
A.-

107

Netherlands Journal of Sea Research .
31 (2): 107-117(1993)

CHANGES IN SUSPENDED-MATTER FLOC SIZE DURING THE TIDAL CYCLE IN 
THE DOLLARD ESTUARY

D. E IS M A 1 and A. LI2 
' Netherlands Institute for Sea Research, P.O. Box 59, 1790 A B  Den Burg, The Netherlands 

2 Institute o f Oceanology, Academ ia Sinica, 7 N anhai Road, Q ingdao, 26607, PR. China

A B S TR A C T

M easurem ents of in situ  particle s ize of su spended  m atter in a tidal channel in the D ollard  (Dutch W ad
den Sea) ind icated  system atic  varia tions  in flo e  s ize  during th e  tidal cyc le  that can be exp la ined  by 
assum ing settling  during s lack tide, resuspension  during the  early  eb b  and  early  flood, floccu lation  of 
fine particles into large ones during m ost o f th e  tide, and d e flo ccu la tio n  of la rge  floes  into sm aller par
ticles during or a fte r settling to  the  bottom . T here  w as a ch arac teris tic  d ifference in floc-s ize  variation  
during ebb and during  flood. D uring the  ebb  m axim um  floe  s ize  co in c id ed  w ith  m axim um  suspended- 
m atter concentration  (m axim um  co llis ion  frequency); during  the floo d  m axim um  flo e  size continued to 
increase tow ards  h igh-w ater s lack  tide. T h e  ad jacen t tidal fla ts  had  a m arked in flu ence  on floe size: 
where the flats  w ere  sm all, the h ighest p ercen tages of large floes (>128 j x m )  occurred  around s lack  
tide w hen cu rren t ve locities  are low. W here  th e  ad jacen t fla ts  w ere  broad  and extens ive , high percen t
ages also occurred  during in term ed ia te  periods. F loes of m axim um  size are probab ly  not in eq u ili
brium with the bu lk  of the suspended  m atter: they  are m ain ly  fo rm ed  during periods  of high sus- 
pended-m atter concen tra tions  of short duration .

1. IN TR O D U C TIO N

In tidal, partia lly  m ixed estuaries a cons iderab le  va ria 
tion in floe size w as found by EISMA e t al. (1991a, b), 
which had little o r no re lation w ith sa lin ity  o r w ith  sus- 
pended-m atte r characte ris tics  excep t pa rtic le  concen
tra tion (EISMA e t al., 1991a, b). The sam pling  w as 
done a long transects  through the estua ries  from  fresh 
w ater to  high sa lin ity  bu t w ithou t re fe rence  to the  tidal 
phase. As floccu la tion  of suspended-m a tte r a ffects  
the partic le -se ttling  ve locity and the  surface  a rea of 
the suspended pa rticu la te  m atter, as well as creating 
m icro-env ironm ents  in and a round the  floes 
(ALLDREDGE & SILVER, 1988), the va ria tions  in floe size 
during  the tidal cyc le  are of im portance in estuaries. 
The re fo re  a series of in s itu  floc -s ize  m easurem ents  
w as carried out du ring  severa l tidal cyc les (13-h peri
ods) in the Dollard estuary in January  1991. In th is 
pape r the  results a re  presented and d iscussed  and 
som e conclus ions a re  g iven regard ing  floccu la tion  of 
suspended  m atter in tidal estuaries.

2. S AM PLIN G  A R E A  AND S A M P LIN G  M E TH O D S

T he D ollard is pa rt o f the E m s-D o lla rd  estuary, s itu 
a ted on the G erm an-D utch  bo rde r (Fig. 1) and con
s is ts  of tidal fla ts and one m ain tida l channe l w ith 
severa l sm alle r channe ls  branch ing  from  it. The  chan 
nel depth in the m ain channel at the  en trance  of the 
D o llard  is approx im ate ly  6 m be low  D utch O rdnance

