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ABSTRACT 

Metal pollutants, which may occur naturally or be anthropogenic, enter an 
estuary in both dissolved and particulate form mainly thx-ough the river 
input at the tidal limits, freshwater run off and outfalls discharging from 
the banks. Dredging operations are carried out in a numher of British 
estuaries and rivers. Sediments from areas of intense sh~ipping and 
industrial activity tend to have higher metal concentrati.ons than those from 
less active areas. There is growing concern that the dis~posal of 
contaminated dredged material at sea may have a h a d u l  etffect on the marine 
environment. One area of particular concern is whether sediment-attached 
metals desorb in a fully saline environment, 

There is clearly a need for an improved understanding of the transport 
processes involved in open-water disposal of dredged material. For 
instance, the estuarine contaminents are typically bound to the fine grained 
fractions of the solid phase of sediment and accordingly the development of 
techniques to predict the movement of these particles wil.1 be beneficial in 
assessing the suitability of a disposal site. 

The Department of the Environment has commissioned Rydrar~lics Research to 
study the estuarine transmission of heavy metal po1lutant:s in an attempt to 
determine the extent to which they are accumulated within an estuary or 
passed out to sea and the factors affecting their transmission. This report 
is one of a series covering several aspects of this investigation. 

Analysis of the heavy metals copper, zinc, lead, iron, manganese and cobalt 
has been undertaken on samples obtained fror the dredged length of the River 
Tees, the Tees Inner Disposal Site and around the Disposal Site. The 
average concentrations of the six heavy metals (total sediment) on the 
annual quantity of 1,6M m3 of dredged material disposed of at the site were 
estimated to be copper - 138mg/kg, zinc - 143mg/kg, lead - 177mg/kg, iron - 
34500mg/kg, manganese - 460mg/kg and cobalt - 12mg/kg. The average 
concentration of silt (i.e. less than 6 3 p  in size) of the dredged material 
was estimated to be 70%. 

The concentrations of heavy metals (total sediment) on the bed sediments 
within the disposal site were foand to be lower relative to te estimated 
average for the dredged material, copper - 20%, zinc - 55%, lead - 33%, iron 
- 44%, manganese - 552 and cobalt - 33%. The average silt content within 
the disposal site was found to be approximately 20%. 

Analysis of the size grading of samples taken within and around the disposal 
site revealed a net sand transport direction to the soutlh-east, i.e. along 
the coastline and parallel to the bathymetry. This was supported by 
continuous recording current meter data. The average concentrations of 
heavy metals total sediment) in four compass directions around the disposal 
site were found to be generally higher in the south-east and north-west 
regions compared to the disposal site. The average silt content in these 
directions was also higher at approximately 30%. Although, the average silt 
content in the north-east region was also 30% the average metal 
concentrations were lower than the disposal site. Differences in the 
inter-relationships between manganese and some of the otlher metals and the 
silt content were found for the samples taken within the disposal site 
compared to those taken in the regions around the site. 
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1 INTRODUCTION 

Metal pollutants, which may occur naturally or be 

anthropogenic, enter an estuary in both dissolved and 

particulate form mainly through the river input at the 

tidal imits, freshwater run off and outfalls 

discharging from the banks. Dredging operations are 

carried out in a number of British estuaries and 

rivers. Sediments from areas of intense shipping and 

industrial activity tend to have higher metal 

concentrations than those from less active areas. 

There is a growing concern that the disposal of 

contaminated dredged material at se~a may have a 

harmful effect on the marine environment. One area of 

particular concern is whether sediment-attached metals 

desorb in a fully saline environment. The United 

Kingdom has obligations, under international 

agreements to control marine pollution resulting from 

deposit at sea of dredged material. The Food and 

Environmental Protection Act (Part 11) 1985 and 

through it, the Oslo and London Dumping Conventions 

will continue to have an increasing impact on the 

dredging contractors on the UK. 

The national and international concern for 

environmental and fisheries protection is focused on 

two aspects of the disposal to sea of dredged 

material. Firstly, the disposal of large quantities 

of solid materials will cause a significant change in 

the sediment nature and quality in the vicinity of the 

disposal site. In some instances the local sea bed 

life could be totally destroyed. Secondly, accretion 

of suspended material in estuaries scavenges toxic 

contaminants from river water. These contaminants may 

be remobilised by dredging and disposal and in effect 

'released' from the estuarine mud at the disposal 

site. 



T h e r e  i s  c l e a r l y  a  need f o r  a n  improved u n d e r s t a n d i n g  

of t h e  t r a n s p o r t  p r o c e s s e s  i n v o l v e d  i n  open-water  

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

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

g r a i n e d  f r a c t i o n s  o f  t h e  s o l i d  p h a s e  o f  s ed imen t  and 

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

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

a s s e s s i n g  t h e  s u i t a b i l i t y  of  a  d i s p o s a l  s i t e .  

The Depar tment  o f  t h e  Environment (DOE) h a s  

commiss ioned H y d r a u l i c s  R e s e a r c h  (HR) t o  s t u d y  t h e  

e s t u a r i n e  t r a n s m i s s i o n  of heavy m e t a l  p o l l u t a n t s  i n  a n  

a t t e m p t  t o  d e t e r m i n e  t h e  e x t e n t  t o  which t h e y  a r e  

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

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

i s  o n e  of  a  series c o v e r i n g  s e v e r a l  a s p e c t s  of t h i s  

i n v e s t i g a t i o n .  

P r e v i o u s  r e s e a r c h  by HR i n t o  t h e  e s t u a r i n e  

t r a n s m i s s i o n  o f  heavy m e t a l s  i n c l u d e s  e x t e n s i v e  f i e l d  

s t u d i e s  i n  two c o n t r a s t i n g  e s t u a r i e s - ;  t h a t  of  t h e  

R i v e r  P a r r e t t  i n  Somerse t  (Ref 1 )  and  t h a t  of  t h e  

R i v e r  Conwy i n  Nor th  Wales (Ref 2 ) .  A l i t e r a t u r e  

r e v i e w  o f  con tempora ry  r e s e a r c h  work was a l s o  c a r r i e d  

o u t  (Ref 3 ) .  Dur ing  1 9 8 1  HR c a r r i e d  o u t  a  p i l o t  s t u d y  

i n  t h e  e s t u a r y  o f  t h e  R i v e r  Tees  £01  lowed by t h r e e  

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

d u r i n g  1985  a n d  1986. These  s t u d i e s  a r e  b r i e f l y  

o u t  l i n e d  below; 

March 1 9 8 1  

J u n e  1985 

- A p i l o t  s t u d y  i d e n t i f y i n g  t h e  

d i s t r i b u t i o n  o f  s i l t  ( G  6 3 p )  a l o n g  

t h e  e s t u a r y  and t h e  c o n c e n t r a t i o n s  

o f  heavy m e t a l s  o n  t h e  s i l t  (Ref 4 )  

- A s t u d y  of  s ed imen t  and a t t a c h e d  

m e t a l s  d redged  f rom t h e  e s t u a r y .  

The b e h a v i o u r  of  t h e  d r e d g i n g s  on  

d i s p o s a l  and t h e  s p a t i a l  



distribution of sediment attached 

metals (on the silt fraction) at the 

disposal site (Ref 5 )  

March 1986 - A data-collection exercise to 

establish sediment grain size 

distribution and attached metals 

concentrations along the estuary at 

the disposal site and surrounding 

the disposal site 

September 1986 - A study to investigate the metal 

concentrations on the total 

sediment, plus an exercise 

monitoring the bed immediately 

before and after a disposal exercise 

to determine short term physical and 

chemical changes (Ref 6) 

The importance of dredging in the sediment cycle of 

the River Tees and the high metal concentrations on 

bed sediments rendered it a suitable estuary in which 

to carry out such a field study. This report presents 

and compares the data collected by HR, from the 

estuary and disposal site during these field studies. 

It also presents a literature review of relevant 

research work, and presents the results of a 

short-term dispersal study, a sediment transport 

study and an appraisal of the apparent 

inter-relationships between the different metals. 

Based on these preliminary investigations an initial 

assessment is made of the fate of sediments and 

attached metals dredged from the River Tees and 

disposed of at the THPA disposal site. Finally, is an 

endeavour to find definite answers to some of the 

unresolved issues, recommendations are made for the 



development of  t h e s e  s t u d i e s  i n  t h e  on-going HR 

r e s e a r c h  program i n v e s t i g a t i n g  t h e  consequences of 

d redged  m a t e r i a l  and a t t a c h e d  heavy m e t a l s  d i sposed  of  

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

2 LITERATURE REVIEW 

2.1 C h a r a c t e r i s t i c s  of 

m e t a l s  i n  Tees  

EstuaryfBay 

( a )  Murray L A & Norton M G - The compos i t ion  of 

dredged s p o i l s  dumped a t  s e a  f rom England and 

Wales (Ref 7 )  

( i )  Fol lowing t h e  a n a l y s i s  of ' m a t e r i a l '  

dredged f rom some 130 s i t e s  around t h e  

c o a s t  of England and Wales i t  was found 

t h a t  t h e  h i g h e s t  c o n c e n t r a t i o n s  of t r a c e  

m e t a l s  were g e n e r a l l y  encoun te red  i n  

d r e d g i n g s  f rom a r e a s  o f  i n t e n s e  s h i p p i n g  

a c t i v i t y  and heavy i n d u s t r y  such a s  t h e  

T e e s ,  Tyne and Mersey e s t u a r i e s .  

( i i )  The c o n c e n t r a t i o n s  of m e t a l s  on sed iments  

dredged from t h e  R i v e r  Tees  and a t  

H a r t l e p o o l  a r e  g i v e n  i n  Tab le  1. 

( i i i )  Very s i g n i f i c a n t  e l e v a t i o n s  of mercury 

(Hg),  chromium (Cr)  and z i n c  (Zn) were 

found i n  t h e  River  Tees ,  a l s o  e l e v a t i o n s  

of  copper ,  l e a d  and cadmium b u t  n o t  of 

n i c k e l  (Ni) .  

( i v )  A n t i - f o u l i n g  and p r imers  which a r e  r i c h  i n  

copper  (Cu),  z i n c  (Zn) and l e a d  (Pb) c a n  

lead to elevated concentrations of these 

m e t a l s  i n  l o c a l  sed iments .  
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heavy m e t a l  d i s t r i b u t i o n  on t h e  i n s h o r e  

sed iments  (- 20m c o n t o u r )  of t h e  NE c o a s t  

shows t h a t  t h i s  d i s t r i b u t i o n  may e x i s t  i n  

t h e  v i c i n i t y  of t h e  Tyne and Wear 

e s t u a r i e s  b u t  n o t  i n  t h e  Tees  a r e a .  

( v )  I n  t h e  Tees a r e a  a l l  t h e  meta l  

c o n c e n t r a t i o n s  ( e x c e p t  Hg) i n c r e a s e  w i t h  

d i s t a n c e  from t h e  e s t u a r y  mouth r e a c h i n g  a  

maximum approx imate ly  30km a  long t h e  c o a s t  

t o  t h e  s o u t h  a t  Runswick Bay. There i s  no  

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

c o a s t a l  zone h e r e  bu t  t h e r e  i s  a  major 

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

and t h e  r e s t  of t h e  s t u d y  a r e a  i n  t h a t  t h e  

l o c a l  J u r a s s i c  rock i s  c o n s i d e r a b l y  r i c h e r  

i n  meta l  b e a r i n g  m i n e r a l s  than  t h e  

a d j a c e n t  r o c k s  t o  t h e  S E  and NW. 

( v i )  The a u t h o r  conc ludes  t h a t  t h e  l o c a l  

geology of t h e  a r e a  may be a  more 

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

i n p u t  i n  d e t e r m i n i n g  t h e  meta l  c o n t e n t  of 

mar ine  sed iments .  

2.2 Behaviour of 

dredged m a t e r i a l  

d i sposed  a t  s e a  

( a )  J o y c e  J - On t h e  behav iour  of dumped d redger  

s p o i l  (Ref 9) 

( i )  Observa t ions  a t  d r e d g e r  d i s p o s a l  s i t e s  o f f  

Lowes to f t  i n d i c a t e d  t h a t  f i n e  p a r t i c u l a t e  

m a t e r i a l  d i spensed  from a  d redger  c o n s i s t s  

of  2  p h a s e s ,  one s o l i d  and t h e  o t h e r  

s e m i - f l u i d .  



( i i )  The a u t h o r  p o s t u l a t e s  t h a t  t h e  dredged 

mud, combined w i t h  seawate r  and a g i t a t e d  

by t h e  d r e d g i n g  p r o c e s s ,  cou ld  form i n t o  

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

hopper  of t h e  d redger .  The s o l i d  f r a c t i o n  

i s  formed from t h e  lumps of c o n s o l i d a t e d  

mud dredged from t h e  lower l a y e r s  of bed 

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

formed f rom t h e  upper  l a y e r s  of 

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

h a s  e n t e r e d  t h e  s t o r a g e  hoppers  d u r i n g  t h e  

d r e d g i n g  p rocess .  

( i i i )  SCUBA d i v e r s  observed p e b b l e - l i k e  lumps of  

mud u p  t o  lOcm i n  d i a m e t e r  i n  t h e  v i c i n i t y  

of one d i s p o s a l  s i t e .  There i s  a l s o  

e v i d e n c e  t h a t  t h e y  occur  a s  f a r  a s  2km 

seawards  of t h e  d i s p o s a l  s i t e .  Sediment 

c o r e  samples a l s o  showed mud lumps b u r i e d  

i n  t h e  sand ,  i n  some c a s e s  40cm below t h e  

sed iment  s u r f  ace.  

( i v )  An echo-sounder  was mounted i n  a  r e s e a r c h  

v e s s e l  p o s i t i o n e d  50m downstream of t h e  

d r e d g e r  and swi tched on a s  d i s p o s a l  

commenced. The r e s u l t a n t  t r a c e  i n d i c a t e d  

t h a t  a f t e r  some 3-4 minu tes  a  t u r b i d  c loud  

reached  from t h e  seabed  t o  w i t h i n  6m of 

t h e  s u r f a c e  and took  abou t  1 minute  t o  

p a s s  benea th  t h e  s h i p ,  g i v i n g  a n  

approximate  d e s c e n t  r a t e  of 3cm/s. The 

c loud  remained a  d i s c e r n i b l e  f e a t u r e  f o r  

some 500m. 

( v )  Th i s  d u a l  phase  n a t u r e  of m a t e r i a l  

d i s p e n s e d  a t  s e a  h a s  been noted by o t h e r  

workers ,  i n c l u d i n g  HR who observed twin  



phase  behav iour  i n  s l u d g e  d i s p o s e d  i n  

L i v e r p o o l  Bay i n  1971. 

( v i )  The a u t h o r  summarises t h a t  once  i n t r o d u c e d  

i n t o  t h e  mar ine  environment  t h e  2  p h a s e s  

behave d i f f e r e n t l y .  The s o l i d  phase  f a l l s  

d i r e c t l y  t o  t h e  bed where i t  £arms a  

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

( a l t h o u g h  2km i s  h a r d l y  l o c a l i s e d  and 

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

bed f e a t u r e  - KAT comment) w h i l e  t h e  

s e m i - f l u i d  phase  i s  c a r r i e d  by t h e  

p r e v a i l i n g  c u r r e n t s  i n  t h e  form of a  

t u r b i d  c loud.  

