


GEOLOGICA ULTRAIECTINA 

Mededelingen van de
 

Faculteit Aardwetenschappen
 
Universiteit Utrecht
 

No. 128 

FLOC SIZE AND ASPECTS OF FLOCCULATION
 
PROCESSES OF SUSPENDED PARTICULATE
 

MATTER IN THE NORTH SEA AREA
 

VLOKGROOTTE EN ASPECTEN VAN FLOCCULATIE
 

PROCESSEN VAN GESUSPENDEERD PARTICULAIR
 

MATERIAAL IN HET NOORDZEE GEBIED
 

2 7 ., 0 0 4 Shumin Chen
 



CIP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG 

Chen, Shumin 

Floc size and aspects of flocculation processes of
 
suspended particulate matter in the North Sea area /
 
Shumin Chen. - Utrecht: Faculteit Aardwetenschappen,
 
Universiteit Utrecht. - (Geologica Ultraiectina,
 
ISSN 0072-1026; no. 128)
 
Proefschrift Universiteit Utrecht. - Met lit. opg. 

Met samenvatting in het Nederlands.
 
ISBN 90-71577-82-1
 
Trefw.: sedimentologie / flocculatie.
 



FLOC SIZE AND ASPECTS OF FLOCCULATION
 
PROCESSES OF SUSPENDED PARTICULATE
 

MAnER IN THE NORTH SEA AREA
 

VLOKGROOTrE EN ASPECTEN VAN FLOCCULATIE
 

PROCESSEN VAN GESUSPENDEERD PARTICULAIR
 

MATERIAAL 11\1 HET NOORDZEE GEBIED
 

(met een samenvatting in het Nederlands)
 

Proefschrift ter verkrijging van de graad van doctor
 

aan de Universiteit Utrecht
 

op gezag van de Rector Magnificus, Prof. Dr. J A van Ginkel
 

ingevolge het besluit van het College van Dekanen
 

in het openbaar te verdedigen
 

op vrijdag 23 juni 1995 des namiddags te 12:45 uur
 

door
 

SHUMINCHEN 

geboren op 7 februari 1960 te Shanghai, China 



Promotoren: Prof. Dr. D. Eisma 

Faculteit Aardwetenschappen, Universiteit Utrecht 

Nederlands Instituut voor Onderzoek der Zee, Texel 

Prof. Dr. Chen Jiyu 

Institute of Estuarine and Coastal Research 

East China Normal Univertity, Shanghai, P. R. China 



To the loving memory of my father, who 

always encouraged me to wander, and 

to wonder. 



Cover: illustration ofa scale-invariantfractal. 



Contents 

Preface 9
 

Summary/Samenvatting 11
 

Chapter 1
 

Chapter 2
 

Chapter 3
 

Chapter 4
 

Chapter 5
 

Chapter 6
 

Chapter 7
 

Bibliography 

Curriculum Vitae 

Introduction
 17
 

In situ distribution of suspended matter during the
 

tidal cycle in the Elbe estuary1 21
 

Flocculation and disaggregation occurring in a tidal
 

inlet during the tidal cycle 43
 

The size of in situ suspended floes in the North Sea2 63
 

Flocculation of suspended particulate matter in the
 

Dutch-Belgian coastal waters3 91
 

Floc size in relation to concentrations of particulate
 

carbon, lipids, proteins and chitin in the North Sea 113
 

Fractal geometry of in situ floes in the estuarine and
 

coastal waters4 123
 

143
 

151
 

1 Published in Neth. J. Sea Rea. Vol. 32(1):37-48 (1994), with co-authors D. Eisma and J. Kalf.
 
2 Co-authors: D. Eisma and J. Kalf.
 
3 Accepted by Neth. J. Sea Rea. (1995), with co-author D. Eisma.
 
4 Published in Neth. J. Sea Res. Vol. 33(2):173-182 (1995), with co-author D. Eisma.
 



Preface 

This dissertation presents a four-year PhD research which I carried out at 

the Netherlands Institute for Sea Research (NIOZ) during 1991-1994. I 
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The serious problem of sediment shoaling in the Changjiang river 

mouth made me initially interested in flocculation of suspended matter in 

estuarine and coastal environments. Although my intention was to focus 

on the chemical aspects of the flocculation processes, I have enjoyed 

studying mainly their physical aspects over the last four years, which has 

resulted in this dissertation 

In the first place I wish to thank Doeke Eisma for being my 

promotor, who has enthusiastically initiated this programme and directed 

me with tremendous patience throughout these years. Without his great 

efforts year after year to manage financial support, completion of this 

work would never have been possible. His critical reading and revision of 

all my manuscripts have improved this dissertation significantly. For 

these and many other reasons, I will always be very grateful to him. 

My second promotor Chen Jiyu has shown a great enthusiasm in 

this programme and played a key-role in solving my difficulties. I feel 

much obliged to him for his concern and everything he did for me. Also I 

thank Hu Jiamin and Sun Ying deeply for their help. 

I am blessed with wonderful colleagues at NIOZ, who have never 

denied their time, their help or their support. I am indebted to them all, but 

offer special thanks to: Jaap Kalf for photograph sampling and developing 

thousands of negatives which have been used for this work; Jan Derksen 

and Ruud Groenewegen, who have carried out all the CTD measurements 

and always repaired the camera promptly no matter by day or night it was 

being out of order on cruise; Taco de Bruin for solving problems with the 

Apple computer which the CIA could not manage; Li Jiufa and Chen 

Xiqing for taking part in image analysis and field work; Jan Hegeman for 
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explaining how to do POC analysis and allowing me to use all equipments 

in his laboratory; Bert Verschuur for printing all photographs appearing in 
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distinguishing diatom species; and Peter Beerens, Theo Gerkema and 

Ramses van der Toorn for discussing about fractal or other mathematic 

problems. 

The captain of 'Pelagia' and his crew are gratefully acknowledged 

for many times of day-and-night sailing over all the North Sea, providing 

cooperation and a pleasant time on board. 

I also wish to take this opportunity to thank Sjerry van der Gaast 

and Gijs Berger for introducing me to X-ray diffraction analysis and 

radioactive isotope analysis before I started with this work. 

My sojourn on the Texel island has been a good part of my life, 

and I will always cherish a happy memory of it both in things I have 

learned and in people I have met. A million thanks to all friends of mine 

- you have made me feel like living in my own country. I will always 

remember you, no matter which continent on the earth I will live on. 

My deepest appreciation goes to my mother, who always wrote 

and encouraged me, and Haixing for giving all-out support; now I should 

spend more time to play with our lovely daughter. 

Shumin Chen 

Texel 

April 1995 



Summary/Samenvatting 

Investigations on the size of suspended particulate matter in the North Sea 

and two adjacent estuaries were carried out using an in situ technique: 

image analysis of photographs from an underwater camera system. The 

results obtained from such an in situ method gave a new knowledge on the 

size distributions of particles formed in natural waters, which is essential 

for understanding flocculation as well as for verifying models proposed to 

describe and simulate its processes. 

In the Elbe estuary and the Marsdiep tidal inlet, marked changes in 

size of suspended matter were found during the tidal cycle: the formation 

of large flocs occurred near (high water) slack tide and breakup of large 

flocs near maximum flood tide. Flocculation and disaggregation in the 

estuarine environments were largely dependent on hydrodynamic factors 

such as current velocity and concentration of particles, whereas salinity 

and organic content of particles had no critical effects on floc size. 

The size spectra of suspended matter in the North Sea were 

investigated using both image analysis of underwater camera photographs 

and Coulter counter analysis. In situ particle size distribution indicates that 

floes were generally larger in the bottom water than in the surface water, 

and larger in spring than in winter, whereas ex situ particle size 

distribution partly reflects the size of the constituent particles of floes. The 

distribution of mean floc size in the North Sea did not follow the 

distribution of salinity or organic content of the suspended matter. The 

relation of mean floc size with the concentration of suspended matter was 

fairly convincing: floc size generally increased with the concentration. In 

spring, several patches of large mean floc size and high organic content of 

the suspended matter occurred in the North Sea, suggesting a biological 

impact on flocculation. 

Flocculation of suspended matter in the Dutch-Belgian coastal 

waters was examined during the four yearly seasons. Large marine snow

sized floes (>0.5 mm) were generally absent in the water, even when high 
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concentrations of chlorophyll a and high organic contents of suspended 

matter occurred. This was possibly caused by limitation of the maximum 

of floc size by fluid shear breaking up large flocs. Mean floc size 

generally increased with the total volume of flocs, which indicates that the 

concentration of suspended matter in the coastal waters had the same effect 

on flocculation as in the estuaries that were studied. 

These field results are consistent with flocculation being a dynamic 

process: the size of flocs changes with time and their distribution depends 

on the rate at which flocs form and at which flocs break up. It can be 

concluded that in the estuarine and coastal environments, the concentration 

of particles usually has an effect on flocculation by increasing the size of 

flocs, and that the turbulence in the water column plays a key-role in both 

the formation and breakup of flocs. 

The size of in situ flocs in the North Sea was examined in relation 

to the concentrations of particulate carbon, lipids, proteins and chitin. It 

was found that the mean floc size decreases at increased concentrations of 

the biochemical compounds during winter, whereas during spring the 

mean floc size decreased with increased concentrations of the biochemical 

compounds in SPM (in Ilg/mg), but increased with the concentrations in 

water (in Ilgll). The decrease in mean floc size with the concentrations of 

the biochemical compounds in SPM is possibly caused by a stabilizing 

effect of polymers. The increase in mean floc size with the concentration 

of the biochemical compounds in water was explained by the presence of 

flocs of mainly organic matter that are found during a spring plankton 

increase. 

Fractal dimensions of flocs in estuarine and coastal environments 

were, for the first time, obtained from the in situ measurements. One- and 

two-dimensional fractal dimensions (Dl and Dz) of flocs in the North Sea 

and the Elbe estuary were determined from the dependence of the area and 

perimeter of projection of the flocs on their greatest length: Dl was in the 

range of 1.03 to 1.14 and Dz in the range of 1.41 to 1.81. Dz represented 

the three-dimensional fractal dimension of flocs reported previously based 

on the dependence of settling velocity or porosity of flocs on their 

characteristic length. The relationship of Dl with the concentration of 
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suspended matter suggested that flocs have a rougher edge of projection at 

high than at low concentrations. 

Because the in situ particle size measurement technique was newly 

developed, the accuracy of the image analysis of photographs from the 

underwater camera system was examined with analytical and photographic 

variations. It was found that the photographic variation in mean particle 

size has a maximum of 57 ~m with an average of 20 ~m, whereas the 

analytical variation in the mean floc size is much lower, a maximum of 6.5 

~m. The analytical variation can be considered to be negligible compared 

to the photographic variation. It was suggested that analysing three 

negatives, at least, is necessary to the studied samples. 

* * * * * 

In de Noordzee en twee aangrenzende estuaria werd de deeltjesgrootte van 

het gesuspendeerde materiaal nagegaan met een in-situ techniek: 

beeldanalyse van fotonegatieven genomen met een onderwater 

camerasysteem. De resultaten verkregen met deze methode leidden tot 

nieuwe kennis aangaande grootteverdeling van deeltjes (vlokken) die in het 

water zijn gevormd: deze kennis is essentieel voor het begrijpen van de 

processen die tot vlokvorming in het water leidden, alsmede voor het 

verifieren van modellen die zulke processen beschrijven en simuleren. 

In de monding van de rivier de Elbe en in het Marsdiep (een getijde 

zeegat) werden gedurende de getijcyclus opvallende veranderingen in 

deeltjesgrootte van het materiaal in suspensie waargenomen: grote vlokken 

werden gevormd rond (hoogwater) kentering en reductie van grote 

vlokken tot kleinere vond plaats gedurende maximum (vloed) tij. 

Flocculatie en het uiteenvallen van vlokken waren in estuarien milieu voor 

een groot deel afhankelijk van hydrodynamische factoren zoals 

stroomsnelheid en de concentratie van deeltjes in suspensie, terwijl het 

zoutgehalte van het water en het gehalte aan organische stof in de 

suspensiedeeltjes geen critisch effect hadden op de vlokgrootte. 

Deeltjesgrootte verdelingen van het gesuspendeerde materiaal in de 

Noordzee werden bepaald zowel met behulp van beeldanalyse van 
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fotonegatieven, gemaakt met het onderwater camerasysteem, als met een 

Coulter counter. De in-situ verdelingen lieten zien dat de vlokken in 

suspensie over het algemeen groter waren in het water bij de bodem dan in 

het oppervlaktewater, en groter in het voorjaar dan in de winter, terwijl 

deeltjesgrootteverdelingen gemeten ex-situ vooral de grootte van de 

deeltjes in de vlokken weergaven. De verdeling van gemiddelde 

vlokgrootte in de Noordzee volgde niet de verdeling van het zoutgehalte, 

of van het gehalte aan organische stof in het gesuspendeerde materiaal. 

Een overtuigender samenhang werd gevonden tussen gemiddelde 

vlokgrootte en de concentratie van gesuspendeerd materiaal: vlokgrootte 

nam over het algemeen toe met de concentratie. In het voorjaar werden 

verschillende gebieden aangetroffen met (gerniddeld) grote vlokken en een 

hoog gehalte aan organische stof in het gesuspendeerde materiaal. Dit wijst 

op een biologische invloed op het flocculatie proces. 

De flocculatie van gesuspendeerd materiaal in het Nederlands

Belgische kustwater werd bestudeerd gedurende de vier seizoenen van het 

jaar. Grote vlokken, vergelijkbaar in grootte met "marine snow" (meer dan 

0,5 mm) waren over het algemeen afwezig in het water, zelfs wanneer 

hoge concentraties chlorophyll a en een hoog gehalte aan organische stof 

in suspensie werden aangetroffen. Dit werd waarschijnlijk veroorzaakt 

doordat de maximum grootte van de vlokken werd beperkt door het 

uiteenvallen van grote vlokken onder invloed van de waterbeweging. De 

gemiddelde vlokgrootte nam over het algemeen toe met het totale volume 

van de vlokken, hetgeen erop duidt dat de concentratie van gesuspendeerd 

materiaal hetzelfde effect op de vlokvorrning heeft als in de estuaria waar 

vlokgrootte werd bestudeerd. 

De resultaten verkregen in het veld duiden erop dat flocculatie een 

dynamisch proces is: de vlokgrootte verandert met de tijd en de 

grootteverdeling hangt af van de mate waarin de vlokken worden gevormd 

en uiteenvallen (of in grootte worden gereduceerd). In estuaria en 

kustwateren leiden hogere concentraties tot gemiddeld grotere vlokken, 

terwijl de turbulentie in het water een essentiele rol speelt zowel bij de 

vorming als bij het doen uiteenvallen, of in grootte reduceren van vlokken. 

De in-situ vlokgrootte van gesuspendeerd materiaal in de Noordzee 
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werd bestudeerd in relatie tot de gehaltes aan organische koolstof, lipiden, 

prote"inen en chitine. Hieruit bleek dat de gemiddelde vlokgrootte bij een 

toename in de concentratie van bio-organische verbindingen afneemt, in 

het voorjaar afneemt bij een toename van de concentratie van bio

organische verbindingen in het gesuspendeerde materiaal (in !lg/mg), maar 

toeneemt met de concentraties aan bio-organische verbindingen in het 

water (in !lg/l). De afname van de gemiddelde vlokgrootte met de 

concentratie aan bio-organische verbindingen in het gesuspendeerde 

materiaal wordt waarschijnlijk veroorzaakt door een stabiliserend effect 

van polymeren. De toename van de gemiddelde vlokgrootte met de 

concentratie van bio-organisch verbindingen in het water kan verklaard 

worden door de aanwezigheid van vlokken die voornamenlijk bestaan uit 

organische stof, zoals aanwezig gedurende planktongroei in het voorjaar. 

Fractal dimensies van vlokken in estuaria en in kustwater werden 

voor het eerst verkregen met behulp van de in-situ metingen. Een- en 

twee-dimensionale fractal dimensies (Dl en D2) v';ln vlokken in de 

Noordzee en in de Elbe monding werden bepaald uit de afhankelijkheid 

van het oppervlak en de omtrek van de projectie van de vlokken van hun 

grootste lengte: Dl had waarden tussen 1,03 en 1,14, en D2 waarden van 

1,41 tot 1,81. D2 geeft de drie-dimensionale fractal dimensie van vlokken 

weer zoals eerder bepaald uit de afhankelijkheid van de valsnelheid, of de 

porositeit van vlokken van hun karakteristieke lengte. De relatie van Dl 

met de concentratie van het gesuspendeerde materiaal wijst er op dat de 

vlokken bij hogere concentraties waarschijnlijk een onregelmatiger omtrek 

hebben (in projectie) dan bij lagere concentraties. 

Omdat de in-situ techniek voor het meten van deeltjesgrootte nieuw 

is ontwikkeld, werd de nauwkeurigheid van de beeldanalyse van de 

fotonegatieven nagegaan op basis van de analytische en fotografische 

variaties. Voor de fotografische variatie in de gemiddelde deeltjesgrootte 

werd een maximum van 57 !lm gevonden met een gemiddelde van 20 !lm, 

terwijl voor de analytische variatie een veel lager maximum werd 

gevonden (6,5 !lm). De analytische variatie kan dan ook als 

verwaarloosbaar worden beschouwd in vergelijking met de fotografische 

variatie. Minstens 3 negatieven dienen gemeten te worden om de 



16 Summary 

fotografische variatie binnen aanvaardbare grenzen te houden. 



Chapter 1 

Introduction 

Most of suspended particulate matter in estuarine and coastal waters exists in the form of 

floes, rather than in single particles. Floes are composed of small, cohesive particles that 

may be organic or inorganic. They appear to be of highly irregular shape and disordered 

nature. The particles in this association can be weakly touching or strongly bound. 

Many floes, particularly large ones, are deformable, fragile and fractal. Flocculation is a 

ubiquitous process controlling depositional behaviour of suspended particulate matter in 

aquatic systems, and has a pronounced effect on sedimentation and transport of 

suspended matter as well as on some aspects of marine geochemistry and ecology which 

are associated with particle properties (Kranck 1973, Fowler & Knauer 1986, Alldredge 

& Silver 1988, van Leussen 1994). 

Knowledge on the size properties of floes is essential for understanding 

flocculation as well as for verifying models proposed to describe and simulate its 

processes. However, floc size measurements are hampered by the fragile nature of floes: 

conventional methods such as Coulter counter or pipette analysis inevitably bring about 

shear resulting from disturbance during sampling and analysing, which is enough to 

shatter their delicate structure and alter their size (Gibbs & Konwar 1982, Eisma et al. 

1983). The size spectrum obtained from such measurements does not include the large, 

fragile floes. An accurate size spectrum of floes in suspension in natural waters has to be 

made by measuring in situ and without creating shear that causes floes to break up. 

Image analysis of photographs from an in situ underwater camera is a suitable method to 

measure floes with a wide size range (Eisma et al. 1990). 

Flocculation of particles includes two major processes: collision of particles and 

efficient cohesion of colliding particles, but also a considerable number of floes are 

produced by filter-feeders in aquatic systems. Understanding flocculation processes in 
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natural waters thus involves research on the factors that cause particles to be cohesive and 

the mechanisms that facilitate collisions. 

Almost all particles in aquatic systems have a negative electric charge. They stick 

to each other because of organic binding and the van der Waals' attraction, when the 

repulsion force between the charged particles becomes sufficiently low. Organic binding 

is usually significant in most floes present in aquatic systems (Eisma 1986), whereas the 

dissolved salts in brackish or sea water are considered to have an effect on particle 

cohesion because they compress the electrical double-layer on the charged particles and 

hence reduce the electric repulsive force (Edzwald et al. 1974, van Olphen 1977). 

Although the mechanisms of organic compounds binding particles together into floes are 

not clear, one example may be 'bridging' by high molecular weight pOlymers, such as 

polysaccharides, proteins, DNA and RNA, which are widely produced by living 

organisms in aquatic systems (Gregory 1987). 

It is relatively clear that Brownian motion, differential settling and the flow 

velocity gradients are the basic mechanisms that make particles collide (Krone 1978, Hunt 

1982, McCave 1984). However, Brownian motion can only affect very fine particles 

smaller than a few 11m. Its importance is therefore limited, probably only to the formation 

of first order floes. It is also evident that Brownian motion is only important when the 

concentration of particles is high (above ca 10 gil). The other two processes occur widely 

in natural waters and are mainly dependent on the flow motion: differential settling is 

usually dominant in very calm water (in lakes and ocean waters and during slack tide in 

tidal waters), whereas the flow velocity gradients playa key-role in collision at low 

concentrations of suspended matter in turbulent water. The frequency of collisions of the 

two types are directly proportional to the concentration, by number, of suspended 

particles, and depend on the size of the particles as well. 

