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ABSTRACT

The euepended sol ids concentrat ions in the Thames Estuary have been
oonitored extengively in t .he past by a number of researchers. Ingl is and
Al l .en  (1957) ,  Aydrau l i co  Research  (1971)  and Thorn  and Bur t  (1978)  have a l l
conducted gtudiea of the silt regime of the Thames Eetuary. In the work by
Thorn and Burt ,  the results of the analysie of long tero uonitor ing of
suspended sol ide concentrat ione sere combined with the t idal  excursion
derived from conprehensive f ie ld oeaaurenents to deduce the probable
loca t ions  o f  s i l t  sourcea and s inks .

Honever,  i t  was considered appropriate to agcertain whether,  r i th in a
reasonably short  stretch of the eatusry, i t  ie posaible to ident i fy and
quant i fy the proceaaes of cohegive sediaent trausport  by detai led f ie ld
aeaaurement of the auspended sol ide concentrat ions and t idal  veloci t iee.
Eencer uteasureaent throughout the yater colunn during an ent ire t idal  cycle
nould enable the sediment f lux to be calculated. By rnonitor ing
simultaneously the suspended col ide concentrat ion and veloci ty at a nunber
of poait ions along a streaol ine in the Thanes Eatuary i t  would be possible
to ident i fy the locat ion of any si l t  gources and ginks which may exiet
between the monitor ing stat ions as wel l  as quant i fy to aoae extent the
sediaent transport  procesaes. Furthernore, such a nonitor ing exercise
should aleo be helpful  in ver i fy ing the locat ion of the pr incipal Bourcea
and sinke of cohesive mater ial  ident i f ied by Thorn and Burt  (1978).

Field aeeaureoente nere nade within Long Reach in the Thaaes Estuary at
three posit ions simultaneouely for three couplete and one half  t idal  cyclea
between 28.9.85 and 1.10.85. Two of the survey poeit ions were f ixed at
jettiea and the third position waa an anchored survey boat vhich sas moved
further aeay upstream from the jet t ies on each day of Che survey. Suepended
sol ide concentrat ion readings vere recorded throughout the sater column et
each of the three locat ions with veloci ty neaeurementa also being made from
the survey boat.

The auspended gol ide concentrat ions nere consistent over the four day period
at the tvo f ixed Burvey poeit ions and al l  the data wa8 regarded to be of
good qua l i t y .

Seven peake in the suspended eol ide concentrat ion against t ime graphs of a
conplete t idal  cycle for the aurvey posit ione rere ident i f ied. These peaks
occurred repeatedly during each flood and ebb tide and nere terrned events.
The passage of these evento through the reach ras analysed and their  l ikety
aourcea and einks ident i f ied.

With reepect to the f indinge relat ing to the areas of sources and siake of
the earlier sork on the Thamee (Thorn and Burt, 1978) the resulte of the
present rrork do not dieagree.

At any given point,  t ranaient events tended to result  in an i .ncrease in
suspended solide concentrations throughout the water column; local eventa
rrere norrnally evident only in the lorver raters.

A sinple couputational uodel of. the aovement of sedinent rrithin the survey
part  of  Long Reach wae developed. The proc€sses of advect ion, depoeit ion



and erosion vere incorporated in to the uodel .  This  reseerch hae conf i rmed
that  the physical  Procesaes as represented in the e inple computat ional  aodel
lead to seneib le predict ions of  the in teract ion between bed and suspended
si l t  under the in f luence of  t ida l  currents.  These processea cen therefore
be more conf ident ly  be incorporated in to future generet ions of  mathemat ica l
models of  sediment  t ransport .

The  resu l t  t ha t  t he  guan t i t y  o f  s i l t  se t t l i og  and  re -e rod ing  i e  sna l l
compared to that  which reuains in  suspension has led to a rev is ion of  ehe
ra t i ona l  node l  o f  s i l t  t r anspo r t  i n  t ha t  sou rcea  a re  i den t i f i ed  as  l i ke l y  t o
be areas where set t lement  takes p lace dur ing one hal f  t ide fo l lowed by rapid
erosion nhen the f los reveraes.  Such p laces ex is t  in  the lee of  bends.
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INTRODUCTION

1 .1  Backg round

R e s e a r c h  o v e r  E h e  l a s c  1 0  -  1 5  v e a r s  h a s  r a d i c a l l y

changed  DercepE ions  o f  how  cohes i ve  sed imenc  i s

t ransDor ted  i n  es tua r i es .  Cohes i ve  sed imen t  i s  chac

in  wh i ch  che re  i s  a  cohes i ve  bond  beEween  DarE ic les

w h i c h  g i v e s  a g , g r e g a c e d  o a r t i c l e s  d i f f e r e n t  D r o p e r c i e s

c o  c h o s e  o f  t h e  i n d i v i d u a l .  C o h e s i o n l e s s  D a r t i c l e s

a re  chose  wh ich  have  oo  such  bond  and  behave  w ich

ind i v i dua l  p rope r t i es .  The  d i f f e rence  be tween  the  two

i s  f undamen ta l l y  due  to  Da r t i c l e  s i ze  and  the  d i v i d i ng

l i n e  i s  u s u a l l y  t a k e n  a s  a b o u c  . 0 6 3 m m  p a r t i c l e

d iamece r .  Above  th i s  a re  sands  and  g rave l s ,  be low  i t

a r e  s i l t s  a n d  c l a y s ,  c h e  L a t c e r  h a v i n g  d i a m e t e r s  l e s s

than  .002mm.  I ' t i x t u res  o f  s i l t  and  c lay  o f  t en  a l so

c o n c a i n i n g  o r g a n i c  m a t e r i a l ,  a r e  l o o s e l y  d e f l n e d  a s

m u d .

P r i o r  co  t he  recen t  resea rch  i t  was  gene ra l l y  assumed

cha t  mud  i n  es tua r i es  behaved  Ehe  same way  as  sand  a t

l e a s c  q u a l i c a t i v e l y  i f  n o t  e u a n t i c a t i v e l v .  W i t h  s a n d

c ransDorc  f o r  examDle  the  concenc raE ion  o f  sand  i n

suspens ion  a t .  a  po in t  i s  l i ke l y  Eo  be  a  f unc t i on  o f

c h e  v e l o c i t y  o f  f l o w  a t  t h a c  p o i n t .  I f  c h e  f l o w

speeds  up  i t  p i cks  uD  more  sand  :  i f  i t  s l ows  down  i t

deoos i t s  so rneo  Th i s  g i ves  r i se  co  che  concep t  o f  a

r s a t u r a t i o n r  c o n c e n t r a t i o n  f o r  f l o w  o f  a  g i v e n

v e l  o c i  c y .

Ea r l y  a t cemDts  co  quan t i f y  che  ca r r y i ng  power  o f  f l ow

in  muddy  escua r i es  f a i l ed  because  no  gene ra l

co r re lac ion  cou ld  be  found  be tween  f l ow  ve loc i cy  and

susoended  s i l t  concen f , rac ion .  Fa i l u re  was  gene ra l lY

a c t r i b u c e d  t o  t h e  l a r g e  v a r i a b i l i c y  o f  c o n c e n c r a c i o n s

and  the  d i f f i cu l t y  o f  ob ta in ing  su f f i c i enc  da ta  co

es tab l i sh  reasonab le  ave rage  va lues .  The  l ac te r  i s



L . 2  S i l t  l " l o n i c o r i n g

c e r t a i n l y  ! r u e  a n d  i c  l e d  c o  s u b s t a n c i a l  m o n i c o r i n g

p rog rammes  i n  a  number  o f  es tua r i es ,  buc  i c  t r ansp i red

tha t  che  exp lanac ion  was  more  connecced  w i th  a  l ack  o f

unde rscand ing  o f  che  phys i ca l  p rocesses  i nvo l ved  :

mud  i n  es tua r i es  behaves  d i f f e renc l v  t o  sand  i n

e s t u a r i - e s .

The  p roposa l  co  consc ruc t  t . he  Thames  Ba r r i e r  t o

p reven t  f t ood ing  o f  London  by  su rge  c ides  gave  impe tus

t o  t h e  e s c a b l i s h i n g  o f  a  c o m p r e h e n s i v e  s i l c  m o n i c o r i n g

Drog ramme.  I n  o rde r  t o  measu re  che  e f f eccs  o f  t he

ba r r i e r  on  s i l . t  movemen t  i n  che  Thames  i t  was  rea l i sed

E h a c  i t  w a s  f i r s c  n e c e s s a r v  t o  f i n d  o u u  e r h a c  t h e  s i l t

movemen t  was  w ichouc  the  Ba r r i e r .  The  o rog ramme began

i n  1 9 7 0 / 7 1  w i t n  c h e  e s c a b l i s h r n e n c  o f  f o u r  s i l t

mon i co r i ng  sEa t i ons  each  reco rd ing  ac  two  he ighcs

above  che  bed  eve rv  15  m inuces .  I c  was  made  poss ib le

by  the  advenc  o f  magne t i c  t ape  da ta  l ogg ing  and

comDute r  p rocess ing  o f  daca .

A t  t he  t ime  o f  w r i t i ng  ch i s  repo r t  17  yea rs  o f  a lmosc

c o n c i n u o u s  d a t a  e x i s c s .  O t h e r  s c u d i e s  o f  s h o r c e r

du rac . i on  rde re  ca r r i ed  ouc  i n  t he  R i ve r  C rouch ,  R i ve r

Pa r re t . t ,  F i r t h  o f  Fo r th  and  manv  o the r  es tua r i es .

T h e s e  a l l  c o n c r i b u c e d  t o  u n d e r s t a n d i n g  t h e  p r i n c i p a l s

on  wh ich  the  s i l t  r eg imes  o f  es tua r i es  wo rk .

Suspended  s i l c  concen t rac ions  were  obse rved  to  va ry

on  a  number  o f  d i f f e ren t  c ime  sca les .  Subscanc ia l

va r i a t i ons  cou ld  occu r  ove r  a  f ew  seconds  as  r c l ouds l

of  sedi -ment  passed Ehe measur ing sensor.  Peaks and

c roughs  o f  l onge r  du raE ion  say  15  -  90  m inuces

occu r red  du r i ng  a  t i da l  cyc le .  T ida l l y  ave raged

va lues  va r i ed  f r om one  t i de  co  the  oex t .  appa ren t l y  i n

acco rdance  w ich  che  range  o f  t he  t i de  du r i ng  a



Eno-e reek  sp r i ng -neap  cyc1e .  Va lues  ave raged  ove r  a

sp r i ng -neap  cycLe  appea red  to  va ry  f r om one  cyc le  co

t . he  nex t  on  a  seasona l  bas i s ,  apDaren t l y  i n f l uenced

by r  bu t  noc  d i . r ec t l y  co r re la ted  w i th  t he  amoun f ,  o f

f r esh  rda t ,e r  f l ow  pass ing  ch rough  the  €sEus fy r

I t .  became appa renc  thac  va lues  measu red  a t  a  po inc

l re re  no t  so  random as  had  beeo  p rev ious l v  suooosed .

Tho rn  and  Bu rc  (1978 )  showed  chac  fo r  any  one  s i l t

mon i to r  s ta t i on  che re  rdas  a  un ique  cha racce r i sc i c

repeac ing  Dac te rn  o f  suspended  s i l t  va r i ac ions  du r i ng

a  t i d a l  c v c l e .  O v e r  a  s i n g l e  s p r i n g - n e a p  c y c l e  t h e

t ime  va r i ac ioo  du r i ng  success i ve  t i - des  cou ld  be

no rma l i sed  i n  t e rms  o f  che  mean  concen t rac ion  du r i ng

each  c ide  revea l i ng  a  cons i s tenc  Dac te rn  o f  peaks  and

t . roughs  o f  app rox ima te l v  t he  same amp l i cude .  The  mean

i t s e l f  c o r r e l a t e d  w e l l  w i r h  t h e  c i d a l  r a n g e ,  h i g h e s t

va lues  occu r r i - ng  du r i ng  sp r i ng  c i des  when  che  f l ow

v e l o c i t i e s  a r e  a l s o  h i g h e s t .  F r o m  m o n t h  E o  m o n t h  t h e

re la t i ve  he igh ts  o f  Ehe  peaks  changed l  somec imes  a

peak  wou ld  noc  occu r  f o r  a  wh i l e  chen  reappea r r  buc

a lwavs  the  Deaks  occu r red  ac  che  same ohase  du r i - ng  che

t i d a l  c v c l e .