( b )  Herb ich  J B - Dredging equipment and t h e  e f f e c t  

of d r e d g i n g  on t h e  environment  (Ref 1 0 )  

( i )  The a u t h o r  r e f e r s  t o  t h e  f i n d i n g s  of 

H o l l i d a y  e t  a 1  (1978) which i n d i c a t e d  t h a t  

dredged m a t e r i a l  d i s p o s e d  i n  open w a t e r  

v a r i e s  f rom t a k i n g  m i n u t e s  t o  h o u r s  t o  be  

d e p o s i t e d  a t  t h e  bottom. 

( i i )  D i scharge  of c o a r s e  m a t e r i a l  w i l l  

i n i t i a l l y  b e  a c c e l e r a t e d  due  t o  g r a v i t y  

and w i l l  r e a c h  t e r m i n a l  v e l o c i t y  i n  

c o n s t a n t  d e n s i t y  ocean  wa te r .  

( i i i )  The v e l o c i t y  r a t e  f o r  f i n e  m a t e r i a l s  w i l l  

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

may d e c r e a s e  due  t o  t h e  e n t r a i n m e n t  of 

ambien t  wa te r .  

( i v )  I n  v e r y  deep w a t e r  t h e  p a r t i c l e s  w i l l  

s e g r e g a t e  w i t h  t h e  l a r g e r  p a r t i c l e s  

s e t t l i n g  f a s t e r  and t h e  s m a l l e r  p a r t i c l e s  

s e t t l i n g  a t  a  s l o w e r  r a t e .  



(v) The terminal velocity will be effected by 

the density changes in the water column, 

by the currents and to some extent by the 

storm waves in the upper part of the water 

column. 

(c) Herbich J B - The Center for Dredging Studies at 
Texas A & M University (Ref 11) 

(i) In a paper outlining the formation, 

history and activities of the Centre, the 

author outlines a field study of the 

disposal of dredged material. 

(ii) A field study revealed that immediately 

after deposition over 40% of the dredged 

material (based on original in situ 

volume) left the designated disposal area 

and spread out over the bay floor as a 

mud-density flow. Eventually dredged 

material covered an area about 3 times 

larger than that of the original 

designated disposal area. (Bassi D E and 

Basco D R, 1974). 

Desorption of 

metals from 

sediments in fully 

saline water 

(a) Murray L A & Norton M G - The composition of 
dredged spoils dumped at sea from England and 

Wales (Ref 7) 

(i) There have been several investigations 

studying the release of metals into the 

water column from sediments immersed in 

seawater. They indicate that while 



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

w a t e r  column h a s  been  d e m o n s t r a t e d  i n  

l a b o r a t o r y  e x p e r i m e n t s  t h i s  a p p e a r s  t o  b e  

t empora ry .  

( i i )  The r e s u l t s  of  3 d i f f e r e n t  s t u d i e s  

r e f e r r e d  t o  by t h e  a u t h o r s  s u g g e s t ,  i n  

t u r n ,  t h a t :  

a n y  t empora ry  r e l e a s e  of mercury  

(Hg) f r o m  t h e  s e d i m e n t s  i n t o  t h e  

s u r r o u n d i n g  w a t e r  i s  f o l l o w e d  by 

r e a d s o r p t i o n  o n t o  suspended  c l a y s ,  

by  p r e c i p i t a t i o n  and  t h e n  by 

s c a v e n g i n g  by i r o n  ( F e )  r e l e a s e d  

f r o m  t h e  s e d i m e n t s ,  

o n l y  v e r y  low l e v e l s  of  m e t a l s  a r e  

r e l e a s e d  t o  t h e  w a t e r  column on 

r e s u s p e n s i o n  of  s e d i m e n t s ,  

o n l y  manganese (Mn) i s  r e l e a s e d  i n  

s i g n i f i c a n t  amounts  f r o m  d redged  

s e d i m e n t s ,  t h e  o t h e r  m e t a l s  b e i n g  

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

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

e i t h e r  i n  s m a l l  amounts  o r  n o t  a t  a l l .  

( i i i )  Thus t h e  a u t h o r s  c o n c l u d e  t h a t  t h e  

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

m a t e r i a l  a r e  l i k e l y  t o  r ema in  w i t h  t h e  

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

a d v e r s e  e f f e c t s  on  w a t e r  q u a l i t y  a t  t h e  

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

o r  a f t e r  dumping. 



(b) Hoff J T, Thompson J A J & Wong C S - Heavy 
metal balance from mine tailings into seawater - 
A laboratory study (Ref 12) 

(i) A laboratory experiment was conducted to 

observe the release or removal of 

dissolved metals in sea water to which 

various amounts of mine tailings were 

added. Analysis for concentrations of Fe, 

Mn, Cu, Zn, Ni, Cd and Pb was carried 

out. 

(ii) The following results relate to the tests 

with the highest initial mine tailings 

concentration (1000 mgkg' l) but similar 

trends were observed at lower 

concentrations. All of the metals (except 

Cd) exhibited changes in their dissolved 

concentration after the addition of mine 

tailings. Iron (Fe), copper (Cu) and lead 

(Pb) attained high peak concentrations 

after 3 hours then decreased to initial 

(Fe, Cu) or lower (Pb) values after one 

month. Mn and Ni concentrations increased 

slowly during the observation period and 

remained elevated at termination. The 

concentration of Zn gradually declined 

from its initial value and Cd 

concentration did not change. 

(iii) The increases in dissolved metal 

concentrations are attributed to chemical 

interaction between the mine tailings and 

seawater. Drawing on the studies of other 

research workers the authors identify some 

of the mechanisms which may occur in this 

instance: 



when mine t a i l i n g s  a r e  d i l u t e d  

w i t h  s e a w a t e r  e l e c t r o s t a t i c a l l y  

bound m e t a l  i o n s  a r e  exchanged 

w i t h  Ca and Mg i o n s ,  

i t  has  been shown t h a t  CO and Cu 

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

r e l e a s e d  t o  a  r a t h e r  s m a l l  e x t e n t  

i n  s e a w a t e r  because  t h e  i o n s  a r e  

t i g h t l y  h e l d  by s u r f a c e  

complexa t ion ,  

t h e  i o n  exchange c a p a c i t y  of  mine 

t a i l i n g s  would be  e x p e c t e d  t o  be  

l e s s  t h a n  t h a t  of c l a y ,  

s u l p h i d e  m i n e r a l s  s u c h  a s  Ga lena  

(Pb) ,  P y r i t e  ( F e ) ,  C h a l c o p y r i t e  

(Cu) and S p h a l e r i t e  (Zn) a r e  

e s s e n t i a l l y  i n s o l u b l e  i n  w a t e r  b u t  

a r e  thermodynamical ly  u n s t a b l e  

w i t h  r e s p e c t  t o  o x i d a t i o n  - 
v a r i o u s  i o n s  cou ld  c a t a l y s e  t h e  

o x i d a t i o n  of me ta l  s u l p h i d e s  b u t  

t h e  r e a c t i o n  i n  s e a w a t e r  h a s  

r e c e i v e d  l i t t l e  ( i f  any)  

r e s e a r c h ,  

suspended sed imen t s  promote t h e  

p r e c i p i t a t i o n  o f  i r o n  from s e a  

w a t e r ,  

i r o n  hydrox ide  i s  known t o  b e  a n  

e f f i c i e n t  scavenger  o f  t r a c e  

m e t a l s  from s e a  wa te r .  

( i v )  I n  t h i s  s t u d y  t h e  r e l e a s e  of m e t a l s  

a p p e a r s  t o  b e  dependent  upon mine t a i l i n g s  



concentration but the removal of metals is 

not. 

(v) Parameters such as salinity, oxygen 

content, pH values and organic complexing 

agents may well vary between estuary and 

ocean sites and such changes may have a 

remobilising effect on heavy metals. For 

example, during dredging oxygen content 

does not remain stable within the sediment 

and when dredged material is dumped at sea 

it is generally introduced into an 

environment that has a higher oxygen and 

salt content. 

(vi) The authors refer to Chen who (under 

unstated experimental conditions) found 

that, with the exception of Cr, all metals 

were released in the sediment-water 

interface. In comparison with background 

sea water values Cd, Mn, Ni and Zn were 

significantly released; Cu, Fe and Pb were 

only moderately released. 

(c) Calmano W, Wellershaus S 6 Forstner U - Dredging 
of contaminated sediments in the Weser Estuary : 

Chemical forms of some heavy metals (~ef 13) 

(i) Concentration and chemical forms of metals 

in bottom sediments and dredged mud of the 

Weser Estuary were studied. 

(ii) Two groups of metals are identified; those 

with a relatively high potential of 

mobilisation such as Cd, Zn, Mn and Ni, 

and those that are strongly bound on 

particles such as Cr, Cu, Pb and Fe. 



(iii) The dissolution rates of metals in 

artificial seawater over 96h were 

investigated. Results showed that Mn was 

significantly released (25%), Pb, Cd and 

Zn were released to only a very small 
. - 

extent and no dissolution effects were 

observed for Ni , Cr and Fe. 

(iv) During a dumping event the authors 

observed the behaviour of metals sorbed to 

the dredged material; there was no 

measurable increase in the heavy metal 

concentrations in solution. 

(v) The uptake of metals in aquatic 

environments is not a simple function of 

total metal concentrations, the prediction 

of toxicity on organisms requires the 

understanding of physical, chemical and 

biotic process. 

2.4 Influence of 

sediment grain 

size 

(a) Murray L A 6 Norton M G - The composition of 
dredged spoils dumped at sea from England and 

Wales (Ref 7 ) 

(i) The potential of metals to become 

associated with sediments is generally 

believed to be related to the available 

surface area of the sediment particles, 

thus differences in particle-size' 

distribution in different samples may 

account for some variability in metal 

concentrations. 



( i i )  Recent MAFF s t u d i e s  have shown t h a t  t h e  

f i n e  (G 90pm) sediment  f r a c t i o n  c o n t a i n e d  

m e t a l  c o n c e n t r a t i o n s  i n  e x c e s s  of t h o s e  

p r e s e n t e d  i n  Tab le  1 ( i . e .  mar ine  

sed iments  u n a f f e c t e d  by w a s t e  d i s p o s a l )  

o n l y  when an th ropogen ic  s o u r c e s  of t h o s e  

m e t a l s  cou ld  be i d e n t i f i e d  (e .g . ,  

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

( b )  Ki f f  - Persona l  communication 

( i )  P l o t s  of heavy meta l  c o n c e n t r a t i o n  a g a i n s t  

p a r t i c l e  s i z e  may be a n  i n d i c a t o r  o f  t h e  

o r i g i n s  o f  t h e  meta l .  I n  v e r y  g e n e r a l  

terms h i g h  c o n c e n t r a t i o n s  i n  t h e  s i l t  

(G 60pm) f r a c t i o n  s u p p o r t  t h e  t h e o r y  o f  

a d s o r p t i o n  from s o l u t i o n  whereas h i g h  

c o n c e n t r a t i o n s  i n  t h e  sand f r a c t i o n  ( >  

60pm) i m p l i e s  n a t u r a l l y  o c c u r r i n g  m i n e r a l s  

(which cou ld  d i s s o l v e  and b e  adsorbed  o n t o  

t h e  f i n e s ) .  

3 METAL C r n C ~ T I O B S  

IN RIVER SEDIFEMTS 

3.1 Scope of s u r v e y s  

Heavy m e t a l s  e n t e r  t h e  Tees  e s t u a r y ,  b o t h  i n  d i s s o l v e d  

and p a r t i c u l a t e  form, a t  t h e  t i d a l  l i m i t  and v i a  t h e  

v a r i o u s  t r i b u t a r i e s  and numerous i n d u s t r i a l  and 

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

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

d i s c u s s e d  (Ref 4) .  It i s  e v i d e n t  t h a t  w i t h  such a  

d e n s e  d i s t r i b u t i o n  o f  o u t f a l l s  (-90) and t h e  i n t e n s e  

l e v e l  of s h i p p i n g  a c t i v i t y ,  heavy m e t a l  c o n c e n t r a t i o n s  

( p a r t i c u l a r l y  on  t h e  f i n e  sediment)  a r e  l i k e l y  t o  be 

s i g n i f i c a n t l y  g r e a t e r  t h a n  t h o s e  found i n  a n  

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



The r i v e r  bed sed iments  were sampled u s i n g  a  g r a b  

a l o n g  t h e  e n t i r e  t i d a l  l e n g t h  of t h e  Tees i n  March 

1981  and a l o n g  t h e  lower 14km of t h e  r i v e r  i n  March 

1986 ( s e e  F ig  3) .  

The t h i r t y - o n e  samples o b t a i n e d  i n  March 1981 were 

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

c o n c e n t r a t i o n  of s i x  s e l e c t e d  heavy m e t a l s  - copper  

z i n c ,  l e a d ,  i r o n ,  manganese and c o b a l t  - on t h e  s i l t  

f r a c t i o n  ( i e  (63pm f r a c t i o n )  of each  sample.  

L ikewise ,  i n  1986 t h e  f i f t y - t h r e e  samples  were 

a n a l y s e d  f o r  c o n c e n t r a t i o n  of t h e  same s i x  heavy 

m e t a l s  b u t  on t h e  t o t a l  sample r a t h e r  t h a n  t h e  s i l t  

f r a c t i o n .  The p e r c e n t a g e  of s i l t  i n  each  sample was 

a l s o  determined.  I n  a d d i t i o n ,  t e n  of t h e  f i f t y - t h r e e  

samples  were a n a l y s e d  t o  measure t h e  c o n c e n t r a t i o n  of 

t h e  s i x  heavy m e t a l s  on t h e  s i l t  f r a c t i o n  of t h e  

sample.  

Each sample was i d e n t i f i e d  by a  number and a  c h a i n a g e  

f rom a n  assumed measur ing l i n e  a c r o s s  t h e  mouth of t h e  

r i v e r .  Fur thermore ,  samples which were w i t h i n  a  

d e s i g n a t e d  h y d r o g r a p h i c  su rvey  a r e a  of t h e  Tees and 

H a r t l e p o o l  P o r t  A u t h o r i t y  were a l s o  i d e n t i f i e d  by t h e  

a p p r o p r i a t e  c h a r t  number ( s e e  F i g  3).  

3.2 L o n g i t u d i n a l  

d i s t r i b u t i o n  

The p e r c e n t a g e  of s i l t ,  median p a r t i c l e  s i z e  ( D s 0 )  and 

c o n c e n t r a t i o n  of m e t a l s  a r e  g i v e n  i n  Tab le  2  (1981 

samples)  and T a b l e  3  (1986 samples) .  These  f i g u r e s  

were  p r o c e s s e d  t o  g i v e  t h e  mean v a l u e s  of  t h e  

p e r c e n t a g e  s i l t  and meta l  c o n c e n t r a t i o n s  i n  each  of 

t h e  c h a r t  a r e a s  0 t o  9  which cover  t h e  lower 14km of 

t h e  r i v e r .  Th i s  was done because  d r e d g i n g  of t h e  

r i v e r  does  n o t  t a k e  p l a c e  above c h a i n a g e  14km. T h e  

r e s u l t s  a r e  p r e s e n t e d  i n  Tab les  6 and 7 r e s p e c t i v e l y  



for the 1981 and 1986 samples and are shown 

diagramatically in Figures 3 to 9. 