The rate of flocculation is determined by the frequency of collisions and the 

probability of cohesion. Because floes are fragile, disaggregation of floes may result 

from shear eroding the surface of floes in flowing or turbulent water (Parker et al. 1972), 

as well as from collision of the floes with other particles (Lick et aI. 1992). The rate of 

disaggregation depends on floc size and floc strength as well as on shear rate and the 

frequency of collisions. The size of floes usually changes with time, but at any moment 

in time, their distribution is determined by both the rate of flocculation and the rate of 

disaggregation, which represent the state of flocculation. Flocculation is therefore a 

dynamic process and, the mean (median) size of a floc size distribution is only constant 
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when an equilibrium between flocculation and disaggregation is reached. 

The estuarine and coastal environments in the North Sea area present a wide 

variation of environmental factors that affect flocculation. Shallow waters appear in the 

estuaries and the southern North Sea, whereas in the centre of the Skagerrak the greatest 

water depth reaches 700 m. Tidal motion and strong winds induce the turbulence that 

prevails in the water column. The concentration of suspended matter ranges from 0.1 

mg/l in the northern North Sea to a few hundred mgll (locally up to several grams per 

litre) in the estuaries and coastal waters. Moreover, there may be a large biological impact 

on flocculation, since the North Sea is a highly productive area. The frequent material 

exchange between the water column and the sediment bed besides flocculation and 

disaggregation complicates the changes in size distribution of the suspended matter. 

The subject of this thesis is to investigate floes in suspension in the North Sea and 

two adjacent estuaries by examining their in situ size distribution using image analysis of 

photographs from an underwater camera system. These results together with 

simultaneous measurements of environmental factors form the basis for a discussion of 

flocculation processes. 



Chapter 2 

In situ size distribution of suspended matter during the 

tidal cycle in the Elbe estuary* 

ABSTRACT In situ size of suspended particles was measured with an underwater 
photographic system in the Elbe estuary. The data from the stationary 
position measurements indicates that the formation of large floes took 
place at low current velocities and that the size distributions varied with the 
tidal cycle as a consequence offlocculation, deposition and resuspension 
processes. 

Flocculation ofsuspended particles in the estuary is interpreted as 
a dynamic process: the size of flocs changes with time and their 
distribution depends on the rates ofaggregation and disaggregation of the 
particles. This is related to physical factors of which turbulence and 
differential particle settling are playing key roles in producing large floes. 
Fluid shear is responsible for disaggregation of large flocs. Salinity and 
the organic content of particles may affect flocculation processes with 
respect to the particle cohesive interaction, but they have no critical effect 
on the variation offloc size during the tidal cycle in the estuary. 

1. INTRODUCTION 

A complicating factor affecting transport processes of suspended particles in 

flowing water is flocculation which brings many particles in the water column together 

into large units. This results in a significant increase in the settling velocity of the 

particulate matter and thus affects the deposition of fine-grained material. Previous 

* This chapter is published in Neth. J. Sea Rea. 32:37-48 (1994), with co-authors D. Eisma and J. Kalf. 
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NORTH 
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Fig. 1. A map of the Elbe estuary, Germany. The Ponton is an anchor platform, 
located 4 kmfrom the town Brunsbiittel. 

studies on estuarine flocculation indicated that the salinity of the water was responsible 

for particle flocculation: the increase in salinity along river mouths would lead to the 

compression of the electrical double layer on the particles and hence reduce the repulsive 

force between the particles (Edzwald et al. 1974, Zabawa 1978, Gibbs 1983). Some 

authors still refer to it as the primary process that occurs at the contact between fresh and 

sea waters (Gibbs et al. 1989). Organic matter that glues particles together probably 

plays a dominant role in producing floes in the Ems and Rhine estuaries (Eisma 1986). 

Physical mechanisms bringing particles into contact with each other and resulting in 

flocculation of cohesive particles were discussed by Krone (1978), Hunt (1982), and 

McCave (1984): velocity gradients of flow and difference in particle settling velocity 

cause a relative motion between particles and are essential in making particles collide with 

each other; the Brownian motion is significant only for collision of very small particles of 

only a few !lm in size. 

Floes in natural waters are fragile. Break-up of the floes usually occurs because 
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of shear created during sampling and measurement processes with a Coulter-counter or 

by pipette analysis (Gibbs & Konwar 1982, 1983, Eisma et at. 1983, Kranck 1984). 

Turbulence therefore can result not only in particle collision and formation of floes, but 

also in break-up of floes because of shear (Eisma 1986, Eisma et at. 1991b). Because of 

this fragility, in situ measurements of floes are necessary to obtain accurate estimates of 

floc size. Recent investigations of the in situ size distribution of suspended particles in 

estuaries were done by underwater photography. Gibbs et at. (1989) found variable in 

situ floc-size distributions in the Gironde estuary. The in situ measurements from five 

European estuaries also showed variable size distributions and did not indicate a relation 

of floc size with salinity or organic matter content of the suspended particles but only with 

the suspended-matter concentration (Eisma et at. 1991a). As yet, no physical, chemical 

or biological factor was found to dominate the in situ floc-size distributions. The purpose 

of this paper is to examine the variations of the in situ floc-size distributions during the 

tidal cycle and to obtain a better understanding of which factors affect the flocculation of 

suspended particles in the Elbe estuary. 

2. BACKGROUND AND METHODS 

The Elbe river mouth is a partially mixed coastal plain estuary with a strongly tidal 

influence (Fig. 1). The spring tidal amplitude between Cuxhaven and Hamburg is in the 

order of 3.00-3.25 m and neap tidal amplitude in the order of 2.45-2.60 m. The large 

tidal range results in strong currents with a maximum velocity of 2 mls. The mixing zone 

is slightly stratified and the tip of the salt wedge can penetrate as far as Gliickstadt during 

periods of low river discharge. The turbidity maximum normally lies between 

Grauerort/Gliickstadt and OtterndorflCuxhaven. The discharge of the river varies 

between 400 m 3/s in September and 1200 m3/s in April; the long-term annual mean of the 

discharge (1926-1970) is 722 m 3/s. 

The study area was located in the mixing and turbidity-maximum zone of the 

estuary (Fig. 1). The measurements were part of the EFEX'91 (Elbe Floc Experiment 

91) programme and were carried out from 11 to 13 June 1991. In situ measurements of 

suspended particles were done with an in situ camera system developed at NIOZ (Eisma 

et at. 1990). The size of floc fragments that had withstood the shear caused by sampling 

and analysis was measured with a Coulter-counter. Two methods were followed to carry 

out the in situ size measurements. Those on 11 June were done from an anchor platform 
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Fig. 2. An example of in situ volume-size distribution of suspended 
particles, determined from the 1:1 and 1:10 negatives. 

(Ponton), located 4 km upstream from the town of Brunsbiittel and at the north side of the 

Elbe waterway; those on 12 and 13 June were made from a drifting ship (the RV 'Ludwig 

Prandtl') at various positions near to the Ponton within a distance of 2 km along the river 

(see Fig. 1). Surface and bottom measurements were made at 2 m below the water 

surface and at 5 m above the bottom, respectively; the time difference between the two 

was about 5 min. The 1: 1 and 1: 10 cameras were working simultaneously; the minimal 

size of the particles that could be photographed was 35 and 3.5 !lm, respectively. The 

negatives were analysed for particle size with an image-analysis system developed at the 

NIOZ (Eisma et al. (990). This system is able to distinguish particles by their greyness 

as long as they are separated from each other; however, the system produces mistakes 

when particles are overlapping in the camera view or are very close to each other. The in 

situ size distributions were calculated in terms of particle volume concentrations, based on 

the number of pixels determined for each particle from the 1: 1 and 1: 10 negatives. An 

example is given in Fig. 2. The overlap of the 1: 1 and 1: 10 cameras is almost always 

good. Mean size was computed from the size distributions using the moment method 
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(Seward-Thompson & Hails, 1973). 

Along with the in situ photography, water samples were taken at the same depths 

from both the surface and bottom water, using a 5-1 Niskin bottle. Coulter-counter 

analysis and filtration of the water samples without net screening were all done on board. 

Pre-weighed OA-/lm Nuclepore filters were used for total concentration and organic 

content of particles, and normal OA-/lm Nuclepore filters for scanning electron 

microscope (SEM) analysis. In the laboratory, the total concentration was determined by 

dry weight. The organic content was estimated by ashing the samples at 550°C for 8 h, 

which means that the estimates of organic material included some crystal water in clay 

minerals. In addition, both current velocity and salinity were measured every 5 min at 5 

m water depth from the Ponton during the entire programme. 

3. RESULTS 

SEM Analysis--A total of 54 samples were collected from the Elbe estuary and 

prepared for SEM analysis. All samples contained a large number of particles: single 

mineral particles or floc fragments smaller than 10 /lm in size. Many of them were 

grouped close to each other as if before sampling they had been larger flocs in the water 

and then collapsed on the filter. There were also a small number of large flocs with a 

maximum size of about 300 /lm, which appeared quite complete as if they had survived 

the sampling and filtration (Fig. 3-A). These large flocs were found in both the surface 

water and the bottom water. Examples of all types of flocs found are shown in Fig. 3. 

Most flocs are a compact or loose mass of small mineral particles with some 

biogenic particles and structureless organic material. A few flocs appeared to consist of 

mineral grains with sharp edges and clear cleavage and fracture surfaces with apparently 

little organic material (Fig. 3-B). Some also consisted mostly of mineral grains glued 

solidly together (Fig. 3-C & 3-D), but the particle edges are less clear and often more 

compact than the one shown in Fig. 3-B. Most flocs looked like little hills (Fig. 3-E) and 

consisted of a random mass of mineral grains and biogenic debris in an apparent organic 

mass that was not very solid before the floc collapsed on the filter and was dried. 

Loosely touching particles probably represented a highly organic floc collapsed on the 

filter (Fig. 3-F). The presence of diatom frustules and other organic debris may 

strengthen floes as reinforcing bars do to concrete (Fig. 3-G). Sometimes a diatom 

frustule was filled in with flocculated material protecting it from fluid shear (Fig. 3-H). 
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Fig. 3. SEM micrographs offlocs sampled from the Elbe estuary. 
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line); datafrom in situ measurements made from the Ponton, II June. HW 
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Measurements at a Stationary Position (11 June)--The measurements from the Ponton 

were carried out for nearly nine hours. Fig. 4 shows the courses of mean particle sizes 

and the longitudinal component of the current velocity (measured at 5 m depth). The 

curve of mean sizes for the bottom water indicates that suspended particles began to 

increase rapidly in size one hour before slack water. Their size reached a maximum 

during slack water and then decreased for one and a half hour. The same sequence was 

found in the surface water, except that the floc size was generally smaller than in the 
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bottom water, in particular around slack water, and that following the decrease after slack 

water the mean particle size increased again with the ebb. In the surface water also a 

secondary peak was found in mean size at 11: 15 hr and a dip to very small mean size at 
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waters. Datafrom the Ponton, 11 June. HW =high water, slack tide. 

15:30 hr. Both were absent in the bottom water. 

The changes in the in situ size distributions with time are shown in Fig. 5. The 

changes were mainly in the size classes larger than 64 /lm in the surface water and larger 

than 128 !lm in the bottom water. Flocs smaller than 64 !lm formed only a small 

percentage of the total volume in most of the measurements, with a maximum of only 

12%. The maximum floc size was about 600!lm in the surface water and about 800!lm 

in the bottom water; both maxima occurred around slack tide. 

Unlike the in situ floc size, Coulter-counter size distributions both in the surface 

and bottom water had no relation with the tidal phase at all. The Coulter-counter size 

distributions changed only little with time, except during the early flood and the early ebb 

(the latter only in the bottom water). The mean Coulter-counter particle size was between 

6.48 and 8.87 J.Lm in the surface water and between 8.86 and 12.72 !lm in the bottom 

water. The Coulter-counter particle sizes in the bottom water were generally larger than 

in the surface water, as also found in the in situ measurements. 

The total concentration of suspended particles in both the surface and bottom 

waters and the longitudinal component of current velocity at 5 m depth are plotted versus 

time in Fig. 6. A concentration peak occurred at two and a half hours before slack tide in 

the surface water and half an hour before slack tide in the bottom water. During slack tide 

the concentrations in the bottom water dropped very quickly from 952 to 61 mgtl when 
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current velocities were below 0.2 m/s. Surface concentrations varied between 23.6 and 

367 mg/I. In the bottom water the maximum concentration preceded the maximum floc 

size by less than half an hour. In the surface water the maximum concentration came 

about 15 min after the secondary maximum in mean size (Fig. 4). 

Courses of salinity (measured at 5 m depth) and mean in situ floc size are shown 

in Fig. 7, both for the surface and the bottom waters. According to Brockmann and 

Pfeiffer (1990), the salinity in the study area is generally homogeneous throughout the 
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water column. The mean size generally increased and decreased with salinity; the upward 

and downward peaks in mean size in the surface water, however, deviated from the 

general trend. 

Time-corresponding data of in situ mean floc size and organic content of 

suspended matter are plotted in Fig. 8. For both the surface water and the bottom water 

the data showed a random association and did not indicate a correlation between the mean 

size and the organic content. 

Measurements while Drifting (12 and 13 June)--The in situ mean floc size measured 

from a drifting boat and current velocity measured simultaneously from the Ponton are 

plotted versus time in Fig. 9, and the in situ size distribution by volume-concentration 

percentage is plotted versus time in Fig. 10. In Fig. II the mean floc size measured on 

13 June is plotted against the distance from Brunsbiittel (position data for 12 June are not 

available). The in situ floc sizes varied randomly and were neither related to the tidal 

cycle nor to the measuring positions in the estuary. Only on 12 June at 15:00 hr did the 

maximum mean floc size coincide with high water slack tide (and only in the surface 

water). Causes of the random nature of the floc-size variations are not clear, but it is 

possible that additional variations in floc size have been introduced by: (1) a 2-km 

distance between the most landward and seaward positions (all the others are in between) 
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which may have introduced in situ floc size variations along the estuary, (2) variations in 

flow and water depth that may have overshadowed the in situ size variations occurring 

during the tidal cycle, (3) random turbulence caused by ship traffic near to the measuring 

points may have caused floc size variations, (4) variations in surface waves caused by 

variations in strength and direction of the wind. 
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4. DISCUSSION 

Floc Size Variations during the Tidal Cycle--The data for the Elbe estuary (as well as 

those for the Dollard as given by Eisma & Li, 1993) support the findings of Lick et at. 

(1992) from laboratory experiments that flocculation is a dynamic process with the state 

of flocculation changing with time. 

The largest flocs occurred around slack tide when current velocities were low 

(less than 0.2 m/s), turbulence was reduced and flocs started to settle out. The larger floc 

size may be caused by the reduced turbulence as well as by larger flocs scavenging 

smaller ones during settling. In the bottom water the particle concentration was highest 

during slack tide, which increases the frequency of particle collision, but this is not so in 

the surface water, where the highest particle concentrations occurred during the flood. 

This almost coincided with a secondary maximum in floc size. 

Before and after slack tide smaller flocs occurred, a sequence that is very similar 

to the one found in a channel of the Dollard estuary by Eisma & Li (1993). The presence 

of smaller flocs can be related to advection of smaller flocs from up-current, to 

resuspension of small floes after slack tide, and/or to floc break-up through increased 

turbulence when the current velocity increases. 

That advection took place can be seen from Fig. 6. During the flood suspended 

matter concentrations increased both in the surface and bottom water in approximately the 

same way, indicating a rather homogeneous vertical concentration distribution. When the 

flow velocity decreased at about 12:00 hr, the concentrations in the surface water also 

decreased, while in the bottom water both increased to a maximum at slack tide. With the 

increasing ebb flow velocities, the concentrations in the surface water remained low, 

while those in the bottom water decreased to the same concentrations as in the surface 

water. Resuspension from the bottom will have taken place and probably accounted for 

the peaks in the bottom water concentrations at 14:45 hr and 16:40 hr. However, its 

effect did not reach the surface water. Less turbid water passed the measuring point with 

the ebb than with the flood: the lowest particle concentrations and the smallest flocs 

occurred during the ebb. Probably the turbidity maximum was located further seaward, 

but this could not be ascertained. 

Since the water is fully turbulent, even at low flow velocities, turbulence was 

probably the dominant factor for flocculation, both limiting the maximum floc size and 

inducing flocculation by bringing particles (flocs) into contact with each other (McCave 

1984, van Leussen 1988). Mean floc size is chiefly between 150 J..Lm and 250 J..Lm and 
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Fig. 12. In situ floc size distributions (by volume). The figures at the top of lines indicate 
the time ofsampling, compare Figs. 4 & 5. 

only when the shear decreases in the last phases of the flood (Schroder & Siedler 1989), 

may floes grow fast in size with a rapid increase towards the end of the flood. When the 

ebb current develops, the large floes have either settled out towards the bottom, or break 

up when the shear increases, which results in a general lowering of the mean floc size. 

Rates of flocculation and floc break-up are not known for the Elbe estuary but Fig. 12 

suggests that a kind of equilibrium was almost reached. The log-probability curves of 

floc size based on particle volume show almost straight lines that are skewed towards the 

finer sizes. More than 90% of the suspended floes follow approximately a log-normal 

size distribution; only a few percent of fine floes is present in excess. A log-normal 

distribution of floc size around a median value can indicate that (1) there was size 

selection of floes around a median diameter in relation to a (mean) current velocity or 

turbulence (like in many sand deposits), (2) the flocculation process is based on random 

collisions of small and large floes which, at a given floc population, results in a certain 

median floc size, (3) floc break-up results in a random size distribution around a median 

diameter, or (4) a combination of these processes. In all cases the basis is the probability 



37 Floes in the Elbe estuary 

of sampling a certain floc size, which follows (except in the smallest size fractions) a log

normal distribution. As the log-normal distributions were found at half to one hour 

intervals, the adjustment of the floc population followed the changing conditions rather 

quickly: when some process (flocculation, floc break-up, size selection) resulted in 

different floc sizes, a new (equilibrium) log-normal size distribution was quickly 

established. 

The finest floc sizes did not follow this rule: floes of this size are slow in settling 

out during slack tide - or were held in suspension by the turbulence that was present 

during that period - and also were less likely to collide with other floes. When calculated 

on the basis of weight instead of volume the curves became even more skewed towards 

the finer sizes (see Eisma & Li 1993, where this is done for size curves in the Dollard), 

but this did not alter the equilibrium character of the size curves. 

A second important factor is the exchange of flocculated material between 

suspensions and bottom sediment: settling (deposition) and resuspension alternate during 

the tidal cycle, but the resuspended material measured at the Ponton was resuspended 

further upstream where the conditions near to the bottom may have been different. Floes 

in this pool of suspended material meanwhile had acquired an approximately log-normal 

size distribution which, again, points to the largely random nature of the processes that 

are involved. Towards slack tide period, when shear began to decrease, the floes started 

to grow larger and flocculation could continue until the very end of the slack tide period. 

At the same time settling out of larger floes becomes increasingly important so that at a 

certain moment the size distribution is probably determined more by settling out than by 

flocculation, giving the size distribution curves a skewed character. Eventually this also 

results in a finer mean size which is enhanced during the early ebb by break-up of the 

larger floes because of the increase in shear, and by resuspension of finer material which 

is smaller in size because the larger floes that had settled are broken up by the boundary 

shear. 

The mean floc size shows a general relation with salinity (Fig. 7) but maximum 

salinity and maximum floc size both occurred around high tide slack water, so that there 

is not necessarily a causal relation between salinity and flocculation. The mean size 

maximum at 11:15 hr in the surface water and the minimum at 15:30 hr were not related 

to salinity. In a tidal channel of the Dollard estuary, where the measurements induded 

both high water slack tide and low water slack tide, no relation was found with salinity 

(but only with low current velocities during slack tide and with particle concentration, 
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compare Eisma & Li 1993). Organic content does influence the mean floc size and is 

more likely to be related to the presence (or absence) of specific compounds (Eisma 

1986). Moreover, Gregory (1987) has shown that the amount of polymers for 'bridging' 

flocculation is critical: at a low content there are insufficient polymers to provide adequate 

links between particles; while with a large content there is insufficient room on the 

particles for polymers to link particles and deflocculation occurs. 

Structure of Estuarine Floes; Mierofloes--The fragility of the in situ flocs makes it 

almost impossible to sample complete flocs as they are in the water unless special 

precautions are taken (Susuki & Kato 1953, Eisma et al. 1983). In this study, the 

samples for SEM analysis and Coulter counter were collected routinely and thus consisted 

mainly of floc fragments and some single grains. The SEM observations showed a wide 

variety of (micro)flocs present in the Elbe estuary. Most flocs consisted of a large mass 

of fine mineral grains, biogenic debris and rather fluffy organic material. Compact flocs 

of mineral grains glued solidly together were less common. The latter may have been 
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derived from soils or rather consolidated deposits, whereas the former were probably 

formed in situ in the water, which is also indicated by the presence in the floes of diatom 

frustules and fragments. The Coulter-counter data show that the size distribution of the 

fragments remained almost the same during most of the tidal cycle, which supports the 

notion that the in situ floes (macroflocs) were built up of smaller floes (microflocs) that 

are more stable and resist break-up during sampling and analysis (Eisma et at. 1983). 