F rom sca t , i on  co  scac ion  Ehese  peaks  o f  concenc raE ion

cou ld  occu r  a t  any  t ime  du r i ng ,  che  c ida l  cyc le ,  noc

n e c e s s a r i l v  i n  D h a s e  w i c h  c h e  v e l o c i t v .  I n  o n e  c a s e t

che  R ive r  C rouch ,  max imum concen t rac ions  occu r red

cons i s tenc l y  a round  che  t ime  o f  h i gh  wace r  when  che

v e l o c i t v  w a s  a l m o s c  z e r o .  T h i s  l e d  c o  t h e  c o n c l u s i o n

tha t  s i l c  seen  i n  susoens ion  a t  a  po inc  i n  an  esEuary

mus t ,  i n  some  cases ,  have  t rave l l ed  a  cons ide rab le

d i scaace  i n  susDens ion .  Th i s  i n  cu rn  l ed  co  the

hvooches i s  o f  sou rces  and  s inks  desc r i bed  b r i e f l y  i n

S e c t i o n  1 . 4 .

B e f o r e  d i s c u s s i n g  t h e  i n t e r o r e c a t i o n  o f  c h e  s i l c

reg ime  o f  an  esEuary  i c  i s  use fu l  t o  examine  che  o the r

deve loomen t  wh i ch  has  caken  p lace  ove r  t he  l asc  10  -



1 .3

1 5  y e a r s ,  c h e

s i l t s .

P h y s i c a l  p r o c e s s e s

r e s e a r c h  i n t o  c h e p h y s i c a l  D r o D e r t i e s  o f

Resea rch  i nco  the  behav iou r  o f  mud  i n  escua r i es  has

been  funded  unde r  a  number  o f  DOE conc raccs  and  i s

f u l l y  d e s c r i b e d  i n  r e s e a r c h  r e p o r c s .  I c  i s  o n l y

necessa ry  co  desc r i be  he re  che  ma in  conc lus ions  as

E h e v  e f f e c t  i - n c e r p r e t a t i o n  o f  s i l t  r e g i m e s  f r o r n  s i l t

mon i to r  reco rds .

S e t  c  I  i n g

l . l o r k  us ing  che  HR Carouse l  has  shown  thac  se t t l i ng

f rom suspens ion  oo l y  occu rs  when  Ehe  nea r -bed  f l ow

ve loc i cy  i s  ve ry  l ow .  I n  che  case  o f  che  Thames  i n

m id -sEream th i s  means  pe rhaDs  on l y  du r i ng  a  ha l f  hou r

pe r i od  a round  s lack  wa te r  a t  h i gh  and  l ow  l da te r .  Fo r

t . h e  r e s t  o f  c h e  t i d a l  c v c l e  v e l o c i t i e s  a r e  a b l e  c o

m a i n c a i n  s i l t  i n  s u s o e n s i o n .  T h i s  m e a n s  E h a t  a

pa rc i c l e  o f  s i l c  mav  c rave l  up  to  abouc  20  km du r i ng  a

f l ood  o r  ebb  t i de .  The  Carouse l  wo rk  has  fu rEhe r

s h o w n  t h a c  c h i s  d e p o s i t i o n  E h r e s h o l d  i s  v i r t u a l l y

i ndependenc  o f  t he  concen t ra t i on  o f  s i l t  i n  suspens ion

u D  t o  a c  l e a s c  5 0 1 0 0 0  m g / l i t r e .  I n  o c h e r  w o r d s  i f

r he re  i s  a  sacu ra t i on  I im i c r  Ehe  Thamesr  w i t h  max imum

c o n c e n c r a t i o n s  i n  c h e  r e g i o n  o f  5 e 0 0 0  a r g / l r  i s

ope ra t i ng  we l l  be low  i c  and  i s  t he re fo re  capab le  o f

ca r r v i ng  a  much  h ighe r  susoended  s i l t  l oad  than  i t

d o e s .

When  cond i t i ons  a l l ow  sec t l i ng  t o  occu r  i t  haDpens  a t

a  raEe  dependen t  oo  che  concen t ra t i on .  Th i s  i s  a

r e s u l c  o f  t h e  p r o c e s s  o f  f l o c u l a c i o n  b y  w h i c h

Dar t i c l es  agg reg ,a te  Eoge the r  t o  f o rm  l a rge r  Da rc i c l es

wh ich  Ehen  have  a  se t t l i ng  ve loc i cy  h ighe r  t han  che

i n d i v i d u a l  p a r c i c l e s .  I l i g h  c o n c e n c r a t i o n  s u s p e n s i o n s

g i ve  more  oppo r tun i cy  f o r  pa r t i c l ' es  t o  co l l i de  hence



p r o d u c i n g  l a r g e r

s u b s t a n t i - a l  f i e l d

sponso red  bv  DOE '

as  Che  Owen  Tube ,

a v a i l a b l e  i n  t h e

Conso I  i dac  i on

f l o c s  w h i c h  t h e n  s e c t l e  f a s c e r .  A

measu remenc  exe rc i se  i n  che  Thames

us ing  a  f i e l d  se t t l i ng  co lumn  known

has  g i ven  the  besc  daca  sec

w o r l d  a c  c h e  D r e s e n c  t i m e .

S i l t  hav ing  s€ t t l ed  on  the  bed  beg ins  co  conso l i da te

buc  che re  i s  an  i n te rven ing  pe r i od  l asc ing  f rom a  few

minuces  co  a  f ew  hou rs ,  deoend ing  on  che  ch i ckness  o f

c h e  l a v e r ,  w h e n  i c  i s  s t i l l  i n  a  s e m i - f l u i d  s c a c e .  I f

i t  i s  l e f t  f o r  l o n g e r  i t  q u i c k l v  g a i n s  i n  s c r e n g c h  a s

i c  reduces  i n  t h i ckness  and  i nc reases  i n  dens i cv .

E r o s i o n

Eros ion  takes  p lace  when  the  f l ow  ve loc i cy r  o r  more

p r e c i s e l y  t h e  b e d  s h e a r  s c r e s s ,  e x c e e d s  t h e  c h r e s h o l d

va lue .  The  th resho ld  va lue  depends  on  che  dens i cy  o f

t h e  s i l t  d e p o s i t .  I f  i t  i s  s t i l l  i n  c h e  s e m i - - f l u i d

s t a t e  i t  i s  e n t r a i n e d  e a s i l y  b a c k  i n c o  s u s p e n s i o n  i n

much  the  same way  as  wou ld  occu r  a t  che  i n te r face  o f

t w o  f l u i d s  o f  d i f f e r e n c  d e n s i c y .  T h e  l o n g e r  a  d e p o s i c

rema ins  on  the  bed  che  more  res i scance  i c  deve lops  co

r e - e r o s i o n .  T h e  e r o s l o n  r a t e  i s  p r o p o r t i o n a l  t o  t h e

excess  shea r ,  i . e .  t he  amoun t  bv  wh i ch  the  apo l i ed  bed

shea r  s t ress  exceeds  Ehe  th resho ld  f o r  e ros ion .  I n

p rac t i ce  t he  ra te  o f  e ros ion  i s  mod i f i ed  by  che  fac t

t hac  the  bed  i t se l f  has  a  dens i t v  p ro f i l e  and

the re fo re  becomes  o rog ress i ve l y  more  d i f f i cu l t  t o

e rode  as  each  new su r face  i s  exposed  bv  e ros ion  o f  t he

one above.

On  the  bas i s  o f  t h i s  improved  know ledge  o f  s i l t

behav iou r  i t  i s  t hus  Doss ib le  t o  hvpoches i se  a

ra t i ona l  mode l  f o r  s i l t  movemenc  i n  an  escua rY  wh ich

)

1 .4  S i l t  movemenc



exD la ins  che  t i r ne  va r i a t i on  o f  suspended  s i l t

c o n c e n t r a C i o n s  a s  o b s e r v e d  a t  a  s i l t  m o n i E o r  s i C e .

To  s imp l i f y  t he  escua ry  hyd rodynamics  we  can  cons ide r

the  c ida l  movemen t  o f  wace r  as  a  p i scon  ac t i on ,  a  body

o f  w a r e r  o s c i l l a C i n g  w i r h  a  1 2 |  h o u r  p e r i o d  s u c h  r h a c

any  pa r t i c l e  o f  r dac .e r  i n  cha t  bodv  w i l l  move  up r i ve r

abou t  l 8km ( i n  rhe  case  o f  che  Thames)  w i rh  a  f l ood

C ide  and  re tu rn  Che  same d i s tance  on  Che  ebb  C ide  back

t o  i t r s  s t a r t i n g  p o i n t .  I f  w e  t a k e  s l a c k  l o w  w a c e r  a s

a  s c a r t i n g  D o i n t  a n d  a s s u m e  i n i t i a l l y  c h a t  t h e

suspended  s i l r  concen t ra t i on  i s  un i f o rm  ch roughou t  t he

es tua ry ,  sec t l emen t .  f r om suspens ion  wou ld  be  tak ing

p l a c e  e v e n l y  a l o n g  t h e  b e d .  A s  t h e  f l o w  a c c e l e r a c e s

a t  t h e  b e g i n n i n g  o f  c h e  f l o o d  c i d e  d e p o s i t i o n  s t o D s  a s

s o o n  a s  r h e  r h r e s h o l d  v e l o c i c y  f o r  d e p o s i c i o n  i s

exceeded .  A t  t . h i s  scage  a  un i_ fo rm bed  o f  sem i - f  I u i d

mud  ex i scs  on  toD  o f  t he  unde r l y i ng  conso l i daced  bed .

A s  t h e  v e l o c i c y  i n c r e a s e s  t h e  e r o s i o n  c h r e s h o l d  i s

exceeded  and  rhe  su r face  o f  t he  new ly  depos i ced  mud  j . s

e r o d e d .  F u r t h e r  i n c r e a s e s  i n  v e l o c i t y  i n c r e a s e s  t h e

r a c e  o f  e r o s i o n  u n c i l  a l l  t h e  r e c e n c l y  d e p o s i t e d  s i l c

has  been  e roded .  The  unde r l v i ng  conso l i da ted  bed  i s

m u c h  m o r e  d i f f i c u l t  t o  e r o d e  a n d ,  u n l e s s  t h e r e  i s  a n

unde r l y i ng  c rend  o f  nec  e ros j -on  i n  t he  es tua ry ,  i s

t h e r e f o r e  l i k e l y  c o  c o n c r i b u r e  l i t c l e  t o  r h e  s e d i m e n t

dynamics .  The  sou rce  o f  sed imen t  i s  chus  l im i ced  and

f u r t h e r  i n c r e a s e s  i n  v e l o c i t y  a c h i e v e  l i t t I e .  T h e

c o n c e n c r a t i o n  a s  o b s e r v e d  a c  a  s i l t  m o n i t o r  w o u l d  t h u s

show a  dec reas ing  t rend  a t  s l ack  wa te r  and  s l i gh t l y

i nco  the  ea r l y  f l ood  r i de  f o l l owed  bv  a  rap id  r i se  up

co  a  peak  abou t  2  hou rs  i n to  ghe  f l ood  c ide .

Concen t rac ions  wou ld  t hen  rema in  cons tan t  unc i l  t he

nex t  l ow  ve loc i t y  pe r i od  a round  h igh  wace r  when  the

same pa t . ce rn  wou ld  reDea t  i n  t he  reve rse  d i recc ion .

I f  we now impose a

e rod ib le  sed imenc

g i ve  r i se  t o  peaks

d i sconc inuous  bed  o f  eas i l y

i t .  becomes  apDaren t  Ehac  th i s  w i l l

o f  concen t rac ion  gene ra ted



1 .5 O b j e c c i v e s

s i m u l t a n e o u s l v  i n  d i s c r e e t  s t r e t c h e s  o f  E h e  r i v e r

w h i l e  o t . h e r  a r e a s  y i e l d  l i t t l e  o r  n o t h i n g .  T h u s  a

c o n c e n t r a c i o n  o r o f i l e  t a k e n  l o n g i c u d i n a l l y  i n  t h e  b o d v

o f  wa re r  say  2  hou rs  i o t . o  che  f l ood  w i l l  show Deaks  o f

concen t ra t i on  i n  Che  wace r  occu r r i ng  j usc  uo r i ve r  o f

t h e  s o u r c e s  a n d  n o c h i n g  e l s e w h e r e .  A  s i l r  m o n i t o r  a c

a  f i xed  Do inc  wou ld  see  a  se r i es  o f  peaks  as  t he  bodv

o f  wace r  moved  passed  i t ,  un re la t . ed  to  che  l oca l  E ime

o f  m a x i m u m  v e l o c i c v .