The longitudinal distribution of the percentage of 

silt in the river (Fig 3) indicates that along the 

length of the river within chart numbers l to 8 the 

silt content is between 60% to 90% by weight. At the 

mouth of the river (i.e. chart number 9) and at the 

upstream limit of dredging (ie chart number 0) the 

silt content is lower at approximately 25% and 35% 

respectively. 

The concentration of copper, averaged within each of 

the nine chart areas, on the 1981 samples (silt 

fraction analysis) and the 1986 samples (total 

fraction analysis) are shown in Figure 4. The 

concentration of copper is generally greater on the 

silt fraction of the samples than the total sample, 

although the reverse is evident for chart numbers 1 

and 2, with little difference between the 

concentrations for chart number 4. In terms of total 

sample concentration of copper, the trend is an 

increase from the river mouth (chart number 9) to a 

reasonably constant value in the river covered by 

chart numbers 6 to 4, followed by a steady decline to 

a low value at the upstream dredging limit. For the 

silt fraction concentration of copper the pattern is 

broadly similar, except that the concentration from 

the mouth (chart number 0) to well upstream in the 

river at chart number 3 is approximately constant. A 

sharp decrease in the concentration of copper on the 

silt fraction of the river bed sediment is observed 

from chart number 3 to chart number 0.  

The longitudinal distribution of zinc is depicted in 

Figure 5. The concentration of zinc on the total 

sample rises steadily from just over 100mg/kg at the 



r i v e r  mouth t o  approx imate ly  700mgIkg a t  c h a r t  number 

6. F u r t h e r  upst ream,  w i t h i n  c h a r t  numbers 5  t o  1 t h e  

c o n c e n t r a t i o n  remains  around 600mglkg b e f o r e  f a l l i n g  

t o  400mg/kg a t  t h e  d redg ing  l i m i t .  The c o n c e n t r a t i o n  

o f  z i n c  on t h e  s i l t  f r a c t i o n  i s  s h a r p l y  g r e a t e r  w i t h i n  

c h a r t  numbers 9 t o  3  d u r i n g  which t h e  c o n c e n t r a t i o n  

g r a d u a l l y  r i s e s  ( e x c e p t  f o r  c h a r t  number 3) from a  

l i t t l e  under  800mg/kg a t  t h e  mouth of t h e  r i v e r  t o  

o v e r  1200mg/kg a t  c h a r t  number 3. I n t e r e s t i n g l y  t h e  

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

a p p r o x i m a t e l y  200mg/kg which i s  w e l l  below t h e  

c o n c e n t r a t i o n  of  t h e  comparat ive  t o t a l  sample 

a n a l y s e s .  

Lead c o n c e n t r a t i o n s  on t h e  t o t a l  sample and t h e  s i l t  

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

l e n g t h  of r i v e r  ( F i g  6 ) .  For c h a r t  numbers 9 t o  1 t h e  

c o n c e n t r a t i o n  of  l e a d  on  t h e  t o t a l  samples  

p r o g r e s s i v e l y  i n c r e a s e s  from approx imate ly  50mg/kg a t  

t h e  r i v e r  mouth t o  450mg/kg a t  c h a r t  number 1. On t h e  

o t h e r  hand,  t h e  c o n c e n t r a t i o n  on t h e  s i l t  f r a c t i o n  

r e d u c e s  f rom c l o s e  t o  850mg/kg a t  t h e  r i v e r  mouth t o  

100mg/kg a t  c h a r t  number 1. 

The c o n c e n t r a t i o n  of i r o n  on t h e  t o t a l  sample ( F i g  7 )  

g r a d u a l l y  i n c r e a s e s  from approx imate ly  27000mg/kg a t  

t h e  r i v e r  mouth t o  55000mg/kg a t  c h a r t  number 5 ,  

w h e r e a f t e r ,  i t  d r o p s  t o  around 35000mg/kg w i t h i n  c h a r t  

numbers 4  t o  1 and t h e n  reduces  f u r t h e r  t o  25000mg/kg 

a t  c h a r t  number 0. I n  terms of c o n c e n t r a t i o n  of i r o n  

on  t h e  s i l t  f r a c t i o n ,  t h e  p a t t e r n  i s  one of a  

r e a s o n a b l y  c o n s t a n t  c o n c e n t r a t i o n  of  approx imate ly  

40000mg/kg th roughout  t h e  dredged l e n g t h  of t h e  r i v e r ,  

e x c e p t  f o r  c h a r t  numbers 5, 4  and 3  w i t h i n  which t h e  

c o n c e n t r a t i o n  i s  between 55000 t o  60000mg/kg. 

Manganese c o n c e n t r a t i o n s  a r e  shown i n  F i g u r e  8  t o  be 

g e n e r a l l y  g r e a t e r  on t h e  s i l t  f r a c t i o n  t h a n  on t h e  



total sample, with the exceptions of chart numbers 7 

and 6. The concentration of manganese on the total 

sample increases from below 400mglkg at the rivermouth 

to a peak of over 900mg/kg within chart number 6, 
. L 

following which there is steady decline (except for 

chart number 1) in concentration to below 300mg/kg by 

chart number 0. Maganese on the silt fraction shows a 

peak of approximately 1250mg/kg within chart number 3 

with concentrations downstream reducing to below 

500mg/kg and upstream reducing to below 600mg/kg. 

Cobalt concentrations on the total sample (Fig 9) are 

seen to generally fluctuate between 10 and 18 mg/kg 

along the dredged length of the river, except within 

chart number 5 where the concentration peaks sharply 

at 27mg/kg. With respect to cobalt on the silt 

fraction it is evident that there is no clear pattern 

along the river. The concentration of cobalt varies 

between 18 and 24mg/kg within the dredged length of 

the river. 

3.3 Influence of 

particle size 

The degree of correlation between the concentration of 

each metal and the percentage of silt was calculated 

and is shown in Tables 4 and 5 for the 1981 and 1986 

samples respectively. There is little correlation 

between metal concentration on the silt fraction and 

the percentage of silt (Table 4). Only copper 

exhibits a significant correlation 090%) with the 

percentage of silt. On the other hand, there is a 

considerable degree of correlation between the metal 

concentration on the total sample and the percentage 

silt (Table 5). Except for cobalt, which does not 

correlate with the percentage silt at a significance 

level of greater than >90%, the other five metals all 

show a significance of correlation greater than 99%. 

Although not tabulated the correlation between the 



m e t a l  c o n c e n t r a t i o n  on t h e  s i l t  f r a c t i o n  and t h e  

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

90% c o n f i d e n c e  l e v e l  f o r  any of t h e  s i x  meta l s .  

These r e s u l t s  c l e a r l y  i n d i c a t e  t h e  a f f i n i t y  of t h e  

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

sediment .  Accordingly ,  when t h e  t o t a l  sample was 

a n a l y s e d  t h e  c o n c e n t r a t i o n  of  m e t a l  was found t o  be  

s i g n i f i c a n t l y  dependent on t h e  s i l t  c o n t e n t .  By 

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

dependence i s  s i g n i f i c a n t l y  reduced.  

T h i s  phenomena i s  f u r t h e r  i l l u s t r a t e d  by c a l c u l a t i n g  

t h e  p r o p o r t i o n  o f  t h e  t o t a l  meta l  on a  sample which i s  

on t h e  s i l t  f r a c t i o n .  A p l o t  of t h i s  p r o p o r t i o n  

a g a i n s t  p e r c e n t a g e  s i l t  c o n t e n t  i s  shown i n  F i g u r e  10. 

The d a t a  p o i n t s  i n  f i g u r e  10 a r e  f rom samples t a k e n  

w i t h i n  t h e  d redged  r i v e r ,  d i s p o s a l  s i t e  and around t h e  

o u t s i d e  of t h e  d i s p o s a l  s i t e .  The r e s u l t s  of each of 

t h e  s i x  m e t a l s  were averaged t o  g i v e  a  s i n g l e  v a l u e  of  

t h e  p r o p o r t i o n  of t h e  t o t a l  meta l  which was 

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

20% by weight  i t  i s  s e e n  (F ig  10)  t h a t  abou t  40% of 

t h e  t o t a l  m e t a l  i s  a t t a c h e d  t o  t h a t  s i l t .  With a  s i l t  

c o n t e n t  of 60% t h i s  p r o p o r t i o n  i s  a lmos t  90%. 

3.4 C o r r e l a t i o n  between 

m e t a l s  

The m e t a l  c o n c e n t r a t i o n s  o n  t h e  s i l t  f r a c t i o n  of t h e  

s i x t e e n  samples  t a k e n  w i t h i n  t h e  dredged l e n g t h  of t h e  

r i v e r  i n  1981 were p rocessed  t o  d e t e r m i n e  t h e  l i n e a r  

r e g r e s s i o n  c o e f f i c i e n t  of each p a i r  of m e t a l s  w i t h  

r e s p e c t  t o  a  l i n e a r  c o r r e l a t i o n  ( T a b l e  4 ) .  The 

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

m e t a l s  were s i g n i f i c a n t l y  i n t e r - r e l a t e d  ( a t  l e a s t  90% 

c o n f i d e n c e ) ,  w i t h  t h e  t h r e e  e x c e p t i o n s  of 

c o p p e r - c o b a l t ,  lead-manganese and l e a d - c o b a l t .  



A s i m i l a r  p rocedure  was u n d e r t a k e n  f o r  t h e  f i f t y - t h r e e  

samples  c o l l e c t e d  i n  1986 and a n a l y s e d  f o r  m e t a l  

c o n c e n t r a t i o n s  on t h e  t o t a l  sed imen t  ( T a b l e  5 ) .  The 

l e v e l  of s i g n i f i c a n c e  of t h e  c o r r e l a t i o n  between t h e  

m e t a l s  may b e  s e e n  t o  be  g e n e r a l l y  much h i g h e r  

0 9 9 . 9 % )  t h a n  f o r  t h e  s i l t  f r a c t i o n  samples .  The 

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

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

t h e  1981  samples ,  i e  c o p p e r - c o b a l t ,  lead-manganese and 

l e a d - c o b a l t  w i t h  t h e  a d d i t i o n a l  p a i r  of l e a d - i r o n .  

4 RIVER DBeDGIBG 

4.1 Q u a n t i t y  and 

d i s t r i b u t i o n  

The R i v e r  Tees  h a s  a  t i d a l  l e n g t h  o f  some 32km and i s  

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

The lower  14km o f  t h e  e s t u a r y ,  and a  n a v i g a t i o n  

channe l  e x t e n d i n g  i n t o  Tees Bay, i s  s u b j e c t  t o  

ma in tenance  d r e d g i n g  by t h e  Tees  and H a r t l e p o o l  P o r t  

A u t h o r i t y  (THPA). The subsequen t  d redged  m a t e r i a l  i s  

d i s p o s e d  o f  a t  t h e  I n n e r  D i s p o s a l  S i t e  i n  Tees  Bay 

( ~ i g  2) .  

The Tees  and H a r t l e p o o l  P o r t  A u t h o r i t y  (THPA) 

c u r r e n t l y  o p e r a t e  two t r a i l i n g  s u c t i o n  hopper  

d r e d g e r s ,  'C leve land  County' and ' H o e r t n e s s '  and one  

g r a b  hopper  d r e d g e r ,  'Sea  l Sands '  . Both ma in tenance  

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

by t h e  THPA. Maintenance  d r e d g i n g  i s  c a r r i e d  o u t  

a l o n g  t h e  lower e s t u a r y  and approach  channe l  i n  Tees  

Bay ( F i g  2)  and a l s o  a t  H a r t l e p o o l .  The r e s u l t a n t  

dredged m a t e r i a l  i s  d i s p o s e d  of e x c l u s i v e l y  a t  t h e  

I n n e r  D i s p o s a l  S i t e  which i s  under  t h e  j u r i s d i c t i o n  o f  

t h e  THPA. Dredged m a t e r i a l  from c a p i t a l  works 

o p e r a t i o n s  i s  d i s p o s e d  of a t  t h e  Cuter D i s p o s a l  S i t e  

i n  Tees  Bay b u t  t h e s e  o p e r a t i o n s  a r e  n o t  t h e  s u b j e c t  

of  t h i s  s t u d y .  



On a v e r a g e  a n  a n n u a l  t o t a l  o f  1.6 m i l l i o n  i n - s i t u  

c u b i c  m e t r e s  of m a t e r i a l  i s  dredged d u r i n g  ma in tenance  

d r e d g i n g .  A 1  l t h e  c h a r t  a r e a s  e x c e p t  c h a r t  number 0  

undergo maintenance  d redg ing .  Annual dredged 

q u a n t i t i e s  f rom e a c h  c h a r t  a r e a  f o r  t h e  y e a r s  

1981-1985 i n c l u s i v e  a r e  g i v e n  i n  T a b l e  6. The a c t u a l  

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

p a t t e r n  i s  s i m i l a r ,  i . e .  a r e a s  h e a v i l y  dredged one  

y e a r  t e n d  t o  b e  most  y e a r s  and s i m i l a r l y  f o r  a r e a s  

which a r e  l i g h t l y  dredged.  

The a v e r a g e  dredged q u a n t i t y  f o r  each  c h a r t  number f o r  

t h e  y e a r s  1981-1985 a r e  summarised i n  t h e  h i s t o g r a m  

p r e s e n t e d  i n  F i g u r e  11. The a r e a  w i t h i n  c h a r t  number 

9  f o r  example ,  c o n t r i b u t e s  o v e r  20% of  t h e  t o t a l  

dredged q u a n t i t y  w h i l e ,  i n  c o n t r a s t ,  t h e  a r e a  covered  

by c h a r t  number 5  c o n t r i b u t e s  o n l y  4%. 

4.2 S i l t  c o n t e n t  

A we igh ted  a v e r a g e  of t h e  s i l t  c o n t e n t  may a l s o  b e  

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

each  c h a r t  number w i t h  t h e  r e s p e c t i v e  dredged 

q u a n t i t y .  T a b l e  7  g i v e s  t h e  r e s u l t s  o f  a n a l y s e s  by 

THPA and H y d r a u l i c  Research of t h e  s i l t  c o n t e n t  i n  

c h a r t  numbers 0  t o  1 3  t o g e t h e r  w i t h  t h e  weighted  

a v e r a g e s .  O v e r a l l  i t  may be conc luded  t h a t  

a p p r o x i m a t e l y  70% of a l l  m a t e r i a l  d redged  compr i ses  

s i l t ,  i e  70% of t h e  dredged m a t e r i a l  h a s  a  p a r t i c l e  

d i a m e t e r  o f  less t h a n  0.063mm. 

