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ABSTRACT

The fate of dredge materlal dlspoeed of at open water sltee by hopper
dredgera haa elgnlficant ecologlcal and englneerlng ftnport8DC€o The
eultabl l l ty of  a si te for contLnued or proposed new dlsposal of  dredged
materl.al can only be coneldered lf the processes shLch occur ln both the
short-tern and long:tern slth respect to the dlepereal of the materLal are
well understood.

To lnprove the knonledge of the physice lmrolved ln dredged materlal
diepoeal, a fleld etudy sas udertaken ln Septeaber 1986 ln co-operatlon
wlth the Teee and Eartlepool Port Authorlty. The obJectlvea were:

l. To characterlee tbe dredged naterlal vlthln the hopper of the dredger
prlor to lt bel.ng diepoeed of at the dl.epoeal eite t n reapect of the
denslty proflle wlth depth, sl1t content aad heavy metal
coDcentratlon8.

To neaeure the extent of the near surface dleperslon cloud releaeed ae
the naterlal plunged through the water colunn in the descent phase.

To deternlre the ature and veloctty of the bed wave durlag the
dlffuaive phaee and to lreaaure the effect on the propagatlon of thla
wave of the bed elope and current velocity.

4. To quantlfy the magnttude of bed level changee reeultlsg from the
repeated diepoeal of dredged naterlal at the same 1ocat1on.

5. fo e:anlne the ellt content and heavy metal concentratlooa on the bed
uaterlal before and after the dtspoeal ererclse.

The general approach to the field study wa8 to ldenttfy a relatlvely ehallow
and flat test area of eea bed wlthln the dleposal elte ln Teee Bay. At the
centre of thls test area all the naterlal dredged by the two tralllng
euctlon hopper dredgere for a three day peri.od rae to be dlecharged.
Samplee of materlal were to be taken from the bed of the teet area
lmedlately before dlepoeal cornnenced ard agaln as soon as poeelble after
dlsposal 1n the test area had ceaeed. Detalled eoundl.rga of the test area
were to be taken before and after dlepoeal.

The denslty of the dredged naterlal ln the hopper Lncreased wlth depth,
Parttcularly wtthin the bottom lm. The mean dgnsltles of the n{ne hopper
loade ueaeured. var ied betneen'1.O7 and L.24f lo3, r l th an average of
1.15f/n3. Grab eaaples taken ln the hopper had an average el l t  content of
502 and Cassel la bott le eamples taken ln the upper part  of  the hopper
contalned 952 sl l t .  The average concentrat lon of metals 1n the grab eanplee
were ( ln ppn) cu-160, 21480, Pb-300, Fe-340O0, Hrr420 and Co-l l .  The
concentrat lon of netals 1n the Cassel la bott le eanples nere Cu-25O, 21164O,
Pb-510,  Fe-36000,  Mr r310 ard  Co-13.

The concentrat lons of suspended so11ds ln the upper 15n of the 3On water
column sere general ly lor i  and very 11m1ted 1n extent.  Peak concentrat lons
of  200ppn; -e re  recorded 1n  a  n€ar  sur face  p lune approx lmate ly  80n ln  w ld th .
An es t tma le  o f  the  amount  o f  mater ia l  1n  the  p lume l rd lcaced tha t  l t
comprleed * to 22 of the dry wetghr of macerial  ln the hopper.



The velocLty of the bed save eaa measured to be approxlnately O.9rn/s over
the flrst 5On from the dl-sposal polnt reduclng to O.5rn/s betreen 5O and L25n
and  to  O . l n / s  be tween  125  and  155 ra .  The  bed  s lope  o f  1 :700  d td  no t  have  a
slgnl f l .canE lnf luence on the propagat lon of  the bed nave.  The veloc i ty  of
the currenf  was foucd to Lnf luence dramaclcal ly  the bed wave dur lng t ts
dL f fus lon  phase .

No s lgnl f icant  change ln the prof t le  of  the bed could be detected as a
resul t  o f  the dLsposal  of  the 25000n3 thopper volune)  of  dredged marer ia l .

The s l l t  conceDt of  the bed in a 50On x 5O0n test  area cencred on the
dlsposal  poinr  increased narkedly due to the dtsposal  operaElons.  The
eamples at 5Om frou the dleposal polnt had an lncrease tn sllt content from
87 to 497, at 15OE the lncrease eaa fron lOZ to 152 nhlle at 25Oo there
waa no Lncrease

The average concentratlona of heavy Eetals on the bed of the test area
increaeed a8 a result of the dlsposal of the dredged rnaterial, The lncrease
was e ignl f icant  at  5OE f rom the d lsposal  polnt  (50 to 1002) bur  was less
marked at  a d iscance of  25On (15 ro 5OZ).
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INTRODT'CTION

1.1  Background

The face of  dredged mater ia l  d isposed of  at  open sater

s i tes by hopper dredgers has s ignl f lcant  eeological

ard erg ineer ing Lmportance.  The sul tabi l i ty  of  a s iEe

for  cont inued or  proposed new disposal  of  dredged

mater la l  can only be considered i f  the processes whlch

occur  Ln both the shor t - tern and long- tern wi th

respect  to  the d lspereal  of  the naEer ia l  are wel l

unde rs tood .

The d lsposal  process may be d lv ided lnto three

dist tnct  t ransport  phases accordi rg co the physlcal

forces or  processes Ehat  dominate dur ing each per lod.

These stages have been descrl,bed by a nunber of

l nves t l ga to rs  C la rk  e t  a l  ( 1971 ) ,  Koh  and  Chang

(1973 ) ,  Go rdon  (L974 ) ,  B randsma and  D ivoky  (1976 ) '

Johnson and Eol l tday (1978) and Bokuniewlcz et  a l

(1978).  The moat  common termlnology for  these scages

1s convect l .ve deecent ,  dynamic col lapse and pressure

d i f f us lon  (WES,  1986 ) .  A  d iag rama t l c  rePresen ta t l on

of  the t ransport  processes dur ing operrwater  d isposal

i s  shown  i n  F lgu re  1 .

FoL low lng  re lease  f rom the  hoppe r ,  t he  d redged

mate r l a l  descends  though  Ehe  wa te r  co lumn  as  a  we l l

de f l ned  Je t .  Du r l ng  the  descen t  l a rge  vo lumes  o f

wa te r  a re  enEra lned  l n  t he  j e t  and  so  the  ma te r i a l

becomes  sepa ra ted  f ron  the  j e t  and  rema ins  i n  t he

uppe r  po r t i on  o f  t he  wa te r  co lumn .  Th i s  maEer ia l  may

be  desc r l bed  as  a  nea r  su r face  p lume  and  wou ld  be

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

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

bed  a rd  t he  ma te r l a l  wh i ch  i s  noE  depos iEed  on  impac r

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

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

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



L .2 Objec t lves

processes  w i l l  t hen  don i ra te  and  any  rema in ing

m a t e r i a l  ' r i l l  b e  m i x e d  w i t h  c h e  l o w e r  w a t e r  c o l u m n .

T h e  c o n c e n E r a t i o n  o f  s u s p e n d e d  s o l i d s  w i l - 1  b e  l o w e r

a n d  s e t t l i n g  w i t i  t a k e  p l a c e  b u t ; , r t  a  m u l  i r  s l o w e r

r a t e .

To  i np rove  the  know ledge  o f  l he  p l r ys i cs  i nvo l ved  i . n

d redged  ma te r l aL  d i sposa l ,  a  f l e l c  sEudy  was

unde r taken  i n  Sep tember  1986  1n  coope ra t l on  w l rh  che

Tees and Hart . lepool  Por t  Author l ry .  Thls  s tudy was

the  second  naJo r  f t e l d  exe rc i se  ca r r i ed  ouE  on  the

Tees  -  t he  f l r s t  be tng  conduc ted  i n  June  1985

(De lo  and  Bu r t ,  1987 ) .  The  l ocaE lon  o f  Ehe  Tees  and

the  assoc iaced  d i sposa l  s i t e  l s  shown  l n  F lgu re  2 .

The f le ld s tudy concentrated on acquir lng a lnore

deta l led knowledge of  the shor t - term dispersal  of

dredged s l lEy nater ia l  dunped at  Ehe of fshore spoi l

ground. There rsere fl.ve prlncipal objectives of the

exe rc l se :

1.  To character l -se the dredged materLal  wi th ln the

hopper of  the dredger pr ior  to  l t  be lng d isposed

o f  a t  t he  d i sposa l  s i t e  l n  respecc  o f  - t he  dens l t y

prof i le  wi th depch,  s i l t  conEenl  and heavy metal

concenCra t l ons .

To measure the extent of the near surface

disperslon cloud released as che mater ial  plunged

through Ehe wat.er colunn in the descent phase.

To deEermine the nature and veloc i ty  of  the bed

wave dur ing the d i f fus lve phase and to measure

the  e f f ecE  on  the  p ropaga t l on  o f  t h i s  wave  o f  t he

bed  s lope  and  cu r ren t  ve loc lEy .

2 .

3 .



4 . To quanEl fy  the rnagni tude of  bed level  changes

resulctng f rom the repeated d isposal  of  dredged

mater ia l  a t  the same locat ion.

5 . To examine the s l l t  content  and heavy met .a l

concenEra t i ons  on  the  bed  ma te r i a l  be fo re  and

a fce r  Ehe  d l sposa l  exe re i se .