The Coulter-counter size distributions were unlike those of the in situ floes and skewed 

towards the coarser sizes (Fig. 13). If the notion that the macroflocs are built up from a 

pool of microflocs is correct, this means that during flocculation predominantly the larger 

microflocs are incorporated into macroflocs, while the finer ones are left more in 

suspension. This agrees with the theoretical observation that the collision frequency 

increases with particle (floc) size (summarized by McCave 1984 and van Leussen 1988). 

In this way curves that are skewed towards the coarser sizes are changed into curves that 

are skewed towards the finer sizes. Among the in situ size distributions, size distribution 

curves resembling the Coulter-counter curves were not found. The maximum Coulter

counter size is almost 100 !lm to 125 !lm. In the in situ size distribution the size fraction 

<128 !lm forms 5 to 57% of the total volume of in situ floes in the surface water and 3 to 

22% in the bottom water. This means that during floc break-up in nature the in situ 

(macro)flocs are at most only partly reduced to Coulter-counter sized fragments 

(microflocs). 

5. CONCLUSIONS 

1.	 In the Elbe estuary, floc size is related to current velocity (turbulence), floc settling 

and suspended matter concentration: the largest floes were found when current 

velocities were low, when the floes could settle out and when the suspended matter 

concentrations (the floc collision frequency) were high. 

2.	 Advection of floes that have been formed in other environments than at the 

measuring points is indicated by the tidal variations in particle concentration and 

mean floc size: the lowest concentrations and the smallest floes occurred during the 

ebb. 

3.	 Mean floc size was chiefly between 150 f.lm and 250 f.lm and only became larger 
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when the shear decreased during slack tide. This was followed at the beginning of 

the ebb by a decrease in mean floc size, i.e. when large floes have settled out or 

have been broken up by the increasing shear. 

4.	 The floc size distributions were approximately log-normal and skewed towards the 

finer sizes. About 90% of the floes followed a Gaussian probability distribution 

which points to the floc size distribution having almost reached an equilibrium 

situation. As log-normal distributions were found in all samples and sampling took 

place at half- to one-hour intervals, adjustment to changing conditions must have 

been rather rapid, considering the variability of the estuarine environment. This 

took place predominantly in the coarser sizes: the finer floes were slower in settling 

during slack tide, or were held in suspension by the turbulence that was present 

during that time, and also were less likely to collide with other floes. 

5.	 Coulter-counter size distributions of floc fragments (rnicroflocs) that have not been 

broken up during sampling and analysis, remain about the same during most of the 

tidal cycle. These size distributions are somewhat less log-normal than those of the 

in situ floes and are skewed towards the coarser sizes. When microflocs are 

formed into macroflocs predominantly the larger microflocs are involved while 

more of the finer microflocs remain in suspension. It is likely that during floc 

break-up in nature the in situ macroflocs are partly reduced to microflocs. 

6.	 Turbulence and particle concentration (size distribution) are probably the dominant 

factors for flocculation in the estuarine environment, both limiting the maximum 

floc size and inducing flocculation by particle collisions. 

7.	 Resuspension is probably also important for flocculation but its effects are rarely 

measured in situ as most of the resuspension will take place upstream of the 

measuring point. By the time it reaches the measuring point, the resuspended 

material is already part of the mass of suspended (flocculated) material and is only 

indicated by a higher percentage of finer floes. 

8.	 Whether salinity influences the flocculation process remains uncertain from the data 

presented here because mean floc size and salinity follow the same tidal variations. 

9.	 Total organic matter content did not influence floc size. 
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10.	 Most floc fragments, observed by SEM, consisted of a mass of fine mineral grains, 

biogenic debris and rather fluffy organic material. Compact flocs of mineral grains 

were less common. The first type was probably formed in situ in the water; the 

second type is probably derived from erosion of soils and of rather consolidated 

deposits. 
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Chapter 3 

Flocculation and disaggregation occurring in a tidal inlet 
during the tidal cycle 

ABSTRA CT	 The size offloes in suspension in a tidal inlet was investigated in situ by 
means ofunderwater photography and image analysis. The mean floc size 
by volume-size distribution indicates that floes were generally larger 
around high water slack tide than around the maximum flood tide. Two 
flocculation processes were possibly responsible for the larger floes 
occurring around high water slack tide. The first flocculation took place 
before high water slack tide when the concentration of suspended matter 
increased, which could be related to the increasing concentration of 
suspended matter enhancing the frequency of particle collisions. The 
second flocculation was observed after high water slack tide when the 
concentration decreased. This flocculation probably resulted from 
increased collisions of suspended matter through differential settling, as 
suspended matter was being deposited. Disaggregation offloes because 
offluid shear was likely to be significant just around the maximum flood 
tide and, therefore, smaller floes occurred, particularly in the bottom 
water. 

1. INTRODUCTION 

A size distribution of suspended particulate matter (SPM) in estuaries is associated 

with material exchange processes between the water column and sediment bed, i.e. 

resuspension and deposition, and with particle interaction processes in water, i.e. 

flocculation and disaggregation. Ebb and flood tidal currents not only produce 

semidiurnal cycles of sediment resuspension and deposition, which has been extensively 
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displayed in temporal distributions of current velocity and SPM concentrations (e.g. 

Nichols 1986), but also control particle interaction processes. Recent researches on in 

situ size of SPM in estuaries have shown that the changes in floc size distribution are 

related to the tidal cycle (Eisma & Li 1993, Chapter 2 of this volume). 

Flocculation is dependent on two major particle processes: collision and cohesion. 

The latter is generally poorly understood, although a number of researches have been 

carried out (Edzwald et al. 1974, Eisma 1986, Alldredge & McGillivary, 1991), but it is 

relatively clear that Brownian motion, differential settling and the flow velocity gradients 

are the basic mechanisms that make particles collide (Krone 1978). However, Brownian 

motion can only affect fine particles smaller than a few j.1m. Its importance is therefore 

limited probably to the formation of first order floes (Krone 1986). The other two, 

occurring in natural waters, are largely dependent on the flow motion. Disaggregation of 

floes is dependent on the flow motion, too, because floes formed in natural waters are 

fragile and subject to breakup by fluid shear eroding their surface (Parker et al. 1972), as 

well as by collisions with other particles (Lick et at. 1992). Therefore, both flocculation 

and disaggregation in estuarine waters are related to the tidal cycle. 

At any moment of time, the mean size of a floc size distribution is determined by 

both the rate at which floes form and at which floes break up (Tsai et al. 1987, Lick et at. 

1992). The rate of floc formation depends on particle size, concentration, cohesiveness, 

as well as on the mechanisms responsible for particle collision. The rate of floc breakup 

depends on floc size, strength and fluid shear, as well as on the mechanisms responsible 

for particle collision. These are the basic factors affecting flocculation and disaggregation 

processes. The size of floes is essential for understanding flocculation as well as for 

verifying models proposed to describe and simulate its processes, since a size distribution 

represents the state of flocculation of SPM (Lick et al. 1992). Due to the fragile nature of 

floes, methods for size measurements using a Coulter counter or pipette analysis are not 

suitable for floes, as most floes break up because of shear created during sampling and 

measurement procedures (Gibbs & Konwar 1982, 1983, Eisma et at. 1983). An in situ 

method without disturbing floes is generally required for the investigation of floes in 

natural waters. 

The purpose of this paper is to examine the change in size of floes in the Marsdiep 

tidal inlet during the tidal cycle and to have a better understanding of flocculation and 

disaggregation processes occurring in such an estuarine environment. 
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Fig. 1. Map of study area. All sampling positions are within a 
rectangular area, except one that is 2 km southwest ofthe area. 

2. MATERIAL AND METHODS 

Study Area--The Marsdiep, the Netherlands, is an ebb-tidal inlet (Fig. 1), where 

semidiumal, bidirectional tidal currents occur in the direction of the channel. From 

measurements in the inlet, maximum current velocities on a vertical average reach 1.35 

mlsec; the mean tidal range is 1.38 m (Sha 1990). The bottom sediment in the Marsdiep 

is sandy: mean sizes are> 200 ~m in the channel and finer in the shallow water at both 

sides (Sha 1990). In Fig. 2, model calculation shows the changes in current velocity and 

water level during a tidal cycle in the sampling area (Ridderinkhof 1988). 

Field Work--All sampling was carried out from the research vessel, Pelagia, in the 

Marsdiep channel during the day-time of December 7 and 8, 1993, while the vessel 

stayed at sampling positions with its engine power. All sampling positions were within 

the rectangular area shown in Fig. 1, except the first samples at 9:41 hr on Dec. 7 which 
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Fig. 2. Changes in current velocity and water level during a tidal cycle in the 
sampling area in the Marsdiep, obtainedfrom modeling calculation (by courtesy ofH. 
Ridderinkhof). 

were taken in the channel about 2 km southwest of the indicated sampling area. The 

sampling period on Dec. 7 was 6 hrs, and on Dec. 8, 5 hrs. The time interval of 

sampling was between 30 and 90 min. At every sampling time, photographs of floes 

were made at three depths in the water column: at 0-5 m in the surface water, 5-10 m in 

the sub-surface water, and 1-2 m above the sediment bed in the bottom water. Five 

photographs were taken at each depth with a 1: 1 underwater camera, which allows floes 

to remain in their natural state during the procedure (Eisma et al. 1990). The time interval 

between photographing at each depth was 3 min, and between each photograph was 12 

sec. 

Salinity was measured throughout the water column with a CTD system about 15 

min before or after the photographs were made. Water samples were collected with a 12

liter Niskin bottle from the same depths as the photographs. For the concentration and 

organic content of SPM, triplicate samples were filtrated on board: 200 ml of the water 

for each sample was filtered over a pre-weighed 0.4 J..lm pore-size Nuc1epore membrane 

filter, and washed with distilled water. For scanning electron microscope (SEM) 

analysis, 25 ml of the water for each sample was filtered over a normal 0.4 J..lm pore-size 
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Nuclepore membrane filter, and washed with 95 % alcohol. Current velocities in the 

surface water were estimated using the indicator of the vessel's engine power that was 

needed to keep the vessel at sampling positions against the current. 

Laboratory Analysis--Three of the five photographs (negatives) of one sample were 

analysed for the size of floes using an image analysis system (Eisma at al. 1990). The 

system was able to analyse a minimum area-equivalent diameter of 30.7 Ilm of floes in 

the negatives taken with the 1: I camera. Prior to analysis, a thresholding value, at which 

a picture of floes in a negative is converted into a binary (black and white) image, was 

chosen to define floc images from the originals in the negative to be analysed. Because of 

differences in contrast between the floes in the negative, it was impossible to obtain all 

floc images from the negative without exaggerating the size of those of high contrast. 

The thresholding was calibrated on the base of those of high contrast, so that a number of 

floes of low contrast were lost. This loss in obtaining floc images, however, did not 

influence floc sizing, because the contrast of floes in the photographs is independent of 

size. It was equal to taking a lower number of floes from a sample, and did not influence 

the results as long as the number of floes analysed was sufficient for statistical purposes. 

The concentration of SPM by dry weight was determined using standard 

gravimetric analysis, after the filtrated samples were dried at 55°C for a few days. The 

organic content of SPM was estimated based on the loss on ignition: ashing the same 

samples that were used for weight concentration at 550°C for 12 hours. Such values for 

organic content may include some crystal water in clay mineral component (a maximum 

of 14 % was reported by Danker & Laane 1983). 

3. RESULTS 

Water Depth, Salinity and Current Velocity--The water depth at the sampling positions 

was between 14.7 and 19 m, except 27 m at the first position at 9:57 hr on Dec. 7. The 

salinity of the water varied between 30.32 and 30.50 %0 during Dec. 7, and between 

29.15 and 30.34 %0 during Dec. 8. At all stations, salinities throughout the water column 

were nearly the same, indicating a strong vertical mixing in the water. Current velocities, 

estimated using the indicator of the vessel's engine power, on Dec. 7 were 1.3 m/s at 

flood tide during the first measurement, decreased towards slack tide at 13:36 hr and 

increased to 1.0 mls at ebb tide during the last measurement. On Dec. 8 they were 0.8 
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Fig. 3. SEM micrographs offlocs sampled at the Marsdiep. 

rn/s at flood tide during the first measurement, increased to a maximum of 1.7 rn/s at 

10:57 hr and decreased to 0.7 rn/s at the same flood tide during the last measurement. 

The values were not accurate because of the influence of the wind. Despite the obvious 

inaccuracy in current velocity, the variations in salinity and current velocity were 

consistent with each other in the courses of a tide cycle during the two days of 

measurement. 

Floc Size--SEM micrographs (Fig. 3) show that most of SPM sampled at the 

Marsdiep was composed of both mineral particles and biogenic debris or of mineral 

particles only, clogged together in the form of floes (including fecal pellets). Their 

structure looked between loosely touching and compactly stuck together. The number of 

compact, mineral-composed floes was very low in each sample. A few fecal pellets were 

found among all the samples. The size of most of the floes was about 10 11m. Such floes 

were considered to be broken fragments from larger ones, because the samples had been 

filtrated. A few floes looking complete were also observed, and their sizes were up to a 
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Fig. 4. Mean size by volume-size distribution offloes at three water depths in the 
Marsdiep; data obtainedfrom image analysis of three negatives ofeach sample (open 
circles =average, horizon bars =maximum and minimum). 

few hundred 11m. 

The in situ floc size was determined by analysing three negatives for each sample. 

An average of 1274 floes in each negative was analysed. The standard deviation of mean 

sizes by volume-size distribution determined from three negatives per sample differed 

among the samples, with a maximum of 57 11m and an average of 20 11m on the total of 

39 samples. In Fig. 4, the mean floc size on Dec. 7 indicates that two maxima occurred 

at the three depths at 13:22 and 14:58 hr. The mean floc size on Dec. 8, however, does 

not indicate any corresponding feature at the three depths: in the surface water the mean 

floc size did not change very much; in the sub-surface water a maximum peak occurred at 

10:43 hr; and in the bottom water the mean floc size decreased during the first two hours 

of the measurements. In Fig. 5, the floc size distributions by volume-concentration 
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Fig. 5. In situ size distribution by volume-concentration percentage offloes at 
three water depths in the Marsdiep; data based on image analysis of three 
negatives ofeach sample. 

Table 1, In situ size offlocs in the Marsdiep, in relation to the sampling date and 
sampling depth. 

sampling sampling sampling number of maximum mean size dominant size 
date period depth samples size (flm) (flm) range (flm) 

6 hrs around surface 7 654 179 94 -335 
Dec. 7 high water sub-surface 7 617 187 101 - 343 

slack tide bottom 6 707 208 111 - 379 

5 hrs around surface 7 564 148 84 -260 
Dec. 8 maximum sub-surface 6 562 173 95 -309 

flood tide bottom 6 462 166 93 -292 
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Fig. 6. The difference between the maximum and minimum ofmean floc 
sizes among the three depths versus time, indicating the change in the 
vertical gradient offloc size with the tidal cycle. 

percentage show basically the same features as in Fig. 4, but the changes in the relative 

amounts of floes in six size classes. 

The maximum floc size, the average mean floc size and the average range of the 

dominant floc size in relation to the sampling date and sampling depth are presented in 

Table 1, in which the range of the dominant floc size was defined as ± I standard 

deviation of the volume-size distribution around the mean size. These data indicate that 

the floes were generally larger during the measurements on Dec. 7 than on Dec. 8. Mean 

maximum flood tide 

O+--,--,.....-I------.-----r---1--..........---1 
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Fig. 7. Weight concentration of SPM at three water depths in the Marsdiep; data 
obtained from three measurements of each sample (open circles = average, horizon 
bars = maximum and minimum). 

floc size and dominant size range also indicate a corresponding change in floc size 

throughout the water column: on Dec. 7, bottom floes> sub-surface floes> surface 

floes. On Dec. 8, the maximum size indicates that floes in the bottom water were 

smallest, although the mean floc size and the dominant size range show that the floes in 

the surface water were generally smallest among the three water depths. In Fig. 6, the 

change in vertical gradients of floc size during the measurements is shown by plotting the 

difference between the maximum and minimum mean floc sizes at the three water depths 

versus time, indicating that a maximum occurred about 1.5 hrs after high water slack tide 

on Dec. 7 and that a minimum occurred about 2.5 hrs after maximum flood tide on Dec. 

8, which were quite regular with the tidal cycle. 
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concentration in the water column (correlation coefficients ofall regression 
lines> 0.85), indicating that stratification ofthe concentration occurred in 
the water column most of time. 

Weight Concentration--The concentration of SPM in water was determined by 

analysing the triplicate samples. The standard deviation of three measurements was 

between 0.11 and 4.76 mg/l, with an average of 1.28 mg/l for the total of 39 samples. 

The average concentration on Dec. 7 was 44.7 mg/i, and on Dec. 8 was 33.1 mg/I. In 

Fig. 7, the concentration on Dec. 7 indicates that the maximum occurred at the three 
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Fig. 9. Organic content of the SPM at three water depths in the Marsdiep; data 
obtained from three measurements of each sample (open circles =average, horizon 
bars =maximum and minimum). 

depths at 13:36 hr during high water slack tide. On Dec. 8, the maximum occurred at the 

three depths at 11 :59 hr, about one hour after the maximum flood tide. The 

concentrations at the three depths were plotted against the mean concentration in the water 

column, shown in Fig. 8. This relationship indicates that the concentration distribution of 

SPM was in general stratified in the water column during the measurements. The order 

of the concentration by sampling depth was in most of measurements: bottom> sub

surface> surface. The vertical concentration gradients varied with the tide and their 

tendency shows that the gradients increased with the concentration of SPM on Dec. 7, 

and decreased as the concentration of SPM increased on Dec. 8. 

Organic Content--The change in organic content of the SPM with time is shown in 
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Fig. 10. Correlation between the concentration of SPM and its organic 
content in the surface (circles), sub-surface (squares) and bottom 
(triangles) waters in the Marsdiep, r2 =correlation coefficient. 

Fig. 9, which was also determined by analysing the triplicate samples. The standard 

deviation of three measurements is between 0.41 and 6.36 %, with an average of 1.85 % 

for the total of 39 samples. On Dec. 7, the minimum occurred at all three depths at 13:36 

hr during high water slack tide, which was coincident with the maximum of the 

concentration. On Dec. 8, however, there was no corresponding relationship at the three 

depths. A correlation between the organic content and the concentration of SPM is 

shown in Fig. 10, indicating that the organic content generally decreases when the 
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concentration increases. 

4. DISCUSSION 

Accuracy of Size Measurement--In situ size measurements of flocs in natural waters 

have recently been done extensively by means of image analysis of underwater camera 

photographs, since its first try-out (Eisma et al. 1990). The accuracy of the 

measurements, however, has not been assessed yet. When photographing and image 

analysis are done properly, a variation can still result in two ways. First, the image 

analysis of a negative does not give every time exactly the same set of results, even when 

the analysis is carried out under the same circumstances. Previous work has indicated 

that the maximum standard variation of the image analysis is 6.5 IJ,m for the mean size by 

volume-size distribution and 11 !lm for the mean size by number-size distribution, 

respectively (Chapter 7 of this volume). Second, one photograph sometimes can not 

precisely represent the general size distribution of particles suspended in water, as 

particles in a small volume (10 cm3) of water are photographed in the flowing water in a 

'glance'. The variability in three negatives was found to indicate an average standard 

variation as large as 20 !lm for mean size by volume-size distribution. As the variation 

range of the mean sizes for all samples observed here is 134 IJ,m, the photographic 

variation makes up about 15 % relative to the sample variation. This error can not be 

neglected when making comparison of floc size among the samples. It was necessary 

therefore to analyse three negatives for each sample, by which the error from the 

photographic variation was reduced. 

Relation ofSPM Concentrations with the Tide--Solid material exchange between the 

water column and sediment bed is carried out by deposition and resuspension processes, 

which alternate during the tidal cycle because of the alternation of bottom shear stress. As 

a result, the concentration of SPM varies with the tides. 

The two days of measurements covered two different tidal periods, i.e. 6 hours 

around high water slack tide on Dec. 7, and 5 hours around the maximum flood tide on 

Dec. 8. The concentration maxima at the three water depths coincided during high water 

slack tide, and the concentrations at the three water depths were generally larger on Dec. 7 

than on Dec. 8. Since the sediment underlying the sampled water consists of coarse 

material with mean particle sizes around 300 !lm (Sha 1990), which is larger than the 
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mean size of suspended matter measured in situ here, the increase in concentration of 

SPM before high water slack tide on Dec. 7 was likely to result predominantly from 

advection of suspended matter into the sampling area, rather than from local 

resuspension. Part of the suspended matter may have come from resuspension of mud 

drapes settled upstream in the channel during the previous slack tide, as currents are too 

strong to preserve mud drapes in the channel (Sha 1990). When the ebb tide began, 

water with lower concentrations started to pass over the sampling area, which had not yet 

reached higher concentration during the previous flood. At the low current velocities 

around the slack tide, deposition of SPM was possibly taking place, as is suggested from 

the concentration decrease during the ebb tide which was faster than the concentration 

increase during flood tide (Fig. 7). This deposition may have led to the formation of mud 

drapes in the channel for the time being. But when the ebb tide reached high current 

velocities, they were resuspended. This is indicated by the last measurements from the 

bottom water at 15:50 hr (Fig. 7). With the tidal cycle, the vertical gradient of the 

concentration in the water column also varied, and reached a maximum at high water 

slack tide because of increased concentration and settling out, while a minimum occurred 

one hour after the maximum flood tide because of increased vertical mixing (Fig. 8). 