level (NAP) decreas ing  inward to about 4.5  m (at 
po in t B; Fig. 1) and approx im ate ly  2.8  m at po in t C. 
T he  tides a re  sem id iu rna l w ith a range of about 3 m. 
C urren t ve loc ities  in the main channe l reach 70 to 90 
cm -s '1 at the  en trance  at points A and B and 60 to 70 
cm -s '1 a t po in t C (RIJKSWATERSTAAT, 1990, and unpub
lished m easu rem en ts  N IO Z 1987-1988). Typical tidal 
ve loc ity  cu rves  fo r the  Dollard m ain channel are g iven 
in Fig. 2. C urren ts in the ebb d irection  are usually 10 
to 30 c m -s '1 s tronger than flood curren ts. The period 
of low cu rren t ve loc ities  (<15 cm -s"1) is about 1 h 
around high tide  and 1.5 to 2 h a round  low tide.

A t the  po in ts  A, B and C (F ig. 1) in s itu  floc-s ize  
was m easured  w ith  an in s itu  suspension  cam era  
system  (EISMA e t al., 1990) at approxim ate ly  m id
depth w h ich  va ries  betw een 3.7  and 2.7  m above the 
bo ttom  around high tide  and be tw een 2.3 and 1.5 m 
around low  tide . M easurem ents w ere  m ade every 
hour, w ith  som e add itiona l m easurem ents at ha lf-hour 
in te rva ls  a round  s lack tide. A t the sam e tim e and 
w a te rdep th , w a te r sam p les w ere  co llected  for de te r
m in ing to ta l suspended-m atte r concen tra tion  by filtra 
tion over a p re -w e ighed  0.4-nm  pores ize  N uclepore 
filter. O rgan ic  con ten t of the suspended  m atter w as 
subsequen tly  de te rm ined  by ash ing  the filte rs at 
500°C  fo r 8 h. F loc-s ize  d is tribu tions w ere de term ined 
by ana lys ing  4 to  8 negatives w ith  an im age-ana lys is  
system  (EISMA e t al., 1990). T h e y  w ere  expressed in 
vo lum e pe rcen tages per size frac tion . Salin ity w as 
de te rm ined  in the  w a te r sam ples by titration w ith s il-
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ve r n itra te  or w ith an A u tosa l Salinom eter. T itration 
w as on ly  done for sam p les w ith low  sa lin ities  (less 
than approxim ate ly  5%o) because  at such sa lin ities 
the com position of the fresh w a te r in fluences the re la 
tion betw een the total sa lt con ten t (o r ch lo rin ity ) and 
the conductivity.

Fig. 1. General map of the Em s-Dollard estuary and location 
of stations in the Dollard.

3. R ESU LTS

3.1. STATION A

Fig. 3  show s da ta  co llec ted  on 17 January  1991, 
s ta rting  at 9 .00 h and end ing  at 22 .00  h. T he  num bers 
a long the horizontal ax is  ind ica te  the  tim e; the num 
bers in brackets ind ica te  the  sequence  of floc-s ize  
d is tribu tions shown in Fig. 10. M axim um  concen tra -
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Fig. 2. T idal-current velocities during two tidal cycles in the 
Dollard main channel in surface water at station B. Horizon
tal scale: hours after starting the measurements.