The general approach to the fleld study rtas to

ident t fy  a re latLvely shal low and f la t  test  area of

sea bed wi th ln the d isposal  s l te  in  Tees Bay.  At  the

centre of  th ls  test  area a l l  the mater ia l  dredged by

the two t ra i l ing euct lon hopper dredgers for  a three

day per lod was Eo be d ischarged.  Samples of  nater ia l

nere to be taken f rom the bed of  the test  area

lnmedlately before disposal comrnenced and agaln as

soon as posslb le af ter  d lsposal  ln  the test  area had

ceased.  Deta l led soundings of  the tesc area r tere to

be  taken  be fo re  and  a f t e r  d i sposa l .

Measurements of  the suspended sol ids concentrat lon

were co be made throughout the rracer column uslng a

sEack  o f  f ou r  Pa rcech  monL to rs  a tEached  a t  va r l oug

helghts above Ehe sea bed to a steel  wl re f ixed co the

su rvey  c ra fE .  The  pos i t l on  o f  che  Pa r tech  uon l t o r s

re lat lve to the sea bed ard che locat ion of  the survey

c ra f t  r e l a t l ve  t o  t he  l oca t l on  o f  t he  d redge r  when

d l sposa l  we re  t o  be  va r l ed  as  necessa ry  f o r  each

success l ve  d rop  o f  d redged  u race r l a l .

I n  a d d i t L o n ,  s a m p l e s  o f  n a E e r i a l  w e r e  t o  b e  c o l l e c t e d

f ro ra  w t th ln  t i r e  hoppe r  o f  one  o f  t he  rwo  d redge rs  by

g rab  and  by  Casse l l a  bo t t l e  samp le rs "  l t l easu remenEs

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

2

2. r

UETEODOLOGY

Overal l



mate r i a l  e r i t h  dep th  l n  t he  hoppe r  us ing  a  Ha rwe l l

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

2 . 2  ' I e s  E  a r e i r  l o c a t  i o n

An  a rea  o f  sea  bed  measu r l ng  500n  x  500m towards  the

wesce rn  edge  o f  t he  d i sposa l  s l t e  was  se lecLed  as  t he

t e s t  a r e a  ( f i g  3 ) .  T h e  s e a  b e d  i n  t h e  t e s t  a r e a  w a s

relar lve ly  f lac and the r rater  depth was approxlnate ly

27n LAT. The tesc area was d lv lded up by a 100rn x

100n  g r i d  and  each  node  on  the  g r i d  was  l den t l f t ed  by

the  nunbe rs  I  t o  36  (F lg '  ) .  Fo r  t he  pu rposes  o f

t ak lng  echo  sound ings  the  l l nes  o f  t he  g r i d  we re

asslgned Ehe rnrnbers I  to  6 in  the nor th-sout ,h

d i rec t i on  and  A  to  F  l n  t . he  eas t -wes t  d l rec t l on .

The centre of  the EesE area was uarked by a snal l  buoy

whlch was placed at the start of each day by the

survey craf t ,  and recovered agaln by the survey crafE

at the end of each day. The buoy was positioned dal1y

to an accuracy of abouE 10rn.

2.3  Dredgers  and

d lsposa l

,  procedure

Dur lng the f le ld s tudy the dredgers Heortnesse ard

Cleveland County,  both t ra l l lng euct lon hopper

dredgers,  l rere d l rect ,ed to dredge a s i l ty  upper par t

o f  t he  Tees  es tua ry  (F tg  5 ) .  Each  d redge r  had  a

hopper capacity of around 1500n3 and maximun depth

from the over f low welr  to  the bot ton of  the hopper of

7n.  On arr iva l  at  Ehe test  area the naEer ia l  in  the

hopper was re leased as c lose as posslb le Eo Ehe marker

buoy wi tb the dredger t ravel l ing as s lowly as rdas

pract icable.  In  broad Eerms al l  the mater ia l  f rom the

discharges made dur lng the three days of  test ing rdas

re leased  w i th in  50u  o f  t he  marke r .



The rourd cr ip for a dredger to f111 l ts hopper,  reach

the  d lsPosa l  s i te ,  d lspose che mater ia l  and re tu rn  to

the River Tees agaln ready to atart  dredglng took in

the  reg lon  o f  th ree  hours .

2.4 Echo soundings and

pos i t lon  f tx ing

The survey crafc used in the f le ld exercise sas the

Tees Soundsman of the Tees and Hart lepool Port

Authority. The sounding equlpnenc was a dual

frequency (2LOkHz/30kIfz) Atlas Deso 20 running at

210kIIz ltnked to the on board Hewlett Packard 98458

mlcrocomputer.  Poslt lon f ix lng was by a Motorala Mlni

Ranger I I I  which was also l tnked to Ehe microcomputer.

A graphics cermlnal (HP 2648A) ltas mounted near the

heln and was used to posit lon the boat to an accuracy

o f  j  5 n .

The procedure for soundlng the test area lnvolved

flret programlng the mlcrocomptuer rtlth the

coordinates of each l tne to be sounded (1e, the twelve

500n long l lnes withln the test area) -  These l ines

were then dlsplayed on the graphlcs ternlnal and the

survey craft  l tas ateered along each l lne at a constant

speed.

A copy of  che d lsplay of  che microcomputer  on the Tees

Soundsman could be pr inted ouE at  any t lme as wel l  as

a  s lng le  1 lne  o f  da ta  g l v i ng  the  eas t i ng ,  no r th lng '

sound ing ,  t l de  and  E ine  aE  any  i ns tan t  i n  t lme -

The  read ings  f ron  the  echo  sounde r  and  pos i t i on  f i xe r

were  l ogged  onEo  the  m ic roco rnpu te r  and  then  reco rded

on to  a  magne t i c  t ape  ca r t r i dge .  The  ca rE r i dge  was

t a k e n  a s h o r e  a n d  a  c h i t : t  o f  t h e  s u r v e y  d a t a  p J o t t e d

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



2 . 5  S u s p e n d e d  s o l i d s

REST'LTS

3.1  Genera l

3 .2 Current veloci ty

and d i rec t ion

A s  t ack  o f  f  ou r  s r - r spended  so l i ds  mon i  t o r s  rnade  by

P a r t e c h  E l e c t r o n l c s  L t d  w a s  u s e d  t o  n e a s u r e  t h e  s o l i d s

concenEra t i ons  1n  t i r e  waEer  co lumn .  The  1 - r , ; u r  mon lCorS

w e r e  s e t  u p  e l c h e r  l n  t h e  u p p e r  2 0 n  o f  t h e  w a t e r

co lumn  o r  w i t h i n  Ehe  bo tcon  2m.  A  number  o f  mon i to rs

were  ava i l ab l "e  depend ing  on  the  l l ke i y  so l i ds

concen t ra t . l ons  t o  be  encoun t .e red ,  eg ,  O- lOO0ppn  o r

O-50000ppm,  and  suspens ions  o f  s i l t  and  fo rmas ln  we re

used  to  regu la r l y  ca l l b ra te  each  mon iEo r .

The output .  f roro each of  the four  recorders was fed

lnto a Teknan Servokass 600 four  channel  pen recorder

which provlded a hard copy of  the var lat lon ln  reading

from each of  the four  Par tech heads wl th t lme.

A total of eeventeen dlscharges were made by the two

dredgere, dur lng the three days ln which dredged.

uater ial  wae disposed of wLthln the test area.

Deta l l s  o f  the  da te ,  t lme,  d rop  rn rnber ,  d redger ,  t ype

of nonLtor lng and weather are glven in Table 1. The

t lde curve at RLver Tees Entrance for each of the

Ehree days  o f  d isposa l  ln  the  tesc  area  are  shown Ln

Ftgures  5  to  8  respec t . l ve ly .

A current  ueter  had been lnst .a l led ear l ler  ln  Apr l l

1986  fo r  a  pe r l od  o f  one  mon th  a t  a  l oca t l on

approxinacely 50orn to Ehe nor th-east  of  Ehe centre of

t he  tes t  a rea .  The  me te r  reco rded  da ta  on  Ehe

d i rec t i on  and  s t reng th  o f  t he  cu r ren t  a t  a  he lgh t  o f

l m  a b o v e  t h e  b e d  f o r  a  t o t a l  o f  2 5  d a y s .  T h e

p rocessed  da ta  l s  g i ven  l n  F lgu res  9  t o  13  as  a  t ime

se r l es  o f  cu r ren t  ve loc l t y  and  cu r ren t  d l rec t i on .  The



3 . 3  C h a r a c t e r i s t i c s

,.l f '  Ehe dredged

n a  t e r i a l

peak current  ve loc i ty  at  ln  above the bed var led ln

t h e  r a n g e  0 . 2  t o  O . 4 m / s  f o r  n e a p  E o  s p r i n g  t i d e s '

r e s p e c t i v e l y .