I c  f o l l o w s  t h a t  a c  s l a c k  h i g h  w a c e r  d e p o s i c i o n  w i l l

on l v  cake  o lace  h rhe re  che re  i s  s i l t  i n  susDens ion .  I n

th i s  s imo l i f i ed  raE iona l  mode l  che re fo re  each  sou rce

mus t  have  a  re f l ecced  o r  seconda rv  sou rce .

T h i s  h y p o c h e s i s  o f  c h e  i n t e r p r e t a t i o n  o f  s i l t  m o n i c o r

r e c o r d s  i s  f u l l y  d e s c r i b e d  b v  T h o r n  a n d  B u r t  ( 1 9 7 8 )

and has Eo some extent  been conf i rmed by che more

r e c e n t .  r e s e a r c h  o n  t h e  p h v s i c a l  p r o p e r t . i e s  o f  s i l t s .

The  ou rpose  o f  t he  resea rch  desc r i bed  i n  ch i s  reDorE

s ras  Eo  va l i dace  and  re f i ne  t he  i n te rp reca t i on  o f

conc inuous  l ong -ce rm s i l c  mon ico r  daca  i n  ce rms  o f

sou rces  and  s i -nks  o f  sed imenc  i n  an  escua ry  reg , ime .

The  p red i c t i ve  capac i t y  o f  a  machemac ica l  mode l  i s

l im i t ed  co  che  ex ten t  t o  wh i ch  i c  c ru l v  rep resen l s  che

phys i ca l  p rocesses  i nvo l ved .  An  expe r imenc  was

dev i sed  i n  wh i ch  we  wou ld

a )  s imu la te  t he  phys i ca l

s t reaml ine

b )  check  the  D red i c t i ons

c h e  f i e l d .

p rocesses  a long  a  lD

aga ins t  measu red  resu l t s  i n

I f  reasonable agreement  was obta ined i t  would lend

con f i dence  co  bu i l d i ng  t . hese  Drocesses  i n to  f u tu re

gene rac ions  o f  numer i ca l  mode ls .
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I t  w a s  c o n s i d e r e d  a o o r o p r i a c e  t o  a s c e r c a i n  w h e t h e r ,

w i c h i n  a  r e a s o n a b l y  s h o r c  s t r e c c h  o f  t h e  e s c u a r v ,  i t

i s  p o s s i b l e  t o  i d e n t i f v  a n d  q u a n r i f v  t h e  p r o c e s s e s  o f

c o h e s i v e  s e d i m e n c  r r a n s p o r r  b y  d e t a i l e d  f i e l d

measu remen t  o f  t he  suspended  so l i ds  concenc rac ions  and

c ida l  ve loc i c i es .  Hence ,  measu remenc  Eh roughouc  che

r d a c e r  c o l u m o  d u r i n g  a n  e n c i r e  t i d a l  c y c l e  w o u l d  e n a b l e

the  sed imen t  f l ux  t o  be  ca l cu la t , ed .  By  mon i to r i ng

s i .mu l taneous l y  t he  susDended  so l i ds  concen t rac ion  and

ve loc i cy  a !  a  number  o f  pos i c i ons  a long  a  s t reaml ine

in  t he  Thanes  Es tua rv  iC  wou ld  be  poss i . b l e  t o  i den t i f y

c h e  l o c a c i o n  o f  a n y  s i l t  s o u r c e s  a n d  s i n k s  w h i c h  m a v

e x i s t  b e c w e e n  t h e  m o n i t o r i n g  s t a r i o n s  a s  w e l l  a s

q u a n C i f y  t o  s o m e  e x C e n t  t h e  s e d i m e n c  C r a n s D o r t

D r o c e s s e s .  F u r t h e r m o r e ,  s u c h  a  m o n i t o r i n g  e x e r c i s e

s h o u l d  a l s o  b e  h e l p f u l  i n  v e r i f y i n g  t h e  l o c a c i o n  o f

che  o r i nc ipa l  sou rces  and  s inks  o f  cohes i ve  ma te r i a l

i d e n t i f i e d  b y  T h o r n  a n d  B u r r  ( 1 9 7 8 ) .

Acco rd i -ng l y ,  i n  Au tumn  1985 ,  a  f i e l d  su rvey  was

unde r taken  i n  Loog  reach  i n  rhe  Thames  Escua rv  (F ig  1 )

i n  wh i ch  s imu l taneous  measu remen ts  ne re  made  a t .  t h ree

s u r v e y  p o s i c i o n s  d u r i n g  b o t h  f l o o d  a n d  e b b  t i d e s .  A

s imp le  cohes i ve  sed imen t .  t r anspo r t  mode l  was  emp loyed

t o  s i m u l a c e  c h e  p h y s i c a l  D r o c e s s e s  o f  a d v e c t . i o n ,

e ros ion  and  depos i t i on  on  the  s t reaml ine  on  wh ich  the

mon i t . o r i ng  Dos i c i ons  we re  l ocaced .

Th i s  repo r t  i s  d i v i ded  i n to  t h ree  ma in  sec t i ons .  The

d e s c r i p c i o n  o f  t h e  f i e l d  s u r v e v  a n d  t h e  r e s u l t s

pe r ta in ing  Eo  the  c ida l  l eveL ,  ve loc i t y  and  suspended

so l i ds  concen t rac ions  a re  D resen ted  i n  Sec t i on  2 .  The

a n a l y s i s  o f  f i e l d  d a t a  i s  m a d e  i n  S e c c i o n  3  i n  w h i c h

Deaks  ( t e rmed  even ts )  i n  che  suspended  so l i ds

c o n c e n t r a t i o n - t i m e  d a t a  a r e  i d e n c i f i e d  a n d  d e s c r i b e d .

A  sed imen t  t r anspo rc  mode l  i s  ouc l i ned  i n  Sec t i on  4

together  wich resul ts  f rom the model  for  movement of

cohes i ve  ma te r i a l  w i t h i n  che  Long  Reach .  Concu l s i ons

and  recommenda t i ons  fo l l ow  i n  Sec t i on  5 .
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FIELD SURVEY

2 . 1  S c o p e  o f  S u r v e y

F ie ld  measu remencs  were  caken  f rom 6  pos i t i ons  i n  Long

Reach  be tween  28  Seocember  and  I  Oc tobe r  1985  du r i ng  a

p e r i o d  o f  m e a n  s o r i n g  c i d e s  o f  a l m o s c  i d e n c i c a l  r a n g e

a n d  s h a p e .  T h e  f r e s h  w a t e r  d i s c h a r g e  i n t o  t h e  t i d a l

Thames  a t  Tedd ingcon  had  been  l ow  fo r  some  t ime  p r ro r

to  t he  su rvey  and  che  r i ve r  was  che re fo re  cons ide red

t o  b e  i n  a  d r v  r r e a c h e r  s E a c e .

On  each  o f  che  4  days  o f  obse rva f , i ons ,  suspended

so l i ds  concenEra t i ons  \ {e re  reco rded  th roughou t  t he

wace r  co lumn  us ing  j e t t v  mounced  opc i ca l  i ns t rumencs

a t  o o s i t i o n  I  a c  E h e  s e a w a r d  e n d  o f  c h e  r e a c h  a n d  a c

p o s i c i o n  2  s o m e  6 0 0 m  l a n d w a r a  ( f i g  1 ) .

Ancho red -vesse l  obse rva t i ons  we re  caken  th roughou t  che

wace r  co lumn  f rom the  Hyd rau l i cs  Resea rch  vesse l

r T r i t o n ! .  S u s p e n d e d  s o l i d s  c o n c e n t r a c i o n s  a n d

c u r r e n t - v e l o c i c i e s  ( u s i n g  a  S e v e r n  c u r r e n c  m e t e r )  w e r e

reco rded .  The  vesse l  was  anc t ro red  abou t  1050m

landward  o f  oos i t i on  1  on  28  Seo tember  and

app rox imace l y  1620m '  2160  and  2660m landward  on  che

s u b s e q u e n t  d a y s  a c  p o s i t i o n s  4 ,  5  a n d  6  r e s p e c c i v e l v .

l t l easu remencs  on  che  f  i r sc  t h ree  days  o f  t he  su rvey

were  made  du r i ng  comp le te  t i da l  cyc les .  On  che  f i na l

day ,  1  Oc tobe r ,  obse rva t i ons  we re  resEr i c ted  to  che

f l ood  c ide ,  a  oe r i od  o f  abouc  6  hou rs .  Du r i ng  each

dav  o f  t he  su rvey  wa te r  l eve l s  r t e re  reco rded  eve ry

L5  m inu tes  f r o rn  a  t i de  boa rd  e recced  on  the  j ecey  a t

oos i t i on  2 ,  Suspended  so l i ds  concenc ra r i ons  and

cu r renc  ve loc i t y  obse rvac ions  \ {e re  caken ,  whe re

poss ib le ,  eve ry  15 -20  m inu tes  ch rough  the  wace r

co lumn ,  w i t h  measu remen ts  be ing  reco rded  a r  be tweeo

f i ve  and  e leven  d i f f e renc  he ig ,hcs  above  the  bed .  The

number was dependenc upon Ehe ldaEer deoch but  in  a l l



cases  i nc luded  measu remen ts  a t  |m ,  l n  aod  2m above  che

b e d .

The  wea the r  cond i c i ons  rema ined  good  du r i ng  che  su rvey

p e r i o d .  T n e  t i d a l  r a n g e  a n d  o e r i o d  w e r e  v e r v  s i m i l a r

on  each  day  o f  t he  su rvey r  and  hence ,  iE  was  no t

n e c e s s a r y  c o  a p p l y  a n y  c o m D e n s a t o r y  f a c c o r  t o  t h e  d a c a

t o  a l l o w  f o r  d i f f e r e n c e s  i n  c h e  s u s p e n d e d  s o l i d s

concen t ra t i ons  and  ve loc i_C ies  caused  bV  changes  i n

t i da l  r ange  and  pe r i od .  The re fo re ,  d i . r ec t .  compar i son

o f  d a c a  f r o m  e a c h  d a y  o f  c h e  s u r v e v  w a s  o o s s i b l e .

2 . 2  T i d a l  c o n d i c i o n s

T h e  t i d a l  w a t e r  l e v e l s  o n  e a c h  o f  c h e  f o u r  s u r v e y  d a y s

w e r e  a l m o s r  i d e n c i c a l  i n  s h a p e  a n d  r a n g e  ( f i g  Z ) .  T h e

ave rage  t rda l  r ange  was  5 .7m and  rep resen ts  a  mean

s p r i n g  r i d e .

T h e  v e l o c i t i e s  r e c o r d e d  a t  p o s i t i o n s  3 1 4 1 5  a n d  6  a r e

s h o w n  i n  c h e  f o r m  o f  v e l o c i c y  c o n t o u r s  o o  a

c ime-he igh t  above  bed  g raoh  i n  F igu res  3  co  6

r e s D e c t i v e l v .  w i c h  t h e  e x c e D c i o n  o f  t h e  r e s u l c s

o b t a i n e d  a c  o o s i c i o n  6 ,  ( F i g  6 )  w h e r e  c h e  w a t e r  d e p t h

w a s  a c  l e a s c  2 m  b e l o w  C h a c  a t  c h e  o t h e r  s i t e s ,  E h e

c o n t o u r s  s h o w  c h a c  E h e  v e l o c i t i e s  w e r e  v e r v  s i m i l a r  i n

bo th  magn i tude  and  i n  t he  c im ing  o f  max imum and

min imum va lues .

Fo r  t he  ma jo r i t y  o f  t he  c i de  che  ve loc i c i es  nea r  che

su r face  o f  Che  wa te r  we re  s l i gh t l v  g rea te r  chan  chac

a t  rn id  dep th  and  cons ide rab l y  g rea t .e r  chan  chose  nea r

t .o che bed.  There hras a per iod,  however,  f  rom abouc

mid  f l ood  to  h igh  wa te r ,  when  th i s  was  noc  the  case .