Floc Size around High Water Slack Tide (Dec. 7)--lt has been shown in previous 

work that floc size increases with concentration of SPM (Bale & Morris 1987, Eisma & 

Li 1993, Chapters 2 & 5 of this volume), because the rate of flocculation increases with 

concentration through the frequency of particle collisions (van Leussen 1988). The first 

maximum of mean floc sizes observed at three depths at 13:22 hr was coincident with the 

maximum of concentrations of SPM at high water slack tide (Figs. 4 & 7), suggesting 

that floc size could be related with concentration of SPM as well as relatively low current 

velocities. As the tide approached to being slack, current velocities decreased. 

Generally, shear decreases with current velocity, so that the maximum floc size limited by 

breakup through fluid shear will become larger (Parker et al. 1972). Meanwhile, the 

concentration factor played a role in enhancing flocculation under the gradually calm 

conditions in the water column, and hence the size of flocs increased. 

It is unlikely that the increase in mean floc size before high water slack tide 

resulted simply from resuspension of large-sized sediments. The SPM observed during 

this period is resuspended somewhere further upstream at the North Sea side, and is 

advected into the sampling area. Although the size of SPM in the resuspension area is not 

known here, the SEM analysis has shown that the most of SPM consisted of small 
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fragments from large floes, which suggests that if there are large-sized sediments 

resuspended, they are fragile floes. Since such small fragments usually result from 

breakup because of the shear created during the sampling and filtration, such a breakup 

may also have occurred because of shear created during resuspension as well as during 

strong turbulence in the water column. Although this disaggregation process can not be 

observed in the measurements on Dec 7, it has been observed in the measurements on 

Dec. 8 (to be discussed below). 

Previous studies have also shown that deposition as well as resuspension and 

flocculation processes take place during the tidal cycle (Eisma & Li 1993, Chapter 2 of 

this volume). The results from this work indicate that the concentration of SPM 

decreased for one and half an hour after high water slack tide, while also the mean floc 

size first decreased and then increased again (Figs. 7 & 4). The first decrease in mean 

floc size after the slack tide, observed at three depths at 13:22 hr, seems to have the same 

cause as the decrease in concentration of SPM, i.e. the return with the ebb tide of water 

with lower SPM concentrations. However, the returning suspended matter then increases 

in size, as indicated by the next measurements at 14 58 hr, particularly in the bottom 

water where the second maximum at 14:58 hr was even larger than the first one at 13:22 

hr (Fig. 5). Flocculation of SPM by differential settling is likely to take place along with 

the deposition of SPM occurring at low current velocities around the slack tide. This 

flocculation is not immediately reflected by the mean floc size, i.e. from the first 

measurements after the slack tide at 13:22 hr; but subsequently by the second maximum 

of mean floc size from the second measurements after the slack tide at 14:58 hr. The 

increase in the difference between the maximum and minimum mean floc sizes among the 

three depths around the slack tide (Fig. 6) supports that flocculation through differential 

settling took place, because floes formed in this way become larger towards the sediment 

bed. A certain time seems needed to reflect flocculation through differential settling. This 

is possibly a reason that the first measurements after the slack tidal period did not show 

an increase in mean floc size. 

Floc Size around Maximum Flood Tide (Dec. 8}--The in situ size measurements on 

Dec 8 represent the floc size changing during high current velocities around the maximum 

flood tide, which show that floes were generally smaller than those observed around high 

water slack tide on Dec. 7 (Table 1). The maximum of mean floc size at the three depths 

neither coincides, nor seems to be related to high concentrations of SPM. The smallest 

mean floc sizes occur in the surface water, and largest floes in the sub-surface water, 
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whereas in the bottom water floes are of intermediate size (Table 1). The maximum size 

of floes in the bottom water is only 462 I!m, which is smaller by 100 I!m than that in the 

surface water, and in the sub-surface water (Table 1). 

Disaggregation of floes because of fluid shear eroding their surface and break up 

in turbulent water leads to limitation of the maximum size of floes (Parker et al. 1972). 

The decrease in mean floc size in the bottom water during the first three measurements 

may be explained by disaggregation because of shear, which is generally intense at high 

current velocities (Schroder & Siedler 1989). Fluid shear would be strongest near to the 

sediment bed and would decrease strongly with height above the bed (Nakagawa & Nezu 

1975). In accordance with this, smaller maximum floc sizes are found in the bottom 

water and larger ones higher in the water column (surface and sub-surface waters). As 

this disaggregation process takes place, the difference between the maximum and 

minimum of mean floc sizes among the three depths decreases, and finally a very 

homogeneous distribution of mean floc size throughout the water column occurs about 

two and half hours after the maximum flood tide (Fig. 6). 

The relatively small floes observed Dec. 8 are likely to result from settling of the 

larger floes in the surface water (which had possibly occurred already before the 

measurements during the previous lower current velocities) and from disaggregation of 

large floes in particular in the bottom water; whereas in the sub-surface water both two 

processes affecting floc size may be relatively small, so that the average mean floc size is 

largest at intermediate depth. Flocculation during the measurements on Dec. 8 is 

probably not significant in the formation of large floes, because of low concentrations of 

SPM and of intense shear in limitation of maximum size of floes, although shear may also 

enhance the frequency of particle collisions and hence floc size (van Leussen 1988). 

Organic Content with Concentration--It is fairly convincing from this study that the 

organic content of SPM generally decreases when the concentration increases (Fig. 10). 

From the measurements on Dec. 7, the minimum of organic contents at the three depths is 

coincident with the maximum of concentration of SPM (Figs. 7 & 9) These results may 

imply a relationship of the composition of SPM with its settling properties (measurements 

of settling velocity of SPM were not carried out during this study). 

Deposition of SPM occurring at low current velocities around high water slack 

tide not only leads to a decrease in concentration of SPM, probably also sorts the SPM 

out with respect to organic and inorganic composition. In the Marsdiep, settling 

velocities of the more inorganic part of SPM are possibly higher than those of the more 
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organic part. Consequently, the settling results in a higher organic content of SPM in the 

water column, and a lower organic content of SPM to the sediment bed, which seems to 

be indicated by the measurements on Dec 7 where the organic content of SPM increased 

while the concentration decreased (Fig. 10). As resuspension takes place, material from 

the sediment bed with a relatively low organic content enters the water column, so that the 

organic content of SPM decreases when the concentration of SPM increases, as occurred 

before high water slack tide (Fig. 10). From SEM micrographs, some compacted, solely 

mineral-composed floes were found during the maximum flood tide (Fig. 3). This type 

of floes possibly has higher settling velocities than the other types. 

5. CONCLUSIONS 

1.	 The variation of photographs has been studied with three negatives. With respect to 

mean size of volume-size distribution, the average standard deviation is 20 /lm. 

Compared with the variation range of all samples (134 /lm), the photographic 

variation can not be neglected. It is necessary to analyse three negatives per sample 

in order to minimize the error from the photographic variation. 

2.	 The concentration of SPM changes with the tidal cycle, so do the vertical SPM 

gradients. These changes are caused by resuspension and deposition processes 

alternating during the tidal cycle. 

3.	 Flocculation enhanced by the high concentrations takes place before high water 

slack tide, and results in a general increase in the size of SPM throughout the water 

column. 

4.	 Flocculation also occurs at low current velocities around high water slack tide, 

while SPM is being deposited. This flocculation is likely to result from differential 

settling of SPM. 

5.	 Disaggregation of floes occurs at high current velocities, and is related to water 

depth. This implies a relation with the general profile of fluid shear in the water 

column. Fluid shear possibly plays a key role in the breakup of floes. 

6.	 The difference between the maximum and minimum of mean floc sizes among the 
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three depths varies with the tidal cycle. An increase in this difference is related to 

flocculation by differential settling and deposition of SPM. Disaggregation of floes 

is responsible for a decrease in the difference. 

7.	 The organic content of SPM generally varies inversely with the concentration. This 

is possibly because of the organic and inorganic composition of SPM in relation to 

its settling properties. 
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Chapter 4 

The size of in situ suspended floes in the North Sea* 

ABSTRA CT	 The size spectra ofsuspended matter in the North Sea were determined in 
situ using image analysis ofunderwater camera photographs and ex situ 
using Coulter counter analysis during Jan. 92, Jan. 93 and Mar. 93. In 
situ particle size distributions indicate that floes were generally larger in 
the bottom water than in the surface water, and larger during spring than 
during winter, whereas ex situ particle size distributions reflect the size of 
the constituent particles offloes. The distribution ofmean floc size in the 
North Sea did not follow the distribution of salinity or organic content of 
suspended matter. It is fairly convincing that the mean floc size generally 
increased with the concentration of suspended matter. During Mar. 93, 
several patches of large mean floc size and high organic content of 
suspended matter occurred in the North Sea, suggesting that biological 
processes probably took part in the formation offloes. 

1. INTRODUCTION 

Most of suspended particulate matter (SPM) in the sea exists in the form of floes, 

i.e. aggregates of smaller particles that may be organic or inorganic. Flocculation is a 

vital factor controlling depositional behaviour of the suspended particulate matter (Kranck 

1973, Fowler & Knauer 1986). Knowledge on the size distribution of floes is essential 

for studying flocculation. However, floc size measurements are hampered by the fragile 

nature of floes: conventional methods such as Coulter counter or pipette analysis have to 

be done ex situ and inevitably bring about shear resulting from disturbance during 

* Co-authors: D. Eisma and J. Kalf. 
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sampling and analysing, which is enough to shatter the delicate structure of flocs and alter 

their size (Gibbs & Konwar 1982, 1983, Eisma et al. 1983, Kranck 1984). The size 

spectrum obtained in such a way does not include the large, fragile flocs that exist 

virtually in all natural waters. Recently a number of investigations using in situ technique 

such as underwater photography or video-recording have been carried out to obtain 

information on the size and configuration of flocs in the estuarine and coastal 

environments (Eisma et al. 1983, Eisma et al. 1991, Kranck et al. 1992, van Leussen & 

Cornelisse 1993, Chapters 2 & 5 of this volume). In this paper we report the results 

from such in situ size measurements of flocs in the North Sea (including the Skagerrak) 

and from Coulter counter analysis. The effects of environmental factors on the formation 

of flocs are discussed. 

2. MATERIAL AND METHODS 

Field Sampling--This study was based on measurements at a total of 37 stations 

covering the entire North Sea (Fig. 1). Three cruises were carried out: during 13-28 Jan. 

1992,18-22 Jan. 1993 and 22 Mar. to 4 Apr. 1993. Because of instrumental failure or 

weather conditions, photograph samples could not be collected at all stations during all 

the three cruises. Two methods of size measurement of SPM were employed: image 

analysis of photographs from underwater cameras and Coulter counter analysis. During 

the first cruise, photographs of SPM were taken in situ with a 1: 1 camera as well as a 

1: 10 camera, which allow the SPM being photographed in its natural state (Eisma et al. 

1990). The purpose of the second cruise was to have some 1: 1 camera photographs at 

stations around the Oyster Ground, where sampling had not been successful during the 

first cruise. During the third cruise, photographs were taken only with the 1: 1 camera. 

At each sampling station, the cameras were lowered to the water column at two depths: 1

2 m in the surface water and 2 m above the sediment bed in the bottom water, whereas at 

stations of more than 100 m water depth in the Skagerrak and the Norwegian Trench, a 

sample at intermediate depth was added. At each depth, 5 to 10 photographs were made 

with the 1: 1 camera and 10 to 45 photographs with the 1: 10 camera. The two cameras 

were working simultaneously. The time interval between sampling at different depths 

was 3 to 6 min (depending on the water depth), and between photographs at the same 

depth 12 sec. 

Salinity was measured with a Guildline CTD system mounted on a rosette sampler 
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Fig. 1. Map of the North Sea. A total of37 stations were sampled during Jan. 
1992 (open and closed circles), Jan. 1993 (closed circles), and Mar. 1993 (open 
and closed circles). Water depth in meters. 

throughout the water column at every station. Water samples were collected with a 12

litre Niskin bottle from the same depths as the camera photographs. Coulter counter 

analysis of SPM in the water samples (for the cruise of Jan. 1992 only) was done within 

a few hours after the water was sampled (as soon as the water samples and Coulter 

counter had approximately the same temperature). For the concentration of SPM, the 

water was immediately filtrated without net screening over pre-weighed OA-lJ,m pore-size 

Nuclepore filters, and particles on the filter were washed with distilled water. 
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Laboratory Analysis--In situ photographs (negatives) from the 1: 1 camera were 

analysed with an image analysis system, which consists of a microscope, video camera, 

monitor, personal computer and image analysis software (TIM, version 3.36, Difa 

Measuring Systems) (Eisma et at. 1990). Prior to analysis, a section of the photograph to 

be analysed was amplified by the microscope and transferred to the monitor by the video 

camera. The picture on the monitor was then converted by the TIM into 256 gray scales 

and thresholded into a black-and-white binary image. A threshold value was chosen to 

define particle images of the same size as the originals by comparing the images with 

those seen on the monitor. The particle images larger than 30.7 /lm area-equivalent 

diameter were sized and counted. Floc images lying on the edges between the sections 

were recognized and removed because they were not complete. This caused a loss in total 

volume concentration of particles, but did not influence the size spectrum as long as the 

number of particles analysed was sufficient for statistical purposes. For the 1: 10 camera 

photographs, image analysis could not be used because the contrast between particles and 

their background was too poor. Instead, maximum cross-lengths of particles (larger than 

3 /lm) in the photograph were measured, while the photograph was projected as large as 

100 by 67 cm on a screen. The particles in the 1:10 camera photographs were sized by 

averaging the maximum cross-lengths. 

The concentration of SPM by dry weight was determined using standard 

gravimetric analysis after the filter samples have been dried at 55°C for a few days. The 

organic content of SPM was estimated based on the loss on ignition by ashing the same 

samples that were used for weight concentration at 550°C for 12 hours. Such values for 

organic content of SPM may include some crystal water in clay mineral component (a 

maximum of 14 % was reported by Danker & Laane 1983). 

3. RESULTS 

The field sampling covered two typical seasons: one in January with stormy 

weather prevailing in the North Sea area, and another in the late March and early April 

with increasing biological activity. During the two January cruises, the average of every 

4-hour averaged wind forces was 5.3 Beaufort, whereas during the March cruise the 

average was 4.0 Beaufort. On the last day of the March cruise, a phytoplankton bloom 

occurred at station 38: abundant, transparent, thin, O.5-cm-in-size, jelly-like things were 

found both in the water sample and in the camera photographs (were possibly secreted 
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exopolymers, see Alldredge et al. 1993). 

Distribution of Salinity in the North Sea--The salinity distribution in the North Sea 

during Jan. 1992 (Fig. 2) indicates that ocean water dominated in the northern North Sea 

and in the central Southern Bight where the water depth is more than 40 m, and that the 

influence of fresh water from river run-off occurred nearshore in the Southern Bight, the 

German Bight and the northern Skagerrak. Almost no difference in salinity between the 

surface and bottom waters was found, except in the Skagerrak and Norwegian Trench 

where the surface water had a markedly lower salinity. The results from Mar. 1993 (Fig. 

3) show basically the same distribution as during Jan. 1992, but a stronger influence of 

fresh water from river run-off, particularly in the Skagerrak because of melting of snow 

in Norway and Sweden. 

Distribution of Concentration of SPM in the North Sea--The results from Jan. 1992 

(Fig. 4) show SPM was concentrated at both sides of the Southern Bight, south of the 

Oyster Ground and along the Danish-German coast. The distributions in the surface and 

bottom waters were similar, but the concentrations were generally higher in the bottom 

water than in the surface water. During Mar. 93 (Fig. 5), the distribution in the coastal 

areas was still rather similar to that during Jan. 92, but the concentrations were generally 

higher, whereas in the central North Sea, unlike during Jan 92, the distributions in the 

surface and bottom waters were somewhat different. Several patches of high 

concentrations of SPM occurred in the surface water at the Fladen Ground or in the 

bottom water east of the Devil's Hole and at the tail of Dogger Bank, and a low patch 

occurred in both the surface and bottom waters at the Dogger Bank. 

Distribution of Organic Content of SPM in the North Sea--The organic content of 

SPM in Jan. 92 (Fig. 6) was high in the coastal waters, especially in the Dover Strait, off 

the Wadden Sea and in the northern Skagerrak, but was generally low in the central and 

northern North Sea. Two patches of high organic content occurred in the surface water 

east of Devil's Hole and in the bottom water at the Fladen Ground. In general, the 

organic content was higher in the surface than in the bottom water. During Mar. 93 (Fig. 

7), the organic contents were higher than during Jan. 92. One of the highest, occurring 

in the surface water off the Dutch coast, was related to a phytoplankton bloom (mentioned 

above), but very high organic contents also appeared off the Norwegian coast in the 

Skagerrak and at the Dogger Bank. In general, the nearshore waters and the northern 
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Fig. 2. Distribution ofsalinity in the suiface (left) and bottom (right) waters during Jan. 1992. 
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Fig. 4. Distribution ofconcentration ofSPM in the suiface (left) and bottom (right) waters during Jan. 1992. 
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Table 1. The in situ and ex situ sizes of SPM in the North Sea, obtained from image 
analysis of 1:1 camera and 1:10 camera photographs andfrom Coulter counter analysis, 
respectively, during Jan. 92, Jan. 93 and Mar. 93. 

1:1 camera surface bottom 
Jan. 92 number number mean dominant number number mean dominant 

of of size size range of of size size range 
stations negatives floes (flm) (11m) negatives floes (flm) (flm) 

6 2 150 150 94 - 238 4 357 171 99 - 295 
7 4 265 124 74 - 207 4 350 228 108 - 480 
8 2 1435 98 61 - 159 3 1201 153 88 - 265 
9 4 400 114 78 - 166 4 792 153 97 - 240 

10 4 440 262 103 - 668 4 628 130 82 - 208 
11 4 344 122 82 - 182 4 500 121 75 - 195 
13 4 252 106 69 - 163 4 413 124 85 - 181 
14 4 148 116 78 - 173 4 325 103 72 - 149 
15 4 143 107 73 - 155 4 302 176 89 - 345 
16 4 466 190 101 - 358 4 336 125 83 - 189 
17 8 100 115 79 - 167 8 546 199 109 - 365 
21 8 173 126 89 - 180 8 553 111 74 - 165 
22 8 136 108 72 - 161 8 622 119 81 - 175 
25 8 208 147 98 - 219 8 878 157 95 - 258 
33 4 889 250 128 - 489 4 998 240 139 - 415 
34 4 1262 85 59 - 121 2 1333 215 136 - 338 
35 2 394 114 67 - 193 3 478 142 83 - 242 
36 7 1143 110 69 - 174 5 952 154 91 - 259 
37 5 701 99 63 - 158 5 1633 182 100 - 334 
38 3 533 150 85 - 264 3 777 157 97 - 254 

1:10 camera surface bottom 
Jan. 92 number number mean dominant number number mean dominant 

of of size size range of of size size range 
stations 
--6

negatives 
8 

floes 
30 

(flm) 
90 

(flm) 
60 - 135 

negatives 
8 

floes 
27 

(f.lm) 
38 

(flm) 
27 - 55 

7 8 39 51 33 - 80 8 47 107 70 - 163 
8 8 164 52 32 - 83 8 80 121 71 - 206 
9 8 31 36 26 - 52 8 32 117 73 - 188 
10 8 37 60 41 - 88 8 57 56 38 - 83 
11 8 4 8 7 - 8 8 38 67 37 - 124 
13 8 11 95 76 - 119 8 33 62 36 - 108 
14 3 5 14 II - 18 5 6 13 10 - 17 
15 6 25 23 17 - 30 8 25 20 15 - 26 
16 6 10 89 65 - 122 5 17 107 67 - 17[ 
17 32 66 350 224 - 546 26 60 110 64 - 188 
19 34 108 28 18 - 43 
21 30 62 52 32 - 85 25 59 32 22 - 46 
22 32 103 30 18 - 51 7 71 24 18 - 32 
25 40 121 166 89 - 309 42 140 171 97 - 300 
33 15 69 307 193 - 488 15 59 172 96 - 308 
34 6 128 83 54 - 128 6 118 482 285 - 813 
35 22 95 86 44 - 166 19 91 239 144 - 399 
36 16 93 130 80 - 210 [4 89 179 121 - 263 
37 16 117 83 48 - 146 20 117 133 87 - 205 
38 19 85 171 107 - 273 20 128 207 [30 - 331 
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Table 1. Continued. 