P rog ress i ve  vec to r  p lo t  o f  t he  cu r ren t  ve loc i t i es  a re

s h o w n  l n  F l g u r e s  1 4 ,  1 5  a n d  1 6  f o r  E h e  p e r i o d s  3 . 4 . 8 6

t o  8 . 4 . 8 6 ,  1 1 . 4 . 8 6  t o  1 6 . 4 . 8 6  a n d  1 9 . 4 . 8 6  t o  2 . 5  - 8 6

( l nc lus i ve ) ,  r espec t l ve l y .  Fo r  t he  f l r s t  pe r i od  o f

s l x  days  (F lg  14 )  t he  p rog ress l ve  vec to r  p lo t  o rb l t a l

a l igned SSE to NNW extendlng in  both d i rect ions to a

naxinum dlstance of  1200n f rom the posl t lon of  the

current  meEer.  Dur ing the second per iod of  s lx  days

(F ig  f 5 )  t he  cu r ren t  f o l l ows  nos t l y  e i t he r  an  ESE o r

WNW d l rec t i on .  The  fu r thes t  d i s tance  f rom the  cu r ren t

meter  posl t lon was 3000n to the ESE. The th l rd per iod

shown  l s  f ou r teen  days  (F lg  16 )  1n  wh lch  the

progressLve vector  p lot  is  v l r tual ly  unid i rect lonal  to

the ESE of  the current  meter  posi t lons.  Af ter  the

fourEeen days the d lsEance t ravel led was 15000rn.  Thts

period corresponded to a Neap-Spring:-Neap cycle.

The current  magnl tude and d i rect lon were est imated for

the t ine of  each drop f ron the current  meter  data

co l l ec ted  f i ve  mon ths  ea r l Le r .  Th l s  was  done  by

detern ln lng che currenE veloc lcy as g lven by the

cu r ren t  me te r  a t  exacc l y  t he  same t ime  l n  bo th  t he

d iu rna l  E ida l  cyc le  and  che  Sp r i ng -Neap  cyc le .  The

resu l t . s  o f  t h i s  ana l ys l s  a re  81ven  i n  Tab le  2  t r ' i t h  t he

cu r ren t  d i rec t i on  as  reco rded  i n  t he  d redge rs t  l og  and

obse rved  by  che  l 1e  o f  nea rby  ancho red  sh ips .  The

cu r renE  vecEors  a t  t he  t l ne  o f  each  d rop  a re  a l so

s h o w n  i n  F i g u r e  1 7 .

T h e  d e n s i c y  s . r u c t u r e ,  p e r c e n t a g e  s i L t  c o n t e n t  a n d

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



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

d i s p o s e d  o f  i n  t h e  t e s E  a r e a .

3 . 3 .  f  D e n s i  t y  s t r u c t u r e

T h e  v a r i a t i o r r  w i t h  d e p t h  o f  t h e  d e n s i r y  o f  t h e  d r e d g e d

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

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

hoppe rs  w i t h  t he  m in imum and  max imum dens i t i es  a re

p resen ted  i n  F igu re  18  toge the r  w i t h  t he  ave rage

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

dens i t y  o f  each  l oad  measu red  i s  g i ven  i n  Tab te  3 .

These  mean  dens i t i es  va r i ed  i n  t he  range  1 .07  to

L . 2 4 T l r - 3  w i t h  a n  o v e r a l l  a v e r a g e  o f  1 . 1 5 T / m 3 .

3 . 3 . 2  S i l t  c o n t e n t

The  pe rcen tage  s i l t  eon ten t  ( i e ,  t he  amoun t  o f

B a t e r i a l  < 6 3 p m )  o f  t h e  n i n e t y - s i x  g r a b  a n d  C a s s e l l a

bo t t l e  samp les  a re  g i ven  i n  Tab te  4 .  I t  i s  l i ke l y

that the grab sampling equipmenE would have taken a

sample when the densi ty  of  rnater ia l  in to which the

grab was dropped reached about  1.3T/r03.

The s i l t  content  of  the grab samples var ie d f ros 262

to 91U and had an average of  502.  On the other  hand

the  Casse l l a  bo t . t l e  samp les  con ta ined  p redominan t l y

f i ne  ma te r i a l  w i t h  an  ave rage  s i l t  con ten t  o f  952 .

Tak ing  the  var ia t ion  in  s i l t  concent  n i th  depth  in to

account  i t  i s  t i ke ly  tha t  overa l l  the  dredged mater ia l

compr ised about  702 s i l t .

3 . 3 . 3  H e a v y  m e t a l  c o n c e n t r a t i o n s

The  concen t raE ions  o f  s i x  se lec ted  heavy  me ta l s ,

c o p p e r  ( C u )  r  z i n c  ( Z o ) ,  l e a d  ( P b )  ,  i r o n  ( F e )  r

manganese  (Mn)  and  coba l t  (Co ) r  we re  measu red  fo r



3.4  Sur face  p lume

number of  che grab samples and cassel la  bocr le samples

taken ins ide the hopper of  che dredger.  The analys is

was  pe r fo rmed  on  the  to ta l  f r ac t i on  o f  ua te r i a l  i n

the case of  the grab samples and on the s i  l t  f ract ion

( i e ,  -  95 "A  by  we igh t  o f  t o ta l )  f o r  Ehe  bo t t l e  samp les -

The resul ts  of  the analyses are g iven for  the grab

samp les  i n  Tab le  5  and  fo r  t he  bo t t l e  samp les  i n

T a b l e  6 .

For the first nine of the seventeen drops of dredged

material made by the two dredgers an at.temPt was made

to quant i fy the extent of,  and concentrat ion of sol ids

io, the surface plume. This plurne is thought to occur

as a reault  of  mater ial  being entrained in the uPper

part of the water coluon during the descending phase

of  d isposa l  (see  F ig  1 ) .  Four  Par tech  euspended

solids concentration monitors were deployed from the

survey craft held at various depthe below the trater

surface on a ateel wire. Although the exact depths

varied a little between one drop and the next the

approximate depths were 1.5, 9,  16 and 22m below the

sur face  respec t ive ly .

The upper two monitors had a nouinel range of

0-1000ppm whi le the lower two had a range 0-5000ppo in

al l  the drops. Readings fron the four monitors were

a lso  made as  the  survey  c ra f t  moved s lowly  ahead ac  a

couple of knots around the tesc 4t€4o Io this mode the

steel s lre and monitors dragged behind the survey

craft  somewhat with the result  that the depch below

the water  sur face  o f  each mon i to r  was  less  a t  a round

1 ,  6 ,  l l  a n d  1 6 m  r e s p e c t i v e l Y .

Examples of the log of the navigat ion of the survey

cra f t  dur ing  the  mon i to r ing  o f  the  drops  are  shown fo r

drop  numbers  3  and 5  in  F igures  19  and 20

respec t ive ly .  Each log  g ives  a  record  o f  the  movement



of  the survey crafc as a t lme aer ies of  eaet ings and

no r th lngs  and  as  a  con t l r r uous  t race  on  a  cha r t  o f  t he

t e s t  a r e a  a n d  s u r r o u n d i n g  w a t e r s .

In  b road te rms,  l - t  was  found chat  the  suspended soL ids

concent ra t lons  resu l tLng f ron  the  d isposa l  o f  d redged

mater la l  were  genera l l y  low in  che upper  15m o f  the

lrater column whlch had a cyplcal  tocal depth of 30m.

However,  Ln Bome of the drops the lowest monltor,

whlch was posl. t loned at about 16u below the water

surface, recorded a concdntrat lon whlch very br lef ly

exceeded 5000ppn. This was well before the surface

plune wae considered to have reached the nonltorlr€

poeitlon. A surnmary of the maxlma of suepended eolldo

eonceDtratlons recorded durirg each drop and the tlne

and dletance relatLve to the dredgert e dlscharge are

given ln Table 7. These maxLma terded to occur for

perLode of betrreen 1O and 40 seconds thus lndlcatlng

the paseage of a plume of suspended naterlal paet the

nonltoring poeltion. There nere two exceptlone -

drop :nruber 4 when coDceoEratlons Ln the range of

3o00ppn lrere recorded for 120 seconds as the survey

craft drifted slth the current and ln drop rnrnber 9

when conceDtratLona ln the range of 1o00ppa were

measured for 150 seconds as the aurvey craf-t drlfted.

In drop numbers 5 and 8 the suspended sol ids

concentratL.ons in the upper 15n of the water colunn

were negltgtble lndtcattng that elther the aurvey

craft nas not ln the most favourable posltlon for

ldenttfying the surface plune or that the surface

plume was Lndeed very l tnlued.

Evldence of the width of the surface plume was

obta lned dur lng the rnoni tor lng of  drop rnrmbers 2 and

1n whlch Ehe survey craf t  was lnLt la l ly  poslc loned

about 140rn dosn current from the disposal posl.t lon.

10



In both lnstances the survey crafr  fol lowed a l ine

perpendlcular to the dlrect lon of the current.  The

suspended so l lds  mon l to rs  reg ls te red  the  ex is tence o f

a  we l l -de f lned p lune ln  te rms o f  iEs  c ross-sec t lon

concentrat ions. Only the upPer two mbnlcors in each

drop recorded any more than background suspended

eollds and the peak concentratLons were approxinately

2o0ppn at lm below the surface and 8oppn at 6n below

the surface for both drop rnrmbers 2 and 3. The record

of concentratlon wLth tLne is given for drop rnrmbers 2

and 3 in Fl .gures 21 and 22 respect lvely.

WLth respect to the width of the plume l t  may be seen

fron Flgures 21 and 22 that the higher concentratLons

near the surface of the water exterd for a shorter

dLetance than the lower concentratLons further down Ln

the water column. NeverthelesE, as noted above, there

exlsted a htgh degree of correlation tn both plumes

between the suspended sollds concentratlons at the trto

depths. Ia drop rrumber 2 the width of the plume was

4On and 85n respectl.vely at 1m and 6u below the

surface ard 90u and L60n respect ively in drop

number 3.