tions of suspended  m atte r occurred  during  the flood 
at 11.00 h, w h ich  w as about 4 .5  h a fte r low tide (at 
06.40 h), and during the  late ebb a t 18.00 to 19.00 h, 
w hich w as app rox im ate ly  5 to 6 h a fte r high tide. The 
in s itu  s ize  d is tribu tions  show ed re la tive ly  high per
centages of floes >128  pm around high tide and low 
tide. R e la tive ly  high concen tra tions  of sm all particles 
(<32 |im  and <64  pm ) occurred during  the flood at 
9.00 to 10.00 h (w ith poss ib ly  h igher am ounts before 
tha t tim e) and at 21.00 h, and during  the  ebb at 16.00 
to  17.00 h. T hese  peaks preceded the peaks of high 
concen tra tion  by app rox im ate ly  1 to 3 h. The maxi
m um  floe s ize  show ed a d iffe ren t distribution with 
peaks at 12.00 to 13.00 h and at 18.00 to 19.00 h. 
The firs t peak w as abou t 1 to 1.5 h la ter than the max
im um  concen tra tion ; th e  second peak coincided with 
the second m axim um  in concentra tion . Both peaks 
occurred ha lf an hour before high tide and low tide, 
respective ly, w ith  a sm all decrease  tow ards slack 
tide. S a lin ities (Fig. 6) w ere low  around low tide but
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Fig. 5. Changes in maximum floe size (Dmax), concentration 
(m g-dm '3) and in situ size distribution (in %  volume) over 
approxim ately half a tidal cycle at station C, 15 January 
1991. For further explanation see Fig. 3.
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Fig. 6. Salin ity (in %o) during the measurements at station A, 
B and C, respectively. HT = high tide; LT = low tide.
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Fig. 7. In situ  photographs of floes in the Dollard estuary. 
Those with 'stringers' were photographed around slack tide.

3.4. IN  S IT U  FLO C S IZ E  D IS T R IB U T IO N  CURVES

A ll p a r tic le s  o b s e rv e d  w e re  fo u n d  to  be  floe s  (Fig. 7); 
th e  in s itu  f lo c -s iz e  d is tr ib u tio n s  a re  g iv e n  in Fig. 8 on 
lo g -p ro b a b ility  p a p e r w ith  the  log  floe  d ia m e te r on the 
h o riz o n ta l s c a le  a n d  th e  c u m u la tiv e  percentage 
s m a lle r- th a n -a -g iv e n - f lo c -s iz e  (by v o lu m e ) on the  ver
tica l s c a le . L o g -n o rm a l s iz e  d is tr ib u tio n s  g iv e  straight 
lin e s  on  s u c h  p a p e r: th e y  fo llo w  a (G a u ss ) probability 
c u rv e  a ro u n d  a  m e a n  (DOEGLAS, 19 46 ). A p a rt from 
s o m e  ir re g u la r itie s , the  c u rv e s  in F ig . 8  fo llo w  approx
im a te ly  s tra ig h t lines , in p a rtic u la r th o s e  w ith  sm aller 
m e a n -s iz e  v a lu e s , w h e re a s  th o s e  w ith  c o a rs e r mean 
v a lu e s  a re  m o re  cu rv e d . T h e  c u rv a tu re  (skew ness) is 
to w a rd s  th e  f in e  s id e s , w h ic h  in d ic a te s  a  constant 
a d m ix tu re  o f f in e  floe s  (o r p a rtic le s ) th a t do  not 
e n tire ly  s e tt le  o u t d u rin g  s la c k  tide , w h ile  th e  popula
tion  of la rg e r floes v a r ie s  in s ize . U s in g  th e  relations 
fo u n d  b e tw e e n  floe  d ia m e te r  and d iffe re n tia l density 
(RILEY, 19 70 ; KAJIHARA, 1971 ; HAWLEY, 1982; McCAVE, 
1984 ; GIBBS, 1985 ; s u m m a riz e d  in VAN LEUSSEN, 1988 
an d  EISMA, 1993 ) th e  in  s itu  f lo c -s iz e  distributions

64 - l28pm 64 - 128pm
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Fig. 8 . In situ  floc-size d istributions (by volume). The num
bers indicate time of sam pling, corresponding to Figs 3, 4 
and 5, respectively.

w ere  ca lcu la ted  by w e igh t and a lso p lo tted on log- 
p robab ility  paper (F ig. 9). Not m uch d iffe rence  was 
found w hen e ither the re la tion g iven by McCAVE (1984) 
+ KAJIHARA (1971) was used or the  re lation g iven by 
RILEY (1970) + HAWLEY (1982) + GIBBS (1985) with 
extrapo la tion  tow ards  the  d iam eters la rger than 200 
pm. A s  the  d iffe ren tia l dens ity  is inverse ly  re lated to 
the  floe d iam eter, the  skew ness show s even stronger 
in the cu rves  ca lcu la ted  by w e igh t than in those given 
by vo lum e. The m ost irregu la r cu rves  w ere  m easured 
at s ta tion C, w hereas those  at s ta tions A  and B w ere 
m ore regular.