1:1 camera surface bottom 
Jan. 93 number number mean dominant number number mean dominant 

of of size size range of of size size range 
stations negatives floes (Ilm) (Ilm) negatives floes (Ilm) (Il m) 

1 2 141 177 107 - 290 2 670 189 107 - 333 
2 4 934 173 97 - 310 2 692 171 95 - 308 
3 3 324 167 93 - 301 2 803 235 136 - 405 
4 4 711 115 69 - 191 3 822 131 75 - 228 
5 5 372 185 105 - 328 4 368 177 99 - 316 
6 3 429 173 99 - 301 3 449 181 106 - 309 

30 4 446 209 124 - 352 3 408 161 96 - 269 
31 2 654 184 107 - 315 1 556 176 103 - 300 
32 2 572 122 71 - 209 2 954 147 94 - 231 
38 3 904 137 77 - 244 2 376 189 114 - 312 

1:1 camera surface bottom 
Mar. 93 number number mean dominant number number mean dominant 

of of size size range of of size size range 
stations negatives floes (Ilm) (Ilm) negatives floes (Ilm) (Ilm) 

6 10 83 146 94 - 227 10 149 160 107 - 239 
15 9 235 129 78 - 213 10 285 238 126 - 449 
16 10 412 170 97 - 297 10 740 173 99 - 302 
17 10 402 186 102 - 340 9 453 230 126 - 419 
18 10 285 134 82 - 218 10 642 293 157 - 547 
19 10 122 148 84 - 260 
20 5 106 146 94 - 227 5 203 253 126 - 508 
21 10 121 154 84 - 283 5 81 110 72 - 169 
22 5 50 114 77 - 168 5 83 143 80 - 258 
23 5 34 153 91 - 258 10 62 123 86 - 176 
26 10 120 200 105 - 382 10 130 466 252 - 862 
27 10 96 109 72 - 166 10 170 223 122-411 
28 10 147 169 100 - 287 10 244 141 92 - 217 
29 9 139 189 119 - 299 10 311 193 113 - 329_ 
30 10 359 191 121 - 302 5 277 196 129 - 296 
31 5 128 252 156 - 405 4 193 225 138 - 367 
32 3 1246 178 101 - 313 
33 5 359 240 146 - 393 5 350 220 138 - 349 
34 5 373 111 73 - 170 3 768 204 126 - 331 
35 4 474 186 124 - 280 5 288 222 120 - 412 
36 5 227 212 122 - 366 5 513 243 154 - 383 
37 5 126 373 204 - 684 
38 4 15 185 132 - 258 5 452 202 132 - 310 

North Sea had relatively low organic contents, with several patches of high contents 

occurring in the central North Sea. 

The Size of SPM--A total of 554 1:1 camera photographs and 601 1:10 camera 

photographs from the North Sea have been analysed. In average, more than 400 particles 
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Fig. 8. Three types of volume-size distribution of particles (floes) in the North Sea surface water, obtained from size 
measurements using a 1:1 camera, 1:10 camera and Coulter counter, respectively, during Jan. 92. 
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per sample from the 1: 1 camera photographs and more than 60 particles per sample from 

the 1: 10 camera photographs were sized. For each sample, all analysed particles of the 

modal diameters were grouped into the logarithmic size classes (113 <1> mid-point class 

interval). Mean size for the volume-size distribution of particles was calculated using the 

moment method (Seward-Thompson & Hails 1973), which represents a size magnitude 

of all particles in a sample. The range of dominant particle sizes (or the size range of the 

bulk of particles) in a sample was defined as ± 1 standard deviation of volume-size 

distribution around the mean size. All these results are presented in Table 1. 

The resulting size spectra of particles obtained from the 1: 1 camera, 1: 10 camera 

and Coulter counter were plotted on log-log axes of volume concentration versus particle 

size, showing three different series of uni-modal distributions. Examples of these 

distributions are shown in Fig. 8. The modal sizes of floes from the 1: 1 camera range 

from 30.7 to 800 I!m. Most of the distributions are hook-like: the bulk of floes appears 

in the size range of 60 to 300 flm and the volume concentration decreases rapidly towards 

both the fine and coarse ends; but a few samples show a gentle increase with particle size 

at the coarse end. The distributions from the 1: 1 camera also indicate that the floes were 

generally well sorted. The size distributions of floes from the 1: 10 camera in general 

display a gentle arc-curve, showing that volume concentration increases with particle size. 

Floes were absent in some size classes, which suggests that the number of floes analysed 

was not large enough. All the floes sized from the 1: 10 camera photographs were 

between 2.5 and 800 flm, which is wider than that from the 1: 1 camera because of a 

better resolution of 1: 10 camera photographs. The third type of particle size distributions 

was obtained from the measurements using a Coulter counter, indicating that the 

maximum particle size is only 128 flm. Particles larger than 128 flm which were found in 

the 1: I and 1: 10 camera photographs are missing, whereas the volume concentrations of 

particles in the fine-size classes are much higher than those from the 1: 1 camera 

photographs and from the 1: 10 camera photographs. These indicate that breakup of the 

floes (> 128 IJ,m) must have occurred during sampling or/and Coulter counter analysing. 

The results obtained from Coulter counter analysis give approximately the size 

distribution of particles that are fragments from large, fragile floes and, small, strongly 

bound floes as well as single grains. The distributions are poorly sorted. 

Distribution ofMean Floc Size in the North Sea--The distribution of mean floc size in 

the North Sea obtained from the 1: 1 camera photographs is shown in Figs. 9 and 10. 

The results from Jan. 1992 and Jan. 1993 (Fig. 9) indicate that the distributions in the 
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Fig. 9. Distribution ofmean floc size in the sulface (left) and bottom (right) waters, obtainedfrom image analysis of the 
1:1 camera photographs during Jan. 1992 and Jan. 1993. 
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Fig. 11. Distribution ofmean particle size in the surface (left) and bottom (right) waters, obtained from Coulter counter 
analysis during Jan. 1992. 
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Fig. 12. Mean floc size with depth of the water column in the Skagerrak and 
Norwegian Trench, obtainedfrom image analysis ofthe I:] camera photographs 
during Jan. 92 and Mar. 93. 

surface and bottom waters were not similar. No general trend of an increase or decrease 

in floc size over the study area appeared. Large floes occurred mostly scattered in the 

nearshore waters (except in the Southern Bight): in the surface water they were found in 

the central Southern Bight and in the southern Skagerrak, in the bottom water in the 

central Southern Bight, at the tail of Dogger Bank and in the southern German Bight. 

Floes were generally larger in the bottom water than in the surface water. 

The results from Mar. 1993 (Fig. 10) did not include the waters off the Wadden 

Sea, the German Bight, the Danish coastal waters and the Skagerrak. The distribution in 

the surface and bottom waters was somewhat similar: large mean floc sizes occurred in 

the Southern Bight, in the central North Sea and south of Fair Isle Strait. In the central 

North Sea mean floc size decreased northeastwards, as also southeast of the Fair Isle 

Strait in the northern North Sea. In the Southern Bight, floes were largest in the surface 

water in the central part, and decreased in size towards all sides, whereas in the bottom 

water, the largest floes were found off the Dutch coast (the Rhine river mouth) and 
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Fig. /3. Comparison of three types of volume-size distribution of SPM in 
the surface water at station 33 during Jan. 1992; obtained from size 
measurements using a 1:1 camera, 1: /0 camera and Coulter counter, 
respectively. 

decreased towards the northwest. 

The distribution of mean particle size from Coulter counter analysis in the surface 

and bottom waters in Jan. 92 is shown in Fig. 11. Large mean particle sizes occurred 

mainly scattered in the coastal areas, except at one station at the tail of Dogger Bank. In 

general, fine particles were found in the northern North Sea, in the northern Skagerrak 

and in a belt region between the Dogger Bank and the Southern Bight, which is rather 

similar to the distribution of fine-grained sediments underlying the North Sea (Eisma 

1987). 

The distribution of mean floc size in the water column in the deep water is shown 

in Fig. 12. Station 15 shows a profile with floc size increasing with depth during both 

the seasons, but this was not found at the other three stations. 
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4. DISCUSSION 

Comparison of the Three Types ofSize Distribution--Three types of size distribution 

of SPM were determined: in situ using image analysis of 1: 1 camera and 1: 10 camera 

photographs and ex situ using Coulter counter analysis. An overlapping plot of the three 

types obtained from one sample is shown in Fig. 13. The main difference between the 

1: I camera and the 1: 10 camera size distributions is the smallest detectable floc size, 

because of the different camera resolutions. Where results from both cameras could be 

compared, the results of the two types were basically the same. In many samples, 

however, there is a difference in volume concentration at the coarse end (compare Fig. 8). 

The reason for this is most likely the low number of floes analysed from the 1: 10 camera 

photographs compared to the low number of large floes that are present, and the relatively 

poor accuracy resulting from the method applied for the 1: 10 camera photographs, 

especially for the large floes with obvious irregular shape. Therefore, a combination of 

results from the 1: 1 camera photographs for large floes and from the 1: 10 camera 

photographs for small floes gives more complete results for the in situ size distributions 

of floes in the North Sea. 

The differences between the in situ and the ex situ (Coulter counter) size 

distributions confirm that most of SPM in the North Sea is present in the form of floes. 

The poorly-sorted ex situ size distributions obtained from Coulter counter analysis are 

contrary to the well-sorted in situ size distribution. The alteration in particle size must 

have occurred during water sampling and Coulter counter analyses: the large floes 

observed in the camera photographs have broken up into small ones. Although all large 

floes (> 128 ~m) were broken up, there is still a considerable number of small strongly 

bound floes indicated by the results from Coulter counter analysis. This may be seen 

from comparison of our results with samples that have been treated with ultrasonics or 

oxidation (Eisma et al. 1983, Kranck et al. 1992). The results from oxidized samples 

(Kranck et al. 1992) show a rapid decrease in volume of particles larger than 10 ~m, 

whereas such a decrease was not seen from our samples and particles larger than 10 ~m 

still made up a considerable volume, comparable to that of smaller particles. This 

indicates that many large particles in the Coulter counter samples are floes, which may 

further break up if treatments such as ultrasonics or oxidation are applied. 

For the same sample, the volume concentration of particles obtained from the in 

situ size measurements is higher than obtained from Coulter counter analysis, which 

indicates that the large floes observed in the in situ photographs are porous. The accuracy 
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Fig. 14.. Correlations of volume concentration with weight 
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samples, square = bottom samples, r2 = correlation coefficient); volume 
concentrations were obtained from size measurements using a 1:1 
camera, 1:10 camera and Coulter counter, respectively, and weight 
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Fig. 15. Relation of mean floc size with the concentration of SPM in the 
North Sea. 

in volume concentration obtained from the three size measurements may be judged by 

correlating the volume concentration to the weight concentration of particles. In Fig. 14. 

the correlation coefficients show that the results from the I: 10 camera are poorest; a 

particularly high deviation occurs at low concentrations of SPM, because the number of 

floes analysed was probably not sufficiently large. Since the number of floes analysed is 

a factor affecting the resulting volume concentration, the accuracy in volume 

concentration is better for the 1: 1 camera than for the 1: 10 camera, although particles 

smaller than 31.7 /lm were not counted in the results from the I: I camera. The best 
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Fig. 15. Continued. 

coefficient results from Counter counter analysis, suggesting that the number of particles 

was sufficient relative to the in situ measurements and that an error resulting from 

calculating particle volume with the modal diameter was bigger for large floes than for 

small particles. 

Effects on Floc Distributions in the North Sea--The size distribution of floes depends 

on the rate at which floes form and at which floes break up (Lick et al. 1992). There are a 

number of factors controlling the rates, such as particle size, concentration, cohesiveness 

and shear rate, as well as the mechanisms responsible for particle collision (Parker et al. 
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Fig. 16. Relation ofmean floc size with the organic content ofSPM in the 
North Sea. 

1972, Krone 1978, Hunt 1982, van Leussen 1988). The floc distributions in the North 

Sea should be related to these factors, although we could not examine all the factors. 

Previous work on flocculation off the Dutch-Belgian coast has shown that mean 

floc size generally increases with the concentration of SPM: the concentration of SPM 

plays a role in enhancing particle collision, and hence floc size (Chapter 5 of this 

volume). The results obtained here indicate that in spite of whether the samples were 

taken from the surface or bottom water and during a stormy season or a season with 
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strongly biological activities, a similar relation exists between mean floc size and SPM 

concentration (Fig. 15): mean floc size tends to increase with increasing concentration. 

The organic and inorganic constituents in floes may lead to a difference in particle 

cohesiveness, but the results from the North Sea do not indicate a consistent relation 

between mean floc size and the organic content of SPM (Fig. 16), which was also found 

for floes in the Elbe estuary (Chapter 2 of this volume). It is likely that the material of the 

constituent particles themselves, whether being organic or inorganic, is not an important 

factor in particle cohesion and flocculation processes. Similarly, the electrophoretic 

mobility of particles in natural water has been found to show little relation with the type of 
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Table 2. Averages of the concentrations ofSPM, organic contents and mean floc sizes in 
the North Sea during Jan. 92 and Mar. 93. 

sampling water SPM organic mean size 
season depth mgll % pm 
Jan. 92 surface 5.3 14.4 135 

bottom 9.0 14.5 158 
Mar. 93 surface 5.8 28.5 169 

bottom 7.5 25.1 217 

particles (Loder & Liss 1985). Instead, organic coatings on suspended particles playa 

key role in controlling the electrophoretic mobility (Hunter & Liss 1982). Accordingly, 

particle cohesiveness is also possibly determined by the properties of the coating material 

rather than of particle itself. The particle coatings may have reduced or eliminated the 

importance of the salinity effect on flocculation. That may explain why the floc size 

distribution in the North Sea did not follow the distribution of salinity, as has been found 

in several estuaries (Eisma et af. 1991). 

During Mar. 1993, a phytoplankton bloom occurred at station 38, while in general 

biological production in the North Sea was higher during Mar. 1993 than during Jan. 

1992/93, as can be seen from the organic matter present during the two seasons. Several 

patches of large mean floc size occurred scattered over the North Sea during Mar. 1993. 

However, the concentrations of SPM during the two seasons were generally comparable. 

A comparison of the concentration of SPM, organic content and mean floc size from the 

1: 1 camera between the two seasons is presented in Table 2. Although the relatively calm 

weather during Mar. 93 may have resulted in low shear conditions and the presence of 

large marine snow-sized flocs (Riebesell 1992), the generally larger mean floc size during 

Mar. 93 is more likely to be related to a biological impact on flocculation. The patchy, 

large mean floc size occurring in the North Sea possibly resulted from the formation of 

biological flocs, which consist mainly of biological products and occur after a 

phytoplankton bloom (Passow et af. 1994). 

5. CONCLUSIONS 

1.	 Well-sorted in situ particle size distributions obtained from image analysis of the 

underwater camera photographs in the North Sea reflect the formation of large, 
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fragile floes and flocculation of suspended matter. 

2.	 Ex situ particle size distributions from Coulter counter analysis are poorly sorted, 

reflecting the constituent particles of the large, fragile floes. 

3.	 The mean floc size distribution in the North Sea does not follow the distribution of 

salinity or organic content of SPM. 

4.	 Floes were generally larger in the bottom water than in the surface water, and larger 

during spring than during winter. 

5.	 It is fairly convincing that the mean floc size increases with the concentration of 

SPM. The concentration effect on flocculation occurs in tl-- North Sea. 

6.	 The larger floes occurring during Mar. 1993 are likely to be related to higher 

biological activity, as well as to calmer weather conditions. 
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Chapter 5 

Flocculation of suspended particulate matter in the Dutch
Belgian coastal waters* 

ABSTRACT	 Suspended particulate matter (SPM) was investigated in situ with an 
underwater camera in the Dutch-Belgian coastal waters during four cruises 
between April and December, 1993, and the size offlocs (> 30.7 J1m) was 
analysed with an image analysis system. The maximum size of the floes 
was found to be 620 J1m area-equivalent diameter, and the dominant floc 
size class in a range from 90 to 250 J1m. Large marine snow-sized floes 
were generally absent in the water, even during the June cruise with high 
concentrations ofchlorophyll a (ave. 7.6 f.1g/1) and high organic contents 
of SPM (ave. 38.6 %). This was possibly because of limitation of the 
maximum floc size due to breakup of large floes by fluid shear, since the 
study area represented a shallow water environment with high 
concentrations ofSPM and strong turbulent energy relative to the ocean. 
Mean floc size generally increased with the total volume concentration of 
the floes, indicating that high concentrations enhance flocculation, but the 
correlation coefficients between floc size and concentration were <0.57. 
The divergence was probably caused by flocculation being at non-steady
state, and by fluctuations in flocculation factors besides concentration. 

1. INTRODUCTION 

The size of suspended particulate matter (SPM) in natural waters is determined by 

flocculation processes as well as by characteristics of the material itself. In situ 

measurements by means of underwater photography in estuaries have demonstrated that 

* This chapter is accepted by Neth. J. Sea Res. (1995), with co-author D. Eisma. 



92 ChapterS 

the size distribution of SPM varies with the tidal phase, because of flocculation and 

disaggregation: formation of large flocs occurs during slack tide and their breaking up 

during high tidal current velocities (Eisma & Li 1993, Chapter 2 of this volume). The 

role of concentration of SPM has been noted as affecting particle aggregation through the 

frequency of particle collision and hence the floc size, while fluid shear generated by tidal 

currents is responsible for the breakup of large, fragile flocs. The in situ measurements 

in many European estuaries have provided little evidence that salinity or the total organic 

content of SPM was related to the floc size (Eisma 1986, Eisma et al. 1991 a, Eisma & Li 

1993, Chapter 2 of this volume), although salt flocculation has been referred to as the 

primary process in estuaries that occurs at the contact of the fresh and sea waters 

(Edzwald et ai. 1974, Zabawa 1978, Gibbs et ai. 1989). 

Biological processes resulting in flocculation of SPM have mainly been 

demonstrated in oceanic environments. Large, sinking floes, >500 11m in size, known as 

marine snow, are frequently observed in the open sea as episodic, seasonal events 

following phytoplankton bloom (Knauer et ai. 1982, Fowler & Knauer 1986, Alldredge 

& Silver 1988). Floes of this type consist mostly of biogenous material rather than the 

fine-grained lithogenous particles as in estuaries, which is highly cohesive (Alldredge & 

Gotschalk 1989, Alldredge & McGillivary 1991). It has recently been reported that these 

floes may result from coagulation with (or scavenging of) SPM by large, abundant, 

transparent exopolymer particles that are presumably formed from colloidal 

polysaccharides excreted by diatoms and bacteria during diatom blooms (Alldredge et ai. 

1993, Passow et al. 1994, Alber & Valiela 1994). 

If we can say that the flocculation in estuaries is primarily dominated by physical 

processes and in the ocean by biological processes, then both processes may be important 

in coastal waters (Riebesell1991a,b). The rate of formation of floes depends on particle 

size, concentration and cohesiveness, as well as on the mechanisms responsible for 

particle collision, such as Brownian motion, differential settling and turbulence (Hunt 

1982, McCave 1984, Jackson 1990, Lick et al. 1992). In coastal waters, the presence of 

large marine snow-sized floes is also associated with a diatom blooms (Kranck & 

Milligan 1988, Riebesell 1991 a,b), which suggests a similar situation as in the ocean. 

The cohesiveness of particles is principally attributed to organic compounds present on 

the particles and, in particular, to those derived from excretions of micro-organisms living 

in the sea water (Eisma 1986, Alldredge & McGiIlivary 1991). Biological effects on 

flocculation therefore can strongly affect the rate of formation of floes, and hence their 
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size. In the Dutch-Belgian coastal waters, the annual average concentration of SPM is 

between 3.3 and 17.9 mg/l (van Alphen 1990, Visser et al. 1991), and turbulence in the 

water column is regularly generated by tidal currents and wind stress. Under such turbid, 

turbulent conditions in the water, fluid shear and differential settling are likely to be the 

principle mechanisms governing particle collision, the effect of Brownian motion being 

negligible for particles larger than a few /lm. Fluid shear is also the mechanism that 

breaks up flocs and hence limits their size. The rate of breaking up of flocs depends on 

their size and strength, as well as on shear rate (Parker et at. 1972). Since both the 

physical and biological processes may act on flocculation in coastal waters, it is not to be 

expected that flocculation is either an episodic event as in the ocean, or as strongly related 

with physical factors as in estuaries. 

At any moment in time, the size distribution of flocs represents a state of 

flocculation which is determined by both the rate at which flocs form and at which flocs 

break up. The mean (or median) floc size is the most important characteristic of the size 

distribution, which is determined at steady-state by a number of factors as mentioned 

above (Burban et al. 1989, Lick et at. 1992, Lick et at. 1993, Chapter 2 of this volume). 