A t  a l I  pos i t i ons  du r i ng  rh i s  oe r i od  t he  magn icude  o f

t h e  n e a r  s u r f a c e  v e l o c i t i e s  f e l l  b e l o w  c h o s e  a t  m i d

dep th ,  and ,  i n  a  f ew  i nscances ,  be low  those  nea r  t o

the  bed .  I t  i s  no t  c l ea r  wha t  caused  th i s  phenomenon

buc  i c  i s  known  to  occu r  i n  o the r  sc recches  o f  t he

Tharnes on the f  lood t ide.
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2 . 3  S u s p e n d e d  s o l i d s

c o n c e n c r a c i o n s

A  compar i . son  becween  che  ve loc i t i es  6 rn  above  che  bed

r e c o r d e d  f r o m  t h e  s u r v e y  c r a f c  r T r i c o n t  a t  D o s i t i o n s

3 -6 ,  and  chose  ob ta ined  i n  m id  channe l  du r i ng  che  1968

a n d  1 9 6 9  s u r v e v s  ( H y d r a u l i c s  R e s e a r c h  1 9 7 1 )  a o p e a r  i n

F i g u r e  7 .  A c  t h e  l a n d w a r d  e n d  o f  t . h e  r e a c h ,  o o s i E i o n s

5  and  6 ,  i c  cou ld  have  been  expecced  chac  Ehe  bend

e f f e c t  w o u l d  h a v e  b e e n  s u f f i c i e n c l v  d i m i n i s h e d  c o  h a v e

o roduced  resu l t s  o f  a  more  comparab le  nacu re .  Th i s

d i f f e r e n c e  m a y  b e  a c t r i b u E e d  c o  t h e  e f f e c t  o f  c h e  b e n d

a t .  S c o n e n e s s  w h i c h  w o u l d  c e n d  t o  r e d u c e  t h e  v e l o c i c i e s

i n  c h e  l e e  o f  t h e  b e n d  d u r i n g  t h e  f l o o d  t i d e .  O n  c h e

ebb  t i de  t he  Eh ree  secs  o f  daEa  show a  remarkab le

deg ree  o f  s i r n i l a r i t v .  Howeve r ,  a l chough  che  shaoe  o f

c h e  v e l o c i t y  c u r v e s  a r e  s i m i l a r  d u r i n g  t h e  f l o o d  c i d e t

che  mag ,n i t ude  o f  ve loc l c i es  reco rded  i n  1985  a re

somewhac  l ower  t han  1968  and  1969  ve loc i c i es  f o r  che

fou r  hou rs  f r om LW+ lh r  co  Lw+5hrs .

T h e  s u s p e n d e d  s o l i d s  c o n c e n c r a t i o n s  f o r  e a c h  m e a s u r i n g

pos i t i on  and  c ida l  cyc le  a re  D resen ted  as  con tou rs  on

t ime  a f t e r  l ow  na te r  and  he igh r  above  bed  axes  i n

F i g u r e s  8  t o  1 9 .  A t  b o t h  p o s i c i o n s  1  a n d  2 ,

susoended  so l i d  concen t rac ions  rde re  reco rded  on  each

o f  t he  f ou r  days .  The  resu l t s  f r om chese  E$ ro

oos i c i ons  aDpear  i n  F igu res  8  t o  11  and  12  co  15

resDec t i ve l y  and  show good  day  to  dav  ag reemenc  a t

e a c h  p o s i c i o n .  T h e  r e s u l t s  f r o r n  o o s i c i o n s  3 ,  4 ,  5  a n d

6  a re  shown  i n  F igu res  16  co  19 .

By  cons ide r i ng  F igu res  8  t o  19  i c  may  be  seen  cha t  t he

ma jo r  f l ood  and  ebb  suspended  so l i ds  evencs  ( i . e .

oeaks )  occu r red  ch roughouc  tbe  wace r  co lumn  w ich  che

s u s o e n d e d  s o l i d s  c o n c e n t r a c i o n s  r i s i n g  a n d  f a I l i n g

w i th in  a  ve ry  sho r t  space  o f  t ime  ac  any  g i " ven

p o s i t i o n .  A f t e r  c h e  i n i c i a l  i n c r e a s e  i n  v a l u e s  a c  c h e

s ta r t  o f  t he  ebb  c ide ,  che  suspended  so l i ds
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coocen t rac rons  decayed  to  no  more  than  a  backg round

read ing  fo r  che  rema inde r  o f  t bac  pa rc  o f  t he  t i da l

c y c l e .  A c  o o s i t i o n  1  d u r i n g  c h e  s e c o n d  h a l f  o f  t h e

f l o o d  t i d e  s o m e  s l i g h t  i n c o n s i s E e n c i e s  a r e  e v i d e n c

w i c h  r e s p e c t  r o  t h e  2 0 0 p p m  c o n c o u r .  I t  i s  p r o b a b l e

c h a c  t h i s  w a s  c a u s e d  b y  l a c e r a l  d i s p e r s i o n  o f  f i n e

m a c e r i a l  a s  i c  c i r c u l a c e d  a r o u n d  t . h e  e d d v  w h i c h  i s

known  co  fo rm on  che  l andward  s ide  o f  S toneness  i n  t he

l a c t e r  s c a g e s  o f  r h e  f l o o d  r i d e  ( t t y d r a u l i c s  R e s e a r c h

r 970  )  .

C o r n p a r i s o n s  o f  t h e  s u s p e n d e d  s o l i d s  c o n c e n c r a c i o n s  a E .

b e d  + 3 6 1  o f  e a c h  o f  c h e  s i x  p o s i c i o n s  m o n i r o r e d  i n  1 9 8 5

w i t . h  t he  1968  and  1969  su rveys  a re  p resenced  i n

F i g u r e  2 0  ( P o s i r i o n s  l ,  2  a n d  3 )  a n d  i n  F i g u r e  2 1

( P o s i t i o n s  4 ,  5  a n d  6 ) .  S i m i l a r i c i e s  b e r w e e n  c h e  l 9 g 5

da ta  and  rne  1968  and  1969  su rvevs  ex rs r  du r i ng  r . he

l a t t e r  h a l f  o f  r h e  f l o o d  r i d e  a n d  a c  t . h e  s c a r t  o f  c h e

e b b  t i d e .  T h e  p r i n c i p a l  d i f f e r e n c e  b e c w e e n  r h e  1 9 8 5

s u r v e v  a n d  t h e  e a r l i e r  w o r k  o c c u r s  a f t e r  t h e  i n i c i a l

p e a k  i n  s u s p e n d e d  s o l i d s  c o n c e n c r a c i o n s  a c  L W  + 7 | n r s

d u r i n g  c h e  e b b  r i d e .  l l h e r e a s ,  i n  t h e  1 9 6 8  a n d  1 9 6 9

s u r v e y s  E h e  s u s D e n d e d  s o l i d s  c o n c e n E r a t . i o n s  r o s e

sceep l y  a f  t . e r  LW +8h rs  and  u ra inca ined  a  reasoaab l v

h i g h  l e v e l  f o r  2  t o  3  h r s ,  r h e  s u s p e n d e d  s o l i d s

concen t ra t i ons  i n  che  1985  su rvey  fe l l  away  to  ve rv

low  va lues  du r i ng  the  oe r i od  LW +8 f r r s  ro  LW +10h rs .

P reced ing  the  1968  su rvey  che  f resh  e ra te r  d i scha rge

in to  che  r i ve r  a t  Tedd ingcon ,  t he  E ida l  l im i t ,  was

abno rma l l y  h igh  when  compared  w i th  chac  o f  1969 .

P rev ious  work  by  Kend r i ck  and  Derbvsh i re  (1976 )

i nvesc iga ted  the  fac to rs  i n f l uenc ing  es tua ry  sed imen t

d i sc r i bu t i on  and  p rov ides  an  exp lana t i oa  as  r . o  t he

e f f e c c s  o f  f r e s h  r d a t e r  f l o w  u p o n  s u s p e n d e d  s o l i d s

concen t ra t i ons .  F rom t . he i r  conc lus ions  i t  i s  c l ea r

thac  many  o f  che  d i sc repanc ies ,  be t rdeen  the  1968  and

1969  daca  can  be  acc red i t ed  to  t he  d i f f e rences  i n  t he

f resh  wace r  d i scha rge  p reced ing  the  su rvevs .
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3 ANATYSIS OF DATA

3 . 1  I n t r o d u c E i o n

Tne  ob  j ec r i ve  o f  r . he  ana l vs i s  o f  che  f  i e  l d  da ta  \ " ras  t o

de te rm ine  the  reLac ionsh ip  be tween  the  suspended

s o l i d s  c o n c e n c r a c i o n s  a n d  c u r r e n c  v e l o c i c i e s  w i c h  t h e

v i e w  t o  i d e n t i f v i n g  c h e  r e v e n t s r  d u r i n g  t h e  t i d e  a t

each  pos i t i on .  An  even f ,  i s  de f i ned  as  t he  Dassage

a long  a  pa r t  o f  t he  es tua ry  o f  a  mov ing  body  o f  wace r

c o n c a i n i n g  a  r e l a t i v e l y  h i g h  o u a n t i c y  o f  s u s p e n d e d

s o l i d s .  I t s  m o v e m e n t  D a s t  a  p a r t i c u l a r  p o i n t  i s

cha racce r i sed  bv  a  Deak  i n  t he  suspended  so l i ds

concen t rac ions  wh ich  may  occu r  t h roughouc  the  who le

w a c e r  c o l u m n  o r  i n  o n l y  t h e  l o w e r  r e g i o n  o f  r h e  f l o w .

T h e  t s o u r c e t  o f  a n  e v e n t ,  i . e .  i t s  s t a r t i n g

geog raph i ca l  l oca t i - on  w i th in  t he  esEuary  may

be  es t i oaced  f ro rn  a  know ledge  o f  t he  mean  f l ow

v e l o c i t i e s  t h r o u g h  t h e  t i d a l  c y c l e .  T h e  r s i n k l

l o c a c i o n  o f  a n  e v e n c  m a y  a l s o  b e  i d e n t i f i e d  r o  s o m e

d e g r e e  i n  a  s i m i l a r  m a n n e r .

To  enab le  t he  suspended  so l i ds  concenc rac . i ons  and

ve loc i c i es  co  be  cons ide red  coge the r  a  number  o f

g raohs  were  p roduced  i n  wh i ch  boch  pa ramece rs  a re

shown  fo r  bed  + !m ,  bed  +2m and  bed  +6m.  Each  su rvey

pos i t i on  was  ana l ysed  and  F igu res  22  to  27  g i ve  che

r e s u l c s  f o r  P o s i t i o n  1  r o  6  r e s o e c r i v e l y .  I r  w i l l  b e

no t i ced  tha t  f o r  pos i t i on  1  and  2  on l y  rhe  suspended

so l i ds  concen t ra t . i ons  a re  shown  as  no  ve loc i cv

measu remen ts  s re re  made  a t  t hese  two  oos i t i ons .

Coas ide rab le  ca re  has  been  taken  i n  t he  da ta  anaLys i s

co  i den t i f y  t he  r im ing  o f  an  even t .  A l t hough  rhe

su rvey ing  cond i c i ons  we re  i dea l ,  sma l . l  d i sc repanc ies

in  t he  t im ing  o f  even ts  o robab l v  do  ex i sc  as  che

read ings  were  i ns tan taneous  rache r  chan  con t i nuous .

The  c ime  assoc iaced  w i th  an  evenc  rdas ,  i n  t he  u ra jo r i t y

' t ?



o f  c a s e s ,  E a k e n  c o  b e  t h e  t i m e

s u s p e n d e d  s o l i d s  c o n c e n c r a t i o n .

a  more  re l i ab le  merhod  o f  i den t

c rv ing  co  l ocace  i cs  beg inn ing

a re  re laced  to  l ow  wace r  (L I ^ l ) .

ac  t he  peak  o f  che

Th i - s  was  found  Eo  be

i f y i n g  a n  e v e n c  t h a n

a n d  e n d .  A I I  c i m i n g s

3 . 2  E v e n t  1

3 . 3  E v e n c  2

P o s i c i o n  I  ( F i g  2 2 )  i s  r h e  f i r s c  o o s i c i , o n  c o  f e e l  r h e

e f f e c t  o f  t h e  f l o o d  c i d e  a s  i c  i s  a t  c h e  s e a w a r d  e n d

o f  Long  Reach .  A t  t he  sc .a r t  o f  t he  f l ood ,  an  evenc  i s

d e c e c r a b l e  a c  b e d  +  | m  a n d  +  2 m  t h a c  o c c u r s  j u s c  a f c e r

LW +  161 .  t . l ov ing  l andward  ro  pos i r i on  2  (F ig  23 )  a r

t , h e  s a m e  t i m e  t h e r e  i s  o n l y  a  s l i g h t  i n d i c a c i o n  o f

Eh i s  evenE  a t  bed  +  im ,  r ^ rhe reas  a t  pos i c i on  3  $ ie ,  24 )

i t  i s  o f  a  s i m i l a r  m a g n i t u d e  t o  t h a t  a t  p o s i c i o n  1 .

