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c h e m i s t r y has been u n d e r t a k e n . T h i s work has a t t e m p t e d t o c h a r a c t e r i s e 
t h e v a r i a b i l i t y i n p a r t i c l e p r o p e r t i e s a s s o c i a t e d w i t h t h e major c y c l i c 
i n f l u e n c e s o f the s e r a i - d i u r n a l and s p r i n g - n e a p and the s e a s o n a l 
c l i m a t i c s i g n a l s and t o r e l a t e t h e s e f i n d i n g s t o t h e d i s t r i b u t i o n and 
t r a n s p o r t o f t r a c e m e t a l s i n e s t u a r i e s . 
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D i s t r i b u t i o n s o f the d i s s o l v e d m e t a l s , Cu, Zn, Ni and Cd were 
measured i n t h e e s t u a r y over a range o f s e a s o n a l and t i d a l c o n d i t i o n s . 
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s o r p t i o n on t o p a r t i c l e s was a major f a c t o r i n f l u e n c i n g m e t a l 
d i s t r i b u t i o n s i n t h e low s a l i n i t y r e g i o n o f the e s t u a r y . A s e r i e s o f 
l a b o r a t o r y e x p e r i m e n t s u s i n g r a d i o - i s o t o p e s were c a r r i e d o ut t o examine 
t h e f a c t o r s which i n f l u e n c e t h e p a r t i t i o n i n g o f m e t a l s between n a t u r a l 
suspended p a r t i c l e s and t h e s o l u b l e phase i n e s t u a r i e s . A 
comprehensive p i c t u r e o f the i n t e r a c t i o n s o f s a l i n i t y . pH and 
t e m p e r a t u r e on t h e p a r t i t i o n c o e f f i c i e n t s f o r Zn, Cd and Cs was 
d e r i v e d . 

W i t h t h e a i d o f a r e c e n t l y d e v e l o p e d m a t h e m a t i c a l model, r e a l i s t i c 
s i m u l a t i o n s o f t h e d i s t r i b u t i o n s and f l u x e s o f s a l t and p a r t i c l e s 
(suspended and s e d i m e n t a r y ) i n t h e Tamar E s t u a r y were produced. 
C o r r e s p o n d i n g d i s t r i b u t i o n s o f d i s s o l v e d z i n c were g e n e r a t e d by t h e 
model u s i n g t h e p a r t i t i o n c o e f f i c i e n t s d e r i v e d f r o m t he r a d i o - t r a c e r 
work. The s i m u l a t e d p r o f i l e s o f s o l u b l e z i n c measured i n t h i s way 
a c c u r a t e l y f o l l o w e d t h e major f e a t u r e s o f the measured m e t a l 
d i s t r i b u t i o n s as w e l l as c l o s e l y r e p l i c a t i n g t h e a b s o l u t e v a l u e s . 
M a n i p u l a t i o n s o f the model parameters i n d i c a t e d t h a t t i d a l l y 
d o m i n a t e d , u p - e s t u a r y pumping o f me t a l poor p a r t i c l e s was the p r i m a r y 
f a c t o r c o n t r o l l i n g t h e degree o f m e t a l removal a t the t u r b i d i t y 
maximum. 
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1.1 GENERAL INTRODUCTION 

Over the past h a l f century and p a r t i c u l a r l y i n the l a s t 20 years, 
i t has been r e a l i s e d t h a t e s t u a r i e s play a key r o l e i n the t r a n s p o r t 
and d i s p e r s i o n t o the world oceans of both n a t u r a l chemical species, 
derived from c r u s t a l weathering, and the p o l l u t a n t m a t e r i a l s which are 
the by-product of man's a c t i v i t i e s on e a r t h . The importance of the 
estu a r i n e l i n k i n the global p i c t u r e of geochemical c y c l i n g and 
environmental p o l l u t i o n can be gauged from the explosion of research 
i n t e r e s t i n estuaries and es t u a r i n e processes during t h i s period (see, 
f o r example. Lauff, 1967; Nelson, 1972; Cronin, 1975; Goldberg, 1978; 
Burton and L i s s , 1976; Wiley, 1976; Olausson and Cato, 1980; Kennedy, 
1980; Neilson and Cronin, 1981). The s p e c i a l i s e d nature of estuarine 
environments has necessitated the development of many new approaches 
and techniques t o study them and several e x c e l l e n t p r a c t i c a l guides 
have been w r i t t e n (Dyer, 1979; Mo r r i s , 1 9 8 3 ; Head, 1985). 

Recurrent themes throughout these works and numerous i n d i v i d u a l 

published a r t i c l e s are f i r s t l y , t h a t e s t u a r i e s are t y p i c a l l y e n e r g e t i c , 

t u r b i d environments and secondly, t h a t the presence of elevated l e v e l s 

of suspended s o l i d s that undergo p e r i o d i c resuspension and 

sedimentation under the i n f l u e n c e of t i d a l a c t i o n can s t r o n g l y 

i n f l u e n c e t h e i r chemistry and biogeochemistry. The hydrodynamic 

processes t h a t give r i s e t o elevated and o f t e n l o c a l i s e d concentrations 

of suspended sediments i n es t u a r i e s and t h e i r i n f l u e n c e on estuarine 

chemistry are reviewed f u l l y i n subsequent s e c t i o n s . 

This study attempts t o c h a r a c t e r i s e the p r o p e r t i e s , behaviour and 

heterogeneous r e a c t i v i t y of estuarine p a r t i c u l a t e m a t e r i a l w i t h the aim 

of an improved understanding of the t r a n s p o r t and di s p e r s i o n of n a t u r a l 



and p o l l u t a n t chemicals through e s t u a r i e s . For the purposes o f t h i s 

study, heterogeneous r e a c t i v i t y has been considered i n terms o f tr a c e 

metal exchanges. Nevertheless, i t i s a n t i c i p a t e d t h a t the un d e r l y i n g 

p h y s i c a l c o n t r o l s o f heterogeneous processes I n estua r i e s w i l l be 

s u f f i c i e n t l y general f o r these f i n d i n g s to apply t o the wide spectrum 

of chemical species which experience s o r p t i v e exchange at the surfaces 

of n a t u r a l p a r t i c l e s , 

1 . 2 ESTUARIES 

1 .2.1 What i s an estuary? 

The Oxford English D i c t i o n a r y defines an estuary as: 

"the t i d a l mouth o f a large r i v e r " 

This i s c o n s i s t e n t w i t h the popular concept o f an estuary but to 

those charged w i t h the study, d e s c r i p t i o n or management o f these 

environments t h i s d e f i n i t i o n has many disadvantages. Questions such 

as, where does the r i v e r end and the estuary s t a r t , emphasise the need 

f o r a precise d e f i n i t i o n on which t o base studies and w i t h which t o 

r e l a t e the f i n d i n g s t o adjacent environments or other e s t u a r i e s . 

Ketchum (1951) presented t h i s d e f i n i t i o n : 

" an estuary may be defined as a body o f water i n 
which the r i v e r water mixes w i t h and measureably d i l u t e s 
seawater." 

This l i m i t s an estuary to the region o f brackish water but i s 

geographically vague. P r i t c h a r d (1967) suggested: 

" a semi-enclosed c o a s t a l body of water which has f r e e 
connection w i t h the open sea and w i t h i n which seawater 
i s measureably d i l u t e d w i t h f r e s h water derived from land 



drainage." 

Here, the extent o f the estuary i s again defined by the mixing o f 

f r e s h and s a l i n e waters but not n e c e s s a r i l y w i t h i n a r i v e r or a t i d a l 

environment. F a i r b r i d g e (1980), i n a thorough review o f e s t u a r i n e 

systems, proposed an extended d e f i n i t i o n based on hydrodynamic r a t h e r 

than purely hydrochemical c r i t e r i a : 

" an estuary i s an i n l e t o f the sea reaching i n t o a 
r i v e r v a l l e y as f a r as the upper l i m i t o f t i d a l r i s e , 
normally being d i v i s i b l e i n t o three sectors; (a) a 
marine or lower estuary, i n f r e e conectlon w i t h the open 
sea; (b) a middle estuary, subject to strong s a l t and 
freshwater mixing and ( c ) an upper or f l u v i a l estuary, 
c h a r a c t e r i s e d by freshwater but subject to d a i l y t i d a l 
a c t i o n . " 

This d e f i n i t i o n describes the geographical and p h y s i c a l l i m i t s o f 

an estuary except f o r the marine boundary about which most workers are 

vague. I n p r a c t i c a l terms, no boundary e x i s t s as r i v e r i n e components 

tra n s p o r t e d seaward are continuously d i l u t e d u n t i l they become 

i n d i s t i n g u i s h a b l e from the marine composition. Nominal seaward 

boundaries to e s t u a r i e s are t h e r e f o r e adopted, u s u a l l y on the basis o f 

c o a s t l i n e morphology except where c l e a r l y i d e n t i f i a b l e plumes of f r e s h 

or brackish water extend i n t o the c o a s t a l sea. This l a t t e r d e f i n i t i o n 

I s p a r t i c u l a r l y r e l e v a n t i n the Tamar as i t encompasses the t i d a l l y 

energetic zone i n the f r e s h water immediately landward o f the p o i n t o f 

maximum s a l i n e i n t r u s i o n . This area i s s t r o n g l y i n f l u e n c e d by the 

t u r b i d i t y maximum generated w i t h i n the estuary and has been shown t o be 

a region o f marked chemical changes (Morris et a l . , 1982b). 

The i n f i n i t e v a r i a b i l i t y o f the geomorphology and hydrodynamics of 

e s t u a r i e s makes i t convenient to recognise various s u b d i v i s i o n s , 

P r i t c h a r d * s (1955) widely adopted scheme, based on the p h y s i c a l 



processes t h a t dominate the i n t e r n a l mixing of e s t u a r i e s , i s shown i n 

Table 1 . 1 . This approach has been developed q u a n t i t a t i v e l y by Hansen 

and Rattray ( 1 9 6 6 ) who proposed a c l a s s i f i c a t i o n based on two 

dimensionless f a c t o r s , a c i r c u l a t i o n parameter (u^/U^), the r a t i o of 

net surface current t o the mean f r e s h water v e l o c i t y through the 

s e c t i o n , and a s t r a t i f i c a t i o n parameter ( 6 S/S^), the r a t i o of the top-

to-bottom s a l i n i t y d i f f e r e n c e t o the mean s a l i n i t y over the s e c t i o n . 

I t must be borne i n mind that various regions of an estuary can e x h i b i t 

d i f f e r e n t c l a s s i f i c a t i o n s (see Section 1 . 3 f o r Tamar c l a s s i f i c a t i o n s ) 

and t h a t the c l a s s i f i c a t i o n of a p a r t i c u l a r estuarine region can change 

w i t h f a c t o r s such as r i v e r r u n - o f f and t i d a l range. 

1 . 2 . 2 Estuaries as pathways 

I n geochemical terms, e s t u a r i e s are regions i n which land r u n - o f f , 

c o n t a i n i n g the s o l u b l e and p a r t i c u l a t e products of c r u s t a l weathering, 

mixes and i n t e r a c t s w i t h the world's oceans (Mason, 1952). The primary 

concern of the es t u a r i n e chemist i s the f a t e of these weathered 

m a t e r i a l s and p o l l u t a n t s f o l l o w i n g t h e i r i n t r o d u c t i o n t o the es t u a r i n e 

system. Very r a r e l y , however, are the d i s t r i b u t i o n s of chemical 

species i n estua r i e s simply the r e s u l t of mixing of f l u v i a l and marine 

waters. Marked gradients i n i o n i c s t r e n g t h , pH and Eh as well as t i d a l 

and seasonal v a r i a t i o n s i n , f o r example, suspended p a r t i c u l a t e load and 

primary p r o d u c t i v i t y give r i s e t o pronounced chemical r e a c t i v i t y w i t h i n 

the mixing zone ( L i s s , 1 9 7 6 ; Morris e t a l . , 1 9 7 8 , 1 9 8 1 , 1 9 8 2 a , 1 9 8 2 b ) . 

Chemical r e a c t i v i t y , i n terms of loss or gain of a p a r t i c u l a r 

component w i t h i n the es t u a r i n e mixing zone, can be deduced by comparing 

the d i s t r i b u t i o n of the component r e l a t i v e t o a conservative property 

such as s a l i n i t y or c h l o r i n i t y . The t h e o r e t i c a l d i l u t i o n l i n e t h a t i s 



Table 1.1 P r i t c h a r d ' s (1955) c l a s s i f i c a t i o n o f e s t u a r l n e types. 

type dominant process v e r t i c a l s t r u c t u r e Nomenclature 

s a l t wedge 

f j o r d 

r l v e r f l o w 

r l v e r f l o w w i t h 
entralnment 

very sharp h a l o c l l n e 

sharp h a l o c l i n e 

p a r t i a l l y mixed r l v e r f l o w and 
t i d a l mixing 

no marked I n t e r f a c e ; 
s a l i n i t y Increases 
w i t h depth 

w e l l mixed t i d a l mixing uniform v e r t i c a l 
s a l i n i t y p r o f i l e (D w i t h l a t e r a l 

s a l i n i t y g r a d i e n t ) 



obtained by simple mixing of the two end-member concentrations of the 

component would be a s t r a i g h t l i n e on a p l o t of component c o n c e n t r a t i o n 

against s a l i n i t y . I n simple cases, a negative d e v i a t i o n i n d i c a t e s 

removal whereas a p o s i t i v e d e v i a t i o n i n d i c a t e s an input of the 

m a t e r i a l w i t h i n the mixing zone (Figure 1.1). A d d i t i o n a l l y , a p l o t of 

the parameter of I n t e r e s t against s a l i n i t y i n d i c a t e s the extent and the 

approximate l o c a t i o n of the process. In r e a l i t y , these p l o t s are o f t e n 

complex, e s p e c i a l l y where net removal occurs i n one region w h i l s t 

inputs are located i n another area or where, f o r instance, the r e a c t i o n 

r a t e changes w i t h s a l i n i t y . I t must also be borne i n mind t h a t t h i s 

approach requires the composition of the end-members to have remained 

constant throughout a p r e - i n v e s t l g a t i o n a l period equivalent t o the 

f l u s h i n g time of the estuary. Whilst t h i s i s generally t r u e f o r the 

marine end-member, i t i s often not the case f o r the r i v e r i n e supply. 

Rapid changes i n r i v e r i n e composition induce curvature i n t o the 

salinity/component r e l a t i o n s h i p of an unreactlve component (Loder and 

Reichard, I 9 8 l ) . Generalised conclusions concerning the behaviour of 

dissolved species i n estuaries using mixing curves r e q u i r e the 

examination of a large number of p r o f i l e s under d i f f e r e n t c o n d i t i o n s 

(Morris et a l . , 1981 ) . 

1 . 2 . 3 Estuarlne dynamics 

Estuaries are subject t o both t i d a l and seasonal Influences which, 

along w i t h marked compositional gradients ( M o r r i s , 1 9 7 8 ; 1 9 8 2 b ) , 

c o n t r i b u t e t o the complexity and o f t e n c y c l i c a l nature of the chemical, 

b i o l o g i c a l and physical processes that occur w i t h i n t h e i r boundaries 

( A l l e n e t a l . , 1 9 7 6 , 1980; Morris e t a l . , 1982a; Cloern et a l . , 1 9 8 3 ; 

Bale et a l . , 1985). 



10 20 
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Figure 1.1 Relationships between the concentration (C) of a dissolved 
component and s a l i n i t y under steady s t a t e c o n d i t i o n s . 
Line (a) represents conservative mixing, (b) and ( c ) 
represent m o b i l i s a t i o n and removal r e s p e c t i v e l y . 



The m a j o r i t y of t i d a l e s t u a r i e s i n m i d - l a t i t u d e s experience 

predominantly semi-diurnal t i d e s w i t h a period o f roughly 12.5 hours. 

The spring/neap c y c l e w i t h a period o f 1̂ 1-15 days has the e f f e c t o f 

modulating the d a i l y t i d e s such t h a t the t i d a l range, and hence c u r r e n t 

v e l o c i t i e s , increase from neap to s p r i n g c o n d i t i o n s and decrease again 

towards neaps. The p r i n c i p a l e f f e c t o f the t i d e s i s to Increase the 

volume of water w i t h i n the estuary at high water over the volume at low 

water. This introduces o s c i l l a t i o n s i n t o the v e l o c i t y and d i r e c t i o n o f 

the t i d a l streams w i t h minimum v e l o c i t i e s o c c u r r i n g a t , or about, high 

and low water and maximum v e l o c i t i e s at mid-ebb and f l o o d . 

The predominant seasonal s i g n a l i n e s t u a r i e s a r i s e s from changes 

i n r i v e r f l ow w i t h r a i n f a l l . Changes i n r i v e r flow a f f e c t the f l u s h i n g 

time of the estuary and the l o c a t i o n of the f r e s h / b r a c k i s h water 

i n t e r f a c e . The mixing regime moves down-estuary under high ( w i n t e r ) 

r i v e r flow and, conversely, s a l i n e water i n t r u d e s f u r t h e r up-estuary 

under low (summer) r i v e r flow c o n d i t i o n s . A d d i t i o n a l l y , seasonal 

changes i n s o l a r r a d i a t i o n ( K i r k , 1983) a f f e c t primary production 

d i r e c t l y through l i g h t a v a i l a b i l i t y and chemical and b i o l o g i c a l 

r e a c t i o n r a t e s through temperature changes. 

To accomodate t h i s range of n a t u r a l v a r i a b i l i t y when making the 

f i e l d measurements described I n subsequent s e c t i o n s , a sampling 

s t r a t e g y was adopted whereby surveys were executed under s p e c i f i c 

environmental c o n d i t i o n s chosen to cover the f u l l range of seasonal and 

t i d a l extremes. Thus, sampling was undertaken t o monitor s e l e c t e d 

p a r t i c l e p r o p e r t i e s over complete semi-diurnal t i d a l cycles under both 

spring and neap t i d e c o n d i t i o n s . A d d i t i o n a l l y , estuarine p r o f i l e s were 

monitored over complete s p r i n g to neap t i d a l cycles at two-day 



i n t e r v a l s under high ( w i n t e r ) and low (summer) r i v e r flow c o n d i t i o n s . 

1.2.^ Suspended s o l i d s i n e s t u a r i e s : physical aspects 

As evidenced by large areas of i n t e r t i d a l mudflats and g e n e r a l l y 

t u r b i d waters, est u a r i e s tend t o be regions of net sediment 

accumulation (Guilcher. 1 9 6 7 ; Postma 1 9 6 7 ; Meade, 1969; Dyer, 1 9 7 9 ) . 

I n a d d i t i o n , many e s t u a r i e s e x h i b i t l o c a l i s e d areas of s i g n i f i c a n t l y 

enhanced suspended s o l i d s concentration commonly r e f e r r e d t o as 

t u r b i d i t y maxima (Postma, 1967; Schubel, 1969) s i t u a t e d at or close t o 

the f r e s h / b r a c k i s h i n t e r f a c e . T i d a l l y mediated resuspension and 

dep o s i t i o n of bed sediments mainly account f o r the t u r b i d nature of 

estuarine waters although shore erosion i s a c o n t r i b u t o r y f a c t o r i n 

some estuaries (Schubel and Car t e r , 1977). However, the t r a p p i n g and 

l o c a l i s e d accumulation of p a r t i c l e s i s more complicated and various 

mechanisms have been po s t u l a t e d . These include f l o c c u l a t i o n w i t h 

i n c r e a s i n g i o n i c s t r e n g t h (Krone, 1972; Aston and Chester, 1976 

Kranck, 1979), g r a v i t a t i o n a l c i r c u l a t i o n (Postma, 1967; Schubel, 1969 

O f f i c e r and Nichols, 1980) and t i d a l pumping ( A l l e n et a l . , 1980 

Uncles _et a l . , 1985,) associated w i t h asymmetric t i d a l flow. Each of 

these processes probably c o n t r i b u t e s t o the accumulation of p a r t i c u l a t e 

m a t e r i a l but t o d i f f e r i n g degrees i n d i f f e r e n t estuaries (and at 

d i f f e r e n t times i n one e s t u a r y ) , depending on the p r e v a i l i n g physical 

c o n d i t i o n s . 

G r a v i t a t i o n a l c i r c u l a t i o n occurs i n s t r a t i f i e d or p a r t i a l l y mixed 

es t u a r i e s as a r e s u l t of the density d i f f e r e n c e between the two water 

masses. P a r t i c l e s of marine and estuarine o r i g i n w i t h i n a s p e c i f i c 

range of s e t t l i n g c h a r a c t e r i s t i c s are c a r r i e d up-estuary i n the net 

landward i n t r u s i o n of s a l i n e water at depth. S i m i l a r l y , r i v e r i n e 

10 



p a r t i c l e s t h a t are n e i t h e r too heavy to sediment r a p i d l y nor so l i g h t 

t h a t they behave as dissolved species can become entrained i n t o the 

s a l i n e water by slow sedimentation and again become subject t o upr-

estuarine t r a n s p o r t . This r e s u l t s i n the conce n t r a t i o n o f p a r t i c l e s i n 

a n u l l t i d a l region a t or near the l i m i t o f s a l i n e i n t r u s i o n (Figure 

1,2), 

Net up-estuarine t r a n s p o r t o f p a r t i c l e s through t i d a l pumping 

occurs i n the upper reaches o f macr o - t i d a l e s t u a r i e s through a 

combination o f f r i c t l o n a l e f f e c t s and the Infl u e n c e of f r e s h water 

r u n - o f f (Uncles e t a l . , 1985). I n p r a c t i c a l terms t h i s means t h a t the 

f l o o d i s o f t e n o f shor t e r d u r a t i o n and t h e r e f o r e higher v e l o c i t y than 

the ebb and leads t o the s i t u a t i o n where sediment erosion thresholds 

can be exceeded on the f l o o d but not on the ebb r e s u l t i n g i n net up-

estuarine t r a n s p o r t . Both these mechanisms are p o t e n t i a l l y p a r t i c l e 

s e l e c t i v e , i n terms o f s e t t l i n g c h a r a c t e r i s t i c s , and probably 

c o n t r i b u t e t o the unique combination o f p r o p e r t i e s observed i n the 

p a r t i c l e population t h a t comprises the t u r b i d i t y maximum (Schubel, 

1969; Morris e t a l . , 1982c; Loring e t a l . , 1983; Bale et a l . . 198^1 ) . 

1,2,5 Suspended p a r t i c l e s i n e s t u a r i e s : chemical aspects 

Stumm and Morgan ( 1 9 8 1 ) have pointed out t h a t the m a j o r i t y o f 

n a t u r a l chemical processes i n aqueous media occur at phase 

d i s c o n t i n u i t i e s . I t i s not s u r p r i s i n g , t h e r e f o r e , t h a t suspended 

p a r t i c l e s dominate the chemistry and hence d i s t r i b u t i o n o f many species 

i n n a t u r a l waters (Wangersky, 1 9 8 6 ) , I n e s t u a r i e s , the impact o f 

heterogeneous chemical processes i s g r e a t l y increased by the l o c a l i s e d 

c o n c e n t r a t i o n o f p a r t i c l e s i n the t u r b i d i t y maximum (Section 1.2 .^1) and 

the t i d a l l y induced exchange o f p a r t i c l e s between the reducing 
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Figure 1.2 A schematic rep r e s e n t a t i o n of n o n - t i d a l ( r e s i d u a l ) e s tuarine c i r c u l a t i o n and the l o c a t i o n of the 
r e s u l t i n g t u r b i d i t y maximum ( s t i p p l e d ) at the n u l l zone. 



c o n d i t i o n s w i t h i n anoxic sediments and the g e n e r a l l y oxic c o n d i t i o n s i n 

the suspended phase. 

Estuarine p a r t i c l e s can be assigned to one o f three main 

c a t e g o r i e s , lithogenous, hydrogenous or biogenous depending on t h e i r 

o r i g i n (Mantoura and M o r r i s , 1 9 8 3 ) . Lithogenous p a r t i c l e s are the 

products o f c r u s t a l weathering. Hydrogenous p a r t i c l e s are formed 

w i t h i n the estuary and r e s u l t from p r e c i p i t a t i o n processes. These can 

occur as d i s c r e t e p a r t i c l e s (Eisma et a l . , 1980) or as coatings on 

e x i s t i n g p a r t i c l e s . Examples o f t h i s type are hydrous metal oxides 

(Crossby et a l . , 1 9 8 3 ) and humic p r e c i p i t a t e s ( S h o l k o v i t z , 1976; 

Sh o l k o v i t z et a l . , 1978). Biogenic p a r t i c l e s are generated by 

b i o l o g i c a l a c t i v i t y and c o n s i s t o f l i v i n g and dead organisms and t h e i r 

remains as w e l l as f a e c a l p e l l e t s and terri g e n o u s p l a n t debris. 

Few studies o f the bulk p r o p e r t i e s o f estuarine p a r t i c l e s e x i s t t o 

date. However, i t I s evident from a v a i l a b l e geochemical ( M a r t i n e t 

a l . , 1978; Duinker e t a l . , 1980; Eaton et a l . , 1980) and m i n e r a l o g l c a l 

( F e u i l l e t and F l e i s c h e r , 1980; Manickham et a l . , 1985) datax t h a t 

p h y s i c a l processes, sedimentation and resuspension, are the primary 

f a c t o r s c o n t r o l l i n g the d i s t r i b u t i o n o f p a r t i c l e s from various sources 

w i t h i n e s t u a r i e s . However, l o c a l i s e d v a r i a t i o n s i n p a r t i c l e composition 

also r e s u l t from s e l e c t i v e p a r t i c l e r e t e n t i o n a t the t u r b i d i t y maximum 

(Lor i n g e t a l . , 1983; Wellershaus, 1981), from increased heterogeneous 

r e a c t i v i t y associated w i t h the elevated t u r b i d i t i e s a t the t u r b i d i t y 

maximum (Sundby and L o r i n g , 1978; Gobeil e t a l , , 1981) and from 

hydrodynamically l o c a l i s e d b i o l o g i c a l a c t i v i t y (Morris et a l . , 1982c). 

P a r t i c l e sizes measured i n e s t u a r i e s range from the sub-micron, 

c o l l o i d a l p a r t i c l e s (Sigleo e t a l . , 1982), comprising mainly organic 
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m a t e r i a l , upwards. Schubel (1969) measured suspended p a r t i c l e sizes i n 

the t u r b i d i t y maximum of the Chesapeake Bay system using o p t i c a l and 

sedimentation techniques and found p a r t i c l e s t h a t ranged from 0.1-60um 

wi t h t y p i c a l mean sizes i n the range of \-2\im. Mean p a r t i c l e sizes i n 

samples abstracted from the Tamar Estuary ranged from 20-80pm and 

minimised i n the t u r b i d i t y maximum (Bale et a l . , 198^1). However, these 

e a r l i e r r e s u l t s are possibly erroneous since i t has been shown t h a t 

sample handling and a n a l y s i s can s e r i o u s l y d i s r u p t f r a g i l e aggregates 

(Gibbs, 1981, 1982a, 1982b; Gibbs and Konwar, 1982, 1 9 8 3 ) . Recent 

observations i n the Delaware Estuary (Gibbs e t a l . , 1 9 8 3 ) i n d i c a t e 

t h a t the m a j o r i t y of p a r t i c l e s e x i s t as l a r g e (up t o 300Mm), f r a g i l e 

aggregates in s i t u and t h a t primary p a r t i c l e s are r a r e . 

Surface area measurements of estuarine p a r t i c l e s (Glegg et a l . , 

1986; M i l l w a r d et a l . , 1985) give values of l9-22m^ g"^ which are 

higher than f o r a l u m l n o s i l i c a t e minerals but much less than those of 

some metal oxyhydroxides which range from 100-2ii0m^ g ^ (Crosby et a l . , 

1 9 8 3 ) . There i s evidence t h a t organic m a t e r i a l associated w i t h p a r t i c l e 

surfaces reduces or obscures some of the p o t e n t i a l surface area 

( M i l l w a r d et a l . , 1985). Further evidence f o r the a s s o c i a t i o n of 

organic f i l m s w i t h p a r t i c l e surfaces comes from e l e c t r o p h o r e t l c 

m o b i l i t y studies (Neihof and Loeb, 1972, 197^; Hunter and L i s s , 1979) 

which suggest t h a t adsorbed humic compounds dominate the surface charge 

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

1.2.6 Heterogeneous trace metal r e a c t i v i t y i n e s t u a r i e s 

Trace metal r e a c t i v i t y , i n terms of the removal of soluble metal 

(Duinker and N o l t i n g , 1976, 1977, 1978; Grieve and F l e t c h e r , 1977), 

metal m o b i l i s a t i o n (Thomas and G r i l l , 1977; Windom et a l . , 1 9 8 3 ) or 
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both (Morris et a l . , 1 9 7 8 ; A h l f , 1 9 8 3 ; Ackroyd, 1 9 8 3 ; Elbaz-Poulichet 

et a l . , 198U). has been observed i n numerous e s t u a r i e s . However, the 

wide range of hydrodynamic, sedimentary, and environmental c o n d i t i o n s 

involved have lead t o c o n f l i c t i n g i n t e r p r e t a t i o n s of the r e l a t i v e 

importance of the processes a f f e c t i n g the d i s t r i b u t i o n s and t r a n s p o r t 

of dissolved metals (Duinker, 1 9 8 0 ) , Nevertheless, i n nearly a l l the 

studies where metal r e a c t i v i t y was observed i t was concluded t h a t 

s o r p t i o n on t o suspended and sedimentary p a r t i c u l a t e phases and co-

p r e c i p i t a t i o n w i t h manganese and i r o n oxyhydroxides were the most 

l i k e l y causes of removal, w h i l e desorption from p a r t i c l e s and d i f f u s i o n 

or physical mixing of sediment pore water i n t o o v e r l y i n g waters were 

the prime causes of metal m o b i l i z a t i o n (Hart, 1 9 8 2 ) . Indeed, numerous 

l a b o r a t o r y studies have demonstrated both r e v e r s i b l e and i r r e v e r s i b l e 

uptake of metals by a range of n a t u r a l and s y n t h e t i c mineral s ubstrates 

(Krauskopf, 1 9 5 6 ; Kharkar et a l . , 1 9 6 8 ; Salomons, 1 9 8 0 ; M i l l w a r d and 

Moore, 1982; Davies-Colley et a l . , 1984; L i et a l . , 1 9 8 i l a ) . I t has 

also been shown t h a t humic m a t e r i a l s associated w i t h n a t u r a l p a r t i c l e s 

can s t r o n g l y Influence trace metal behaviour (Gardiner, 1 9 7 3 ; Mantoura, 

1 9 7 6 ) . However, i t i s only r e l a t i v e l y r e c e n t l y t h a t comprehensive 

sets of f i e l d data over wide ranging environmental c o n d i t i o n s have 

provided conclusive, a l b e i t c i r c u m s t a n t i a l , evidence f o r l o c a l i s e d 

heterogeneous r e a c t i v i t y i n estuaries f o r Mn (Morris £t a l . , 1 9 8 2 a ) , 

Cu, Zn and Mn (Ackroyd, 1 9 8 3 ; Ackroyd et a l . , 1 9 8 6 ) and A l ( M o r r i s et 

a l . , 1 9 8 6 a ) . 

As well as undergoing removal and r e m o b i l i s a t i o n , i t i s c l e a r t h a t 

c y c l i n g of metals can occur i n estuaries as a d i r e c t r e s u l t of the 

hydrodynamic processes that give r i s e t o the temporal and s p a t i a l 

v a r i a b i l i t y i n the concentration and composition of the suspended 
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p a r t i c l e population (Morris e t a l . , 1982b; boring et a l . , 1983). 

Dissolved Mn (Morris e t a l , 1982a) and Pb (Elbaz^Poulichet e t a l . , 

198^1), f o r example, have been shown t o e x h i b i t pronounced i n t e r n a l 

c y c l i n g I n estuar i e s r e l a t e d t o the p h y s i c a l c y c l i n g o f p a r t i c l e s . 

While i t i s appreciated t h a t no two e s t u a r i e s are i d e n t i c a l , the 

physical-chemical processes t h a t c o n t r o l heterogeneous chemical 

r e a c t i v i t y are u n i v e r s a l . C l e a r l y , a knowledge o f the behaviour, 

t r a n s p o r t and c h a r a c t e r i s t i c s o f the p a r t i c l e phases i n an estuary i s 

c r u c i a l t o an o v e r a l l understanding o f trace metal d i s t r i b u t i o n s and 

tr a n s p o r t . 

1 .3 THE TAMAR ESTUARY 

1 .3.1 The geography and ph y s i c a l hydrography 

The Tamar Estuary i s a drowned r i v e r v a l l e y or r l a ( P r i t c h a r d , 

1967) i n the south west peninsula o f the United Kingdom (Plate 1.1). 

The Tamar River r i s e s i n North Cornwall and runs p r a c t i c a l l y due south 

f o r a distance o f 100km before f l o w i n g i n t o Plymouth Sound on the south 

coast. For a large p a r t o f the distance the r i v e r forms the-bpundary 

between Devon and Cornwall. The Tamar i s t i d a l f o r 32km up to Weir 

Head near Gunnislake a t which p o i n t a weir has been constructed t o 

maintain water depths i n the r i v e r above. Two major t r i b u t a r i e s , the 

Tavy and the Lynher, j o i n the Tamar a t 21,2 and 25.0km, r e s p e c t i v e l y 

from the weir a t Gunnislake (Figure 1 . 3 ) . Uncles e t a l ^ ( 1 9 8 3 ) have 

c a l c u l a t e d t h a t the Tavy c o n t r i b u t e s an input o f about 30$ of the Tamar 

flow and the Lynher about 20$. T y p i c a l monthly averaged r i v e r f l o w 

values f o r the Tamar at Gunnislake range from a maximum of 38m^sec ̂  

i n January to a minimum o f 5m^sec ^ during June although the 
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Plate l . I The topography of the Tamar V a l l e y shoving the l o c a t i o n s of 
of the various landnarks mentioned I n the t c x t ^ reproduced 
w i t h the permission of J, Bartholomew & Son L t d . 
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Figure 1.3 The Tamar Estuary system showing the major axis marked at 
5 km i n t e r v a l s from Weir Head and the l o c a t i o n of s t a t i o n s 
(1-7) occupied by Uncles et_ al_ (1985). 
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instananeous flows can exceed lOOm^sec"^ a f t e r periods o f heavy l o c a l 

r a i n f a l l . The f l u s h i n g time o f the Tamar Estuary v a r i e s w i t h r i v e r f l o w 

(Figure 1,4) and i s t y p i c a l l y about one week f o r the whole estuary; 

f o r the low s a l i n i t y region i n summer (the upper 5km) i t i s less than 

one day. 

S a l i n i t y d i s t r i b u t i o n s i n the t i d a l estuary vary w i t h the s t a t e o f 

t i d e and w i t h r i v e r r u n - o f f . Figure 1.5 shows examples o f summer and 

winter s a l i n i t y d i s t r i b u t i o n s under high and low water c o n d i t i o n s . 

Devonport, at the mouth o f the Tamar, i s a 'Standard Port* f o r which 

accurate t i d a l i n f o r m a t i o n i s a v a i l a b l e (Admiralty Tide Tables, Vol I ) . 

The mean t i d a l ranges at s p r i n g and neap t i d e s are ^.7m and 2.2m, 

r e s p e c t i v e l y . Although the t i d a l curve f o r Devonport i s b a s i c a l l y o f a 

r e g u l a r s i n u s o i d a l form, close examination shows t h a t i s not the case. 

I n f a c t , f r i c t i o n a l e f f e c t s w i t h i n the estuary lead to pronounced 

asymmetry I n the t i d a l streams p a r t i c u l a r l y i n the upper estuary 

(George, 1975; Uncles et a l . , 1985). This r e s u l t s i n the f l o o d t i d e 

being of shorter d u r a t i o n and consequently of greater v e l o c i t y than the 

ebb (Figure 1.6). I n the Hamoaze, o f f Devonport, where water depths 

are of the order 30m and f r i c t i o n a l e f f e c t s are minimal, the t i d a l 

streams run s o u t h e r l y (ebb) f o r seven hours and n o r t h e r l y ( f l o o d ) f o r 

f i v e hours (Admiralty Chart No. 1901). 

