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ABSTRACT 

A study was made of a range of aquatic p l a n t s from v a r i o u s 
p a r t s of the River Wear system, f o r 1J> metal elements. The 
heavy metal content of the p l a n t s was r e l a t e d t o the chemistry 
of the water using the enrichment r a t i o . 

D i f f e r e n t chemical environments were studied i n an attempt 
t o e s t a b l i s h f a c t o r s a f f e c t i n g the accumulation of heavy metals. 

Marked increases were found i n Zn, Pb and Cd i n Cladophora 
glomerata and Fontinalis antipyretica sampled downstream of 
the e n t r y of an i n d u s t r i a l e f f l u e n t as compared t o a s i t e 
upstream of t h i s e f f l u e n t . A c l e a r l i n e a r r e l a t i o n s h i p was 
es t a b l i s h e d f o r Zn and Pb between the co n c e n t r a t i o n i n the 
p l a n t and t h a t i n the water f o r Cladopkora glomerata, i n 
s t r i c t l y comparable s i t u a t i o n s at s i t e s above and. below the 
e f f l u e n t . Divided samples of Fontinalis antipyreticashowed 
marked increases i n many heavy metals i n the older m a t e r i a l as 
compared t o the younger t i p s . I t i s suggested t h a t bryophyte 
t i p s could r e l i a b l y i n d i c a t e the heavy metal c o n c e n t r a t i o n o f 
r i v e r water. I t i s also suggested t h a t leaves of .Ranunculus 
penicillatus var. calcaneus might be u s e f u l i n i n d i c a t i n g 
heavy metals. 

Plants from a Zn and Pb p o l l u t e d t r i b u t a r y (Rookhope Burn) 
showed marked accumulation of Zn and Pb compared t o s i m i l a r 
p l a n t s from waters w i t h low concentrations of these heavy metals. 

I n Brandon Pithouse a c i d streams enrichment r a t i o s were 
encountered, at pH <5, several orders of magnitude lower than 
s i t e s of pH 6 -8 . I t i s suggested t h a t pH might have a d i r e c t 
or i n d i r e c t i n f l u e n c e i n reducing t h i s r a t i o . 

I t i s also suggested t h a t both p h y s i o l o g i c a l and 
environmental parameters, n o t a b l y chemical s p e c i a t i o n , are 
important f a c t o r s a f f e c t i n g enrichment r a t i o s . Importance 
was attached t o d e f i n i n g l i m i t s t o enrichment r a t i o s so t h a t 
aquatic p l a n t s could be used t o i n d i c a t e heavy metal 
concentrations i n a wide range of f l o w i n g waters. 
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CHAPTER ONE . 

1. INTRODUCTION 

1.1 Aims 

Many attempts have been made to use aquatic 
organisms as ' i n d i c a t o r s ' of t h e i r environment. Most 
of these studies have been based on the use of d i f f e r e n t 
community s t r u c t u r e s t o i n d i c a t e c e r t a i n types of p o l l u t i o n . 
The c l a s s i c studies of i n d i c a t o r communities have been 
concerned mainly w i t h i d e n t i f y i n g the e f f e c t s of organic 
p o l l u t i o n (Kolkwitz and Marsson, 1908; Butcher, 1947, 1955; 
F j e r d i n g s t a d , 1950; and Sladecek, 1958). Hynes (1960) 
pointed out t h a t these zonal systems can become unwieldy 
and tend t o break down where the p o l l u t i o n i s not organic. 
Toxic substances i n the aquatic environment present a 
d i f f e r e n t problem as f a r as b i o l o g i c a l i n d i c a t o r s are 
concerned. 

P o l l u t i o n of f l o w i n g waters by d i s s o l v e d metals 
(notably Zn, Cu and Pb) has been thoroughly studied by a 
number of authors (Carpenter, 1924, 1925, 1928; Pentelow 
and Butcher, 1938; Jones, 1940, 1940b, 1938). Reviews 
of works concerned w i t h the e f f e c t s of heavy metals on the 
f l o r a ,'jid fauna of r i v e r s have been given by Hynes (1960) 
and'most r e c e n t l y by Whitton and Say (1975). 