One explanat ion for the greater width of the surface

plune ln drop nr.rmber 3 was the fact that the dredger

dlscharged l ts mater lal  whl le movlrg aE a 6peed whtch

was consl.derably higher than that for drop rnrnber 2.

In  fac t ,  d rop  number  3  was unusua l  ln  th is  resPecc  as

al l  other drops were made at a very slov speed.

Fur ther  in fo rmat lon  regard lng  the  w idch  o f  the  sur face

plume was obtalned durlng drop number 7 when the

survey  c ra f t .  aga ln  c rossed the  p lume a long a  l lne

p e r p e n d l c u l a r  t o  t h e  d i r e c t l o n  o f  t h e  c u r r e n t '  T h e

concent ra t ion  o f  suspended so l ids  ; - i ch  t ine  ls  shown

i n  F i g u r e  2 3 .  A  p e a k  c o n c e n t r a t j o n  o f  l O O p p m  a t  2 m

I L



b e l o w

plume

h r a t e r  s u r f a c e  w a s  r e c o r d e d .  T h e  w i d t h  o f

app rox ima te l y  50m.

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

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

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

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

p lume  as  i t  f o rmed  and  was  subsequen t l y  advec ted  by

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

Ehe amount  of  mater ia l  in  the sur face p lume an

es t ima te  o f  i t s  l eng th  w i l l  be  Eade .

F rom the  suspended  so l i ds  concen t ra t i ons  g i ven  i n

F igu re  2L  fo t  d rop  number  2  an  app rox ima te  va lue  o f

the dry weight  of  so l ids per  metre length of  p lume was-

ca l cu la ted .  Th i s  was  ach ieved  by  s imp l i f y i ng  t he

cross-sect ion prof i le  of  the p lume to that  of  a

rectangle of  depth 8n,  width 80m and concentrat ion

80ppm. The dry weight  of  so l ids of  such a p lume is

about  50kg per  rn length of  p lune.  I f  the length of

plume ie assuued to be 50m then the total dry weight

of  so l ide would be 2500kg or  2.5T.  Tt re mean bulk

densi ty  of  the mater ia l  in  drop number 2 (Table 3)  was

1 .13T /n3  wh ich  i s  equ i va len t  t o  a  d ry  dens i t y  o f

0 .21T /n3 .  The  vo lume  o f  t he  hoppe r  was  1550m3,  and

hence,  the tota l  dry weight  of  so l ids d ischarged f ron

the hopper nas 330T.  The rat io  of  mater ia l  in  the

plume to mater ia l  in  the hopper nas therefore

a p p r o x i m a t e L y  2 . 5 : 3 3 0 ,  i " ,  a  l i t t l e  u n d e r  1 2 .

C lea r l y ,  t h i s  i s  on l y  an  es t ima te ,  bu t  i n  gene ra l

teros,  i t  is  probably reasonable to conclude that  the

proport ion of  mater ia l  which forms a sur face or  near

su r face  p lume  i s  i n  t he  reg ion  o f  *  t o  27 .

t h e

was

t 2



o f3 .5 Propagat lou

bed wave

3 . 5 . 1  G e n e r a l

The overwhelnlng najority of uaterlal ( 992)

discharged by the dredger descends to che bed and ls

dispersed in the lover part of the water column. The

propagatlon of a lower depth wave wlch the resulttng

aurge Ln concentrat lons of euspended sol lds as i t

radLates from the lnpact zone ls probably lthat sas

recorded by the lowest monltor durLng soue of the

f i rst  nine drops. Thls nonltor was bet! i leen 10 to 15n

above the bed and typLcally recorded concentrations

over 5O00ppn for per lods of between 10 to 40 seconds.

To further study the behavlour of the bed wave, the

suspended sol lds concentrat ions were monltored Ln the

bottom two metres of the rrater column durlng drop

numbers 10 to 16. The survey craft was lnltlally beld

statl.oDary at the start of each drop at a dletance of

between 50 and 150n frou the dlsposal point untl1 the

head of the bed nave, characterlsed by a surge ln

euspended sollds concentratlou, had paesed beneaEh.

Detal ls of the poslt lon of the survey craft  relat l .ve

to the dredger,  the dlrect lon and rnagnltude of the

current,  the tLne after dlsposal whea the bed wave

passed, the slope'of che bed anl the depth and naximurn

value of suspended sol lds concentrat ion of each

uonltor are presented ln Table 8. To deterrnine the

inf luence of currenc direct. ion and bed slope on the

charact,er lst lcs of the mud wave the survey craft  was

pos i t loned in  each drop  a t .  a  d l f fe renE po lnc  re la tLve

to  the  dredger  w i th  respec t  to  these two paraaeters .

The typ ica l  c ine  var la t . lon  o f  suspended so l ids  near

the  bed dur lng  the  f l rs t  10  n inu tes  a f te r  d isposa l  i s

shown in Flgures 24 and 25 for drop numbers 14 and 16

respecc ive ly .  ln  d rop  number  14  the  survey  c ra f t  was

L J



abou t  l l 0m f ron  the  d redge r  l n  a  d i rec t i on  no rma l  t o

the  cu r ren t  wh l l e  i n  d rop  number  16  the  su rvey  c ra f t

r t as  ve ry  c l ose  to  Ehe  d redge r  a t  t he  t i ne  o f  d l sposa l

(app rox ima te l y  50 r : :  ups t ream)  .

The concent raL lon  o f  suspended so l ids  inc reased very

sharply in boch drop rnrmbers 14 and 16 when the bed

wave reached the  non l to r lng  pos l r ion  (F lgs  24  and 25) .

The lowest Partech LnsLrument rras approxLmately O.2n

above the bed and regletered a peak concentratton of

14000 and 17000ppn respeirtvely for drop rmrnbers 14

and 16 .  S ln i la r  concent ra t lons  were  a lso  recorded fo r

the Partech lnstruments whlch were 0.7m and 1.2u above

the  bed ln  boch drops .  A t  3 .2n  above the  bed the

maxlmum susperded sol lds concentrat lon rras

consLderably less than for the three lower monltors.

In drop rmuber f4 ( f lg 24) the uaxLmun sol lds

concentrat{on at 3.2n above the bed was only 2000ppn

and occurred approxlnately one minute after the maxima

of the three lower monltors. For drop nunber 16 the

maxlmun sollds concentratton at 3.2m above the bed wae

8000ppn whlch occurred 4O seconds after the maxtma of

the  nonLtore  a t  0 .2 ,  1 .2  and 7m above the  bed.

A conparleon of the t l .mes taken for the bed.wave to

reach the survey craft  ln drop rnrmbers 10, 15 ard 1l

lndicates the changlng characterLstics of the bed nave

as Lt radiated away from the Lnpaet polnt. In these

three drops the survey craft nas noraal to the

respect lve currenE dlrectLon ard was down slope of the

Lmpact polnt. The dlstance of the survey craft from

the dredger l ras 50, 125 and 155rn respect lvely.  The

average speed of the bed wave on reachlng these

d is ta r rces  was 0 .9 ,  O.5  and 0 .3n /s  thus  lnd ica t lng  a

steady reduct lon 1n the speed of the bed wave. In

fact,  by conblnlng the values of the three drops lE

nay be shown that the average veloclty of the bed wave

t.
I' f i l
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3 . 5 . 2  I n f l u e n c e

s l  r p e

as Lt progresses from 5O to 125u ls around O.4m/s

whl le  f ron  125n to  155m l t  16  on ly  O. ln /s .

However,  the lowest monltor l ras 6t i11 0.2u above the

bed and it would be reasonable to assuae that the bed

wave would contLnue to spread further than the

distance lndicated by the bottom monltor readlng. The

dynaulc var lat lon 1n suspended sol ids concenErat l .on

wlth depth and distaDce fron the drop polnt ls racher

d i f f t cu l t  to  assesa f ron  e lng le  pos i t lon

measurementa. Neverthelese, some est l .mate of the

depth of the bed wave (or more correctly the depth of

the head of the bed wave) nay be rnade by reference to

the results of drop nnrnbers 10, 15 and 11 (see Table

8).  In drop rnrmber 10 ln whlch the survey craft  was

50n fron the dredger, the uppermost monltor wae 8m

above the bed and dtd not record an increase tn

suepended solLds. The other three monltors eltuated

at O.2, 2.2 and 4.2m above the bed dld record

coDcentratLons ln the raqge 3O00 to 5000ppn. For drop

rnrmber 15 (125n fron the dredger) all four monitors

recorded concentrat lons of euepended sol lde al though

the uppernosc moaltor at 3.2n above the bed gave a

concentratLon of only 1000ppn conpared to 3000 to

5000ppn between 0.2 and 1.2n above the bed.

Consldering f lnal ly the results of drop aumber 11 at

155rn fron the disposal polnt l t  ls seen from Table 8

that only the lowest monitor at  a helght of  O.2n above

the bed recorded a slgntf lcant level of  suspended

sol ids. The other t ,hree monLtors at a helght above

the bed of between 2.2 and 8.2m shoslng no eviderrce of

any  lnc rease in  so l ids  concen l ra t lon .