Using P r i t c h a r d ' 3 (1955) c l a s s i f i c a t i o n , the Tamar g e n e r a l l y f a l l s 

between p a r t l y and well-mixed c o n d i t i o n s and t h i s i s borne out by data 

of Uncles et a l , (1985) a p p l i e d t o Hansen and Rattray's ( 1 9 6 6 ) 

s t r a t i f i c a t i o n / c i r c u l a t i o n diagram (Figure 1.7) i n which i t can be seen 

t h a t the m a j o r i t y o f s t a t i o n s ( i d e n t i f i e d I n Figure 1 . 3 ) f a l l i n t o the 

p a r t l y mixed category. S t a t i o n s 1 and 3 i n the upper estuary. 
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Figure l.A Flushing times f o r the Tamar Estuary under sunmier (•••-), 
mean •) and win t e r (——) r i v e r f l ow c o n d i t i o n s (Uncles 
et a l . , 1983). 
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Figure 1.5 S a l i n i t y d i s t r i b u t i o n s measured I n the Tamar Estuary at high 

and low t i d e under (a) low r i v e r f l o w , August 1976, and (b) 
high r i v e r f l o w , December 1976, c o n d i t i o n s (redrawn from 
Morris et a l . , 1982b). 
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Current v e l o c i t y measurements over a t i d a l cycle at s t a t i o n 
1 i n Figure 1.3, i l l u s t r a t i n g the marked asynmietry due t o 
f r i c t i o n a l e f f e c t s . C r i t i c a l erosion values (Odd and Owen, 
1972) are shown as dashed l i n e s . 
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Figure 1.7 Uncles et_ a l (1985) data a p p l i e d t o Hansen and Rattray's 
s t r a t i f i c a t i o n / c i r c u l a t i o n diagram. Numbers r e f e r t o s t a t i o n s 
I d e n t i f i e d i n Figure 1.3. Spring t i d e s are shown ( # ) , neap 
t i d e s ( • ) and mid-tide as ( A ) . 
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e s p e c i a l l y under s p r i n g t i d e c o n d i t i o n s , are classed as well-mixed and 

S t a t i o n 2 i s t r a n s i t i o n a l between w e l l mixed and p a r t l y mixed. S t a t i o n 

6, at neap t i d e s , resembles f j o r d c o n d i t i o n s due to the low c u r r e n t 

v e l o c i t i e s and r e l a t i v e l y great depth at t h a t p o i n t , 

1.3.2 Advantages o f studying the Tamar Estuary 

I n general terms, the Tamar i s t y p i c a l o f a l a r g e number o f macro-

t i d a l estuarine systems i n temperate regions. Although small on a 

g l o b a l scale, the t i d a l l e n g t h o f the Tamar i s very close t o the 

average length f o r e s t u a r i e s o f the United Kingdom (Gameson, 1973). I n 

terms o f water q u a l i t y , the Tamar Estuary i s r e l a t i v e l y "clean", 

f l o w i n g mainly through a g r i c u l t u r a l land and s u f f e r i n g l i t t l e 

i n d u s t r i a l e f f l u e n t . Anthropogenic p o l l u t a n t inputs derived from 

nitrogenous f e r t i l i z e r e n t e r i n g the r i v e r and the e f f e c t o f sewage 

di s p o s a l , p r i m a r i l y at the mouth o f the estuary, have been r e p o r t e d 

(Morris e t a l . , 1981). Dissolved metal p o l l u t i o n associated w i t h the 

dockyard f a c i l i t i e s a t Devonport has been reported (Stebbing et a l . , 

1983) and some tr a c e metal l e v e l s , e s p e c i a l l y copper, are higher than 

world average values i n the r i v e r i n e i n p u t (Ackroyd, 1983)- T h i s ^ ^ i s 

a t t r i b u t e d to the mineralised catchment (Dines, 1956) but i s 

aggravated by r u n - o f f from large areas o f mine s p o i l l e f t over from the 

i n t e n s i v e m e t a l l i f e r o u s mining i n the region during the mid to l a t e 

19th Century (Booker, 1967). This a p a r t , the chemical and b i o l o g i c a l 

processes o c c u r r i n g i n the Tamar are predominantly those of a n a t u r a l 

r a t h e r than a p o l l u t e d estuarine system. 

The Tamar system i s p a r t i c u l a r l y s u i t a b l e f o r the study of 

estuarine processes and has several s t r a t e g i c advantages. The estuary 

i s e a s i l y navigable t o the weir at Weir Head so th a t the e n t i r e 
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s a l i n i t y g r a d i e n t can be t r a v e r s e d f o r sampling and measurements. 

Except under extremely high r i v e r f l o w , the low s a l i n i t y r e g i o n , which 

has been shown to be a p a r t i c u l a r l y r e a c t i v e zone (Morris et a l , , 

1978), i s located w i t h i n 20km of Weir Head and i s t h e r e f o r e l a r g e l y 

uninfluenced by the t r i b u t a r i e s i n the lower estuary. This, combined 

w i t h a r e g u l a r U-shaped channel (George, 1975), renders processes i n 

the upper Tamar p o t e n t i a l l y easy to i n t e r p r e t and model. L a s t l y , the 

Tamar has been studied e x t e n s i v e l y over the past decade p r o v i d i n g a 

s u b s t a n t i a l core of background i n f o r m a t i o n f o r new s t u d i e s . 

I . i f OBJECTIVES OF THIS STUDY 

To c a r r y out f i e l d and l a b o r a t o r y s t u d i e s o f estuarlne p a r t i c u l a t e 

m a t e r i a l , i t s composition, d i s t r i b u t i o n , behaviour and r e a c t i v i t y , w i t h 

a view to enhancing our understanding o f the e f f e c t s which the complex 

i n t e r a c t i o n s between the p h y s i c a l behaviour and the heterogeneous 

chemistry o f the p a r t i c l e s have on the d i s t r i b u t i o n o f d i s s o l v e d 

c o n s t i t u e n t s i n estuary waters. 

I n p r a c t i c a l terms, the p r o j e c t d i v i d e d e a s i l y i n t o three primary 

areas of study: ( 1 ) a seasonal examination of suspended p a r t i c l e 

c h a r a c t e r i s t i c s and t h e i r behaviour, (2) a study o f the bed sediment 

d i s t r i b u t i o n and p r o p e r t i e s and (3) an examination o f the mechanisms 

and k i n e t i c s o f t r a c e metal uptake and release from p a r t i c l e surfaces. 

I n t h i s work, these three primary areas of study are r e p o r t e d 

separately. Only i n the f i n a l s e c t i o n s , which cover the modelling o f 

metal behaviour i n e s t u a r i e s and the major conclusions, are the 

i n t e r a c t i o n s beween the three primary areas considered together. The 

i n d i v i d u a l components of t h i s study are summarised below. 
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P a r t i c l e c h a r a c t e r i s t i c s and behaviour 

1. A f i e l d study o f the p r i n c i p a l t i d a l and seasonal v a r i a t i o n s 

i n the c h a r a c t e r i s t i c s and d i s t r i b u t i o n of suspended p a r t i c l e s was 

undertaken. This has included p a r t i c l e s i z e measurements using a novel 

l a s e r o p t i c system, surface charge measurements employing micro

e l e c t r o p h o r e s i s and basic compositional and p h y s i c a l determinations 

I n c l u d i n g observations by scanning e l e c t r o n microscopy. 

2. The development of a submersible v e r s i o n of the l a s e r 

p a r t i c l e s i z i n g apparatus has been undertaken t o evaluate the e f f e c t s 

of sampling on the i n t e g r i t y of p a r t i c l e aggregates. 

Bed sediment c h a r a c t e r i s t i c s 

3. Surveys under high and low r i v e r flow c o n d i t i o n s were c a r r i e d 

out t o determine the d i s t r i b u t i o n s and v a r i a t i o n s of s i l t , l o s s on 

i g n i t i o n and water content I n the bed sediment, 

4. The seasonal m i g r a t i o n of mobile bed sediment w i t h i n the 

estuary was monitored over a period of \^ months using a s e r i e s of 

wooden stakes d r i v e n i n t o the I n t e r t l d a l mudbanks. 

5. Estimates of the p a r t i c l e masses i n the various r e s e r v o i r s , 

t h e i r sources, sinks and the f l u x e s between them were derived from the 

ph y s i c a l extent of the measured d i s t r i b u t i o n s and the con c e n t r a t i o n 

and/or mass of p a r t i c l e s w i t h i n them. 

Heterogeneous chemical r e a c t i v i t y 

6. A n a l y t i c a l techniques t h a t would allow the assay o f trace 

metals at ambient concentrations i n low volume es t u a r i n e water samples 

were evaluated f o r r e a c t i o n s t u d i e s . 
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7. Experiments using r a d i o - t r a c e r s and n a t u r a l water samples 

from the Tamar River mixed w i t h suspended p a r t i c l e s from the t u r b i d i t y 

maximum region were undertaken t o determine the e q u i l i b r i u m p a r t i t i o n 

(K^) values f o r a s e l e c t i o n o f trace metals under c o n t r o l l e d c o n d i t i o n s 

of s a l i n i t y , temperature, pH and p a r t i c l e c o n c e n t r a t i o n . 

The combination of p a r t i c l e behaviour and chemistry 

8. Modelling techniques were employed t o combine the i n f o r m a t i o n 

on the s o r p t i v e behaviour of trace metals w i t h the current knowledge of 

p a r t i c l e dynamics and behaviour i n order t o develop the understanding 

of the t r a n s p o r t and d i s t r i b u t i o n of trace metals i n e s t u a r i e s . 
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2. 1 INTRODUCTION 

This s e c t i o n describes the f i e l d and l a b o r a t o r y studies t h a t were 

undertaken t o e l u c i d a t e the temporal and s p a t i a l v a r i a b i l i t y i n the. 

con c e n t r a t i o n , behaviour and c h a r a c t e r i s t i c s of suspended s o l i d s i n 

the Tamar Estuary. 

During t h i s study, a x i a l p r o f i l e s of suspended s o l i d s 

concentrations were obtained over a seasonal cycle and under various 

t i d a l c o n d i t i o n s and, at the same time, samples were taken f o r 

subsequent surface charge and p a r t i c u l a t e carbon analyses i n the 

labo r a t o r y . P a r t i c l e s i z e measurements were I n i t i a l l y undertaken on

board using a laser d i f f r a c t i o n technique but were l a t e r c a r r i e d out 

using a submersible version o f the instrument, developed during t h i s 

p r o j e c t . A number of samples were t r e a t e d w i t h glutaraldehyde f o r 

v i s u a l examination by scanning e l e c t r o n microscope (SEM) although a 

systematic o p t i c a l study was not undertaken. D e t a i l e d d e s c r i p t i o n s of 

these determinations are given i n the f o l l o w i n g sections. 

2.2 FIELD MEASUREMENTS 

2.2.1 Sampling procedures 

F i e l d measurements and sampling were undertaken from the IMER 

estuarine research c r a f t "Tamaris", a 12m Rotork Seatruck f i t t e d out as 

a f l o a t i n g l a b o r a t o r y . Measurements and samples were taken w h i l s t 

underway at 3 to ̂1 knots. Water samples were obtained f o r a n a l y s i s by 

a submersible pump arranged to draw from a f i x e d depth o f 0.5m, and 

s i t u a t e d w e l l forward o f the various waste o u t l e t s . This supply fed a 

r a p i d l y f l u s h i n g f l o w c e l l i n which various sensors were placed. 
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On each survey, the master v a r i a b l e s ( s a l i n i t y , temperature, 

dissolved oxygen, pH, and c h l o r i d e ion a c t i v i t y ) were recorded 

continuously on a multi-channel chart recorder using the procedures 

developed by Morris et a l , , ( 1 9 8 1 , 1982b), P o s i t i o n , r e l a t i v e t o 

conspicuous landmarks along the estuary, and time were recorded 

simultaneously, thus f i x i n g the survey data i n a time-space framework. 

Descriptions of the methods used t o determine each parameter are set 

out below. 

T o t a l suspended s o l i d s 

Suspended s o l i d s were monitored using a Partech Instruments L t d . 

suspended s o l i d s monitor. The meter response was checked r e g u l a r l y 

using formazin suspensions and c a l i b r a t e d by reference to d i s c r e t e 

samples analysed g r a v i m e t r i c a l l y . 

S a l i n i t y and temperature 

S a l i n i t y and temperature were measured using a p o r t a b l e 

thermosalinograph (Partech Instruments L t d . ) . C a l i b r a t i o n was e f f e c t e d 

by comparing d i s c r e t e samples w i t h lAPSO Standard Sea^Water using an 

i n d u c t i v e l y coupled bench salinometer (Auto Lab I n d u s t r i e s L t d . ) , The 

temperature response was checked using a c e r t i f i e d mercury thermometer. 

Dissolved oxygen 

Oxygen concentrations were determined using a Yellow Springs 

Instrument Co. Model 57 oxygen meter. This was c a l i b r a t e d against 

freshwater-saturated a i r according t o the manufacturer's i n s t r u c t i o n s . 

F i e l d measurements were subsequently converted t o s a t u r a t i o n {%) 

r e l a t i v e t o the e q u i l i b r i u m value at the appropriate temperature and 

s a l i n i t y w i t h the a i d of tables published by UNESCO (1973). 
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pH 

pH was measured using a conventional glass electrode w i t h a double 

l i q u i d j u n c t i o n reference electrode and a Corning model 113 mV/pH 

meter. Standard pH b u f f e r s o l u t i o n s of pH 7 . 0 2 and 9 . 2 0 were prepared 

using NBS b u f f e r s . 

Chloride ion 

At low s a l i n i t i e s ( < 1 ° / n o ) » where conventional conductive or 

in d u c t i v e instruments lose r e s o l u t i o n , a P h i l i p s IS 5 5 0-Cl c h l o r i d e 

electrode i n con j u n c t i o n w i t h a double l i q u i d j u n c t i o n reference 

electrode and a Corning model 109 mV/pH meter was used to measure 

c h l o r i n i t y from which s a l i n i t y measurements could be obtained. The 

electrode response was c a l i b r a t e d by comparison w i t h s a l i n i t y over the 

range 10°/oo to l°/oo and an e x t r a p o l a t i o n of the p l o t of the l o g a r i t h m 

of s a l i n i t y against e l e c t r o d e response was used to determine s a l i n i t y 

values below 1°/oo* 

2 . 3 PARTICLE SIZE DETERMINATIONS 

2 . 3 . 1 I n t r o d u c t i o n 

Size i s one of the prime p h y s i c a l c h a r a c t e r i s t i c s determining the 

behaviour and r e a c t i v i t y o f suspended p a r t i c l e s i n f l u i d media. I n 

es t u a r i e s , p a r t i c l e s i z e , density and conce n t r a t i o n (Odd and Owen, 

1 9 7 2 ; McCave, 1 9 7 9 ) determine the s e t t l i n g r a t e o f suspended p a r t i c l e s 

under quiescent c o n d i t i o n s and, to an extent, s i z e c o n t r o l s the 

threshold at which bed m o b i l i s a t i o n occurs under i n c r e a s i n g l y energetic 

t i d a l c o n d i t i o n s (Postma, 1 9 6 7 ) . I n d i r e c t l y , p a r t i c l e s i z e i s also an 

important c o n s i d e r a t i o n i n heterogeneous chemical r e a c t i o n k i n e t i c s as 

the s p e c i f i c surface area of p a r t i c l e s , and hence the number of 
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r e a c t i o n s i t e s , increases w i t h decreasing s i z e , 

2 .3-2 Apparatus 

P a r t i c l e s i z e d i s t r i b u t i o n s were measured using a Malvern 

Instruments L t d . Model 2200 p a r t i c l e s i z e r . A review of the r e l a t i v e 

advantages and disadvantages of the methods and apparatus a v a i l a b l e f o r 

f> a r t i c l e s i z e a n a l y s i s (Table 2.1) i n d i c a t e d t h a t the lase r d i f f r a c t i o n 

technique would provide the most s u i t a b l e method f o r t h i s study 

considering the f r a g i l e nature of n a t u r a l p a r t i c l e s and the problems 

associated w i t h the v a r i a b l e m a t r i x i n e s t u a r i e s . 

The main f a c t o r s i n f l u e n c i n g our choice were the r a p i d i t y of 

measurement compared w i t h , f o r instance, sedimentation techniques and 

the advantage o f being able t o deploy the l a s e r instrument i n the f i e l d 

thus minimising sample preservation and t r a n s p o r t a t i o n problems. 

Another co n s i d e r a t i o n was t h a t , u n l i k e the Coulter instrument, the 

Malvern system performs siz e analyses without the a d d i t i o n of an 

e l e c t r o l y t e . This i s important i n systems where i o n i c s t r e n g t h a f f e c t s 

p a r t i c l e aggregation through changes i n the i n t e r - p a r t i c l e r e p u l s i o n by 

the double layer (Shaw, 1966). The Malvern system also precludes 

c a l i b r a t i o n a l v a r i a t i o n s w i t h changes i n the r e f r a c t i v e index, 

d e n s i t y , temperature and i o n i c s t r e n g t h of the sample suspending 

medium. Laser d i f f r a c t i o n i t s e l f i s non d e s t r u c t i v e and t h e r e f o r e 

i d e a l f o r estuarine aggregates which Gibbs (1981, 1982a, 1982b) and 

Gibbs and Konwar ( 1 9 8 2 J 9 8 3 ) have shown t o be h i g h l y s u s c e p t i b l e t o 

damage by pumping, Coulter a n a l y s i s , l i g h t b locking analysis ( H i a c ) , 

p i p e t t i n g and sampling w i t h N i s k i n water b o t t l e s . Although l a s e r 

d i f f r a c t i o n measurements are non d e s t r u c t i v e , sampling procedures 

obviously need c a r e f u l e v a l u a t i o n . On the negative s i d e , several 
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Table 2.1 A comparison of techniques a v a i l a b l e f o r p a r t i c l e s i z e d e termination i n c l u d i n g t h e i r 
r e l a t i v e advantages and disadvantages f o r f i e l d measurements. 

Method Advantages Disadvantages Working range 

Conventional sieve 
a n a l y s i s 

R e l a t i v e l y simple 
and inexpensive apparatus 

very time consuming; 
not s u i t a b l e f o r f r a g i l e 
m a t e r i a l s 

mm down t o 62 . 5 i i m ; 
( F r i s c h micro-
sieves 5 0 - 5 . O v i m ) 

Sedimentation ( p i p e t t e ) w i dely used i n i n d u s t r y ; 
standard method 

not s u i t a b l e f o r f i e l d 
a p p l i c a t i o n ; very slow 

0.l-100um 

E l e c t r o n i c counters 
( C o u l t e r ) 

r a p i d ; semi-automatic r e q u i r e s a d d i t i o n of an 
e l e c t r o l y t e ; may damage 
f r a g i l e aggregates 

0.6-2l6um over 
nine o r i f i c e sizes 

O p t i c a l microscopy nature of p a r t i c l e s can 
be evaluated 

r e q u i r e s l a r g e number of 
p a r t i c l e counts f o r v a l i d 
s t a t i s t i c s 

down t o 0 . 5 p m , 
l i m i t e d by o p t i c a l 
r e s o l u t i o n 

E l e c t r o n microscopy good sample i d e n t i f i c a t i o n time consuming; q u a l i t a t i v e 
r a t h e r than q u a n t i t a t i v e 

down t o 10 n̂m 

Li g h t b l o c k i n g sensors 
(Hlac) 

r a p i d ; automated; unaffected 
by suspending m a t r i x 

p o t e n t i a l d i s r u p t i o n t o 
f r a g i l e p a r t i c l e s by small 
bore f l o w c e l l 

1.0-600Mm ( s i x 
sensor s i z e ranges) 

Laser d i f f r a c t i o n 
(Malvern) 

r a p i d ; automated; p o t e n t i a l l y 
non d e s t r u c t i v e ; unaffected 
by suspending m a t r i x 

minimum p a r t i c l e s i z e l i m i t e d 
by wavelength of laser l i g h t ; 
accuracy near lower s i z e l i m i t 
reduced by presence of c o l l o i d s 

1.2-l800um ( s i x 
lens choices) 



authors have expressed doubts over the absolute accuracy of the laser 

d i f f r a c t i o n technique compared w i t h sedimentation or Coulter a n a l y s i s 

(Coulter E l e c t r o n i c s L t d , 1 9 8 5 ; McCave, 1986). E s s e n t i a l l y , they claim 

t h a t the presence of r e l a t i v e l y small (sub-micron) p a r t i c l e s i n the 

samples introduce e r r o r s i n the mathematical transformation o f the 

d i f f r a c t i o n p a t t e r n i n t o s i z e s p e c t r a , p a r t i c u l a r l y i n the region of 4-

Spm p a r t i c l e s i z e s . Nevertheless, we concluded t h a t f o r the f r a g i l e , 

amorphous, non-spherical p a r t i c l e s t h a t t y p i f y e s t u a r i n e suspended 

m a t e r i a l , l a s e r d i f f r a c t i o n o f f e r e d the only p r a c t i c a l method o f 

undertaking a large scale systematic study of the p a r t i c l e s i z e 

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

The Malvern p a r t i c l e s i z i n g apparatus, shown schematically i n 

Figure 2.1, employs a low power He-Ne l a s e r t o provide a p a r a l l e l beam 

of coherent, monochromatic l i g h t . Near-forward, Fraunhofer d i f f r a c t i o n 

of the beam by p a r t i c l e s randomly d i s t r i b u t e d i n i t s path i s detected 

on an array of 30, semi-annular concentric photodiodes mounted normal 

to and concentric about the beam. A microcomputer repeatedly scans the 

detector array and continuously updates the average l i g h t i n t e n s i t y 

f a l l i n g on each r i n g through the chosen measurement period. The 

computer then uses an h e u r i s t i c approach t o determine the p a r t i c l e s i z e 

d i s t r i b u t i o n t h a t corresponds t o the measured d i f f r a c t i o n p a t t e r n . 

That i s , an i n i t i a l estimate of the s i z e d i s t r i b u t i o n i s made from the 

r e l a t i v e strengths of the primairy d i f f r a c t i o n modes and the d i f f r a c t i o n 

p a t t e r n of t h i s d i s t r i b u t i o n i s generated from Fraunhofer d i f f r a c t i o n 

theory. By comparing the computed w i t h the observed d i f f r a c t i o n 

p a t t e r n , the estimated s i z e d i s t r i b u t i o n i s r e f i n e d u n t i l the l e a s t -

squares c o r r e l a t i o n c o e f f i c i e n t between the observed and estimated 

patterns i s minimised. 
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Figure 2.1 A schematic r e p r e s e n t a t i o n of the o p t i c a l and computational components of Malvern Instruments* 
las e r d i f f r a c t i o n p a r t i c l e s i z i n g apparatus. 



2.3.3 Procedure f o r f i e l d measurements 

F i e l d measurements were undertaken using the technique described 

by Bale et a l . (198^1) i n which the Malvern p a r t i c l e s i z e r was deployed 

w i t h a 12mm path l e n g t h flow c e l l connected by 6mm bore tubing t o a 

separate intake mounted s l i g h t l y ahead of the main sampling pump i n l e t 

(Section 2.1). I n order t o minimise the physical d i s r u p t i o n o f 

aggregates (Gibbs, 1 9 8 1 ; Bale et a l . , 198^^), the samples were drawn 

through the flow c e l l under low vacuum (12.5mm Hg) and were c o l l e c t e d 

i n a large r e c e i v e r . This gave a flow of 200m2, min ^ which was 

equivalent t o a f l u s h i n g time f o r the supply l i n e of less than 1.2 

minutes. Tests had i n d i c a t e d t h a t r a i s i n g the flow r a t e by incre a s i n g 

the vacuum r e s u l t e d , through degassing, i n the formation of bubbles 

which were recorded as p a r t i c l e s . The s i z e d i s t r i b u t i o n of t e s t 

samples also i n d i c a t e d t h a t disaggregation of p a r t i c l e s increased 

s i g n i f i c a n t l y above t h i s flow r a t e . On humid days and when sample 

temperatures were low, the flow c e l l windows required demisting t o 

prevent them from becoming obscured; t h i s was achieved w i t h a domestic 

h a i r dryer. 

At the s t a r t of each survey, the alignment of the detector and 

lenses were optimised and a background s i g n a l obtained f o r water from 

the estuary t h a t had been f i l t e r e d through a 0.45vim pore-sized 

membrane f i l t e r . The background s i g n a l , due mainly t o o p t i c a l d e f e c t s , 

was recorded and a u t o m a t i c a l l y subtracted from subsequent measurements. 

Although la s e r d i f f r a c t i o n provides an absolute s i z e determination 

r e q u i r i n g no c a l i b r a t i o n , a suspension of commercially a v a i l a b l e l a t e x 

or glass micro-spheres was measured during the course of each survey t o 

check instrument e f f i c i e n c y . D i f f r a c t i o n measurements could be taken 
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at the r a t e of one per minute, but the subsequent c a l c u l a t i o n stage 

took up t o twelve or f i f t e e n minutes per sample. During f i e l d work the 

'raw' d i f f r a c t i o n data was t h e r e f o r e stored on magnetic discs and the 

corresponding siz e d i s t r i b u t i o n s c a l c u l a t e d at a more convenient time, 

u s u a l l y o v e r n i g h t , thus a l l o w i n g a much f a s t e r sampling r a t e . 

Underway, measurements were taken every minutes and the 

corresponding s t a t i o n p o s i t i o n s were logged together w i t h the a n c i l l a r y 

environmental data. P a r t i c l e s i n the s i z e range 1.9-188.Oym diameter 

were monitored. 

2.3.^ Results: suspended s o l i d s and p a r t i c l e s i z e 

A x i a l d i s t r i b u t i o n s of mean p a r t i c l e s i z e , derived through 

s t a t i s l c a l f i t t i n g of the p a r t i c l e s i z e spectra t o unimodal, asymmetric 

l o g normal and/or Rosin Rammler models (Bale et a l . , 1985) showed 

consistent patterns throughout the twelve month survey period (Figure 

2.2). Mean p a r t i c l e s i z e at slack water g e n e r a l l y decreased s l o w l y 

from 40-60yjm (equivalent s p h e r i c a l diameter) i n the outer estuary t o 

20-HOm at 5-lOVoo s a l i n i t y . W i t h i n w e l l defined t u r b i d i t y maxima, 

the mean sizes o f t e n f e l l more sharply, reaching values of 6-12ym 

coincident w i t h the core of the t u r b i d i t y maximum. Mean sizes i n the 

f r e s h water were g e n e r a l l y much higher and v a r i a b l e but the e r r o r s were 

l a r g e r because of the t y p i c a l l y low p a r t i c l e concentrations there. 

Data from the A p r i l survey (Figure 2.3) i n d i c a t e t h a t the s i z e 

minimum i s a p e r s i s t e n t f e a t u r e of the t u r b i d i t y maximum. Suspended 

s o l i d s concentrations i n the t u r b i d i t y maximum on t h a t day increased 

from 50mg I ^ one hour a f t e r low water t o 200mg i ^ at mid-flood t i d e , 

a f t e r which concentrations reduced w i t h the decreasing t i d a l energy 

towards the high water slack t i d e . The corresponding mean p a r t i c l e 
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Figure 2.3 Successive p r o f i l e s of mean p a r t i c l e size ( • ) and suspended s o l i d s ( s o l i d l i n e ) measured over a 
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s i z e increased from 20wni one hour a f t e r low water t o BOgm at mid-flood 

t i d e . From mid-tide the mean s i z e decreased, reaching a minimum of 

15pm over high water slack t i d e . Throughout t h i s period o f s u b s t a n t i a l 

sediment m o b i l i s a t i o n and a t i d a l excursion of some 6km, a minimum i n 

p a r t i c l e s i z e p e r s i s t e d w i t h i n the t u r b i d i t y maximum. 

Over a spring-neap cycle ( J u l y 27-Aug 9) r a i n f a l l , and hence r i v e r 

f l o w , was unif o r m l y low (Figure 2.^) and the t u r b i d i t y maximum was 

located only l-2km from the weir at Weir Head (Figure 2.5). The 

concentration o f suspended s o l i d s i n the t u r b i d i t y maximum at slac k 

water high t i d e varied 5 - f o l d w i t h t i d a l range from a minimum of 

lOOmg £ ^ at neaps (2.2m range) on the 31st J u l y t o a maximum o f 

500mg i ^ at s p r i n g t i d e (il.lm) on the 9th August. Throughout t h i s 

period and i r r e s p e c t i v e o f the concentration o f suspended s o l i d s , the 

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

w i t h i n the range 6-8Mm. 

Throughout the year i n which measurements were taken the a x i a l 

d i s t r i b u t i o n s of mean s i z e followed s i m i l a r trends to those described 

above. However, the seasonal v a r i a t i o n i n the l o c a t i o n and magnitude 

of the t u r b i d i t y maximum e x h i b i t e d a pronounced i n t e r n a l m i g r a t i o n . 

This i s i l l u s t r a t e d by the p r o f i l e s i n Figure 2.6 which are f o r neap 

high water slack t i d e s ( f o r which the greatest number of p r o f i l e s were 

recorded). During w i n t e r high r u n - o f f periods, the f r e s h / b r a c k i s h 

water i n t e r f a c e and t u r b i d i t y maximum were located 12-15km from the 

weir and the t u r b i d i t y maxima were small and d i f f u s e . During the 

summer, under s i m i l a r t i d a l c o n d i t i o n s but much lower r u n - o f f , the peak 

of the t u r b i d i t y maximum migrated upstream w i t h s a l i n i t y and became 

much more pronounced and w e l l defined. Size minima coincident w i t h the 
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Figure 2.4 D a i l y r i v e r flow f o r the Tamar at Gunntalake. Values from May onwards were d e r i v e d , through 
r e g r e s s i o n a l a n a l y s i s , from the flow at P i l l a t o n M i l l on the Lynher. Data courtesy of the 
South West Water A u t h o r i t y . 
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Figure 2.5 P r o f i l e s of (a) suspended s o l i d s and (b) mean p a r t i c l e 
size measured at two day i n t e r v a l s over a spring-neap 
t i d a l c y c l e . 
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Figure 2.6 High water s l a c k - t i d e p r o f i l e s of (a) suspended s o l i d s and 
(b) mean p a r t i c l e size measured at i n t e r v a l s throughout a 
year. 
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t u r b i d i t y maximum were gene r a l l y much less d i s t i n c t during the winter 

(high r u n - o f f ) months than i n the summer (low r u n - o f f ) months. 

2 . 3 . 5 Development of an i n s i t u p a r t i c l e s i z i n g Instrument 

P r a c t i c a l experience w i t h the Malvern Instruments p a r t i c l e s i z e r 

and observations by other workers (Trent et a l . , 1978; Gibbs, 1 9 8 1 ; 

Gibbs and Konwar, 1982; Honjo et a l . , 198^1) suggested t h a t the 

c o l l e c t i o n of d i s c r e t e samples, whether by pumping or by using sample 

b o t t l e s , almost c e r t a i n l y caused d i s r u p t i o n of f r a g i l e aggregates and 

t h e r e f o r e s i z e d i s t r i b u t i o n measurements would be biased towards 

smaller p a r t i c l e s . I t was reasoned t h a t a w e l l designed submersible 

apparatus would avoid the d i s r u p t i o n t o f r a g i l e aggregates caused by 

sampling. The sedimentation of l a r g e r p a r t i c l e s i n d i s c r e t e samples 

would also be avoided. A p r o j e c t was t h e r e f o r e i n i t i a t e d t o develop a 

submersible version of the Malvern Instruments apparatus. 

This was achieved by c o n s t r u c t i n g two c y l i n d r i c a l pressure vessels 

which contained the laser source and detector assembly, r e s p e c t i v e l y . 

The two containers were held apart w i t h r i g i d s t e e l bars as shown i n 

Figure 2 . 7 and arranged such t h a t the c o l l i m a t e d laser beam emerged 

vi a an o p t i c a l window i n the c y l i n d e r end-plate t o i l l u m i n a t e the 

p a r t i c l e s i n the space between the c y l i n d e r s . The d i f f r a c t i o n p a t t e r n 

generated by these p a r t i c l e s was detected, v i a a second window, on the 

photo-diode array i n the opposite c y l i n d e r . Care was taken t o minimise 

the disturbance t o suspended p a r t i c l e s i n the v i c i n i t y of the o p t i c a l 

windows by s t r e a m l i n i n g a l l the components and ensuring, through the 

use of a d i r e c t i o n a l f i n , t h a t the windows remained p a r a l l e l t o the 

d i r e c t i o n of any current f l o w . Command s i g n a l s and a n a l y t i c a l 

i n f o r m a t i o n were t r a n s m i t t e d v i a m u l t i - c o r e cable between the 
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Figure 2.7 Plan and e l e v a t i o n of the prototype submersible p a r t i c l e s i z i n g apparatus showing the arrangement 
of the main components. 



submersible u n i t and the microcomputer used f o r data processing and 

storage on the s h i p . A f u l l e r t e c h n i c a l s p e c i f i c a t i o n and a 

d e s c r i p t i o n of the arrangement of t h i s apparatus are contained i n 

Appendix 3 (published work). 

2 , 3 , 6 I n - s l t u s i z e measurements compared w i t h d i s c r e t e samples 

A l i m i t e d number of i n - s i t u measurements obtained during t r i a l s of 

the submersible instrument are a v a i l a b l e t o date. An example 

comparing size d i s t r i b u t i o n s measured using the submersible instrument 

w i t h measurements undertaken on d i s c r e t e samples drawn from the same 

depth i s shown i n Figure 2 . 8 . At each s t a t i o n the bulk of the 

p a r t i c l e s (expressed as percent by weight) measured i n - s i t u were 

recorded I n the three l a r g e s t s i z e bands covering the range 3 7 . 6 - l 8 8 y m . 

The t r u n c a t i o n of the s i z e d i s t r i b u t i o n s i n d i c a t e d the presence of even 

l a r g e r p a r t i c l e s . I n c o n t r a s t , the size measurements undertaken on 

d i s c r e t e samples showed c o n s i s t e n t l y broader d i s t r i b u t i o n s w i t h more of 

the sample weight l o c a t e d i n the smaller s i z e bands. Median sizes 

ranged from 60\im i n the marine sample t o I6ym at I ^ ^ / Q Q , These values 

are broadly c o n s i s t e n t w i t h the measurements of d i s c r e t e samples, 

obtained p r e v i o u s l y w i t h t h i s Instrument (Section 2 . 3 . 4 ) . 

C l e a r l y , the methods used t o c o l l e c t d i s c r e t e samples f o r s i z e 

a n a l y s i s i n t h i s work and, presumably i n other s t u d i e s , p h y s i c a l l y 

reduced l o o s e l y aggregated p a r t i c l e s t o smaller components. This 

im p l i e d t h a t the data reported e a r l i e r (Section 2 . 3 - 4 ) s i g n i f i c a n t l y 

underestimated the s i z e o f suspended p a r t i c l e s throughout most of the 

estuary. The data obtained by d i s c r e t e sampling i n the t u r b i d i t y 

maximum, however, may be acceptable since the in s i t u instrument also 

measured smaller p a r t i c l e s i n t h a t r e g i o n . 
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Figure 2.8 Comparisons of p a r t i c l e s i z e d i s t r i b u t i o n s i n the Tamar 
Estuary obtained using the submersible instrument w i t h 
d i s t r i b u t i o n s obtained f o r d i s c r e t e samples taken from the 
same depth by pumping. 
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2>3'7 Discussion: p a r t i c l e s i z e minima i n the t u r b i d i t y maximum 

What are the processes t h a t can give r i s e t o a predominance of 

small p a r t i c l e s at the core of the t u r b i d i t y maximum? This data would 

suggest t h a t the process of t i d a l pumping which generates the t u r b i d i t y 

maximum must be p a r t i c l e s e l e c t i v e and e f f e c t i v e l y acummulates a 

narrow range of p a r t i c l e s which are s m a l l / l i g h t enough t o be mobilised 

by t i d a l currents but which are s u f f i c i e n t l y heavy t o experience some 

r e t e n t i o n due t o sedimentation at slack water and which, In a d d i t i o n , 

are less r e a d i l y mobilised on the ebb than on the f l o o d due t o the 

ebb/flood current asymmetry. This would be consistent w i t h the 

observations undertaken during periods of a c t i v e sediment m o b i l i s a t i o n 

(as on A p r i l 20th, Figure 2.3) where, although the mean size increased 

s l i g h t l y over the slack water s i t u a t i o n , the s t r u c t u r e of the s i z e 

minimum was r e t a i n e d . This would not be the case i f considerably 

l a r g e r p a r t i c l e s were being mobilised even considering the d i l u t i o n 

e f f e c t o f the e x i s t i n g suspended p a r t i c l e s . Another f a c t o r can be 

added t o these s e l e c t i v e processes; Odd and Owen (1972) observed t h a t 

sedimentation rates were d i r e c t l y p r o p o r t i o n a l t o the concentration of 

suspended p a r t i c l e s due t o the f l o c c u l a t i o n t h a t r e s u l t s from a higher 

incidence of c o l l i s i o n . Thus, i n the t u r b i d i t y maximum, small p a r t i c l e s 

which were mobilised d u r i n g the f l o o d t i d e may be sedimented more 

r a p i d l y than Stoke's s e t t l i n g would p r e d i c t and t h e r e f o r e more 

e f f e c t i v e l y r e t a i n e d w i t h i n the r e g i o n . Since the presence of f l o e s 

was not detected at the t u r b i d i t y maximum i t must be assumed they were 

too f r a g i l e t o be measured even w i t h i n - s l t u techniques. The 

r e l a t i o n s h i p between s e t t l i n g r a t e s and p a r t i c l e sizes r e q u i r e d t o 

account f o r the r e t e n t i o n of p a r t i c l e s w i t h i n t h i s p a r t i c u l a r 

hydrodynamic region are examined l a t e r i n t h i s Section. 
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2.^ SURFACE CHARGE 

2.M.I I n t r o d u c t i o n 

Many aspects of suspended p a r t i c l e behaviour and chemistry are 

dominated by e l e c t r o s t a t i c a t t r a c t i v e or r e p u l s i v e forces o c c u r r i n g 

between i n d i v i d u a l p a r t i c l e s of c o l l o i d a l dimensions or between 

suspended p a r t i c l e s and c o l l o i d a l m a t e r i a l s such as organic macro-

molecules (Van Olphen, 1963; Shaw, 1966). C o l l o i d a l f l o c c u l a t i o n , f o r 

example, has been invoked t o e x p l a i n i r o n removal i n est u a r i e s 

(Figueres e t a l ^ , 1978; Murray and G i l l , 1978; Moore et a l . , 1979) and 

the co-removal of humic compounds and trace metals ( S h o l k o v i t z , 1976; 

1978; S h o l k o v i t z and Copeland, 1980). S i m i l a r l y , the a s s o c i a t i o n of 

organic molecules w i t h p a r t i c l e surfaces i n n a t u r a l waters (Neihof and 

Loeb, 1972, 197^; Readman et a l . , 1982; Davis, 1982) i s also a charge 

dominated processes. Determination of the surface charge of n a t u r a l 

p a r t i c l e s should, t h e r e f o r e , prove valuable i n the p r e d i c t i o n and 

i n t e r p r e t a t i o n of heterogeneous estuarine processes. 