4.3 Meta l  

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

To e s t i m a t e  t h e  a v e r a g e  c o n c e n t r a t i o n  of each of t h e  

s i x  m e t a l s  on  t h e  d r e d g i n g s  i t  i s  n e c e s s a r y  t o  combine 

t h e  c o n c e n t r a t i o n s  on t h e  t o t a l  sed imen t  a s  measured 

w i t h i n  c h a r t  numbers 0  t o  9 ( T a b l e  3 )  and a n  e s t i m a t e  



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

t h e  r i v e r  o n  t h e  a p p r o a c h  channe l  ( T a b l e  1 )  c o v e r e d  by 

c h a r t  numbers 10 t o  13 ,  w i t h  t h e  a v e r a g e d  d r e d g e d  

q u a n t i t i e s  g i v e n  i n  T a b l e  6. T h i s  y i e l d s  a  w e i g h t e d  

a v e r a g e  f o r  e a c h  m e t a l  which a r e  p r e s e n t e d  i n  T a b l e  8. 

The r e s p e c t i v e  c o n c e n t r a t i o n s  a r e  c o p p e r  - 138mg/kg, 

z i n c  - 143mg/kg, l e a d  - 177mg/kg, i r o n  - 34450mg/kg, 

manganese - 460mg/kg and c o b a l t  - 12mglkg. 

The t o t a l  w e i g h t  o f  m e t a l  d redged  f rom t h e  r i v e r  may 

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

d redged  m a t e r i a l  o f  400kg/m3. T h i s  g i v e s  t h e  

f o l l o w i n g  a p p r o x i m a t e  v a l u e s  i n  t o n n e s  p e r  y e a r :  

c o p p e r  - 1 0 0 ,  z i n c  - 200,  l e a d  - 100 ,  i r o n  - 20 0 0 0 ,  

manganese - 300,  and  c o b a l t  - 8. However, n o t  a l l  o f  

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

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

n a t u r a l l y  o c c u r r i n g  s o u r c e s .  

5 METAL 

CONCENTRAT1 ONS 

ON BED SDI- 

AT DISPOSAL S I T E  

5.1 Scope of  s u r v e y s  

The I n n e r  D i s p o s a l  S i t e  ( F i g  2 )  h a s  been  u s e d  f o r  t h e  

p a s t  f i f t e e n  y e a r s  by THPA f o r  t h e  d i s p o s a l  of  

m a t e r i a l  d redged  f rom t h e  R i v e r  Tees  d u r i n g  

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

i s  2.5km by 2.0km i n  s i z e  and  a p p r o x i m a t e l y  8km 

o f f s h o r e  i n  a  w a t e r  d e p t h  o f  be tween  25m a n d 3 5 m .  The 

bed s e d i m e n t s  w i t h i n  t h e  d i s p o s a l  s i t e  were  g r a b  

sampled  o n  a 0.5km g r i d  i n  J u n e  1 9 8 5  and  March 1986. 

The bed s e d i m e n t s  s u r r o u n d i n g  t h e  s i t e  were  a l s o  g r a b  

sampled  o n  a lkm g r i d  d u r i n g  t h e  March 1986 s u r v e y .  

The l o c a t i o n  o f  t h e  bed samples  f o r  t h e  two s u r v e y s  

t o g e t h e r  w i t h  t h e  b a t h y m e t r y  o f  t h e  a r e a  a r e  shown i n  

F i g u r e  12 .  



To a i d  t h e  i n t e r p r e t a t i o n  of  t h e  r e s u l t s  of  t h e  s i l t  

c o n t e n t  and heavy m e t a l s  a n a l y s i s  t h e  samples  

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

t o  t h e i r  compass d i r e c t i o n  f rom t h e  s i t e .  The f o u r  

r e g i o n s  s u r r o u n d i n g  t h e  s i t e  ( F i g u r e  12 )  e x t e n d e d  

a p p r o x i m a t e l y  2.5km from t h e  boundary of t h e  s i t e ,  

e x c e p t  f o r  t h e  sou th -wes t  a r e a  r e g i o n  which e x t e n d e d  

o n l y  1.5km. These r e g i o n s  were i d e n t i f i e d  a s  t h e  

n o r t h - e a s t ,  s o u t h - e a s t ,  sou th -wes t  and nor th -wes t .  

The samples  o b t a i n e d  were a n a l y s e d  t o  d e t e r m i n e  t h e i r  

s i l t  c o n t e n t ,  i .e. t h e  p r o p o r t i o n  of  t h e  t o t a l  s ample  

by we igh t  t h a t  was s m a l l e r  i n  s i z e  t h a n  6 3  m i c r o n s ,  

a n d  c o n c e n t r a t i o n s  o f  s i x  heavy m e t a l s ,  i . e .  c o p p e r ,  

z i n c ,  l e a d ,  i r o n ,  manganese and c o b a l t .  The m e t a l s  

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

samples  o b t a i n e d  i n  June  1985 and on  t h e  t o t a l  s ample  

f o r  t h o s e  a c q u i r e d  i n  March 1986. 

5.2 S i l t  c o n t e n t  

The s i l t  c o n t e n t  of  t h e  samples  t a k e n  w i t h i n  t h e  

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

p r e s e n t e d  f o r  t h e  March 1986 s u r v e y  i n  T a b l e  9  and f o r  

t h e  J u n e  1985  s u r v e y  i n  T a b l e  12. T h e r e  i s  a  g r e a t  

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

F o r  example ,  f rom t h e  March 1986 s u r v e y  r e s u l t s  

( T a b l e  9 )  t h e  minimum s i l t  c o n t e n t  w i t h i n  t h e  d i s p o s a l  

s i t e  i s  j u s t  above  1% and  t h e  maximum i s  a p p r o x i m a t e l y  

60%. S i m i l a r  d i f f e r e n c e s  i n  t h e  bed s e d i m e n t s  may 

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

( T a b l e  9 ) .  

N e v e r t h e l e s s ,  a n  a t t e m p t  was made t o  i d e n t i f y  g e n e r a l  

t r e n d s  i n  t h e  s i l t  c o n t e n t  of t h e  bed s e d i m e n t s  by 

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

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

b o u n d a r i e s  of t h e  d i s p o s a l  s i t e ,  and  t h e  f o u r  

q u a d r a n t s  t o  t h e  n o r t h - e a s t ,  s o u t h - e a s t ,  sou th -wes t  



and nor th -wes t  r e s p e c t i v e l y .  These d a t a  a r e  p r e s e n t e d  

t o g e t h e r  w i t h  t h e  a v e r a g e  s i l t  c o n t e n t  of t h e  dredged 

mater ia l  i n  t h e  f i r s t  t h r e e  columns of T a b l e  10 and a s  

a  h i s t o g r a m  i n  F i g u r e  13. 

I n  compar ison t o  t h e  s i l t  c o n t e n t  of t h e  d redged  

m a t e r i a l  ( approx imate ly  70%),  t h e  d i s p o s a l  s i t e  and 

t h e  s u r r o u n d i n g  a r e a s  have much lower s i l t  c o n t e n t s .  

The d i s p o s a l  s i t e  was a l s o  found t o  have a  lower 

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

s u r r o u n d i n g  r e g i o n s .  The 1985 and 1986 s u r v e y s  of t h e  

d i s p o s a l  s i t e  r e s u l t e d  i n  a v e r a g e  s i l t  c o n t e n t s  of  24% 

and 15% r e s p e c t i v e l y .  Outs ide  t h e  d i s p o s a l  s i t e  

b o u n d a r i e s ,  t h e  a v e r a g e  s i l t  c o n t e n t  was found t o  be 

32% i n  t h e  n o r t h - e a s t  r e g i o n ,  30% s o u t h - e a s t ,  7% 

south-west  and 28% nor th -wes t .  

These r e s u l t s  would t e n d  t o  s u g g e s t  t h a t  d redged  

m a t e r i a l  d i s p o s e d  o f  a t  t h i s  s i t e  does  n o t  accumula te  

on t h e  bed w i t h i n  t h e  s i t e .  It must t h e r e f o r e  be 

t r a n s p o r t e d  o u t  of t h e  s i t e .  T h i s  cou ld  o c c u r  p a r t l y  

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

t h e  e f f e c t s  of t i d a l  c u r r e n t s ,  wave a c t i o n  and 

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

i n v o l v e d  i n  t h e  d i s p o s a l  of  dredged m a t e r i a l  and i t s  

subsequen t  movement i s  g i v e n  i n  t h e  f o l l o w i n g  

c h a p t e r .  

5.3 Metal  

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

The r e s u l t s  of t h e  a n a l y s i s  of m e t a l  on t h e  78 samples  

( F i g  12) t a k e n  i n  March 1986 a r e  g i v e n  i n  T a b l e  9  and 

a r e  grouped a c c o r d i n g  t o  t h e i r  r e g i o n a l  l o c a t i o n .  The 

a v e r a g e  c o n c e n t r a t i o n  of t h e  m e t a l s  i n  each r e g i o n  a r e  

g i v e n  i n  Tab le  10. Although a l l  t h e  samples  f rom t h e  

1986 s u r v e y  were a n a l y s e d  f o r  heavy m e t a l s  on t h e  

t o t a l  sed iment ,  some 1 8  samples  were a l s o  a n a l y s e d  t o  

d e t e r m i n e  t h e  c o n c e n t r a t i o n  of  m e t a l s  on  t h e  s i l t  

f r a c t i o n .  These r e s u l t s  a r e  g i v e n  i n  Tab le  11. A 
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similar silt fraction analysis was also performed on 

the samples taken within the disposal site in June 

1985 for which the results are presented in Table 12. 

Comparing the averaRe concentrations of metals within 

the disposal site in Tables 10 and 12 it is clear that 

the concentrations are much higher on the silt 

fraction compared to the total sediment. This 

affinity for the smaller size particles has already 

been highlighted in the discussion of the 

concentrations of metals in the river (section 3.4) 

and was summarised in Figure 10. For example, the 

average concentration of copper on the total sediment 

was 42mgkg'l as against 182mgkg" on the silt 

fraction. The other five metals gave similar 

differences. 

The average concentrations of metals within each 

region are shown graphically for the six metals - 
copper, zinc, lead, iron, manganese and cobalt - in 
Figures 14 to 19 respectively. A1 so depicted on each 

of the graphs is the estimated average concentration 

of metals on the dred~ed material (section 4.3). 

For the metals copper, zinc and lead there was found 

to be a distinct difference between the concentration 

of metal on the dredgings and that on the sediment 

within and around the disposal site. The 

concentrations of these metals on the bed sediments 

were less than half of those on the dredgings. 

However, for the metals iron, in particular manganese, 

and cobalt the differences were less marked. 

Turning to the relative concentrations of the metals 

i n  each o f  the  r e g i o n s ,  i t  was found that  the  trend i n  

the results was one of slightly higher concentrations 

in the south-east and north-west regions, lower 

concentrations in the south-west and much the same in 



t h e  n o r t h - e a s t  r e g i o n  compared w i th  t h e  d i s p o s a l  s i t e .  

These f i n d i n g s  a r e  s i m i l a r  t o  t h a t  f o r  t h e  s i l t  

c o n t e n t  ( F i g  13) excep t  t h a t  t h e  n o r t h - e a s t  was found 

t o  have s l i g h t l y  more s i l t  on average  than  t h e  

d i s p o s a l  s i t e .  

5.4 C o r r e l a t i o n  

between me ta l s  

A s  a  way of e v a l u a t i n g  s t a t i s t i c a l l y  t h e  

i n t e r - r e l a t i o n s h i p s  between t h e  c o n c e n t r a t i o n s  of t h e  

s i x  meta l s  and t h e  s i l t  c o n t e n t ,  an  independent  l i n e a r  

r e g r e s s i o n  was performed on  p a i r s  of r e s u l t s .  The 

c o e f f i c i e n t s  r e s u l t i n g  from t h i s  a n a l y s i s  were then  

i d e n t i f i e d  by degree  of s i g n i f i c a n c e ,  i .e .  more t han  

l O % ,  l e s s  than  10%,  l e s s  t han  1% and l e s s  than  0.1% 

( i . e .  ve ry  h igh ly  s i g n i f i c a n t ) .  

R e s u l t s  of t h e  c o r r e l a t i o n  a n a l y s i s  of t h e  

c o n c e n t r a t i o n  of me t a l s  on  t h e  samples c o l l e c t e d  i n  

March 1986 from w i t h i n  t h e  d i s p o s a l  s i t e  a r e  p r e sen t ed  

i n  Tab le  13. Looking f i r s t  a t  t h e  r e l a t i o n s h i p  

between t h e  c o n c e n t r a t i o n s  of meta l s  and t h e  s i l t  

c o n t e n t  i t  was found, a s  expec ted ,  t h a t  t h e r e  was a  

h igh  degree of c o r r e l a t i o n .  Th is  impl ied  t h a t  a s  t h e  

s i l t  con t en t  i n c r e a s e d  s o  t o o  d i d  t h e  c o n c e n t r a t i o n s  

of me t a l s ,  t hus  a g a i n  suppo r t i ng  t h e  we l l  e s t a b l i s h e d  

ev idence  of t h e  a f f i n i t y  of me t a l s  f o r  t h e  f i n e  

g r a ined  sediments .  There was a l s o  a  s t r o n g  

inter-dependency between t h e  c o n c e n t r a t i o n s  of each of 

t h e  s i x  meta l s  which was shown by t h e  g e n e r a l l y  h igh  

(1% o r  0.1%) l e v e l s  of s i g n i f i c a n c e .  

S t a t i s t i c a l  a n a l y s i s  of t h e  c o n c e n t r a t i o n s  of meta l s  

on  t h e  bed sediments  t aken  i n  March 1986 from o u t s i d e  

t h e  d i s p o s a l  s i t e  a r e  g iven  i n  Table  14. The r e s u l t s  

show a  very s t r o n g  inter-dependency between t h e  

c o n c e n t r a t i o n s  of f i v e  of t h e  me t a l s  and t h e  s i l t  



c o n t e n t .  The one meta l  which was d i f f e r e n t  was 

manganese, which was found n o t  t o  c o r r e l a t e  w i t h  

e i t h e r  copper ,  z i n c ,  l e a d  o r  s i l t  c o n t e n t .  

S i m i l a r  s t a t i s t i c a l  a n a l y s e s  were conducted f o r  t h e  

J u n e  1985 samples a c q u i r e d  from w i t h i n  t h e  d i s p o s a l  

s i t e  and a n a l y s e d  f o r  m e t a l s  c o n c e n t r a t i o n s  on t h e  

s i l t  f r a c t i o n  (Tab le  15) .  A s  expec ted ,  none of t h e  

m e t a l s  c o r r e l a t e d  w i t h  t h e  s i l t  c o n t e n t .  There  was, 

though ,  a  s t r o n g  d e g r e e  of c o r r e l a t i o n  between most of 

t h e  p a i r s  of m e t a l s .  