The bed prof l le  Ln the rest  area was re lat ive ly  l -evel

co rnpa red  to  t he  ove ra l l  bed  p ro f i l e  o f  t he  d i sposa l

s l t e  ( see  F tg  3 ) .  Neve r the less ,  t he  bed  o f  t he  t esc

o f  bed
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area sloped downwards by approxlnaEely half  a metre 1n

250 ne t res  towards  the  southern  and western  boundar les

f ron  t .he  cent re  wh l le  remaln lng  leve l  to  the

n o r E h - e a s E  c o r ' : e r .  T h e  b e d  s l o p e  w a s  t h e r e f o r e  a b o u E

0.OOf l  downwards  f ron  Lhe eent re  Co Ehe south-easE

corner ,  0 .0014 downwards  to  the  south-west  corner ,  and

0.0017 dowrnrards  to  Ehe nor th -wesE corner .

Soroe lnd lca t lon  o f  the  in f luence o f  the  bed s lope nay

be galned by eomparlng the resulEs (Table 8) of drop

numbers 14 and 15. The dLstance of the survey craft

f ron the disposal polnt was sLmLlar Ln these drops at,

around 120n. The bed was level bet l teen the dlsposal

polnt ard the survey craft ln drop uumber 14, but had

a dowmrards slope of 0.0014 to the aurvey craft from

the disposal polnt ln drop rnrmber 15. In both drops

the currenE dlrect lon was perpendlcular to a l lne

between the disposal poLnt and the survey craft .

In broad tem6, Lt ls reaeonable to conclude, from a

comparison of the results of drop uumbere 14 and 15,

Lhat the effeet of  a downrarde bed slope of 0.0014

(1e, 1 tn 700) on the propagat lon of the bed wave ls

not slgnlfLcant. The average veloclty of the rtave up

to the survey crafc was a l l t t le htgher at O.Sn/s ln

drop rnrnber 15 wlth the down slope compared to 0.4n/s

in drop rnrmber 14 with a level bed. The peak

concentraElone of each of the four monltora ltere

s lml la r  in  bo th  d rops .

Some lndicat lon of  the possib le ef fect  of  the current

on the nature of propagatlon of the bed wave may be

ascer ta ined by compar ing che resul ts  g iven in Table 8

f  or  drop rmmbers 13 and 15.  The d ls tance of  t .he

survey crafE f ron the dunp point  was s ln l lar  ln  both

drops at  around 125m. In drop rnrmber 13 the survey

I
I

l::j
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cur renE
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craft was upstream of che dredger whlle in drop number

15 t t  r fas perpendlcular to current dlrect lon.

Unfortunately,  the bed slopes for the two drops were

not,  exact ly the same but this has been shown Dot co

have had a  s ign i f i canE e f fec t  (see  Sect ion  3 .5 .2 ) .

Clearly,  judging from the results of drop rnrubers 13

and 15, the effect of  the currenE l tas to restr ict  the

propagatton of the bed wave. None of the monitors

recorded any Lrcrease Ln suspended solLds

concentratlon Ln drop rmnber 13 when the survey craft

lras upstream of the dredger. Thls would indlcate that

the current dl"rect lon had a slgnl ' f lcant lnf luence on

The results fron drop rnrnbers 16 and 12 may also be

used to assess the effect of  the current.  Eoweverr ag

can readily be seen from the relevant results glven Ln

Table 8 the suspended sollds concentratloas recorded

upatreaa of the dlspoeal pol.nt la drop nrmber 16 were

higher ard occurred earlier than those measured at

a slml lar dlstance downstreau from the dlepoeal point

ln drop rnrmber 12. It nay be coneluded that the

lnf luence of the current on the propagatton of the bed

wave rtas more pronounced Ehe further away from the

disposal polnt the measurements of suspended sol lds

concentrat lon were made. Thls concurs with the vLew

that at.  a dlstance of 50n from the dlsposal polac l t

was the col lapse phase (see Flg 1) of the dlspersal

process whlch was uonltored. Whereas, further al tay at

125n from the dlsposal polnt,  Ehe di f fuslve phase was

monitoreci  and thls phase was fc:und to be tnf luenced by

the  cur renE ve loc i tY .

t . 6  B . r t h y m e t r y  o f  C e s t

a r e a

Two de ta i l ed  hyd rog raph i c  su rveys  o f  t he  5OOn by  500m

tes I  a rea  were  conduc ted  du r i ng  the  f i e l d  exe rc i se '

L 7



T w e l v e  5 0 0 m  l i n e s  i d e n t i i i e d  a s  A  t o  F  a n d  I  t o  6  i n

F i g u r e  4 ,  w e r e  s u r v e y e d  b e f o r e  a n d  a f t e r  t h e  d i s p o s a l

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

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

commencec l  .  The  f  o l  l ow  up  su rvey  , ' r i s  unde r taken  on  bhe

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

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

b e t w e e n  t h e  t w o  s u r v e y s  d u r i n g  w h i c h  t i m e  2 5 0 0 0 m 3

(ho : rp  . r  vo  l ume)  o f  d redged  r : r a r  e r i a  I  w i t h  a  mean

d e n s i t y  o f  1 . 1 5 T / n 3  r r s  d i s p o s e d  o f  a t  t h e  c e n t r e  o f

t h e  t e s t .  a r e a .

A  compar i son  o f  Ehe  resu l cs  o f  t he  two  hyd rog raph i c

su rveys  fo r  t he  eas t -wes t  l i ne  D  i s  shown  i n  F igu re  26

and  fo r  t he  no r th -sou th  l i ne  4  i n  F igu re  27 .  The

cen t re  100m x  100m o f  t he  t es t  a rea  was  bounded  by

the  fou r  l i nes  C rDr3  and  4  (F ig  4 )  and  the re fo re  any

changes in the bed level  due to d isposal  should be

more  p rom inen t  i n  t hese  l i nes .

I { i th  reference to the bed prof i les shown in F igures 26

and  27  i t  i s  seen  tha t  w i t h i n  t he  l i n i t s  o f  t he

technique used there is  no s igni f icant  d i f ference in

the  l eve l  o f  bed  be fo re  and  a f t e r  t he  d i sposa l

ope ra t i ons .  The  e r ro r  i n  es t ima t i ng  t he  t i da l  dep th

at  the t ine of  survey was probabty in  the region of

0 .1m and  the  e f f ec t s  o f  swe l l  a t  t he  t imes  o f  t he

su rveys  cou ld  eas i l y  g i ve  a  va r i aE ion  i n  t he  wa te r

l eve l  o f  +  0 .2m.  Fu r the rmore ,  i t  may  have  been

un l i ke l y  t ha t  t h i n  l aye rs  o f  s ta t i ona ry  mud  ove r l y i ng

the  i n i t i a l l y  f a i r l y  saody  bed  o f  t he  t es t  a rea  wou ld

have been detected by the echo sounder work ing at  the

high f requency of  210kl lz .  l lore favourable resul ts  may

be obta ined using the lower f requency of  30kHz which

wou ld  t . end  Eo  re f  l ecE  f rom a  l ow  dens i t y  mud  l aye r .

l 8



3.7 Bed samples l"n

tes t  a rea

Thlrty-stx bed samples were taken by grab across the

test  area on a 10orn gr id both before and af ter  the

dlsposal  of  the seventeen loads of  dredged mater la l .

The samples were analysed to determine the silt

content  and the concenErat . ions of  the s lx  heavy

metals ;  Cu,  Zn,  Pb,  Fe,  Mn and Co.  The neta l  analys is

was  made  on  the  toEa l  f r ac t i on  o f  sed lmen t .

3 . 7 . I  S l l t  c o n t e n t

The resul-ts of the analysls of the bed samples for

s i l t  con ten t  a re  g i ven  i n  Tab le  9 .  Gene ra l l y ,  t he

sl1t  content  of  the bed was increased by the d lsposal

of  the dredged oater ia l  ln  the test  area over  the

three day per lod.

A c learer  lns lght  of  the changes in s l l t  content  Ln

the test area Ls gl.ven by the hlstogran Ln Figure 28

whlch depLcts the average sllt content for three

groups of  the tht r ty-s lx  samples (Table 12) .  The

samples were grouped by d ls tance f rom the d isposal

point .  The dLstances of  the three groups are 50,  150

and 25On and compr ise 4,  12 and 20 sanpLes

respect lve ly .  I t  rnay be seen f ron Flgure 28 that  the

ef fect  of  the dunped mater ia l  was most  pronounced

nearest  to  the centre of  the test  area where the s l l t

contenc,was l-ncreased from 87" to 497". At 150no frorn

the  cen t re  o f  t he  t es t  a rea  the  l nc rease  l n  s l l t

content  was less marked but  s t l1 l  s lgni f lcant  wi" th a

change  f ron  102  to  157  due  to  t he  d l sposa l .  Fu r the r

away  f rom the  cen t re  o f  t he  t es t  a rea  a t  a  d i s tance  o f

250n  the re  was  t i t t l e  change  i n  t he  s i l t  conEen t  o f

the l red mater ia l  whlch was about  L2% both before

a n , 1  a f L e r  d l s p o s a l .