2,H.2 Apparatus and methods 

Determinations of surface charge were c a r r i e d out on d i s c r e t e 

samples c o l l e c t e d d u r i n g the r o u t i n e surveys (Appendix 1) using a Rank 

Mk I I micro-e l e c t r o p h o r e s i s apparatus. The method and procedures 

described by Hunter and L l s s (1982) were used. The e l e c t r o p h o r e t i c 

apparatus consisted of a rectangular s e c t i o n (O.̂ lmm by ̂ I.Omm) quartz 

viewing c e l l r i g i d l y supported i n a thermostatted water bath set at 

25°C. P a r t i c l e s w i t h i n the c e l l were viewed using a binoc u l a r 

microscope ( m a g n i f i c a t i o n 200x) which was focussed through an o p t i c a l 

window i n the side of the water bath (Figure 2.9a). Dark f i e l d 
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i l l u m i n a t i o n was employed. An accurately measured D.C. voltage a p p l i e d 

between r e v e r s i b l e Ag/AgCl electrodes located i n chambers at each end 

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

were measured using a c a l i b r a t e d eye^-piece g r a t i c u l e and an e l e c t r o n i c 

t i m e r . The p o t e n t i a l r e q u ired t o provide s u i t a b l e m i g r a t i o n r a t e s 

depended on the c o n d u c t i v i t y of the suspending medium but f e l l i n the 

range 20-lOOV f o r es t u a r i n e samples. 

E l e c t r o p h o r e t i c measurements are complicated by electro-osmosis, 

i n which e l e c t r o l y t e w i t h i n the c e l l migrates r e l a t i v e t o the c e l l 

faces i n an applied f i e l d . I n the rectangular c e l l , e l e c t r o l y t e 

t r a n s p o r t adjacent t o the f r o n t and rear w a l l s of the c e l l i s balanced 

by a counter-flow along the c e n t r a l a x i s o f the c e l l (Figure 2.9b). To 

obt a i n r e p r o d u c i b l e e l e c t r o p h o r e t i c m o b i l i t i e s , p a r t i c l e s must be 

viewed at t h e , s o - c a l l e d , s t a t i o n a r y l e v e l s t h a t occur at the 

boundaries between the co n t r a n f l o w i n g bands of e l e c t r o l y t e . The 

p o s i t i o n s of the s t a t i o n a r y l e v e l s can be determined experimentally or 

by c a l c u l a t i o n (Bangham et a l . , 1958) using the formula: 

s/d = 0.500 - [ 0.0833 + 32d/ h i i ^ ] 

where s i s the depth of the s t a t i o n a r y l e v e l , d i s the depth and h the 

height of the rectangular c e l l . Both methods were used i n t h i s study 

and gave equivalent r e s u l t s (Figure 2.10). 

Samples were c o l l e c t e d i n one l i t r e glass b o t t l e s which had been 

r i g o r o u s l y cleaned w i t h chromic a c i d and r i n s e d w i t h deionized water 

and were stored p r i o r t o a n a l y s i s i n the dark at 4°C to minimize 

b i o l o g i c a l a c t i v i t y . A sub-sample o f p a r t i c l e s concentrated by 

sedimentation w i t h i n the sample b o t t l e during storage was withdrawn 
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u s i n g a g l a s s p i p e t t e and r e d i s p e r s e d i n s u f f i c i e n t o f t h e sample 

l i q u i d t o p r o v i d e a s u i t a b l e d e n s i t y f o r o b s e r v a t i o n . The s u s p e n s i o n 

was b r o u g h t t o t h e r m a l e q u i l i b r i u m w i t h t h e v i e w i n g c e l l i n a s e p a r a t e 

w a t e r b a t h and t h e n b r i e f l y u l t r a s o n i c a t e d ( 2 - 3 s e c o n d s ) t o d i s s o c i a t e 

f l o e s p r i o r t o r i n s i n g and f i l l i n g t h e v i e w i n g c e l l . For each s a m p l e , 

measurements were o b t a i n e d f o r 10 p a r t i c l e s a t b o t h s t a t i o n a r y l e v e l s 

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

E l e c t r o p h o r e t i c m o b i l i t y U ^ , was c a l c u l a t e d u s i n g : 

where v i s t h e m i g r a t i o n r a t e i n m sec ^ and e i s t h e f i e l d s t r e n g t h i n 

V m~^. 

2 . ^ . 3 R e s u l t s 

A n a l y s i s o f up t o 10 r e p l i c a t e samples were c a r r i e d o u t on s e v e r a l 

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

s a m p l i n g and a n a l y t i c a l p r e c i s i o n » were c a l c u l a t e d ; t h e s e v a l u e s were 

p l o t t e d as e r r o r ba r s where a p p r o p r i a t e . Two s e t s o f 10 r e p l i c a t e 

samples c o l l e c t e d i n December were a n a l y s e d o v e r a 10 day p e r i o d . The 

r e s u l t s ( F i g u r e 2 . 1 1 ) showed t h a t no s i g n i f i c a n t change i n 

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

1 week . 

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

suspended p a r t i c l e s i n t h e Tamar e s t u a r y were o b t a i n e d f r o m s i x s u r v e y s 

d u r i n g 1982 ( A p p e n d i x 1 ) . The s a l i n i t y r e l a t i o n s h i p s f o r t h e s i x 

s u r v e y s a r e d e p i c t e d I n F i g u r e 2 . 1 2 . The m a j o r f e a t u r e s i n t h e 

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

v e r y s i m i l a r t h r o u g h o u t t h e y e a r . F r e s h w a t e r v a l u e s a p p a r e n t l y 
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r anged f r o m - 0 . 9 t o - 1 . 7 x 10 '^m^v '^sec"^ and f e l l s h a r p l y t o - 0 . 8 t o 

_o 2 ~ 1 ~ 1 
- 1 . 0 x 1 0 m V sec , a t 2-3*'/oo s a l i n i t y and t h e n more g r a d u a l l y t o 

—ft ? — 1 — 1 

v a l u e s o f - 0 . 6 t o - 0 . 7 x 1 0 m V ' sec a t 3 0 ° / o o s a l i n i t y . 

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

d i s t a n c e a l o n g t h e e s t u a r y ( F i g u r e 2 . 1 3 ) p r o v i d e d a d d i t i o n a l 

i n f o r m a t i o n and a l s o showed more v a r i a t i o n between s u r v e y s t h a n was 

a p p a r e n t p r e v i o u s l y . T h i s was p r i n c i p a l l y due t o t h e b e t t e r r e s o l u t i o n 

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

t e c h n i q u e . Va lues o b t a i n e d i n t h e f r e s h w a t e r f e l l i n t h e range - 1 . 0 

t o - 1 . 2 x 1 0 m V sec . w h i c h i s a l o w e r and n a r r o w e r r ange t h a n t h e 

s a l i n i t y / m o b i l i t y r e l a t i o n s h i p s s u g g e s t e d . A maximum i n n e g a t i v e 

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

w a t e r i n t e r p h a s e a t o r a b o u t s p r i n g t i d e s b u t t h i s f e a t u r e d i m i n i s h e d 

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

2 . ^ . ^ D i s c u s s i o n and c o n c l u s i o n s 

The e l e c t r o p h o r e t i c m o b i l i t i e s measured i n t h i s s t u d y were 

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

H u n t e r and L i s s ( 1 9 7 9 , 1 9 8 2 ) . The na r row range o f n e g a t i v e charges a t 

s a l i n i t i e s g r e a t e r t h a n 2-3*'/oo s u p p o r t t he h y p o t h e s i s t h a t t h e 

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

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

s u b s t a n c e s ( N e i h o f and L o e b , 1972 , 197^*; H u n t e r and L i s s , 1979, 1 9 8 2 ) . 

The measurement o f e l e c t r o p h o r e t i c m o b i l i t y c l e a r l y r e f l e c t s t he cha rge 

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

p a r t i c l e s u r f a c e . Removal o f t he o r g a n i c c o a t i n g f r o m n a t u r a l 

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

cha rges (Lode r and L i s s , 1 9 8 5 ) . 

5iJ 



1.5 

1.0 

0.5 

8 Feb 82 
spring - 2 boh 

boh 

10 

20 Apr 82 (1245-1400hr) 
spring - 5 

1% 
• • >\> '*. It 

200 

100 

15 Jun 82 
spring - 7 

6 Aug 82 
|\ spring 
I I 

200 S 

® l.5h 

1.0 

o.sr 

13 Oct 82 
spring - 4 

boh 

7 Dec 82 
spring • 5 

20 30^0 10 
distance from weir (km) 

200 

100 

F i g u r e 2 .13 The d i s t r i b u t i o n o f p a r t i c l e e l e c t r o p h o r e t i c m o b i l i t y ( • ) 

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

as a s o l i d l i n e and suspended s o l i d s as a b r oken l i n e . 
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The r a p i d r e d u c t i o n i n n e g a t i v e e l e c t r o p h o r e t i c m o b i l i t y a t l o w 

s a l i n i t i e s was c o n s i s t e n t w i t h t h e d a t a o f H u n t e r and L i s s ( 1979 ) f o r 

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

2+ 

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

cha rge i n t h i s l o c a l i s e d r e g i o n o f t he e s t u a r y was due t o t h e 

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

h a r d w a t e r r i v e r s a r e a l r e a d y e q u i l i b r a t e d w i t h t h e s e c a t i o n s and do 

n o t show t h i s change w i t h i n i t i a l i n c r e a s e s i n s a l i n i t y . 

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

p r e sence o f o r g a n i c c o a t i n g s on n a t u r a l p a r t i c l e s , i t s h o u l d n o t be 

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

i n h e r e n t l y i n o r g a n i c h e t e r o g e n e o u s p r o c e s s e s i n e s t u a r i e s such as t h e 

r e m o v a l o f a l u m i n i u m a t l o w s a l i n i t i e s (Hydes and L l s s , 1977; M o r r i s e t 

a l , , 1986a) and manganese ( M o r r i s and B a l e , 1979; M o r r i s e t a l . , 1982a) 

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

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

c o u r s e , humic s u b s t a n c e s t h e m s e l v e s possess a s i g n i f i c a n t c a p a c i t y t o 

a d s o r b m e t a l i o n s , p a r t i c u l a r l y coppe r (Reimer and T o t h , 1970; 

M a n t o u r a , 1 9 7 6 ) . The e x t e n t t o w h i c h o r g a n i c m a c r o m o l e c u l e s c o n t r i b u t e 

t o t h e r e a c t i v i t y and b e h a v i o u r o f suspended p a r t i c l e s r e m a i n s an 

i m p o r t a n t q u e s t i o n . 

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

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

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

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

He te rogeneous c h e m i c a l changes canno t be I n v o k e d s i n c e t r a n s i e n t 

changes i n t h e s u r f a c e c h a r a c t e r i s t i c s o f t he p a r t i c l e p o p u l a t i o n by 

56 



t h e a d s o r p t i o n o f , f o r e x a m p l e , h y d r o u s m e t a l o x i d e s (Hydes and L i s s , 

1977; M o r r i s e t a l . , l 9 8 2 a ) s h o u l d be masked by t h e a d s o r p t i o n o f 

d i s s o l v e d o r g a n i c m a t e r i a l ( N e i h o f and L o e b , 1972; 197^) f r o m t h e 

sample d u r i n g s t o r a g e p r i o r t o t h e a n a l y s e s . R e l a t i o n s h i p s between 

p a r t i c l e s i z e and e l e c t r o p h o r e t i c m o b i l i t y have n o t been i n v e s t i g a t e d 

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

s u g g e s t s t h e r e i s b o t h an upper and l o w e r l i m i t t o the s i z e o f 

p a r t i c l e s t h a t can be o b s e r v e d w i t h i n t h e e l e c t r o p h o r e t i c c e l l . I n t h e 

case where t he s i z e d i s t r i b u t i o n o f t he p a r t i c l e p o p u l a t i o n s w i t h i n a 

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

v a l u e s may be i n f l u e n c e d . 

Hun te r and L i s s (1979) c o n c l u d e d t h a t t h e u n i f o r m e l e c t r o k i n e t i c 

cha rge on n a t u r a l p a r t i c l e s a r i s i n g f r o m the p resence o f o r g a n i c 

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

m i n e r a l f l o c c u l a t i o n I n e s t u a r i e s . However , f l o c c u l a t i o n o f i r o n 

m i c r o c o l l o i d s w i t h i n c r e a s i n g i o n i c s t r e n g t h ( F i g u e r e s e t a l . , 1978; 

Moore e t a l . , 1979; and s i n c e t h e s t a r t o f t h i s w o r k , D u f f y , 1985) has 

been shown t o b r i n g a b o u t t h e r e m o v a l o f r i v e r i n e i r o n i n t h e l o w 

s a l i n i t y r e g i o n o f e s t u a r i e s so t h i s h y p o t h e s i s i s no t u n i v e r s a l l y 

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

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

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

s i z e t h r o u g h a g g r e g a t i o n , where e l e c t r o k i n e t i c p rocesses a re n o t t h e 

m a j o r i n f l u e n c e c o n t r o l l i n g t h e i r i n t e r a c t i v e b e h a v i o u r . T h i s i s 

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

m i c r o n ) d i m e n s i o n s . 
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2. 5 CARBON CONTENT 

2. 5. 1 I n t r o d u c t i o n 

The o r g a n i c c o n t e n t o f e s t u a r i n e , suspended , p a r t i c u l a t e m a t e r i a l 

p r o v i d e s i n f o r m a t i o n on i t s p rovenance and p h y s i c a l p r o p e r t i e s a n d , I f 

i n s i t u p r o d u c t i o n and r e s p i r a t i o n p rocesses can be i n t e r p r e t e d , an 

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

1981; M o r r i s e t a l . , 1982c ) . T h i s s e c t i o n d e s c r i b e s t h e c a r b o n a n a l y s e s 

t h a t have been u n d e r t a k e n and t h e i r i n t e r p r e t a t i o n . 

2 . 5 . 2 A p p a r a t u s and methods 

The t o t a l c a r b o n c o n t e n t o f suspended s o l i d s samples c o l l e c t e d 

d u r i n g r o u t i n e s u r v e y s o f t h e Tamar e s t u a r y ( A p p e n d i x 1) were 

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

( C a r l o Erba Model 1106) , Sample c o m b u s t i o n , w i t h i n t h i s i n s t r u m e n t , 

t a k e s p l a c e i n a h i g h l y o x i d i s i n g e n v i r o n m e n t . The c o m b u s t i o n p r o d u c t s 

a r e s u b s e q u e n t l y r e d u c e d t o n i t r o g e n , h y d r o g e n and c a r b o n d i o x i d e o v e r 

h o t copper m e t a l , s e p a r a t e d c h r o m a t o g r a p h l c a l l y and q u a n t i f i e d u s i n g a 

" h o t - w i r e " d e t e c t o r . The d e t e c t o r r e s p o n s e was c a l i b r a t e d by a n a l y s i n g 

a c c u r a t e l y w e i g h e d , m i c r o - g r a m q u a n t i t i e s o f u l t r a pu re a c e t a n i l i d e . 

Samples were c o l l e c t e d by vacuum f i l t e r i n g known volumes o f 

e s t u a r i n e w a t e r (200-IOOOmjl) t h r o u g h p r e - w e i g h e d , ashed (12 h o u r s a t 

^50°C), g l a s s - f i b r e f i l t e r pads (Whatman GF/C) . The f i l t e r pads were 

r i n s e d w i t h d e i o n i z e d w a t e r on t h e f i l t e r u n i t t o remove s a l t and 

s t o r e d , deep f r o z e n ( - 2 0 ° C ) , i n a l u m i n i u m f o i l e n v e l o p e s . When 

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

(110 °C) and t h e i r p a r t i c u l a t e l o a d d e t e r m i n e d . 
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U s i n g a l e a t h e r p u n c h , s m a l l d i s c s were removed f r o m the c e n t r a l 

p o r t i o n o f t h e f i l t e r pad ; t h e s e were f o l d e d and p l a c e d i n t i n c a p s u l e s 

f o r a n a l y s i s . B l a n k d e t e r m i n a t i o n s o f t he f i l t e r m a t e r i a l were 

p e r f o r m e d on d i s c s c u t f r o m t h e b o r d e r s o f t h e f i l t e r pads . The 

f r a c t i o n o f t h e ' f i l t e r e d sample a n a l y s e d on a punched d i s c was 

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

f i l t e r f r o m measurements made w i t h a t r a v e l l i n g m i c r o s c o p e . 

2 . 5 . 3 R e s u l t s 

A l l a n a l y s e s were c a r r i e d o u t i n d u p l i c a t e and the r e s u l t s 

a v e r a g e d . A n a l y s e s o f f i v e d i s c s f r o m t h e same f i l t e r gave a mean and 

s t a n d a r d d e v i a t i o n o f 31 .95ug and 1 . 6 3 y g , r e s p e c t i v e l y . T o t a l 

p a r t i c u l a t e c a r b o n , e x p r e s s e d as a p e r c e n t a g e o f t h e p a r t i c u l a t e w e i ^ t 

f o r t h e s i x ' s u r v e y s a r e shown p l o t t e d a g a i n s t t h e c o r r e s p o n d i n g 

p a r t i c l e c o n c e n t r a t i o n s i n F i g u r e 2 . 1 4 . 

A p a r t f r o m December , when t h e c a r b o n c o n t e n t s o f t h e m a t e r i a l f r o m 

r e g i o n s o f medium t o h i g h suspended p a r t i c l e c o n c e n t r a t i o n ( 1 0 - 1 0 0 and 

100-IOOOmg 2,'̂ ? r e s p e c t i v e l y ) were l o w , each s u r v e y shows a b r o a d l y 

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

p a r t i c l e s . T o t a l c a r b o n v a l u e s a t t h e l o w e s t p a r t i c l e c o n c e n t r a t i o n s 

(< lOmg I }) i n June and A u g u s t were p a r t i c u l a r l y h i ^ , r e a c h i n g 25% by 

w e i g h t o f t h e t o t a l suspended l o a d . The m a j o r i t y o f r e s u l t s t h o u g h , 

f e l l i n t h e r ange o f 5-8SK c a r b o n c o r r e s p o n d i n g t o p a r t i c l e 

c o n c e n t r a t i o n s i n t h e r ange lOHloOmg 2, ^ . P a r t i c u l a t e m a t e r i a l 

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

low l e v e l s {^'5%) o f t o t a l c a r b o n o v e r t h e r ange lOO^SOOmg Jl '? . 

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

s e a s o n a l changes between t h e c o m p o s i t i o n o f t h e f r e s h and m a r i n e 
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endmembers. From O c t o b e r t h r o u g h t o A p r i l , and p a r t i c u l a r l y i n 

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

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

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

t h e wa sh -ou t o f t e r r i g e n o u s i n o r g a n i c p a r t i c l e s had i n c r e a s e d . Low 

c a r b o n c o m p o s i t i o n i n t h e r i v e r i n e p a r t i c l e s may have been t h e r e a s o n 

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

December bu t t h i s m i g h t a l s o r e f l e c t r e - w o r k i n g o f l o w - c a r b o n bed 

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

2 . 5 . ^ D i s c u s s i o n and c o n c l u s i o n s 

The a n a l y s i s o f p a r t i c u l a t e c a r b o n on punched d i s c s o f f i l t e r 

m a t e r i a l i s a r e l a t i v e l y q u i c k and s i m p l e t e c h n i q u e t h a t r e q u i r e s no 

sample w e i g h i n g . N i t r o g e n , t h o u g h a n a l y s e d , has no t been r e p o r t e d h e r e 

as doub t e x i s t s as t o t h e e f f i c i e n c y o f t he i n s t r u m e n t t o d e t e c t 

r e f r a c t o r y n i t r o g e n compounds. F r a c t i o n a t i o n o f t h e t o t a l c a r b o n i n t o 

n o m i n a l l y " o r g a n i c " and " i n o r g a n i c " c a r b o n was no t u n d e r t a k e n i n t h i s 

s t u d y . However , e a r l i e r w o r k i n t h i s e s t u a r y ( M o r r i s et a l . , 1982c; 

F i g u r e 2 . 1 5 ) has shown t h a t , i n a summer s t u d y , t h e o r g a n i c f r a c t i o n o f 

t he t o t a l c a r b o n ranges f r o m 50% i n t h e t u r b i d i t y maximum t o 80 -90$ i n 

t h e low t u r b i d i t y , more p r o d u c t i v e , r e g i o n s o f t he e s t u a r y . The 

l i m i t e d l i g h t p e n e t r a t i o n i n t h e t u r b i d i t y maximum presumab ly m i n i m i s e s 

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

c o n t e n t s . N e v e r t h e l e s s , l i v i n g c e l l s and b i o g e n i c d e b r i s d e r i v e d f r o m 

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

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

maximum t h r o u g h t i d a l pumping ( U n c l e s e t a l . , 1 9 8 5 ) . I n t h i s c a s e , t h e 

low c a r b o n c o n t e n t s o f p a r t i c l e s c o m p r i s i n g t h e t u r b i d i t y maximum and 
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F i g u r e 2 .15 The r e l a t i v e p r o p o r t i o n s o f o r g a n i c and i n o r g a n i c c a r b o n 

t h a t make up t h e t o t a l p a r t i c u l a t e c a r b o n i n t h e Tamar 

E s t u a r y ( t a k e n f r o m M o r r i s e t a l . , 1 9 8 2 ) . 
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t h e i r r e l a t i v e l y l ow o r g a n i c f r a c t i o n i n d i c a t e t h a t t he t u r b i d i t y 

maximum i s a s i t e o f ne t r e s p i r a t i o n . T h i s i s c o n s i s t e n t w i t h 

d i s t r i b u t i o n s o f d i s s o l v e d oxygen w h i c h show marked u n d e r - s a t u r a t i o n 

c o i n c i d e n t w i t h t h e t u r b i d i t y maximum ( M o r r i s _et a l . , I 9 8 2 b ) and w i t h 

d i s t r i b u t i o n s o f ammonia (Knox e t a l . , I 9 8 l ) w h i c h max imi se i n t h e same 

r e g i o n . Owens (1986 ) has d e m o n s t r a t e d t h a t n i t r i f i c a t i o n by ammonia 

o x i d i s i n g b a c t e r i a m a x i m i s e s i n t h e t u r b i d i t y maximum. From t h e s e 

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

a t t a c h m e n t t o p a r t i c l e s t h a t e n a b l e s them t o m a i n t a i n t h e i r numbers 

w i t h i n t h e t u r b i d i t y maximum a g a i n s t t he r e s i d u a l seaward t r a n s p o r t o f 

w a t e r . T h i s i s c o n t e s t e d by C l a r k and J o i n t (1986) who p r e s e n t v i s u a l 

e v i d e n c e t o t h e e f f e c t t h a t f r e e - l i v i n g b a c t e r i a p r e d o m i n a t e . However , 

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

and f l u s h i n g t i m e s f o r t h e upper 5km o f t he Tamar r ange f r o m 0 . 1 - 1 . 0 

day ( S e c t i o n 1 .3) t h e r e must be a mechanism a c t i n g t o m a i n t a i n 

b a c t e r i a l numbers w i t h i n t h e t u r b i d i t y maximum. 

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

m a t e r i a l i s abundant s u g g e s t t h a t t h e i r o r g a n i c c o n t e n t s can be g r e a t e r 

t h a n 50% and t h a t o r g a n i c c o n t e n t i s a p r i m e f a c t o r i n f l u e n c i n g t h e 

f o r m a t i o n , r e l a t i v e s t a b i l i t y and b e h a v i o u r o f f l o e s ( W i l c o x - S i l v e r e t 

a l . , 1978; Shanks and T r e n t , 1979; Kranck and M i l l i g a n , 1 9 8 0 ) . The 

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

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

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

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

c o n c e n t r a t i o n s , as d e m o n s t r a t e d by Odd and Owen ( 1 9 7 2 ) , t h e chances o f 

l o n g t e r m p a r t i c l e a d h e s i o n and subsequen t deve lopmen t o f s t a b l e 

a g g r e g a t e s i n t h e t u r b i d i t y maximum may be l i m i t e d by a v a i l a b l e o r g a n i c 
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m a t e r i a l . Low o r g a n i c c o n t e n t s and t h e r e f o r e r e d u c e d c o h e s i o n w o u l d 

a l s o r e n d e r bed m a t e r i a l more e a s i l y m o b i l i s e d d u r i n g p e r i o d s o f 

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

2 . 6 EXAMINATION BY SCANNING ELECTRON MICROSCOPY 

2 . 6 . 1 I n t r o d u c t i o n 

V i s u a l e x a m i n a t i o n o f e s t u a r i n e suspended p a r t i c l e s was u n d e r t a k e n 

u s i n g s c a n n i n g e l e c t r o n m i c r o s c o p y (SEM). L i m i t e d access t o t h e 

m i c r o s c o p e and the l a b o r i o u s n a t u r e o f m i c r o s c o p i c e x a m i n a t i o n s , w h i c h 

r e q u i r e many f i e l d s o f v i e w t o be o b s e r v e d i n o r d e r t o o b t a i n 

s t a t l s i c a l l y r e l i a b l e d a t a , p r e c l u d e d a s y s t e m a t i c s t u d y . 

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

m o r p h o l o g y , s i z e and c o m p o s i t i o n o f e s t u a r i n e p a r t i c l e s , 

2. 6. 2 Methods 

E s t u a r i n e w a t e r samples (25mS,) were o b t a i n e d f r o m s t a t i o n s 

t h r o u g h o u t t h e e s t u a r y d u r i n g the a x i a l p r o f i l e s o f t h e Tamar ( A p p e n d i x 

1) and were p r e s e r v e d by t h e a d d i t i o n o f g l u t a r a l d e h y d e (BDH C h e m i c a l s , 

s p e c i a l f o r m i c r o s c o p y ) a t a f i n a l c o n c e n t r a t i o n o f 1^ by vo lume . I n 

t h e l a b o r a t o r y , s u f f i c i e n t sample was f i l t e r e d o n t o a 0.45Mm p o r e - s i z e 

M i l l i p o r e membrane ( 0 . ^̂ pm p o r e - s i z e d N u c l e p o r e membranes were a l s o 

used) t o p roduce a u n i f o r m c o v e r i n g o f p a r t i c l e s w i t h o u t s i g n i f i c a n t 

o v e r l a y i n g . The pape r s were t h e n r i n s e d w i t h d e l o n i s e d w a t e r t o remove 

s a l t and a i r - d r i e d under a l ow power i n f r a - r e d l a m p , a f t e r w h i c h a 

s m a l l s e c t i o n o f each f i l t e r ( a p p r o x i m a t e l y I cm^ ) was removed w i t h a 

s c a l p e l and a t t a c h e d t o a s i m i l a r s i z e d p i e c e o f d o u b l e - s i d e d a d h e s i v e 

t a p e . A 4mm d i a m e t e r d i s c was punched t h r o u g h b o t h l a y e r s , f i r m l y 
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anchoring the f i l t e r t o the tape i n the process, and the disc was stuck 

on t o a standard microscope stub. Earthing between the sample and the 

stub was ensured w i t h a drop of m e t a l l i c paint placed on the edge of 

the sample. A f t e r t h i s had d r i e d , the stub and sample were p l a t e d w i t h 

gold t o a thickness of 15nm i n a Polaron E1500 vacuum coating u n i t . 

The samples were examined using a Jeol JSM-35C microscope at various 

m a g n i f i c a t i o n s up t o 3000 times. 

2.6 .3 Observations and conclusions 

Throughout the estuary, i n c l u d i n g the t u r b i d i t y maximum, the 

m a t e r i a l comprising the suspended p a r t i c l e population was h i g h l y v a r i e d 

and no s p a t i a l compositional trends could be detected. Likewise, 

compositional d i f f e r e n c e between w i n t e r ( P l a t e 2.1) and summer samples 

(P l a t e 2.2) could not be discerned. Although there was no attempt t o 

siz e or q u a n t i f y the p a r t i c l e s i n these samples, i t appeared 

q u a l i t a t i v e l y , t h a t there were no major d i f f e r e n c e s i n the s i z e 

d i s t r i b u t i o n s between p a r t i c l e s comprising the t u r b i d i t y maximum and 

those from elsewhere i n the estuary. The l a r g e s t p a r t i c l e s observed 

throughout the estuary were faecal p e l l e t s . These occured i n varying 

degrees of fragmentation and ranged i n s i z e from 20-80ym i n diameter. 

This range was comparable w i t h measurements by laser d i f f r a c t i o n on 

d i s c r e t e samples through the bulk of the estuary (Section 2 . 3 ) . The 

r e s t of the m a t e r i a l consisted mainly of d i s c r e t e primary p a r t i c l e s of 

around 5-lOym although a few p a r t i c l e s of up t o 20pm were seen. This 

range of sizes also seemed t y p i c a l of component p a r t i c l e s incorporated 

i n t o p e l l e t s and was t y p i c a l of the sizes measured i n the t u r b i d i t y 

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

Most of the d i s c r e t e p a r t i c l e s appeared t o be mineral grains of 
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Plate 2 . 1 Electron micrographs of suspended p a r t i c l e s from the Tamar Estuary c o l l e c t e d during a winter 

( 8 . 2 . 8 2 ) a x i a l p r o f i l e . M a g n i f i c a t i o n x 2 0 0 . 

Photomicrograph 
0 0 3 9 

Freshwater, suspended s o l i d s 
10.4 mg l'^ 

Photomicrograph 
0 0 5 6 

S a l i n i t y O.lVoo suspended 
s o l i d s 63 mg S,~̂  ( t u r b i d i t y 
maximum). 

Photomicrograph 
0 0 5 8 

S a l i n i t y 7 , 5 7 o o , suspended 
s o l i d s 36.4 mg i 

Photomicrograph 
0 0 5 7 

S a l i n i t y 1 7 . 3 7 o o » suspended 
s o l i d s 3 3 . 6 mg Z~ 





Plate 2 , 2 Electron micrographs of suspended p a r t i c l e s from the Tamar Estuary c o l l e c t e d during a summer 

( 6 . 8 . 8 2 ) a x i a l p r o f i l e . M a g n i f i c a t i o n x 2 0 0 . 

Photomicrograph 
0 0 3 0 

Freshwater, suspended s o l i d s 
5 mg il . 

Photomicrograph 
0 0 2 9 

S a l i n i t y 0 . l 7 o o > suspended 
s o l i d s 2 4 5 mg ( t u r b i d i t y 
maximum). 

Photomicrograph 
0 0 5 0 

S a l i n i t y 1 0 . 3 7 o o , suspended 
s o l i d s 14 mg . 

Photomicrograph 
0 0 4 1 

S a l i n i t y 3 0 . 7 7 o o , suspended 
s o l i d s 7 . 0 mg ( s a l t 
c r y s t a l s apparent). 
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e i t h e r quartz or clay p l a t e l e t types. At higher m a g n i f i c a t i o n (Plates 

2.3 and 2. ^ 4 ) , i t was evident t h a t some of these p a r t i c l e s were of very 

small size (<1.0pm) and were trapped w i t h i n the matrix o f the f i l t e r 

membrane. C l e a r l y , many of the primary p a r t i c l e s had r e s u l t e d from 

n a t u r a l fragmentation of diatom f r u s t u l e s and from fragmentation during 

c o l l e c t i o n as shown by the diatom i n p i c t u r e OOO3. There was no 

evidence of the much l a r g e r f r a g i l e aggregates observed w i t h the i n -

s i t u p a r t i c l e s i z e r but these samples had al s o been subject t o the 

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

A s t r i k i n g f e a t u r e of these p i c t u r e s was the large number of 

p a r t i c l e s of biogenic o r i g i n . I n a d d i t i o n t o f a e c a l p e l l e t s a large 

number of the t o t a l p a r t i c l e s were pennate benthic diatoms p r i n c i p a l l y 

of the genus Navicula although, o c c a s i o n a l l y , c e n t r i c diatoms were 

also observed. I n a d d i t i o n , large numbers of d i s c r e t e p a r t i c l e s were 

obviously fragments of diatom f r u s t u l e s and many of these had been 

incorporated i n t o f a e c a l p e l l e t s . Other non-mineral p a r t i c l e s were 

probably r e f r a c t o r y organic debris and, i n some p i c t u r e s , f i b r o u s 

m a t e r i a l , probably of plant o r i g i n , was d i s c e r n i b l e . 

Very few unshielded c e l l s were observed, those t h a t were v i s i b l e 

had collapsed. Bacteria were also scarce which suggested t h a t the 

dehydration technique used i n the preparation of these samples was 

unsuited t o the preservation of d e l i c a t e b i o l o g i c a l m a t e r i a l . This 

almost c e r t a i n l y explains why there was l i t t l e evidence o f seasonal or 

s p a t i a l v a r i a b i l i t y i n the composition of the p a r t i c l e p o p u l a t i o n . 

Presumably t h i s also accounts f o r the lack o f v i s u a l evidence f o r 

organic f i l m s associated w i t h the p a r t i c l e surfaces. 

70 



Plate 2.3 E l e c t r o n micrographs of suspended p a r t i c l e s from the t u r b i d i t y 

maximum seen under i n c r e a s i n g m a g n i f i c a t i o n . 

Photomicrograph 

0005 

A h e a v i l y loaded f i l t e r paper i l l u s t r a t e s the range of 

p a r t i c l e types and the wide spectrum of siz e s . The 

impact of the b i o t a i s c l e a r l y evident. M a g n i f i c a t i o n 

X 300. 

Photomicrograph 

0010 

At higher m a g n i f i c a t i o n (x 3000), the component 

p a r t i c l e s of faecal p e l l e t s are c l e a r l y v i s i b l e 

Clay p l a t e l e t s c o n s t i t u t e the m a j o r i t y of the 

component p a r t i c l e s . 

^1 
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Plate 2.4 E l e c t r o n micrographs of suspended p a r t i c l e s from the t u r b i d i t y 

maximum 

Photomicrograph 

0014 

At t h i s m a g n i f i c a t i o n (x 3600), the number of 

p a r t i c l e s which can be seen per f i e l d of view are 

s a c r i f i c e d f o r high r e s o l u t i o n . This p l a t e shows 

d i s c r e t e mineral grains as we l l as sub-micron 

p a r t i c l e s trapped i n the f i l t e r m a t r i x . 

Photomicrograph 

0003 

Shows the i n t r i c a t e and a t t r a c t i v e s t r u c t u r e of a 

diatom f r u s t u l e but i l l u s t r a t e s the p o t e n t i a l f o r 

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

s t r u c t u r e s during sampling. 

•̂ 3 
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2.7 EFFECnVE DENSITY DETERMINATIONS AND AGGREGATE COMPOSITION 

2.7.1 Density from Stoke's s e t t l i n g : I n t r o d u c t i o n 

S e t t l i n g can be employed, In conju n c t i o n w i t h Stoke's Law, to 

provide p a r t i c l e s i z e i n f o r m a t i o n . This method forms the basis o f the 

Andreasen p i p e t t e a n a l y s i s technique f o r determining p a r t i c l e s i z e 

(Lauer, 1966). Having the a b i l i t y to measure p a r t i c l e sizes 

independently of s e t t l i n g r a t e s , s e t t l i n g i n f o r m a t i o n was used to i n f e r 

e f f e c t i v e density values f o r estuarine p a r t i c l e s . 

2. 7. 2 Methods 

Estimates of density were obtained f o r a l i m i t e d number of samples 

using two s i m i l a r approaches. F i r s t l y , the size d i s t r i b u t i o n s of 

n a t u r a l suspensions were measured i n a magnetically s t i r r e d sample c e l l 

using the laser d i f f r a c t i o n apparatus. Afterwards, the s t i r r i n g was 

switched o f f and the s i z e d i s t r i b u t i o n s re-measured at s u i t a b l e 

i n t e r v a l s w h i l s t s e t t l i n g occurred w i t h i n the c e l l . The height o f f a l l 

from the top o f the c e l l to the bottom of the laser beam was 2.5cm. 

The second approach used the estuary as the s e t t l i n g chamber. On 

occasions when p a r t i c l e sizes had been measured i n the estuary before 

and during slack water, the re d u c t i o n i n mean p a r t i c l e s i z e over slack 

water was i n t e r p r e t e d as p r e f e r e n t i a l s e t t l i n g of the larg e r p a r t i c l e s 

through a depth o f at l e a s t 0.5m (the depth a t which the sampling pump 

i n l e t was s e t ) i n the time i n t e r v a l between the observations. No 

attempt to introduce f a c t o r s f o r shapes other than spheres was made 

since the size measurements assumed s p h e r i c a l p a r t i c l e s . 
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2.7.3 Results of s e t t l i n g meagurements 

The pooled r e s u l t s obtained using both approaches are shown i n 

Figure 2.16 which r e l a t e s p a r t i c l e s i z e (Stoke*s diameters) t o 

s e t t l i n g r a t e f o r m a t e r i a l s of various d e n s i t i e s according t o the 

Stokers r e l a t i o n s h i p I n which the r a t e at which p a r t i c l e s s i n k (V 

cm sec ^) i s given by: 

l"8n 

where pi = d e n s i t y o f the s o l i d i n g cm ^ 

p 2 = d e n s i t y of the l i q u i d i n g cm ^ 

g = a c c e l e r a t i o n due t o g r a v i t y i n cm sec^ 

d = Stoke*s diameter of the p a r t i c l e i n cm 

n = the v i s c o s i t y of the l i q u i d i n g cm ^ sec ) 

The p a r t i c l e s s t u d i e d were mainly from the t u r b i d i t y maximum 

region and f e l l i n the de n s i t y range l . l g cm t o 1. 4g cm over the 

l i m i t e d s i z e range 20-60uin. Density decreased s l i g h t l y w i t h i n c r e a s i n g 

p a r t i c l e s s i z e whereas the s e t t l i n g v e l o c i t y increased considerably. 