The focus of this paper is to examine flocculation of SPM in the Dutch-Belgian coastal 

waters through the size distributions measured in situ during four seasons of 1993, and to 

discuss some environmental factors in relation to flocculation. 

2. MATERIAL AND METHODS 

The study area is located along the Dutch-Belgian coast, up to 60 km off the shore 

(Fig. 1), which covers a shallow part of the Southern North Sea with water depths 

ranging from 10 to 40 m. The near-surface residual flow runs northward along the coast 

(van der Giessen et at. 1990). SPM is chiefly supplied to this area from Dover Strait, 

erosion of the Flemish banks off the Belgian shore and outflow of the Rhine river (Eisma 

1981). The average concentration of SPM in the surface water generally decreases 

northward along the coast from 10.6 mg/l in Dover Strait to 3.0 mg/l (or less) off Texel, 

with locally and/or temporarily maximum concentrations up to 100 mg/l, e.g. off the 

coast between Oostende and Scheveningen (van Alphen 1990, Visser et at. 1991). The 

sizes of SPM are mainly between 2 and 20 )lm, according to Coulter counter 

measurements (Eisma & Kalf 1979). The area shows highly biological productivity, with 

the spring diatom bloom usually starting in March and in some years being followed by a 



94 ChapterS 

Fig. 1. Map of study area, showing the locations offour transects of sampling 
stations and three separate sampling stations (WI, W2 and Tl). 

second (lower) bloom in autumn (Reid et al. 1990) 

In Field--Size measurements of SPM for this study were done in situ in 1993 with a 

1:1 underwater camera, which allows photographing suspended floes in their original 

state (Eisma et al. 1990). A total of 91 measurements at 46 sampling stations along 4 

transects and another 8 measurements at 3 separate stations were carried out in four 

seasons. Some statistical results, together with cruise information, are presented in Table 

1. The size measurements were made at two water depths for each sampling station: 

between 1 and 5 m in surface water and between 5 and 10 m in sub-surface water. The 

time interval between the two was 3 to 4 min. Measurements along transects were always 

carried out from nearshore to offshore, and were finished within one day during daylight. 

Along with photography, salinity was measured with a CTD system about 10 min 

before or after the pictures were taken. Water samples were collected with a 12-liter 

Niskin bottle from both depths at every station. Filtration of the water samples was 

carried out on board: those for total concentration and organic content of SPM were done 

with a pre-weighed 0.4 !lm pore-size membrane filter (Nuclepore) and washed with 
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distilled water; those for scanning electron microscope (SEM) analysis were done with a 

0.4 ~m Nuclepore filter and washed with 95% alcohol (carried out only during the 

summer and winter cruises). For the determination of chlorophyll a, 1 1of water was 

filtrated over a glass-fibre filter (Whatman GF/F). The sample was measured with a 

Turner 10 AU fluorometer on board, after it was homogenized by sonification in 10 ml 

acetone. 

In Laboratory--In situ photography negatives were analysed for the size of the floes 

with an image analysis system developed at the NIOZ (Eisma et at. 1990). The 

thresholding value, at which a picture of floes in a negative is converted to a binary image 

(black and white), was chosen to obtain as many floc images as possible without 

exaggerating the size of those of high contrast. In this way, a number of floes of low 

contrast which were visible in the negative were lost. Theoretically, this loss will not 

influence the size distribution when the number of images measured is statistically 

sufficient, because the low contrast of floes is independent of size, but the total 

concentration of floes will be somewhat underestimated in this way. There were a few 

overlapping floc images in some negatives, but much less than in those from estuaries 

(e.g. Chapter 2 of this volume) because the concentrations of SPM were lower. 

The number and area of each floc-image were given by the system, and the area 

was converted to the area-equivalent diameter which represents the floc diameter. The 

smallest image from the 1: 1 photographs that the system was able to deal with was 30.7 

!lm area-equivalent diameter. The volume of the water pictured was 10 cm3. The volume 

concentration of the floes in each size class was calculated based on its average size on the 

logarithmic scale, assuming that the floes were spherical. The total volume concentration 

was the sum of the volume concentrations of all size class floes measured from one 

negative. This value, however, was not precise because of the loss of low contrast floes, 

the highly porous structure of floes and the assumption that the floes were spherical. A 

size distribution by volume concentration was made from all the measured floes. The 

mean size was calculated using the moment method of Seward-Thompson and Hails 

(1973). 

The total concentration of SPM was determined by weight after drying the 

samples at 55°C for a few days. The organic content was estimated by weight loss after 

combustio!1 of the samples at 550°C for 12 hours; the values obtained in this way include 

some crystal water in clay minerals (maximum 14 %) (Dankers & Laane 1983). 
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1 mm 

Fig. 2. Pictures taken with a 1:1 underwater camera during the
 
June cruise, showing some diatoms (A: rhizosolenia stolterfothii,
 
B: rhizosolenia shrubsolei) as part ofSPM. 

3. RESULTS 

During the sampling period, we always observed floes from both the in situ 

photographs and SEM samples. Some objects with a special pattern (i.e. like hair, ring, 

spring or rod) in the in situ photographs appeared at both water depths mostly during the 

June and September cruises (Fig. 2). Such particles could not be floes but were 

biological products such as living diatoms or fecal pellets, because they were also seen in 

the SEM samples as shown by the micrographs in Fig. 3. All these special objects were 

distinguished as much as possible during the image analysis (e.g. a few of long 
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Fig. 3. SEM microphotographs show some diatoms (A: 
rhizosolenia stolterfothii, B: rhizosolenia shrubsoleiJ and fecal 
pellets (CJ, appearing during the June cruise. 

rectangles with very smooth edges were regarded as fecal pellets). Because these 

particles are not part of flocs, they were excluded in the size distribution. 

All data for floc size presented here was obtained from the in situ measurements. 
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The maximum size of all flocs measured was 620 /lm area-equivalent diameter, which 

was found during the April cruise. Volume-size distributions and their mean floc sizes 

from the three separate stations are shown in Fig. 4. Volume-size distributions at the 

transect stations are shown in Fig. 5, i.e. a plot of volume percentages versus distance 

from the shore. All the size distributions in Fig. 5 generally varied irregularly with 

distance from the shore. A few flocs of the size> 500 /lm were found within 15 km off 

the shore, except at 28 km offshore in the sub-surface water at the Walcheren transect 

during the April cruise. 

Water depths at all sampling stations were within 11.5 to 40.2 m, increasing with 

distance from the shore, except in the Calais transect where the maximum was at the 

middle (Fig. 1). Some ofthe sub-surface measurements were quite close to the sediment 

bed. The water at every station was strongly vertically mixed, as indicated by salinity 

profiles which show almost the same value throughout the water column. Salinities in the 

study area ranged from 29.81 to 35.07 %0, and always increased with distance from the 

shore. 

Along the sampling transects, the total concentrations of SPM (dry weight) 

generally decreased from nearshore to offshore (Fig. 6). The values decreased steeply 

from the most nearshore station up to about 15 km off the shore. In the Calais transect, a 

minimum appeared in the centre. The organic content of SPM estimated by combustion 

generally increased from nearshore to offshore, but decreased at some transects (e.g. 

during the December cruise, Fig. 7). Chlorophyll a concentrations in the water along 

most transects were higher nearshore than offshore. The difference in concentration 

between the surface and sub-surface waters was low (Fig. 8). 

Comparisons of all measurements between transects and between seasons are 

presented in Table 1; the data are average values of the samples from one transect. There 

was a decrease in salinity from the Calais transect to the Texel transect, with a minimum 

at the Noordwijk transect. The highest concentrations of SPM appeared in June along the 

Walcheren and Calais transects and at stations Tl and W2, and in autumn at stations Tl 

and WI. Organic contents were also higher in June than in the other seasons. The 

chlorophyll a concentrations were highest in June; the second highest was found in April. 

Mean floc size was largest in June and smallest in September; but the difference between 

the two seasons was not very large. 
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Fig. 4. Floc size distributions by volume concentration and mean floc size (MS) for 
the surface and sub-surface waters at three separate stations; obtainedfrom the in situ 

measurements. 
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Table 1. Cruise infonnation and statistical data ofaverages in samples regarding sampling transect and date. 

sampling sampling sampling number of wind force salinity SPM organic chlorophyll a mean size
 
season date location stations (beaufort) (%0) (mg/J) (%) (pg/J) (pm)
 

spring Apr. 15 Noordwijk 8 2NE 32.64 9.4 27.1 5.0 154 

Apr. 14 Walcheren 4 2-3 NNW 33.81 7.3 33.0 2.9 139 

average 33.03 8.7 29.0 4.3 149 ::n 
§
0 

summer Jun. 21 Texel 4 2W 33.31 4.1 50.5 13.9 143 

Jun. 22 Walcheren 6 3NNW 34.13 12.0 39.3 8.2 167 i:U g.
Jun. 23 Calais 7 2-3W 35.01 10.9 30.5 3.3 164 :;:, 

S·average 34.30 9.5 38.6 7.6 160 
S 

autumn Sep.29 Texel 5 3SE 33.56 2.9 21.6 0.9 125 CI> 

CJ 
Oct. 1 Noordwijk 6 3-7 SE 30.97 4.5 23.2 2.9 118 c: 

()
:;:,Sep.30 Walcheren 2 3-4S 33.74 7.8 28.4 1.4 115 to 

average 32.71 4.1 24.6 1.8 120 CI> 
<Q 
iii·

winter Dec. 6 Texel 4 3-5SW 32.73 4.5 14.2 0.9 154 :;:, 
() 

summer Jun. 21 T1 2W 30.07 10.3 33.5 7.5 208 Q)
0 
(I) 

Jun. 22 W2 3-4N 32.49 11.5 23.5 25.9 173 !!! 
autumn Sep.29 T1 3SE - 10 22 1.2 205 ~ 

(j)
Sep.30 W1 - 4SSE 32.00 43 15 1.9 148 iil 

o 
01 
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4. DISCUSSION 

Flocculation of SPM was found to be dominated by physical processes in the 

estuaries of the Dollard, the Ems river and the Elbe river (Eisma & Li 1993, van Leussen 

1994, Chapter 2 of this volume) and by biological processes in oceanic environments of 

Southern California (Alldredge & Gotschalk 1989). Both processes were assessed by 

Riebesell (l991a,b) as equally important for flocculation in the surface coastal water near 

Helgoland in the German Bight. A high potential for flocculation of SPM by both 

processes in the Dutch-Belgian coastal waters is only to be expected, since it represents 

an environment, relative to the ocean, with high concentrations of SPM, strong turbulent 

energy, and a high biological productivity (Eisma & Kalf 1987, Reid et al. 1990, van der 

Giessen et aI. 1990, Visser et al. 1991). 

Continuous FIoccuIation--Flocculation is a continuous process as long as flocculation 

conditions (i.e. the combination of all flocculation factors, such as the presence of a 

sufficient number of particles, cohesiveness and collisions of particles) are present. It is 

balanced normally by disaggregation through breakup of large floes by fluid shear 

eroding their surface. Our in situ observations with the underwater camera during the 

four cruises indicate the presence of floes (>30.7 /lm) at all times, which supports a 

continuous flocculation in the Dutch-Belgian coastal waters during sampling. Moreover, 

there is a correlation between the total volume concentration of the floes and the total 

weight concentration of SPM (Fig. 9). This relation is a necessary characteristic if 

flocculation and disaggregation are continuous. Otherwise, a lower volume of the floes 

would occur, because previously formed floes settle out of the water column and/or break 

up into smaller particles, so that the volume concentration of the floes would not 

necessary to be in correlation with the concentration of SPM. 

With respect to the mechanisms of particle collision in the study area, Brownian 

motion is unlikely to be important because particles larger than a few f.!m are no longer 

affected, and more than 95 % of particles are larger than 4 /lm (Eisma & Kalf 1987, 

Chapter 4 of this volume). Only by differential settling can continuous flocculation not be 

achieved because floes settle out, which leads to a decrease in SPM concentration. If 

floes occur all the time and flocculation goes on continuously, there must be sufficient 

turbulent energy generated frequently. It can continuously support both particle collision 

resulting in flocculation and breakup of floes into smaller particles, so that both 

flocculated particles and particles to be flocculated remain present in the water column. In 
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Fig. 9. Relationship of total concentration ofSPM with total volume concentration of 
floes which is calculated from data offloc size measured in situ; r2 = correlation 
coefficient. 

the Dutch-Belgian coastal waters, turbulent energy prevails. Tidal currents in the near

surface water of the Dutch coast reach up to 1.1 mls and rapidly change direction around 

slack tide (van der Giessen et at. 1990), and thus regularly generate turbulence in the 

water. According to data from turbulence measurements in this area given by Veth 

(1990), the rate of energy dissipation (e) is around 10-6 m 2/s 3 for the surface water. 

Considering 10-6 m2/s as a normal value of kinematic viscosity (v) for the sea water, then 

the shear rate (G =~ e/v) for this area will be 1 s·l. Weather conditions in the Dutch

Belgian coastal area are often windy, in particular during winter and early spring. 

Turbulence in the surface water is largely induced by wind, which is very variable in 

time. Riebesell (l991a) has estimated a shear rate induced by wind to be 0.37 s-l for the 

surface water around Helgoland, if an average wind speed is taken as 6 m/s. 

Furthermore, random fluid motion in the surface water by ship navigation also generates 

turbulence, which probably is important, as it is an area with the busiest ship traffic in the 

world, particularly Dover Strait. 
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Fig. 10. Relationship of mean floc size with total volume concentration offloes for 
the suiface water (left) and for the sub-suiface water (right); obtainedfrom the in situ 
measurements. 

Role of Concentration in Flocculation--The results indicate that floc sizes generally 

vary irregularly along the transects (Fig. 5) and that the concentrations of SPM generally 

decrease from nearshore to offshore (Fig. 6). Despite this poor relation, a relation of floc 

size with concentration for all samples may exist. A log-log plot of the mean floc size 

versus the total volume concentration shows that the size generally increases with the 

concentration (Fig. 10), with a correlation coefficient (r2) of 0.30 for the surface water 

and 0.57 for the sub-surface water, respectively. This relation suggests that the 

concentration factor plays a role in enhancing flocculation, which is probably because the 

flocculation rate increases with concentration through the frequency of particle collisions. 

The relation of floc size with concentration found here, however, is opposite to 

the results from laboratory experiments and model calculations (Burban et at. 1989, Lick 

et al. 1992), which show that the median size decreases as the concentration increases 

(Fig. IIA). The reason for this contradiction possibly is that the shear rates and particle 

concentrations applied in the experiments and models are very different from those 

occurring in the Dutch-Belgian coastal waters. The laboratory experiments represent 



109 Flocculation in the Dutch-Belgian coastal waters 

median size (/-lm) median size (/-lm) 

100000 ...::- ..., 

10000 

1000 

100 

10 

shear (5") 

A -1 

• 10 
_ .. 100 

~
."'-.. "'-... 
.. ."'-... 
"'-.... 

Sh~a~~:') ~
.. 

0200 

,6400 

0600 

100000 "'1:'"""- ..., 

o non·treatedB 
,6treated 

10000 

1000 

100 

10 +-.L.LI..LlLU'I-'L..LLWIIf--L..LLLwq.......L.u.uWj
 

0.1 1 10 100 1000 0.1 10 100 1000 

concentration (mg/I) concentration (mg/I) 
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show the effects of organic compounds on or in particles (e.g. cohesiveness) on median 
floc size at steady state offlocculation by differential settling, obtainedfrom experiments 
(after Burban et al. 1989, Lick et al. 1992, Lick et al. 1993). 

flocculation under conditions of high shear rates (100 to 600 s-l) and high concentrations 

(10 to 800 mg/l), whereas along the Dutch-Belgian coast the shear rates (around 1 s-l) 

and concentrations «42 mg/l) in the surface water (above 10 m water depth) are much 

lower. At high shear rates and concentrations, breakup of floes may result not only from 

erosion of the floc surface by fluid shear (Parker et al. 1972), but also from collisions 

with all other particles (Lick et al. 1992). In the model calculations, the authors have 

proposed that the latter disaggregation process has to be significant, in order for their 

theoretical analysis to approximate the experimental results (Lick et al. 1992). This 

proves in a way that the breakup due to collisions occurs at high shear rates and 

concentrations. This disaggregation process is possibly so dominant that floc size 

decreases because the frequency of collisions increases with concentration. At low shear 

rates and concentrations, however, the breakup of floes due to the collisions is probably 
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not important, e.g. the model calculations with low shear rate conditions are inaccurate 

(Lick et at. 1992). Thus, the concentration factor simply plays a role in enhancing the 

frequency of collisions, and hence flocculation rate and floc size. It seems that with 

respect to floc size, flocculation conditions regarding shear and concentration are critical 

to determine the role of concentration in flocculation processes, i.e. at low shear rates and 

concentrations, the result is an increase in size, while at high shear rates and 

concentrations, the result is a decrease in size. Possibly, the absence or presence of 

breakup by collision can also explain the dependence of floc size on shear and 

concentration, summarised from previous reports by Dyer (1989), which indicates that at 

a given high shear stress, floc size increases with concentration, reaches a maximum, and 

then decreases; while at a given concentration, floc size varies with shear in the same way 

as with concentration. 

Flocculation Conditions--When flocculation and disaggregation do not reach an 

equilibrium, median floc size is not only dependent on the factors that affect it, but also 

on time (Lick et at. 1992). Laboratory experiments have indicated that when equilibrium 

is reached, or flocculation is at steady-state, the median floc size depends on particle 

concentration and shear rate (Fig. llA), as well as on particle cohesiveness (Fig. lIB) 

(Burban et at. 1989, Lick et at. 1993). 

The divergence from the regression lines in Fig. 10 may have been caused by 

flocculation being in a non-steady-state. Although it is impossible to know whether or 

not flocculation is at steady-state in natural waters, a quick establishing of steady-state of 

flocculation is likely to occur in an energetic environment such as the Dutch-Belgian 

coastal waters, since the time needed to achieve the steady-state from the start of 

flocculation is shortened by the increasing shear rate (Lick et at. 1992). If the floc size 

distributions observed here do represent flocculation at steady-state, the divergence may 

also have resulted from different flocculation conditions concerning a number of affecting 

factors besides concentration. In natural waters, tide and wind conditions are variable 

with time and place, so are composition and cohesiveness of suspended particles. 

Flocculation conditions are most likely to differ from one sample to another in this study. 

If samples along the regression lines were formed under the average flocculation 

conditions, those above the regression lines are formed under conditions relatively 

advantageous to flocculation, e.g. at low shear rates and/or high cohesiveness, because 

they are relatively large-sized; in contrast, those below the regression lines are formed 

under conditions relatively advantageous to disaggregation, e.g. at high shear rates and/or 
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low cohesiveness, because they are relatively small-sized. 

Floc Size Limitation--Flocs observed in situ in the Dutch-Belgian coastal waters 

ranged from 30.7 /lm (the minimal measurable limit in this study) up to 620 !-tm area

equivalent diameter, with an average mean-size of 150 !-tm. The dominant size class, as 

defined here as the range limited by the first standard deviation around mean floc size, 

was between 90 and 250 !-tm. Comparing the dominant size class with those between 

250 and 500 /lm observed in a coastal bay during a diatom bloom by Kranck and Milligan 

(1988) and between 200 and 600 /lm observed in the surface water near Helgoland 

between April and June by Riebesell (1991 a), the flocs in the Dutch-Belgian coastal 

waters were generally small. Large flocs in a size class of millimetre or over were not 

found in this study, not even during the April and June cruises with a high biological 

productivity, when chlorophyll a concentrations were up to 25.9 !-tgll (Fig. 9, Table 1). 

The large suspended particles with a special pattern (shown in the photographs of Fig. 2) 

were not incorporated in flocs, but suspended in the water as single units. 

Although the large marine snow-sized flocs were generally absent in the Dutch

Belgian coastal waters during this work, the biological effects on flocculation can not be 

excluded. High chlorophyll a concentrations appeared during June and were comparable 

to those found in the surface water near Helgoland by Riebesell (1991a) when large 

marine snow-sized flocs were abundant. The highest organic contents of SPM occurred 

during June, which, too, suggests that biological processes in relation to excretion of 

dissolved organic material or polymers from phytoplankton and bacteria could have 

participated in flocculation processes in the Dutch-Belgian coastal waters (Alldredge et al. 

1993, Passow et ai. 1994, Alber & Valiela 1994). 

A reason for the general absence of large marine-sized flocs in the Dutch-Belgian 

coastal waters during our field sampling is possibly the limitation of maximum floc size 

through breakup of large floes by fluid shear. Parker et ai. (1972) have shown that a 

maximum stable floc size limited by floc breakup is directly proportional to the floc 

strength and inversely proportional to the shear rate with a power of 1 or 2, depending on 

the floc size relative to the Kolmogorov microscale. From field observations over 18 

months, Riebesell (1992) has reported that large marine snow-sized floes appeared only 

when a large phytoplankton biomass coincided with low wind speeds, and concluded that 

wind-induced turbulence resulted in breakup of these floes and was responsible for their 

disappearance. It seems in the Dutch-Belgian coastal waters that large marine snow-sized 

floes may only be observed under special (rare) conditions. 
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5. CONCLUSIONS 

1.	 In the surface water (above 10 m) ofthe Dutch-Belgian coast, flocs were observed 

all the time during the four cruises. The maximum floc size was found to be 620 

J.lm and the dominant floc size class in the range of 90 to 250 J.lm. 