There has been less research i n t o the use of 
aquatic organisms as q u a n t i t a t i v e i n d i c a t o r s of metal p o l l u t i o n . 
I t has t h e r e f o r e been the aim of the present study t o 
i n v e s t i g a t e the composition of a range of aquatic p l a n t s from 
diverse r i v e r a i n environments f o r 13 metal elements. An 
attempt has been made to e s t a b l i s h r e l a t i o n s h i p s between the 
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heavy metal content of the p l a n t s and t h a t of the water. 
I f the l i m i t s of v a r i a t i o n f o r t h i s r e l a t i o n s h i p can be 
c l e a r l y defined then selected species would be s u i t a b l e as 
q u a n t i t a t i v e i n d i c a t o r s of heavy metals i n f l o w i n g waters. 
I t i s t h e r e f o r e possible to devise an e f f i c i e n t m o n i t o r i n g 
system which could have a number of advantages over others. 

( i ) The a b i l i t y of aquatic p l a n t s t o concentrate t r a c e 
elements has been noted (Bowen, 1966). Therefore, 
elements which are not e a s i l y detectable i n the water 
might become obvious i n p l a n t t i s s u e . 

( i i ) Increases i n metals known t o be t o x i c could be 
determined at the producer l e v e l . Such fundamental 
i n f o r m a t i o n would be u s e f u l i n t r a c i n g the e f f e c t s of 
these metals up the food chain. 

( i i i ) A r e l i a b l e and economic monitoring system would 
be of great value i n safeguarding water supply. This 
i s e s p e c i a l l y r e l e v a n t w i t h the increase i n lowland 
a b s t r a c t i o n of water from r i v e r s . Furthermore, changes 
i n heavy metal c o n c e n t r a t i o n r e s u l t i n g from the t r a n s f e r 
of r i v e r water could be simply monitored. One i l l u s t ­
r a t i o n of t h i s i s the proposed t r a n s f e r of water from 
the River Tyne t o the River Wear i n p a r t of the ' K i e l d e r 1 

scheme. 

( i v ) P a r t i c u l a r p l a n t s might be used i n m o n i t o r i n g long 
term changes i n the heavy metal s t a t u s of r i v e r s , a l l o w ­
i n g comparisons from year t o year. 

(v) There i s the p o s s i b i l i t y of d e t e c t i n g a ' f l u s h ' of 
heavy metals which might otherwise escape n o t i c e . 
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( v i ) I n general, a n a l y s i s of selected p l a n t s could act 
as a supplement t o r o u t i n e chemical a n a l y s i s and i n 
some instances act as a s u i t a b l e replacement. 

With these f a c t o r s i n mind a survey was c a r r i e d out i n 
order t o determine the composition of some l a r g e r aquatic 
p l a n t s i n p a r t s of the River Wear system a f f e c t e d by d i f f e r ­
ent types of metal p o l l u t i o n . I t was hoped t h a t some of 
the f a c t o r s a f f e c t i n g the accumulation of metals could be 
determined i n order t o s e l e c t possible i n d i c a t o r species. 

Some c l a r i f i c a t i o n was needed of the p h y s i c a l and chem­
i c a l parameters a f f e c t i n g the water so t h a t r e l a t i o n s h i p s 
w i t h the p l a n t s could be b e t t e r understood. 

Three d i s t i n c t environments were chosen from w i t h i n 
the River Wear system to e s t a b l i s h the v a r i a t i o n i n accumu­
l a t i o n under d i f f e r e n t c o n d i t i o n s . 

(a) The lower reaches of the River Wear i n the re g i o n of 
an i n d u s t r i a l e f f l u e n t . 
An attempt was made t o monitor the e f f l u e n t , kno;-;n t o 
con t a i n heavy metals, both by a n a l y s i s of the water and 
macropnytic v e g e t a t i o n above and below i t s o u t f a l l . 

"(b) Rookhopo Burn, an upland t r i b u t a r y of the River Wear. 
This was chosen i n order t o study the e f f e c t s of heavy 
metals i n much higher concentrations. The past and 
present m i n i n g • a c t i v i t y i n the area has given r i s e t o 
high concentrations of Zn and Pb. 