This i s consistent w i t h the Stokes equation i n which the s e t t l i n g 

v e l o c i t y (V) increases as the square o f p a r t i c l e s i z e but only l i n e a r l y 

w i t h d e n s i t y . These values are comparable w i t h d e n s i t y values of up t o 

1.5g cm~^ derived by Sheldon (1968) f o r suspended m a t e r i a l i n the River 

Crouch. I n a review of marine p a r t i c l e c h a r a c t e r i s t i c s , McCave (1984) 

found t h a t d e n s i t i e s derived from s e t t l i n g r a t e s , ranged from 2.0g cm""̂  

f o r p a r t i c l e s of < I.Ovim t o 1.003g cm ̂  f o r p a r t i c l e s over 2000pm and 

marine p a r t i c l e s of 20pm, 50pm and 100pm diameter e i d i l b i t e d d e n s i t i e s 

of 1 . 3 , 1.2 and l . l g cm'""̂  r e s p e c t i v e l y . This Implies t h a t aggregation 

and i n c l u s i o n o f water f i l l e d voids are important f a c t o r s determining 
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Figure 2 , 1 6 The r e l a t i o n s h i p between s e t t l i n g r a t e and size f o r 
p a r t i c l e s of various d e n s i t y from the Tamar Estuary. 
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suspended p a r t i c l e d e n s i t y . Odd and Owen (1972) measured s e t t l i n g 

r a t e s , but not s i z e s , at various concentrations of suspended s o l i d s i n 

the Thames Estuary. Assuming t h a t p a r t i c l e sizes i n the Thames are 

s i m i l a r t o the t y p i c a l range of Tamar p a r t i c l e s , i . e . lO-IOOpm, t h e i r 

data y i e l d d e n s i t i e s between l.M and 1.2g cm'^. 

2.7.4 The composition o f e s t u a r l n e aggregates 

Having obtained data on the s i z e , d e n s i t y and organic content of 

suspended p a r t i c l e s , an exercise was undertaken t o describe the range 

of compositions t h a t would account f o r the observed c h a r a c t e r i s t i c s . 

Assuming t y p i c a l d e n s i t i e s of 0.9g cm ^ f o r organic m a t e r i a l and 

2.5g cm ^ f o r the d e t r i t a l phase, the e f f e c t i v e d e n s i t i e s of aggregates 

c o n t a i n i n g various proportions of organic and mineral phases over a 

range of compactions were c a l c u l a t e d . I t was assumed f o r t h i s exercise 

t h a t the voids contained water of the same composition as the 

suspending medium. 

The c a l c u l a t i o n s are summarised i n Figure 2,17 which shows the 

d e n s i t i e s of p a r t i c l e s t h a t range i n composition from 0-100$ organic 

content over a s i m i l a r range of void spaces. For p a r t i c l e s w i t h an 

e f f e c t i v e d e nsity of l . i i - l . l g c m a n d w i t h organic contents i n the 

range 10-20JK (usi n g : organic content = t o t a l carbon x 2 ) , the voids 

must account f o r approximately 50$ of the volume of the most dense 

p a r t i c l e s , and reach >90$ f o r the l i g h t e s t p a r t i c l e s . Cubic packing 

of spheres, f o r comparison, produces a void space of 48$. This 

suggests t h a t aggregates, e s p e c i a l l y the l a r g e r , lower d e n s i t y 

p a r t i c l e s are very l o o s e l y associated, which accords w i t h t h e i r 

observed f r a g i l e nature. 
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Figure 2.17 The r e l a t i o n s h i p between d e n s i t y and void-space (degree of 
close packing) f o r p a r t i c l e s of various organic/mineral 
composition. 
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Using a s i m i l a r approach and ta k i n g t y p i c a l values f o r density and 

p a r t i c l e s i z e , the t h e o r e t i c a l s p e c i f i c surface areas f o r a range o f 

p a r t i c l e sizes were c a l c u l a t e d by assuming the p a r t i c l e s were 

s p h e r i c a l . For example, I g of p a r t i c l e s w i t h a density of 1.3g cm ^ i s 
-1 3 9 

equivalent t o a volume of 7.7x10 cm and th e r e f o r e to 1.5x10 

p a r t i c l e s each o f volume of 5.23x10 ^°cm^ (1 Opm diameter). By 

m u l t i p l y i n g the surface area of one l"0>im p a r t i c l e by the number of 

p a r t i c l e s i n one gram, the s p e c i f i c surface i s c a l c u l a t e d as 0.5m^. 
2 

P a r t i c l e s of 1.0pm and 0. 1pm dia. give values of 5 and 50m , 

re s p e c t i v e l y . This can be compared w i t h values of l6-20m^ g ^ f o r 

p a r t i c l e s from the Tamar t u r b i d i t y maximum (Glegg et a l . , 1986) 

measured using the n i t r o g e n adsorption (BET) technique. P a r t i c l e s i n 

tha t region would be of the order 8-12pm dia. and th e r e f o r e comparable 

w i t h the lOpm p a r t i c l e s which gave c a l c u l a t e d values of only 0. 5m^ g \ 

I t i s c l e a r , t h e r e f o r e , t h a t p o r o s i t y due to aggregation and i n t e r n a l 

s t r u c t u r e i s a major f a c t o r a f f e c t i n g the surface area of n a t u r a l 

suspended p a r t i c l e s . 

A summary of p a r t i c l e c h a r a c t e r i s t i c s and t h e i r d i s t r i b u t i o n 

w i t h i n the estuary i s produced i n Table 2.2. This i l l u s t r a t e s the 

marked dependence of the s e t t l i n g rates of suspended m a t e r i a l on s i z e 

and, to a lesser e x t e n t , on density and shows th a t p a r t i c l e s i n the 

t u r b i d i t y maximum, through t h e i r unique composition and p r o p e r t i e s , are 

t y p i c a l l y slower s e t t l i n g than elsewhere i n the estuary by at l e a s t an 

order of magnitude. 

2.8 SUMMARY AND CONCLUSIONS 

1. M o b i l i z a t i o n o f p a r t i c u l a t e m a t e r i a l i s accentuated i n the 
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Table 2 . 2 The physical c h a r a c t e r i s t i c s of ' t y p i c a l * p a r t i c l e s from various regions of an estuary. S e t t l i n g 
times have been c a l c u l a t e d w i t h the assumption t h a t p a r t i c l e s i n the t u r b i d i t y maximum are 
completely d i s s o c i a t e d ; the r e t e n t i o n o f p a r t i c l e s i n t h i s zone, however, suggests t h a t t h i s I s not 
the case. 

s a l i n i t y , 

/ n n 

t y p i c a l t u r b i d i t y 

mg il"^ 

e f f e c t i v e density 

g cm ^ 

t y p i c a l s i z e 

Vim 

time taken t o s e t t l e 
1m at slack water 

Hours 

1.1 20-60 1 1 . 6 - 1 . 3 

00 0.1 500 1 . 5 8 - 1 2 1 * 1 . 6 - 6 . 3 

1 . 0 100 1 . 3 20-40 5 . 5 - 1 . 3 

10 50 1 . 2 1*0-100 1 . 9 - 0 . 3 

2 0 - 3 0 1 0 - 2 1 .1 1 0 0 - 3 0 0 0,1*5-0.05 



upper reaches of the Taraar Estuary by a m p l i f i c a t i o n of the t i d a l energy 

as the channel reduces i n size (Uncles et a l . , 1985). T i d a l pumping 

concentrates the suspended p a r t i c l e s i n a l o c a l i s e d region at the n u l l 

t i d a l point associated w i t h the fresh/ b r a c k i s h i n t e r f a c e . The magnitude 

of the t u r b i d i t y maximum depends on a balance between sedimentation and 

pe r i o d i c augmentation by t i d a l resuspension of bed sediment on semi

d i u r n a l and spring-neap freqencies. The l o c a t i o n of the n u l l t i d a l 

p o i n t and hence the t u r b i d i t y maximum var i e s between high and low water 

and seasonally w i t h changes i n r i v e r r u n - o f f . 

2. A x i a l p r o f i l e s suggest t h a t p a r t i c l e sizes are reduced i n the 

t u r b i d i t y maximum compared w i t h other regions of the estuary e i t h e r by 

s e l e c t i v e processes or by transformations t h a t occur w i t h i n t h a t zone. 

Microscopic examination f a i l e d to detect any systematic change i n the 

composition of p a r t i c l e s through the t u r b i d i t y maximum but carbon 

measurements showed t h a t the organic content was reduced, presumably by 

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

3. Measurements of s i m i l a r , s l i g h t l y negative e l e c t r o p h o r e t i c 

m o b i l i t y values throughout the estuary i n d i c a t e t h a t p a r t i c l e s acquire 

a sheath of r e f r a c t o r y humic macromolecules which are ubiq u i t o u s i n 

n a t u r a l waters. E l e c t r o p h o r e t i c m o b i l i t i e s almost c e r t a i n l y r e f l e c t the 

charge c o n d i t i o n s a t the outer boundary of t h i s adsorbed laye r . 

However, co n s i d e r a t i o n o f the r o l e t h a t p a r t i c l e s play i n heterogeneous 

processes would suggest t h a t the surface s i t e s are not completely 

u t i l i s e d . 

iJ. Despite greater d e n s i t i e s , p a r t i c l e s i n the t u r b i d i t y maximum 

e x h i b i t e d much slower s e t t l i n g r a t e s than i n other regions of the 

estuary because of t h e i r t y p i c a l l y small mean p a r t i c l e size. 
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5. Low l i g h t p e n e t r a t i o n at the t u r b i d i t y maximum minimises 

photosynthetic a c t i v i t y and helps t o bias p a r t i c l e s towards an 

inorganic composition as does degradation of organic d e t r i t u s by 

b a c t e r i a l r e s p i r a t i o n . Both these processes may reduce the f a c i l i t y 

f o r permanent aggregate formation despite the greater p r o b a b i l i t y of 

c o l l i s i o n s at high p a r t i c l e concentrations. Nevertheless, temporary 

( f r a g i l e ) aggregation i s required t o e x p l a i n the s e t t l i n g and hence 

r e t e n t i o n of the small p a r t i c l e s w i t h i n the t u r b i d i t y maximum. 

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

of suspended m a t e r i a l i n the Tamar Estuary are t i d a l range and 

r i v e r f l o w and th a t these e f f e c t s are s i m i l a r t o those discussed by 

Postma (1967) f o r macro-tidal systems i n general. I n t h i s s e c t i o n , the 

n a t u r a l v a r i a b i l i t y i n the d i s t r i b u t i o n and concentration of suspended 

p a r t i c l e s i n the Tamar system have been evaluated and the masses and 

f l u x e s of m a t e r i a l q u a n t i f i e d . The bulk chemical nature of the 

suspended p a r t i c l e s has been examined, as have the s i z e 

c h a r a c t e r i s t i c s , which, presumably governed by s e t t l i n g 

c h a r a c t e r i s t i c s , appear t o be s i m i l a r t o m a t e r i a l i n the Chesapeake Bay 

t u r b i d i t y maximum (Schubel, 1969) and the Thames (Odd, 1970). However, 

i n - s i t u p a r t i c l e s i z i n g techniques developed f o r t h i s research, have 

suggested t h a t the sizes of f r a g i l e estuarine aggregates, away from the 

t u r b i d i t y maximum, are much greater than have been p r e v i o u s l y 

recorded. The close coupling between sediment p a r t i c l e populations and 

the suspended p a r t i c l e s through t i d a l a c t i o n , i n d i c a t e s that the bed-

sediment p o p u l a t i o n , comprising a much greater r e s e r v o i r of p a r t i c u l a t e 

m a t e r i a l than the suspended p a r t i c l e s , i s an important f a c t o r 

c o n t r o l l i n g heterogeneous estuarine processes. 
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3. 1 INTRODUCTION 

This work was introduced as a r e s u l t o f observations made i n the 

previous s e c t i o n which h i g h l i g h t e d the continuous c y c l i n g o f 

p a r t i c u l a t e m a t e r i a l between the suspended and sedimentary phases 

through o s c i l l a t i o n s i n t i d a l energy and r i v e r r u n - o f f . These 

observations posed the questions: (a) how comparable are the bed 

sediment c h a r a c t e r i s t i c s to those of the suspended p a r t i c l e s (or v i c e 

v e r s a ) , and (b) to what extent are the s p a t i a l d i s t r i b u t i o n and 

dynamics of the bed sediments r e l a t e d to suspended sediment dynamics 

w i t h i n the estuary? 

I n response, sediment surveys were undertaken under winter (high 

r u n - o f f ) and summer (low r u n - o f f ) c o n d i t i o n s to examine the 

d i s t r i b u t i o n and p r o p e r t i e s ( s i l t content, organic content and water 

content) of the bed sediments i n co n j u n c t i o n w i t h a seasonal study of 

the bed sediment m o b i l i t y . 

3.2 SEDIMENT CHARACTERISTICS 

3.2 .1 Sampling d e t a i l s and methods 

Using a small i n f l a t a b l e c r a f t at low t i d e , 96 surface-scrape (0-

2cm) sediment samples were taken from each bank along an a x i a l t r a n s e c t 

of the Tamar estuary i n February 1 9 8 3 . On t h i s survey, 42 s t a t i o n s were 

occupied between Morwellham (3.0km) and Torpoint (29km). I n August 

1 9 8 3 , another 62 samples were taken from 32 s t a t i o n s between Morwell 

Rocks (1.2km) and Torpoint (29.4km). Replicate samples were taken at 

some s i t e s t o assess the v a r i a b i l i t y due to sampling. On r e t u r n i n g to 

the l a b o r a t o r y , samples were stored at 4*̂C i n the dark to minimise 
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b i o l o g i c a l a c t i v i t y . A record of the s t a t i o n p o s i t i o n s i s given i n 

Appendix 2. 

3.2.2 Sample ana l y s i s 

Each sample was f i r s t weighed so t h a t i t s water content could be 

derived at a l a t e r stage and then wet-sieved using the method described 

by Buchanan and Kain (1971). To achieve t h i s , the samples were made up 

to 500ml i n a one l i t r e beaker w i t h deionized water, 25ml of " k a l g o l " 

d e f l o c c u l a t i n g agent (sodium hexametaphosphate, 6.2g i ^) was added and 

the r e s u l t i n g s l u r r y s t i r r e d f o r one hour. On the f o l l o w i n g day the 

s l u r r y was r e s t i r r e d and then wet-sieved through a 63ym t e s t sieve 

(Endecotts, Ltd.) using a mechanical sieve shaker. The f r a c t i o n 

passing the s i e v e , termed s i l t (<63Mm see Table 3.1), was r e t a i n e d and 

the t o t a l volume of the suspension (sediment plus washings) recorded. 

This suspension was then mechanically s t i r r e d t o u n i f o r m l y suspend the 

sediment and two accurately measured volumes (10 or 20ml) were 

f i l t e r e d on t o pre-weighed, ashed (12hr at ^50°C) g l a s s - f i b r e f i l t e r 

pads (Whatman GF/C) f o r g r a v i m e t r i c determination of the sediment 

co n c e n t r a t i o n . Allowance f o r the weight of d e f l o c c u l a n t incorporated i n 

the sample was not required using t h i s technique as the f i l t e r pads and 

sediment were r i n s e d w i t h deionised water p r i o r t o d r y i n g . Following 

t h i s o p e r a t i o n , the f i l t e r pads were ashed (12hr at ^50^0 to estimate 

t h e i r organic content (McCave, 1979). F i n a l l y , the s i z e d i s t r i b u t i o n 

of the s i l t f r a c t i o n was measured using the Malvern Instruments* 

p a r t i c l e s i z e r (described i n Section 2.2). A few drops of thoroughly 

homogenised suspension were added t o p a r t i c l e - f r e e , deionised water i n 

the measuring c e l l u n t i l a s u i t a b l e o p t i c a l d e nsity f o r the measurement 

was obtained. 
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Table 3.1 Comparison of the Malvern s i z e bands (2-200vm size range) 

w i t h the conventional Wentworth p a r t i c l e s i z e c l a s s i f i c a t i o n . 

Malvern s i z e band 

No 

Wentworth grade c l a s s i f i c a t i o n 

Nomenclature 

1 1.9 - 2.4 

2 2.4 - 3.0 

3 3.0 - 3.8 

i\ 3.8 - 4.8 

5 4.8 - 6.2 

6 6.2 - 7.9 

7 7.9 - 10.1 

8 10.1 - 13-0 

9 13.0 - 16.7 

10 16,7 - 21 .5 

11 21.5 - 28.1 

12 28.1 - 37.6 

13 37.6 - 53.5 

14 53.5 - 87.2 

15 87.2 - 188.0 

+8 

+7 

+6 

+5 

+ 4 

3.9 

7.8 

15.6 

31 .3 

62.5 

CLAY 

very f i n e 

f i n e 

medium 

coarse 

SILT 

SAND 
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The f r a c t i o n r e t a i n e d by the sieve was q u a n t i t a t i v e l y t r a n s f e r e d 

e i t h e r i n t o a pre-weighed 250ml beaker or on t o a watch glass 

(depending on the amount) and d r i e d to constant weight. Accurately 

weighed sub-samples (10 to 20g) of t h i s m a t e r i a l were i g n i t e d (12hrs at 

^50*^C) to determine t h e i r organic content by t h e i r loss i n weight. 

3 . 2 . 3 Results 

The sieve a n a l y s i s of ten r e p l i c a t e samples from the s t a t i o n a t 

24.4km (Appendix 2) yi e l d e d a mean and standard d e v i a t i o n f o r s i l t 

content o f 8556 and 1.28$, r e s p e c t i v e l y . A second exercise i n which 

four samples were d r i e d and weighed p r i o r t o the s i e v i n g operation gave 

a mean recovery of 91.^% (s.d. = 5.1$). I n Figure 3.1 the analyses o f 

s i l t , water content and loss on i g n i t i o n f o r both surveys are p l o t t e d 

against distance along the estuary. Not s u r p r i s i n g l y , disparate values 

were obtained from opposite banks i n many cases and the data were 

th e r e f o r e smoothed by averaging the values f o r each parameter over 1km 

sections o f the estuary. 

Sieve f r a c t i o n a t i o n 

Under high r i v e r flow c o n d i t i o n s i n February, sediment was not 

found above 3km from the weir, the m a j o r i t y of s t a t i o n s being e i t h e r 

bed-rock or g r a v e l , and the percentage f r a c t i o n of s i l t was t h e r e f o r e 

zero. Between 3 and I4km, mobile sediment was more abundant and i t s 

size composition changed r a p i d l y from about 50% s i l t a t 3km to 90-95$ 

s i l t between 7 and 13km. Between 13 and I6km the f r a c t i o n of s i l t f e l l 

to 30 -50$ , w i t h i n d i v i d u a l values as low as 5$. This corresponded to an 

area o f prominent sand banks. Down-estuary o f t h i s region the s i l t 

content increased t o 80-85$ reaching a peak at 20km before f a l l i n g 

s t e a d i l y towards a value o f 60$ at the marine end o f the estuary 
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Figure 3,1 A x i a l d t s t r l b u t i o n s of the s i l t , water and organic content of bed sediments from the Tamar under 
w i n t e r (February) and summer (August) c o n d i t i o n s . 



(30km). I n the August, low r i v e r flow survey, s i l t contents changed 

s t e a d i l y from 60-70^ at the marine end t o 90-95$ at the head of the 

estuary. The s i l t contents o f the sediments i n the lower-estuary (17-

22km) were n o t i c e a b l y reduced compared w i t h winter c o n d i t i o n s and the 

mid-estuarine s i l t minimum was much less prominent. Most s i g n i f i c a n t l y 

however, sediment c o n t a i n i n g a high s i l t content was observed w i t h i n 

1,2km o f the weir i n summer. The compositions o f the marine end-

members i n summer and winter were v i r t u a l l y i d e n t i c a l . 

Loss on i g n i t i o n 

The a x i a l trends i n weight l o s t on i g n i t i o n were very s i m i l a r t o 

the s i l t d i s t r i b u t i o n s i n both data s e t s . Weight l o s t on i g n i t i o n was 

about 10% at the r i v e r i n e end of the estuary I n summer and win t e r and 

increased t o approximately 12$ i n regions of high s i l t content. I n the 

mid-estuarine sand bank region i n w i n t e r and the sandy marine end-

members i n summer and w i n t e r , weight loss reduced t o values o f 4-5$. 

The r e l a t i o n s h i p between s i l t content and weight l o s t on i g n i t i o n are 

shown f o r a l l samples i n Figure 3.2(a}, Although the m a j o r i t y o f p o i n t s 

are concentrated i n the high s i l t (85-95$), high organic content ( 1 1 -

12$) r e g i o n o f the p l o t and e x h i b i t a high degree o f s c a t t e r , no 

s i g n i f i c a n t d i f f e r e n c e i n composition was detectable between the summer 

and w i n t e r surveys. 

The loss on i g n i t i o n of the separate s i l t and sediment f r a c t i o n s 

obtained by the s i e v i n g o peration are summarised i n Figures 3.2(b) and 

( c ) , r e s p e c t i v e l y . The v a r i a t i o n o f the l o s s on i g n i t i o n w i t h s i l t 

content i n the s i l t f r a c t i o n c l o s e l y resembled t h a t o f the t o t a l 

sediment which was not s u r p r i s i n g as s i l t comprised the major p o r t i o n 

of most samples. However, the loss on i g n i t i o n of the f r a c t i o n 
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Figure 3.2 The organic content of Tamar sediments r e l a t i v e to s l i t 
• content f o r (a) the t o t a l sediment, (b) the s i l t f r a c t i o n 
and ( c ) the sieve-retained f r a c t i o n . The r e l a t i o n s h i p s 
between water content and s i l t content of the sediments i s 
shown I n ( d ) . February values are shown as s o l i d c i r c l e s , 
August values as s o l i d c i r c l e s . 
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r e t a i n e d by the sieve e x h i b i t e d a much greater spread of values. These 

ranged from 1-3^ i n the regions o f low s i l t content t o 50-60$ i n 

samples w i t h very high (95%) s i l t content. 

Water content 

Water content measurements also f o l l o w e d the a x i a l trend i n . s i l t 

content and appeared c l o s e l y c o r r e l a t e d (Figure 3 . 2 ( d ) ) . Sediment 

water content was highest at about 70% by weight i n the areas of high 

s i l t content and reduced t o 20-30% i n both the r i v e r i n e end member and 

the predominantly sandy marine and mid-estuarine regions. 

S i l t s i z e analyses 

The r e s u l t s of the s i z e analyses o f the s i l t f r a c t i o n obtained 

using the Malvern Instruments apparatus are summarised i n Figure 3 - 3 . 

This depicts the mean values (±1 standard d e v i a t i o n ) obtained by 

averaging the analyses w i t h i n d i s t i n c t estuarine regimes. I n the 

winter data, set the r e s u l t s were averaged f o r the up-estuarine s i l t 

maximum (8-11 km), the rald-estuarine s i l t minimum (12-15km) and the 

lower estuary s i l t maximum ( l 8 - 2 2 k m ) . These d i s t i n c t sedimentary 

regimes were not so apparent under summer c o n d i t i o n s but samples were 

examined from corresponding regimes, now located at 2-7km, 1M-I7km and 

23-26km, r e s p e c t i v e l y . 

Generally, the p a r t i c l e s i z e d i s t r i b u t i o n s were s i m i l a r throughout 

the estuary i n summer and w i n t e r w i t h modal values i n the range 16.7-

28vim. The summer modal values tended t o be s l i g h t l y lower (16.7-

21.Mum) than i n winter and i n both data sets the d i s t r i b u t i o n s became 

less peaked, the standard d e v i a t i o n s increased and the d i s t r i b u t i o n s 

tended more towards b i - or t r i - modality w i t h i n c r e a s i n g distance down 

the estuary. I n each a n a l y s i s , from 3 t o 7% by weight o f the 
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Figure 3.3 The mean p a r t i c l e size d i s t r i b u t i o n of the s i l t f r a c t i o n 
of sediments from various regions of the Tamar Estuary I n 
wint e r (February) and summer (August) as measured by lase r 
d i f f r a c t i o n . 
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d i s t r i b u t i o n f e l l below the smallest s i z e i n t e r v a l (1.9-2.4um). 

3 . 2 . 4 Discussion and conclusions 

A x i a l d i s t r i b u t i o n s of size and composition are, f o r the most 

p a r t , c o n s i s t e n t w i t h observations of the suspended p a r t i c l e 

c h a r a c t e r i s t i c s (Section 2 ) . I t must be remembered, however, t h a t the 

sediment m a t e r i a l has been subject t o chemical and physical 

d e f l o c c u l a t i o n p r i o r t o the s i z e a n a l y s i s . Despite s i e v i n g at 63ym, up 

to 8$ by weight of the samples was measured i n the s i z e band 87 . 2-l88ijm 

i l l u s t r a t i n g the e f f e c t of p a r t i c l e shape on s i z e determinations where 

the m a j o r i t y of techniques assume a s p h e r i c a l form. The tendency away 

from w e l l s o r t e d , monomodal size d i s t r i b u t i o n s w i t h distance down-

estuary i s consistent w i t h the suspended p a r t i c l e behaviour and 

r e f l e c t s the topographical complexity of the lower estuary (Figure 1 .2) 

which gives r i s e t o various source m a t e r i a l s and provides a wide range 

of e r r o s i o n a l and depositionary environments. I n c o n t r a s t , the 

narrower, reg u l a r channel of the upper estuary, combined w i t h 

hydrodynamic s e l e c t i v i t y i m p l i c i t i n the generation of t u r b i d i t y maxima 

by g r a v i t a t i o n a l c i r c u l a t i o n and t i d a l pumping, leads to a much 

narrower 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 f a r less v a r i a b i l i t y between 

the samples. The d i f f e r e n c e between the summer and winter s i z e 

d i s t r i b u t i o n s almost c e r t a i n l y r e f l e c t s the more quiescent summer 

cond i t i o n s which allow a higher p r o p o r t i o n of smaller p a r t i c l e s to be 

incorporated i n t o the sediments. 

Estimation of the organic content of sediments by t h e i r l oss on 

i g n i t i o n i s crude but simple and widely used (McCave, 1979). However, 

the r e s u l t s must be viewed w i t h caution as some of the weight loss can 

be a t t r i b u t e d t o bound water from clay minerals (Mook and Hoskin, 
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1982). Nevertheless, i t has been shown (Meade et a l . . 1975) t h a t loss 

on i g n i t i o n i s approximately equal to 1.6 times the conc e n t r a t i o n o f 

p a r t i c u l a t e organic carbon (POC) which i s c o n s i s t e n t w i t h data from the 

Tamar f o r both sedimentary and suspended p a r t i c l e s . At very high 

(>95%) s i l t contents the organic content o f those p a r t i c l e s r e t a i n e d by 

the sieve ( i . e . >63ym) i s extremely large although these p a r t i c l e s 

represent only a small percentage of the t o t a l weight. This r e f l e c t s 

the strong physical s o r t i n g and s e l e c t i o n o f m a t e r i a l , based on 

s e t t l i n g r a t e s , t h a t occurs i n t h i s estuary. For the la r g e r p a r t i c l e s 

to possess comparable s e t t l i n g c h a r a c t e r i s t i c s t o the smaller, mainly 

mineral (organic content about 10-12%) s i l t p a r t i c l e s , they must be 

much less dense e.g. plant debris. 

E s t a b l i s h i n g the provenance of the various components o f 

estuarine s i l t and the processes t h a t c o n t r o l t h e i r d i s t r i b u t i o n w i l l 

u l t i m a t e l y r e q u i r e b e t t e r i n f o r m a t i o n derived from s p e c i f i c " t r a c e r " 

components and an improved understanding of estuarine hydrodynamics. 

However, coupled w i t h the in f o r m a t i o n on seasonal sediment f l u x e s 

(below), these data provide a s u b s t a n t i a l core of basic i n f o r m a t i o n on 

sedimentary p r o p e r t i e s t h a t complements the studies o f suspended 

p a r t i c l e behaviour and heterogeneous chemical processes. 

3.3 BED SEDIMENT DYNAMICS 

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

Observations of sediment a c c r e t i o n i n the upper reaches of the 

Tamar during summer months combined w i t h measurements of seasonal 

changes i n the s i l t d i s t r i b u t i o n (Section 3-1) suggested t h a t , besides 

experiencing p e r i o d i c resuspension and dep o s i t i o n under the i n f l u e n c e 
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o f d i u r n a l t i d a l a c t i o n , l arge q u a n t i t i e s o f sediment undergo 

s i g n i f i c a n t a x i a l migrations on a seasonal time scale. A study was 

t h e r e f o r e i n i t i a t e d t o q u a n t i f y the extent and r a t e o f t h i s process. 

3.3-2 Choice of method 

Sediment cores and various d a t i n g techniques have been employed t o 

d e r i v e average sedimentation r a t e s over periods o f ten years or more 

(Robbins & Edgington, 1975; C l i f t o n & Hamilton, 1982). However, the 

study of sediment movements over short (<1 year) time scales r e q u i r e s 

t h a t the measurement technique takes account o f e r o s i o n a l events as 

w e l l as d e p o s i t i o n . Conventional l e v e l l i n g techniques have been used 

t o record v e r t i c a l changes i n sediment a l t i t u d e , u s u a l l y along a s e r i e s 

o f l a t e r a l t r a n s e c t s (Anderson & Rust, 1979; Anderson et a l . , 1981). 

These techniques are p a r t i c u l a r l y s u i t e d t o observations i n small bays 

and i n l e t s where the t i d e allows complete access at low water but were 

considered i m p r a c t i c a l f o r a t r a n s e c t over 30km i n l e n g t h w i t h regions 

where the only access was by small boat. The use of v e r t i c a l stakes i s 

much less precise although they have been used t o good e f f e c t i n 

sediment m o b i l i t y studies ( P i c k r i l l , 1979; F r o s t i c k & McCave, 1979). 

This technique o f f e r r e d the most p r a c t i c a l approach f o r t h i s study f o r 

which the i n d i c a t i o n s were t h a t the s i g n a l would be large r e l a t i v e t o 

p o t e n t i a l e r r o r s introduced by t h i s p a r t i c u l a r measuring technique. 

3-3.3 Fieldwork procedure 

T h i r t y wooden stakes, each 2m long by Mem square, were t r e a t e d 

w i t h a wood pr e s e r v a t i v e and p o s i t i o n e d on the mud-banks and i n t e r t i d a l 

f l a t s along the estuary a t roughly 1km i n t e r v a l s (see Table 3-2). The 

p o s i t i o n s were chosen to provide optimum coverage of r e p r e s e n t a t i v e 
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s i t e s w h i l s t avoiding areas where a c c e s s i b i l i t y could r e s u l t i n 

tampering or where the presence-of the stakes might be a nuisance, f o r 

example, i n areas worked by salmon fishermen or l o c a l boatmen. 

A d d i t i o n a l l y , s i t e s adjacent t o streams or drainage ditches were 

avoided t o minimise l o c a l p e r t u r b a t i o n s . The stakes were i n s t a l l e d , 

and l a t e r monitored, from small i n f l a t a b l e c r a f t which proved t o be the 

most p r a c t i c a l means o f access t o the mud banks. The m a j o r i t y o f the 

stakes were p o s i t i o n e d such t h a t they became uncovered at t i d a l 

e l e v a t i o n s between the neap and s p r i n g low-water l e v e l s and were d r i v e n 

approximately 1.8m i n t o the mud t a k i n g care to keep them as near 

v e r t i c a l as possible. Measurements were c a r r i e d out monthly d u r i n g 

s p r i n g t i d e s a t low water. Generally, there was i n s u f f i c i e n t time i n 

one semi-diurnal t i d a l "window" t o measure a l l the stakes and 

measurements were taken over two consecutive days. 

Net sediment loss or gain at each stake s i t e was determined by 

measuring the exposed p o r t i o n o f the stake t o the nearest 1mm w i t h a 

p l a s t i c r u l e r and comparing the reading w i t h t h a t obtained on the 

previous month. The r u l e r was f i t t e d w i t h a 20cm p l a s t i c T-bar indexed 

at 0cm which was placed on the mud, p a r a l l e l w i t h the a x i s o f the 

r i v e r , on the side nearest the r i v e r . This procedure ensured 

o p e r a t i o n a l consistency e s p e c i a l l y on s l o p i n g mud banks. I n cases 

where the stake caused l o c a l i s e d scouring, the T-bar was placed across 

the hollow t o r e s t on the mud on e i t h e r side. These observations 

extended over a period of 1M months. 

3.3.^ Data red u c t i o n 

For each s t a t i o n , sediment a l t i t u d e s r e l a t i v e t o the stake were 

compared from month t o month and a net loss or gain (cm month"]) 
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c a l c u l a t e d . For p l o t t i n g purposes, the data were normalised by the 

a d d i t i o n o f an a l t i t u d e f a c t o r , e quivalent t o the l a r g e s t negative 

change i n sedinient a l t i t u d e from time zero a t each s t a t i o n . This 

e f f e c t i v e l y defined a plane throughout the estuary, indexed at Om, 

below which no f u r t h e r erosion occurred d u r i n g the year. The changes 

i n a l t i t u d e were converted t o changes i n volume (m^ wet sediment) by 

m u l t i p l y i n g the change i n a l t i t u d e per month, f o r the given s t a t i o n , by 

the surface area o f the 1km s e c t i o n o f estuary I n which each stake was 

s i t u a t e d . Some segments contained two stakes and two segments were 2km 

i n l e n g t h . 

3.3-5 Results and discussion 

Monthly changes i n sediment a l t i t u d e a t each pole are l i s t e d i n 

Table 3-2 and depicted as a ser i e s o f a x i a l p r o f i l e s (Figure 3.^)-

From January t o A p r i l mobile sediment was.absent i n the upper 5km o f 

the estuary but accumulated t o depths o f 10 t o 20cm i n l o c a l i s e d 

d e p o s i t i o n a l areas between 10 and 20km from the weir. From mid t o l a t e 

summer, however, the mobile sediment i n the mid-estuarine region (10 t o 

20km from the w e i r ) became depleted but marked accumulations, up t o 

40cm i n depth, were recorded i n the upper 8km o f estuary. The greater 

depth of sediment observed i n the upper estuary i n summer compared w i t h 

the mid-estuary i n wi n t e r almost c e r t a i n l y r e f l e c t e d the reduced w i d t h 

o f r i v e r i n t h a t area and hence smaller surface area a v a i l a b l e f o r 

sedimentation. 

For a given r i v e r f l o w , the p o s i t i o n o f the t u r b i d i t y maximum 

o s c i l l a t e s through 12km, or more, between high and low water ( M o r r i s , 

et a l . , 1982b). Semi-diurnal c y c l i n g o f p a r t i c u l a t e m a t e r i a l between 

the sediment and suspended phase through t h i s r e g i o n , coupled w i t h the 
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Table 3-2 P o s i t i o n s o f mud pole s i t e s , monthly changes i n sediment e l e v a t i o n at each s i t e and area of each 1km 

segment of the estuary. 

Pole No P o s i t i o n Segment Area of 
of pole o f estuary segment Monthly changes i n sediment a l t i t u d e (cm) 

(km below 
w e i r ) 

(km below 
w e i r ) 

(m^ ) J-F F-M M-A A-M M-J J-J J-A A-S S-0 0-N N-D D-J 

3.1 3-^ i4 . 0 X 0 0.8 1.5 11.1 8.9 9.0 7.9 -2.9 -18.8 -15.0 - 2 . i 4 0 
3.6 ^-5 4.0 X -3.4 -0.7 0.1 6.0 7.8 5.5 5.3 0.9 -0.5 -0.8 -3.2 -8.3 
6.2 5-6 5.0 X -1 .2 -0.1 0.1 4.3 0.3 12.0 8.7 3.7 2.7 -15.4 -13.8 -0.9 
7.2 6-7 5.5 X 10.5 8.1 8.6 9.0 -0.9 0.7 -3.8 -0.6 5.0 ^4.6 -14.6 -6.9 
7.6 7-8 6:o X 10^. -0.2 4.6 4.6 3.9 11.1 1.5 -1 .6 0.5 4.14 -0.9 -14.6 -U.O 

8-10 1.4 X loj -1 .9 1.6 1 .7 -2.8 2.3 -2.2 -2.2 -2.3 i4.8 -1.8 -2.2 -0.6 
10.2, 10.5 10-11 9.0 X -0.1 0.2 0.8 0.9 0.4 -3.1 0.1 1 .3 -1 .8 -0.1 1 .0 -1:5 

11.li 11-12 1.3 X 10^ 0.5 0.1 1 .1 -2.5 -1 .5 -2;o -1 .9 -1.7 -0.6 0.3 -0.8 1 .9 
12.0 12-13 1 .7 X 1 .0 2.6 -2.2 -1 .2 -3.2 -2.6 -14.0 -2.9 - i 4 . 9 5.2 17.6 0,8 
13.3 13-14 1.6 X wl -0.2 1.0 2.9 -1.5 1:5 -2.0 -0.7 -2.4 -0.8 -0.1 0 0.3 
1*4.7 1*4-15 2.8 X -0.2 0.2 0.4 -0.2 -0.1 -0.1 0.1 -0.2 1 .0 -1 .2 -1 .0 0.3 
15.2 15-16 3-1 X 10^ 0.2 -o;i 1 .0 -0.8 3.2 0.3 -0.8 3.6 -2.14 1.9 -0.9 -0.8 
15.9 16-17 2.7 X 10^ 0.7 -0.7 -1 .0 -1 .8 -3.5 -3.3 -1 .7 -0.1 0.9 3.6 7.7 0.7 
17.7 17-18 *4.0 X -0.3 -1 .5 -3.0 2.2 1.0 -0.8 1 .1 -0.5 -2.1 -0.6 -0.3 0.7 
18.1 18-19 4.8 X 10^ 7.6 0.5 -2.6 -1 .9 -1.4 -7.9 -8.5 -1 .1 4.3 7.4 6.0 6.0 

19.0, 19.9 19-20 6.6 X 10^ 5.2 0.6 0.1 0.8 -1 .5 -3.1 1.8 -0.8 -4.3 0.1 1 .8 1.3 
20.2 20-21 8.9 X 10^ 1.3 1.9 2.0 5.1 0.8 0.6 2.5 0.2 0.6 0.1 -0.8 1.6 
21 .0 21-22 8.9 X 10^ 0 -1 .0 0.5' -0.3 -0.5 0.1 0.6 -0.2 -2.9 -0.9 -0.6 3.8 
22.2 22-23 8.9 X 105 

c 
-1.3 -6.2 0.6 -1 .8 -0.3 -1.1 -0.1 0.5 -1 .3 -1 .1 -0.2 -0.3 

23.6 23-25 9.2 X 2.2 -1.1 -1.8 0.9 -4.14 -1 .8 0.8 8.2 1.3 0.1 -0.4 -1.5 
26.9 25-27 1 .4 X '4 0.5 0.4 0 -0.2 -2.5 -0.8 1.9 0.3 1 .1 0.4 -0:6 -0.2 
28.9 27-29 1.6 X -1:5 -0.9 0.4 0.3 0.3 0.1 -0.5 -0.3 -0.4 0.1 -0.4 -0.5 
30.0 29-30 9.8 X 10^ -0.1 -0:4 -1.0 -0.5 -1 .2 2.5 1 :4 -2.6 -1.3 4.0 -1:8 -0.3 

1 
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7 
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9 
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Figure 3.4 A x i a l p r o f i l e s of bed-sediment depth over a seasonal cycle and monthly mean r i v e r flows at 
Gunnlslake f o r the period of the measurements. 



hydrodynamic trapping of p a r t i c l e s i n the t u r b i d i t y maximum, can 

th e r e f o r e account f o r the observed l o c a l i s a t i o n and seasonal m i g r a t i o n 

of a bed sediment shoal. For example, over a s t a b l e period of low 

r i v e r f l o w , sedimentary m a t e r i a l mobilised i n t o the water column up-

or down-estuary from the t u r b i d i t y maximum w i l l tend t o become 

entrained i n t o the t u r b i d i t y maximum region by the forces t h a t 

generate and l o c a l i s e the t u r b i d i t y maximum. Over a s u f f i c i e n t l y 

s t a b l e period of r i v e r f l o w , t h e r e f o r e , the m a j o r i t y of mobile sediment 

i n the estuary w i l l be entrained e i t h e r w i t h i n the t u r b i d i t y maximum 

or , through s e t t l i n g , w i t h i n the sediment shoal t h a t i s delineated by 

the t i d a l excursion of the t u r b i d i t y maximum. As r i v e r f l ow increases, 

the zone of the t u r b i d i t y maximum migrates down-estuary and the mobile 

bed sediment tends t o accompany i t (Figure 3.5). 