4. D ISC U SSIO N

A t all th ree  s ta tions A, B and C the m axim um  of fine 
partic les  during  the  flood cam e up to 2 h a fte r slack 
tide  (low  tide) and during the  ebb 0.5 to 3 h a fte r slack 
tide  (high tide). A lso at all th ree  s ta tions the  m axim um  
suspended m atte r concentra tion  occurred  0.5 to 3 h 
la ter than  the peak of fine  partic les, both during  the 
flood and during  the ebb. The m axim um  floe size
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( D r occurred 0.5 to 1.5 h la te r than  the  co n ce n tra 
tion m axim um  during the flood bu t occu rred  a lm ost 
s im u ltaneous ly  during the  ebb. T h is  ch a rac te ris tic  d if
fe rence  is shown more c lea rly  in Fig. 10. D uring  the 
flood the  floe size continued to increase  fo r a few  
hours a lthough the partic le  concen tra tion  decreased , 
w hereas during the ebb floe size s ta rted  to  decrease  
w hen also the partic le  concen tra tion  decreased .

For floccu la tion of suspended m a tte r the re  has to 
be  a m echanism  tha t b rings the pa rtic les  to ge the r as 
w ell as  a m echanism  tha t keeps th e  pa rtic les  toge the r 
a fte r they have com e into con tac t. W e a ssu m e  tha t 
s ticky  m ateria l is p resent in the  fo rm  o f o rgan ic  m atte r 
adhering  to the  partic les as su rface  co a tin g s  (LODER & 
LISS, 1985; EISMA, 1986, 1993). M e chan ism s b ring ing  
pa rtic les  together are tu rbu lence , th e  B row n ian  
m otion  (for very sm all partic les) and o rg a n ism s  tha t 
ac tive ly  aggregate  partic les (McCAVE, 1984; VAN LEUS- 
SEN, 1988). Because of the sha llow  dep th , d iffe ren tia l 
se ttling  is not considered an im portan t p rocess  in th is 
a rea  excep t around s lack tide  w hen tu rb u le n ce  is 
reduced. It should be rea lized th a t floes m ay have 
been fo rm ed under d iffe ren t cond itions  than  exis ted  
du ring  the  m easurem ents and m ay be 're lic t', being 
still the re  because they w e re  not b roken  apart.

W e th ink  tha t during the tida l cyc le  th e  fo llow ing  
happens. W ith ris ing or fa lling  tide , w ith  cu rre n t ve loc 
ities increasing after s lack tide , fin e  pa rtic les  are 
resuspended  from  the bottom  resu lting  in a  peak co n 
cen tra tion  0.5 to 3 h a fte r s lack tide . S uch peaks  can 
be seen not only in the re la tive pe rce n ta g e s  as given 
in Figs 3, 4 and 5, but a lso in the  a b so lu te  partic le  
concen tra tions (in m m 3-dm '3) as show n in Fig. 11 for 
sta tion  C. A lso in Fig. 11 it can be seen th a t at 9 .00 
and 10.00 h both sm all pa rtic les  and la rge  partic les  
increased  in num ber (the la rger ones m uch  m ore  so 
than the  sm all ones). An a lte rna tive  e xp lana tion  for 
the  fine -pa rtic le  peaks w ou ld  be  the  b reak ing  apa rt of 
la rger floes (defloccu la tion) because  of increas ing  
shea r w hen  the  curren t ve loc ity  increases. T h is , how 
ever, is d ifficu lt to v isua lize  because som e hours  la ter 
the  fine  partic le  peaks w ere  fo llow ed by th e  p resence  
of m uch la rger floes, w h ich  occurred  w hen th e re  had 
been a fu rthe r increase in sh e a r ra the r than a 
decrease . There fo re  it is m ost like ly  th a t th e  peaks of 
fine  partic les  are caused by resuspens ion  from  the 
bottom .