2.	 The marine snow-sized flocs were generally absent in the water, even during the 

June cruise with high concentrations of chlorophyll a and organic contents of SPM. 

3.	 Particle concentration plays a role in enhancing flocculation in the water, which is 

indicated by a general increase of mean floc size with the volume concentration of 

flocs. A reason for this relationship is possibly that particle collisions at the shear 

rates and concentrations present in the water generally influence the flocculation rate 

positively, but only in a limited way lead to breakup of floes 

4.	 The divergence in the correlation between mean floc size and the volume 

concentration of flocs may have been caused by flocculation being at non-steady

state; but may also have resulted from fluctuations in e.g. fluid shear and particle 

cohesiveness. 
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Chapter 6 

Floc size in relation to concentrations of particulate 

carbon, lipids, proteins and chitin in the North Sea 

ABSTRACT	 Mean size by volume-size distribution of in situflocs in the North Sea was 
found to decrease at increased concentrations ofparticulate lipids, proteins 
and chitin during winter, whereas during spring the mean floc size 
decreased with increased concentrations in suspended particulate matter 
(SPM) in j1glmg, but increased with the concentration in water in j1g/l. 
The decrease in mean floc size with the concentration of the biochemical 
compounds in SPM (j1glmg) is possibly caused by a stabilization effect of 
polymers on the SPM. The increase in mean floc size with the 
concentration ofthe biochemical compounds in water (j1g/l) was explained 
by the presence of biological floes that were found during a spring 
phytoplankton increase. 

1. INTRODUCTION 

Cohesion responsible for most floes present in natural waters is usually related to 

organic binding (Eisma 1986), while the dissolved salts in brackish and sea waters are 

considered to have an effect on the particle's cohesiveness, but not to be crucial to floc 

size (Eisma et al. 1991 a, Chapters 2 & 3 of this volume). Although the processes of 

organic binding resulting in flocculation of suspended particles in aquatic systems are not 

clear, there has been an increasing number of studies showing that biological compounds 

play an important role in binding suspended particles together (Riley 1963, Pavoni et at. 

1972, ten Brinke 1993). The mechanisms for organic compounds resulting in 

flocculation are attributed to bridging by high molecular weight polymers and 

hydrophobic interactions. The bridging is done by polymers because segments of a 
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Fig. 1. Map of the North Sea. 20 stations (shaded and closed circles) were 
sampled during Jan. 1992, and 21 stations (open and closed circles) during 
Mar. /993. 

polymer chain adsorb on different particles, so that flocculation occurs (Gregory 1987). 

Hydrophobic interactions, because of the structure change of vicinal water on the surface, 

can be responsible for attraction between hydrophobic surfaces in aqueous system (Lu & 

Song 1991). 

In marine systems, biopolymers such as proteins and chitin are excreted into the 

sea water by phytoplankton, zooplankton and bacteria, whereas lipids are regarded as 

hydrophobic because they contain esters. These three species of biochemical compounds 

make up more than 30% of the organic part of phytoplankton (Mayzaud & Martin 1975). 



115 Floc size in relation to biochemical compounds 

mean size (11m) mean size (11m) 
300 

230 

160 

90 
0 

300 

0 surface 
0 surface 

0 230 0 

0 

160 ~ 
0 

e 0 0 0 0 

90 
5 10 15 20 0 80 160 240 320 

POC (%) POC (119/1) 

mean size (11m) mean size (11m) 
320 320 

0 0 

bottom bottom 
240 240 

o 0 

o 0 0~ 
0 0160 160 

0 0 0 0 
0 0 

80 80 
0 3 6 9 12 0 100 200 300 400 

POC (%) POC (119/1) 

Fig. 2. Relation ofmean floc size with the concentrations ofparticulate organic carbon 
(POC) in SPM (left) and in water (right), samples from the North Sea during Mar. 93. 

In this paper we discuss the effects of particulate lipids, proteins and chitin on the 

cohesion of suspended particulate matter in the North Sea based on the relation of floc 

size with the concentrations of these biochemical compounds, and a comparison between 

winter and spring. 

2. MATERIAL AND METHODS 

Two sampling cruises were carried out in the North Sea in winter and spring, 

respectively. During Jan. 1992, photographs of floes in suspension for in situ size 

measurements were taken using an 1: 1 underwater camera in the surface water (1 to 2 m 

water depth) at 20 stations covering the North Sea (Fig. 1) (for more details see Chapter 

4). Simultaneously, samples for particulate lipids, proteins and chitin measurements 

were collected with a pump-filter system from the surface water (2 to 5 m water depth) at 

the same stations; the particulate material on a precombusted and preweighted glassfibre 
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Fig. 3. Relation ofmean floc size with the concentrations of lipids in SPM (left) and in 
water (right), samples from the North Sea suiface water during Jan. 92 and Mar. 93. 

filter (GF92) was preserved in a freezer until the analysis (Lardinois et al. 1995). 

During Mar. 1993, sampling was carried out at 21 stations (Fig. 1). Photograph 

samples were also collected at 2 m above the sediment bed in the bottom water. For the 

biochemical compounds, samples were taken in the same way as during Jan. 1992. In 

addition, water samples for particulate organic carbon (POC) were collected with a 12

liter Niskin bottle at the same depths as the camera photographs about 10 min before or 

after the camera photographs were taken. On board, 200 ml of the water was filtrated 

over a precombusted 25 mm Whatman GF/F glassfibre filter; this filter was sealed in a 

precombusted ampoule with 5 ml aqueous solution (for more details see Cadee, 1982). 

In the laboratory, the in situ floc size was obtained from image analysis of the 

photographs (cf. Chapter 4). The particulate lipids and protein contents were detennined, 

respectively, using the photometric method of Barnes & Blackstock (1973) and of 

Schacterle & Pollack (1973), and the chitin using enzymatic method of Jeuniaux (1965) 

(Lardinois et al. 1995). POC was measured with a 0524B Total Carbon System of 

Oceanography International, which follows the wet persulphate oxidation method of 



Floc size in relation to biochemical compounds 11 7 

mean size (!-Im) mean size (f..lm) 
300.,....- ----.

300 T"""---------------.
 
o
o 0 Jan. 92 o Jan. 92
 

220
 220 
o o 

140 140 

60 +----.--+--.,....---1-.....,...-+--r--~ 

o 9 18 27 36 o 60 120 180 240 
proteins (f..lg/mg) proteins (f..lg/I) 

60.J---.---+----.,....--+--or---+-.,....--! 

o 9 18 27 
proteins (f..lg/mg) 

mean size (f..lm) mean size (f..lm)
300.,....- --, 300 

0 Mar. 93o Mar. 93 
o 0 

220220 
0 

0 
0 0 o 00 0

0 6
--0 6 0 0 

0 
140140 0 

0 0 '0CD 

60 .J-......,.--+--..----+-........-+----,--~ 60 
36 0 40 80 120 160 

proteins (f..lg/I) 

Fig. 4. Relation ofmean floc size with the concentrations ofproteins in SPM (left) and 
in water (right), samples from the North Sea suiface water during Jan. 92 and Mar. 93. 

Menzel & Vaccaro (1964). 

3. RESULTS 

Mean floc size by volume-size distribution was taken to represent the sizes of 

flocs analysed from a sample. The concentrations of the particulate biochemical 

compounds and POC were given in two ways: in per litre of water; and in per milligram 

of the total SPM or (in percent for POC). Mean floc size was plotted versus the 

concentrations of POC, lipids, proteins and chitin both in water and in SPM, 

respectively, shown in Figs. 2 to 5. In each of the graphs, a regression line indicates a 

decrease or increase in mean floc size when the concentrations of POC or of the 

biochemical compounds increase. 

In Fig. 2, the results show that the mean floc size decreases as the POC 

concentration in SPM (in Ilg/mg) increases, whereas the mean floc size increases with the 
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increased POC concentration in water (in f..lg/l). There is no difference in this relation 

between floes from the surface and bottom waters. In Fig. 3, the results show that both 

in winter and spring, the relations between mean floc size and the concentration of lipids 

in SPM (in f..lg/mg) are the same: the mean floc size decreases as the concentration 

increases. But it is opposite between winter and spring in the relation of mean floc size 

with the concentration of lipids in water (in f..lg/l). In Figs. 4 & 5, the results from 

proteins and chitin show the same as from lipids, although lipids are different from 

proteins and chitin in chemical properties. 

4. DISCUSSION 

The floc size distribution in natural waters is determined by the rate at which floes 

form and at which floes break up, and both rates are dependent on a number of factors 

such as particle size, particle cohesiveness (floc strength) and shear rate as well as the 

8 
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mechanisms responsible for aggregation of particles and for floc breakup. Among these 

factors, particle cohesiveness enhances the probability of particle cohesion which is 

directly proportional to the rate of flocculation (Lick et al. 1992), whereas floc strength is 

inversely proportional to the rate of floc breakup with a power 1 or 1.7 (depending on the 

mechanisms of breakup because of shear). Therefore, floc size always increases with 

particle cohesiveness or floc strength in proportion to cohesion properties. The in situ 

flocs from all samples measured during this work, were found under different 

hydrodynamic conditions: therefore, a correlation of mean floc size with particle 

cohesiveness is strongly influenced by other factors that affect flocculation and 

disaggregation, but there is a general tendency that mean floc size increases with particle 

cohesiveness. If the biochemical compounds analysed by Lardinois et al. (1995) are 

responsible for cohesion of SPM occurring in the North Sea, then the results shown in 

Figs. 2 to 5 indicate a relation of the cohesiveness of the particles in the analysed flocs 

with the concentrations of POC, lipids, proteins and chitin. 

The results from lipids, proteins and chitin do not show any difference in their 

general relation with mean flocs size. Therefore, we are not able to predict cohesion 

processes by these biochemical compounds, such as bridging by polymers and 

hydrophobic interactions, although the chemical properties of proteins and chitin in 

relation to flocculation are obviously different from those of lipids. It can also not be 

certain whether all these compounds take part in cohesion processes, or only individual 

compounds result in a cohesion that makes particles stick together, because the 

concentration rate between the individual compounds seems constant in a general sense: 

each individual concentration increases or decreases at the same time, depending on 

biological activity. This can be seen from the correlation of POC with lipids, protein and 

chitin, shown in Fig. 6. Thus using POC instead of lipids, proteins or chitin to examine 

the effects of the biochemical compounds on flocculation does not make difference, at 

least, for the situation in spring (no POC data are available for the winter during this 

study). 

The opposite relations of mean floc size with the concentration of biochemical 

compounds in water and in SPM were found for the spring samples, but not for the 

winter. This may be explained by the different forms in which these biochemical 

compounds exist in natural waters. If these compounds are generally adsorbed on 

various kinds of particles of SPM, we should use concentration in SPM. If, however, 

these compounds are selectively concentrated on some species of particles, then using the 
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concentration per volume of water is more realistic. But we can not make a choice 

between them without any knowledge on the form in which these biochemical 

compounds are present in the North Sea. 

Thus there are two hypotheses to explain the two relations of mean floc size with 

the biochemical compounds. One is based on the supposition that the biochemical 

compounds are adsorbed on all kinds of particles without selection. The results indicate 

that in that case the mean floc size decreases when the concentration of lipids, proteins or 

chitin increases. This means that these compounds have a stabilizing effect on dispersed 

particles, besides flocculation. For flocculation by polymers and polyelectrolytes, 

Gregory (1987) has shown that when excess polymer is adsorbed on particles, they can 

become restabilized, either because of surface saturation or by steric stabilization. The 

other hypothesis is based on the assumption that lipids, proteins and chitin are 

concentrated in floes that consist mainly of biological products, for instance, marine snow 

type particles. In that case, the concentration of lipids, proteins or chitin in water should 

be considered. The results from the spring samples indicate that the mean floc size 

increases with the concentration of lipids, proteins and chitin in water. This possibly 

occurs only during an increase in plankton growth, because the results from the winter 

samples still indicate a decrease in mean floc size as the concentration of the biochemical 

compounds in water increases. 

5. CONCLUSIONS 

1.	 The size of flocs examined in the North Sea is related to the concentrations of 

particulate lipids, proteins and chitin. All these relations, obtained in winter or in 

spring are the same for each individual biochemical compound. 

2.	 During winter, the mean floc size decreases as the concentrations of lipids, proteins 

or chitin in SPM (in Ilg/mg) and in water (in Ilg/1) increase. These compounds are 

possibly adsorbed onto all kinds of suspended particles, and have a stabilizing 

effect on the particles (floes). 

3.	 Because of increased plankton growth during spring, these biochemical compounds 

are probably concentrated in floes that are mainly produced by living organisms. 

The mean floc size then increases with the increased concentration of lipids, 
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proteins and chitin in water, but not in SPM, as indicated by the spring samples. 
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Chapter 7 

Fractal geometry of in situ floes in the estuarine and 

coastal environments* 

ABSTRACT	 One- and two-dimensional fractal dimensions of in situ flocs were 
determined from the dependence ofthe area and perimeter ofprojection of 
the flocs on their greatest length, using an underwater camera and image 
analysis system. Values for the fractal dimensions offlocs in the Elbe 
estuary and the North Sea vary among the samples: Dl in the range of 
1.03 to 1.14 and D2 in the range of 1.41 to 1.81. D2 obtained here 
represents the three-dimensional fractal dimension offlocs which has been 
obtained in previous studies from the dependence of settling velocity or 
porosity ofjlocs on their characteristic length. 

From comparisons ofenvironmental factors, it was not found that 
the fractal dimension is related to fluid shear. Salinity effects on the fractal 
dimension are probably also insignificant in our samples. The relationship 
ofD 1 with the concentration of suspended matter is fairly convincing and 
suggests that the flocs have a rougher edge of projection at high 
concentrations than at low concentrations. 

1. INTRODUCTION 

Floes in suspension in estuarine and coastal waters have recently been 

investigated by means of in situ underwater photography (Eisma et al. 1991a, Eisma & Li 

1993, Chapters 2 & 5 of this volume). These floes consist of mineral grains, biogenic 

debris and rather fluffy organic material. Pictures from an in situ camera and from 

* This chapter is published in Neth. J. Sea Res. 33:173-182 (1995), with co-author D. Eisma. 
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scanning electronic microscopy show them to be of highly irregular shape and disordered 

nature, with the area-equivalent sizes ranging from a few micron to a few millimetres. 

Our results so far have indicated that with respect to size distribution, the formation of 

these floes is typically a physical process in which aggregation by differential settling of 

particles/flocs and by fluid shear play key roles (Eisma & Li 1993, Chapters 2 & 5 of this 

volume). This finding strongly suggests that differences in the geometric structure of 

floes in estuarine and coastal waters can be distinguished by applying fractal theory 

(Meakin 1991). 

The structures of real fractal floes are scale invariant or self similar in the statistical 

sense. The number of particles (N) in a fractal floc is proportional with some power to 

the characteristic length of the floc (I) (Meakin 1988). This relationship can be expressed 

as 

N-ID (1) 

where D is the fractal dimension of the floc. For a Euclidean object such as a sphere, D = 

3. Floes aggregated by random processes have fractal dimensions significantly less than 

the Euclidean 3. For instance, Li and Ganczarczyk (1989) have determined the effective 

fractal dimension for a variety of aggregates generated by wastewater treatment using 

published data for the dependence of the settling velocity on the characteristic aggregate 

radius. Values of D in the range of 1.4 to 2.8 were obtained. For the effective fractal 

dimension of floes in aquatic systems, Logan and Wilkinson (1990) estimated 1.26 for in 

situ marine snow, 1.78 for estuarine floes and 1.94 to 2.14 for oceanic biological 

aggregates, indicating that the order of the fractal dimensions is: in situ marine snow < 

estuarine floes < oceanic aggregates. 

Besides quantifying the complex structures of floes, fractal theory dealing with 

flocculation processes can potentially identify the aggregation mechanism as well as the 

cohesive efficiency of the particles composing the floes. In the case of colloidal 

aggregation of inorganic particle system, two distinct, limiting types have been 

characterised by the fractal dimension (Lin et al. 1989). One type of aggregation is rapid 

and results in highly tenuous structures of aggregates. It is referred to as diffusion

limited colloidal aggregation (DLCA) because of the negligible repulsive force between 

colloidal particles. The fractal dimensions for this type of aggregates are around 1.8. 

Another type of aggregation is slow because its rate depends on the time required for the 

colloidal particles to overcome a substantial repulsive barrier. This aggregation is 

classified as reaction-limited colloidal aggregation (RLCA) and forms aggregates with D 
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values around 2.1. For f10cs in aquatic systems, a fractal classification with respect to 

particle relative motion resulting in aggregation was given by Jiang and Logan (1991). 

The authors calculated from theoretical steady-state size distributions that fractal 

dimensions of aggregates formed solely by fluid shear are higher than 2.4, and solely by 

differential settling are between 1.6 and 2.3. 

The results introduced above, as well as many computer simulations (see review 

by Meakin, 1988) have demonstrated that the application of fractal theory to flocculation 

processes provides a unique approach to characterise the complex structures of f10cs in 

quantitative terms and, more significantly, is quite promising to understand the 

aggregation mechanisms by which the f10cs are formed. Most flocs in estuarine and 

coastal waters are found to be fragile and are aggregated by random processes (Eisma et 

al. 1991a, Eisma & Li 1993, Chapter 2 of this volume). It is therefore most likely that 

these f10cs are fractal. Their aggregation processes may be analogous to the simple 

limiting case models such as DLCA and RLCA. 

It should be emphasized that an in situ technique is necessary to deal with the 

fractal dimension of flocs in estuarine and coastal waters. Because of the fragile nature of 

the f1ocs, they are easily broken up due to shear created during sampling and experimental 

measurements. Besides floc breakup, restructuring of f10cs may be caused by inevitable 

disturbances during the sampling and measurements, which changes the fractal dimension 

(Meakin 1988). For example, some values of fractal dimension obtained from biogenic 

aggregates cultured in a laboratory reactor were thought to be too high because of 

aggregate restructuring during experiments with strong mixing (Logan & Wilkinson 

1990). It seems that the fractal dimension of f10cs is sensitive to the surrounding 

hydrodynamic conditions when, as well as after, the flocs are formed. 

2. MATERIAL AND METHODS 

Theoretical Considerations--In situ size measurement of flocs by underwater 

photography has rather extensively been done at present. Image analysis of photographs 

of f10cs can give quite accurate data for the area, perimeter and greatest length of 

projection of the flocs. Based on data obtained from such an in situ measurement, we 

assumed that the scaling relationships between the perimeter (P) of the image of an 

projected floc and its greatest length (l), and between the area (A) of the image and l are 

given, respectively, by 
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Fig. 1. Map of sampling positions. For this study, three samples were taken 
from an anchor platform in the Elbe estuary and seven samples were taken from 
the North Sea. 

P-lDI (2) 

and A _lD2 (3) 

where Dl is defined here as the one-dimensional fractal dimension of the projection of the 

floc and D2 as the two-dimensional fractal dimension. The value of Dl (or D2) can be 

calculated from the slope in a log-log plot of A (or P) versus l. For a perfect, infinite 

fractal, D2 is equal to the three-dimensional dimension, D3, of the parent fractal, if D3 < 
2; but it is reduced to dimension 2, ifD3 ~ 2 (Meakin 1988). This property provides a 
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Table 1. Sampling infonnation and environmental factors ofsamples. 

sampling sampling sampling water water current concen- organic 
sample location date depth depth salinity velocity tration content 

(m) (%0) (mls) (mgll) (%) 

E1415 Elbe estuary 6/11/91 surface 9.1 0.06 71 15.5 

E1530 Elbe estuary 6/11/91 surface 7.3 0.85 63.3 10.9 

E1520 Elbe estuary 6/11/91 bottom 7.4 0.70 156 13.5 

JCHl southern N.S. 6/23/93 5rn 29.5 35.15 9.6 21 

92WT34 southern N.S. 1/27/92 surface 42.7 35.00 30 12.6 

92WT34 southern N.S. 1/27/92 bottom 42.7 35.00 51.7 11.3 

93SP18 central N.S. 3/26/93 surface 67.5 35.05 3.1 22.6 

93SP18 central N.S. 3/26/93 bottom 67.5 35.05 2.6 15.7 

93SP34 southern N.S. 4/1/93 surface 43.0 34.73 7 8.2 

93SP34 southern N.S. 4/1/93 bottom 43.0 34.75 38.2 12.1 

way to obtain the dimensions of fractals with D3 < 2 from their projection dimensions, 

and is applied here. 