River flow e x h i b i t s a marked s e a s o n a l i t y i n response to annual 

r a i n f a l l (Figure 3-6) and i s probably the c o n t r o l l i n g , though not 

neces s a r i l y s o l e , f a c t o r d r i v i n g t h i s c y c l i c process. For instance, 

the d i s t r i b u t i o n of p a r t i c u l a t e m a t e r i a l between the sediment and 

suspended phase i s p r i m a r i l y a f u n c t i o n of t i d a l energy although other 

f a c t o r s are involved e.g. wind/wave a c t i o n , scour on bends or at s i t e s 

of reduced cross s e c t i o n and i n t e r n a l waves caused by d i s c o n t i n u i t i e s 

i n the bed p r o f i l e (New et a l ^ , 1986). Once i n suspension, the 

asymmetry i n the ebb/flood t i d a l c u r r e n t s combined w i t h the l o c a t i o n of 

the t u r b i d i t y maximum w i l l determine the d i s t r i b u t i o n of the bed 

sediment. I t may be s i g n i f i c a n t t h e r e f o r e , t h a t both major d i r e c t i o n a l 

switches i n bed sediment f l u x correspond w i t h periods o f increased 

t i d a l range at the spr i n g and autumn equinoxes (Figure 3.6) as w e l l as 

w i t h seasonal changes i n r i v e r flow. 

101 



tidal excursion low river flow (summer) 

high river flow (winter) 

tidal excursion 

10 I S 

distance from weir (km) 

20 25 

Figure 3,5 A schematic representation of the p o s i t i o n a l r e l a t i o n s h i p s 
between the t u r b i d i t y maximum and the bed-sediment shoal 
under high and low r i v e r f l o w c o n d i t i o n s . The s o l i d l i n e s 
represent suspended s o l i d s and the broken l i n e 
bed-sediment. 
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Figure 3.6 The seasonal v a r i a t i o n I n mean monthly r i v e r flow at 
Gunnislake (histogram) and I n the range of spring t i d e s 
at Devonport ( • ) f o r the period of the bed sediment 
m o b i l i t y survey. 
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This pronounced c y c l i c m i g r a t i o n of mobile sediment i n which 

sedimentary m a t e r i a l i s accumulated i n the upper estuary during summer 

months to be r e d i s t r i b u t e d i n d e p o s i t i o n a l regions of the mid-estuary 

i n the w i n t e r must s i g n i f i c a n t l y a f f e c t the accumulation and f l u x e s o f 

chemical species which associate w i t h p a r t i c l e s or which, through 

r e d u c t i v e s o l u b i l i s a t i o n , become concentrated i n the sediment pore 

water. 

3.4 AN ESTUARINE SEDIMENT BUDGET 

3. ̂ . 1 I n t r o d u c t i o n 

Using the i n f o r m a t i o n obtained i n the previous s e c t i o n s , an 

attempt was made to q u a n t i f y the p r i n c i p a l p a r t i c l e r e s e r v o i r s and 

determine the f l u x e s between these r e s e r v o i r s . To do t h i s , the 

physical dimensions of the estuary were r e q u i r e d as w e l l as the r a t e 

of p a r t i c l e i n f l u x from the r i v e r . 

3.^.2 Determination o f the bathymetry, surface area and volume of the 

Tamar. 

The c r o s s - s e c t i o n a l widths of the Tamar at 1km sections along the 

axis of the estuary and i n f o r m a t i o n on the bathymetry of the c e n t r a l 

channel were taken from B r i t i s h Admiralty c h a r t No 871 and from George 

(1975) and are l i s t e d i n Table 3.3- From t h i s i n f o r m a t i o n the surface 

areas and mid-tide volumes of each 1km s e c t i o n of the estuary were 

c a l c u l a t e d . This treatment was r e s t r i c t e d to the region from Weirhead 

(0km) to the confluence of the Tamar w i t h the Tavy (21km) below which 

the r i v e r widens markedly and the topography becomes much more complex. 

Within t h i s area, the width increased g r a d u a l l y from iJOm at the weir to 



Table 3.3 The bathymetry and widths a t mi d - t i d e o f the cross sections 
a t 1km I n t e r v a l s along the Tamar Estuary from Weir Head 
(0km) t o Weir Point (21km) and the c a l c u l a t e d surface 
areas and volumes of the segments between adjacent 1km 
se c t i o n s . 

distance from width a t surface area mean depth a t volume o f 
Weir Head s t a t i o n of segment mid-channel segment 

km m 2 
m m m3 

0 40 - 1.6 -
1 30 4 

3.5x10 1.6 5.6x10** 

2 30 3.0x10^ 1.6 4.8x10** 

3 40 4 
3.5x10 2.3 6.8x10** 

40 4.0x10^* 2.0 8.6x10** 

5 40 4.0x10^ 2.3 8.6x10** 

60 5 6 60 5.0x10 2.3 1 .2x10 

7 50 4 
5.5x10 2.8 1.4x10^ 

8 70 6.0x10** 2.9 1.7x10^ 

9 60 6.5x10^ 5.9 2.9x10^ 

10 80 4 
7.0x10 3.1 3.2x10^' • 

11 100 9.0x10** 3.0 2.8x10^ • 

12 150 1.3x10^ 3.8 4.3x10^ 

13 180 1.7x10^ 2.9 5.5x10^ 

14 160 1.7x10^ 4.8 6.6x10^ 

15 160 1.6x10^ 7.8 1.0x10^ 

16 400 2.8x10^ 5.3 1.8x10^ 

17 220 3.1x10^ 6.0 1.8x10^ 

18 310 2.7x10^ 4.9 1.4x10^ 

19 480 4.0x10^ 5.0 2.0x10^ 

20 480 4.8x10^ 7.3 3.0x10^ 

21 840 6.6x105 6.2 4.5xl06 
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840m at 21km. Although l o c a l i s e d "holes" caused by scour on bends 

were o f t e n much deeper, the mean depths at mid-tide were not la r g e and 

increased g r a d u a l l y from 1.6m at the weir to 6.2m at 21km. Seaward of 

t h i s p o i n t , the depths increased considerably. 

3.4.3 Seasonal sediment f l u x e s derived from bed sediment m o b i l i t y 

Mobile sediment f l u x e s through each l a t e r a l 1km sect i o n (kg per 

month) were c a l c u l a t e d by cumulatively summing the changes i n volume 

of sediment per segment from the weir (0km) to Cargreen (19.9km) and 

applying a f a c t o r o f 424kg per m̂  to convert volume of wet sediment t o 

mass of p a r t i c l e s . Riverine sediment inputs were estimated from South 

West Water A u t h o r i t y (SWWA) data. This was achieved by regressing 

suspended p a r t i c l e loads, measured at the water a u t h o r i t y gauging 

s t a t i o n a t Gunnislake, against instantaneous r i v e r flow to derive a 

mean p a r t i c l e c o n c e n t r a t i o n t y p i c a l of a p a r t i c u l a r monthly mean r i v e r 

flow. The product o f monthly mean r i v e r flow and the appropriate 

p a r t i c l e c oncentration are t a b u l a t e d f o r the period of the sediment 

m o b i l i t y survey in Table 3.4. 

The sediment f l u x e s derived from changes i n sediment volume per 

u n i t area combined w i t h r i v e r i n e sediment input do not show a r e g u l a r 

seasonal p a t t e r n (Figure 3.7) but the trends shed some l i g h t on the 

r e l a t i o n s h i p between seasonal changes i n r i v e r flow and i n t e r n a l 

sediment m i g r a t i o n . Fluxes between 3 and 15km were r e l a t i v e l y low and 

v a r i a b l e from January to March. They were b r i e f l y negative, ( i . e . 

d i r e c t e d down-estuary) during the March-April i n t e r v a l corresponding 

to a spring increase i n r i v e r flow. A f t e r t h i s , f l u x e s became 

predominantly p o s i t i v e and from A p r i l throughout the summer there was a 

dominant up-estuary f l u x of up to lOxlO^kg per month across each 

106 



Table 3.4 Monthly mean r i v e r flows f o r the Tamar at Gunnlslake f o r 

1983 and the corresponding sediment inputs c a l c u l a t e d from 

measurements of suspended s o l i d s i n the r i v e r water a t the 

same p o i n t . Data courtesy o f the South West Water 

A u t h o r i t y . 

Month 
Monthly mean 
r i v e r f low 

Riverine suspended 
sediment input 

3- -1 m sec kg 

J 37.4 2.48x10^ 

F 28.5 1.19x10^ 

M 54.5 7.54x10^ 

A 8.9 1.44x10^ 

M 3.3 4.66x10** 

J 6.6 6.36x10** 

J 6.8 5.09x10** 

A 4.7 3.82x10** 

S 7.9 1.61x10^ 

0 51 .9 3.08x10^ 

N 70.1 8.10x10^ 

D 69.4 8.98x10^ 
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l a t e r a l segment boundary of the estuary as f a r as 6km from the weir. 

From t h i s p o i n t the fl u x e s decreased t o zero at 3km since s i g n i f i c a n t 

sediment accumulation was not recorded above t h i s s t a t i o n . A f t e r J u l y , 

the up-estuarine f l u x p e r s i s t e d i n the upper 10km of the estuary w h i l s t 

f l u x e s between 12 and 20km f i r s t f e l l t o zero and then became negative. 

From August to September, the p o s i t i v e f l u x i n the upper estuary f e l l 

to zero and t h e r e a f t e r the negative (down-estuary) f l u x became more 

prominent and extended to the head of the estuary, so t h a t from October 

through t o January negative f l u x e s of up to 20xl0^kg per month 

dominated. 

The examination of sediment f l u x e s i n t h i s way has revealed a 

seasonal asymmetry i n the i n t e r n a l m i g r a t i o n of sediment i n t h a t the 

bulk o f up-estuarine movement occurred slowly over f i v e months whereas 

the down-estuary mig r a t i o n took place i n only three months i n l a t e 

autumn. A second feature which became apparent from t h i s treatment was 

the existence of divergent f l u x e s at approximately 10-12km f o r three or 

four months i n l a t e summer. This i s c o n s i s t e n t w i t h the measurement o f 

low s i l t concentrations (Section 3-2) i n t h i s region of the estuary. 

3.4.4 Sediment f l u x e s and r e s e r v o i r s 

P r o f i l e s of suspended s o l i d s measured under various seasonal and 

t i d a l c o n d i t i o n s i n the estuary (Section 2) were examined to assess the 

mass of m a t e r i a l suspended i n the t u r b i d i t y maximum. I n each 1km 

s e c t i o n , the mass of suspended p a r t i c l e s was estimated from the product 

of the suspended p a r t i c l e c o n c e n t r a t i o n and the volume of the s e c t i o n . 

The 1km sections were then summed t o provide an estimate of the t o t a l 

mass of suspended p a r t i c l e s . S i m i l a r l y , the sediment shoal was 

q u a n t i f i e d by e s t i m a t i n g the mean depth of mobile sediment i n each 1km 
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s e c t i o n and m u l t i p l y i n g i t by the ap p r o p r i a t e bed areas t o produce a 

volume o f wet sediment. During the s i e v i n g operation (Section 3-2) a 

mean value o f 424±31kg per m̂  was determined f o r a range o f sediments 

and t h i s was used t o convert the volume i n t o mass o f dry p a r t i c l e s . 

The mass of mobile suspended and sedimentary p a r t i c l e s 

accumulated between A p r i l and September i n the upper 3-10km of the 
7 

estuary was approximately 4.0x10 kg and even i f the t o t a l r i v e r i n e 

i n f l u x o f suspended m a t e r i a l through t h i s period (Table 3-4) was 

deposited i n t h i s zone, i t s c o n t r i b u t i o n would have amounted to l i t t l e 

more than 5.0xl0^kg or 1$ of the mass o f p a r t i c l e s . Following the 

down-estuary mig r a t i o n o f the t u r b i d i t y maximum zone i n autumn, the 

summer shoal was eroded by r i v e r c u r r e n t s . The eroded material' was 

r e d i s t r i b u t e d t o be incorporated d i r e c t l y w i t h i n the r e l o c a t e d 

t u r b i d i t y maximum/sediment shoal zone, deposited f u r t h e r seaward where 

i t was subject t o up-estuarine t i d a l pumping, or l o s t permanently from 

the system. 

The mass o f m a t e r i a l i n the winter sediment shoal was 
7 

approximately 6.7X10 kg and the i n f l u x , between October and March, o f 

f r e s h r i v e r i n e suspended m a t e r i a l t o the estuary was equivalent t o a 
7 

sediment volume o f 3-1X10 kg. Thus, m a t e r i a l d e l i v e r e d t o the 

estuarine mixing zone i n win t e r from up-estuary o f the l i m i t o f s a l t 

i n t r u s i o n comprised f r e s h r i v e r i n e m a t e r i a l and recycled e s t u a r i n e 

m a t e r i a l , roughly i n the p r o p o r t i o n 1:1.3- I f steady-state c o n d i t i o n s 

are assumed, i t i s apparent t h a t , w ithout hydrodynamic s e l e c t i v i t y , 48$ 

of the m a t e r i a l c o n t r i b u t i n g t o the t u r b i d i t y maximum and i t s 

associated sediment shoals would be replaced annually by the f r e s h 

r i v e r i n e i n f l u x . This i s equivalent t o a turnover time o f two years. 
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However, only a p r o p o r t i o n o f the p a r t i c l e s i n the r i v e r i n f l u x w i l l 

have s e t t l i n g c h a r a c t e r i s t i c s a p p ropriate f o r s e l e c t i v e r e t e n t i o n and 

most o f the m a t e r i a l i s d e l i v e r e d e p i s o d i c a l l y , during short periods o f 

r i v e r spate when net export o f sediment from the estuary i s also 

s t r o n g l y favoured. I t i s possible t h e r e f o r e t h a t the trapped m a t e r i a l 

comprising the t u r b i d i t y maximum and i t s associated sediment shoals has 

a residence time which i s considerably longer than 2 years. The 

extreme case would be where a l l the m a t e r i a l e n t e r i n g the estuary 

became trapped. I n t h i s case, the annual i n f l u x o f p a r t i c l e s ( a t 

present day l e v e l s ) would be equivalent t o 7-5x10 m"̂  o f wet (66$ water) 

sediment which would f i l l the e x i s t i n g volume o f the Tamar 
Q o O 

(1.7x10 m^) i n approximately 2.3x10^ years. This could take, perhaps, 

3-5 times longer i f sediment compaction was taken i n t o account. The 

present estuary would have come i n t o existence around 6000 y r s BP 

(before present) when mean sea l e v e l reached i t s present e l e v a t i o n 

f o l l o w i n g the r e t r e a t o f the g l a c i e r s at the end o f the l a s t i ce age 

( F a i r b r i d g e , 1980). The Tamar i s t h e r e f o r e r e l a t i v e l y middle-aged 

and w i t h a good l i f e expectancy even i n the extreme case where a l l the 

r i v e r i n e p a r t i c u l a t e m a t e r i a l i s trapped w i t h i n the estuary. I n the 

short-term though, i t i s reasonable t o assume t h a t r e l a t i v e l y steady-

s t a t e c o n d i t i o n s e x i s t i n which the i n f l u x o f marine and r i v e r i n e 

derived p a r t i c l e s approximately balance the l o s s t o the c o a s t a l 

regions. 

3.̂ 4.5 T i d a l l y dominated f l u x e s between p a r t i c l e r e s e r v o i r s 

Under low r i v e r flow c o n d i t i o n s i n summer, and mid-way between 

neap and sping t i d e s , the mass of suspended p a r t i c l e s i n the t u r b i d i t y 
4 5 maximum amounted to 6.1x10 kg at slack water and 5.3x10 kg duri n g 
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maximum t i d a l energy at mid- t i d e . This represented a 7.7 f o l d increase 

i n the concentration of suspended p a r t i c l e s and elevated the p r o p o r t i o n 

of p a r t i c l e s from 0.2% to 1.3% of the bed sediment shoal. This 

m o b i l i s a t i o n o f sediment equated t o an erosion of roughly M-8mm of 

sediment over the t o t a l surface area of the summer sediment shoal. 

I n w i n t e r , the t u r b i d i t y maximum was gene r a l l y located f u r t h e r 

down the estuary than i n the summer. The greater surface area 

a v a i l a b l e f o r deposition and the increased volume of water per 1km 

segment i n the lower estuary meant t h a t the depth o f the sediment 

shoal and average concentrations o f suspended p a r t i c l e s both decreased. 

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

both p a r t i c l e r e s e r v o i r s were a c t u a l l y greater than i n the summer 

s i t u a t i o n . Allowing f o r a p r o p o r t i o n of the p o t e n t i a l surface area, 

equivalent t o the c e n t r a l channel at low water, to be exempt from 

deposition/resuspension processes the mass of p a r t i c l e s i n the 

t u r b i d i t y maximum at slack-water amounted to about 1% of the sediment 

i n the bed shoal and rose t o roughly 556 a t m i d - t i d e . This was 

equivalent t o an erosion of only l-2mm over the sediment shoal. 

3.^.6 A schematic r e p r e s e n t a t i o n o f the sediment budget o f the Tamar 

Estuary 

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

w i t h i n the estuary under three c o n d i t i o n s of r i v e r f l ow are i l l u s t r a t e d 

schematically i n Figure 3-8 along w i t h the major pathways and f l u x e s 

between them. Under s t a b l e c o n d i t i o n of low to high r i v e r f l o w , two 

major r e s e r v o i r s , the t u r b i d i t y maximum (A) and the underlying bed 

sediment shoal (B), are produced. Seasonal changes i n r i v e r f l ow 

cause the l o c a t i o n s o f these r e s e r v o i r s to migrate a x i a l l y w i t h i n the 
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Figure 3.8 Schematic r e p r e s e n t a t i o n of the suspended p a r t i c l e r e s e r v o i r s 
( s t i p p l e d ) and f l u x e s ( a r r o w s ) , enumerated i n Table 3.5, The 
t u r b i d i t y maximum i s box A and the present and e a r l i e r 
sediment shoals are B and C, r e s p e c t i v e l y . The r i v e r i n e and 
marine sediment in p u t s are a and b, r e s p e c t i v e l y . Loss t o the 
coastal region i s f , t i d a l pumping i s d, resuspension and 
depo s i t i o n are h and h* and dep o s i t i o n w i t h i n the estuary and 
the sediment shoal are e and g, r e s p e c t i v e l y . The w i n t e r and 
summer l i m i t s of s a l t i n t r u s i o n are X and X' r e s p e c t i v e l y on 
the distance scale. 
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Table 3-5 Estimation of the masses i n the p r i n c i p a l p a r t i c l e 

r e s e r v o i r s and the f l u x e s o f m a t e r i a l between them under 

summer, winter and spate r i v e r flow c o n d i t i o n s . 

P a r t i c l e r e s e r v o i r size (kg) 

Reservoir Summer Winter Spate 

A t u r b i d i t y maximum 3.0x10^ 3.^x10^ 

B sediment shoal 4.0x10^ 6.7x10^ 6.7x10*^ 
* 7 * 7 

C previous shoal 6.7x10' M.OxlO (decreasing r a p i d l y ) 
* = decreasing from 

Fluxes between p a r t i c l e r e s e r v o i r s , (kg month ^) 

Pathway Summer Winter Spate 

a r i v e r i n e input 8.3x10^ 5.2x10^ >10xlO^ ? 

b marine Input small small 

c win t e r erosion 

t i d a l pumping 

dep o s i t i o n i n the 
lower estuary 

5-10x10^ 

6.7x10^ >6.7x10^ ? 

d 

wi n t e r erosion 

t i d a l pumping 

dep o s i t i o n i n the 
lower estuary 

5-10x10^ 

<5.2xlO^ e 

wint e r erosion 

t i d a l pumping 

dep o s i t i o n i n the 
lower estuary 

<5.2xlO^ 

f l oss t o ocean ( s i m i l a r t o a) ( s i m i l a r t o a) >5.2xl0^ ? 

g dep o s i t i o n i n the 
t u r b i d i t y maximum 

d+a-f c+a-f 

h t i d a l resuspenslon 
d e p o s i t i o n 

and no net f l u x 
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estuary such t h a t o f t e n a second bed-sediment shoal (C), s i t u a t e d at an 

e a r l i e r s i t e of the t u r b i d i t y maximum, can be i d e n t i f i e d f o r a period 

u n t i l i t becomes incorporated i n t o the new sediment shoal. Under spate 

c o n d i t i o n s , a t u r b i d i t y maximum i s not generated but suspended s o l i d s 

are elevated because of the large r i v e r i n e p a r t i c l e i n f l u x combined 

w i t h s i g n i f i c a n t erosion i n the upper estuary. This g r e a t l y increases 

the p o t e n t i a l f o r net t r a n s p o r t o f p a r t i c u l a t e m a t e r i a l from the 

estuary to the c o a s t a l zone and may also lead to deposition i n the 

lower estuary. 

Estimates of the p r i n c i p a l p a r t i c l e r e s e r v o i r s and major f l u x e s 

are l i s t e d i n Table 3.5. The t u r b i d i t y maximum (A), i s r e i n f o r c e d 

through resuspension and dep o s i t i o n (h and h') o f shoal sediment ( B ) , 

wi t h o s c i l l a t i o n s i n t i d a l stream caused by the semi-diurnal t i d e s . 

This process i s modulated by the spring/neap t i d a l v a r i a t i o n . The 

other major f l u x e s are the marine and r i v e r i n e inputs o f suspended 

p a r t i c l e s (a and b r e s p e c t i v e l y ) , loss to the ocean ( f ) , erosion o f 

sediment at times of high r i v e r flow ( c ) , t i d a l pumping (d) and 

deposition o f sediment i n the lower estuary ( e ) . 

3.5 SUMMARY AND CONCLUSIONS 

1. S u r f i c i a l sediment c h a r a c t e r i s t i c s from the region of the 

t u r b i d i t y maximum compare c l o s e l y , i n terms of size and organic 

content, w i t h suspended p a r t i c l e s from the same region. 

2. Estimates of the q u a n t i t y of m a t e r i a l i n the major r e s e r v o i r s 

suggest t h a t , except under spate c o n d i t i o n s when net export of m a t e r i a l 

from the estuary i s favoured, the mass of mobile p a r t i c u l a t e m a t e r i a l 

h e l d i n the estuary i s r e l a t i v e l y constant over a seasonal c y c l e and 
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t h e r e f o r e the o u t f l u x t o the coastal waters must approximately balance 

the i n f l u x e s from the r i v e r and marine sources. 

3. I t i s clea r from the composition, d i s t r i b u t i o n and i n t e r n a l 

m i g r a t i o n of the bed sediments that the existence and geographical 

p o s i t i o n of the t u r b i d i t y maximum e f f e c t i v e l y c o n t r o l s the l o c a t i o n of 

a much greater mass of sedimentary p a r t i c l e s contained i n an und e r l y i n g 

sediment shoal through a combination of c y c l i c resuspension and 

de p o s i t i o n and t i d a l pumping. 

Si m i l a r mobile sediment shoals have been observed i n the Gironde 

( A l l e n et a l . , 1980), and i n the Thames, the so- c a l l e d 'Sediment 

Reaches', (Odd and Owen, 1972; Kendrick and Derbyshire. 1976). By 

measuring the seasonal f l u x of bed-sediment m a t e r i a l w i t h i n the Tamar 

Estuary i t i s now possible t o estimate the c o n t r i b u t i o n which t h i s 

major t r a n s p o r t pathway makes to the d i s t r i b u t i o n of heterogeneously 

r e a c t i v e chemical species w i t h i n the system. 
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4 .1 INTRODUCTION 

4 . 1 . 1 Why choose trace metals? 

The behaviour of trace metals was chosen to i l l u s t r a t e the 

importance of heterogeneous processes i n e s t u a r i e s . As mentioned 

e a r l i e r (Section 1.3)» the determination of trace metal d i s t r i b u t i o n s 

and behaviour i n estuaries has been undertaken by the Chemistry Section 

at IMER f o r some years and these, and other s t u d i e s , have demonstrated 

marked non-conservatlveness f o r most metals, e s p e c i a l l y i n regions of 

high t u r b i d i t y . Trace metal d i s t r i b u t i o n s were l i k e l y , t h e r e f o r e , t o 

be s t r o n g l y Influenced by p a r t i c l e behaviour. In a d d i t i o n , the 

behaviour and f a t e of many trace metals i n n a t u r a l waters are of great 

i n t e r e s t from environmental and t o x i c o l o g i c a l viewpoints ( H a r r i s et 

a l . , 1984). 

In the Tamar Estuary, Morris et a l ^ ( 1 9 7 8 ) . Ackroyd ( 1 9 8 3 ) . 

Ackroyd £t a l . (1986), and Morris (1986) have shown c o n s i s t e n t , r a p i d 

removal of r i v e r i n e Zn and Cu In the low s a l i n i t y , high t u r b i d i t y 

r egion of the estuary as w e l l as evidence of Inputs of these elements 

to the mld-estuary ( s a l i n i t y 1 0-15*'/oo)' The l o c a l i s e d nature o f the 

removal at the t u r b i d i t y maximum and i t s co-variance w i t h the 

con c e n t r a t i o n o f suspended s o l i d s has been i n t e r p r e t e d as s t r o n g 

c i r c u m s t a n t i a l evidence f o r s o r p t i o n processes on t o s o l i d surfaces 

being a c o n t r o l l i n g f a c t o r ( M o r r i s , 1 9 8 6 ) . Elsewhere. recent 

experimental and t h e o r e t i c a l work has shown th a t s o r p t i o n / d e s o r p t i o n 

i n t e r a c t i o n s w i t h s o l i d phase surfaces can s t r o n g l y Influence the 

d i s t r i b u t i o n o f metals i n e s t u a r i e s (Salomons. 1 9 8 0 ; Bourg, 1 9 8 3 ; L i 

et a l . . 1984a). This s e c t i o n attempts to improve the understanding o f 

the f a c t o r s t h a t a f f e c t trace metal s o r p t i o n by p a r t i c l e surfaces I n 
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e s t u a r i e s . 

The work i n t h i s s e c t i o n was undertaken on two main f r o n t s . 

F i r s t l y , p r o f i l e s of so l u b l e trace metals were measured i n the Tamar 

Estuary over a range of t i d a l and seasonal c o n d i t i o n s . This helped t o 

consolidate the seasonal coverage obtained i n e a r l i e r work (Morris et 

a l . , 1978; Ackroyd, 1983), but more i m p o r t a n t l y , extended the a x i a l 

coverage f u r t h e r i n t o the f r e s h water and improved the frequency of 

sampling i n the t u r b i d , ' r e a c t i v e ' region of the estuary at the 

i n t e r f a c e between the f r e s h and brackish regions of the estuary. 

Secondly, l a b o r a t o r y studies were undertaken t o examine the 

p a r t i t i o n i n g of trace metals between the p a r t i c l e and s o l u t i o n phases 

under estuarine c o n d i t i o n s . 

^.1.2 Metal s p e c i a t i o n i n n a t u r a l waters 

A knowledge of the s p e c i a t i o n of a metal i s important t o the 

understanding of i t s t r a n s p o r t and behaviour. I t has been recognised 

f o r some time t h a t the t o t a l pool of a p a r t i c u l a r metal i n an aquatic 

environment i s d i s t r i b u t e d between several p h y s i c a l l y and chemically 

separate compartments (see f o r examples, Chau and Lum-Shue-Chan, 197^; 

Florence, 1977; Batley and Florence, 1976a, 1976b; Duinker and Kramer, 

1977; Florence and Batley, 1977; Batley and Gardner, 1978; Laxen and 

Harrison, I 9 8 l a , I 9 8 l b ; Hart and Davies, 1981). 

Studies of metal s p e c i a t i o n i n v a r i a b l y employ o p e r a t i o n a l c r i t e r i a 

based on a n a l y t i c a l f r a c t i o n a t i o n . Several procedural schemes have 

been presented (see f o r example, Batley and Florence, 1976a; 1976b and 

Laxen and Harrison I 9 8 l a ) t o evaluate the f r a c t i o n of a metal 

incorporated i n each species. The concept of determining s p e c i a t i o n 
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through o p e r a t i o n a l c r i t e r i a i s i l l u s t r a t e d i n Figure 4 . 1 i n which the 

t o t a l pool i s di v i d e d f i r s t l y i n t o s o l u b l e and p a r t i c u l a t e metal by 

f i l t r a t i o n w i t h a 0 . 4 5 i j m pore-sized f i l t e r . The s o l u b l e f r a c t i o n i s 

considered, a d d i t i o n a l l y , t o be comprised of c o l l o i d a l , complexed and 

f r e e i o n i c metal w h i l s t the p a r t i c u l a t e f r a c t i o n i s subdivided i n t o 

adsorbed (exchangeable or n o n - d e t r i t a l ) and s t r u c t u r a l ( d e t r i t a l ) 

components. 

The d i s t r i b u t i o n of a metal between these various species depends 

upon the degree of i n t e r a c t i o n of the metal w i t h the components of i t s 

environment. Under any given set of environmental conditions the 

r e s u l t i n g s p e c i a t i o n i s a balance between the a f f i n i t y of the metal f o r 

the various r e s e r v o i r s (organic complexes, p a r t i c l e surfaces, i o n - p a i r s 

or f r e e i o n s ) . I n e s t u a r i e s . the chemical environment changes 

continuously along t h e i r axes g i v i n g r i s e t o marked temporal and 

s p a t i a l changes i n s p e c i a t i o n . This i s c l e a r l y i l l u s t r a t e d i n the 

model s p e c i a t i o n diagrams (Figure 4 . 2 ) f o r the metals Cu, Zn, Ni and Pb 

produced by Bourg ( 1 9 8 3 ) . I n t h i s model, a v a r i a n t of the mathematical 

model developed by Mantoura et a l . . ( 1 9 7 8 ) , the r e l a t i v e proportions of 

a l l species undergo pronounced changes w i t h s a l i n i t y alone. Both the 

pH ( 8 . 0 ) and suspended s o l i d s ( 3 0 m g having the surface p r o p e r t i e s 

of s i l i c a ) were maintained at constant values throughout the estuary. 

The r e l a t i v e c o n t r i b u t i o n of p a r t i c u l a r species t o the t o t a l pool 

of a metal can be assessed by various a n a l y t i c a l methods. For 

instance, d i r e c t electrochemical methods measure f r e e ( l a b i l e ) metal 

which i s considered t o be the s i g n i f i c a n t species i n terms of 

b i o l o g i c a l e f f e c t s whereas ion-exchange r e s i n s e x t r a c t l a b i l e plus 

complexed f r a c t i o n s but exclude most c o l l o i d a l l y bound metals. Solvent 
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s o l i d s c o n c e n t r a t i o n . Reproduced from Bourg (1983) 
w i t h the permission of Plenum Press, New York. 
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e x t r a c t i o n w i t h complexing agents such as APDC (ammonium p y r r o l i d i n e 

dlthiocarbamate) and DDTC (diethylammoniurn d i e t h y l d i t h i o c a r b a m a t e ) i n 

s u i t a b l e solvents MIBK (methyl i s o b u t y l ketone) or f r e o n , w i l l recover 

s i m i l a r f r a c t i o n s t o ion-exchange r e s i n but w i l l not measure 

' k i n e t i c a l l y robust' complexes or c o l l o i d a l l y bound metals (Danielsson 

et a l . , 1978). Chemical manipulations such as aci d d i g e s t i o n , 

s o l u b i l i s a t i o n (or exposure t o u l t r a v i o l e t l i g h t i n the case of 

o r g a n i c a l l y bound metals) are r e q u i r e d t o convert these i n a c c e s s i b l e 

species t o a l a b i l e form t h a t can be determined using the above 

methods. 

Evaluation o f the p a r t i c u l a t e metal species can be simply achieved 

by s p l i t t i n g the metal I n t o d e t r i t a l and n o n - d e t r i t a l f r a c t i o n s through 

the use of a m i l d leaching agent, f o r example, d i l u t e a c e t i c a c i d or 

ammonium acetate. Graduations i n the degree of a v a i l a b i l i t y o f 

p a r t i c l e - a s s o c i a t e d metals can be measured using progressively stronger 

leaching agents t o successively remove i n c r e a s i n g l y s t r o n g l y bound 

f r a c t i o n s ( H i r s t , 1962; Luoma and Bryan, 1981). 

For t h i s study, the p r i n c i p a l requirement was to evaluate the 

r e l a t i v e t r a n s p o r t of the two major species, t h a t i s , the s o l u b l e metal 

and metal associated w i t h p a r t i c u l a t e phases. This was accomplished by 

determining the t o t a l s o l u b l e f r a c t i o n a n a l y t i c a l l y and assuming t h a t 

departures from conservative behaviour were a t t r i b u t a b l e to exchange 

w i t h the p a r t i c l e phases. The f o l l o w i n g procedure was adopted, samples 

were f i l t e r e d using 0. 45ijm pore sized f i l t e r s and the s o l u b l e metals 

determined by flame atomic absorption a f t e r e x t r a c t i o n w i t h Chelex 100 

ion-exchange r e s i n . 
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THE DISTRIBUTIONS OF TRACE METALS IN THE TAMAR ESTUARY 

^•2.1 Sample c o l l e c t i o n , preconcentration and a n a l y s i s 

Samples f o r trace metal a n a l y s i s were c o l l e c t e d using a pre-

cleaned, a l l - p l a s t i c bucket (reserved s t r i c t l y f o r t h i s work) and 

stored i n lOH polyethylene carboys. F i l t r a t i o n was accomplished as 

qu i c k l y as possible using a large volume pressure f i l t r a t i o n system on 

board the vessel. When samples were not f i l t e r e d immediately, the time 

delay was recorded but a l l samples were f i l t e r e d w i t h i n s i x hours. The 

f i l t e r s were l42mm d i a . , 0.il5um pore-sized membranes ( S a r t o r i u s Ltd.) 

and were r i n s e d p r i o r t o use w i t h 500m'Jl of sample which was then 

discarded. A f t e r c o l l e c t i o n the samples were returned t o the 

la b o r a t o r y i n ^0i polyethylene carboys which were w e l l rinsed w i t h 

f i l t e r e d sample p r i o r t o f i l l i n g . The carboys were kept s t r i c t l y f o r 

trace metal work and except f o r an i n i t i a l a cid soak (10$ HNÔ  f o r 2^ 

hours) when f i r s t purchased, the containers were simply rinsed w i t h 

deionised water a f t e r use and w i t h sample before f i l l i n g . 

In the l a b o r a t o r y the samples were passed through columns of 

Chelex 100. ion-exchange r e s i n (Bio Rad Laboratories Ltd.) f o l l o w i n g 

the method of Kingston et a l . (1978). Each column contained 15mS, of 

s e t t l e d r e s i n s l u r r y i n the ammonia form (Figure 4.3). The preparation 

of the r e s i n was undertaken i n batches to minimise inco n s i s t e n c i e s i n 

the performance and e f f i c i e n c y o f i n d i v i d u a l columns. The procedure 

involved two successive washings w i t h 50m2, volumes of 2N ^^0^ t o 

remove any metals f o l l o w e d by copious r i n s i n g w i t h deionised water t o 

b r i n g the pH to above 6.0. At t h i s stage the r e s i n was converted i n t o 

the ammonia form w i t h two 50mi a l i q u o t s of 2N NĤ OH and again washed 

w i t h deionised water u n t i l the pH was less than 8.0. 
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Figure 4.3 D e t a i l s of the ion exchange columns used f o r the e x t r a c t i o n 
of trace metals and, i n s e t , a schematic diagram of the 
pumping arrangement used t o t r a n s f e r samples t o the columns 
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The samples were t r a n s f e r r e d t o the columns d i r e c t l y from the 

carboys using 10 channel p e r i s t a l t i c pumps d e l i v e r i n g 4-5m2. min ^. The 

volume of sample passed through each column was determined by marking 

the i n i t i a l l e v e l o f sample on the carboy and then measuring the volume 

required t o regain t h a t l e v e l once the sample t r a n s f e r was complete. 

Operational blanks were obtained by t a k i n g the e f f l u e n t from a column 

and passing i t through a second column which was then eluted and 

analysed using the same c o n d i t i o n s as f o r the samples. 