However, t h e  m e t a l s  a n a l y s i s  conducted on t h e  s i l t  

f r a c t i o n  of  t h e  samples  t a k e n  f rom o u t s i d e  t h e  

d i s p o s a l  s i t e  o b t a i n e d  i n  March 1986, gave somewhat 

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

d i s p o s a l  s i t e  (Tab le  1 6 ) .  No c o r r e l a t i o n  was e v i d e n t  

between c o b a l t  and any of t h e  o t h e r  m e t a l s ,  and 

between i r o n  and any of t h e  o t h e r  m e t a l s ,  e x c e p t  

manganese. There  was a l s o  no c o r r e l a t i o n  found 

between manganese and z i n c ,  and manganese and l e a d .  

N e v e r t h e l e s s ,  a s  e x p e c t e d ,  l i t t l e  c o r r e l a t i o n  was 

a g a i n  found between any of t h e  m e t a l s  and t h e  s i l t  

c o n t e n t .  

D I S C I J S S I m  OF TEE 

DISPERSAL OF 

DREDGED MATEBIAL 

6.1 I n t r o d u c t i o n  

There  a r e  a  number of p r o c e s s e s  by which dredged 

m a t e r i a l  d i s p o s e d  o f  a t  a n  open-water d i s p o s a l  s i t e  

may be d i s p e r s e d .  During t h e  d i s p o s a l  o p e r a t i o n  

i t s e l f ,  i t  h a s  been obse rved  t h a t  (Re£ 6 )  a c loud  o f  

s l o w l y  s e t t l i n g  f i n e  p a r t i c l e s  i s  formed compr i s ing  

p robab ly  l e s s  t h a n  1% of  t h e  dredged m a t e r i a l .  T h i s  



c l o u d  c a n  be a d v e c t e d  o u t  of t h e  d i s p o s a l  s i t e  a r e a  by 

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

Most of t h e  m a t e r i a l ,  however, p lunges  t o  t h e  bed a n d  

s p r e a d s  i n  a  manner a k i n  t o  t h a t  of  a  d e n s i t y  c u r r e n t  

d r i v e n  by i t s  i n e r t i a  from t h e  f a l l  through t h e  w a t e r  

column, h y d r o s t a t i c  w a t e r  s u r f a c e  s l o p e  f o r c e  and by 

t h e  p resence  of l o c a l  bed g r a d i e n t s .  Entra inment  of 

m a t e r i a l  from t h e  w a t e r l d r e d g e d  m a t e r i a l  i n t e r f a c e  

cou ld  a l s o  o c c u r  i f  t h e  d i f f e r e n t i a l  v e l o c i t y  was 

s u f f i c i e n t l y  h igh .  The i n i t i a l  s p r e a d i n g  of  t h e  

dredged m a t e r i a l  would t e n d  t o  c e a s e  a f t e r  5  t o  10 

minutes  w i t h  t h e  m a t e r i a l  s p r e a d  t h i n l y  over  a n  a r e a  

of a  few hundred m e t r e s  i n  d i a m e t e r .  C o n s o l i d a t i o n  of 

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

and t h e  dredged m a t e r i a l  would be s u s c e p t i b l e  t o  

r e - s u s p e n s i o n  by,  o r  e n t r a i n m e n t  i n t o ,  t h e  moving 

o v e r l y i n g  w a t e r  column. F u r t h e r  b u l k  f low of t h e  

d redged  m a t e r i a l  i n  t h e  form of  a  d e n s i t y  c u r r e n t  

cou ld  a l s o  o c c u r  dependent  o n  hydrodynamic, 

b a t h y m e t r i c  and sed iment  c o n d i t i o n s .  

A s  t h e  dredged m a t e r i a l  d i s p e r s e s  i t  becomes mixed 

w i t h  t h e  n a t u r a l  bed sed iments  of  t h e  a r e a  and i t s  

p a r t i c l e  s i z e  d i s t r i b u t i o n  w i l l  change. T h i s  m i x t u r e  

o f  t h e  dredged m a t e r i a l  w i t h  t h e  n a t u r a l  bed sed iments  

w i l l  be i n c r e a s i n g l y  more pronounced away from t h e  

d i s p o s a l  s i t e  and away from t h e  dominant d i r e c t i o n  of 

t r a n s p o r t .  Heavy meta l  con taminan t s  adsorbed  o n t o  t h e  

s u r f a c e  of  t h e  dredged m a t e r i a l  w i l l ,  i f  n o t  desorbed 

from t h e  s e d i m e n t s ,  move w i t h  t h e  dredged m a t e r i a l .  

From t h e  l i t e r a t u r e  ( s e c t i o n  2.3) i t  was i n d i c a t e d  

t h a t  most of t h e  m e t a l s  i n i t i a l l y  adsorbed  o n t o  t h e  

d redged  m a t e r i a l  w i l l  p redominan t ly  remain on t h e  

p a r t i c u l a t e  m a t e r i a l .  The one n o t a b l e  e x c e p t i o n  was 

manganese which was found t o  r e l e a s e  s i g n i f i c a n t  

amounts (up t o  25%) when d i s c h a r g e d  i n t o  a  s a l i n e  

environment .  



6.2 Sediment t r a n s p o r t  

p a t h s  

The e x i s t i n g  sand t r a n s p o r t  regime of t h e  Tees I n n e r  

D i s p o s a l  S i t e  was a n a l y s e d  f o r  t h i s  s t u d y  by D r  P 

McLaren u s i n g  t h e  s i z e  g r a d i n g  of t h e  sand f r a c t i o n  of  

t h e  samples t a k e n  i n  September 1986. The r e p o r t  on 

t h i s  work i s  g i v e n  i n  f u l l  i n  Appendix A. 

I n  summary, t h e  f i n d i n g s  were t h a t  t h e  sands a r e  b e i n g  

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

approx imate ly  p a r a l l e l  t o  t h e  bathymetry and t h a t  t h e  

g r a v e l - s i z e d  m a t e r i a l  was t a k i n g  p a r t  i n  t h e  p r e s e n t  

t r a n s p o r t  regime. The s i l t  f r a c t i o n  of t h e  dredged 

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

no t  c o n s i d e r e d  t o  be i n c o r p o r a t e d  i n t o  t h e  e x i s t i n g  

t r a n s p o r t  regime b u t  appeared t o  be  r a p i d l y  removed 

from t h e  v i c i n i t y  of t h e  d i s p o s a l  s i t e .  

It i s  i n t e r e s t i n g  t o  compare t h e  f i n d i n g  of  a  n e t  

s o u t h - e a s t  t r a n s p o r t  d i r e c t i o n  f o r  t h e  sands  wi th  t h e  

p r o g r e s s i v e  v e c t o r  p l o t s  of a  r e c o r d i n g  c u r r e n t  meter  

deployed i n  t h e  d i s p o s a l  s i t e  d u r i n g  A p r i l  1986. The 

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

( ~ e f  6 )  and show a  n e t  d r i f t  t o  t h e  s o u t h - e a s t  i n  t h e  

t i d a l  c u r r e n t  a t  l m  above t h e  bed. T h i s  t e n d s  t o  

s u p p o r t  t h e  c o n c l u s i o n  of t h e  sediment  t r a n s p o r t  

s t u d y .  

The g e n e r a l  p a t t e r n  of t h e  p r o p o r t i o n  of s i l t  i n  t h e  

bed sed iments  w i t h i n  and around t h e  d i s p o s a l  s i t e  was 

p r e s e n t e d  above i n  s e c t i o n  5.2. It was found t h a t  t h e  

d i s p o s a l  s i t e  i t s e l f  had a n  average  s i l t  c o n t e n t  of 

approx imate ly  20% compared w i t h  a  v a l u e  of 

approx imate ly  30% i n  t h e  t h r e e  su r rounding  r e g i o n s  t o  

t h e  nor th -wes t ,  n o r t h - e a s t  and s o u t h - e a s t .  The 

south-west  r e ~ i o n  had a  much lower average  s i l t  

c o n t e n t  of l e s s  t h a n  10%. From t h e  view p o i n t  of 

t r a n s ~ o r t  of  t h e  s i l t  m a t e r i a l  d i s p o s e d  of w i t h i n  t h e  



s i t e ,  i t  i s  d i f f i c u l t  t o  conclude much o t h e r  than  t h e  

n e t  d i r e c t i o n  of t r a n s p o r t  i s  no t  t o  t h e  south-west.  

Th i s  c e r t a i n l y  i s  no t  i n  c o n t r a d i c t i o n  with  e i t h e r  t h e  

c u r r e n t  meter obse rva t i ons  o r  t h e  a n a l y t i c  work. 

6.3 Metal t r a n s p o r t  

The r e s u l t s  of t h e  a n a l y s i s  of heavy meta l s  i n  terms 

of t h e  average  c o n c e n t r a t i o n  on t h e  t o t a l  sediment 

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

r e g i o n s  g i v e  suppo r t  t o  t h e  dominance of t h e  

nor th -wes t / sou th-  e a s t  t r a n s p o r t  d i r e c t i o n s .  For t h e  

me t a l s  copper  ( F i g  1 4 ) ,  z i n c  ( F i g  15)  and lead  ( F i g  

1 6 )  t h e  average  metal  c o n c e n t r a t i o n s  i n  t h e  sou th - ea s t  

and nor th -wes t  r eg ions  were s i g n i f i c a n t l y  h ighe r  t h a n  

e i t h e r  t h e  n o r t h - e a s t  o r  south-west .  The p a t t e r n  was 

l e s s  c l e a r  f o r  t h e  me t a l s  i r o n  ( F i g  1 7 1 ,  manganese 

(F ig  18) and c o b a l t  (F ig  19 ) .  I n  r e l a t i o n  t o  t h e  

c o n c e n t r a t i o n s  i n  t h e  d i s p o s a l  s i t e  i t s e l f  i t  may be 

s een  t h a t  t h e  nor th-west  and south-west  r eg ions  had 

g e n e r a l l y  s l i g h t l y  h ighe r  c o n c e n t r a t i o n s ,  excep t  f o r  

copper ,  which were a  l i t t l e  lower. 

The d i f f e r e n c e s  between t h e  e s t ima t ed  concen t r a t i on  on  

t h e  dredged m a t e r i a l  and t h a t  w i t h i n  t h e  d i s p o s a l  s i t e  

ha s  been shown t o  be more marked f o r  t h e  meta l s  z i n c ,  

copper  and l e a d  and t o  a  l e s s e r  e x t e n t  c o b a l t ,  than  

t h e  meta l s  i r o n  and manganese. Th is  i s  i n d i c a t i v e  of 

a  r e l a t i v e l y  h igh  n a t u r a l l y  o c c u r r i n g  l e v e l  of i r o n  

and manganese i n  t h e  r i v e r  and i n  Tees Bay compared t o  

t h e  me t a l s  i n p u t  from an thropogenic  sources .  

However, i t  should be a p p r e c i a t e d  t h a t  t h e  

c o n c e n t r a t i o n s  of me t a l s  on t h e  t o t a l  sediment sample 

ought t o  be a s se s sed  i n  t h e  con t ex t  of t h e  s i l t  

con t en t  of t h e  sediment .  It i s  we l l  recognised t h a t  

heavy meta l s  have a n  a f f i n i t y  f o r  t h e  sma l l e r  p a r t i c l e  



s i z e s  ( s e c t i o n  2.4). Accord ing ly ,  i t  i s  t o  be 

expec ted  t h a t  o t h e r  t h i n g s  be ing  e q u a l  t h e  

c o n c e n t r a t i o n  of  heavy meta l  on sediment  w i l l  be 

p o s i t i v e l y  c o r r e l a t e d  t o  i t s  s i l t  c o n t e n t .  Th i s  was 

i n  f a c t  shown t o  be  t h e  c a s e  f o r  t h e  March 1986 

samples  t a k e n  w i t h i n  and around t h e  d i s p o s a l  s i t e  

( s e c t i o n  5.4).  

T h i s  b e i n g  s o ,  i t  may now be s e e n  t h a t  t h e  g e n e r a l l y  

h i g h e r  c o n c e n t r a t i o n s  o f  heavy m e t a l s  found i n  t h e  

s o u t h - e a s t  and nor th -wes t  r e g i o n s  compared t o  t h e  

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

c o n t e n t  of t h o s e  sed iments .  An e x c e p t i o n  t o  t h i s  d o e s  

o c c u r  f o r  copper  ( F i g  14) which h a s  s l i g h t l y  lower 

c o n c e n t r a t i o n s  of m e t a l s  i n  a l l  su r round ing  r e g i o n s .  

A f u r t h e r  v e r y  i n t e r e s t i n g  p o i n t  i s  t h e  lower 

c o n c e n t r a t i o n s  of copper ,  z i n c  and l e a d  i n  t h e  

n o r t h - e a s t  r e g i o n  compared t o  t h e  d i s p o s a l  s i t e  even 

though t h e  a v e r a g e  s i l t  c o n t e n t  i s  h i g h e r  a t  30% 

compared t o  20%. T h i s  would t end  t o  s u g g e s t  t h a t  

t r a n s p o r t  t o  t h e  n o r t h - e a s t  ( i . e .  seawards )  i s  n o t  a s  

s t r o n g  w i t h  r e s p e c t  t o  t h e  heavy m e t a l s  a s  f o r  

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

( i . e .  p a r a l l e l  t o  t h e  c o a s t  and bathymetry) .  

With r e s p e c t  t o  t h e  l i n e a r  r e g r e s s i o n  a n a l y s e s  on t h e  

c o n c e n t r a t i o n s  of heavy m e t a l s  and t h e  s i l t  c o n t e n t  

( s e c t i o n  5.4) t h e  r e s u l t s  showed s i g n i f i c a n t  

d i f f e r e n c e s  f o r  one meta l .  The m e t a l  manganese was 

found n o t  t o  c o r r e l a t e  w i t h  e i t h e r  copper ,  z i n c ,  l e a d  

o r  s i l t  c o n t e n t  o n  t h e  samples  t a k e n  o u t s i d e  t h e  

d i s p o s a l  s i t e ,  bu t  i t  was found t o  c o r r e l a t e  wi th  a l l  

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

s i t e .  It i s  i n t e r e s t i n g  t h a t  t h e s e  d i f f e r e n c e s  

s h o u l d  o c c u r  on t h e  one meta l  which has  been found by 

o t h e r  r e s e a r c h e r s  t o  have a  h igh  m o b i l i t y  p o t e n t i a l .  

However, a t  t h i s  s t a g e  i t  i s  n o t  p o s s i b l e  t o  draw any 

f i r m  c o n c l u s i o n s  from t h i s  f i n d i n g .  



7  .l Conclusions  

1 Analys i s  of t h e  heavy meta l s  copper ,  z i n c ,  l e a d ,  

i r o n ,  manganese and c o b a l t  ha s  been under taken  on 

samples ob t a ined  from t h e  dredged l eng th  of t h e  

R ive r  Tees ,  t h e  Tees Inne r  Disposa l  S i t e  and 

around t h e  Disposa l  S i t e .  