1 9



cotrcl.usrogs

3 .7  . 2  Heavy  rae ta l s

The  resu l t s  o f  t he  ana l ys i s  o f  heavy '  me ta l s

concen t ra t i on  o f  t he  t h i r t y - s i x  hed  s ' rmp les  t aken  i n

t h e  t e s t  a r e a  b e f o r e  d i s p o s a l  a r e  g i v e n  i n  T a b l e  1 0

and  a fEe r  d i sposa l  i n  Tab le  11 .  The  ave rage

coocenCra t i ons  o f  heavy  me ta l s  f o r  t he  sanp les  d l v i ded

inco  the  th ree  g roups  by  d i s ta r r cc  f r om the  cen t re  o f

t he  tes t  a rea  a re  p resen ted  l n  Tab le  12 .  A l so  g i ven

in  Tab le  12  a re  t he  ave rage  concenEraE lons  o f  heavy

metals  on the dredged rnater ia l  in  the hopper.

The  resu l t s  g i ven  i n  Tab le  12  a re  shown  g raph i ca l l y

fo r  each  me ta l  as  h l s tog rams  i n  F igu res  29  to  34 .  I t

ls  e lear  that  the extent  of  spreadlng of  the d lsposed

dredged mater la l  may be detern ined approxlmately  by

the lncrease ln the concentrat ion of  heavy metals  on

the  bed  o f  t he  t es t  a rea .

A f te ld s tudy was undertaken in Septenber 1986 in

col laborat lon l r l th  the Tees and l lar t lepool  Por t

Author l ty .  The obJect lves were to characterLse

the dredged materlal ln the hopper of the

tra l l lng suct ion hopper dredger;  to  measure the

suspended sol ids concentrat ions of  the near

sur face p lume and the veloc i ty  and suspended

solids concentraELons of the bed wave forned

dur lng d isposal ;  to  deteru l .ne the change ln bed

levels as a resul t  o f  repeated d isposal  at  the

sane point ;  and,  to  analyse the bed mater la l

be fo re  and  a f t e r  t he  d l sposa l  ope ra t i on  f o r  s i l t

content  and concent . rat lon of  s lx  heavy metals .

The densl ty  of  the dredged mater ia l  ln  the hopper

i nc reased  w i th  dep th ,  pa r t i cu la r l y  w i t h i n  t he

bot tom lm.  The mean densi t ies of  the n ine hopper

1 .

2 .
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3 .

l oads  measured var ied  becween 1 .07  and L .247/m3,

w l th  an  average o f  1 .15T1rn3.

Grab samples taken ln the hopper had an average

si l t  concenE of 502 and Cassel la botule samples

taken ln  the  upper  par t  o f  the  hopper  conta lned

952 si l t .  The average concencrat lon of metals on

the grab samples were ( ln ppn) Cu-160, Zrr48O,

Pb-300, Fe-34000, Mn420, Co-l l ,  and on the

bot t le  samples  they  were  Cu-250,  21640,  Pb-510,

Fe-36000, Mn-310 and Co-13.

The concent.rat lons of suspended sol ids 1n the

upper 15n of the 30n nater column rdere generally

1ow and very l ln i ted ln extent. .  Peak

concentraELons of 200ppn nere recorded in a rear

surface plume approxlmately BOn tn width. An

esclmate of the amount of naterial ln the plune

Lndlcated that l t  conprlsed L to 27 of the dry

welght of nater ial  ln the hopper.

Soltds corrcentratlons up to approxlnately

20000ppn were recorded lo the bottou 2n of the

lrater column. The passage of the bed wave ltas

characcer ised  by  a  very  rap id  i rc rease 1n  so l lds

concentrat lon fol lowlng by a gradual decrease

over  the  subsequenc one mlnute  per lod .  The

average velocl ty of the bed ln the f l rst  50m from

the d isposa l  po in t  was  0 .9n /s .  F rom 50 to  125n

the  ve loc l ty  was 0 .4n /s  and f ron  125 co  155m lc

w a s  0 . l n / s .

Thc  e f fec t  o f  the  bed s lope on  Ehe average

ve loc ley  o f  the  bed wave was noE s lgn t f l can t .  fo r

a  downwards  bed s lope o f  1  in  700.  The ve loc l ty

o f  che  cur r i in t  was  found to  in f luenre  the

propagat lon  o f  ghe bed wave dramat lca l l y  a t  a

d is tance o f  l25n  f ron  the  d isposa l  po in t  bu t  had

4 .

5 .

6 .
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7 .

8 .

no  e f fec t  a t  a  d is tance o f  50m.  Th is  was

at t r lbu ted  to  the  fac t  Ehat  a t  50n f rom the

d isposa l  po in t  the  co l lapse phase and momentum

e f f e c t s  w e r e  e v l d e n t  w h l l e  a t  a  d i s t a n c e  o f  1 2 5 m

the bed wave would be ln the di f fuslon phase anri

suscept ib le  to  advecEion .

No s ign i f i can t  change in  the  pro f i le  o f  the  bed

could be detected as a result  of  Ehe dlsposal of

the  25000n3 thopper  vo lune)  o f  d redged narer la l .

The sl l t  content of ' the bed in a 50Om x 50On tesc

area centred on the disposal polnt Lncreased

narkedly due to the dlsposal operat l .ons. The

samples at 50n from the disposal polnt had an

Lncrease ln sl l t  content fron 8Z to 49I,  whi le at

150n the Lncrease lras from 102 to L57" and at 250n

there lras no increase with the sllt content

remaLnlng constant at L27".

The average concentratLons of heavy metals on the

bed of the test area Lncreased as.a result  of  the

disposal of  the dredged mater l-a1. The lncrease

was slgnLf icant at 5On fron the dlsposal polnt

(50 ro 1002) but was less marked at a dlstance of

2 5 0 m  ( 1 5  t o  5 0 2 )

9 .
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b l e  I  D r o p  n u m b e r ,  d a t e ,  t i r n e ,  d r e d g e r ,  t y p e  o f  m o n i t o r i n g  a n d  w e a t h e r

H o p p e r  D i s p e r s a l
D r o p  D a t e  T i r n e  D r e d g e r  D e n s i t y  M o n i t o r i n g  N e a t h e r

N o .  &  S a r n o l e s

1  2 3 - s e p  0 9 - 5 5  c c  Y E S  s u r f a c e  o v e r c a s t ,  5 e a  c a l m
2  2 3 - S e p  1 3 - f , 5  C C  Y E S  S u r f a c e  C l o u d y ,  s e a  c a l m
5  2 3 - S e p  1 4 - 0 3  H  N O  S u r f a c e  C l o u d y
4  2 3 - S e p  1 6 - 3 0  H  N O  S u r f a c e  C l o u d y
5  2 3 - S e p  1 7 - 3 2  C C  Y E S  S u r f a c e  C l o u d y ,  s l i g h t  w i n d
6  2 4 - S e p  O B - 5 O  H  Y E S  N o n e  C l o u d y
7  2 4 - S e p  0 9 - 5 5  C C  N 0  S u r f a c e  C l o u c i y
A  2 4 - S e p  1 2 - 1 5  H  Y E S  S u r f a c e  C l o u d y
I  2 4 - S e p  1 3 - 3 0  C C  N 0  S u r f a c e  C l e a r ,  s e a  c a l m

1 0  2 4 - S e p  1 6 - 0 3  H  Y E S  B e d  C l e a r e  s € a  c a l r n
1 1  2 4 - S e p  1 7 - L 7  C C  N O  B e d  C l o u d y
L 2  2 5 - S e p  0 9 - 2 7  H  Y E S  B e d  F i n e ,  s u n n y
1 3  2 5 - S e p  t O - 2 1 ,  C C  N 0  B e d  F i n e ,  s u n n y
1 4  2 5 - S e p  1 2 - 5 3  H  Y E S  B e d  F i n e ,  s u n n y
1 5  2 5 - . S e p  1 3 - 5 2  C C  N O  B e d  F i n e ,  s u n n y
1 6  2 5 - S e p  1 6 - 2 6  H  Y E S  B e d  F i n e ,  s u n n y
L 7  2 5 - S e p  1 7 - 3 5  C C  N O  N o n e  F i . n e ,  s u n n y

N o t e :  C C  C l e v e l a n d  C o u n t y
H  H e o r t n e s s e



T a b l e  2  C u r r e n t  d i r e c  t i o n  a n d  r n a q n t u d e  d r - i r i n g  e a c h  d r o p

i  t r r r e n t  l ) r r e c i i - : : n

D r o p  D , - - e c i c . r e r  C u r r  e n  t  V i r r r a  I
N o  -  r e c o r - d s  m e  t e r  c b s e r  v a  t

B e ' a r i n g  (  d e g r e e s  )
r Q n

C u r r e n t  : i ' ; a g n i  t u d e

C u r r e n  t  n r e t e r
l . r n  above  bed

m / : ,

o .23
o .22
o .  08
o .  o5

o .  o8
o .  19
o .24
o .15
o .  o8
o .  09
o .o7
o .  14
o .13
o .  o8

1 6 0
2  3 2 5
3  l o o
4  1 1 0
5  1 6 0
6  1 0 4
7ao
a 3c^7
9  3 1 0

1 0  2 A 4
1 1  1 1 0
L 2  1 0 5
1 3  9 0
L 4  3 0 5
1 5  3 1 0
16 2A5
L 7  S l a c k  w a t e r

3 1 9
3 1 8
r z 6

1 7 7

-<. s
3 1 0
3 2 5
3 0 0
3 1 5
1 - a \

1 1 0
326
2A6
2 7 7

r20
1- '  f \

2 7 0
-<al.\

t lo te : T h e  c u r r e n t  r n e t e r  w a s  d e p l ' y e d  b e t w e e n  s - 4 - a 6  a n d  2 - 5 - g 6
a n d  t h e  v a l u e s  g i v e n  f o r  c u r r e n t  v e l o c i t i e s  w e r e  d e t e r r n i n e d
b y  r e f  e r e n c e  t o  e q u i v a l e n t  t i r n e s  i n  t h e  t i d a l  c y c  l e .