To e l u t e the metals from the columns, the ion-exchange r e s i n was 

f i r s t washed w i t h approximately 50ml of deionised water t o remove 

r e s i d u a l seawater and then 25mJl of 2N HNÔ  was passed dropwise through 

the r e s i n and c o l l e c t e d i n a volumetric f l a s k . This gave a 

concentration f a c t o r which, depending on the o r i g i n a l volume o f sample, 

was of the order o f 200*350 times. The acid eluates were subsequently 

analysed by flame atomic absorption (Pye SP9) using the standard 

c o n d i t i o n s and wavelengths l i s t e d i n the manufacturer's handbook; 

d e t a i l s are given i n Table 4.1. Working standards were prepared i n 2N 

HNÔ  from s u i t a b l e d i l u t i o n s o f commercially a v a i l a b l e standard 

s o l u t i o n s . Background c o r r e c t i o n w i t h a deuterium-arc lamp was employed 

to c o r r e c t f o r non- s p e c i f i c absorption associated w i t h elements t h a t 

absorb at low wavelengths e.g. Cd and Zn. 

4.2.2 Results of the estuarine surveys 

Approximately 20 surface samples were taken on each o f ten surveys 

c a r r i e d out between July 1984 and August 1985. The ten surveys covered 

neap-spring cycles i n July/Aug 1984 and Jan/Feb 1985 and extreme neap 

and s p r i n g t i d e c o n d i t i o n s i n Aug 1985 when the r i v e r flow was 

unseasonably high (Table 4.2). Each survey consisted of an a x i a l 
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Table 1̂.1 The p r i n c i p a l absorption l i n e s , s e n s i t i v i t i e s and l i m i t o f 
the l i n e a r working range f o r the a n a l y s i s o f the t r a c e 
metals Cd. Cu, Zn and Ni by atomic absorption spectrometry. 

element p r i n c i p a l l i n e s e n s i t i v i t y upper l i m i t o f 
l i n e a r r^nge 

nm mg a"^ mg 2, 

Cd 228.0 0.010 2.0 

Cu 32^.8 0.035 5.0 

Ni 232.0 0.059 5.0 

Zn 213.9 0.010 1.0 
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Table 4.2 Environmental c o n d i t i o n s i n the Tamar Estuary at the time the measurements of trace metal 

d i s t r i b u t i o n s were undertaken (survey dates i d e n t i f i e d as (a) to ( j ) i n Figures ^.^ - ^.11). 

days r e l a t i v e r i v e r c o n d i t i o n s 
Survey date to neap (N) or 

spr i n g (S) t i d e s flow temperature suspended s o l i d s 
sec ^ °C mg fi, ̂ 

a 23 July 84 N 1 .1 21 4 

b 27 July 84 S-4 1 .0 24 108 

c 31 J u l y 84 S 1 .0 19 23 

d 3 Aug 84 S+4 2.2 19 9 

e 31 Jan 85 N 52.4 9 17 

f H Feb 85 S-4 30.0 9 10 

g 8 Feb 85 S 52 .9 8 61 

h 12 Feb 85 S+4 24.5 3 4 

i 12 Aug 85 N 28.8 14 41 

j 19 Aug 85 S 16.9 14 6 





t r a n s e c t of the estuary covering the s a l i n i t y range from f u l l y marine 

t o f r e s h water and was conducted so t h a t sampling at the fr e s h - b r a c k i s h 

i n t e r f a c e (FBI) coincided w i t h slack t i d e at high water. The basic 

environmental parameters ( s a l i n i t y , temperature, t u r b i d i t y , pH and 

dissolved oxygen) were measured simultaneously using continuous 

techniques (see Section 2.1). 

I n the summer l o w - r i v e r flow s e r i e s , the FBI was located w i t h i n 0-

2km o f the weir from which the a x i a l distances along the estuary are 

taken. On the 31st J u l y , which coincided w i t h s p r i n g t i d e s , traces o f 

s a l i n e water reached the weir and there was no d i s c e r n i b l e region of 

f r e s h water as measured by c h l o r i d e ion electrode (see Section 2.1). By 

c o n t r a s t , during the wi n t e r survey (Jan/Feb 85) the FBI was located 

around 10-l4km from the weir. Consistent w i t h previous observations 

(see Section 2.2), the t u r b i d i t y maximum was i n v a r i a b l y located at the 

FBI, which moved up-estuary w i t h decreasing r i v e r flow. The 

concentration of suspended p a r t i c l e s i n the t u r b i d i t y maximum increased 

and t h e i r d i s t r i b u t i o n became more peaked as the maximum moved up-

estuary and w i t h increasing t i d a l range. 

The p r o f i l e s of dissolved Zn, Cd, Cu and Ni measured in the Tamar 

estuary during t h i s s e r i e s o f surveys are p l o t t e d against a x i a l 

distance from the weir at Weir Head (see Figure 1.3 f o r distance scale) 

i n Figures 4.4-^4.7 and as m e t a l / s a l i n i t y r e l a t i o n s h i p s i n Figures ^1.8-

4.11. Metal concentrations measured i n t h i s study are comparable w i t h 

published values f o r estuarine and r i v e r systems and approach values 

f o r c o a s t a l waters at the seaward end o f the p r o f i l e s (Table 4.3)» The 

disso l v e d metal p r o f i l e s f o r the i n d i v i d u a l metals and t h e i r i n t e r 

r e l a t i o n s h i p s w i t h the p r e v a i l i n g environmental c o n d i t i o n s are 
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Table 4 .3 Dissolved metal l e v e l s i n r i v e r s , e s t u a r i e s and oceans 

l o c a t i o n 
In Cu Cd 

T 
Nl 

Ug I 
reference 

Rivers 

Amazon 

Conwy 

Magela 
Creek 

World 
Average 

Tamar 

1.6 0.006 0 .23 

0-3000 (60) 2-6 0 . 5 - 3 . 0 1-10 

1.8 -5 .2 0 .13 - .78 0 .02-0.08 

30 

5-15 

10 

4-12 0 . 1 - 0 . 2 

2 . 2 

3-4 

Boyle et a l . , 
(1982) 

E l d e r f i e l d e t a l . , 
( 1 9 7 9 T 

Hart et a l , , 
(1982) 

Martin & Meybeck, 
(1979) 

This work 

Estuaries 

B r i s t o l 
Channel 

Amazon 

Rhine 

Yarra 

Restronguet/ 
Helford 

B a l t i c 

Tamar 

Oceans 

2 . 8 - 2 5 . 4 0 . 6 - 5 . 5 0 . 4 - 9 . 4 0 . 2 - 3 . 0 Abdullah & Royle, 
(1974) 

0 . 1 2 - 1 . 6 — - O . n - 0 , 2 3 Boyle e t a l . , 
( 1 9 8 2 ) 

5 - 2 0 1 - 7 0 . 0 5 - 0 . 5 — - Duinker & M o l t i n g , 
( 1 9 7 8 ) 

12-24 1 . 6 - 5 . 9 0 . 2 2 - 0 . 4 3 — Hart & Davies. 
(1981) 

7 - 3 0 0 2-26 0 . 1 - 0 . 5 1 - 1 8 B o y d e n e t a l . , 
(1979) 

2 . 2 - 5 . 5 0 . 7 - 1 . 1 0 . 0 3 - 0 . 0 5 0 . 6 - 0 . 9 Magnusson & 
Westerlund ( 1 9 8 0 ) 

1 - 1 2 0 - 1 2 0 . 1 - 0 . 4 0 . 5 - 3 . 5 Ackroyd, ( 1 9 8 3 ) , 

Morris, ( 1 9 8 6 ) 

This work 

N.E.Pacific 6-600 

N.W.Atlantic 2.6-106 

Indian — 

34-319 0.26-127 146-670 Bruland, (1980) 

41-75 

220-240 

0 . 2 - 3 4 112-346 Bruland & Franks, 
(1983) 

1 5-64 300-500 Dani elsson,(1980) 

Oceanic values i n ng i ) 
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described separately below. 

Zinc 

I n the surveys where the f r e s h water end-members were adequately 

c h a r a c t e r i s e d , r i v e r i n e zinc concentrations varied from 4-l2Mg ^ ^ and 

were highest at periods of high r i v e r f l o w . At the marine end, i n 

Plymouth Sound, zinc concentrations ranged from 4-6yg i ^ although, 

on three ocasions, values of up t o lOiig i ^ were measured. This was 

a t t r i b u t e d t o sporadic anthropogenic inputs from the c i t y of Plymouth 

and, i n p a r t i c u l a r , the Naval Dockyard (Stebbing et a l . , 1983) . 

Dissolved zinc removal was observed t o varying degrees on each 

survey and was always coincident w i t h the t u r b i d i t y maximum. The 

degree of the removal v a r i e d w i t h the concentration of suspended s o l i d s 

at the t u r b i d i t y maximum but t y p i c a l l y ranged from 20% of the r i v e r i n e 

input value at low t u r b i d i t i e s , under neap and high flow c o n d i t i o n s , t o 

60$ when t u r b i d i t y values maximised. An equally p e r s i s t e n t f e a t u r e was 

a mid-estuarine input of z i n c , between s a l i n i t i e s of 5 and 20°/oo» 

where concentrations t y p i c a l l y reached 10-12ijg and were o f t e n 

double the concentration i n the f r e s h water. 

Copper 

Copper e x h i b i t e d s i m i l a r a x i a l trends to those of zinc w i t h marked 

removal oc c u r r i n g at the t u r b i d i t y maximum. However, the mld-estuarine 

inputs of copper were f a r less prominent. The f r e s h water 

concentrations ranged from ^-12ug i ^ but, u n l i k e z i n c , were highest at 

times of low r i v e r f l o w . The removal of dissolved copper at the 

t u r b i d i t y maximum was t y p i c a l l y 5056 of the r i v e r i n e input at low 

t u r b i d i t i e s but increased t o 95% at the highest t u r b i d i t i e s . The mid-

estuarine input of dissolved copper was n e g l i g i b l e at neap t i d e s , but 
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increased s l i g h t l y as the t u r b i d i t y maximum migrated up-estuary under 

low r i v e r flow and at s p r i n g t i d e s . Under these c o n d i t i o n s , the 

conc e n t r a t i o n of copper i n the mid-estuarine input o c c a s i o n a l l y reached 

H\ig i \ The marine end-member values were c o n s i s t e n t l y low at 0.1-

I.Opg 

Nickel 

Nickel concentrations i n the f r e s h water v a r i e d from 2.0-3.5yg I ^• 

and, l i k e z i n c , were highest under high r i v e r flow c o n d i t i o n s . N i c k e l 

removal i n the region of the t u r b i d i t y maximum ranged from 12% a t low 

t u r b i d i t i e s , t o 50% when t u r b i d i t i e s were h i g h e s t , such as at s p r i n g 

t i d e s and under low r i v e r flow c o n d i t i o n s . Nickel also e x h i b i t e d a 

pronounced i n p u t , as evidenced by a prominent peak i n the N i / s a l i n i t y 

r e l a t i o n s h i p , between 5 and I O ^ / Q Q . Concentrations here reached 2.5-

3-5Mg i Marine end-member values ranged from 0. 5-1.5iJg i ̂ . 

Cadmium 

Dissolved cadmium concentrations i n the f r e s h water and t u r b i d i t y 

maximum region were o f t e n a t , or close t o , the d e t e c t i o n l i m i t f o r the 

method but the a x i a l trends were s t i l l apparent and i t s behaviour was 

con s i s t e n t w i t h the other metals described. U n l i k e the other metals, 

however, the r i v e r i n e i n p u t of cadmium 0. 05-0. l y g 2, ̂  was n e g l i g i b l e 

compared w i t h the mid-estuarine i n p u t , e s p e c i a l l y around s p r i n g t i d e s 

when concentrations reached 0.2yg 2, ̂  and w i t h concentrations of 

0.3Mg H ^ centred around 28-30km, This l a t t e r source o f metal, l i k e 

z i n c , was probably associated w i t h anthropogenic inputs from the Naval 

Dockyard and C i t y o f Plymouth. Although the major sources of cadmium 

stemmed from the mid and lower estuary, marked removal s t i l l occurred 

at the s i t e of the t u r b i d i t y maximum and the i n t e n s i t y o f the removal 
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increased w i t h t u r b i d i t y . Under c o n d i t i o n s of maximum t u r b i d i t y , the 

dissolved cadmium was reduced to l e v e l s below d e t e c t i o n . 

^. 2. 3 Discussion 

I n d i v i d u a l metals, w h i l s t e x h i b i t i n g s i m i l a r t r ends, showed a 

gradation o f character i n both the degree o f removal and of the mid-

estuarine in p u t . Dissolved z i n c , n i c k e l and cadmium were highest i n 

the r i v e r i n e i n put at times o f high r i v e r f l o w whereas copper was 

r e l a t i v e l y depleted at high r i v e r flows when r i v e r i n e p a r t i c l e loads 

were highest. This suggests t h a t copper has a greater a f f i n i t y f o r 

the p a r t i c u l a t e phase i n r i v e r water and t h i s i s c o n s i s t e n t w i t h the 

r e l a t i v e degree of removal observed at the t u r b i d i t y maximum: 

Cu » Zn > Ni > Cd 

This i s also c o n s i s t e n t w i t h the work of Morris (1986), who 

demonstrated, using a simple s o r p t i o n model and values from L i et 

a l . (198i^a) t h a t , w i t h i n c r e a s i n g t u r b i d i t y , the f r a c t i o n of metal 

associated w i t h the p a r t i c l e phase, as a p r o p o r t i o n o f the r i v e r i n e 

l e v e l s , f o l l o w e d the sequence: 

Cu > Zn > Ni 

Bourg's (1983) s p e c i a t i o n model shown i n Figure ^.1 i n d i c a t e s t h a t the 

p r o p o r t i o n of p a r t i c l e associated metal f o l l o w s the order: 

Zn > Ni > Cu. 

However, bearing i n mind the high a f f i n i t y of copper f o r humics, also 

shown i n these diagrams, then p a r t i c l e s having associated organic f i l m s 

would a t t r a c t a much greater p r o p o r t i o n of the t o t a l copper and Bourg's 

(1983) model scheme would be more i n keeping w i t h measured values. 

The degree of mid-estuarine input observed i n the f i e l d data 

g e n e r a l l y f o l l o w e d the reverse order: 
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Zn > Ni : Cd > Cu 

Again, t h i s r e f l e c t s the strong a f f i n i t y of copper f o r the p a r t i c u l a t e 

phase. These sequences do not bear any simple r e l a t i o n s h i p t o the 

i n d i v i d u a l physical and chemical p r o p e r t i e s of the metal ions (see 

Table 4.4). I t i s more l i k e l y t h a t the a f f i n i t y f o r p a r t i c l e s , as f o r 

other i n d i v i d u a l species, r e s u l t s from a complex combination of 

p r o p e r t i e s . 

Nevertheless, i n good agreement w i t h the work of Ackroyd (1983) , 

Ackroyd et a l . , (1986) and Morris (1986), these r e s u l t s demonstrate a 

close r e l a t i o n s h i p between the p o s i t i o n and magnitude of the t u r b i d i t y 

maximum and the l o c a t i o n and degree of dissolved metal removal, 

p r o v i d i n g strong c i r c u m s t a n t i a l evidence f o r metal s o r p t i o n on t o 

p a r t i c l e s being the c o n t r o l l i n g mechanism f o r removal. 

S i m i l a r l y , the coupling between the degree of metal input and 

t i d a l s t a t e , and the absence of a l t e r n a t i v e sources, i n d i c a t e s t h a t the 

mid-estuarine inputs of these four metals are derived from' a common 

source. This might be associated w i t h metal desorption from p a r t i c l e s 

advected seaward from the t u r b i d i t y maximum to c o n d i t i o n s of reduced 

ambient s o l u b l e metal l e v e l s , i . e . r e - e q u i l i b r i a t i o n of the metal 

loaded p a r t i c l e s w i t h o v e r l y i n g waters of lower metal c o n c e n t r a t i o n , as 

shown f o r aluminium by Morris et a l . (1986a) , and/or the i n f u s i o n of 

m e t a l - r i c h pore waters (see Table 4 . 5 ) . This l a t t e r process has been 

invoked t o e x p l a i n the mid-estuarine maxima of ammonia and manganese 

(Knox et a l . , 1981 ; Morris et a l . , 1982a) whose d i s t r i b u t i o n s share 

several s i m i l a r i t i e s , p a r t i c u l a r l y w i t h zinc and n i c k e l , and which a l s o 

vary c y c l i c a l l y through the spring-neap t i d a l c y c l e , showing increased 
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^.M The physical p r o p e r t i e s of the isotopes used i n the r a d i o t r a c e r experiments, 

element i o n i c radius volume 

10-^V 

charge per 
u n i t volume atomic weight 

charge per 
u n i t mass 

0.74 1 .7 1.18 65.4 0.052 

0.97 3.8 0.53 112.4 0.068 

1.67 19.5 0.05 132.9 0.147 

0.97 3.8 0.26 23.0 0.164 

* data from Mason (1952) 



Table ^.5 Dissolved metal l e v e l s I n sediment pore water from various 

estu'arine and coastal environments. 

l o c a t i o n 
Zn Cu Cd Ni 

Vig 1 

reference 

Loch Fyne ^0'3^0 15-256 

Los Angeles 
Harbor 

10-21 0.^-1.3 

Narragansett 
Bay 

Coastal — 
Sediment 

Conwy Estuary iiO-60 

Puget Sound 

2-20 

30-78 

0.1-0.5 0.6-2.5 

<0.05 2-12 

2.6-10.3 0.2-3.2 

1.3-11.6 0.5-2.2 1.2-5.2 

Lake Sediment 7.2-37 3-2-42 0.2-0.9 38-200 

Duchart et a l . 
(1973) 

Gupta & Chen 
(1975) 

E l d e r f l e l d e t a l . 
(1981) 

Hoshlka et a l . 
(1977) 

E l d e r f i e l d e t a l . 
(1979) 

Emerson et a l . 
(1981*) 

Tessler et a l . 
(1985) 
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input w i t h t i d a l range and hence sediment disturbance. 

I f the t u r b i d i t y maximum acts as a sink f o r s o l u b l e metal, as the 

previous data i m p l i e s , then the e f f e c t s of metal s o r p t i o n should, 

t h e o r e t i c a l l y , be r e f l e c t e d i n the composition of the suspended 

p a r t i c l e p o pulation. However, measurements of the n o n - d e t r i t a l f r a c t i o n 

of the p a r t i c u l a t e metals of the Tamar Estuary have i n v a r i a b l y shown 

that p a r t i c l e s i n the t u r b i d i t y maximum are a c t u a l l y impoverished w i t h 

respect t o trace metals i n comparison w i t h p a r t i c l e s i n the f r e s h water 

and f u r t h e r seaward (L o r i n g e t a l . , 1983; Morris et a l . , 1987). On 

r e f l e c t i o n , t h i s i s consistent w i t h (and neccessary f o r ) the removal of 

soluble metal, since the capacity f o r the uptake, and hence removal, of 

soluble metal would r a p i d l y d i m i n i s h as the p a r t i c l e s reached 

e q u i l i b r a t i o n w i t h the sol u b l e phase. One explanation f o r t h i s 

apparent paradox i s provided by the up-estuary f l u x of p a r t i c l e s , 

brought about by t i d a l pumping. This supplies the m a t e r i a l required t o 

maintain the t u r b i d i t y maximum and mobile bed sediment shoal and which 

has been estimated p r e v i o u s l y (see Section 3 . ^ . 5 ) . Using the estimated 

values f o r the up-estuary p a r t i c l e f l u x and the removal r a t e of so l u b l e 

Fe at the t u r b i d i t y maximum, i t was possible f o r Morris et a l . (1986b) 

to c a l c u l a t e t h a t the enrichment of p a r t i c l e s w i t h Fe i n the t u r b i d i t y 

maximum would be less than ] % and t h e r e f o r e not detectable w i t h i n the 

a n a l y t i c a l u n c e r t a i n t i e s . Corresponding values of approximately 2$, 5% 

and 8% were c a l c u l a t e d f o r Zn, Cu and Mn, r e s p e c t i v e l y . 

^.3 STUDIES OF HETEROGENEOUS METAL REACTIVITY 

^ . 3 ' 1 I n t r o d u c t i o n 

To determine trace metals at environmental l e v e l s most a n a l y t i c a l 
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techniques r e q u i r e a pre-concentration stage which o f t e n serves t o 

c o n t r o l matrix problems at the same time. For example, the i o n -

exchange technique described p r e v i o u s l y (Section 4.2.) t y p i c a l l y 

r e quires 4-6 l i t r e s of estuarine water t o provide 25mi of concentrated 

eluant s u i t a b l e f o r a n a l y s i s by flame atomic absorption. This method 

i s t h e r e f o r e q u i t e i m p r a c t i c a l f o r the study of r e a c t i o n k i n e t i c s and 

mechanisms which t y p i c a l l y Involve analysing numerous succesive 

subsamples from a r e a c t i o n vessel i n order t o f o l l o w the process w i t h 

time. The processing of samples of 4-6 l i t r e s from a r e a c t i o n chamber 

alone would severely l i m i t the sampling frequency and would r e q u i r e an 

i n i t i a l r eactor volume which was u n r e a l i s t i c a l l y l arge f o r c o n t r o l l e d 

l a b o r a t o r y experiments. 

Two adaptions of the Chelex technique were examined t o assess the 

p o s s i b i l i t y of reducing the sample volume r e q u i r e d . F i r s t l y , an 

electrochemical technique, anodic s t r i p p i n g voltammetry (ASV), was 

employed to analyse column eluents because i t s enhanced s e n s i t i v i t y 

compared w i t h atomic absorption spectroscopy (AAS) required lower 

concentration f a c t o r s and t h e r e f o r e smaller sample volumes. Secondly, 

flow i n j e c t i o n a n a l y s i s (FIA) was used t o automate the e x t r a c t i o n s and 

allow d i r e c t i n j e c t i o n of the eluant stream i n t o the nebuliser of the 

AAS. However, because of i n s u f f i c i e n t time f o r development, n e i t h e r 

approach proved e n t i r e l y s a t i s f a c t o r y f o r r o u t i n e analyses of estuarine 

samples. Instead, gamma spectroscopy and r a d i o isotopes were adopted 

f o r the ser i e s of experiments required t o examine the v a r i a t i o n i n the 

so r p t i o n / d e s o r p t i o n of trace metals i n the presence of p a r t i c l e s under 

estuarine c o n d i t i o n s . 
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11.3. 2 Radiochemical measurements 

Modern gamma counters can e a s i l y resolve mixtures of gamma ray 

emmitting elements and w i t h extremely high s e n s i t i v i t y (10~^^-10~^^ 

mole of each a c t i v e m e t a l ) . This enables small a d d i t i o n s of s u i t a b l e 

c a r r i e r - f r e e isotopes t o be made t o n a t u r a l samples w i t h n e g l i g i b l e 

changes t o the t o t a l c oncentration of a p a r t i c u l a r element. Providing 

the e q u i l i b r a t i o n of the r a d i o a c t i v e species w i t h t h e i r s t a b l e 

counterparts can be assumed (Duursma, 1976) t h i s technique provides a 

v e r s a t i l e t o o l f o r the study of n a t u r a l heterogeneous processes ( L i et 

a l . , l98Ma. 1984b). 

I n t h i s work, the gamma e m i t t e r s were detected as photons using a 

c o a x i a l , L i d r i f t e d , Ge c r y s t a l semiconductor (EG & G Ortec) 

i n t e r f a c e d w i t h a multichannel analyser (Canberra I n d u s t r i e s I n c . ) . 

The multichannel analyser assigned charge pulses associated w i t h 

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

c h a r a c t e r i s t i c energies and recorded the number of d i s i n t e g r a t i o n s 

occuring at each energy i n a given period (see Figure 4 . 1 2 ) . 

Experiments t o examine the p a r t i t i o n i n g of various metals between 

p a r t i c l e and s o l u t i o n phases were undertaken using the suspension 

technique described by Duursma and Bosch (1970) . Solutions of es t u a r i n e 

water of various s a l i n i t i e s and pH were e q u i l i b r a t e d w i t h the 

r a d i o t r a c e r mixture f o r 16-18 hours i n a s t i r r e d , U r e a c t i o n vessel. 

The r e a c t i o n was i n i t i a t e d by the a d d i t i o n of a known q u a n t i t y of 

suspended s o l i d s i n the form of a concentrated suspension. Samples of 

lOOmJl were withdrawn from the r e a c t i o n vessel at various time i n t e r v a l s 

f o l l o w i n g the I n j e c t i o n , u s i ng a p l a s t i c s y r i n g e , and f i l t e r e d , u s i n g 

45mm d i a . , 0.45pm pore-sized membranes ( M i l l i p o r e Ltd.) and vacuum 
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Figure 4.12 A t y p i c a l gamma spectrum of a s o l u t i o n c o n t a i n i n g Cd, Cs 
Zn and Na ra d i o i s o t o p e s . 
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f i l t r a t i o n . The f i l t e r e d p a r t i c l e s were not washed but allowed t o 

dry under vacuum on the f i l t e r support. This minimised the a c t i v i t y 

associated w i t h r e s i d u a l s o l u t i o n on the f i l t e r e d p a r t i c l e s . F i l t e r e d 

subsamples were placed d i r e c t l y on the Ge(Li) detector i n lOOmi r i g i d 

polystyrene weighing b o t t l e s w i t h snap-on caps and the number of 

d i s i n t e g r a t i o n s counted over a period of 50 minutes. The corresponding 

f i l t e r papers were placed i n 50mm d i a . disposable p e t r i dishes and 

counted i n the same way; c o r r e c t i o n s f o r blank papers placed under the 

f i r s t f i l t e r were gen e r a l l y n e g l i g i b l e f o r the elements s t u d i e d . A 

f a c t o r f o r each isotope was determined t h a t corrected f o r the geometry 

of the two sample types. This was achieved by counting a known volume 

of the isotope c o c k t a i l which had been evenly d i s t r i b u t e d and d r i e d on 

t o a f i l t e r paper c o n t a i n i n g the appropriate q u a n t i t y of suspended 

s o l i d s . The counts obtained f o r c o n t r o l s o l u t i o n s c o n t a i n i n g no 

p a r t i c l e s were taken as representing the s i t u a t i o n w i t h 100% of the 

added a c t i v i t y i n the s o l u t i o n phase. No evidence of the isotopes 

being adsorbed on the surface of the lOOmJl weighing b o t t l e s was 

observed when they were recounted a f t e r an a c t i v e sample had been 

discarded. S i m i l a r l y , adsorption by the blank f i l t e r papers was found 

t o be n e g l i g i b l e . 

The adsorption experiments were undertaken using the isotopes: Zn-

65, Cd-109. Cs-137 and Na-22, obtained from Amersham I n t e r n a t i o n a l . 

These were mixed i n proportions that took account of the r e l a t i v e 

a c t i v i t y and counting e f f i c i e n c y (see Table ^.6) of each of the 

isotopes so t h a t an a l i q u o t of the mixed t r a c e r gave s i m i l a r a s i m i l a r 

a c t i v i t y f o r each of the elements. The f i n a l a c t i v i t i e s used i n 

experiments were such t h a t counting periods of 50 minutes gave between 

10,000 and 1000 counts, g i v i n g random e r r o r s of 1 t o 3-2% r e s p e c t i v e l y . 
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Table 4 .6 Radiochemical p r o p e r t i e s of the isotopes used f o r the study of s o r p t i o n exchange processes w i t h 

n a t u r a l suspended s o l i d s . 

isotope energy 
KeV 

counting 
e f f i c i e n c y 

% 

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

% 

s p e c i f i c 
a c t i v i t y h a l f l i f e 

year 

t o t a l 
metal added 

Zn 65 1110 0.4 49 3.0x10 14 0.67 5.8x10 

Cd 109 88 3.4 9.1x10 13 1.29 5.6x10 

o 

Cs 137 661 .2 0.8 86 3.3x10 12 2 6 . 6 1 .3x10 -2 

Na 22 1280 0.4 100 2.2x10 
14 2.58 1 .6x10 

* f o r t r a c e r a d d i t i o n s g i v i n g 10,000 counts per isotope and i n c l u d i n g s t a b l e c a r r i e r contamination where 
ap p l i c a b l e 



(o"=>^n) at the 68.3^ confidence l i m i t (Faires and Parkes, 1960). 

4.4 SORPTION EXPERIMENTS AND RESULTS 

4.4.1 Experimental m a t e r i a l s 

For the t r a c e r experiments, bulk samples (140JI) of f r e s h and 

s a l i n e water were obtained from the River Tamar above the weir at 

Gunnislake and from outside the breakwater o f f Plymouth ( s a l i n i t y 

3 4 . 0 ° / o o ) r e s p e c t i v e l y . These samples, which were c o l l e c t e d i n August 

1985 when t u r b i d i t y was low (<1mg H ^ ) , were membrane-filtered using 

0.45Mm pore-size f i l t e r s ( S a r t o r i u s Ltd.) and a large volume pressure 

f i l t r a t i o n system. Following f i l t r a t i o n , they were stored i n 

polyethylene carboys i n the dark a t 4°C. To provide a stock of 

estuarine p a r t i c l e s , 100£ of water was c o l l e c t e d from the t u r b i d i t y 

maximum of the Tamar Estuary around high water when the concentration 

of suspended s o l i d s was 560-600mg Jl \ These samples were returned t o 

the l a b o r a t o r y and the p a r t i c l e s concentrated by sedimentation f o r 

approximately 48 hours i n darkness at 4°C. Aft e r t h i s p e r i o d , the 

supernatant water, though s t i l l s l i g h t l y t u r b i d , was removed by 

syphoning and pressure f i l t e r e d through 0.45pm membranes. The f i l t e r s 

were then subjected t o a combination of u l t r a s o n i c v i b r a t i o n and g e n t l e 

brushing which e f f e c t i v e l y dislodged the c o l l o i d a l p a r t i c l e s a l l o w i n g 

them t o be re-combined w i t h the sedimented p a r t i c l e s thus preserving, 

as nearly as poss i b l e , the o r i g i n a l composition. This operation 

produced a stock suspension c o n t a i n i n g 12.5mg mi ^ of n a t u r a l t u r b i d i t y 

maximum p a r t i c l e s . A l l the experiments performed i n s o l u t i o n s of 

varying s a l i n i t y and t u r b i d i t y were produced from mixtures of these 

three stock components. 
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The basic p r o p e r t i e s of the end-member s o l u t i o n s determined at the 

s t a r t of the experiments are given i n Table 4 .7 . The s i z e d i s t r i b u t i o n 

and surface area c h a r a c t e r i s t i c s of the stock p a r t i c l e population were 

monitored at i n t e r v a l s during the experimental work and are shown i n 

Figure 4 .13. Despite, or perhaps because o f . the vigorous shaking each 

time subsamples were abstracted from the stock suspension, i t appears 

that p a r t i c l e s i n the 28- l88ijm range were generated at the expense of 

p a r t i c l e s of less than 6\im, presumably through aggregation. The median 

size of the p a r t i c l e p opulation increased from 9.8vim t o l6.3um over the 

eig h t month period t h a t the stock suspension was kept i n storage. 

Paradoxically, the s p e c i f i c surface area of the suspension, determined 

by B.E.T. p l o t s of adsorption isotherms, increased s l i g h t l y from 

17.2m^ t o 23.4m^ g " ^ Glegg e t a l . (1986) have shown t h a t 

o x i d a t i o n of the organic m a t e r i a l associated w i t h p a r t i c l e surfaces 

has the e f f e c t of increas i n g the s p e c i f i c surface area of a sample. 

Hence, t h i s increase i n surface area could have been due t o a r e d u c t i o n 

of adsorbed organic m a t e r i a l through m i c r o b i a l r e s p i r a t i o n . 

U n f o r t u n a t e l y , the organic content of the p a r t i c l e s was not measured. 

A l t e r n a t i v e l y , i t has been suggested ( J . T i t l e y , pers. comm.) t h a t 

changes i n the c r y s t a l s t a t e of oxide phases associated w i t h the 

p a r t i c l e s as the m a t e r i a l aged may acount f o r t h i s increase i n surface 

area. 

4 .4 .2 Preliminary metal s o r p t i o n experiments 

Pr e l i m i n a r y experiments were undertaken t o assess the degree of 

tra c e r uptake by estuarine p a r t i c l e s and the time scale of the s o r p t i o n 

process. Four experimental s o l u t i o n s w i t h s a l i n i t i e s i n the range 0-

5 ° / o o were prepared from the stocks of f r e s h and s a l i n e water and were 
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Table 4 . 7 The composition of the f r e s h and s a l i n e end-members used i n 

the s o r p t i o n experiments. 

composition 

c o n s t i tuent f reshwater seawater 

s a l i n i t y ( V ^ Q ) 0 . 0 3 3 4 . 0 

dissolved organic 
carbon (mg DOC-C 2, ) 3 . 7 6 it 

PH 7 . 2 8 . 2 

V - 1 dissolved metals (yg i ) 

Cu 1 2 . 3 

Zn 1 4 . 1 

Nl 2 . 9 5 * 

Cd 0 . 1 6 

V by Chelex e x t r a c t i o n / a t o m i c absorption 

* not determined 
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Figure 4.13 The size d i s t r i b u t i o n and B.E.T, surface areas of the 
suspended p a r t i c l e stock m a t e r i a l measured at i n t e r v a l s over 
the period of the metal s o r p t i o n experiments. 
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e q u i l i b r a t e d w i t h the t r a c e r mixture. A f t e r dosing the mixtures w i t h 

124mg S, ^ of stock estuarine p a r t i c l e s , subsamples were withdrawn at 

various time i n t e r v a l s , i n i t i a l l y h ourly and then at greater i n t e r v a l s 

over an 18 hour period. The r e s u l t s of t h i s experiment are shown i n 

Figure 4.1^^. Both p a r t i c l e and s o l u t i o n a c t i v i t i e s were determined f o r 

each sample In these experiments but, as the t o t a l a c t i v i t y was 

i n v a r i a b l y accounted f o r , only the a c t i v i t i e s remaining i n s o l u t i o n are 

presented. 

The r e s u l t s provide two general conclusions. F i r s t l y , the data 

produce reasonably smooth curves i n d i c a t i n g t h a t the sampling and 

counting procedures were s u f f i c i e n t t o monitor the s o r p t i o n process 

w i t h a reasonable degree of confidence. Cadmium was an exception but 

t h i s was due to i n s u f f i c i e n t cadmium a c t i v i t y i n t h i s p a r t i c u l a r 

mixture of t r a c e r and hence more 'noisy' values. Secondly, the 

i n i t i a l uptake was extremely r a p i d w i t h up to 90% o f the f i n a l exchange 

oc c u r r i n g i n the f i r s t hour. 

There was a systematic decrease i n the degree of uptake w i t h 

i n c r e a s i n g s a l i n i t y f o r a l l elements. The r e l a t i v e degree of uptake of 

the elements was i n the order: 

Zn > Cs > Cd » Na. 

This order agreed w i t h the e a r l i e r f i e l d measurements, i n t h a t the 

a f f i n i t y of Zn f o r p a r t i c l e s was greater than t h a t of Cd. Sodium, 

however, showed no a f f i n i t y f o r p a r t i c l e surfaces, even at higher 

s a l i n i t i e s where i t might have been expected to e x h i b i t some 

competition f o r s i t e s . 

Following these p r e l i m i n a r y experiments, a second t r i a l was' 

undertaken to assess the k i n e t i c s o f the p a r t i t i o n e q u i l i b r i u m o f 
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Figure 4.14 The uptake w i t h time of the metals Cd, Cs, Zn and Na by 
suspended p a r t i c l e s at a concentration of 124 mg at 
four s a l i n i t i e s . 
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r a d i o - t r a c e r metal w i t h i n the f i r s t minutes a f t e r the a d d i t i o n o f 

p a r t i c l e s . This experiment du p l i c a t e d the previous experiment except 

t h a t only the f r e s h water s i t u a t i o n was studied. A c o n t r o l w i t h no 

added p a r t i c l e s was also monitored. Since, i n the previous experiment, 

the f i l t r a t i o n stage had r e s t r i c t e d the p r a c t i c a l sampling r a t e , 

p r o v i s i o n was made to allow up to s i x samples to be f i l t e r e d 

simultaneously. 

The r e s u l t s of t h i s experiment are shown i n Figure 4.15 and 

demonstrate t h a t f o r Cd, Zn and Cs, 80-90$ of the uptake was complete 

w e l l w i t h i n 10 minutes of the a d d i t i o n o f p a r t i c l e s and t h a t subsequent 

changes were comparatively n e g l i g i b l e . I n l a t e r experiments the 

e q u i l i b r a t i o n values were c a l c u l a t e d from a s i n g l e measurement taken 

a f t e r f o u r hours as t h i s accounted f o r > 95% o f the observed change 

and was compatible w i t h the r e l a t i v e l y s h o r t residence time f o r water 

i n the ' r e a c t i v e ' , l o w - s a l i n i t y r e g i o n o f the Tamar Estuary (Section 

1 . 3 ) . I n a d d i t i o n , t h i s data set c l o s e l y r e p l i c a t e d the r e s u l t s f o r 

freshwater c o n d i t i o n s obtained i n the previous t e s t (shown i n Figure 

4.15) and gave a measure of confidence i n the experimental procedure. 