W ith  increasing  tidal ve loc ities, the  su spended  m at
te r concen tra tion  also increased: the re  w as a lso  a re l
a tive  increase  in the num ber of la rge r p a rtic le s  (floes) 
w h ile  the  fine  partic les show ed a re la tive  decrease . 
T he  increase  in the  num ber of la rge r pa rtic le s  can be 
caused by resuspension  of la rger pa rtic le s  from  the 
bo ttom  as w ell as by floccu la tion  o f the  fin e r partic les  
into la rge  ones (or th rough scaveng ing  by la rger 
ones). T he  d isappearance  of so m any fin e  partic les  
can be exp la ined only by floccu la tion  o r scaveng ing , 
bu t p robab ly  both p rocesses - resuspens ion  o f large 
ones and floccu la tion  of fine  ones - p lay a  ro le . Fig. 11

show s tha t m o s t peaks of large partic les (>64 um, 
cam e abou t 2  h la ter than  the  peaks of fine partiel 
(<64 pm), b u t a lready be tw een  8.00 and 10.00 h both 
the am ounts of fine and la rge  partic les increased ( 
abso lute  am ounts). T h e  am ounts  of large particle 
that cam e in to  suspens ion  (not on ly between 8 00 
and 10.00 h bu t also a t the  la ter m axim a) were m uch 
la rger than can  be exp la ined  by flocculation of the 
am ounts of fin e  pa rtic les  th a t d isappeared from sus
pension even  if it is taken  in to  accoun t that the larger 
floes may have  a loose r s tructu re  and enclose larger 
am ounts of water. T he re fo re  resuspension of larqe 
floes has a lso  to be an im portan t process: directly 
from  the bo ttom  or as sm a lle r partic les (or floes) that 
are quickly floccu la ted .

ODLLARO 15 1 1991 S»i
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A < 6 4/jm

8 0 0  9 0 0  1000

Fig. 11. Concentrations of particles >64 jim  and <64 pm < 
station C during the period of measuring (approximately he 
a tidal cycle). HT = high tide; LT = low tide.

After the d isappearance  of the  fine  partic les, pah 
cle concentra tions reach a m axim um , w hich is highi 
during  the ebb than during  the flood. This can t 
expla ined by the h igher cu rren t ve loc ities  during tf 
ebb. High concen tra tions  favou r floccu la tion  becau: 
the  collis ion frequency is enhanced. M axim um  fl< 
s ize  occurred during  the ebb at o r s ligh tly  later th; 
the  m axim um  partic le  concen tra tion , but during fid  
severa l hours la ter w hen  the partic le  co n ce n tra i 
had a lready decreased  considerab ly. Th is difieren 
in floe size during  flood  and during  ebb may 
exp la ined by the d iffe ren t flow  characte ris tics  duri 
flood and ebb. D uring the  flood  the  w a te r rises in 1 
channe ls and over the  ad jacen t fla ts. The w ater de| 
increases and w hen partic le  concen tra tions decrea

because cu rren t ve loc ities  decrease (while 
w a te r level con tinues to rise), tu rbu lence  is reduc 
w h ile  partic les se ttle  out, large floes can rem 
in tact, floccu la tion con tinues and larger floes 
form ed. They can rem ain in suspension  until they ; 
tie  out shortly be fo re  or during s lack tide; Fig. 10 ii 
ca tes that a la rge  am ount of la rge  floes settled 
during slack tide.
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During the ebb, how ever, and in particu la r during 
the late ebb, w a te r flow s  off the fla ts  th rough the gu l
lies ('prie len' in Dutch) tha t are p resent a long the  bor
ders of the fla ts . T h is  flow  is rapid (up to 80 cm -s-1; 
VAN STRAATEN, 1954) and increases at decreasing 
water depth. These  cond itions are not favourab le  for 
flocculation to con tinue  and fo r ex is ting la rger floes to 
remain in tact. P articu la rly  in the gu llies  there is con
siderable re -suspens ion  w hich con tribu tes to the con
centration m axim a in the channel during  the late ebb. 
This im plies tha t the  floe sizes in the  channel are 
much in fluenced by  the  cond itions on and at the  bor
ders of the  fla ts , w h ich  is particu la rly  so during the 
late ebb w hen th e  flow  from  the fla ts to  the channels 
through the gu llies  is s trongest.

