D1An>7.2 THEN RANGE=19 

IF DIAH!=11.1 AND DlAH>9.6000O1 

IF DIAH(?7.2 AND DIAH)6.2 THEN RANGEFZO 
_IF DIAN<=§.2 AND DIAH>5.3 THEN RANGE=21 IF DIAH<=5.3 AND DIAM>4.6 THEN RANGE=22 

IF DIAH<=4.b AND DIAH>l THEN RANGE=23 
IF DIAH<=4 AND DIAN>3.4 THEN RANGE=24 IF DIAH<=5@4 AND DIAH>3 THEN RANGE=25 IF DIAH<=3 AND DIAM>2.6 THEN RANGEFZ6 IF DIAH<=2.6 AND D1An>2.2 THEN RANGE=27 

IF D1An<=2.2 AND DIAH>1.9 THEN RANGEEZB IF DxAn<=1.9 AND DlAH>1.6 THEN RANGE=29 DIAM<=1.6 AND D1An>1.4 THEN RANBE=3O DIAfl<=1.4 AND DIAH>1.2 THEN RANsE=31 D1An<=1.2 AND D1An>1 THEN RANGE=32 D1An<=1 AND D1AN>,s THEN RANsE=33 D1An<=.9 AND DIAM>.6 THEN RANsE=:4 DIAH<=.6 AND D1An>.4 THEN RANGE=35 
IF D1AM<=;4 AND DlAH>.2 THEN RANGE=36 
IF DIAfl<=.2 AND DIAH>.01 THEN RANsE=37 

VOL(RANGE)=(4/3)I3.1416I((D1Qfl/2)*3) 
LET 5UH(RANGE)=SUN(RANGE) + VOL(RANGE) A 

LET VTOTAL=VTOTAL + VDL(RANGE) LET PEREENT(RANsE)=sun(RANsE)/vToTAL:1oo GDTD 390
. 

x = 100 
v = 100 

FOR RANGE=1 To :7 
IF RANGE = 1 THEN 512: = 119.4 
IF RANGE = 2 THEN SIZE = 102.1 
IF RANGE = 3 THEN SIZE E 98-1 
IF RANsE = 4 THEN s1zE = 76 
IF RANGE = s THEN s1zE = 55.5 
IF RANGE = 6 THEN SIZE = 5e.¢ 

IF 
IF 
IF 
IF 
IF 
IF
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950 
960 
970 
980 
990 
1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1190 
1190 
1200 
1210 
1220 
1230 
1200 
1250 
1260 
1270 
1290 
1290 
1300 
1310 
1320 
1330 
1340 

IF RANGE F 30 THEN SIZE = 
IF RANGE = 31 THEN SIZE = 1.4 

32 = 1.2 IF 
IF 
IF 
IF 
IF 
IF 

IF anus; = 7 Tncw sxzz = 4a.e 
1F anus: = a THEN sxzs = 42 1 
IF anus: = 9 1ns~ 511: = 30 3 
IF RANGE = 10 THEN 512: = 31 3 
IF nauss = 11 THEN 512: = 27 

IF éauss = 12 THEN sxzs 23 3 
IF RANGE = 13 THEN SIZE = 20 1 
1F RANGE = 14 THEN SIZE = 11 4 
1r anus: = 15 Yuan SIZE = 1s 
IF anus: = 16 THEN sxzi = 12 9 
IF ngusz = 17 THEN SIZE = 11 1 

IF anus: = 1a THEN SIZE = 9 500001 
1r RANGE = 19 THEN SIZE = e 3 

IF anus: = 20 THEN 512: = 7 
IF RANGE = 21 THEN sxze = 2 

IF nuns: = 22 tutu sxzs 
“IF games = 23 THEN 512: = 
IF RANGE = 24 THEN 511: = 4 

IF RANGE = 25 THEN SIZE = 3 4 

1 ., 
' ‘S ‘T 

, 
IF RANGE =‘26 THEN SIZE = 3 

IF anus: = 27 THEN 511: 9 215 
IF RQNBE = 2B THEN SIZE = 2.2 

IF RANGE = 29 THEN SIZE = 1.9 
1.6 

aauss 
names 
RAN6£ 
RANGE 
RANGE 
RANGE 

LET 

THEN s12: 
THEN srzs 
THEN sxze 
THEN SIZE 
THEN sxzs 
THEN SIZE 

33 
34 
35 
S6 

PUNDER(RANGE) =‘X 
PUNDER§RANGE+1) = PUNDER(RANGEJ-RNUMBER(RANGE) 