2  The average  c o n c e n t r a t i o n s  of t h e  s i x  heavy me ta l s  

( t o t a l  sediment)  on t h e  annua l  q u a n t i t y  of 1.6M m 3  

of dredged m a t e r i a l  d i sposed  of a t  t h e  s i t e  were 

e s t i m a t e d  t o  be copper  - 138mg/kg, z i n c  - 
143mg/kg, l ead  - 177mg/kg, i r o n  - 34500mg/kg, 

manganese - 460mg/kg and c o b a l t  - 12mglkg. 

3  The average  c o n c e n t r a t i o n  of s i l t  ( i . e .  l e s s  t h a n  

63pm i n  s i z e )  of t h e  dredged m a t e r i a l  was 

e s t i m a t e d  t o  be  70%. 

4  The c o n c e n t r a t i o n s  of heavy meta l s  ( t o t a l  

sediment)  on t h e  bed sediments  w i t h i n  t h e  d i s p o s a l  

s i t e  were found t o  be lower r e l a t i v e  t o  t h e  

e s t i m a t e d  ave rage  f o r  t h e  dredged m a t e r i a l ,  copper  

- 20%, z i n c  - 55%, lead  - 33%, i r o n  - 44%, 

manganese - 55% and c o b a l t  - 33%. 

5  The average  s i l t  con t en t  w i t h i n  t h e  d i s p o s a l  s i t e  

was found t o  be approximately  20%. 

6  Analysis  of t h e  s i z e  g r ad ing  of samples t aken  

w i t h i n  and around t h e  d i s p o s a l  s i t e  r evea l ed  a  n e t  

sand t r a n s p o r t  d i r e c t i o n  t o  t h e  s o u t h - e a s t ,  i . e .  

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

bathymetry.  Th is  was suppor ted  by cont inuous 

record in^ c u r r e n t  meter  d a t a .  



7 The a v e r a g e  c o n c e n t r a t i o n s  of  heavy m e t a l s  ( t o t a l  

s e d i m e n t )  i n  f o u r  compass d i r e c t i o n s  around t h e  

d i s p o s a l  s i t e  were  found t o  be  g e n e r a l l y  h i g h e r  i n  

t h e  s o u t h - e a s t  and nor th -wes t  r e g i o n s  compared t o  

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

t h e s e  d i r e c t i o n s  was a l s o  h i g h e r  a t  a p p r o x i m a t e l y  

30%. Al though ,  t h e  a v e r a g e  s i l t  c o n t e n t  i n  t h e  

n o r t h - e a s t  r e g i o n  was a l s o  30% t h e  a v e r a g e  m e t a l  

c o n c e n t r a t i o n s  were lower  t h a n  t h e  d i s p o s a l  s i te .  

8 D i f f e r e n c e s  i n  t h e  i n t e r - r e l a t i o n s h i p s  between 

manganese and some of  t h e  o t h e r  m e t a l s  and t h e  

s i l t  c o n t e n t  were  found f o r  t h e  samples  t a k e n  

w i t h i n  t h e  d i s p o s a l  s i t e  compared t o  t h o s e  t a k e n  

i n  t h e  r e g i o n s  a round  t h e  s i t e .  

7.2 Recommendations 

1 It i s  recommended t h a t  i n  f u t u r e  work t h e  s p a t i a l  

s c o p e  o f  t h e  bed sampl ing  s u r v e y  of  t h e  d i s p o s a l  

s i t e  a r e a  i s  i n c r e a s e d  t o  a p p r o x i m a t e l y  lOkm by 

lOkm g r i d  and o r i e n t a t e d  t o  t h e  n o r t h - e a s t /  

sou th -wes t  d i r e c t i o n .  A n a l y s i s  of  t h e  heavy 

m e t a l s  s h o u l d  b e  conduc ted  on  t h r e e  s i z e  

f r a c t i o n s ,  e.g. 0-20pm, 2 0 - 6 3 p  and 6 3 - 9 0 p .  

2  A  f u r t h e r  s a m p l i n g  e x e r c i s e  s h o u l d  be conducted  o f  

t h e  bed s e d i m e n t s  i n  t h e  d redged  l e n g t h  of t h e  

R i v e r  Tees  w i t h  t h e  a n a l y s i s  of  heavy m e t a l s  b e i n g  

conduc ted  o n  t h r e e  s i z e  f r a c t i o n s  used  f o r  t h e  

a n a l y s i s  of  t h e  d i s p o s a l  s i t e  samples .  
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'PAHLE 2 S I L T  CONTEN'I' AND CONCENTRATIONS O F  S I X  HEAVY METALS 
ON THE: S I L T  FRACTION O F  BED SEDIMENTS I N  THE 
DREDGED RIVER TEES MARCH 1981 

CHART N o  of %sil t  Cu Zn Pb Fe Mn CO 
NUMBER samples ( m g / k g ) ( m g / k g ) ( m g / k g ) ( m g / k g ) ( m e / k g )  



TABLE 3 S I L T  CONTENT AND CONCENTRATIONS OF S I X  HEAVY METALS 
ON RED SEDIMENTS IN THE RIVER TEES MARCH 1936 



TABLE 4 INDEPENDENT LINEAR REGRESSION COEE'ICIENTS FOR SILT 
CONTENT AND CONCENTRATIONS OF SIX HEAVY METALS ON 
THE SILT FRACTION OF BED SEDIMENTS IN THE DREDGED 
RIVER TEES 1981. 

Number of data points = 16 
Average % silt = 62.1 
Degrees of freedom - - 1 4  
Correlation coefficient 0.426 0.623 0.742 
Levels of significance 0.100 0.010 0.001 



TABLE 5 INDEPENDENT LINEAR REGRESSION COEFFICIENTS FOR SILT 
CONTENT AND CONCENTRATIONS OF SIX HEAVY METALS ON 
BED SEDIMENTS IN THE DREDGED RIVER TEES MARCH 1986 

Number of data points = 
Average % silt - - 
Degrees of freedom - - 
Levels of significance 
Correlation Coefficient 



TABLE 6 DREDGED I N - S I T U  QUANTITIES  1981-1985 

CHART 
NUMBER 

TOTAL 

YEAR 
1981 1982 1983 1984 1985 

Q U A N T I T I E S  I N  1000 'S I N S I T U  M-3 

AVERAGE 



TABLE 7 ESTIMATION OF THE AVERAGE SILT CONTENT OF 
DREDGED MATERIAL FROM THE RIVER TEES 

CHART 
NUMBER 

WEIGHTED 
AVERAGE 

THPA 
% SILT CONTENT 

HR 1981 HR 1986 
ANNUAL 

AVERAGE DREDG I NG 
QUANTITY 

(1000's m A 3 )  



TABLE 8 ESTIMATION OF THE AVERAGE CONCENTRATIONS OF SIX HEAVY METALS 
ON THE DREDGED MATERIAL FROM THE RIVER TEES 

CHART METAL CONCENTRATION 
NUMBER Cu Zn Pb Fe M 1-1 

( mg/kg 

0 63 
1 186 
2 196 
3 173 
4 254 
5 223 
6 258 
7 202 
8 212 
9 54 
10* 1. 5 
ll* 15 
12* 15 
13% 15 

WEIGHTED 
AVERAGE 142 352 182 34960 466 

ANNUAL 
CO DREDGING 

(1000's mA3) 

Total 
12 1588 

* Metal concentrations estimated from Table 2 



TABLE 9 SILT CONTENT AND CONCENTRATIONS AT THE TEES INNER DISPOSAL 
S I T E  MARCH 1986 

SAMPLE SECTOR % S I L T  C u  Zn P b  F e  Mn CO 
NUMBER (mg/kg)(mg/kg)(mg/kg)(mg/kg) ( m g / k g ) ( m g / k g )  

S I T E  
S I T E  
S I T E  
S I T E  
S I T E  
S I T E  
S I T E  
S I T E  
S I T E  
S I T E  
S I T E  
SITE 
S I T E  
S I T E  
S I T E  
S I T E  
S I T E  
S I T E  



TABLE 9 CONTINUED 

SAMPLE SECTOR 
NUMBER 

% S I L T  



TABLE 10 AVERAGE S I L T  CONTENT AND CONCENTRATIONS O F  S I X  HEAVY 
METALS ON THE S I L T  OF BED SEDIMENTS WITHIN AND SURROUNDING 
THE TEES INNER DISPOSAL S I T E  

SECTOR No O F  % S I L T  Cu Zn Pb Fe Mn CO 
SAMPLES 

S I T E  1 8  1 5 . 1  42 115  39  20300 318 5 . 7  
NE 1 7  3 2 . 0  26 . 88 38 26800 399 7 . 6  
S E  14  29 .6  34  129  6 1  25600 418 8 . 1  
SW 11 7 . 1  15 82 33  19300 403 4 . 8  
NW 18  28 .2  34 112 57  23600 371  7 . 4  



TABLE 11 

Grab No 

6 
7 
8 

11 
12 
13 
16  
17 
18 
20 
2 1  
22 
25 
26 
27 
30 
32 

Mean 

AVERAGE SILT CONTENT AND CONCENTRATION OF SIX HEAVY 
METALS ON THE SILT FRACTION OF BED SEDIMENTS WITHIN 
AND SURROUNDING THE TEES INNER DISPOSAL SITE MARCH 1986 



TABLE 12 SILT CONTENT AND CONCENTRATIONS OF SIX METALS ON THE 
S I L T  OF BED SEDIMENT3 WITHIN THE TEES INNER DISPOSAL 
S I T E  JUNE 1985 

Grab No %silt 

6 3 
7 6 
8 56 

11 7 
12  22  
13 26 
16 23 
17 30 
18 49 
20 22 
2 1  34 
22 8 
25 23 
26 29 
27 22 
30 17 
32 4 

Mean 22 



TABLE 13 INDEPENDENT LINEAR REGRESSION COEFFICIENT FOR SlLT CONTENT 
AND CONCENTRATIONS OF SIX HEAVY METALS ON BED SEDIMENTS 
WITHIN THE TEES INNER DISPOSAL SITE MARCH 1986 

Number of data points = 
Average % silt - - 
Degrees of freedom - - 
Levels of significance 
Correlation coefficient 
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TABLE 15 INDEPENDENT LINEAR REGRESSION COEFFICIENT FOR SILT CONTENT 
AND CONCENTRATIONS OF SIX HEAVY METALS ON BED SEDIMENTS 
WITHIN THE TEES INNER DISPOSAL SITE JUNE 1985 

Number of data points = 
Average % silt - - 
Degrees of freedom - - 
Levels of significance 
Correlation coefficient 



TABLE 16 INDEPENDENT LINEAR REGRESSION COEFFICIENT FOR SILT CONTENT 
AND CONCENTRATIONS OF SIX HEAVY METALS ON BED SEDIMENTS 
WITHIN THE TEES INNER DISPOSAL SITE MARCH 1986 

Number of data points = 
Average X silt - - 
Degrees of freedom - - 
Levels of significance 
Correlation coefficient 

CO Xsilt 
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Fig 2 Locat ion map o f  Inner Disposal  Site 
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Fig 4 0 i s t r i b u t i 6  OF copper on bed sediments i n  the dredged River 
Tees 
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Fig 6 Distribution OF lead on bed sedinents in the h d g e d  River 
Tees 
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Fig 8 Distribution OF manganese on bed sedinents in the dredged 
River Tees 



saal 
pa6pa~p yl U! s~uaunpas paq uo lI~qo3 jo uo !lnq!Jls! 0 6 6! j 

MEAN CONCENTRAllON (mg/kg) 

""'NNNNNU 
oN~0,cQoNP0,cQoNP0,cQo 

V1 - 
4 
3 0 
'4 0 
Z 
' 
(D 

cQ 0, 
'0 

£ 
0 

Z 
c P 
3: 
m 

ff ' 4 

-4 
0 

gN ' 
(D 
a, 
0,' 

0 



Fig 10 Proportion OF metals on s i l t  Fraction i n  sedirnents 
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Fig 12 Detailed bathymetry and location o f  grab samples of bed sediments 
obtained a t  the Tees Inner Disposal Site during the June 1985 and 
March 1986 surveys (McLanen) 
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Fig 14 Distribution by region OF copper on bed sediments at the 
Tees Inner Disposal Site 
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L I E ' I  OF TAFLES 

Tab le  1 : Sediment t r e n d  s t a t i s t i c s  f o r  each  of  I,tle lines 

shown i n  Fiqu1.e 3 .  

(.Apper~dix I )  Summiry of t h e  i n t e l - p r e t a t  l c n s  w i t h  

r e s p e c t  t o  t r a n s p o r t  t r e n d s  when one d e p o s i t  i c  

compared t o  a n o t h e r .  
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C) Or- 



D ,  is t h e  up-currer~t .  sample .  In a  p e r f e c t  wor ld ,  ttleol y shows t h a t  

t h e  sediment: d i s t r i b u t i u r ~  of UL may become c o a r s e r  o r  f i n e r  than L?, , 

but  i f  i t  becomes c o a r s e r ,  the  skewness of d i s t r i b u t i o n  m u s - t  

become more p o s i t i v e .  Conversely ,  i f  Dz is f ine r .  t h a n  U I  , t h e  

skewness must become Inure n e g a t i v e .  The s o r t i n g  i ~ i  l l become b e t t e r  

( i e .  t h e  v a l u e  f o r  v a r i a n c e  w i l l  become l e s s )  i n  both  c a s e s .  I f  

e i t h e r  of  t h e s e  two tr-ends is obse rved ,  we ,3811 i n f e r  b.l~al, set l iment 

t r a n s p o r t  is o c c u r r i n g  from D ,  t o  D, ; i f  t h e  t r e ~ ~ i l  is d i f f e r e n t  f rom 

t h e  two a c c e p t a b l e  t r e n d s ,  f o r  example i f  D z  is f i n e r - ,  b e t t e r  s o r t e d  

and more p o s i t i v e l y  s k e i ~ e d  than D I ,  t h e  t r e n d  i c  u n a c c e p t a b l e  and we 

canno t  suppose  t h a t  t r a n s p o r t  between t h e  two sample:; has  taker,  p l a c e  

In  t h e  above example where we a r e  a l r s a d y  s u r e  of t h e  t r a n s p o r t  

d i r e c t i o n ,  t h e n  t h e  g r a i n  s i z e  d i s t r i b u t i o n ,  D z _ ( s ? ,  can  be r e l a t e d  +,o 

D ,  (S! by a  f u n c t i o n  X ( s 1  where "S" is t h e  g r a i n  r i z s .  The shape  of 

X ( s )  inay be determined s imply by: 

X ( s )  = Dz(s ) /Dl  !S) 

X ( S !  p r o v i d e s  .the s t a t i s t i c a l  r e l a t i o n s h i p  between t l ie  two d e p o s i t s  

and its d i s t , r i b u t i o n  d e f i n e s  t h e  r e l a t i v e  p r o b a b i l i t y  of each  

p a r t , i c u l a r  g r a i n - s i z e  being e roded ,  t r a n s p o r t e d  and depos i  t e d  from 

D ,  t o  Ill. . 