During s lack tide  partic les  se ttle  out. Velocities 
lower than abou t 15 cm -s’ 1, w hich a llow  suspended 
particles to se ttle  (EINSTEIN & KRONE, 1962), occur fo r 30 
to 120 m inu tes a round s lack tide (unpublished data 
NIOZ). B ecause of th e  sm a lle r w a te r depth and the 
longer period  of low  cu rren t ve loc ities , m ore sus
pended m atter can se ttle  out a round low  tide than 
around high tide , but th is  probab ly is not an im portan t 
effect, as the re  w as no cons is ten tly  h igher peak of 
resuspended fin e  partic les  a fte r low  tide. The m aterial 
that settles out du ring  s lack tide is resuspended a 
short w hile  later. B ecause  of the large am ounts of 
small partic les th a t a re  usua lly  p resen t in suspension 
after s lack tide , som e defloccu la tion  has probably 
taken p lace. B io log ica l in fluence (organ ic-m atte r con
sumption) is cons idered  neglig ib le : Fig. 12 g ives the 
total content of o rgan ic  m atte r in the  suspended m at
ter as m easured at th e  th ree  sta tions. There w as no 
consistently low er o rgan ic -m a tte r con ten t in the sus
pended m ateria l a fte r s lack tide, w h ich  suggests that 
the loss of o rgan ic  m a tte r because of anim al o r bacte
rial consum ption w as not large. The m easurem ents 
were perfo rm ed in January  w hen b io log ica l activ ity is 
low, but EISMA e t al. (1991) found  tha t the  total organic 
content does not in fluence  floc-s ize : the  p resence of 
specific long-cha ined  com pounds such as po lysac
charides is m ore im portan t. It is the re fo re  m ore likely 
that the shear during  resuspension  had caused floe 
break-up so tha t m ostly  fin e  partic les  cam e into sus
pension aga in, and then  floccu la ted  into larger floes. 
It has been show n be fo re  tha t floes of up to 1000 pm 
easily b reak apart into (m icro )flocs sm alle r than 125 
pm, which are d ifficu lt to  reduce fu rthe r in size (EISMA 
et al., 1983; EISMA, 1986). T h e  sequence  of events as 
explained here im p lies  tha t du ring  a tida l cycle  both 
considerable floccu la tion  and defloccu la tion  take  
place besides depos ition  and resuspension , not only 
during the  flood  and ebb tides, bu t also during or 
shortly a fte r s lack tid e  w hen floes settle  out tha t are 
resuspended a short w h ile  later.

A m ore de ta iled  com parison  of the  results o f the 
three s ta tions show s a  cons ide rab le  varia tion . A t s ta 
tion A, w here  the  a d jacen t fla ts  are sm all and the 
larger fla ts  are at a m uch grea te r d is tance  than at s ta 
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Fig. 12. Proportion (%) of organic matter in the suspended 
matter at the three measuring stations. HT = high tide; LT = 
low tide.

tions  B and C, the high percentages of floes > 1 2 8  pm 
occu rred  a round  slack tide (both at high and low  tide), 
w hen  cu rre n t ve loc ities are very low. In betw een, 
sm a lle r floes dom ina ted . N ear to s lack tide also the 
la rges t floes  w ere  found w hich at slack tide  m ay have 
se ttled  a lready  from m id-depth w here the  m easure 
m en ts  w e re  perform ed. Th is sequence is very s im ilar 
to the  sequences  found in the E lbe estuary near 
B runsbü tte l in June 1991 (Chen & E ism a, in prep.), 
w h e re  th e  tida l fiats bordering  the channel are also 
sm all.