LET PEREENT(RANGE)=SUH(RANBE)/VTOTALI100 
F1NEVDL(RANGE) = Y 
F1NEvoL(RA~s£+1) = FlNEYOL(RANGE) - PERCENT(RANGE) 

LET PSUH = Psun + RNUHBER(RANGE) 
M% LEI Pvsun = PVSUM + P:RcENT(RANsE) 
PR1NT,us1Ns"oaonouuuua.00";s1z£,PERcE~1(RA~sE),F1uEvoL(RANsE) + 100,RNUHBER 

(RANGE),PUNDER(RANSE) + 100 
1350 PRINTO2,US1N6”0##0;0¢";S1ZE,PERCENT(RANGE),FINEVOL(RANGE) + 100,RNUHBER(RAN ss>,Pu~oEn;RausE)+100 

1 = PUNDER(RANGE + 1) 
v = FINEVOL(RANGE + 1) 

nexv names I 

13¢O 
1370 
1390 
1390 
1400 
1410 
1420 
1430 

PR1 
PR1NT “TOTAL z av uunasn PRINT “TOIAL z av VOLUME 
¢PP 
END 

an 

SE 

37 -2 
IRNUMBER(RANGE)=COUNT(RANBE)/TC0UNTI100 

"PSUM 
“PVSUH



Appendix D 
Technical Note 

The determination of environmental primary grain size distributions (organic 

and inorganic combined) with the digitizing method is limited in comparison to the 

Malvem particle sizer by the extreme time required for analysis and small sample sizes 

produced. The Malvem, on the other hand, is virtually instantaneous and uses very 

large sample sizes in its production of a distribution. It does, however, require an 

additional preparation step of sample filtration and resuspension in order to have a 

large enough sediment concentration for size analysis. The effect of this filtration on 

the primary grain size distribution is the focus of this technical note. 

Because fine particles are often retained in the pores of filters, it was 

necessary to determine if the filtration technique significantly changes the primary grain 

size distribution of the sediment. Filtration on Nuclepore and Millipore filters were 

tested to determine the effect of the two different filter -types. 

Distributions were produced with the Malvem particle sizer. The Malvem 

comprises a 3 mV laser, a receiving‘ optics assembly and an electronic circuitry to 

interphase with a microcomputer. Particle size distributions are derived from 

measurements of the near-forward Fraunhofer diffraction spectrum that is provided by 

a particle group randomly distributed in at sample cell mounted in the beam path 

between the laser source and the detector array (Bale and Morris, 1987). A 
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comparison of the digitizing”(chapter 4) and Malvem methods is not practical because 

of the differences in sample sizes discussed in chapter 5.
_ 

One litre. of 100mg/l concentration of sediment (50% silt and clay) to distilled 

water was prepared and sonicated to disperse the sedim“ ent into its primary particles. 

A grain size distribution was determined on six 100 mg sub-samples of this 
suspension using the Malvem particle sizer. The precision of the Malvem was found 

to give repeated median grain sizes within one micron. Distributions between sub- 

samples vary due to unequal particle size sampling from the original 1 litre suspension. 

All distributions of the six sub-samples were plotted, indicating an envelope of
\ 

variability for the particle size distribution of the original suspension (Figure D1 and 
D2). 

. Three of the above sub-samples were then filtered onto 0.4 um nuclepore and 
0.45 'p.m millipore filters "respectively. The sediment was immediately washedoff the 

filters and sonicated to break up any flocs which may have formed during filtration. 

The primary grain size distribution was again determined for the re-suspended 

suspensions. Distributions of the resuspended suspensions were then plotted, indicating 

a second envelope of variability (Figure D1 and D2). 

Figure D1 and D2 illustrate significant overlap in the envelopes of the 

resuspended and original distributi_o_ns. Thus, it is concluded that the filtration of 

environmental suspended sediment onto filters does not appear to change their 

grain-size distribution and that either filter can produce comparable results.
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