T a b l e  3  M e a n  s p e c i f i c  d e n s i t i e s  o f d r e d g e d  m a t e r i a l  i n  h o p p e r s

D r o p
N o .

t
I

2

A

T i r n e

P r e d  i s p o s a  I

P o s t d r e d g e
P r e d  i s p o s a  I
P red  i  sposa  I

P o s t d r e d g e
P r e d  i s p o s a  I
P r e d  i s p o s a  I

P r e d  i s p o s a l
P r e d  i s p o s a  I

P o s t d r e d g e
P r e d  i s p o s a  I
P r e d  i  s p o s a  I

P o s t d r e d g e
P r e d  i s p o s a  I
P r e d  i s p o s a  I

P o s t d r e d g e

Pos  td  red  g  e
P r e d  i s p o s a  I
P r e d  i  s p o s a  I

P o s t d r e d g e
P r e d  i s p o s a  I
P r e d  i s p o s a  I

l '1ean
S p e c  i  f  i c

D e n s i  t y

L . 0 7

1 . 1 4
L .  L 2
1 . 1 5

1 . 1 4
1 . 0 9
1 . 1 0

1 .  1 0
1 . 1 0

L .  L 7
1 . 1 4
1 . 1 8

1 . 1 4

L .  L 2
L .  L 2
1 . 1 5

L . 2 0
I . 2 4
L . 2 4

5

H

B
H

A
B
A

B
A

A
B
A

1 . 1 5
L . 2 0
L .  L 7

A
B
A

l o

A
B
H

L {

A

A

1 6

6

B

t 2 A

A v e r a g e  1 . 1 5



T a b L e  4  S i  I  t  c o n t e n t  o f  d r e d o e d  r n a t e r i a l

D r o p  L o c a t i o n
r ' l o  i n  h o p p e r

H

B
C
A
B
C
A
B
c
A
B
f-

H

B
C
A
B
C
C
A
B
C
A
B
C
A
B
C
A
B
A
B
C
A
B
C
A
B
C
A
B
c
A
B
C
A
B

Mean

7 . S i I t  C o n t e n i

t , l r a b  : , ; o t t l e

2

4 4 .  f
4 4 . 3
: l o - 6
- t t  q
- ] I .  J

.  r .9
4 0 .  B
':.2 . O
5 4 . 2
4 0 . 2
3 1  . 4
5 0 .  1
5 8 . 4
3 2 . 6
s 5 . 8
5 0 . 7
5 6 . 8
7 6 . 3
6 9 . 6
6 1  . 8
3 5 . 8
3 5 . 4
6 2 . 9
2 6 . 2
3 5 . 4
4 9 . 3
3 8 . 7
3 A .  1
3 3 .  1
5 2 .  O
5 2 . 9
2 9 . A
4 7  . 3
4 I  - 4
9 1  . 3
4 9 . 6
9 1  . 5
4 I . 7
7 0 .  a
7 3 . 3
6 2 . A
3 6 . 4

5 4 - 4
3 4 . 3
4 L . 9
3 8 . 9
4 4 . 2
3 1  . 5

50

9 3 ,  1
4 8 .  1
4 4 . 2
9 8 . 8
9 8 . 5
9 A . 2
9 3 . 5
9 0 . 5
9 5 .  5
9 8 . 5
9 8 . 5
9 7 . O
9 3 . 8
9 6 . 2
9 6 . 6
7 2  . 4
4 4 . 2
8 8 . 2
9 7  . 7
9 4 . 7
9 9 . 3
9 9  . 4
9 L . 7
9 5 . 9
9 7 . 5
9 9 . 3
9 8 . 5
q t r | q

9 8 .  O
9 4 . 7
9 8 . 9
9 9 . 2
9 8 . 9
9 3 .  A
9 1 . 5
7 5 .  O
9 6  . 4
9 5 . 8
9 5 . 3
9 5 . 3
9 6 .  L
9 3 . 4
9 9  . 6
' / Y . +

9 A  - 2
9 9  . 4
9 9 . 2
9 9 . 5

9 5

6

I

1 0

L 2

L 4

L 6



f a b l e  5

D r o p
N o .

Cu

a7
9 5

L17
r2a
?o

1 5 4
242
2 1 7
1 0 5
1 0 5
1 5 4
266
1 8 5
290
192
1 5 1

' L37
L62

1 5 9

s a m p l  e s

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

7 .  s i  1 t

4 4 . 3
4 4 . 3
5 2 . O
5 4 . 2
5 2 . 6
5 5 .  B
6 6 .  A
7  6 . 3
2 6 - 2
3 5 . 4
5 2 . O
5 2 . 9
9 1  , 3
8 9 . 5
6 2 . A
3 6 . 4
3 8 . 9
4 4 . 2

3 4 . 2

h o p p e r

7 n

346
3 6 1
3 4 5
370
302
4 1 5
6 5 1
6 5 4
3 s 2
367
4 6 I
BO5
544
8AO
6 5 9
3 1 3
429
469

484

1€}

P b

333
338
237
260
1 4 5
236
244
2 A L
799
2 r t
300
449
3 5 J
520
4 5 0
20t
2 5 3
300

3 0 1

F e

25300
25500
2e7AO
28800
29200
34400
44900
46100
26AOO
26400
3 1 2 0 0
42000
34900
45000
37600
29500
s2700
35300

33450

Mn

354
380
323
334
403
423
6L6
606
3 4 3
540
J 4 4
452
4 L 6
537
4 5 1
4 0 5
464
3 8 1

42L

Co

1
1
2
2
q

5
6
6
B
I

1 0
1 0
L 2
L 2
L 4
L 4

1 6

M e a n

N o -  o f

1 1
l o
1 0

9
1 0
1 0
1 6
l 5

B
9
I

t 4
L 2
L 6
1 3
1 1

I
I

1 1



b l e  5  C o n c e n t r a t i o n s  o f h c a v y  m e t . r l g  i n b o t t l e  s . l m p l e s

D r o  p
l ] o .

1
I
2
2

O

6
o

a
1 0
t o
T 2
L 2
L 4
t 4
1 L

1 6

l lean

sr .  x

Z , 't

t a k e n  i n

7 .  s i  I  t

93 .  i l "
8 8 .  r
9 3 .  5
9 0 .  5
9 3 .  B
9 6 . 2
/ 2 . +

a 4 . 2
9 L . 7
9 5 . 9
9 8 .  O
9 9 . 7
9 3 .  A
9 1  . 5
9 5 . 3
9 5 .  I
9 9  . 4
9 9 . 2

9 2 . 9

h o p p e r

Cr-:

3 5 8
3 4 6
347
259
2 9 7
253

9 5
2 5 8
307
294
s25

68
2 3

29A
? A L
3 1 2
2AB

2 5 3

7 6,9

B 5 E
5 5 5
Cr'i 3
6Q'2
- ' .  3
Z -\U
4 8 4
6 4 9
8 6 5
9 4 2
t 7 5

4 9
E } 9 5

8 7 r
9 4 9
9 1 6

5 4 5

1 B

7 7 7

A T

P b

4 3 2
7 7 6
5 A A
570
320
4 7 4
1 6 2
1 1 5
3 8 A
4 8 3
5 1 0
707

8 0
f,o

7 7 5
7 2 3
6 8 9
6 6 4

5 1 4

T g

4 1 4 0 0
3 9 2 0 0
4420lo
3  5 1 0 C
41  1c }0
4 2 1 0 0
' , 3dOv
I  4 4 0 0
3320c )
3 4 9 0 0
46200
48600
1  2500

4 1 6 0
4 5 1 0 0
4 4 9 0 0
4  5 5 0 0
442C)0

3 5 5 9 2

Mr''

2 4 (
24a
--, 1c/

2 4 7
) 4 .  I

3 1 1
J 4 z
213
2 4 0
2 2 0
.+  JJ

4 7 8
r l a

q n
J A

4 9 3
447
4 5 3
4 0 5

3 1 5

C o

t q

, A

1 8
7 4
l c t

L 4
A

3
1 0
1 3
L 6
1 B

3
I

I 7
1 6

1 5

1 ?