A t s ta tion  B the sequence w as m ore irregular. R ela
tive ly  la rge  percentages o f floes >128  pm w ere 
p re se n t no t on ly  during s lack tide, but during  the 
en tire  flood , w h ile  the m axim um  floe size w as large, 
a lso  w h e n  the  percentage of floes >128  pm w as low. 
Large tida l fla ts  are p resent along the channel w here 
s ta tion  B is located so tha t the d ifference, as com 
pa red  to  s ta tion  A, may be attribu ted to a s tronger

in flu e nce  o f the  nearby fla ts, particu la rly  during  the 
ebb. T h is  is even more so at station C, w here  the 
channe l is sm all and th e  sequence w as even more 
in fluenced  by th e  nearby fla ts.

A t s ta tio n s  B and C, bu t also at station A, the  m axi
m um  floe  s ize  did not m atch very well with the re la tive 
p e rcen tages  o f floes >128  pm: in the curves o f F igs 8 
and 9 th e  m axim um  floe size at the coarse end of the 
cu rves  d e v ia te s  sharply to the  right, particu la rly  at 
s ta tio n s  A and B, but less so at station C. There  is a
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m u ch  b e tte r m a tc h  w ith  th e  to ta l c o n c e n tra tio n  o f s u s 
p e n d e d  m a tte r (F igs  3, 4 , 5 ): h ig h  c o n c e n tra tio n s  
fa v o u r  the  fo rm a tio n  of la rg e  flo e s  b e c a u s e  o f a 
h ig h e r co llis io n  fre q u e n c y . A s  th e  flo e s  o f m a x im u m  
s iz e  o n ly  c o n s titu te d  a s m a ll p e rc e n ta g e  o f th e  to ta l 
a m o u n t o f m a te ria l in s u s p e n s io n  a n d  th e ir  s iz e  in 
m o s t c a s e s  d id  no t s e e m  to be  re la te d  to  th e  flo e  s ize  
o f th e  b u lk  o f th e  m a te r ia l, th e re  w a s  p ro b a b ly  no 
e q u ilib r iu m : th e  p e rio d s  o f h igh  s u s p e n d e d -m a tte r  
c o n c e n tra tio n s  w e re  o f s h o r t  d u ra tio n  (p a r tic u la r ly  a t 
s ta tio n  B, w h e re  th e y  la s te d  o n ly  a b o u t o n e  ho u r) and  
it is  p o s s ib le  th a t th is  w a s  n o t lo n g  e n o u g h  fo r  m o re  
th a n  o n ly  a fe w  la rg e  flo e s  to  b e  fo rm e d . T h e  b u lk  o f 
th e  floe s  in s u s p e n s io n  a p p ro x im a te ly  fo llo w e d  n o r
m a l (G auss) d is tr ib u tio n s  w ith  an a d m ix tu re  o f f in e 
s ize d  floe s  (o r p a rtic le s ). O n ly  a t s ta t io n  C a t th e  
c o a rs e r s iz e  d is tr ib u tio n s  (w ith  a la rg e r  m e a n  floe  
s ize ; F ig. 8 ), d id  th e  m a x im u m  flo e  s iz e  a p p ro x im a te ly  
f it in to  th e  s iz e  d is tr ib u tio n  o f th e  e n tire  s u s p e n s io n . 
A lso  at s ta tio n  C  h igh  p e rc e n ta g e s  o f f lo e s  > 1 2 8  jim  
w e re  fo u n d  d u r in g  th e  la te  f lo o d  a n d  la te  e b b  (F ig . 5 ). 
O n e  can  s p e c u la te  th a t re la t iv e ly  la rg e  flo e s  o f a  less  
fra g ile  n a tu re  a re  p ic k e d  up fro m  th e  tid a l f la ts  d u rin g  
th e s e  p e rio d s .