I n  r e a l i t y ,  changes  f o l l o w i n g  t h e  above two t r e n d s  a r e  se ldom 

obse rved  i n  a sequence of samples ,  even when t h e  t r a n s p o r t  d i r e c t i o n  

is c l e a r l y  known. T h i s  is d l ~ e  t o  c o m p l i c a t i n g  fac tu r .5  s u c h  a s  

v a r i a t i o n  i n  t h e  g r a i n - s i z e  d i s t r i b u t i o n s  of t h e  s o u r c e  ma-teri.31, 

l o c a l  and temporal  v a r i a b i l i t y  i n  t h e  X!S! f u n c t i o n  and a  v a r i e t y  

of sediment  s a m p l i r ~ g  d i f f i c u l t i e s  ( i e ,  sample doesn '  t a d e q u a t e l y  

d e s c r i b e  t h e  d e p o s i t :  i t ' s  t a k e n  t o o  d e e p l y ,  no t  deep  enough e t c .  ) .  

However, a t r e n d  is e a s i l y  de te rmined  when a s t a t i s t i c a l  approach is 
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v e l o c i t i e s  of 30cmisec w i l l  be exceeded f o r  1% of the  t ime o r  f o r  
* 

abou t  3 o r  4  days  pe r  yea r  (Draper ,  1 9 6 7 ) .  Such v e l o c i t i e s  

e a s i l y  exceed t h e  t h r e s h o l d s  r e q u i r e d  t o  i n i t i a t e  t h e  movement of 

c o a r s e  sand  (0 .5  p h i )  f o r  wave p e r i o d s  of 10 s e c o n d s  and of ve ry  

c o a r s e  sand  (-0.5 p h i )  f o r  wave p e r i o d s  of 1  seond (Komar a n d  

M i  l l e r ,  1 9 7 5 ) .  The s p o i l  81-ound is, t h e r e f o r e ,  w i t h i n  a wave 

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

sed iments .  

2 . 2  T ides  

Mean s p r i n g  t i d a l  ampl i tude  a t  t h e  Tees  e n t r a n c e  is 4 . 3 1 ~ .  

According t o  Huntley (1980) t h e  maximum t i d a l  s t r e a m  a m p l i t u d e s  a t  

a v e r a g e  s p r i n g  t i d e s  is abou t  '75 cm.'sec. Maximurn v e l o c i t i e s  a r e  

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

2 . 3  Storm Surges 

Numerical model l i n g  s t u d i e s  on s t o r m  s u r g e  p r e d i c t i o l ~  i n d i c n  t e  

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

a d j a c e n t  t o  t h e  Tees E s t u a r y .  Similar .  t o  t h e  t i d a l  s t r e a m ,  s o u t h e a s t  

c u r r e n t s  t e n d  t o  be dominant; a c h i e v i n g  v e l o c i t i e s  of 50 t o  75  c.m!sec 

( F l a t h e r  and Davies.  1978!. 

2 . 4  Cieo log~  

The s p o i l  g r o u n ~ l  is l o c a t e d  on T r i a s s i c  New Red Sands tone  

(Frown, 19811. On l and  both  f a u l t s  and T e r t i a r y  dykes s t r i k e  

n o r t h e a s t ,  a d i r e c t i o n  cor- responding wi th  s e v e r a l  of t,he 

b a t h y m e t r i c  h i g h s  shown i n  F igure  2 .  These h i g h s  a r p  u p  t o  s i x  m e t r e s  

t Those f i g u r e s  a r e  f o r  t h e  n e a r e s t  wave s t a t i o n  f o r  which d a t a  

h a s  been ana lyzed .  ( S m i t h ' s  Knoll  l i g h t  v e s s e l  o f f  t h e  e a s t  c o a s t  

of Norfolk)  . 



long.  They a r e  most l i k e l y  b a s a l t i c  dykes  o r  b a r y t i z e d  f a u l t s ,  

both  of which a r e  more r e s i s t a n t  t o  e r o s i o n  than t h e  c o u n t r y  

r o c k .  The i n a b i l i t y  f o r  t h e  grab-sampler  t o  o b t a i n  a sample a t  

l o c a t i o n  4 3  ( F i g .  2 )  f u r t h e r  s u g g e s t s  t h e  p resence  of bedrock.  

During t h e  l a s t  g l a c i a t i o n  i c e  comple-tely covered t h i s  p a r t  

of t h e  North Sea s h e l f ,  wi th  t h e  r e s u l t  t h a t  l i t t l e  serliment was 

e v e r  d e p o s i t e d  i n  t h i s  a r e a  ( .Jansen,  e t  a l ,  19SQ!. (311 s u r f  i c i a l  

sediment  maps of t h e  North S e a ,  t h e  r e g i o n  of the  s p o i l  s i t e  h a s  been 

i d e n t i f i e d  a s  e i t h e r  p re -Qua te rnary  o u t c r o p  o r  hard  rock  !Dingle ,  

1970; Cas ton ,  1979) .  N e v e r t h e l e s s ,  t h e  g r a b  samples  i n d i c a t e  t h a t  

t h e r e  is a t  l e a s t  a  veneer of u n c o n s o l i d s t e d  s e d i m e n t s ;  t h e  h i g h  and 

random g r a v e l  c o n t e n t  of which s u g g e s t s  t h a t  bedrock is no t  f a r  

below t h e  s u r f a c e .  

Within t h e  r e g i o n  sur rounding  t h e  s p o i l  s i t e  sand waves have been 

observed ( S t r i d e ,  1073) and ,  based on bedf orm murphology, n e t  s e d i  ment 

t r a n s p o r t  is p o s t u l a t e d  t o  l)e s o u t h e a s t ,  p a r a l l e l  t o  t h e  c o a s t  

(Fanner ,  1979) .  

3 . 0  PRESEIiT FATIERNS QF SEDIMENTAT ION 

More t.han 5 0  v a r i o u s  sequences  of samples  were t e s t ed  f o r  t r a n s p o r t  

d i r e c t i o n  of which 10 a r e  s e l e c t e d  t o  demons t ra te  the  p e r t i n e n t  

f i n d i n g s  ( F i g . 3 ) .  The r e s u l t s  of t h e  t r e n d  a n a l y s i s  f o r  e a c h  l i n e  ar-e 

p r e s e n t e d  i n  Table 1 ,  and d e r i v e d  t r a n s p o r t  p a t t e r n s  a r e  j l l ~ ~ s t r a t e d  

i n  F igure  4 .  These f i n d i n g s  a r e  summarized a s  f o l l o w s :  

( 1 )  A l l  t r a n s p o r t  d i r e c t i o n s  shown i n  F igure  4 wer-e 

d e r i v e d  f o r  t h e  sand  p o r t i o n  of t h e  g r a i n - s i z s  

d i s t r i b u t i o n s  o n l y  ( - 0 . 5  phi t o  4 . 5  p h i ) .  

( 2 )  No c o n s i s t e n t  r e s u l t s  were a c h i e v e d  us ing  e i t h e r  

coinplete d i s t r i b u t i o n s  o r  o t h e r  p o r t i o n s  of t h e  

d i s t r i b u t i o n s .  
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O n  t h e  otl ier  liand, the  mud c o n t e n t  c o n t a i n e d  in the  samplec- 

a l s o  a p p e a r s  t o  be exti-aneous t o  t h e  p r e s e n t  t r a r ~ s p o r t  regime,  

Trends  c o u l d  no t  be  Jeterlnir led wi th  t h e  m u r l  co!ll:e!lt irlr:].u(ied i n  

t h e  s i z e  d i s t r i b u t i c n s .  F igure  8 shows t h a t  r e n c e n t r a t i o n s  of 

mud a r e  a l s o  e s s e n t i a l  l y random th roughout  t h e  se?i rne~lts arlll 

do no t  f avour  a  p a r t i c u l a r  dep th  o r  l o c a t i o n .  It, i s  not ,ewortl-~-~~ 

t h a t  we l l  over  ha l f  of t h e  ground i t s e l f  c o n t a i n s  no mud i n  i t s  

s e d i m e n t s  ( F i g .  R ) .  

Over t h e  p a s t  5 y e a r s  the  average  compcsi t i o n  of sediment  

dumped a t  t h e  s p o i l  ground is 28% sand  and 72% mud t l lyclraulics 

Research L t d . ,  p e r s .  colurn. 1 .  I t ,  m u s t  t h e r e f o r e  be concluded t h a t  

muds a r e  n o t  becoll~ing incorporat ,ed  i n t o  t h e  tr-ansput-t  regime 

o f  t h e  e x i s t i n g  s e ~ i i m e n t s  and t h a t  %hey a r e  beinu swept (x lpar  

of t h e  s p o i l  ground a l t o g e t h e r ,  undoubtedly  t o  the  sou1,heast. 

I t  is p o s s i b l e  t h a t  much of t h e  dumped 111ucl never !-eachec the 

bot tom a t  t h i s  l o c a t i o n ,  and i t s  t ranspor- t ,  and 4 p p o ~ i l ; i ~ n  

m u s t  be looked f o r  e l sewhere .  

The t r - ends  I S ~ ~ O W  t h a t  a c t i v e  t r a n s p o r t  is o c c - ~ ~ r - r i n ~  f o r  th.1 

s a n d - s i z e  se t i iments ,  altLloug1-1 t h e  h igh g r a v e l  c o n t e n t  i n d i c a t e  a 

t r e l a t i v e l y  sed iment - s t a rved  environment .  The R v a l u e s  f u r  the  

l i n e s  o u t s i d e  t h e  b o r d e r s  of t h e  s p o i l  gl-ound a r e  ex t remely  h igh .  

2 The sudden d rop  i n  t h e  E v a l u e s  f o r  t h e  l i n e s  c r o s s i n g  the  s p n i l  

yround is due t o  t h e  dumping of a new p o p u l a t i o n  of sa.nd. The 

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

t h e  dumped s a n d s  a r e  becoming i n c o r p o r a t e d  i n t o  t h e  n a t u r a l  d e p u s i t ; ~  

ancl b e i n g  t r a n s p o r t e d  t o  t h e  s o u t h e a s t .  

The r e l a t i v e l y  h i g h  &ravel  content in the sediments throughout  

t h e  a r e a  is a r e f l e c t i o n  of t h e  p r o x i m i t y  t o  bedrock a n d  s u g g e s t s  a. 

r e l a t i v e l y  sediment s t a r v e d  environment .  The model d i d  not  deter-mine 





any a r e a s  s p e c i f i c  t o  a l a g  development s u g g e s t i n 8  winnowing a n d  e r o s i o n ;  

i t  is t h e r e f o r e  concluded that, t h i : ;  p o r t i o n  of  t h e  s l ~ e l f  is L,, i l ~ n a m i c  

e q u i l i b r i u m .  

Most of t h e  t r e n d s  a r e  Case F i n d i s a t i n g  a  " l ~ w  e n e r g y M  

t r a n s p o r t  environment wi th  r e s p e c t  t o  t h e  a v a i l a b l e  s i z p -  

d i s t r i b u t i o n s .  The prpsp_llce of s e v e r a l  " h i g h  energy" trarl!;port, l i n e s  

(Case C )  su8,vest c o a r s e r  sed iments  i n  t h e  rlirer:~;iorl of t,ra n.3por.t. The 

presence of Case C t..rends between t h e  bedrock t ~ i ~ h s  a r e  d u e  t o  a 

c o n c e n t r a t i o n  of c u r r e ~ l t r ,  thrnugh t h e  i n t e r v e n i n g  " p a s . ; e ~ v .  

5 . 0  CONCLUSIONS 

(1) The s p o i l  ground i.s loca-ked. on a n  a r e a  of t h i n  

sed imenta ry  cover  c o n s i s t i n g  predominant ly  of s a n d  

wi th  a  random g r a v e l  c o n t e n t  r-ef l e c t i n g  /;he c l o s e  

p rox imi ty  t o  bedrock 

( 2 )  These s a n d s  a r e  being a c t i v e l y  t r a r i s p o r t e d  i r l  a  n e t  

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

bathymetry .  Sand acc=umulates i n  t h e  " l e e "  of bedrock 

h i g h s  producing " t a i l s "  i n  t h e  s o u t h e a s t  d i r e c t i o n .  

( 3 )  The p r e v a i l i n g  o r  common " low-energy" p r o c e s s e s  

t r a n s p o r t  very  f i n e  sand ( 3 . 0  ph i  and 3 . 5  p h i ,  above 

and below 30n water  dep th  r e s p e c t i v e l y )  tllo most e a s i l y .  

( 4 )  High energy t r a n s p o r t  does  o c c u r ,  d u r i n g  which lnedium 

sand  ( 2 . 0  p h i )  h a s  t h e  h i g h e s t  p r o b a b i l i t y  of being 

t r a n s p o r t e d .  High energy t r a n s p o r t  is most common i n  

t h e  v a l l e y s  between ba thymet r i c  h i g h s  where c u r r e n t s  

a r e  c o n c e n t r a t e d .  

(5) Grave l - s i zed  m a t e r i a l  is not  t a k i n g  p a r t  i n  t h e  p r e s e n t  

t r a n s p o r t  regime. 
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Delo of Hydrau l i c s  Ltd .  P a r t i c u l a r  a a p p r e c i a t i o n  is e x p r e s s e d  t o  

P a t  Hancock and S h e i l a  Ripper for- t h e  t y p i n g  and d r a f t i n g  

r e s p e c t i v e l y .  The f a c i l i t i e s  of t h e  Departmen-t of Ear-th S c i e n c e s ,  
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F i g u r e  A - l  : Sedilnent  t r a n s p o r t  made1 t o  d e v e l o p  a l a g  d e p o s i t  
( s e e  Appendix I f o r  d e f i n i t i o n  a f  t e r m s ) .  



Ieryruy aqy uo Surpuadap '~aaa~o~ (Jayyaq anrooaq II~M Buyy~os 

.a-y) olaz qseo~dde II~M (s)p pue (s)B q7oq jo asueylea aqy uaqT '(samy? 

,,U,, .a3:) sau1y7 3.0 Jaqnrnu aqyuljuy ue (s)g oy pay~dde sy S 31 

.yuaurypas aolnos l~uySy_ro aq7 ueq3. paMaqs 

dlaayqlsod alou pue las~aoo aq sde~le T~TM 'paaoua~ uaaq seq (s)l layje 

8uynrma~ SE-[ aqy 'cs)p y~q~ 7lnsa-r aqy qyy~ 'pa~ays l('laayqysod 'aloja~aq3 

'sy (S) q-l uoyyaunj alTJ -(T-v a~ntiydj (s)S ueqy paMays X~aaryeSau alou pue 

laug tiurmoaaq SAPM~E 1q~od~~e~7 UJ Tuamjpacj aqy 'cs)_r UJ sy-[nsa~ uoy3=lunj 

ps~ays d~aay3e3su e SXQM~B X~uymu aq 03 sleadde (s)~ yeqy q~aj avL 

* js) 8 jo uoyynqr~ysyp 

aq? oq aayqe~a2 'alojs~aqq 'ale X8~aua 1401 pue qSyq 'sw~ay aqL .s3uxypas 

as~uoa uo Su?q>e uaqrr uoyq.3unj Jajsue~y X8~aua MOT e Xq PUB lsquxjpas 

aurj uo Suy jop uar~~ uoyqsunj ~ajsu~17 Xa~aua q8rq r Xq paquasa~da~ aq Xm 

ssaso.id ames sqq .splaM ~aqyo u~ uo aqelado 03 uojy3unj lajsuel? 