4.4.3 The use of d i s t r i b u t i o n c o e f f i c i e n t s i n s o r p t i o n studies 

Models of heterogeneous chemical processes have g e n e r a l l y sought 

to express the uptake, or r e l e a s e , of a p a r t i c u l a r m a t e r i a l i n terms of 

a s i n g l e 'pseudo-equilibrium' f a c t o r . Concentration f a c t o r s (CFs) are 

used i n c e r t a i n circumstances, mainly to describe b i o l o g i c a l 

accumulation of p o l l u t a n t s . Duursma and Gross (1971) f i r s t used the 

term ' d i s t r i b u t i o n c o e f f i c i e n t ' (K^) f o r the r e l a t i o n s h i p between 

r a d i o n u c l i d e concentrations i n sediment and water. This concept has 

also been a p p l i e d by geochemists i n the i n t e r p r e t a t i o n o f c r u s t a l 
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c o n t r o l s ( • ) , w i t h no added p a r t i c l e s , a r e a l s o shown. 



w e a t h e r i n g and t h e e l e m e n t a l mass -ba l ance (Bowen, 1 9 7 9 ) . The r a t i o o f 

t h e c o n c e n t r a t i o n o f an e l ement i n p e l a g i c c l a y s t o t h a t i n deep ocean 

w a t e r p r o v i d e s an e s t i m a t e o f t h e maximum v a l u e . However , i t s h o u l d 

be remembered t h a t f a c t o r s a r e n o t e q u i l i b r i u m c o n s t a n t s b u t 

o p e r a t i o n a l v a l u e s t h a t v a r y as pH, s o l u t i o n c o m p o s i t i o n , and the 

p h y s i c a l p r o p e r t i e s o f t h e s o l i d phase change . I n p r a c t i c a l t e r m s , 

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

s h o r t - t e r m e q u i l i b r a t i o n between t h e s o l u b l e phase and t h e n o n -

d e t r i t a l component o f t he suspended p a r t i c u l a t e phase and i s s t r i c t l y 

a p p l i c a b l e o n l y t o t h e sys t em i n w h i c h i t was d e t e r m i n e d . The 

o p e r a t i o n a l d i s t r i b u t i o n c o e f f i c i e n t , K ^ , i s d e f i n e d t h u s : 

- 1 V ^ [ c o n c e n t r a t i o n o f s p e c i e s on s o l i d phase ] 
d ^ ^ [ c o n c e n t r a t i o n o f s p e c i e s i n s o l u t i o n ] 

A l t h o u g h a s i m p l e p e r c e n t a g e f a c t o r s h o u l d be adequa te t o d e s c r i b e 

t h e u p t a k e o f a s o r b e d s p e c i e s , i n p r a c t i c e , as t h e p e r c e n t a d s o r b e d 

approaches ]00% ( o r 0%), t he r e s o l u t i o n o f t h e f a c t o r i s l o s t . The 

f a c t o r , on t h e o t h e r hand , i s f a r more s e n s i t i v e ; f o r example , as t h e 

p e r c e n t adso rbed goes f r o m 99% t o 99.9% (a f a c t o r o f 1 . 0 1 ) , t h e 

i n c r e a s e s by a f a c t o r o f 10 ( L i e t a l . , \98^h). I n t h i s w o r k , 

d i s t r i b u t i o n c o e f f i c i e n t s were d e t e r m i n e d u s i n g r a d i o - i s o t o p e s as 

d e s c r i b e d by L i e t a l . ( 1 9 8 4 b ) : 

_^ ^ a c t i v i t y on p a r t i c l e s 10^ 

( k g kg ) 3 ^ t i v i t y i n 100 mi s o l u t i o n m f 

w h e r e : m = d r y w e i g h t o f s o l i d s on f i l t e r (mg) 

f = f a c t o r t o c o n v e r t f r o m s o l u t i o n t o s o l i d c o u n t i n g geome t ry 
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^ . ^ . ^ M e t a l p a r t i t i o n i n g under e s t u a r i n e c o n d i t i o n s 

S a l i n i t y and suspended s o l i d s 

The e f f e c t s o f p a r t i c l e c o n c e n t r a t i o n and s a l i n i t y on t h e s o r p t i o n 

o f r a d i o - i s o t o p e s were i n v e s t i g a t e d w i t h a s e r i e s o f e x p e r i m e n t s . 

U s i n g t he r e a c t i o n v e s s e l s and p r o c e d u r e d e s c r i b e d i n S e c t i o n ^1.3.2, 

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

s t u d i e d o v e r a r ange o f s a l i n i t i e s ( s i x samples r a n g i n g f r o m f r e s h t o 

3 ^ V o o ) and t u r b i d i t i e s ( s i x samples r a n g i n g f r o m 117 t o 8 l 8mg I ' M . 

S a l i n i t y and pH 

The v a r i a t i o n o f the d i s t r i b u t i o n c o e f f i c i e n t s w i t h pH and 

s a l i n i t y was examined u s i n g a m a t r i x s i m i l a r t o t h a t p roduced f o r t h e 

p r e v i o u s e x p e r i m e n t . I n t h e Tamar E s t u a r y , t y p i c a l pH v a l u e s range 

f r o m a r o u n d 7 . 0 i n t h e f r e s h w a t e r t o a f a i r l y u n i f o r m 8 .2 i n t h e 

m a r i n e end-member. However , a t i n t e r m e d i a t e s a l i n i t i e s , pH v a l u e s 

d e v i a t e f r o m s i m p l e c o n s e r v a t i v e m i x i n g o f t he se end-member v a l u e s 

because t h e c a r b o n i c a c i d d i s s o c i a t i o n c o n s t a n t s a r e s a l i n i t y dependan t 

(Mook & Koene, 1 9 7 5 ) . A l s o , p e r t u r b a t i o n s t o t h e p H / s a l i n i t y 

r e l a t i o n s h i p can be i n d u c e d by l o c a l i s e d r e s p i r a t i o n and p h o t o s y n t h e s i s 

( M o r r i s et a l . , 1 9 8 2 b ) . I n t h e Tamar E s t u a r y , pH v a l u e s i n t h e f r e s h 

w a t e r and low s a l i n i t y r e g i o n can r ange f r o m 6 .0 under h i g h r u n - o f f 

c o n d i t i o n s t o 9 .5 under c o n d i t i o n s o f v i g o r o u s p h o t o s y n t h e t i c a c t i v i t y 

( M o r r i s , u n p u b l i s h e d d a t a ) . 

I n t h i s e x p e r i m e n t , t h e p a r t i t i o n i n g o f r a d i o - i s o t o p e s was 

measured a t f o u r pH v a l u e s , 6 . 0 , 7 . 0 , 8 .0 and 9 .0 ± 0 . 2 pH u n i t s 

r e s p e c t i v e l y , and s i x s a l i n i t i e s r a n g i n g f r o m f r e s h t o 3 4 ° / o o . The pH 

v a l u e s o f samples were a d j u s t e d by d r o p w i s e a d d i t i o n o f 0 .1M NaOH 

a n d / o r 0.1M HCl and t h e pH v a l u e s m o n i t o r e d u s i n g a g l a s s and c a l o m e l 
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r e f e r e n c e e l e c t r o d e c o m b i n a t i o n c a l i b r a t e d a g a i n s t two NBS b u f f e r 

s o l u t i o n s ( 7 . 0 and 9 .25 a t 2 0 ° C ) . Suspended p a r t i c l e s f r o m t h e s t o c k 

s u s p e n s i o n were added a t a c o n c e n t r a t i o n o f 36iimg Jl ^ t o each 

p H / s a l i n i t y c o m b i n a t i o n a f t e r a l l o w i n g t h e r a d i o - t r a c e r t o e q u i l i b r a t e . 

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

s a l i n i t y / p H , b u t w i t h no added p a r t i c l e s ) was m o n i t o r e d f o r each 

c o m b i n a t i o n . 

Tempera tu re e f f e c t s on m e t a l p a r t i t i o n i n g 

E x a m i n a t i o n o f t h e l o c a l w a t e r a u t h o r i t y d a t a showed t h a t r i v e r 

t e m p e r a t u r e s ove r a s i x year p e r i o d f r o m 1976 t o 1982 ranged f r o m 3 . 5 ° C 

i n F e b r u a r y t o l 8 . 5 ° C i n A u g u s t . However , v a l u e s o f 2 4 ° C have been 

r e c o r d e d ( u n p u b l i s h e d d a t a ) i n t h e low s a l i n i t y / m i d - e s t u a r y r e g i o n i n 

l a t e a f t e r n o o n when l ow t i d e o c c u r r e d a r o u n d m i d d a y . Under t h e s e 

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

e l e v a t e d t h r o u g h c o n t a c t w i t h i n t e r - t i d a l mud banks w h i c h had been 

hea t ed by s o l a r r a d i a t i o n d u r i n g t h e p r e v i o u s low w a t e r . I t i s 

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

w i n t e r b u t t h i s has n o t been r e c o r d e d . The t e m p e r a t u r e o f t h e m a r i n e 

end-member v a r i e s much l e s s , f r o m 8.5°C i n F e b r u a r y t o 1 6 . 0 ° C d u r i n g 

Augus t (Lee and Hamster , 1 9 8 1 ) . 

The e f f e c t o f t e m p e r a t u r e on m e t a l p a r t i t i o n i n g was i n v e s t i g a t e d 

by an e x p e r i m e n t i n w h i c h t h e u p t a k e o f r a d i o - i s o t o p e s by e s t u a r i n e 

p a r t i c l e s was f o l l o w e d a t f o u r t e m p e r a t u r e s o v e r a range o f s i x 

s a l i n i t i e s , i n c l u d i n g f r e s h w a t e r and f u l l s e a w a t e r . For t h i s 

e x p e r i m e n t , h y d r o g e n i o n a c t i v i t y was h e l d c o n s t a n t a t pH 7.5 and t h e 

c o n c e n t r a t i o n o f p a r t i c l e s a t 364mg Jl \ U s i n g v a r i o u s t e m p e r a t u r e 

c o n t r o l l e d e n v i r o n m e n t s , t h e e x p e r i m e n t s were p e r f o r m e d a t 2 0 ° C , 1 6 ° C , 
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12°C and 2°C g i v i n g a r e a s o n a b l e cove rage o f e n v i r o n m e n t a l v a l u e s . 

C o n t r o l s w i t h no ac3ded p a r t i c l e s were m o n i t o r e d a t each s a l i n i t y and 

t e m p e r a t u r e , 

^ . ^ . 5 T race m e t a l d e s o r p t i o n s t u d i e s 

D e s o r p t i o n was s t u d i e d u s i n g a s i m i l a r e x p e r i m e n t a l app roach t o 

t h e s o r p t i o n s t u d i e s . A 400mJl a l i q u o t o f t h e s t o c k suspended s e d i m e n t 

s u s p e n s i o n was e q u i l i b r a t e d w i t h a r a d i o - i s o t o p e m i x t u r e f o r a p e r i o d 

o f 2^ h o u r s . A f t e r t h i s o p e r a t i o n , t h e s l u r r y was c e n t r i f u g e d i n 35mi 

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

f r o m 35m2. o f s l u r r y were t h e n re suspended i n t o one l i t r e samples 

c o v e r i n g a r ange o f s a l i n i t i e s p r e p a r e d by m i x i n g f r e s h and s a l i n e 

w a t e r f r o m w h i c h t h e t r a c e m e t a l s had been removed u s i n g Che lex 100 

i o n - e x c h a n g e r e s i n . The s l i g h t r e d u c t i o n i n t h e pH v a l u e s o f t h e f r e s h 

and s a l i n e s t o c k samples b r o u g h t a b o u t by t h e a c t i o n o f t h e i o n -

exchange r e s i n was a d j u s t e d by t h e d r o p w i s e a d d i t i o n o f d i l u t e NaOH. 

D e s o r p t i o n f r o m t h e l a b e l l e d p a r t i c l e s was f o l l o w e d by r e m o v i n g 

and f i l t e r i n g a lOOmJl sub - sample and m e a s u r i n g t h e a c t i v i t y o f b o t h t h e 

s o l u t i o n and p a r t i c u l a t e phases . S a m p l i n g was u n d e r t a k e n a f t e r ^ hour 

and ^0 hour i n t e r v a l s . 

^ . ^ . 6 E x p e r i m e n t a l r e s u l t s 

Suspended s o l i d s and s a l i n i t y 

The r e s u l t s o f t he se e x p e r i m e n t s , c a r r i e d o u t a t room t e m p e r a t u r e 

( 2 3 ° C ) and w i t h no pH c o n t r o l , a r e g i v e n as v a l u e s i n T a b l e H,S, A t 

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

r e a s o n a b l y c o n s t a n t ( w i t h i n e x p e r i m e n t a l e r r o r ) ove r t h e r ange o f 

suspended s o l i d s s t u d i e d . The mean and s t a n d a r d d e v i a t i o n s o f t h e s e K . 
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T a b l e 4 ,8 The s o l u t i o n / p a r t i c l e d i s t r i b u t i o n c o e f f i c i e n t s f o r t h e 
m e t a l s Cd, Cs and Zn measured o v e r a r ange o f suspended 
s o l i d s c o n c e n t r a t i o n s , a t a m b i e n t e s t u a r i n e pH and a t room 
t e m p e r a t u r e ( a b o u t 2 2 ° C ) . 

S a l i n i t y Suspended S o l i d s mg Z 

V 
' 0 0 

117 234 351 584 818 
mean 
( K ^ ) 

Cadmium 

0 1 
4 

.2x10 1 
n 

.1x10 1 .1x10 9 .8x10-^ 1 . 3x10^ (1 
14 

. 1x10 

1 .65 6 . 4 x 1 0 ^ 4 . 9 x 1 0 ^ 5 . 9 x 1 0 ^ 6 . 1 x 1 0 ^ 5 . 5 x 1 0 ^ (5 . 8 x 1 0 ^ 

4 .95 7 . 1 x 1 0 ^ 6 . 8 x 1 0 ^ 1 . 3 x 1 0 ^ 1 . 4 x 1 0 ^ 1 . 3 x 1 0 ^ (1 . 1 x 1 0 ^ 

9 . 9 0 9 . 6 x 1 0 ^ 9 . 1 x 1 0 ^ 6 . 0 x 1 0 ^ 5 . 0 x 1 0 ^ 5 . 8 x 1 0 ^ (1 . 7 x 1 0 ^ 

2 0 . 0 
it 

6 .0x10^ 1 . 3 x 1 0 ^ 1 . 4 x 1 0 ^ (1 . 4 x 1 0 ^ 

3 4 . 0 1 . 1 x 1 0 ^ 1 . 1 x 1 0 ^ 
* 
2 . 6 x 1 0 ^ (1 

2 
. 1x10 

Caesium 

0 4 . 4 x 1 0 ^ 5 . 1 x 1 0 ^ 6 . 2 x 1 0 ^ 5 . 8 x 1 0 ^ 6 . 0 x 1 0 ^ (5 . 5 x 1 0 ^ 

1.65 4 . 2 x 1 0 ^ 3 . 0 x 1 0 ^ 3 . 2 x 1 0 ^ 3 . 4 x 1 0 ^ 3 . 5 x 1 0 ^ (3 . 5 x 1 0 ^ 

4 .95 
* 

3 . 3 x 1 0 ^ 1 .4x10"^ 1 . 4 x 1 0 ^ 1 . 4 x 1 0 ^ 1 . 4 x 1 0 ^ (1 . 4 x 1 0 ^ 

9 . 9 0 7 . 6 x 1 0 ^ 1 . 1 x 1 0 ^ 1 . 0 x 1 0 ^ 6 . 7 x 1 0 ^ 6 . 6 x 1 0 ^ (8 . 4 x 1 0 ^ 

2 0 . 0 4 . 2 x 1 0 ^ 3 . 0 x 1 0 ^ 2 . 6 x 1 0 ^ (3 . 3 x 1 0 ^ 

3 4 . 0 2 . 4 x 1 0 ^ 2 . 9 x 1 0 ^ 2 . 4 x 1 0 ^ (2 . 6 x 1 0 ^ 

Z i n c 

0 1 . 3x10 1 
I] 

. 2x10 1 .2x10 1 .2x10 1 
h 

. 6x10 (1 
14 

. 3x10 

1 .65 9 . 4 x 1 0 ^ 6 . 8 x 1 0 ^ 1 .0x10 9 . 2 x 1 0 ^ 1 
14 

. 0x10 (9 . 1 x 1 0 ^ 

4 .95 4 . 7 x 1 0 ^ 5 . 4 x 1 0 ^ 6 . 3 x 1 0 ^ 5 . 5 x 1 0 ^ 5 . 9 x 1 0 ^ (5 . 6 x 1 0 ^ 

9 . 9 0 4 . 2 x 1 0 ^ 4 . 7 x 1 0 ^ 4 . 8 x 1 0 ^ 4 . 3 x 1 0 ^ 4 . 1 x 1 0 ^ (4 . 4 x 1 0 ^ 

2 0 . 0 
* 

3 . 6 x 1 0 ^ 2 . 8 x 1 0 ^ 2 . 4 x 1 0 ^ (2 . 6 x 1 0 ^ 

3 4 . 0 4 . 6 x 1 0 ^ 2 . 5 x 1 0 ^ 2 . 6 x 1 0 ^ (2 . 6 x 1 0 ^ 

d a t a e x c l u d e d i n c a l c u l a t i n g t h e mean v a l u e 
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v a l u e s have a l s o been p l o t t e d a g a i n s t s a l i n i t y i n F i g u r e s ^ . l 6 - ^ . l 8 

w h i c h show the e f f e c t o f t e m p e r a t u r e and pH on t h e v a l u e s o f t h e 

t h r e e r a d i o - i s o t o p e s . For a l l t h r e e e l e m e n t s , t h e v a l u e s were 

h i g h e s t i n t h e f r e s h w a t e r and f e l l q u i c k l y w i t h i n c r e a s i n g s a l i n i t y up 

t o 2 0 ° / o o where t h e y r eached s t e a d y v a l u e s . Z i n c e x h i b i t e d t h e h i g h e s t 

i n t h e f r e s h w a t e r and was l e a s t a f f e c t e d by s a l i n i t y . Cadmium and 

caes ium d i s p l a y e d s i m i l a r v a l u e s i n t h e f r e s h w a t e r b u t cadmium showed 

a much g r e a t e r s a l i n i t y e f f e c t . 

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

The v a l u e s d e r i v e d f r o m t h i s s e t o f e x p e r i m e n t s a r e shown i n 

T a b l e 4 . 9 . The e f f e c t o f t he i n t e r a c t i o n o f pH and s a l i n i t y on t h e 

p a r t i t i o n i n g o f the r a d i o - t r a c e r s can be seen i n F i g u r e s ^.^6-H.]Q 

w h i c h compare t he v a l u e s f o r t h e t h r e e m e t a l s measured a t f i x e d pH 

v a l u e s ( 6 , 7 , 8 and 9 ± 0 . 2 ) w i t h t h o s e o b t a i n e d a t t h e pH v a l u e s 

t h a t r e s u l t e d f r o m m i x i n g t h e f r e s h and s a l i n e end-members w i t h no pH 

c o n t r o l . Cadmium and z i n c showed a marked pH dependence . The 

v a l u e s f o r b o t h t h e s e e l e m e n t s dec reased w i t h d e c r e a s i n g pH and t h e 

v a l u e s o b t a i n e d a t ambien t pH v a l u e s c l o s e l y f o l l o w e d t h e n e u t r a l (pH 

7 ) p H / s a l i n i t y r e l a t i o n s h i p a l t h o u g h t h e y m i g h t have been e x p e c t e d t o 

app roach t h e pH 8 v a l u e s a t s eawa te r s a l i n i t i e s . Caes ium, on t h e o t h e r 

hand , showed no pH dependence i n t h a t a l l f o u r , f i x e d pH d a t a s e t s , as 

w e l l as t h o s e measured a t amb ien t pH v a l u e s , were v i r t u a l l y i d e n t i c a l 

ove r t h e f u l l s a l i n i t y r a n g e . 

T e m p e r a t u r e 

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

shown i n F i g u r e s ^1.16-4.18 and t h e c o r r e s p o n d i n g v a l u e s a r e l i s t e d 

i n T a b l e 4 . 1 0 . For cadmium and z i n c , t h e v a l u e s f o r any s a l i n i t y 
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T a b l e 4 . 9 The v a r i a t i o n o f w i t h pH f o r t h e m e t a l s Cd, Cs and Zn 
measured a t room t e m p e r a t u r e ( a b o u t 22°(j;) and a c o n s t a n t 
suspended s o l i d s c o n c e n t r a t i o n o f 364mg i 

S a l i n i t y pH 

' 0 0 6 .0 7 . 0 8 .0 9 . 0 

Cadmium 

0 2 . 6 x 1 0 ^ 5 . 7 x 1 0 ^ 6 . 8 x 1 0 ^ 
A 

1.0x10 

1 .36 1 . 1 x 1 0 ^ 2 . 1 x 1 0 ^ 3 . 8 x 1 0 ^ 8 . 2 x 1 0 ^ 

5 .78 2 . 8 x 1 0 ^ 6 . 6 x 1 0 ^ 1 . 4 x 1 0 ^ 6 . 8 x 1 0 ^ 

1 7 . 0 9 .9x10^ 1 . 7 x 1 0 ^ 6 . 1 x 1 0 ^ 3 . 6 x 1 0 ^ 

2 7 . 2 6 .5x10^ 9 .9x10^ 2 . 8 x 1 0 ^ 2 . 0 x 1 0 ^ 

3 4 . 0 3 .2x10^ 6 .5x10^ 2 . 8 x 1 0 ^ 1 .3x10^ 

Caesium 

0 7 . 9 x 1 0 ^ 9 . 1 x 1 0 ^ 7 . 9 x 1 0 ^ 7 . 5 x 1 0 ^ 

1 .36 2 . 8 x 1 0 ^ 2 . 6 x 1 0 ^ 3 . 3 x 1 0 ^ 2 . 4 x 1 0 ^ 

5 .78 8 . 5 x 1 0 ^ 8 . 5 x 1 0 ^ 8 . 5 x 1 0 ^ 8 . 5 x 1 0 ^ 

17 .0 3 . 2 x 1 0 ^ 3 . 2 x 1 0 ^ 3 . 2 x 1 0 ^ 3 . 2 x 1 0 ^ 

2 7 . 2 2 . 1 x 1 0 ^ 2 . 1 x 1 0 ^ 2 . 1 x 1 0 ^ 2 . 1 x 1 0 ^ 

3 4 . 0 1 . 7 x 1 0 ^ 1 . 7 x 1 0 ^ 1 . 7 x 1 0 ^ 1 .3x10^ 

Z i n c 

0 3 . 0 x 1 0 ^ 9 . 1 x 1 0 ^ 1 .1x10 9 . 1 x 1 0 ^ 

1.36 2 . 2 x 1 0 ^ 5 . 7 x 1 0 ^ 8 . 2 x 1 0 ^ 8 . 2 x 1 0 ^ 

5 .78 1 . 4 x 1 0 ^ 3 . 9 x 1 0 ^ 9 . 1 x 1 0 ^ 8 . 2 x 1 0 ^ 

17 .0 8 . 5 x 1 0 ^ 2 . 7 x 1 0 ^ 
4 

1 .1 x l O 
4 

1.0x10 

2 7 . 2 1 . 1 x l O ^ 2 . 6 x 1 0 ^ 
4 

1 . 1x10 9 . 1 x 1 0 ^ 

3 4 . 0 6 . 1 x 1 0 ^ 2 . 4 x 1 0 ^ 
4 

1 . 3x10 
4 

1.2x10 
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Cadmium - pH d e p e n d e n c e 

20 
salinity (%o) 

3 0 

Cadmium - tempera ture d e p e n d e n c e 

O 2 0 

10 2 0 
salinity (%•) 

3 0 

F i g u r e 4 . 1 6 The e f f e c t o f pH and t e m p e r a t u r e on t h e r e l a t i o n s h i p between t h e d i s t r i b u t i o n c o e f f i c i e n t 

( K ^ ) and s a l i n i t y f o r cadmium. The heavy b r o k e n l i n e I n d i c a t e s t he b e s t f i t t h r o u g h t h e d a t a 

( s o l i d c i r c l e s w i t h e r r o r b a r s ) a c q u i r e d under ambien t c o n d i t i o n s . 



0̂  

Zinc - pH d e p e n d e n c e 

10 2 0 
sal in i ty (%o) 

3 0 

I 10* 

1 1 r 
Zinc - t e m p e r a t u r e d e p e n d e n c e 

1̂  

1 0 

O 2 0 
* 16" 
O 1 2 ' 
. 2" 

••o-

10 2 0 
salinity (%») 

3 0 

F i g u r e 4 . 1 7 The e f f e c t o f pH and t e m p e r a t u r e on t h e r e l a t i o n s h i p between t h e d i s t r i b u t i o n c o e f f i c i e n t 

( K ^ ) and s a l i n i t y f o r z i n c . The heavy b r o k e n l i n e i n d i c a t e s t h e b e s t f i t t h r o u g h t h e d a t a 

( s o l i d c i r c l e s w i t h e r r o r b a r s ) a c q u i r e d under amb ien t c o n d i t i o n s . 



00 

C a e s i u m - pH d e p e n d e n c e 

10 2 0 
sallnlty(%o) 

3 0 

C a e s i u m - temperature d e p e n d e n c e 

10 2 0 
8aMnlty<%o) 

F i g u r e 4 . 1 8 The e f f e c t o f pH and t e m p e r a t u r e on t h e r e l a t i o n s h i p between t h e d i s t r i b u t i o n c o e f f i c i e n t 

( K ^ ) and s a l i n i t y f o r c a e s i u m . The heavy b r o k e n l i n e i n d i c a t e s t h e b e s t f i t t h r o u g h t h e d a t a 

( s o l i d c i r c l e s w i t h e r r o r b a r s ) a c q u i r e d under ambien t c o n d i t i o n s . 



T a b l e 4 . 1 0 The v a r i a t i o n o f w i t h t e m p e r a t u r e f o r t h e m e t a l s Cd, Cs 
and Zn measured a t piji 7 .5 and a suspended s o l i d s 
c o n c e n t r a t i o n o f 364mg Jl . 

S a l i n i t y 

' 0 0 

Tempera tu re °C S a l i n i t y 

' 0 0 2 12 16 20 

Cadmium 

0 3 . 2 x 1 0 ^ 4.6x10-^ 4 . 7 x 1 0 ^ 4 . 4 x 1 0 ^ 

1.36 2 . 1 x 1 0 ^ 2 . 5 x 1 0 ^ 2 . 7 x 1 0 ^ 3 . 8 x 1 0 ^ 

5 .78 4 . 4 x 1 0 ^ 4 . 8 x 1 0 ^ 5 . 2 x 1 0 ^ 6 . 9 x 1 0 ^ 

1 7 . 0 9 .9x10^ 1 . 3 x 1 0 ^ 1 . 7 x 1 0 ^ 2 . 2 x 1 0 ^ 

2 7 . 2 5 .5x10^ 6 .5x10^ 6 .5x10^ 8 .2x10^ 

3 4 . 0 3 .2x10^ 4 .9x10^ 4 .6x10^ 6 .2x10^ 

Caesium 

0 
4 

1 . 2x10 
4 

1 .1 x l O 8 . 9 x 1 0 ^ 7 . 4 x 1 0 ^ 

1.36 3 . 8 x 1 0 ^ 
3 3 

3 .2x10 3 . 1 x 1 0 ^ 2 . 8 x 1 0 ^ 

5 .78 1 . 2 x 1 0 ^ 1 .0x10^ 9 . 4 x 1 0 ^ 9 . 3 x 1 0 ^ 

1 7 . 0 4 . 0 x 1 0 ^ 4 . 1 x 1 0 ^ 4 . 2 x 1 0 ^ 3 . 8 x 1 0 ^ 

2 7 . 2 3 . 2 x 1 0 ^ 2 . 4 x 1 0 ^ 2 . 6 x 1 0 ^ 2 . 5 x 1 0 ^ 

3 4 . 0 2 . 6 x 1 0 ^ 2 . 1 x 1 0 ^ 1 .8x10^ 1 . 9 x 1 0 ^ 

Z i n c 

0 3 . 7 x 1 0 ^ 6 . 0 x 1 0 ^ 6 . 5 x 1 0 ^ 5 . 9 x 1 0 ^ ? 

1.36 4 . 1 x 1 0 ^ 5 . 6 x 1 0 ^ 6 . 3 x 1 0 ^ 6 . 8 x 1 0 ^ 

5 .78 1 .6x10^ 2 . 3 x 1 0 ^ 2 . 7 x 1 0 ^ 3 . 8 x 1 0 ^ 

17 .0 9 . 4 x 1 0 ^ 1 .6x10^ 2 . 4 x 1 0 ^ 3 . 2 x 1 0 ^ 

2 7 . 2 8 . 1 x 1 0 ^ 1 .2x10^ 1 . 5 x 1 0 ^ 2 . 0 x 1 0 ^ 

3 4 . 0 7 . 7 x 1 0 ^ 1 . 1 x l O ^ 1 . 2 x 1 0 ^ 1 .7x10-^ 
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v a l u e dec reased r e g u l a r l y w i t h d e c r e a s i n g t e m p e r a t u r e and the f o r m o f 

t he K ^ / s a l i n i t y r e l a t i o n s h i p s was c o n s i s t e n t a t each t e m p e r a t u r e . 

Caesium showed no c l e a r t e m p e r a t u r e dependence . The d a t a a t a l l f o u r 

e x p e r i m e n t a l t e m p e r a t u r e s ag reed c l o s e l y w i t h t h e v a l u e s measured a t 

room t e m p e r a t u r e . 

D e s o r p t i o n r e s u l t s 

The r e s u l t s o f the d e s o r p t i o n e x p e r i m e n t a r e shown i n F i g u r e ^ . 1 9 . 

The t h r e e m e t a l s e x h i b i t e d s i m i l a r r e sponses i n t h a t t h e y a l l showed 

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

i n c r e a s e d w i t h s a l i n i t y . However , t h e y v a r i e d s i g n i f i c a n t l y i n t h e 

p r o p o r t i o n o f the t o t a l m e t a l t h a t was desorbed a t h i g h e r s a l i n i t i e s . 

Caesium d e s o r p t i o n a f t e r h o u r s i n c r e a s e d f r o m 12$ i n t h e f r e s h w a t e r 

t o r e a c h v a l u e s o f 76% a t s a l i n i t i e s above 20^/Q^. Cadmium d e s o r p t i o n 

was a r o u n d 5% i n f r e s h w a t e r ove r t h e same p e r i o d , max imi sed a r o u n d 

2 0 V o o a t v a l u e s o f a p p r o x i m a t e l y 90% and r e d u c e d s l i g h t l y a t h i g h e r 

s a l i n i t i e s . The c o r r e s p o n d i n g d e s o r p t i o n o f z i n c i n c r e a s e d r a p i d l y f r o m 

&% i n t h e f r e s h w a t e r t o 25% a t l ° / o o b u t t h e n more s l o w l y t o r e a c h 

v a l u e s o f 50$ above s a l i n i t i e s o f 20°/^Q. Z i n c , h o w e v e r , showed t h e 

l e a s t change i n d e s o r p t i o n between ^ and ^0 h o u r s and , f u r t h e r m o r e , 

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

a d s o r p t i o n e x p e r i m e n t s . B o t h t h e cadmium and caes ium r e s u l t s i n d i c a t e d 

t h a t t h e approach t o p a r t i t i o n e q u i l i b r a t i o n r eached t h r o u g h d e s o r p t i o n 

was much s l o w e r t h a n v i a a d s o r p t i o n i n t h a t t h e e x t e n t o f d e s o r p t i o n 

was s i g n i f i c a n t l y g r e a t e r a f t e r 1̂0 h o u r s compared w i t h ^ h o u r s . I n 

a d d i t i o n , a f t e r ^0 h o u r s , b o t h m e t a l s had r e a c h e d o n l y 8̂ 1$ o f t he 

v a l u e t h a t w o u l d be p r e d i c t e d f r o m a d s o r p t i o n e q u i l i b r a t i o n v a l u e s . 
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(0 
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•M 1 0 0 
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•o 

caesium 

cadmium 

Q 1 0 0 
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E 

zinc 

salinity ( % o ) 

Figure 4.19 Desorptlon of the metals Cd, Cs and Zn from estuarine 
p a r t i c l e s a f t e r 4 ( A ) and 40 hour ( • ) I n t e r v a l s , 
Predicted values using adsorption Kd values are shown as 
( O ) . 
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4 . 4 . 7 D i s c u s s i o n 

For g i v e n c o n d i t i o n s o f pH and t e m p e r a t u r e , and o v e r t he r ange o f 

suspended s o l i d s s t u d i e d (up t o 8 l8mg i t h e a d s o r p t i o n o f r a d i o 

i s o t o p e s on t o suspended p a r t i c l e s i n c r e a s e d l i n e a r l y w i t h 

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

i n f l u e n c e o f s a l i n i t y a c t e d t o dec rease v a l u e s , n o n - l i n e a r l y as 

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

i o n s ( p r e d o m i n a n t l y Ca and M g ) . 

The e f f e c t o f pH on m e t a l d i s t r i b u t i o n c o e f f i c i e n t s was g e n e r a l l y 

c o n s i s t e n t w i t h p r e d i c t e d b e h a v i o u r . For cadmium and z i n c t h e 

p r o p o r t i o n o f m e t a l i n s o l u t i o n i n c r e a s e d as pH v a l u e s decreased a n d , 

t h e r e f o r e , t h e v a l u e s d e c r e a s e d . E x a m i n a t i o n o f the s o r p t i o n 

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

i n d i c a t e d t h a t , f o r z i n c and cadmium, i n c r e a s i n g t h e t e m p e r a t u r e 

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

Caesium d i s t r i b u t i o n c o e f f i c i e n t s showed no t e m p e r a t u r e o r pH 

dependence . T e m p e r a t u r e i n d e p e n d e n t r e a c t i o n s a r e o f t e n i n d i c a t i v e o f 

s i m p l e s o r p t i o n p r o c e s s e s and caes ium i s shown as p r e d o m i n a n t l y i o n i c 

a t a l l s a l i n i t i e s by T u r n e r _et a l . ( 1 9 8 1 ) . From the b e h a v i o u r o f o n l y 

t h r e e m e t a l s , i t i s no t p o s s i b l e t o draw g e n e r a l i s e d c o n c l u s i o n s 

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

b e h a v i o u r , h o w e v e r , t h i s s u b j e c t i s d i s c u s s e d i n d e t a i l by T u r n e r et 

a l . ( 1 9 8 1 ) . 

Compar i son o f t he v a l u e s measured h e r e w i t h v a l u e s o b t a i n e d by 

o t h e r w o r k e r s ( T a b l e 4 . 1 1 ) shows t h a t , a l t h o u g h t h e v a r i a t i o n s w i t h 

s a l i n i t y a r e s i m i l a r , a b s o l u t e v a l u e s v a r y by an o r d e r o f m a g n i t u d e . 
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T h i s p r o b a b l y r e f l e c t s d i f f e r e n c e s i n t h e n a t u r e o f t he p a r t i c u l a t e 

m a t e r i a l , f o r example , i t s s o u r c e , o x i d e c o n t e n t , o r g a n i c c o n t e n t and 

age . I n a d d i t i o n , t h e method used t o d e t e r m i n e v a l u e s must have an 

e f f e c t on t h e n u m e r i c a l v a l u e o f t he c o n s t a n t s . Those w o r k e r s who have 

employed r a d i o - i s o t o p e u p t a k e / r e l e a s e have g e n e r a l l y d e r i v e d s i m i l a r 

d a t a ( L i e t a l . , 1 9 8 4 a ) . However , methods t h a t r e l y on d i r e c t c h e m i c a l 

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

a s s o c i a t e d m e t a l s a r e l i m i t e d by t h e i r a b i l i t y t o c h a r a c t e r i s e t h e 

e x c h a n g e a b l e m e t a l on t h e p a r t i c l e s . T h i s i s i l l u s t r a t e d by t h e d a t a 

o f V a l e n t a £ t ( 1986 ) f o r w h i c h l ow t e m p e r a t u r e (oxygen p l a sma) 

a s h i n g and d i l u t e h y d r o c h l o r i c a c i d were employed t o s o l u b i l i s e t h e 

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

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

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

v a l u e s r e p o r t e d by t h e s e a u t h o r s . 

D e s o r p t i o n i n c r e a s e d w i t h s a l i n i t y , as w o u l d be p r e d i c t e d f r o m the 

a d s o r p t i o n s t u d y . However , t h e i n c r e a s e i n d e s o r p t i o n w i t h t i m e a f t e r 

4 h o u r s i n d i c a t e s t h a t t h e p roces s was s l o w e r t h a n a d s o r p t i o n . S i m i l a r 

r e s u l t s were f o u n d f o r cadmium and z i n c d e s o r p t i o n f r o m Rhine s e d i m e n t s 

(Sa lomons , 1980) where i t was a l s o n o t e d t h a t t h e p r o p o r t i o n o f 

d e s o r b a b l e m e t a l d e c r e a s e d , as t he t i m e d u r i n g w h i c h t h e m e t a l s were 

e q u i l i b r a t e d w i t h t h e p a r t i c l e s was i n c r e a s e d . T h i s i n d i c a t e s t h a t 

s o r p e d m e t a l s t e n d t o become i r r e v e r s i b l y bound w i t h i n t h e m a t r i x o f 

t he p a r t i c l e s and t h e r e f o r e l e s s a v a i l a b l e f o r d e s o r p t i o n . 
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Table 4.11 A comparison o f values measured i n various e s t u a r i n e 

environments. 

Location 
values 

Location 
freshwater seawater reference 

cadmium 

Hudson/ 
M i s s i s s i p p i 

1.7x10 3.7x10^ L i e t a l . (1984a) 

Rhine 3-1x10 5-3x10^ Salomons (1980) 

Tamar 1.1x10 1.1x10^ This work 

Mean Coastal 
Values 

2.0x10^ IAEA* (1985) 

zinc 

Hudson/ 
M i s s i s s i p p i 

1.2x10 1,7x10^ L i e t a l . (1984a) 

Rhine 2.6x10^^ i*.5x10^ Salomons (1980) 

Tamar If 
1.3x10 2.6x10^ This work 

Mean Coastal 
Values 

2.0x10^ IAEA (1985) 

Caesium 

Hudson/ 
M i s s i s s i p p i 

1.Mxib^ 9.2x10^ L i et a l . (1984a) 

Tamar 5.5x10^ 2.6x10^ This work 

Mean Coastal 
Values 

3.0x10^ IAEA ( 1 9 8 5 ) 

* - I n t e r n a t i o n a l Atomic Energy Agency 
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^.6 SUMMARY AND CONCLUSIONS 

1. The close r e l a t i o n s h i p between the l o c a t i o n and magnitude o f 

the t u r b i d i t y maximum and the p o s i t i o n and extent of di s s o l v e d , 

r i v e r i n e metal removal i n the Tamar Estuary provide a strong i n d i c a t i o n 

t h a t s o r p t i v e exchanges w i t h suspended p a r t i c l e s exert a c o n t r o l l i n g 

i n f l u e n c e on the d i s t r i b u t i o n s of soluble metals. 