F u r c h e r  u p  t h e  r e a c b  t h i s  e v e n c  i s  n o c  d e t e c c e d .  A s

Ehe  c im ing  o f  che  evenc  ac  pos i c i ons  1  and  3  i s

i d e n t i c a l  a n d  o c c u r s  w h e n  t h e  v e l o c i t i e s  a r e  l o w  t h i s

t e n d s  t o  s u g g e s r  c h a c  t h e  i n c r e a s e  i n  s u s p e n d e d  s o l i d s

c o n c e n t r a t i o n s  i s  o f  a  l o c a l  r a t . h e r  t h a n  t r a n s i e n t

n a c u r e .  I c  i s  p r o b a b l e  t h a c  t h i s  e v e n t  r e s u l c s  f r o m

c h e  r e s u s p e n s i o n  o f  m a c e r i a l  d e p o s l e e d  d u r i n g  s l a c k

w a t e r  p e r i o d s .

A c  p o s i c i o n  1  ( F i g  2 2 )  2 h r s  a f c e r  l o w  w a c e r  a E

bed  +  !m  che re  i s  a  ve ry  cons ide rab le  i nc rease  i n

s u s p e n d e d  s o l i d s .  T h i s  i n c r e a s e  i s  d e t e c t e d  u p  E o

b e d  +  3 m  ( F i g  9 ) .  T h i s  e v e n c  a l s o  o c c u r s  a r  p o s i r i o n s

2  and  3  ac  t he  same c ime  bu t  w i t h  much  l ower

concenc ra t i ons  ( see  F igu res  23  and  24  respec t i ve l v ) .

Be tween  pos i t i ons  3  and  4  t he re  i s  a  c ime  de lav  o f  *h r

w h i c h  a t  f i r s [  s i g h r  i n d i c a c e s  r h a c  r h e  e v e n t  i s

moving landward wichouc being supplemented by che

e r o s i o n  o f  f u r t h e r  l o c a l  m a t e r i a l .  T h i s  p i c t u r e ,

howeve r ,  i s  noc  a l t ogeche r  ma in ta ined  fu rche r  a long

the  reach  as  t he  c im ing ,  o f  che  evenc  becomes  e r raE ic .

Howeve r ,  i f  che  d i s tance  be t .ween  pos i t i ons  3  and  6
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( l s g o m )  i s  d i v i d e d  b y  c h e  c i m e  r a k e n  f o r  c h e  e v e n c  r o

t rave l  be tween  chose  two  pos i t i ons  (2100s )  an  ave rage

v e l o c i c y  o f  0 . 7 6 m / s  i s  o b c a i n e d .  T h i s  a g r e e s

favou rab l y  w i ch  rhe  ave rage  reco rded  mean  dep th

v e l . o c i c v  o f  0 . 7 3 m / s .  T h i s  i n d i c a r e s  c h a r  o v e r a l l  r h e

e v e n c  o r o b a b l y  m o v e d  c o n s i s c e n t l y  w i c h  t h e  t i d a l

cu r reoc  be tween  pos i t i ons  3  and  6 .

I n  F igu res  25  co  27  i t  can  a l so  be  obse rved  rhac  a r

pos i c i ons  4 -6  che  i nc rease  i n  susoended  so l i ds

c o o c e n t r a c i o n s  p e n e t r a t e s  f u r t h e r  u p  i n t o  t h e  w a t e r

c o l u m n  c h a n  a t  a n v  o f  t h e  f i r s c  t h r e e  o o s i t i o n s .  I c

i s  I i k e l y  c h a c  t h i s  i n d i c a c e s  a  d e g r e e  o f  v e r t i c a l

m ix ing  o f  t he  ma te r i a l  as  t he  evenc  m ig ra t . es  uDsEream

o n  r h e  f l o o d  r i d e .

3 .4  Evenc  3

Th i s  i s  che  ma jo r  evenc .  on  che  f l ood  c ide  and  i c  i s

c lea r l y  de f i ned  th roughouE  the  wa te r  co lumn  a t

pos i c i ons  1  co  5  and  i n  t he  l ower  pa rc  o f  t he  wace r

c o l u m n  a t  P o s i c i o n  6 .  T h e  v e l o c i t i e s  h a v e  p a s s e d

the i r  peak  bv  t he  t ime  i t  aopea rs  a t  pos i c i on  I  and  so

i t  may  be  reasonab l y  assumed  tha t  any  l oca l  nace r i a l

ava i l ab le  f o r  e ros ion  has  a l readv  been  removed .

The re fo re ,  Ehe  mace r i a l  i n  susDens ion  du r i ng  even t .  3

i s  mosc  p robab l v  de r i ved  f rom a  d i scanc  sou rce .

I t  nay  be  seen  f rom F igu res  20  and  2 l  Eha r  ch i s  evea t

i s  a  common  fea tu re  ch roughou t  t he  reach .  I c  i s

i n te resc ing  to  no te  rha t .  t he  peak  i n  l 9B5  a t

pos i t i on  3  eo inc ided  w ich  cne  1968 /9  peaks  abea ra  o f

pos i t i on  6 .  Th i s  i nd i ca tes  t ha t  t he  eveoc  passes

ch rough  the  reach  much  qu i cke r  i n  m id  r i ve r ,  t r he re  t he

v e l o c i t i e s  a r e  h i g h e r ,  t h a n  a l o n g  c h e  l i n e  o f  E h e  1 9 8 5

s u r v e v  p o s i t i o n s .

F rom inspec t i on  o f  F igu res  22 -27 ,  i t  i s  ev iden r  rha t

even t  3  gene ra l l v  o rog resses  l andward  w ich  t ime .
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The  evenc  i s  i den r i f i ed  au  oos i c i on  1  a t  LW +  2 *h rs

and  a r  pos i c i on  6  a t  apDrox ima te l y  L t {  +  4 }pg . .  The

s imu l taneous  a r r i va l  o f  t he  evenc  a t  pos i t i ons  1  and

2  i s  p r o b a b l y  g e n e r a t e d  b y  t h e  r e c i r c u l a c i o n  t h a c

occu rs  ac  Che  seaward  end  o f  Long  Reach  du r i ng  Che

f l o o d  t i d e  ( I l y d r a u l i c s  R e s e a r c h  1 9 7 0 )  w h i c h

e f f e c c i v e l v  f e e d s  t h e s e  p o s i t i o n s  f r o m  a  m i d  r i v e r

s o u r c  e .

A c  p o s i t i o n  3  ( F i g  2 4 )  c h e  s u s D e n d e d  s o l i d s

concenc rac ions  o f  evenc  3  a re  t he  h i_ghes t  o f  Che  s i x

s u r v e y  p o s i t i o n s .  T h e  p e a k s  a c  e a c h  o f  c h e  c h r e e

dep ths  shown  i n  F igu re  24  occu r  ac  t he  same t ime  i n

t h e  c i d e .

T h e  s i c u a t i o n  a t  p o s i c i o n  4  i s  s o m e w h a t  d i f f e r e n r .

The  peak  o f  che  even r  i s  *n r  l ace r  aE  bed  +  *m  rhan  ac

bed  +  2m o r  a t  bed  +6m wh ich  occu r  a t .  Ehe  same t ime

( F i g u r e s  1 7  a n d  2 5  a n d  T a b l e  1 ) .  T h i s  m a v  i n d i c a c e

cha t  ve rc i ca l  l ave r i ng  t . akes  p lace  above  2m f rom the

bed .  Howeve r ,  t . h i s  does  no t  exp la in  whv  che  even t  a t

bed + 2m and bed + 6m occurs at  the same c ime at

o o s i t i o n s  3  a n d  4 .  P e a k  v a l u e s  o f  c o n c e n c r a c i o n s  a r e

l o w e r  a c  p o s i t i o n  4  r h a n  a t  p o s i c i o n  3  w h i c h  s u g g e s c s

E .haE  ma te r i a l  has  begun  co  depos i c  f r om suspens ion  as

a  r e s u l c  o f  t h e  r e d u c e d  v e l o c i t i e s .

Fo l l ow ing  Ehe  even t  up  che  reach  to  pos iC ion  5  t he

conc lus ions  dece rm ined  f rom pos i t i on  4  a re  aDparen t l y

Eh rown  i nco  con fus ion .  No t  on l y  does  che  evenc  a r r i ve

ac bed + 2m and bed + 5m afcer  bed + |m but  the

suspended  so l i ds  concenEra t i ons  i nc rease  ac  che  above

dep ths ,  a l chough  the  ve loc i c i es  have  conc inued  to

dec rease  as  i nd i ca ted  on  Tab le  1 .  F rom F igu re  18  i t

i s  ev idenc  thaE  the re  i - s  a  reduc r i on  i n  t he  nea r

su r face  concen t ra t i ons  w i th  chose  found  ac  pos i c i on  4

(F ig  17 ) .  l - ' t a re r i a l  has  che re f  o re  been  se t r l i ng  ou r  o f

susoens ion  f rom the  uDper  l aye rs  o f  t he  eace r  co lumn
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3 . 5  E v e n c  4

b e c w e e n  p o s i t i o n s  4  a n d  5 ,  w h i c h ,  i n  c o n j u n c t i o n  \ r i c h

h i g h e r  n e a r  b e d  c o n c e n t r a c i o n s ,  w i l l  t e n d  E o  c o n f u s e

the  t i n i . ng  and  magn icude  o f  t he  evenc .

By  the  c i .me  che  evenc  reaches  pos i t i on  6  che

v e l o c i t i e s  ( F i g  2 7 )  h a v e  g e n e r a l l y  d e c r e a s e d

ch roughou t  Ehe  \ . r a te r  co lumn  and  ma te r i a l  con t i nues

Eo  se t . c l e  ou t  o f  susoens ion  so  D roduc ing  l ower

c o n c e n r r a t i o n s  i n  t h e  u D p e r  l a y e r s  ( F i g  1 g ) .

Tab le  I  summar i ses  even t  3 .  I c  c l ea r l y  i nd i ca tes  t hac

the  c im ing  o f  che  even r  a t  bed  +  |m  i s  re la ted  Eo  t . he

f l o w  v e l o c i t i e s  i n  c h a t  t h e r e  i s  a  c e r c a i n  d e g r e e  o f

c o r r e l a t i o n  b e t w e e n  t h e  v e l o c i c y  o f  o r o o a g a t i o n  o f

t he  wave  and  che  measu red  ve loc i t y  o f  Ehe  f l ow .

The  i nce rp re t . ac ion  o f  r he  resu les  ac  bed  +  2m and

b e d  +  6 m  a s  a l r e a d v  o u r l i n e d  i s  n o c  s o  c l e a r .  T n e

c im ing  o f  t he  peaks  a t  success i ve  pos i c i ons  shows  no

c l e a r  p a E c e r n  o f  o r o g r e s s i o n .  H o w e v e r ,  i f  t h e  o v e r a l l

d i s tance  be rween  pos i t i ons  2  and  O  i s  J i v i ded  by  rhe

c ime  caken  fo r  t he  evenc  to  c rave l  becween  chem (2040m

a n d  2 7 0 0 s  r e s p e c t i v e l y )  c h e  r e s u l c a n c  a v e r a g e  v e l o c i t y

i s  0 .76m/s  wh i ch  i s  i n  good  ag reemenc  e r i ch  che  ave rage

m e a s u r e d  v e l o c i c y  o f  0 . 8 n / s .

Fo l l ow ing  evenc  3  t he re  i s  ev idence  o f  a  f ou r th  evenc

a t  pos i t i ons  1 ,  2 ,  3  and  4  (F igs  22 -25> .  The  even r  i s

f i r s t  r eco rded  a t  oos i r i on  1  a r  LW +  4+h rs  aad  ends  ac

pos i c i on  4  a t  LW +  J !  t r r s .  Th i s  even t .  occu rs  du r i ng

t . he  gene ra l l y  dec l i n i ng  concen t raE ions  found  cowards

the  end  o f  r he  f l ood  c ide .  I c  r rave l s  on l y  i n  che

lower  oa r t  o f  Ehe  $a te r  co lumn  ac  an  ave rage

p r o D a g a t i o n  v e l o c i c y  o f  0 . 4 6 n 1  s  w h i c h  i s  s i m i l a r  r o

the  ave rage  o f  bed  +  !m  ve loc i c i es  ac  pos i t , i ons  3  and

4  o f  0 .4m/s ,  Th i s  mav  be  i nce rp re red  co  i nd i ca te  t ha r

che evenf ,  is  probablv of  a cransient  nature der ived
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f r o m  a  d i s t a n t

t . hac  t h i s  even !

s o u r c e .  I t  m a y  b e

a l s o  o c c u r r e d  i n

seen  i n  F i -gu re  20

1968  and  1969 .