5. C O N C L U S IO N S

D u ring  the  tid a l c y c le  in a c h a n n e l in th e  D o lla rd  e s tu 
a ry  the  in  s itu  s u s p e n d e d -m a tte r  (floe ) s ize  s h o w e d  
s y s te m a tic  v a r ia t io n s , w h ic h  can  be  e x p la in e d  by  
a s s u m in g  s e tt lin g  d u r in g  s la c k  tid e , re s u s p e n s io n  d u r 
ing  th e  e a rly  e b b  and  ea rly  f lo o d , f lo c c u la tio n  o f fine  
pa rtic le s  in to  la rg e r  o n e s  d u r in g  m o s t o f th e  tid e , and  
d e flo c c u la tio n  o f la rge  floe s  in to  s m a lle r  p a r tic le s  d u r
ing  s e ttlin g  to  th e  b o tto m  (b e c a u s e  o f in c re a s e d  s h e a r 
n e a r to  th e  b o tto m ) o r a fte r  h a v in g  s e ttle d .

T h e  s tro n g  v a r ia t io n s  h a v e  a  ra n g e  s im ila r  to  th a t 
o b se rve d  in th e  in  s itu  m e a s u re m e n ts  a lo n g  tra n s e c ts  
th ro u g h  th e  E m s , R h ine  a n d  G iro n d e , w h e re  m e a s 
u re m e n ts  w e re  p e rfo rm e d  re g a rd le s s  o f th e  tida l 
p h a se  (a lth o u g h  in th e s e  m e a s u re m e n ts  o n ly  the  
fra c tio n  > 8 0  | im  w a s  m e a s u re d ; EISMA e t a l., 19 91 ). 
T h e  v a r ia t io n s  a lo n g  th e  tra n s e c ts  th e re fo re  v e ry  
like ly  w e re  c a u s e d  b y  th e  in  s itu  s ize  v a r ia t io n s  
re la ted  to  th e  tid e s .

In th e  D o lla rd  in J a n u a ry  19 91 , f lo e  s iz e  re a c h e d  a 
m a x im u m  d u r in g  each  e b b  a n d  f lo o d  a n d  th e n  
d e c re a s e d  a g a in  to w a rd s  s la c k  tid e . D u r in g  e b b  tid e  
th e  m a x im u m  f lo e  s ize  o c c u rre d  d u r in g  th e  m a x im u m  
of s u s p e n d e d -m a tte r  c o n c e n tra tio n  o r  s h o r tly  a fte r. 
D u ring  f lo o d  t id e  th e  floe  s iz e  c o n tin u e d  to  in c re a s e  
a lso  a fte r th e  c o n c e n tra tio n  m a x im u m  w a s  re a c h e d . 
T h is  d iffe re n c e  in f lo c c u la tio n  d u r in g  e b b  a n d  flo o d  
can  be  e x p la in e d  by th e  d iffe re n c e  in f lo w  c h a ra c te r is 
t ic s  d u rin g  e b b  an  d u rin g  f lo o d . D u r in g  th e  flo o d  th e  
w a te r d e p th  in c re a s e s  so th a t  a ls o  d u r in g  th e  s e c o n d  
ha lf o f  th e  flo o d  f lo c c u la tio n  c a n  s till c o n t in u e , re s u lt
ing  in la rg e r flo e s , w h ic h  is e n h a n c e d  b y  th e  re d u c e d  
tu rb u le n c e . T h is  can  c o n tin u e  u n til th e  flo e s  s e tt le  o u t

n e a r, or d u rin g , s la c k  tide .
D u r in g  th e  e b b  w a te r  d e p th  d e c re a s e s , and  p 

la r ly  du rin g  th e  s e c o n d  p a rt o f the  e b b , wht 
w a te r  b e c o m e s  c o n c e n tra te d  in th e  cha nn e l, 
f lo w s  at ra th e r h ig h  v e lo c it ie s  from  the  ad ja ce i 
in to  th e  c h a n n e l th ro u g h  s h a llo w  gu llie s . T he  
b o tto m  s h e a r is n o t fa v o u ra b le  fo r the  fo rm a  
la rg e  floes, n o r fo r  e x is tin g  flo e s  to  rem a in  intac
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