Sampling--Three samples were taken from the Elbe estuary in June 1991 and seven 

samples from two regions in the North Sea during 1992-93. Sampling positions are 

shown in Fig. 1. Photographs that give the projection of flocs were taken with a 1: 1 in 

situ jnderwater camera, developed at the NIOZ (Eisma et aI. 1990). During 

photographing, the flocs were not disturbed so that their geometric structures remained in 

their natural state. At least five photographs were taken for one sample from the surface 

water as well as from the bottom water: the time interval between two photographs was 

around 12 seconds and between two sampling depths 3 to 4 minutes. 

Along with photographing, salinity and current velocity were measured in situ at 5 

metre water depth (for the Elbe estuary only). Water samples were collected with a 

Niskin bottle, around 10 minutes before or after the photographs were taken. Filtration 

of the water samples without net screening was carried out on board, using pre-weighed 

0.4 /lm Nuclepore filters. In the laboratory, the concentration of suspended matter was 

determined by dry weight (the samples were dried at 55°C for a few days). The organic 

content was estimated by weight using the combustion method: the samples were ashed at 

550°C over 8 hours. All these sample environmental factors, together with sampling 

information are shown in Table 1. 

Image Analysis--In order to avoid the photograph variation, at least four photographs 
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of each sample were analysed using an image analysis system. The system, developed at 

the NIOZ (Eisma et al. 1990), consisted of a microscope, video camera, monitor, 

personal computer and image analysis software (TIM, version 3.36, Difa Measuring 

Systems). The TIM provided a window of 512 by 512 pixels on the monitor. One pixel 

was calibrated to be a 10.87 by 7.549 J..lm rectangle on the base of a microscopic lens and 

the 1: 1 camera photograph. A complete photograph was divided into 24 sections and 

they were analysed one by one. Before the analysis, an analysing section of the 

photograph was amplified by the microscope and was transferred to the monitor by the 

camera. The picture on the monitor was then converted to 256 gray scales and was 

thresholded to a binary image (black and white) by the TIM. A thresholding value was 

chosen to define floc images from the originals which were seen on the monitor 

meanwhile. Because of differences in contrast between the flocs in the photograph, it 

was impossible to obtain all floc images from the picture without exaggerating the size of 

those of high contrast. We chose those of high contrast for the thresholding, and thus a 

number of flocs of low contrast were lost. Besides, the floc images lying on the border 

between the sections were recognised and removed out because they were not complete as 

one. Both these losses in obtaining floc images, however, were equally to have taken a 

lower number of flocs from a sample, and will not influence to the results as long as the 

number of flocs analysed is for sufficient statistical purposes. An example of the 

thresholding procedure is shown in Fig. 2. 

Once the thresholding value was chosen, the TIM counted the number of pixels in 

the image to obtain the area. The perimeter and greatest length were computed by the 

TIM, while the non-square pixel effect was calibrated. Because the resolution was poor 

to small flocs, data obtained from the small ones (e.g. mostly < 100 11m area-equivalent 

diameter) were inaccurate that the greatest length is shorter than the area-equivalent 

diameter. All these incorrect data were excluded from the results. As an example, Fig. 3 

shows data obtained from a measurement of one complete photograph, indicating a linear 

correlation in log-log plots of the area versus the greatest length, and of the perimeter 

versus the greatest length, respectively. 

Fig. 2. Part ofphotograph offloes (top) taken with the 1:1 underwater camera; sketchy 
figure (bottom) illustrates floc images obtained from the photograph and the loss of a 
number ofobjects oflow contrast after thresholding. 
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Fig. 3. A: Linear correlation in log-log plots ofperimeter versus greatest 
length for the determination of D1. B: Linear correlation ofarea versus 
greatest length for the determination ofDz. r Z =correlation coefficient. 

3. RESULTS 

-

Thresholding Effect--The thresholding procedure was crucial to define floc images 

from the originals in photographs. Although the contrast between photographed floes 

and their background was sharp, there were differences in contrast between the floes. 

Because of this, it was always a dilemma in thresholding: to obtain reasonably precise 
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Fig. 4. A: The change of Dl (squares) and D2 (circles) with the 
thresholding value irregularly. B: Changes of the number of floes 
measured (N, circles) and their mean size (MS, squares) with the 
thresholding value, indicating the loss in floc images of low contrast at 
high thresholding values, and the size exaggeration of those of high 
contrast at low thresholding values. 

images from the floes of high contrast will result in the loss of those of low contrast, or to 

obtain the floc images as many as seen in the photograph will obviously exaggerate the 

size of those of high contrast. A test of the thresholding effect on Dl, D2, the number of 

floes measured and mean size by number of these floes was carried out with a photograph 

by setting a number of the thresholding values between 110 and 190 with a step of 20. 
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Table 2. Analytical variations in triple measurements offive photographs ofone sample 
(±standard deviation). 

photograph N° 2 3 4 5 

number of floes 115 ± 21 42 ± 1 105 ± 5 61 ± 2 47 ± 8 

mean size (Jlm) 150 ± 11 146 ± 3 141 ± 3 153 ± 2 149 ± 5 

maximum size (Jlm) 1530 ± 4 569 ± 5 536 ± 13 554 ± 5 619 ± 8 

minimum size (Jlm) 88 ± 5 108 ± 4 96 ± 4 108 ± 4 111 ± 9 

size range (Jlm) 1441 ± 8 460 ± 8 440 ± 17 445 ± 1 508 ± 4 

fractal dimension D2 1.65 ± 0.05 1.71 ± 0.08 1.68 ± 0.05 1.65 ± 0.03 1.67 ± 0.06 

correlation coefficient 0.91 ± 0.01 0.91 ± 0.01 0.82 ± 0.03 0.77 ± 0.01 0.86 ± 0.02 

fractal dimension D 1 1.03 ± 0.02 1.00 ± 0.02 1.03 ± 0.02 1.03 ± 0.02 1.05 ± 0.02 

correlation coefficient 0.96 ± 0.00 0.94 ± 0.01 0.92 ± 0.Q1 0.92 ± 0.01 0.94 ± 0.02 

For this photograph, a thresholding value of 150 was reasonable (i.e. producing 

relatively precise floc images without the exaggeration of those of high contrast). The 

results are shown in Fig. 4 that both Dl and Dz were changed with the thresholding value 

irregularly with a standard deviation of 0.03, because the floc images defined were 

changed with the given thresholding value. The number of the floes decreased as the 

given thresholding value increased, indicating the loss of floc images of low contrast. 

The increased mean size resulted from the exaggeration of those of high contrast, as the 

given thresholding value decreased. 

Length Scale Effect--In principle, the dimension of a fractal floc is determined by the 

configuration of particles within the floc, and is invariant with its size. Since the scaling 

properties (Eqs. 2 & 3) were assumed to determine fractal dimensions of floes, it is 

necessary to verify the scaling properties with the range of length scale. Furthermore, the 

fact that the floes are composed of various kinds of particle components with their own 

finite sizes (Chapter 2 of this volume) also suggests that the values determined in this way 

may be somehow related to the range of length scale. 

To examine the length scale effect on fractal dimension, a number of different size 

ranges of data were used to calculate their Dl and Dz. Each of the size ranges of data was 

derived from the same measurement of a photograph, and was selected from a given 

minimum floc area-equivalent diameter to the same maximum. The results, shown in 

Fig. 5, indicate that Dz decreased as the minimum floc size increased (i.e. the size range 

became short) and that Dl had a peak at the minimum floc size of 406 /lm. Both 

correlation coefficients decreased as the minimum floc size increased, indicating that the 
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scaling properties became poor as the size range became short. The length scale effect on 

Dz seems to suggest that D2 decreases as the floc size increases. If this is true, it means 

that the floes do not exhibit a simple scaling behaviour and that our assumption of the 

scaling properties is farfetched. On the other hand, the length scale effect may also 

resulted from the resolution in defining floc images because it decreases with the floc 

size. 
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Table 3. Fractal dimensions for in situflocs in the Elbe estuary and the North Sea and 
standard deviations (after ±) for the photographic variation. 

sampling number of mean size size range dimension correl. dimension correl. 
sample depth floes (pm) (pm) Dt r2 D2 r2 

E1415 surface 472 ± 105 168 ± 5 1157 ± 347 1.09 ± 0.01 0.95 1.68 ± 0.03 0.87 

E1530 surface 485 ± 20 130 ± 2 571 ± 50 1.03 ± 0.02 0.90 1.41 ± 0.05 0.81 

E1520 bottom 429 ± 22 257 ± 4 2313 ± 268 1.14 ± 0.01 0.97 1.70 ± 0.03 0.95 

JCH1 5m 74 ± 34 148 ± 5 659 ± 438 1.03 ± 0.02 0.94 1.67 ± 0.03 0.85 

92WT34 surface 62 ± 13 125 ± 3 744 ± 120 1.04 ± 0.07 0.95 1.61 ± 0.09 0.87 

92WT34 bottom 170 ± 26 208 ± 4 1040 ± 102 1.07 ± 0.00 0.96 1.66 ± 0.04 0.88 

93SP18* surface 13 176 302 1.05 0.96 1.81 0.82 

93SP18* bottom 92 163 604 1.01 0.92 1.76 0.84 

93SP34* surface 44 142 347 1.06 0.96 1.81 0.91 

93SP34 bottom 406 ± 74 153 ± 2 741 ± 147 1.05 ± 0.01 0.94 1.60 ± 0.05 0.87 

* calculated based on data obtained from all the measured photographs. 

Variation in Measurements--Every image analysis of the same one photograph may 

result in slightly different data. Already a little change in the illumination conditions by 

variations in the electricity leads to a re-definition of the same images. The position of the 

boundaries between the sections is determined by the initial position of the photograph 

(i.e. negative) under the microscope. Because this can not be done exactly the same way 

in each time, some of floc images may touch the border at one time of analysis and may 

not at another. This variation was examined with five photographs of a sample by triple 

measurements, and the results are given as standard deviations in Table 2. The results 

indicate that the variation differed among the photographs. The standard deviation for Dl 

was around 0.02, and for D2 was from 0.03 to 0.08. 

Fractal Dimensions--The greatest length of the floes analysed here generally ranged 

from 91 to 2491 ~m, with individual samples spanning one and two orders of the 

magnitude. The flocs have fractal scaling properties in one and two dimensions with 

correlation coefficients above 0.81 (Table 3), and the fractal dimensions were 

characterised in this way to be between 1.01 and 1.14 for Dl and between 1.41 and 1.81 

for D2. The details are shown in Table 3, which gives data of the number of measured 

floes, mean floc size, size range of measured flocs, fractal dimensions and correlation 

coefficients of all the samples. These values are averages based on data obtained from 
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Fig. 6. Comparisons of DI and D2 between the surface and bottom 
samples, indicating no systematic variation of the fractal dimensions of 
floes with the water depth. 

each photograph of one sample, and standard deviations represent the variation among the 

photographs. For three of the samples there were only a few floes in the photographs, so 

that the values were calculated from data gathered from all photographs of one sample 

instead of from each of the photographs separately. In this case, a standard deviation for 

the variation is not given. 

The fractal dimensions may be related to environmental factors. Also sampling 

depth may be a factor, because of the type of particle aggregation processes (Jiang & 
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(around 35 %o). 

Logan 1991), i.e. the possibility to form flocs by the aggregation of fluid shear or 

differential settling, is affected the water depth. Four pairs of samples were used to 

compare their 01 and 02 between the surface and bottom waters (samples E1520 and 

E1530 were taken at 15:20 and 15:30 hrs, respectively). The results, shown in Fig. 6, 

indicate no relationship of 01 or 02 with sampling depth. 

The salinity of water may be a factor determining fractal dimension. This can be 

the case for salt flocculation of colloidal particles, in which the salt determines the type of 
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aggregation (e.g. DLCA and RLCA) and hence the fractal dimension of floes (Lin et al. 

1989). Fig. 7 shows that the variations of Dl and D2 with salinity were irregular. 

Although salinities were very different between the Elbe water (low) and the North Sea 

water (high), a relationship of fractal dimensions with salinity could not be observed. 

Samples E1415 and E1530 were taken from the surface water at 14:15 and 15:30 

hrs after high water slack tide. During the period between the two samplings, current 

velocities increased from 0.06 to 0.85 mlsec and the water became very turbulent. Dl 
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and D2 were higher at low current velocities than at high current velocities (Table 3); the 

mean floc size indicates that flocs generally became smaller, because of breakup of large 

floes at increasing current velocities (Chapter 2 of this volume). 

A relationship of Dl with the concentration of suspended matter was fairly 

obvious: the fractal dimension increases with the concentration (Fig. 8). A relationship of 

D2 with the concentration, however, was not so obvious but there appeared to be a 

slightly decrease of D2 as the concentration increased (Fig. 8). If the three samples from 
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the Elbe estuary were considered separately, D2 increases with the concentration, which 

is opposite to the general relationship. 

Dl and D2 do not show a relation with the organic content of the suspended matter 

(Fig. 9), and the correlation coefficients were rather low « 0.1), whereas the slopes of 

the regression lines were flat. The three samples from the Elbe estuary, however, show 

an increase of both fractal dimensions with the organic content. 

4. DISCUSSION 

About D2 and D3--In this paper, the first measurements are given of Dl and D2 of 

flocs in estuarine and coastal environments, by using of an in situ technique of 

underwater photography. Fractal dimensions of floes in aquatic systems have been 

obtained by Li and Ganczarczyk (1989) and Logan and Wilkinson (1990) using data of 

the characteristic length and settling velocity (or porosity). Values obtained here for D2 

are the dimension of projection of in situ floes, or a two-dimensional fractal dimension; 

therefore, they are not equal to the three-dimensional fractal dimension, D3, of the floes, 

if D3 ;::::: 2, which is the limit of the method applied here. For flocs with D3 < 2, 

however, these two-dimensional values can be taken to represent D3, because in theory 

they are equal (Meakin 1988). 

To take the two-dimensional value as D3, we must first assume that flocs in our 

samples have D3 < 2. Although the theoretical calculations by Jiang and Logan (1991) 

indicated some fractal dimensions> 2 for floes in aquatic systems, Logan and Wilkinson 

(1990), using experimental data, gave values < 2 for D3 of various kinds of flocs in 

aquatic systems, except one oceanic sample with a D3 of 2.14. This exception may be 

overestimated because the data obtained were not based on in situ measurements. A 

fractal dimension obtained from laboratory experimental data may be higher than that 

from in situ data, because floc restructuring may happen during the experiments, which 

increases the fractal dimension (Lindsay et al. 1987, Meakin 1988, Logan & Wilkinson 

1990). For example, among all the values for D3 given by Logan and Wilkinson (1990), 

the lowest one was obtained from in situ data. It is, therefore, reasonable to assume that 

the floes in our samples have D3 < 2. 

Although a D3 of floes can be obtained from their projection (if their fractal 

dimension is < 2), the finite size of the floes causes a reduction in the dimension of their 

projection (Nelson et al. 1990). Therefore, the values obtained in this way for D3 are an 
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apparent fractal dimension in which the true D3 is underestimated. In an example given 

by Nelson et al. (1990), the difference between the apparent (1.83) and true (1.90) 

dimensions is not large. It is assumed that for our samples the difference is of the same 

order. 

Effects on Fractal Dimension--Previous studies, including computer simulations and 

laboratory experiments of various colloids have demonstrated that the fractal dimension of 

floes depends on the type of aggregation regarding its kinetics, no matter what kind of 

particle component the floes consist of (Meakin 1988, Lin et al. 1989). Although the 

knowledge on aggregation kinetics of the formation of floes in aquatic systems is still 

lacking, it has been suggested that fractal dimensions of the floes vary among different 

environments (i.e. reflected by different types of flocs, Logan & Wilkinson 1990) and 

vary with the type of aggregation in relation to particle relative motion (Jiang & Logan 

1991). 

With respect to particle relative motion in estuarine and coastal waters, two types 

of aggregation processes dominate in the formation of floes studied here: differential 

settling and fluid shear. According to the aggregation orders of flocs given by Krone 

(1986), Brownian motion is probably only important for the formation of the first order 

flocs during the initial stage of aggregation. Once the flocs grow above a few 11m in size, 

Brownian motion will no longer influence the aggregation process. In the Elbe estuary 

and the North Sea, more than 90% of volume concentration of suspended matter is 

composed of particleslflocs larger than 4 11m in size, as determined by Coulter counter 

(Chapters 2 & 4 of this volume). It has been hypothesized that these particleslflocs are 

the basic units composing the larger floes studied here. Although particleslflocs smaller 

than 4 11m sized by Coulter counter, make up a very high percentage (> 95 %) by number 

in suspended matter in our study areas, Brownian motion can therefore be regarded as 

insignificant for the formation of large flocs studied here. 

The type of aggregation process in relation to particle relative motion in estuarine 

and coastal waters is strongly affected by environmental factors, such as water depth and 

tidal flow. The aggregation through differential settling is considered to be dominant 

during slack tide (Eisma & Li 1993, ten Brinke 1994, Chapter 2 of this volume), whereas 

fluid shear is significant during high current velocities (Schroder & Siedler L989) and 

declines strongly with the height above the sediment bed (Nakagawa & Nezu 1975). 

Therefore, a relative strength of the shear at our samples can be assumed by comparing 

water depth and current velocity data, although measurements of fluid shear were not 



141 Fractal geometry of floes 

carried out in this study. A comparison of four pairs of samples collected in surface and 

bottom waters indicates that the fractal dimensions have no relationship with the water 

depths (Fig. 6). Comparison of samples E1520 and E1530, and E1415 and E1520, 

respectively, from the Elbe estuary does not suggest a relationship of the fractal 

dimension with shear (Tables 1&3). Thus the fractal dimension is not related to the type 

of aggregation process in relation to particle relative motion, although it was given in a 

theoretical calculation study by Jiang and Logan (1991). 

Salinity probably has little effect on the fractal dimensions of floes in estuarine 

and coastal waters. As an example of salt flocculation of colloidal silica given by Lin et 

al. (1989), DLCA and RLCA were carried out with NaCI concentrations of 1.7 and 0.6 

M, respectively. In these cases, the salt concentration was a crucial factor controlling the 

aggregation rate and hence determined the fractal dimension of the flocs. For the flocs 

studied here, however, salinity is unlikely to play an important role in controlling the 

aggregation rate: the electrically repulsive barrier between particles while they approach to 

each other is probably not significantly decreased within the salinity range of our samples 

(7 to 35 %0). Hunter (1983) has measured electrophoretic mobilities of suspended 

particles in the Taieri estuary, New Zealand: the values decrease steeply as salinity 

increases up to 5 %0, but a little is changed as salinity further increases. A similar result 

from suspended particles (> 1 /lm in size) in the Changjiang estuary has also been found 

(unpublished data). Also no clear indication of salt flocculation has been found in five 

western European estuaries (Eisma et al. 199Ia). Salt flocculation may take place at the 

contact between fresh water and sea water (Gibbs et al. 1989), but may not in the low 

reaches of estuaries and in coastal waters. Flocculation in our study areas is more likely 

to happen because of the presence of long-chained organic compounds as coatings on the 

suspended particles composing the floes (Gregory 1987, Eisma et al. 199Ib). Salinity, 

therefore, is not a factor affecting the fractal dimensions of the floes studied here. In fact, 

our results do not indicate a relationship of the fractal dimension with salinity (Fig. 7). 

The results have shown that the fractal dimensions vary with the concentration of 

suspended matter and with its organic content, although the relationships are rather poor 

(except one between Dl and the concentration). The reason for the organic content 

affecting the fractal dimensions is possibly because the cohesiveness of particles 

composing the floes is a factor affecting the aggregation rate and hence the structure of 

floes. But this is uncertain in this study, since the cohesiveness of particles has not been 

determined. The relationship of Dl with the concentration is relatively convincing and 
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indicates that the edge of projection of the flocs is rougher at high than at low 

concentrations. The flocs with a rough edge are probably those in a cluster-cluster form 

and they occur more at high than at low concentrations. Although this form of floc can 

easily break up in strongly turbulent water, the formation rate of such flocs is probably 

greatly increased by the concentration. The concentration, then, becomes a more 

dominant factor than fluid motion. 

5. CONCLUSIONS 

1.	 The one- and two-dimensional fractal dimensions of in situ flocs in estuarine and 

coastal waters have been estimated by using image analysis of photographs. The 

values for D2 can represent the three-dimensional fractal dimension of the flocs, if 

D3 < 2. The values obtained in this way for 03, however, are the apparent 

dimension which slightly underestimate the true dimension. 

2.	 Flocs in the Elbe estuary and the North Sea have Dl in the range of 1.03 to 1.14 

and D2 in the range of 1.41 to 1.81. In general, the estuarine flocs are more fractal 

than the coastal ones. 

3.	 The results suggest that the fractal dimension varies among the samples. No 

relation was found between fractal dimension and fluid shear. Also a salinity effect 

on the fractal dimension could not be demonstrated. The relation of Dl with the 

particle concentration is fairly convincing and suggests that the flocs had a rougher 

edge of projection at high than at low concentrations. This is possibly because a 

cluster-cluster form of flocs occurs more at higher concentrations. 
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