3 . 6  E v e n t  5

3 . 7  E v e n t  6

3 .8  Event  7

A f i f ch  evenc  mav  a l so  be  de tec red  a r  L l . l  +  516g r .  The

daca  shows  t races  o f  ch i s  even t  becween  LW +  5p6  
"n4

LW +  5 *n rs  (F lgs  22 -27 )  ac  seve ra l  oos i c i ons  bu r  i c  i s

n o t  s u f f i c i e n t l y  d e f i n e d  r o  j u s t i f y  a n y  d e c a i l e d

a n a l v s i s .

O n  t h e  e b b  t i d e  t h e  l r a t e r  w i l l  b e g i n  i t s  p a s s a g e

ch rough  the  s tudy  a rea  a r  pos i t i on  6  a t  t he  l andward

end  o f  Long  Reach  and  Drog ress  seaward  ro  pos i t i on  1 .

N o  d a t a  w a s  r e c o r d e d  a t  p o s i r i o n  6  o n  c h e  e b b  c i d e  a s

p r e v i o u s l y  r e p o r t e d ,  a n d  h e n c e  i t  i s  d i f f i c u l t  t o

de te rm ine  f rom where  evenc  6  s ta rced .  Hoveve r ,  as  no

c race  o f  an  evenc  can  be  found  ac  pos i t i on  5  i t  seems

l i k e l y  t h a t  i r s  o r i g i n  w a s  i n  c h e  v i c i n i c y  o f

p o s i t i o n s  4  a n d  3 .  T h e  e v e n t  p a s s e d  t h e s e  o o s i c i o n s

a c  L W  +  7 h r s ,  b e f o r e  o r o c e e d i n g  D a s t  p o s i c i o n s  2  a n d

1 ,  o a s s i n g  t h e  l a c c e r  a c  L W  +  7 * h r s  ( F i g s  Z 2 - 2 i l .  A r

p o s i c i o n s  4  a n d  3 ,  e v e n t  6  m a y  b e  d e E e c t e d  p r i n c i o a l l y

a t  bed  +  *m  (F igs  25  and  24 )  whe reas  a t  pos i r i ons  2

and  1  ( f i gs  23  and  22 )  rhe  concen r ra t i ons  a l so  show a

s l i gh t  i nc rease  a t  bed  +  2 rn  and  bed  +  6 rn .  I r  wou ld

seem,  t he re fo re ,  chag  ch i s  evenC p i cks  up  mace r i a l

i n  t he  m idd le  o f  t he  reach  and  then  r ransDorcs  iE .

seawa  rd .

Evenc  7  i s  somewhac  eas ie r  t o  i den t i f v  as  i t .  was

reco rded  ch rough  mos t  o f  che  l r a te r  co lumn  ac  a l l  f i ve

p o s i t i o n s  ( n i g s  B  t o  1 8 ) .  E v e n c  7  w a s  a l s o  c l e a r l y

ev idenc  i n  bo th  1968  and  1969  as  sho l rn  i n  F igu res  20

and  21 .  The  oeaks  o f  t he  even t  a t  bed  +  |m  o rog ressed

s e a w a r d  w i c b  t i m e ,  s c a r t i n g ,  a t  p o s i t i o n  5  a c
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3 .9  Summarv  o f

e v e n E s

L I , l  +  7 + h r s  a n d  o a s s i n g  p o s i c i o n  1 a r  L W  +  B l h r s  a s

shown  i n  F igu res  25 -22 .  As  w ich  evenE  3  rhe

p ropag ,a t i on  o f  Che  even [  a t  bed  +  ]m  may  be  co r re laced

c o  c h e  f l o w  v e l o c i c i e s  a t  c h a t  d e p t h .  B e c w e e n

p o s i t i o n s  5  a n d  l ,  i r  c r a v e l l e d  a  d i s c a n c e  o f  1 1 1 0 m  i n

1 8 0 0 s ,  r e s u l t i n g  i n  a  c a l c u l a t e d  m e a n  v e l o c i c y  o f

p r o D a g a t i o n  o f  0 . 6 2 r n / s .  T h i s  c o m D a r e s  w e l l  w i r h  t h e

ave rage  nea r  bed  measu red  f l ow  ve loc i cy  o f  0 .55m/s .

A t  g reace r  he igh ts  above  the  bed  Ehe  p rog ress ion  o f

t h e  D e a k  o f  t h e  e v e n c  i s  n o c  s o  s c r a i g h c f o r w a r d .  A t

o o s i c i o a  5 ,  t h e  p e a k  i n  t h e  c o n c e n c r a E i o n s  a t  b e d  +  6 m

a p D e a r s  a f t e r  c h a c  a r  b e d  +  * m  ( f i g  2 6 )  w h i c h  i m p l i e s

t h a E  t h e  e v e n t  i s  o f  n e a r  l o c a l  o r i g i n  a s  c h e  m a t e r i a l

has  noc  had  su f f i c i enc  t ime  t . o  become we l l  m ixed

th roughou t  t he  naEer  co lumn .

T h e  f o l l o w i n g  s u m m a r i s e s  t h e  a n a l v s i s  o f  t n e  1 9 8 5

d a t a  a n d  i d e n c j . f i e s  t h e  p r o b a b l e , r s i n k s r ,  a n d  r r s o u r c e s ' ,

w h i c h  c o n c r i b u t e d  t o  c h e  e v e n c s  o u c l i n e d .  A  s c h e m a c i c

i l l u s t . r a c i o n  o f  r h e  e v e n t s  i s  g i v e n  i n  F i g u r e  2 8 .

Even t  I ,  F lood :

Or ig ina tes  f r om a  sou rce  a t  t he  seaward  end  o f  t he

r e a c h .  I t  d i s p e r s e s  a s  i t  p a s s e s  c h r o u g h  E h e  r e a c h .

Evenc 2,  F lood:

AE  the  seaward  end  o f  che  reach  i t  i s  o f  l oca l  o r i g i n ,

becoming t ransient  through the remainder of  the reach

! r i ch  add i t i ona l  ma te r i a l  be ing  supo l i ed  f r om a  fu r the r

sou rce  ac  t he  l andward  end .

Event  3,  F lood:

1 9



T h i s  e v e n c  i s  o f  d i s c a n c  s o u r c e  c r a v e l l i n g  c h r o u g , h  t h e

r e a c h  t o  a  s i n k  j u s c  l a n d w a r d  o f  c h e  s t u d y  a r e a  a s

l o c a l  v e l o c i c i e s  f a l l  d u r i n g  c h e  l a c t e r  s c a g e s  o f  r h e

f l o o d  r i d e .

Event  4,  F lood:

A g a i n  o f  d i s c a n c  s o u r c e  o a s s i n g  c h r o u g h  t h e  r e a c h  E o  a

s i n k  a c  i t s  l a n d w a r d  e n d .

Even r  5 ,  F lood :

As  evenc  4  buc  w ich  a  sma l l  amoun t  o f  ma te r i a l

s e t t l i n g  o u c  o f  s u s o e n s i o n  c o  f o r m  a  s i n k  i n  c h e

m i d d l e  a n d  l a n d w a r d  s e c c i o n s  o f  t h e  r e a c h .

Evenr 6,  Ebb:

P robab l v  o r i g i na r i ng  f r om che  f l ood  s ink  f o rmed

dur ing  Even t  5  and  so  o f  l oca l  sou rce .

Bven t  7 ,  Ebb :

0 r i g i naces  f rom landward  end  o f  r each  f rom s ink  o f

Even t  4 .  I c  p rog resses  th rough  the  reach  w i th  t ime .

4 SEDIUBTIT FLUX IIODEL

4 . 1  I n t r o d u c c i o n

I f  i c  i s  assumed  thac  the  su rvey  pos i t i ons  adop ted  i n

Long  Reach  a re  a long  the  sane  s t reaml ine  o f  f 1ow ,  t hen

an  ana l vs j - s  o f  t he  t ime  va tv ing  sed imenc  f l ux  a t  t he

su rvey  oos i t i ons  du r i ng  a  t i de  may  revea l  some  i ns ighE

in to  che  nacu re  and  raEe  o f  t he  cohes i ve  sed imenc

p h y s i c a l  D r o c e s s e s .  F o r  i n s t a n c e ,  i f  t h e  f l u x  o f

sed imen t  ac  pos i c i on  2  was  g rea te r ,  f o r  examo le ,  t han

che  sed imen t  f l ux  a t  pos i t i on  I  i n  che  ea r l y  pa rc  o f  a

f l ood  c ide ,  t hen  i c  wou ld  be  reasonab le  co  conc lude
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rhac  the re  was  a  sou rce  o f  mace r i a l  beErdeen  pos i t i ons

1  and  2  wh i ch  was  be ing  e roded .  The  ra te  o f  e ros ion

cou ld  be  esc ima ted  o rov ided  Ehe  advec t i on  o f  susoended

sed imene  a long  che  reach  was  caken  i n to  accounc .

I n  e f f e c t ,  r h e  s e c t i o n  o f  L o n g  R e a c h  c o v e r e d  b y  c h e

su rvey  pos i c i ons  may  be  t rea ted  as  a  ve ry  l a rge  f l ume .

The  f l ow  may  be  assumed  co  be  one -d imens iona l  w i ch  che

f l o w  v e l o c i c v  r e p r e s e n c i n g  c h e  d e o t h - a v e r a g e d

ve loc i cy .  The  movemen t  o f  cohes i ve  sed imen t  w i ch in

Ehe  reach  w i l l  be  gove rned  p r i nc ioa l l y  by  ch ree

p h y s i c a l  p r o c e s s e s  -  a d v e c c i o n ,  d e p o s i t i o n  a n d

e r o s i o n .

T h e  o b j e c t i v e  o f  c h e  w o r k  d e s c r i b e d  i n  r h i s  s e c c i o n

was  co  deve lop  a  s imp le  compu tac iona l  mode l  o f  t he

sed imenc  c ransDor t  D rocesses  tak ing  o lace  s r i t h i n  t he

su rveyed  reach .  Us ing  the  sed imenc  f l ux  a t  one  end  o f

t he  reach  and  the  measu red  dep th  ave raged  ve loc i t i es

as  the  i npu ts  t o  t he  mode l  i t  was  i ncended  to  comDare

t h e  r e s u l t s  o f  t h e  r n o d e l  a c  c h e  s u r v e y  p o s i t i o n s  a l o n g

c h e  r e a c h  w i t h  c h e  f i e l d  m e a s u r e m e n t s .  B y  a d j u s t i n g

the  pa rame te rs  wh i ch  desc r i be  che  raEes  o f  e ros ion  and

d e D o s i t i o n  i t  w o u l d  b e  o o s s i b l e  c o  i d e n c i f v  r h e

r e l a c i v e  i m p o r c a n c e  o f  t h e s e  D r o c e s s e s .

4 . 2  D e s c r i p t i o n  o f  m o d e l

The  coopuca t i ona l  mode l  was  a  s imp le  one -d imens iona l

r e p r e s e n t a t i o o  o f  a  u n i t  w i d t h  o f  r i v e r  a l o n g  c h e  l i n e

o f  c h e  s u r v e y  p o s i c i o n s .  T h e  D r o c e s s e s  o f  a d v e c t i o n ,

depos i t i on  and  e ros ion  were  mode l  l ed  ove r  200n  l ong

sub - reaches .  I . h th in  each  sub - reach  the  dep th  o f  f l ow ,

ve loc i t y  and  suspended  so l i ds  concenc ra t i on  we re  each

cons tanc  ac  any  i ns tan t  du r i ng  che  t i de .  Con t i nu i cy

o f  d i scha rge  was  assumed  E .h roughou t  t he  reach  and  the

r i r a te r  l eve l  was  caken  to  be  ho r i zonca l  and  g i ven  bv

Ehe  ave rage  o f  che  t i de  cu rves  Dresenced  i n  F igu re  2 .
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Advec t i on  o f  sed imen t  f r om one  sub - reach  co  an

ad jacen t  sub - reach  was  aDprox i rna ted  fo r  sma l l  &1  bv

&,1  =v r&  M  ( r )L "

i -n  wh i ch

U  =  mass  o f  sed imen t  i n  sub - reach

&1  =  mass  o f  sed imenc  advecced

V  =  mean  ve loc i - cv  o f  f  l ow

Al  = t ime steD

L  =  l e n g c h  o f  s u b - r e a c h

T h e  d i s c r e D a n c y  i n  u s i n g  d e p c h  a v e r a g e d  v e l o c i c i e s  a n d

t o t a l  s e d i m e n c  m a s s  i n  c a l c u l a r i n g  c h e  a d v e c t i o n  o f

sed imen t  was  eva luaced  by  compar ing  che  f l ux  o f

s e d i m e n t  c a l c u l a c e d  f r o m  c h e  d e c a i l e d  f i e l d

measu remencs  w ich  che  sed imen t  f l ux  g i ven  by  dep th

a v e r a g e d  v e l o c i E y  m u l t i o l i e d  b v  d e p c h - a v e r a g e d

c o n c e n c r a c i o n .  I n  a l l  c a s e s  t h e  d i f f e r e n c e  b e C w e e n

c he c.wo nas l  es s chan 52.