2. The presence of a l o c a l i s e d s ink f o r s o l u b l e metal s i t u a t e d 

at the t u r b i d i t y maximum requires e i t h e r , an a d d i t i o n a l metal removal 

process t o ' s t r i p ' the p a r t i c l e s of metal or, a co n t i n u a l input of 

me t a l - d e f i c i e n t p a r t i c l e s t o counteract the tendency f o r the p a r t i c l e 

population t o e q u i l i b r a t e w i t h s o l u b l e metal. This l a t t e r o p t i o n i s 

consistent w i t h the concept of t i d a l pumping of p a r t i c l e s and the 

formation and maintenance of the t u r b i d i t y maximum discussed i n e a r l i e r 

s e c t i o n s . 

3. The use of radio-isotopes t o examine the e f f e c t of the 

est u a r l n e master v a r i a b l e s on the p a r t i t i o n i n g o f the metals Cd, Cs and 

Zn between the s o l u t i o n and p a r t i c u l a t e phases has proved t o be 

e f f i c i e n t and s e n s i t i v e . Under l a b o r a t o r y c o n d i t i o n s , the e m p i r i c a l 

d i s t r i b u t i o n c o e f f i c i e n t s (K^s) p e r t a i n i n g t o suspended p a r t i c l e s from 

the Tamar Estuary and t h e i r dependence on s a l i n i t y , temperature and pH 

have been measured. Comparisons of these values w i t h published data 

(Table 4.11) show s i m i l a r trends w i t h changes i n s a l i n i t y but also 

i n d i c a t e t h a t the absolute values are s i t e s p e c i f i c and t h e i r 

p r e d i c t i v e value, t h e r e f o r e , l i m i t e d t o the system i n which they were 

measured. 

175 



To use d i s t r i b u t i o n c o e f f i c i e n t s i n a p r e d i c t i v e mode i s 

r e l a t i v e l y s t r a i g h t f o r w a r d i n a steady-state, s i n g l e r e s e r v o i r system. 

However, i n estuarine environments, w i t h complex hydrodynamics, 

independent sediment dynamics and l o c a l i s e d t u r b i d i t y maxima, a 

s o p h i s t i c a t e d s i m u l a t i o n model i s required t o p r e d i c t metal 

concentrations. I n the next s e c t i o n , the f e a s i b l i t y of employing the 

values derived i n t h i s work t o simulate observed metal d i s t r i b u t i o n s i s 

examined w i t h the a i d of an e x i s t i n g model of the Tamar Estuary. 
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5.1 SIMULATION MODELLING 

5.1.1 Objectives 

This sec t i o n evaluates the use of d i s t r i b u t i o n c o e f f i c i e n t s t o 

reproduce the behaviour and t r a n s p o r t of trace metals w i t h i n an 

estuarine environment. The study was accomplished using an e x i s t i n g 

model of the Tamar Estuary ( H a r r i s et a l . , 1 9 8 ^ ) which simulates the 

fl u x e s and d i s t r i b u t i o n s of s a l t , sediment and suspended p a r t i c l e s . 

5.1.2 De s c r i p t i o n o f the model 

The Tamar model i s based on a one-dimensional s i m u l a t i o n of net 

s o l u t e and p a r t i c l e f l u x e s between m i d - t i d a l values. For t h i s purpose, 

the estuary was di v i d e d i n t o 31 one-kilometre sections and the mid - t i d e 

volumes of each segment were c a l c u l a t e d from the bathymetry and cross-

s e c t i o n a l dimensions. Distances were measured from the estuary mouth 

at Plymouth Sound and water v e l o c i t i e s and other f l u x e s were n o t i o n a l l y 

p o s i t i v e i n the upstream d i r e c t i o n . Concentrations were determined at 

the one-kilometre i n t e r v a l s and fl u x e s at the i n t e r v e n i n g h a l f 

k i l o m e t r e s . 

Solute d i s p e r s a l was determined according t o a f i n i t e - d i f f e r e n c e 

approximation t o a one-dimensional, a d v e c t i o n - d i f f u s i o n model. The 

di s p e r s i o n c o e f f i c e n t s required f o r t h i s were derived from s a l t budgets 

based on s a l i n i t y observations between 1977 and 1980 (Uncles et a l . , 

1983) and were found t o be l i n e a r l y r e l a t e d t o r i v e r r u n - o f f w i t h i n any 

segment of the estuary. However, at s a l i n i t i e s below 0.2°/(,o the 

f i n i t e d i f f e r e n c e approximation provided poor agreement w i t h 

observations and, f o r t h i s part of the model, a steady s t a t e 

f o r m u l a t i o n was employed i n which the d i s p e r s i o n parameters were 
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derived e m p i r i c a l l y t o provide optimal agreement between simulated and 

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

I n order t o describe the d i s t r i b u t i o n of suspended p a r t i c l e s 

w i t h i n the model estuary, the suspended p a r t i c l e population was taken 

t o comprise marine, r i v e r i n e and estuarine m a t e r i a l s which were 

t r e a t e d separately. P a r t i c l e s of e i t h e r marine or f r e s h o r i g i n were 

considered t o be d i s t r i b u t e d c o n s e r v a t i v e l y and not deposited w i t h i n 

the estuary. The concentration of r i v e r i n e p a r t i c l e s was r e l a t e d t o 

r u n - o f f at any time and t h i s regression ( H a r r i s _et a l . , 1 9 8 ^ ) was used 

t o generate the concentration of r i v e r i n e p a r t i c l e s i n the model. 

Marine p a r t i c l e loads were set at 5mg 1 \ The concentration of 

suspended p a r t i c l e s comprising the t u r b i d i t y maximum, i . e . the excess 

m a t e r i a l t o th a t p r e d i c t e d from a conservative d i s t r i b u t i o n of the end-

member concentrations, was found t o be r e l a t e d t o s a l i n i t y , t i d a l range 

and r i v e r r u n - o f f at s a l i n i t i e s between f u l l seawater and 0.2°/oo. At 

s a l i n i t i e s less than 0.2°/oo» the p a r t i c l e s were taken t o be 

co n s e r v a t i v e l y d i s t r i b u t e d (Uncles et a l . , 1 9 8 5 ) . The p a r t i c l e 

d i s t r i b u t i o n s generated i n t h i s way c l o s e l y simulated observed 

d i s t r i b u t i o n s of t u r b i d i t y maxima and varied r e a l i s t i c a l l y w i t h the 

s t a t e of the spring-neap t i d e and r i v e r r u n - o f f . 

An exchange of m a t e r i a l between the suspended p a r t i c l e p opulation 

i n the water column and the bed sediment t y p i c a l l y occurs around the 

mid-ebb and mid-flood period i n the r e a l estuary and v a r i e s w i t h the 

t i d a l range. This was simulated using an e m p i r i c a l , but a d j u s t a b l e , 

exchange f a c t o r set at 2.0 t h a t i s , the t o t a l suspended sediment was 

exchanged w i t h bed m a t e r i a l twice over a 24 hour p e r i o d . No s t r u c t u r e 

was assigned t o the bed-sediment which was, t h e r e f o r e , e f f e c t i v e l y 
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completely mixed w i t h i n the e n t i r e bed-sediment r e s e r v o i r of each 

segment. The exchange o f sediment between segments was achieved using 

sediment f l u x e s derived from the measurements of mobile sediment 

m i g r a t i o n made over the period Jan 82 t o Jan 83 which are reported i n 

Section 3 - 3 . The p a r t i c l e s from a l l sources were considered t o be 

I d e n t i c a l In terms of t h e i r chemistry. The equations governing the 

processes included I n the Tamar model are described In d e t a i l by H a r r i s 

et a l . (1984). 

Simulation runs w i t h the Tamar model were confined t o a 12 month 

period covering 1982 f o r which d a l l y i n f o r m a t i o n on the t i d a l range, 

the flow rates of the major f r e s h water sources t o the estuary and the 

I n t e r n a l mobile sediment f l u x e s were a v a i l a b l e . River flow data f o r the 

Tamar. Tavy, and Lynher were obtained from the South West Water 

A u t h o r i t y and the t i d a l ranges from the Admiralty Tide Tables, The 

physical model was allowed t o run f o r 21 days before undertaking any 

metal chemistry. This allowed s a l i n i t y and p a r t i c l e concentrations t o 

achieve values Independent of t h e i r a r b i t r a r y s t a r t i n g s t a t e s . 

5 . 1 . 3 I n c o r p o r a t i o n of the metal K ^ / s a l l n l t y r e l a t i o n s h i p 

Examination of the f a c t o r s obtained under ambient estuarine 

c o n d i t i o n s i n Section 4 i n d i c a t e d t h a t f o r the metals Cd, Zn and Cs the 

n a t u r a l l o g a r i t h m of the was l i n e a r l y r e l a t e d t o the n a t u r a l 

l o g a r i t h m of s a l i n i t y over the f u l l s a l i n i t y range: 

l o g ^ = a ( l o g ^ (S+n) + l o g ^ 

where a = the slope of the regression of l o g ^ against l o g ^ (S+1) 

= the I n t e r c e p t on the y a x i s 
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The comparison between the experimental data derived i n Section 4 

and the values generated by these r e l a t i o n s h i p s can be seen i n Figure 

5 . 1 . The c o r r e l a t i o n c o e f f i c i e n t s f o r each o f the regressions and the 

derived a and values that define the 'ambient* conditions and the 

v a r i a t i o n s introduced by temperature and pH are given i n Table 5 . 1 . 

However, i n the modelling studies reported here, s a l i n i t y was the only 

v a r i a b l e a f f e c t i n g the value of the metal d i s t r i b u t i o n c o e f f i c i e n t . 

I n i t i a l modelling t r i a l s were undertaken using the d i s t r i b u t i o n 

c o e f f i c i e n t s measured f o r zin c , but, i n p r a c t i c e , any of the three 

metals could have been employed. At the l e v e l of tuning the model and 

ev a l u a t i n g i t s a b i l i t y t o p r e d i c t metal behaviour and d i s t r i b u t i o n s , 

these t r i a l s simply r e q u i r e d a ' t y p i c a l ' metal. Dissolved zinc was 

introduced t o the model w i t h the r i v e r water at a concentration o f 

l 6 y g The concentration of the metal i n the marine end-member was 

constrained by s e t t i n g a value of I'pg i ^ i n segment 31 at the mouth o f 

the estuary. The l i n e a r regression r e l a t i n g the f o r zinc t o s a l i n i t y 

was incorporated i n the model such t h a t f o r each time step the 

appropriate d i s t r i b u t i o n c o e f f i c i e n t value would be determined i n each 

estuary segment. These values were then used t o p a r t i t i o n the metal 

between the s o l u b l e and p a r t i c u l a t e phases i n the water column w i t h i n 

each segment. The exchange f a c t o r then r e d i s t r i b u t e d p a r t i c l e -

associated metal between the suspended and sedimentary p a r t i c l e 

r e s e r v o i r s . 

E a r l i e r experiments had i n d i c a t e d t h a t t h i s model r e q u i r e d 

approximately 20 simulated years t o o b t a i n e q u i l i b r i u m w i t h a s o l u b l e 

component subject t o uptake on the p a r t i c l e s at n a t u r a l r a t e s . This 

was because the volume of bed-sediment required t o balance the i n t e r n a l 
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Table 5.1 The c o r r e l a t i o n c o e f f i c i e n t s and f a c t o r s d e s c r i b i n g the 

regression of the d i s t r i b u t i o n c o e f f i c i e n t s f o r Cd. Cs and Zn 

against s a l i n i t y . There were s i x p a i r s of data i n each 

regr e s s i o n . 

metal slope 
a 

i n t e r c e p t 
K 

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

Ambient Conditions 

Cd 
Cs 
Zn 

-0.922 
-0.511 

51x10. 
75x10j 
37x10 

•0.985 
•0.989 
•0.976 

Con t r o l l e d temperature 

Cd 2°C - 1 . 3 9 7 
12°c -1.329 
16°C -1.332 
20°C - 1 . 2 7 4 

Cs -2.°C -1.062 
12°C -1.093 
16°C -1.057 
20'*C - 1 . 0 1 2 

Zn •2°C - 0 . 5 1 3 
12°C -0.515 
16°C - 0 . 4 7 8 
20°C - 0 . 3 6 5 

C o n t r o l l e d pH 

Cd pH6 - 1 . 1 8 8 
pH7 -1.248 
pH8 -0.933 
pH9 -0.538 

Cs pH6 -1.073 
pH7 -1.094 
pH8 -1.093 
pH9 - 1 . 0 8 1 

Zn pH6 - 0 . 3 9 1 
pH7 -0.368 
pH8 -0.062 
PH9 +0.077 

04x10: 
83x10; 
26x10; 
96x10-

01x10. 
33x10: 
1 3x10; 
96x10-

4.56x10: 
7.59x10: 
7.69x10: 
7.36x10-

2.80x10; 
6.15x10: 
7.67x10j 
1.28x10 

7.30x10 
71x10: 
80x10: 
85x10' 

96x10: 
37x10; 
1 3 x 1 0 : 

7.77x10-

•0.972 
-0.996 
-0.992 
•0.983 

-0.997 
•0.997 
•0.998 
•0.999 

-0.970 
-0.984 
•0.967 
•0.937 

-0.996 
-0.999 
-0.995 
-0.934 

-0.999 
-0.997 
-0.999 
-0.998 

-0.954 
- 0 . 9 9 1 
+0.552 
+0.628 
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Figure 5,1 Comparisons of the regression: log K versus log ( S + 1 ) 
(hashed l i n e ) w i t h d i s t r i b u t i o n c o e f f i c i e n t data ( • ) 
measured I n Section 4. 
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sediment f l u x e s d i c t a t e d by the observations i n Section 3 was extremely 

large and represented a s i g n i f i c a n t r e s e r v o i r f o r metal w i t h i n the 

estuary. To avoid the la r g e amount of computing time required t o 

a t t a i n e q u i l i b r a t i o n , the sediment-associated metal concentrations i n 

each segment were pre-set t o values p r e d i c t e d by the d i s t r i b u t i o n 

c o e f f i c i e n t s f o r an average estuarine s a l i n i t y d i s t r i b u t i o n ( r i v e r run

o f f , 15m^ sec"^). 

5.1.4 Results of the p r e l i m i n a r y experiments 

Using the co n d i t i o n s described above, the model was run f o r the 

e n t i r e period of 1982. Examples of sta b l e low ( J u l y ) and high 

(November) r i v e r r u n - o f f c o n d i t i o n s are presented f o r s p r i n g and neap 

t i d e s i n Figure 5.2. From these diagrams i t i s clea r that adequate 

reproductions of measured d i s t r i b u t i o n s of the metal were generated i n 

which removal of so l u b l e metal occurred a t the s i t e of the t u r b i d i t y 

maximum and the extent of metal removal was of r e a l i s t i c p r o p o r t i o n s . 

I n a d d i t i o n , under low r i v e r flow c o n d i t i o n s , a mld-estuarine input of 

metal was evident. These simulated d i s t r i b u t i o n s were very s i m i l a r i n 

form t o d i s t r i b u t i o n s of dissolved metals, p a r t i c u l a r l y zinc and 

n i c k e l , measured i n the Tamar (see Section 4.2). However, I t i s clea r 

from a comparison of the s p r i n g and neap data f o r J u l y i n Figure 5.2 

tha t the degree of metal removal and r e m o b i l l s a t i o n i s not s e n s i t i v e t o 

changes i n the conce n t r a t i o n of suspended s o l i d s at the t u r b i d i t y 

maximum. I t i s l i k e l y t h a t the removal of trace metal at the t u r b i d i t y 

maximum, i n t h i s model, i s simply dependent on the r a t e of p o s i t i v e 

(up-estuarine) f l u x of metal-poor sedimentary p a r t i c l e s . This i m p l i e s 

* One simulated year of the Tamar model required n e a r l y two hours of 
c e n t r a l processor time on a GEO 4190 computer. 
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that a d d i t i o n a l chemical processes, possibly w i t h i n the bed-sediment 

pop u l a t i o n , are r e q u i r e d t o e x p l a i n the more pronounced and 

resuspension-linked, removal of trace metal observed at the t u r b i d i t y 

maximum i n the Tamar Estuary. 

5.1.5 Conclusions from the model r e s u l t s 

The use of d i s t r i b u t i o n c o e f f i c i e n t s w i t h a v a l i d a t e d hydrodynamic 

model, t h a t incorporates s u i t a b l e sediment and suspended p a r t i c l e 

behaviour, allows estuarine metal d i s t r i b u t i o n s t o be computed. The 

d i s t r i b u t i o n c o e f f i c i e n t s derived i n t h i s work were of s u f f i c i e n t 

accuracy t o allow metal p r o f i l e s t o be generated i n which the magnitude 

of the changes was e s s e n t i a l l y c o r r e c t when compared w i t h 

d i s t r i b u t i o n s of s o l u b l e metal measured i n the Tamar. 

The demonstration of both l o c a l i s e d removal (roughly c o i n c i d e n t 

w i t h the t u r b i d i t y maximum) and a mid-estuarine input of soluble metal 

(a t approximately 10°/.o s a l i n i t y under low r u n - o f f c o n d i t i o n s ) 

i n d i c a t e s t h a t bed-sediment f l u x e s are e s s e n t i a l t o the s i m u l a t i o n o f 

estuarine metals. Bed-sediment f l u x e s are the o n l y mechanism o f 

t r a n s p o r t i n g m e t a l - r i c h p a r t i c l e s down-estuary where subsequent 

r e m o b i l i s a t i o n w i t h the onset of net up-estuarine sediment pumping can 

introduce desorption i n t o metal-poor water. S i m i l a r l y , up-estuarine 

t r a n s p o r t of metal-poor p a r t i c l e s t o the t u r b i d i t y maximum i s the only 

mechanism w i t h i n the model t h a t w i l l prevent p a r t i c u l a t e m a t e r i a l a t 

the t u r b i d i t y maximum from becoming e q u i l i b r a t e d w i t h the so l u b l e metal 

and thereby l i m i t i n g f u r t h e r metal removal. 

5.1.6 L i m i t a t i o n s of the present model 

I t i s recognised t h a t the present model has several weaknesses but 
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i t s o v e r r i d i n g s t r e n g t h i s the f a c i l i t y t o tune i n d i v i d u a l l y various 

parameters so t h a t t h e i r c o n t r i b u t i o n t o the o v e r a l l p i c t u r e of 

estuarine metal behaviour can be i n v e s t i g a t e d . Obvious candidates f o r 

examination i n c o n t r o l l e d experiments are the sediment/suspended 

p a r t i c l e exchange f a c t o r , the bed sediment f l u x e s and the v a l i d i t y of 

values derived from a s i n g l e p a r t i c l e population t o metal behaviour 

throughout the estuary. 

On the negative s i d e , i t i s clear t h a t the assumption of uniform 

mixing o f deposited sediments w i t h i n the e n t i r e mobile sediment 

population i n a p a r t i c u l a r segment i s a weakness i n the present model. 

No c o n s i d e r a t i o n i s given t o di a g e n e t i c processes w i t h i n the buried 

sediments. The only mechanisms t h a t are considered are Inputs to the 

sediment through sedimentation of p a r t i c l e s plus adsorbed metal and 

removal through r e m o b i l i s a t i o n o f the sediment i n t o metal-poor water. 

In r e a l i t y , d e p o s i t i n g sediments s e t t l e on the surface o f the e x i s t i n g 

sediment and are mobilised f i r s t d uring the subsequent resuspension 

phase. B i o t u r b a t i o n would tend t o e f f e c t slow mixing through the 

sediment, but i t i s not known whether t h i s process i s s i g n i f i c a n t i n 

the dynamic, t u r b i d region of the t u r b i d i t y maximum. Most work on 

estuarine bed-sediments points to markedly non-uniform v e r t i c a l 

s t r u c t u r e dominated by redox chemistry (Emerson et a l . , 1 9 8 4 ; Watson et 

a l . , 1 9 8 5 ) . The large concentration gradients generated under these 

co n d i t i o n s give r i s e t o d i f f u s i o n of s o l u b i l i s e d components which 

c o n t r i b u t e s t o physical r e m o b i l i s a t i o n . However, the i n c o r p o r a t i o n o f 

depth-related p r o f i l e s f o r p a r t i c u l a r parameters w i t h i n the bed-

sediment e f f e c t i v e l y r e q u i r e s a two-dimensional model w i t h a 

concomitant increase i n complexity and computing power. 
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S i m i l a r l y , generation of the t u r b i d i t y maximum from an e m p i r i c a l l y 

derived r e l a t i o n s h i p between s a l i n i t y , t i d a l range and r i v e r r u n - o f f 

c o n d i t i o n s i s l i m i t e d . In r e a l i t y , t h i s f e a t u r e i s generated by 

asymmetry i n the f l o o d and ebb t i d a l v e l o c i t i e s ( A l l e n et a l . , 1 9 8 0 ; 

Uncles et a l . , 1 9 8 5 ) which also generates the i n t e r n a l f l u x e s of bed 

sediment (Bale et a l . , 1 9 8 5 ) . Next t o s a l i n i t y , suspended s o l i d s are 

probably the most important f a c t o r i n f l u e n c i n g the behaviour of 

chemical components i n e s t u a r i e s . I t i s u n l i k e l y , t h e r e f o r e , t h a t 

r e a l i s t i c s i m u l a t i o n s of i n t e r n a l l y cycled elements such as Mn (Mor r i s 

et a l . , 1 9 8 2 a ) and pos s i b l y trace metals, t h a t respond t o the d i f f e r e n t 

redox environments e x i s t i n g i n the suspended and sedimentary phases and 

which are also subject t o d i f f e r e n t t r a n s p o r t regimes w i t h i n each 

phase, can be generated using a t i d a l l y averaged model and exchange 

f a c t o r s . 

The adoption of a nominal marine value f o r the metal of 1 ug 2. ^ 

set at segment 31 was also flawed. With h i n d s i g h t , t h i s value should 

have been r e l a t e d t o a marine s a l i n i t y value (e.g. 3 4 - 3 5 ° / o o ) - Under 

high r u n - o f f (November, Figure 5 . 2 ) the s a l i n i t y a t 311<ni was l e s s than 

2 0 ° / n o such t h a t , under conservative d i l u t i o n , the metal concentration 

at t h a t point should have been considerably higher (5-8ug J, M. 
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6.1 CONCLUSIONS FROM THIS STUDY 

P a r t i c u l a t e m a t e r i a l I n e s t u a r i e s experiences a r e l a t i v e l y long 

residence time compared w i t h soluble components because of the 

hydrodynamic processes t h a t act to t r a p p a r t i c l e s w i t h i n the estuary. 

I n a d d i t i o n , the p a r t i c l e s are subject both to c y c l i c a l r e m o b i l i s a t l o n 

and sedimentation, under the Influence o f semi-diurnal and spring-.neap 

t i d a l a c t i o n , and to c y c l i c a l , a x i a l r e d i s t r i b u t i o n on a seasonal time 

scale under the Infl u e n c e of r i v e r r u n - o f f . 

P r i m a r i l y because o f the long residence time, the estuarine 

p a r t i c l e p o p u l a t i o n , i n c l u d i n g r e a d i l y mobilised bed-sediment, 

comprises m a t e r i a l o f a reasonably uniform composition and surface 

c h a r a c t e r i s t i c s . However, measureable l o c a l m o d i f i c a t i o n s to the bulk 

composition occur due to changes i n the organic content through 

b i o l o g i c a l a c t i v i t y . The p a r t i c u l a t e carbon content increases when 

suspended s o l i d s concentrations are low enough to allow photosynthetic 

a c t i v i t y w i t h i n the water column and g e n e r a l l y decreases i n the 

t u r b i d i t y maximum which i s a zone o f net r e s p i r a t i o n . S i m i l a r l y , 

d i l u t i o n o f the organic content o f spm by the resuspenslon o f lower 

organic content bed-sediment can be observed. The d i s t r i b u t i o n and 

pr o p e r t i e s of suspended p a r t i c l e s i n d i c a t e t h a t the organic content o f 

estuarine p a r t i c l e s a f f e c t s t h e i r tendency to aggregate and, 

i n d i r e c t l y , t h e i r s e t t l i n g behaviour. S e l e c t i v e r e t e n t i o n o f s p e c i f i c 

p a r t i c l e s i z e ranges w i t h i n the t u r b i d i t y maximum also introduces 

measurable compositional d i f f e r e n c e s to the p a r t i c l e population w i t h i n 

t h i s region. 

Suspended p a r t i c l e s are shown t o exert a profound Influence on the 

d i s t r i b u t i o n o f numerous soluble components I n es t u a r i e s . This i s due 
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p r i m a r i l y to surface s o r p t i v e exchanges. These e f f e c t s are 

p a r t i c u l a r l y marked i n the t u r b i d i t y maximum because of the high 

p a r t i c l e c o ncentration. Cycling of p a r t i c l e s between the c o n t r a s t i n g 

redox environments of the water column and bed-sediment by the semi

d i u r n a l t i d e s , as w e l l as between high and low s a l i n i t y regions on a 

seasonal time-scale, provide a mechanism f o r c y c l i n g of heterogeneously 

r e a c t i v e species i n e s t u a r i e s . 

The combination o f r e l a t i v e l y constant p a r t i c l e composition and 

re g u l a r c y c l i n g of m a t e r i a l w i t h i n the estuary implies t h a t l a b o r a t o r y -

derived d i s t r i b u t i o n c o e f f i c i e n t s measured on bulk samples may be 

a p p l i c a b l e to p r e d i c t i o n s o f metal behaviour throughout an estuary. 

However, comparison of measured d i s t r i b u t i o n c o e f f i c i e n t s f o r the Tamar 

wi t h published values f o r other e s t u a r i e s (Salomons, 1980; L i et a l . , 

198i^a; Valenta et a l . , 1985) suggests t h a t the c o e f f i c i e n t s are 

r e l a t i v e l y s i t e - s p e c i f i c . I t i s not p o s s i b l e , from t h i s work, to 

p r e d i c t how seasonal changes i n the composition o f estuarine suspended 

p a r t i c l e s would a f f e c t the o v e r a l l p i c t u r e of dissolved metal 

behaviour, nor to what extent semi-diurnal t i d a l resuspension o f 

sediment a f f e c t s the net surface q u a l i t y , and hence d i s t r i b u t i o n 

c o e f f i c i e n t , o f the suspended p a r t i c l e s . However, measurable 

d i f f e r e n c e s i n p a r t i c u l a t e carbon, both seasonally and over t i d a l 

c y c l e s , implies t h a t the surface adsorption c h a r a c t e r i s t i c s o f 

e s t u a r i n e p a r t i c l e s may w e l l change w i t h time w i t h i n a p a r t i c u l a r 

system. 

With the use o f a v a l i d a t e d hydrodynamic model of the Tamar 

Estuary, adequately r e a l i s t i c p r o f i l e s o f s o l u b l e zinc were obtained 

using l a b o r a t o r y - d e r i v e d d i s t r i b u t i o n c o e f f i c i e n t s . The simulated 
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dissolved metal p r o f i l e s e x h i b i t e d removal and, under low r i v e r flow 

c o n d i t i o n s , r e m o b i l i s a t i o n i n t o the water column, which were 

e s s e n t i a l l y of the same magnitude as those measured i n the estuary. I n 

a d d i t i o n , the general form of the dissolved metal d i s t r i b u t i o n s , and 

the l o c a t i o n of both the removal and input phenomena, c l o s e l y 

d u p l i c a t e d observed d i s t r i b u t i o n s . This implied t h a t , f o r the Tamar 

system, the measured d i s t r i b u t i o n c o e f f i c i e n t s were of the r i g h t 

magnitude but, more i m p o r t a n t l y , t h a t , i n t h i s estuary, the metal 

exchange processes were t o t a l l y dependent on the exchange of p a r t i c l e s 

between sediment and water column and the along-estuary f l u x e s o f bed-

sediment generated by the seasonal v a r i a t i o n i n r i v e r r u n - o f f . 

The i n f l u e n c e o f ph y s i c a l sediment t r a n s p o r t and p a r t i c l e c y c l i n g 

have been recognised as the c o n t r o l l i n g f a c t o r s determining the 

d i s t r i b u t i o n o f p a r t i c u l a t e 2 n , Pb, Cu and Ni i n p a r a l l e l s t u d i e s o f 

the macro-tidal Garonne-Gironde system. Jouanneau et a l , ( 1 9 8 3 ) 

concluded t h a t the observed d i s t r i b u t i o n s , i n d i c a t i n g metal 

impoverishment i n the zone o f the t u r b i d i t y maximum, p a j ^ t i c u l a r l y o f 

n o n - d e t r i t a l Zn, were c o n t r o l l e d by the p h y s i c a l processes t h a t 

developed and transported the t u r b i d i t y maximum although degradation 

and s o l u b i l i s a t i o n o f o r g a n i c a l l y bound Zn w i t h i n the t u r b i d i t y maximum 

was also i m p l i c a t e d . S i m i l a r l y , the behaviour o f soluble Pb i n the 

same estuary (Elbaz-Poulichet et a l . , 198^1) has been shown to be 

d i r e c t l y r e l a t e d to a combination o f s o r p t i v e exchange w i t h , and 

i n t e r n a l c y c l i n g o f , p a r t i c l e s d r i v e n by t i d a l asymmetry as described 

i n t h i s work. 

This study has added to the general understanding of es t u a r i n e 

chemical processes by q u a n t i t a t i v e l y r e l a t i n g the c o n t r i b u t i o n s made by 
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p a r t i c l e c y c l i n g and s o r p t i v e exchanges t o the o v e r a l l d i s t r i b u t i o n and 

tra n s p o r t of estuarine metals. This was only made possible by measuring 

the masses of the various p a r t i c l e r e s e r v o i r s and the f l u x e s o f 

p a r t i c u l a t e m a t e r i a l between them. I t has enabled successful 

s i m u l a t i o n modelling of metal behaviour w i t h i n the estuary and w i l l 

allow the importance or e f f e c t o f numerous f a c t o r s to be assessed by 

experimentation. 

Consideration o f the form o f the dissolved metal d i s t r i b u t i o n s 

measured i n t h i s estuary (and o t h e r s ) , w i t h removal a t the t u r b i d i t y 

maximum and r e m o b i l i s a t l o n i n mid-estuary, suggests t h a t the net e f f e c t 

probably has l i t t l e i n f l u e n c e on the long term t r a n s p o r t o f s o l u b l e 

metals to the oceans. However, Duinker and N o l t i n g ( 1 9 7 6 ) deduced t h a t 

the Rhine was a net sink f o r trace metals associated w i t h p a r t i c l e s . 

Perhaps, i t can only s a f e l y be concluded t h a t no two est u a r i e s are 

a l i k e and we must simply s t r i v e to reduce the component processes to a 

generalised l e v e l where they can be incorporated i n t o the a p p r o p r i a t e 

hydrodynamic models. 

Nevertheless, the a b i l i t y to model the behaviour of metals i n 

t u r b i d e s t u a r i e s , a l b e i t only w i t h i n the chemical environment o f a 

r e l a t i v e l y oxygenated, unpolluted estuary a t present, has great 

p o t e n t i a l f o r p r e d i c t i n g the short-term e f f e c t o f events such as 

sporadic p o l l u t a n t discharges o r , conversely, the in f l u e n c e o f 

engineering operations, e.g. d r i n k i n g water a b s t r a c t i o n or the 

c o n s t r u c t i o n o f barrages, t h a t a f f e c t the hydrodynamic regime. 

6 .2 RECOMMENDATIONS FOR FURTHER STUDY 

In preparing t h i s r e p o r t , i t became c l e a r t h a t various f a c e t s o f 

193 



the study would have b e n e f i t t e d from a d d i t i o n a l research (the power of 

h i n d s i g h t ) and t h a t f o u r , at l e a s t , of these areas would provide f o c a l 

p o i n t s f o r subsequent studies. For example, on examining the 

seasonal s e r i e s o f a x i a l p r o f i l e s o f supended s o l i d s , p a r t i c l e s i z e and 

p a r t i c l e composition, i t was evident t h a t we had not acquired data 

corresponding to episodic c o n d i t i o n s such as extreme r i v e r r u n - o f f or 

severe weather, when sediment t r a n s p o r t and disturbance c o u l d , 

p r e d i c t a b l y , be very s i g n i f i c a n t . The reasons f o r t h i s omission are 

simple: surveys are planned i n advance and, t h e r e f o r e , have only a 

l i m i t e d chance o f corresponding to a period o f extreme c o n d i t i o n s . More 

i m p o r t a n t l y , conventional l o g i s t i c reasons o f comfort and s a f e t y tend 

to make boatmen, p a r t i c u l a r l y i n small c r a f t , avoid these adverse 

c o n d i t i o n s . This i s one area where studies o f sediment t r a n s p o r t by 

remote sensing, moored Instruments o r , i f f e a s i b l e , r a p i d l y m o b i l i s e d 

surveys would provide valuable i n f o r m a t i o n . 

The development o f general estuarine models capable of s i m u l a t i n g 

complex, c y c l i c a l chemical processes, p a r t i c u l a r l y those i n v o l v i n g 

redox changes w i t h i n the sediment and heterogeneous r e a c t i v i t y i n the 

water column, r e q u i r e a more s e n s i t i v e i n t e r p r e t a t i o n o f sediment 

behaviour than i s c u r r e n t l y a v a i l a b l e . To achieve t h i s , modellers 

r e q u i r e much more i n f o r m a t i o n about the underlying p h y s i c a l 

c h a r a c t e r i s t i c s o f p a r t i c l e s t h a t a f f e c t sediment m o b i l i s a t i o n and 

s e t t l i n g and t h e i r responses to changes i n t i d a l s t a t e ( c u r r e n t 

s t r e n g t h ) i n e s t u a r i e s . Progress i n these areas w i l l allow the 

development o f models which can simulate the extensive changes i n 

suspended s o l i d s and, consequently, i n water chemistry that occur w i t h 

a semi-diurnal frequency. 
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L a s t l y , the use of a s i n g l e bulk sample o f suspended m a t e r i a l from 

the t u r b i d i t y maximum to undertake l a b o r a t o r y measurements o f metal 

d i s t r i b u t i o n c o e f f i c i e n t s provided valuable i n f o r m a t i o n . However, i t 

i s c l e a r from t h i s work (Section 2.7) t h a t the organic composition o f 

suspended m a t e r i a l , and probably t h e r e f o r e , the surface 

c h a r a c t e r i s t i c s a l s o , change s i g n i f i c a n t l y along the length o f the 

estuary. Although the t u r b i d i t y maximum mediates most of the tr a c e 

metal r e a c t i v i t y , i t would be valuable to undertake a series of f i e l d -

type incubations w i t h r a d i o - i s o t o p e s t o assess metal d i s t r i b u t i o n 

c o e f f i c i e n t s on f r e s h p a r t i c u l a t e m a t e r i a l throughout the estuary. I n 

p a r t i c u l a r , the r o l e o f adsorbed organic coatings and the increased 

organic composition o f p a r t i c l e s away from the t u r b i d i t y maximum zone, 

as w e l l as seasonal and t i d a l l y mediated v a r i a t i o n s i n p a r t i c l e surface 

c h a r a c t e r i s t i c s , would provide an i n t e r e s t i n g area f o r f u r t h e r study o f 

metal exchange processes i n n a t u r a l waters. 
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Appendix 1 . 

Dates o f the suspended p a r t i c l e c h a r a c t e r i s a t i o n surveys c a r r i e d 
out during 1982. 

Sampling dates Work undertaken 

February 1 
3 
5 

" 8 * 
10 
12 

A p r i l 20 * 

June 

July 
I I 

11 

August 
I I 

I I 

I I 

n 

15 

27 
29 
31 
2 
4 
6 * 
8 
9 

October 13 * 

December 7 * 

a x i a l p r o f i l e s , spring-
neap s e r i e s ( w i n t e r ) 

r e p e t i t i v e p r o f i l i n g over 
d i u r n a l t i d a l cycle 

a x i a l p r o f i l e (low r u n - o f f ) 

a x i a l p r o f i l e s , spring-
neap s e r i e s (summer) 

a x i a l p r o f i l e 

a x i a l p r o f i l e (high r u n - o f f ) 

sampling f o r POC and e l e c t r o p h o r e t i c m o b i l i t y 

2A 



Appendix 2. 

S t a t i o n p o s i t i o n s occupied during the bed-sediment surveys i n 

1983. 

February August 

km from weir No of samples km from weir No of samples 

3.0 

6 .2 
6 .6 
6 .8 
7 . 0 
7 .4 
7 .7 
8 .2 
8 .8 
9 .3 
9 .8 

10. 3 
10. 8 
11 .2 
11 .6 
12 .0 
12 .6 
13.3 
13 .8 
14, 
14. 
15, 
16, 
16, 
17, 
17 
18.1 
18 .7 
19.6 
19.9 
22.0 
23.0 
23. 6 
24.4 
29.0 

t o t a l 42 

2 
2 
1 
1 
2 
1 
2 
2 
1 
2 
2 
2 
1 
2 
2 
2 
2 
2 
2 
1 
2 
3 
2 
7 
2 
3 
2 
2 
2 
2 
1 
2 
3 
6 
2 
2 
1 
2 
2 
2 
10 
2 

96 

t o t a l 

1.2 
1.5 
1.9 
2.5 
3.0 
3.6 
4. 1 
4.9 
5.2 
5.7 
6.3 
6.8 
7.6 
8.9 
9.9 

10.5 
11.6 
13.3 
14.2 
15. 6 
16.2 
17.2 
18. 1 
19.9 
20. 6 
22.0 
23. 8 
24. 4 
26.3 
26.6 
28.9 
29.4 

32 

2 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 

62 
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