N o .  o f  s a m p l e s

Mean  3O2
( e x c l u d i n g  6 & t 2 )

N o .  o f  s a m p l e s

6 3 1 4 1 4 3 5 3 5 2 9 5 .  O



Iab le 7 Resul ts  surrery for  sur face p lure roni tor ing

Survey Craf t  Current  Oepths gelor  Sur face ( r l
0r .op 0 is tance Bear ing l i re  Bear ing f lagni tude Concentret ion (ppr t
l lo .  l ror  Relat ive aJter  Depth Conc.  0epth Conc.  Depth Conc.  Depth Conc.

drop to drop drop
{ s ) ( r / s ){ r }

132
r5 l
5l
80

t
I
t

I
I

, q

2 . 3
7

6 . 5
6 . 5
6 . 5
6 . 1

6 . 8
5 . 9 '
5 . 9

JrJ 360 i l9 0.25
315 163 i l8 0.22
200 - t26 0.08
r50 - t77 0.05

200
180

0
0

80 i l .6
90  11 .  6
0  u . 6
0 u .5

0  1 1 . 8
0  l l . t
0  l l . l

0  1 6 . 2
0  1 6 . 2
0  1 6 . ?
0  1 6 . t

0 1 7
0  1 5 . 7
0  1 5 . 7

U

0

0

U

U

il(]l ntliltr0fitl)
12 l l8 173

r00 t05 l2l
70 Jto

35 0.08
3r0 0.19
325 0.2t

lJ0
t v

0

l { .8 .  I i re  af ter  drop re{ers to the t i re  at  rh ich the sur face p lure ras ident i f ied at  the roni tor ing posi t ion.
l l .B.0n rost  drops the roni tor  at  16r  had rent  of fscate ( )5000ppr l  r i th in 1 r inutes of  drop



e  I  Resu l t s  su r ra ry  l o r  nea r  bed  ron i i c r i no

Survey  Cra f t
! r r r  0 j s tance  Sea r i ng  Be l , t
; i -  l r o r  R e l a t i v e  s l c l e

d rop  to  d rop
{ r )  ' d e g }

I

l 0

t 2

r 1

l 4

l 5

l 6

L 7

( t
J I

r53

60

t20

n?

t ? a

t 8

2 7 0  0 0 l N  { 1 : { 0 0 )

190  D0 l l i  i  : ' : 01

125  L t v i l

320 tt l/r l

I 5  LEVIL

215  D0 i l t  ( 1 ;700 )

90 LtvtL

60

t24

O U

t6v

2t8

I t

NOT hOHI IORED

Cur r i 'nt
re  Average rear ing  11 ;gn  i  t , rde
r r  speed o l
p  8ed xave

s )  { r l s }  . i d e g )  ( r / s  }

H.  rgh t  abovc  b rd  (  r  !
i . , n c e n t r a t i o n  i p p r )

l l e :  C o n c ,  H e i o ^ t  C o n c .He igh t  Conc .  : i r a i gh t  Conc .

0 e

n 1

0 . 1

0 . 5

t q

100

" 1 5

1 2 0

l l 0

J25

?86

217

, 1  . I 5

v  l 3

0 . 0 9

0 . 0 7

0 . l l

0 .  i l

0  . 08

s . 7  0

' a , t  
0

8.2 {000

Br2  o

l ,  ?  1000

J .2  2000

1.2  8000

6.?  6000

6 . ?  0

6 .?  7000

6 . 2  0

t . 2  7 5 0 0

t .?  7000

1.2 20000

1 .2  9000

1 t  u

4 . ?  i 0 0 0

1 . ?  0

0 . i  7500

0.7 7000

0.7 22000

0.2 t0000

0.2  {000

0.2 7000

4 . 2  0

0 .2  10000

0.? 10000

0.2 J0000

I i r e  a l t e r  d rop  re fe rs  t o  t he  t i r e fo r  t he  bed  xave  to  reach  the  i ns t ru ren ts



b l e  9  S i l t  c o n t e n t  o f  s a r n p l e s  i n  t h e  t e s t  a r e a

S a m p l e  Z  s i l t
N o  b e f o r e

7 . O
3 . 7
f , . 3
9 . A

1 0 . 5
- < a

6 . 6
4 . 4

2 6 . 4
2 . 3
5 . A
6 . 7
6 . 4
3 . 5
o l
- < a

7 2 . O
5 8 .  O

6 . 4
1 5 .  A
I . J . L , ,

q a

L 4 . 2
6 . 7

J U . 4

7 . 4
4 5

O l

1 0 . 1
5 . 8

1 Q  a t

7 . 8
q - <

6 . O
a.o

1 4  . 4

7 .  s i l t
a f  t e r

4 . 5
4 . 9
4 . O
8 . O

L 9  . 4
4 . L
9 . 5

2 6 . 6
1 3 . 1

7 . 5
5 . 1

1 5 . 5
2 0 .  5

7 . 7
3 6 . 9
6 7 . A
1 8 .  5

9 . 8
7 . 6

7 L  . 4
5 3 . 9
2 5 . 6
1 1 . 3

9 . 2
4 9 . 2
1 9 . 2
1 5 . 4
3 1  . 5
r 4 . 9
1 4 . 2
1 2 . 2
2 0 . 9
L 2 . 3

1 1 . 3
1 8 . 1

1
2
3
4
5
6
7
B
9

1 0
1 1
L 2
1 3
L 4
1 5
1 6
L 7
l 8
L 9
20
2 L
22
2 3
2 4
2 3
2 6
2 7
2 A
2 9
3 0
3 1
3 2
3 3
J 4

3 6



r b l e  1 O

Sarnp  i  e
Ncr

C o n c  e n  t  r a  t i o n s
d  i  s p o s a  I

o f  s i x  h e a v y  r n e t a l s  o n b e d  o - f t e s t  a r e a  b e f o r e

1
2
3
4+

6
7
I
9

1 0
1 l
L ?
t 3
L 4
1 5
1 5
L 7
1 8
1 9
20
2 7
2 2
23
24
2 5
26
2 7
2A
2 9
30
3 1
5 2
3 3
3 4
5 5
3 5

C u

5 4
2 7
L 9
3 0
5 7
3 5
-<n

3 7
3 8
2 4
2 3
2 6
2 t
2 2
2 6
2 5
52
38
2 7
2 7
24
1 8
5 3
2A

L 4 4
2?
I 7
22
2 9
2 2
4 2
2 5
1 8
22
24
3 6

7 n

1 L 1
9 5
7 8

t 1 ? .

7 6 4
1 0 9
1 L 2
1 A O
1 0 5

9 3
L L , O

1 . l r \

9 3
a 7
9 7

1 4 0
t 4 9
1 1 4

8 5
a2
B 9
8 9

7 L 7
702
353

a 7
8 0
8 0

1 0 0
7 6

1 L 7
B O
7 8
B 5
9 9

L 0 7

P b

7 4
5C)
4 7

, J J

5 3

6 7
9 4
5 4
4 4
5 1
4 4
4 6
5 3
4 2
6 6
4 7
4 7
4 3
3 9
4 L
6B
52

L 7 A
4 0
4 3
4 3
4 6
3A
32
4 6
37
3A
4 7
5 5

F e

1 5400
1 3600
1 2 5 0 0
1 3300
17 40fJ-
1  7800
1 5 0 0 0
L7 4c-0
1 7 1 Q O
7 4 7 c ^ 0
1 8 5 0 0
1 7 1 0 0
1  5 7 0 0
1 s300
1 7300
1  4 0 0 0
25800
3 4 6 0 0
1 4900
1  9 5 0 0
1 7 5 0 0
1 5400
19000
1 8 9 0 0
38300
r 4 9 0 0
1 4 5 0 0
1 5400
23900
1 4 6 0 0
1 9 0 0 0
?r70c .
1 3 6 0 0
1 4 4 0 0
I  5300
I  8300

M n

2 2 A
243'
) A . ^

1 4 6
243
2 3 4
2-<L

267
266
, q c .

2 7 6
z / t 7

2 7 7
2 7 7
2 7 A
2 4 9
4 4 4
600
23L
28'9
266
2 3 7
254
2 7 4
52c-
224
263
2 4 9
293
2 L 3
2 9 7
2 5 8
2 4 2
2sg
2 5 5
2 7 3

{-l '

4
q

4
5

6
a
6
7
6
6
6
7

6
7
6
I

1 3
7
9
7
6

1 0
7

1 5
4
3
q

5
5

5
na

5
5
6



a b l  e  1 1 C o n c e n  t r a t i o n s
d i s p o s a l

o f  s i . x  h e a v y  r n e t a l s  o n b e d  o f t e s t  a r e a  a f t e r

Sarnp I  e
No

1
2
3
4
5
6
7
a
9

1 0
1 1
L 2
1 3
T 4
1 5
1 6
L 7
1 8
L 9
2 0
2 L
22
2 3
2 4
2 5
2 6
2 7
2 A
2 9
3 0
3 1
3 2
3 3
3 4
3 5
3 5

N . B .  S a m p l e

Cu

L t l

2 4
2 3
2 A
3 4
2A
34

7 A 4
6 4
33
7 9
J 4

4 I
3 1
+ /
5 8
3 7
36
30
+ 1

4 7
38
3 2
30

3 4 8
32
4 4
z a
.i \.,

3 5
5 4
q n

3 0
f,1
J U

3 7

l . lo .  '  s  I

Z n

9 4
9 5
9 4

1 0 4
1 5 8

a2
L 0 2
4 1 5
1 9 4
1 0 9

a 1
1 3 4
149
1 2 5
r49
1 8 5
1 1 3
120
I25
1 5 1
7 7 5
1 6 1
1L2
1 0 6
649
I Q 7

1 2 3
1 1 6
1 3 3
L 2 2
1 0 9
1 2 r

Q A

I T 2
9 9

732

a n d  2 5

P b

3 7
4 5

1 6 8
5 2
8 7
4 L
57

1 4 1
120

53
3 5
6 3
50
6 0
7 4
7 8
6 2
4 8
60
B 7
66
7 6
5 8
4 4

234
4 9
5 9
4 5
6 0
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