Depos i c i on  o f  sed imen t  f r om susoens ion  was  rep resenced

by  assuming  chac  above  a  ce rca in  c r i - c i ca l  ve loc i cy  no

d e p o s i t i o n  o c c u r r e d  a n d  c h a t  b e l o w  t h i s  c r i t i c a l

ve loc i t v  t he  ra te  o f  depos i t i on  was  g i ven  bv

d,n=",-&<r-plu (z)
c d

i n  w h i c h

[ , ]  =  se t t l i ng  ve loc i t y  o f  sed imenc

d  =  deo th  o f  na te r

V  =  c r i t i c a l  v e l o c i c y  f o r  d e p o s i t i o n
c o
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4 . 3  M o d e l  r e s u l t s

T h e  s e c t l i n g  v e l o c i c y  o f  c h e  s e d i m e o c  w a s  a s s u m e d  c o

be  p ropo rc iona l  Eo  the  squa re  o f  che  nea r  bed

concenc raC ion ,  wh i ch  i n  t u rn ,  { das  taken  to  be  tw i ce

the  dep th -ave raged  concen t ra t i on .  I l ence ,  che  se t t l i _ng

ve loc i cv  was  g i ven  bv

W  =  0 . 0 0 1  ( 2 q  2

i n  w h i c h

C =  depch avegaged so l ids  concenr rar ion  (kg /m 1

( 3 )

The  e ros ion  o f  ma te r i a l  f r om rhe  bed  w i th in  a

s u b - r e a c h  w a s  m o d e l l e d  b y  f i r s c  a s s u m i n g  t h a E  c h e r e

e x i . s c e d  a  c r i c i c a l  v e l o c i c y  b e l o w  w h i c h  n o  e r o s i o n

c o o k  p l a c e .  W h e n  t h e  v e l o c i c y  e x c e e d e d  e h i s  c r i t i c a l

va lue  the  mass  e roded  was  g i ven  bv

t l l  =  0 . 9  $ 2  -  v 2  )  ( 4 )
ce

i n  w h i c h

\ /  =  c r i t i c a l  v e l o c i c y  f o r  e r o s i o n
ce

4 . 3 . 1  F l o o d  c i d e

The  measu red  sed imen t  f l ux  pass ing  su rvev  pos i c i ons

1 r2  and  4  du r i ng  che  f l ood  c ide  o f  29 -9 -85  a re  shown

as  h i scog , rams  i n  F igu res  29  and  30 .  The  sed imen t  f l ux

du r i ng  a  ha l f  hou r  i o te rva l  t oge t .he r  w i t h  a

rep resenca t i ve  ve loc i t y  i s  g i ven  i n  F igu re  29 .  Th i s

c l , ea r l y  shows  thac  the  max imum f l ux  occu rs  ac  a round

3 h r s  a f t e r  l o w  n a E e r ,  w h e r e a s ,  c h e  p e a k  v e l o c i t y

occu rs  a f t . e r  on l y  1 *  n rs .  I n  F igu re  30  che

accumu la ted  sed imen t  f l ux  dep i c t s  che  g radua l

o rog ress ion  o f  susDended  rnace r i a l  upsc rea {o  w i t h  t he
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f l o o d  c i d e .  A r  c h e  e n d  o f  r h e  f l o o d  c i d e  c h e

accumu laE ive  mass  wh ich  had  passed  each  su rvey

p o s i t i o n  w a s  v i r t u a l l y  t n e  s a m e  a n d  w a s  a p D r o x i m a c e l v

4 2  T l n .

The  sed imen t  f l ux  pass ing  oos i c i on  1  was  used  as  i nou t

to  t he  compu tac iona l  mode l  co  p red j . c t  t . he  sed imenc

f l u x  a r  p o s i t i o n  2  c h r o u g h  a  f l o o d  r i d e .  T h e

h i s tog rams  show ing  the  resu l cs  o f  t he  mode l  and  the

f i e l d  measu remencs  a t  pos i c i on  2  a re  p resen ted  i n

F igu res  31  and  32 .  The  mode l  i n  rh i s  i nscance  was  run

w i c h o u c  a l l o w i n g  e r o s i o n  o r  d e p o s i t i o n  t o  t a k e  p l a c e .

Advecc ion  $ ras  che re fo re  che  on l v  p rocess  mode l l ed .

T h r o u g h o u c  t h e  e a r l y  t o  m i d  p a r t  o f  t h e  f l o o d  c i d e ,

che  sed imen t  f l ux  o red i cced  by  t he  mode l  l r as  somewhac

l o w e r  r , h a n  c h a c  m e a s u r e d  i n  r h e  f i e l d  ( f i g  : f ) .  I n

c e r m s  o f  t o c a l  m a s s  w h i c h  p a s s e d  p o s i r i o n  2  i c  i s

c l e a r  f r o m  F i g u r e  3 2  t . h a t .  t . h e r e  i s  a  c o n s i s c e n t

s h o r c f a l l  b e r w e e n  t h e  s e d i m e n c  f l u x  p r e d i c t e d  b y  t h e

m o d e l  a n d  c h a t  w h i c h  w a s  m e a s u r e d  i n  t h e  f i e l d .

Howeve r ,  t h i s  may  be  exp la ined  bv  re fe rence  Eo  che

a n a l y s i s  o f  r h e  f i e l d  d a c a  a s  r e p o r c e d  i n  S e c t i o n  3

wh ich  i nd i caced  thac  e ros ion  was  cak ing  p lace  bech reen

p o s i r i o n s  1  a n d  3  i n  t h e  e a r l v  p a r c  o f  c h e  f l o o d

t i d e .

The re fo re ,  a  more  rea l i s t i c  run  o f  che  rnode l  was  made

i n  w h i c h  e r o s i o n  w a s  a l l o w e d  t o  o c c u r  u p  u n t i l

L I {  +  26 r ' s .  The  c r i t i ca l  ve loc i cy  f  o r  e ros ion  l r as

t a k e n  E o  b e  0 . 5 m / s .  T h e  r e s u l t s  o f  c h i s  r u n  a r e

p resenced  i n  F igu res  33  and  34 .  The  d i f f e rence

becween  th i s  run  and  the  p rev ious  run  i n  wh i ch  on l y

che  advec t i on  p rocess  e ras  mode l l ed  i s  t ha t  t he  f l ux

p red i cced  by  t he  mode l  du r i ng  t he  f  i r sc  E r . ro  hou rs  o f

t h e  f l o o d  t i d e  i s  g r e a t e r .  T h e  e f f e c c  o f  t h i s

i nc rease  i n  sed imeoc  f l ux  du r i ng  t he  ea r l y  pa r t  o f  t he

t i de  i s  Co  i nc rease  the  accumu la t i ve  f l ux  Co  an  excenE
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t . h a t .  m a c c h e s  v e r y  c l o s e l y  t h e  f i e l d  m e a s u r e m e n t s  ( s e e

F i g  3 4 ) .

A  fu rche r  run  was  made  i n  wh i ch  che  t . h i r d  p rocess ,

name lv  deoos i t i on ,  was  ruode l l ed  by  sec t i ng  t he

c r i c i c a l  v e l o c i c y  f o r  d e p o s i t i o n  c o  b e  0 . 4 m / s .

R e s u l t s  f r o m  t h i s  r u n  i n d i c a c e d  c n a c  e h e r e  w a s

v i r t u a l l y  n o  d e p o s i c i o n  o c c u r r i n g  i n  t h e  r e a c h ,  a n d

hence ,  t he  l ow  concen t . ra t i ons  we re  a  resu l t  o f  wa t .e r

mov ing  i n to  and  th rough  Ehe  reach  wh ich  had  l ow

sed imen t  concen t ra t i ons  rache r  chan  deDos i t i on  w i t h in

the  reach  be tween  pos i t i ons  I  and  2 .

C o m p a r i s o n  o f  c h e  m o d e l  a n d  f i e l d  r e s u l c s  f o r

p o s i t i o n  4  r e v e a l s  c h a t  f o r  t h e  a d v e c t i o n  o n l y

comDuca t i ona l  mode f  (F ig  35 )  che  movemenc  o f  f l ux  i s

a c  f i r s c  u n d e r - e s t . i m a c e d  u p  t o  L W  +  2 h r s ,  E h e n

over-est imated berween LI^ l  + 2hrs and LW + 3 i  f r rs ,  and

a g a i n  u n d e r - e s t i m a c e d  f o r  c h e  r e s t  o f  c h e  f l o o d  c i d e .

T h e  a c c u m u l a r i v e  s e d i m e n c  f l u x  ( F i g  3 6 )  f o l l o w s  a

b r o a d l y  s i n i l a r  D a t c e r n .  T h e  r o c a l  f l u x  p r e d i c c e d  b v

the  mode l  a t  t he  end  o f  che  r i de  i s  abouc  2T /m less

than  the  f i e l d  measu remenc  o f  42T l r l  .

T o  e x a m i n e  w h e t . h e r  c h e  s h o r t f a l l  i n  t o t a l  f l u x  c o u l d

be  accoun ted  fo r  by  che  absence  o f  t he  e ros ion  Drocess

in  t he  mode l ,  a  second  run  o f  che  mode l  was  made  i n

w h i c h  e r o s i o n  n a s  r e D r e s e n c e d .  T h e  c r i t i c a l  v e l o c i c v

was  aga in  t aken  co  be  0 .5m/s  and  e ros ion  was  a l l owed

to  t ake  p lace  on l v  up  unc i l  L I ^ l  +  2h rs .  The  resu l cs

a re  D resen ted  i n  F igu res  37  and  38 .  A l chough  rhe

to ta l  sed imenr  f l ux  t o  oass  pos i t i on  4  as  o red i c ted  bv

the  mode l  i s  s i r a i l a r  t o  t ha t  measu red  i n  che  f i e l d

( f i g  3 8 ) ,  i t  m a y  b e  s e e n  t h a t  i n  t h e  f i r s c  h a l f  o f  c h e

t i de  t he  mode l  ove r -esc imaces  the  sed imen t .  f l ux  and  i n

che  second  ha l f  t he  mode l  c l ea r l y  unde r -es t ima teq  the

f l u x  ( f i g  3 7 ) .  T h i s  s u g g e s c s  c h a r  c h e  d e p r h  a v e r a g e d

ve loc i t y  used  i n  t he  mode l  was  somenhac  h ighe r  t han
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c n e  v e l o c i c y  a c

a c t u a l l y  m o v i n g

and  4 .

4 . 3 . 2  E b b  t i d e

wh ich  the  sed imen t  l aden  $ ra te r  was

i n  c h e  r e a c h  b e c w e e n  p o s i c i o n s  I

The  sed imen t  f l ux  du r i ng  ha t f  hou r  pe r i ods  and  the

accumu la ted  sed imen t  f l ux  Dass ing  oos i t i sns  3 ,  2  and  1

o o  t h e  e b b  c i d e  o f  2 8 - 9 - 8 5  w e r e  c a l c u l a r e d  f r o m  c h e

f i e l d  da ta  and  a re  shown  i a  F igu res  39  and  40

r e s o e c t i v e l y .  A I s o  d e r a i l e d  i n  F i g u r e  3 9  i s  a

r e D r e s e n t . a t i v e  f l o w  v e l o c i C y  w i c h i n  t h e  r e a c h  w h i c h

i l l u s t r a t e s  C h e  d i f f e r e n c e  b d c w e e n  t h e  t i m e s  o f  p e a k

s e d i m e n c  f l u x  a n d  p e a k  v e l o c i c v .  T h e  a c c u m u l a c e d

s e d i m e n t  f l u x  ( F i g  4 0 )  h a s  a  c o n s i s r e n t  p a E E e r n  i n

t h a c  o o r e  m a c e r i a l  i n i c i a l l y  p a s s e s  o o s i c i o n  3  r h a n

p o s i c i o n  2  a n d  l i k e w i s e  p o s i t i o n  l .  B v  t h e  e n d  o f  c h e

ebb  t i de  Ehe  coca l  sed imenc  f l uxes  a re  reasonab l v

equa l ,  each  be ing  abou r  30T /m.

T h e  c o m p u c a t i o n a l  m o d e l  n a s  r u n  f o r  t h i s  t i d e  u s i n g

c h e  f r - e l d  m e a s u r e m e n t s  a c  p o s i c i o n  3  a s  C h e  i n p u c .