Lg~aua q8~q e JOJ ssuroaaq 2~ laysea aqq 's~ (s>B lauyj aqlj 'XT~SJ~AUO~ 

.IJOT>.>~II?J JSJSUPJ~ Xillaus qBrq e Xq uodri payLe aq o:, S? q! Xlayrl 

Xg~sua SuyBueqs uo L~uo qou '~uapuadap osle S? (s)~ jo adeqs aqJ .(z-v 

s1nS~gj Xla~rq>adsa~ suoyyaunj lajsuely XB~aua qByq pue XS~aua MOT paw-~a? 

ala adeqs UJ saualyxa OM$ asaqJ .sasealouy c,saoo_rd ~uyy~odsue~~/~uypo~a 

a 30 XS.1au6 eq3 SF (pa~ays X~aayyeSau 11~3s qSnoqyTe) l~3y~3anmrXs 

X11eau su~aq oi ssaunays aAyqe%au d-[qti-jq E guraeq 1110-I J aaueqs suoyq3unj 

U jo suo~ ynq~l~syp aqq Teqq ~oqs syuaw jladxa awn13 moJj P3ea 

-amyy 30 q-yun P Sul~np sazrs u~e-13 l~-[noly-red 

30 3lodsue~~ pua quamaaom ~e~3yuy uy 3lnsa~ yrqq sassa3o~d 3ymauXp 

pua X~~quaurrpas -[-[E c.a3e_rodlo~uy 3eqy uo~y3un3 a SQ 30 yq8noqq aq Xw 71 



F i g u r e  A-2 : Diagram showing t h e  e x t r e m e s  i n  s h a p e  of t r a n s f e r  
f u n c t i o n s  ( t  ( S >  ) .  
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TABLE A-l: Sumwry  of t h e  i n t e r p r e t a t  i o n s  w i t h  r e s p e c t  t o  sediment  t r a n s p o r t  
t r e n d s  when one d e p o s i t  is compared t o  a n o t h e r .  

CASE RELATIVE CHANCE IN GRAIN-SIZE 
DISTRIBUTION BETWEEN DEPOSIT 
d, AND DEPOSIT d ,  

l NTERFRETATION 

A c o a r s e r  
b e t t e r  s o r t e d  
more p o s i t i v e l y  skewed 

dz is a l a g  of d ,  !Nu 
d i r e c t i o n  of t r anspor t .  
can  be de  terrni ned! 

B f  i ne r  
b e t t e r  s o r t e d  
inure n e e a t i v e l y  skewed 

(i! T h e  d i r e c t i o n  of 
t r a n s p o r t  is f r o n  
d ,  t o  d ,  

( i i )  ? h e  energy r . e ~ i m e  - i:; 
d e ~ r e a ~ i  [!g i n  t h e  
d i rec l , ion  of 
1: r-a.rlspor t  

L . ?  , and a r e  low 
enel-gy tr-ansf e r  f uric; t i o n s  
( F i y u r - e  A-5) 

i; c o a r s e r  
b e t t e r  s o r t e d  
more p o s i t i v e l y  skewed 

( i )  The  d i r e c t i o n  of 
t r a n s p o r t  is f  rorn 
d  t o  d ,  

( i i )  t h e  energy  regime is 
d e c r e a s i n g  i n  t h e  
d i r e c t i o n  of t r a n s ~ o r t  

i t ,  is a  h igh  energy  
tr .arisfer  f ar!r t ion 
( F i g u r e  A - 5 )  

( i v )  t L  is a h igh  o r  l o w  
enel-q:y t r a n s f e r  
f u ~ i c t  i o ~ i  





The f u n c t i o n  X t s )  combines  t h e  e f f e c t s  of  two 1:ransfel f u n c t i o r i s  t ,  (s)  

and t,(s) !ec lua t ior~  3 ) .  I t  ]nay a l s o  be cons ide r - ed  a s  a {;I-ansfp1- f u n c t i o n  

i n  t h a t  i t  p r o v i d e s  t h e  s t a t i s t i c a l  r e l a - t i o n s h i p  17etvre~n t h e  two d e p o s i t s  

and i t  i n c o r p o r a t e s  a l l  of t h e  p r o c e s s e s  r e s p o n s i b l e  f o r  s e d i m e n t  e r o s i o n ,  

t r a n s p o r t  and d e p o s i t i o n  over- t h e  p e r i o d  of t ime  r e f j l e s e ! ~ t e d  h-; t h e  

s a m p l e s .  The d e p o s i t  dz i : s )  w i l l ,  t h e r e f o r e ,  change  r e ! ? k i v s  ko cl, ' S )  i n  

a c c o r d a n c e  t o  t h e  s h a p e  of X!s) which,  i n  t u r n ,  is d e r i v e d  from t h e  

combinatiion OS t ,  !S) and  tr!s) a s  e x p r e s s e d  i n  e q u a t i o n  :3. I t  is i m p o r t a n t  

t o  n o t e  t h a t  X ! s !  c a n  be d e r i v e d  f rom t h e  d e p o s i t s  t h e m s e l v e s  ( e q u a t i o n  2 )  

and i t  p r o v i d e s  t h e  r e l a t i v e  p r o b a b i l i t y  of any  p a i t i c u l a r  s i z e d  g r a i n  

b e i n 8  ~noved. 

Us ins  empit- ica11y d e r i v e d  t ( s . !  f u l l c t i o n s  i t  can be shn:.il\ 1 - 1 3  when 

e n e r g y  is d e c r e a s i n g  i n  t h e  d i r e c t i o n  of t r a n s p o r t  t i .  e .  I;z(s) !t ,  ( 5 )  ) and  

b o t h  a r e  low e n e r g y  f u n c t i o n s  (Fiqu1-e A-4), t hen  X ( s )  is a l w a y s  a  n e g a t i v e -  

l y  skewed d i s t r i b u t i o n .  T h i s  will r e s u l t  i n  d L ( s )  becoming f i n e r ,  b e t t e r  

s o r t e d  and more n e g a t i v e l y  skewed t h a n  d , ( s j .  T h e r e f o r e ,  g i v e n  two 

sec l iments ,  d ,  (S )  a n d  d L ( s )  and  d L ( s )  is f i n e r ,  b e t t e r -  s o r . t e d  and more 

n e g a t i v e l y  skewed t h a n  d , ( s ) ,  i t  may he p o s s i b l e  t o  c o n c l ~ ~ d e  t h a t  t h e  

d i r e c t i o n  of s e d i m e n t  t r a n s p o r t  is from d ,  t o  d 2  ( T a b l e  A - l ) .  

CASE C (Sed imen t s  becoining c o a r s e r  i n  t h e  d i r e c t  i o n  of t r a n s p o r t )  

In  t h e  e v e n t  t h a t  t ,  (is) is a  h i g h  e n e r g y  f u n c t i o n  ( F i g u r e  A-2!, and  t, 

S S e  e n e r g y  is d e c r e a s i n g  i n  t h e  r l i r e c t i o n  o f  t r a n s p o r t ) ,  t h e  

r e s u l t  of e q u a t i o n  3 w i l l  p roduce  a p o s i t i v e l y  skewed X ( s !  d i s t r i b u t i o n  

( F i g u r e  A - 4 ) .  T h e r e f o r e ,  d L ( s )  w i l l  become c o a r s e r ,  b e t t e r  s o r t e d  and more 

p o s i t i v e l y  skewed t h a n  d ,  (:S) i n  t h e  d i r e c t i o n  o f  t r a n s p o r t ,  and  shoulr l  t h i s  

r e l a t i o n s h i p  b e  o b s e r v e d ,  i-t may be p o s s i b l e  t o  c o n c l u d e  t h a t  t h e  d i r e c t i o n  

of  s ed imen t  t r a n s p o r t  is f r o m  d ,  t o  d z  (Tab le  A - l )  . 



CASE B : t2 < t l  ; both low energy functions 

.- 
U 4 t, ( IOW)  

CASE C : t2 t, ; t, is a high energy function ; t2 is high or low 

five 

1 1, (higl 

ske 

Figure A - 4  : Summary diagram of t ,  and tL and co r r e spond ing  X- 
d i s t r i b u t i o n s  (equa t ion  3 )  f o r  Cases  B and C (Table  
A - l ) .  



I t  is i n t e r e s t i n g  t o  no te  t h a t  sed iments  cannot  become c o a r s e r  f o r e v e r  

because ,  wi th  c o a r s e n i n g ,  i t  becomes l e s s  and l e s s  l i k e l y  t h a t  the  

t r a n s p o r t  p r o c e s s e s  w i l l  m a i n t a i n  h i q h  energy c h a r a o t e r i s t i s s .  A. t h e  

a e p o s i t , ~  become c o a r s e r ,  the  t r a n s f e r  f u n c t i o n  d e s c r  i b in8  the  p r o c e s s e s  

w i l l  r e v e r t  t o  a  low energy  f u u c t i o n  wi th  t h e  1-esulf; that, {:he seciimellt m u s t  

become f i n e r  a g a i n .  

Cases  A anci (3 produce idei l t ; ica~l  g r a i  n-s ize  cila r l~o .=  be \ ; i . ~ ~ e ! l  i j  , a r1.l !J 

(Table  A - l ) .  G e n e r a l l y ,  l~owever ,  the  g e o l o g i c a l  i n i ; e ~  p r e i a t i o r !  cf the  

environments  be ing  sample11 r i i  11 c l e a r l y  d i f  f e r e n t i a t e  I~i.tween t h e  two 

Cases .  

IKZTHOD TO DETERICIINh TRANSPORr DLRE(;T'ION FROM GRAIN-SIZE L~lSiR1PIJI'lL!NS - - - - - - - - - - - - - -- - - - - - - - -. - - - - - - - - - - - - - -. - - - - - - - - - - -- -. - - - -. . . . 

C l e a r l y  the  model p r e s e n t e d  a-hove does nob r e s u  l t  i n  p e r  f e r  t  ss r juent  i a l  

changes  of g r a i n - s i z e  dis.1,ribui;ion.s i n  the ( l i t - e c t i o n  of sedirnsnt. t ~ - a n s p o r . t ,  

a l t h o u g h  numerous authox-s have recognized g e n e r a l  c h a n ~ e c  i s l ) e c i f  i c  

p a r a m t e r s  ! e . q .  ~nean q ra i r l  s i z e  or- s o r t i n g ) .  The  ~norjel ~~lemands ~ ~ q c i f i c  

t r a n s p o r t  d i r e c t i o n .  Given such  compl ica t ing  factors  as 7 a r i a b i ~ i t y  i n  

" o r i g i n a l  s o u r c e " ,  p robab le  l o c a l  and temporal  v a r i a b i l i t y  i n  t h e  t r a n s f e r  

f u n c t i o n s ,  and v a r i a b l e  t ime i n t e r v a l s  r e p r e s e n t e d  by t h e  samples  

themselves ,  i t  is not  s u r p r i s i n g  t h a t  s e q u e n t i a l  c h a n g e s  i n  g r a i  n - s i z e  

d i s t r i b u t i o n s  a r e  seldom r e c o g n i z e d  

One approach t h a t  a p p e a r s  t o  be s u c c e s s f u l  i n  r e c o g n i e i f i g  t r e n d s  is a  

s i m p l e  s t a t i s t i c a l  method whereby the  Case (Table A - 1 )  is de te rmine l l  amortg 

a l l  p o s s i b l e  p a i r s  i n  a  sample sequence.  Given a  sequence  of samples ,  

t h e r e  a r e  nL -11 d i r e c t i o n a l l y - o r i e n t a t e d  p a i r s  t h a t  ]nay e x h i t i t  a  t r anspor t ,  
Z 

t r e n d  i n  one d i r e c t i o n ,  and a n  equa l  number of  p a i r s  i n  t h e  g p p ~ ~ i t e  

d i r e c t i o n .  When any two samples  a r e  compared w i t h  respec l ;  t o  .their mean 

s i z e ,  s o r t i n g  and skewness ,  R p o s s i b l e  . t r ends  e x i s t ;  compared t o  d ,  , d L  



my be:  ( i )  f i n e r  ( F ) ,  b e t t e r  s o r t e d  (E) and more n e g a t i v e l y  skewed ( - ) ;  

( i i )  c o a r s e r  ( C ) ,  more poor ly  s o r t e d  ( P )  and more p o s i t i v e l y  skewed ( + ) ;  

i i i  C B - v  F ,  P ,  - ( v )  C ,  P ,  - ;  ( v i )  F ,  F ,  t; ( v i i )  C ,  B ,  t; o r  

( v i i i )  F, P ,  + .  Of t h e s e  t r e n d s ,  o n l y  two a r e  of i n t e r e s t ,  namely F ,  B ,  - 

(Case B) and C, B ,  + !Case A o r  L ) ,  f o r  which t h e r e  is a  1/8 p r o b a b i l i t y  nf 

e i t h e r  o c c u r r i n g  a t  random ( p  = 0 . 1 2 5 ) .  To de te rmine  i f  t h e  number of  

o c c u r r e n c e s  t h a t  a p a r t i c u l a r  Case exceeds  t h e  random p r o b a b i l i t y  of 0 . 1 2 5  

t h e  f o l l o w i n g  two hypo theses  a r e  t e s t e d :  

H : p < 0 . 1 2 5  and t h e r e  is no p r e f e r r e d  d i r e c t i o n ;  and 

H : p > 0 . 1 2 5  and t r a n s p o r t  is o c c u r r i n g  i n  a  p r e f e r r e d  d i r e c t i o n  

Using t h e  Z-score  ( S p i e g e l ,  1961) i n  a  o n e - t a i l e d  t e s t ,  H is a c c e p t e d  i f :  

Z = X-Np > l .  645 ( 0 . 0 5  l e v e l  of s i g n i f i c a n c e .  . . . . . . . . . . , . . g . . ( 4 )  

o r  > 2 . 3 3  ( 0 . 0 1  l e v e l  of s i g n i f i c a n c e )  

where: x = ob:served number of p a i r s  r e p r e s e n t i n g  a  p a r t i ~ u l a r  Case i n  one 

of t h e  two opposing d i r e c t i o n s ;  

N = t o t a l  number of p o s s i b l e  u n d i r e c t i o n a l  p a i r s .  

(N = n  -n where n  = nulnber of samples  i n  t h e  s e q u e n c e ) ;  

p  = 0 . 1 2 5 ;  and 

The Z - s t a t i s t i c  is c o n s i d e r e d  v a l i d  f o r  N>30 ( i . e .  a  l a r g e  s a m p l e ) .  

Thus, f o r  t h i s  a p p l i c a t i o n ,  a  s u i t e  of 8 o r  9 samples  is t h e  minimum 

L 
r e q u i r e d  t o  e v a l u a t e  a d e q u a t e l y  a  t r a n s p o r t  d i r e c t i o n  ( i . e .  9 = 36, t h e  

2- 

t o t a l  p o s s i b l e  p a i r s  i n  one d i r e c t i o n ) .  