The  even t  ana l ys i s  g i ven  i n  che  o reced ing  sec t i on  had

c o n c l u d e d  c h a c  c h e r e  w a s  l i t c l e  e r o s i o n  o r  d e p o s i c i o n

occu r r i - ng  w i ch in  Ehe  reach  du r i ng  the  ebb  r i de  and

the re fo re  on l y  t he  advec t i on  D rocess  rdas  reDresenced

i n  t h e  m o d e l .  T h e  r e s u l t s  f o r  p o s i t i o n  2  a t e  s h o w n  i n

F igu res  41  and  42  and  fo r  oos i r i on  t  i n  F igu res  43  and

44 .

Al though  the  accumu la ted  sed imen t  f l ux  oass ing

pos i t i on  2  (F ig  42 )  and  oos i r i on  1  (F ig  44 )  show good

ag reemen t  be tween  Che  f i e l d  and  mode l  resu l cs  by  t he

end  o f  t he  ebb  t i de ,  che  ag reemen t  du r i ng  rhe  ea r l y

and  m id  pa r t  o f  r he  r i de  i s  noc  good .  Th i s  i s

i l l u s t r a t e d  m o r e  c l e a r l v  i n  t h e  h i s t o g r a m s  o f  s e d i m e n t

f l ux  du r i ng  ha l f  hou r  De r i ods  sho rdn  i n  F igu res  42  and

44 .  Du r i ng  ehe  ea r l v  pa rc  o f  che  c ide  the  f l ux
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CONCL{'SIOilS AND

RECOUIITENDATIONS

p r e d i c t e d  b y  t h e  m o d e l  a t  b o t h  p o s i t i o n  2  a n d  p o s i t i o n

I  i s  g r e a t e r  t h a n  t h a t  m e a s u r e d  i n  t h e  f i e l d .  B e t w e e n

HI^ I  +  2+  h rs  and  HW +  4+  h rs  t he  reve rse  occu rs  w i t h

the  mode l  unde r -es t ima t i ng  t he  sed imen t  f l ux .

I t  i s  r e a s o n a b l e  t o  c o n c l u d e  t h a t  t h e s e  d i s c r e p a n c i e s

a re  p robab l y  due  to  t he  assumpt ion  i n  t he  mode l  t ha t

t he  su rvey  pos i t i ons  h re re  on  a  s t reaml ine .  Some

la te ra l  movemen t  o f  sed imen t  cou ld  we l l  have  been

tak iag  p lace  wh ich  wou ld  accounc  fo r  t he  d i f f e rences

b e t w e e n  t h e  m o d e l  a n d  f i e l d  r e s u l t s .

F ie ld  measu remen ts  r . r e re  made  w i th in  Long  Reach  i n

the  Thames  Es tua ry  a t  t h ree  pos i t i ons

s imu l taneous l y  f o r  t h ree  comp le te  and  one  ha l f

t i d a l  c y c l e s  b e t h r e e n  2 8 . 9 . 8 5  a n d  1 . 1 0 . 8 5 .  T w o  o f

t he  su rvey  pos i t i ons  we re  f i xed  a t  j e t c i es  and  the

th i rd  pos i t i on  r / as  an  ancho red  su rvey  boa t  wh i ch

was  moved  fu r the r  away  ups t ream f rom the  j e t t i es

on  success i ve  days  o f  t he  su rvey .  Suspended

so l i ds  concen t ra t i on  read ings  were  reco rded

th roughou t  t he  wa te r  co lumn  a t  each  o f  t he  t h ree

l o c a t i o n s  w i t h  v e l o c i t y  n e a s u r e m e n t s  a l s o  b e i n g

made  f rom the  su rvey  boa t .

The  suspended  so l i ds  concen t ra t i ons  we re

cons i s ten t  ove r  Ehe  fou r  day  pe r i od  a t  t he  two

f i xed  su rvey  pos i t i ons  and  a l l  t he  daca  was

rega rded  to  be  o f  good  qua l i t y .

Seven  peaks  i n  t he  suspended  so l i ds  concen t ra t i on

aga ins t  C ime  g raphs  o f  a  comp le te  t i da l  cyc le  f o r

t he  su rvey  pos i t i ons  h re re  i den t i f i ed .  These  peaks

occu r red  repea ted l y  du r i ng  each  f l ood  and  ebb  t i de

5 . 1  C o n c l u s i o n s

1 .

2 .

3 .

2 7



and  were  Cermed  even ts .

evencs  Chrough  the  reach

l i ke l y  sou rces  and  s inks

T h e  p a s s a g e  o f  t h e s e

$ ras  ana  l ysed  and  the i  r

i den t  i f  i ed  .

4 .

5 .

W i c h  r e s p e c t  c o  t h e  f i n d i n g s  r e l a t i n g  c o  t h e  a r e a s

o f  sou rces  and  s inks  o f  t he  ea r l i e r  wo rk  on  che

T h a m e s  ( T h o r n  a n d  B u r t ,  1 9 7 8 )  t h e  r e s u l t s  o f  t h e

Dresen t  wo rk  do  noc  d i . sag ree .

Ac  any  g i ven  po inc ,  t r ans i -enE  even ts  cended  eo

r e s u l c  i n  a n  i n c r e a s e  i n  s u s p e n d e d  s o l i d s

concenc ra t i ons  ch roughou t  che  s race r  co lumn ,

whereas  l oca l  even rs  \ . r e re  no rma l l y  ev idenc  on l v  i n

E h e  l o w e r  w a C e r s .

A  s i rnp le  compucac iona l  mode l  o f  t he  movemen t  o f

sed imen t  w i t h i n  t he  su rveyed  pa r t  o f  Long  Reach

w a s  d e v e l o p e d .  T h e  p r o c e s s e s  o f  a d v e c t i o n ,

d e p o s i c i o n  a n d  e r o s i o n  w e r e  i n c o r p o r a c e d  i n t o  c h e

m o d e l .  T h e  m o d e l  i n d i c a t e d  t h a c  a c  c h e  s i . t e  u s e d

in  t he  s t . udy  che  p r i nc ipa l  sed imenc  t ransDorc

p r o c e s s  w a s  a d v e c c i o n  w i c h  l i c t I e  o r  n o  d e p o s i c i o n

and  e ros ion  cak ing ,  p lace .  Th i s  was  con f i rmed  by

the  f i e l d  measu remen ts .  The  i r no l i ca t i ons  o f  t h i s

r e s u l t  a r e  v e r y  i m p o r c a n t .  I c  i n d i c a c e s  t h a t

run -o f - t he - r i ve r  s i cua t i ons  conc r i buEe  and

a b s E r a c t  v e r v  l i t c l e  s i l t .  C o n v e r s e l v ,  a  h i g h

p ropo rE ion  o f  t ne  s i l t  i n  suspens ion  i n  t he

e s t u a r v  s c a y s  t h e r e ,  o s c i l l a c i n g  u p  a n d  d o w n  w i c h

c h e  c i d e s .

The  above  ra i ses  t he  ques t i ons  o f  whe re  and  wha t

a re  t he  sou rces  wh ich  so  c lea r l v  g i ve  r i se  co

oeaks  o f  concen t ra t i on .  I f  che  amoun t  o f  s i l c

wh i ch  se t t l es  a round  che  t ime  o f  s l ack  wa te r  i s

noc  enough  to  p roduce  a  sou rce  i c  f o l l ows  chac

t .he re  mus t  be  oEher  p laces  where  se t t l emen t  can

take  p lace  fo r  l onge r .  Such  p laces  maY ex i sc  i n

6 .

7 .

2 8



8 .

t he  l ee  o f  bends  i n  t he  es tua ry .  An  a rea  wh ich  i s

i n  t h e  l e e  o f  a  b e n d  d u r i n g  t h e  f l o o d  t i d e  f o r

e x a m p l e r  m 6 y  b e ,  a n d  i n  m a n y  c a s e s  i s ,  f u l l y

exposed  to  t he  ebb  t i de .  Sed imen t  en te r i ng  t he

a rea  th roughou t  a  f l ood  t i de  may  se t t l e  t o  and

a c c u m u l a t e  a t  t h e  b e d  c o  b e  r a p i d l y  r e - e r o d e d

ea r l y  i n  t he  nex t  ebb  t i de .  F rom th i s  resea rch  i t

i s  f u r t h e r  e v i d e n t  t h a t  t h e  s e c o n d a r y  s o u r c e s

r e f e r r e d  t o  i n  S e c t i o n  1 . 4  m a y  w e l l  b e  r a p p a r e n t l

r a t h e r  t h a n  r r e a l '  s o u r c e s  i . e .  C h e  m a j o r i t y  o f

t he  s i l t  i n  suspens ion  s tays  t he re  t h roughou t  t he

e b b  t i d e ,  ( e x c e p t  t h a t  w h i c h  i s  a b s t r a c t e d  i n  t h e

l e e  o f  o t h e r  b e n d s ) ,  t h r o u g h  s l a c k  l o w  w a t e r  a n d

r e t u r n s  o n  t h e  f l o o d  t i d e .  H o w e v e r ,  d u r i n g  t h i s

t ime  l ong i t ud ina l  m ix ing  mus t  occu r  and  the

ex i s tence  o f  t he  peak  mus t  become b lu r red  and

p r o b a b l y  s i m p l y  c o n t r i b u t e s  t o  a  g e n e r a l

backg round  l eve l  o f  concen t ra t i ons .  New peaks  a re

gene ra ted  each  f l ood  and  ebb  t i de  by  t h i s  me thod .

T h e  b e n e f i t s  o f  t h i s  r e s e a r c h  a r e  t h e r e f o r e

t w o f o l d .

i i )

I t  h a s  c o n f i r m e d  t h a t  t h e  p h y s i c a l  p r o c e s s e s

as  rep resen ted  i n  t he  s i rnp le  compu ta t i ona l

m o d e l  l e a d  t o  s e n s i b l e  p r e d i c t i o n s  o f  t h e

in te rac t i on  be tween  bed  and  suspended  s i l t

u n d e r  t h e  i n f l u e n c e  o f  t i d a l  c u r r e n t s .  T h e s e

p rocesses  can  the re fo re  be  more  con f i den t l y

i nco rpo ra ted  i n to  f u tu re  gene ra t i ons  o f

ma themat i ca l  r node l s  o f  sed imen t  t r anspo r t .

The  ac tua l  r esu l t  t ha t  t he  quan t i t y  o f  s i l t

se t t l i ng  and  re -e rod ing  i s  sma l l  compared  to

tha t  wh i ch  rema ins  i n  suspens ion  a t  a

run -o f - t he - r i ve r  t l os i c i on  has  l ead  to  a

rev i s i on  o f  t he  hypo thes i s  o f  a  ra t i ona l

m o d e l  o f  s i l t  t r a n s p o r t .  T h e  r e v i s i o n  i s

i )

2 9



t h a c  r s o u r c e s t  m u s t  b e  a r e a s  w h e r e  v e l o c i c i e s

a re  l ow  fo r  l ong  oe r i ods  du r i ng  Ehe  t i de  and

h i g h  w h e n  t h e  f l o w  r e v e r s e s .  S u c h  p l a c e s

e x i s t  i n  c h e  L e e  o f  b e n d s .  , S e c o n d a r v l

sou rces  need  no t  be  i n te rp re ted  as  cempora rv

b e d  d e o o s i t s  s i n c e  m o s c  o f  c h e  s i l t .  c a n  s E a v

i n  s u s o e n s i o n .

5 .2  Recommendac i -ons

T o  I o c a c e  r s i n k s r  a n d  r s o u r c e s r  o o r e  a c c u r a c e l y  i t

wou ld  be  necessa rv  c ' o  obca in  da ta  f r om m id  channe l  i n

che  reaches  boch  uD  and  down  r i ve r  w i ch in  che

p r e d i c t e d  t i d a l  e x c u r s i o n .  I t  i s  s u g g e s t e d  c h a t  s u c h

measuremencs should be made ac | rn,  2m and 6m above Ehe

bed  and  2m be low  the  su r face  as  t h i s  wou ld  be

s u f f i c i e n c  c o  i d e n r i f v  e v e n r s  o f  b o r h  l o c a l  a n d

c r a n s i e n t  n a t u r e  a t  a n v  g i v e n  p o s i c i o n .

I t  wou ld  be  p rudenc  uhen  conducc ing  a  f u r t he r  su rvey

E o  c o n s i d e r  c a r e f u l l v  t h e  d e t a i l e d  m e a s u r e m e n E  o f

v e l o c i r i e s  a c  m o r e  c h a n  o n e  p o s i t i o n .

30
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