(c) Brandon Pithouse Acid Stream. 
This minor t r i b u t o r y of the River Deerness e x e m p l i f i e s 
an extreme environment w i t h high heavy metal content 
caused by low pH.' 
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1.2 L i t e r a t u r e r e f e r r i n g t o the chemistry and accumu­
l a t i o n of metals i n the aquatic environment 

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

According t o Hynes (1960), ' r i v e r s are 
s t r i c t i n d i v i d u a l i s t s , each of which v a r i e s i n i t s own way 1. 

A vast array of chemical, g e o l o g i c a l and 
h y d r o l o g i c a l f e a t u r e s arfi present and always changing i n 
r i v e r systems. Bowen (1966) has s t a t e d t h a t the main ions 
present i n r i v e r water vary w i t h c l i m a t e and l o c a l geology. 
I n temperate regions i t i s the l a t t e r wnich i s of fundamental 
importance. L i v i n g s t o n e (1963) regards r i v e r s as repres­
e n t i n g the average s o i l s o l u t i o n i n "the r e g i o n which they 
d r a i n . I t i s t h e r e f o r e c l e a r t h a t t h e r e i s an inherent 
v a r i a t i o n i n the chemistry of r i v e r water before t a k i n g i n t o 
account b i o l o g i c a l f a c t o r s or the e f f e c t s of c i v i l i s a t i o n . 

A number of authors have concluded t h a t 
r i v e r s are best s t u d i e d by d e f i n i n g reaches (Carpenter, 1928; 
Butcher, 1933; Huet, 1954). I n t h i s c o n t e x t , Hynes (1960) 
states' t h a t one of the fundamental f a c t o r s a f f e c t i n g any given 
reach i s i t s i o n i c composition. The concentrations of K, 
NO-̂ -N and PÔ -P are of p a r t i c u l a r importance t o aquatic p l a n t s , 
as key n u t r i e n t s . 

Other ' e s s e n t i a l elements' f o r green algae 
and angiosperms are: Na, Ca, Mg, Zn, Cu, Mn and Pe, accord­
i n g t o Bowen (1966). I n a d d i t i o n , Co i s quoted by Round, 
(1965) as e s s e n t i a l f o r algae. E s s e n t i a l i t y however, has 
not been shown f o r some heavy metals, n o t a b l y Pb and Cd. 

I t i s when n a t u r a l waters c o n t a i n an excess of any 
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p a r t i c u l a r element t h a t i n o r g a n i c p o l l u t i o n problems a r i s e . 
The present study i s concerned w i t h excesses or p o t e n t i a l 
excesses of p a r t i c u l a r c a t i o n s and the p o s s i b i l i t y of using 
aquatic p l a n t s t o monitor them. 

1.2.2 Heavy metals i n f r e s h water 

The term heavy metal has been defined i n a 
number of ways (Whitton and Say, 1975). However, Passow etal.S 
(1961) d e f i n i t i o n r e f e r r e d t o 40 or so metals having a den­
s i t y of greater than f i v e . I n the present study the f o l l o w ­
i n g are defined i n t h i s way: Zn, Cu, Mn, Fe, A l , Pb, Cd, Co 
and N i . 

Heavy metals o r i g i n a t e from a wide range of 
sources. Two of the most important are mining a c t i v i t i e s 
and i n d u s t r i a l e f f l u e n t s , according t o Hynes (1960) and 
Bowen (1966). '"Whitton and Say (1975) are mora s p e c i f i c 
concerning i n d u s t r i a l sources of heavy metals and i n c l u d e 
the manufacture of p a i n t s , b a t t e r i e s and t e l e v i s i o n tubes. 
A c e r t a i n amount of heavy metal i n r i v e r water i s ' n a t u r a l ' , 
i n as f a r as r i v e r s r e f l e c t the areas which they d r a i n 
(Bowen, 1966). This 'background' c o n c e n t r a t i o n i s o f t e n 
increased considerably by mining a c t i v i t i e s of various types. 
This i s i l l u s t r a t e d by lead mining i n the Rheidol V a l l e y , 
Cardiganshire which r e s u l t e d i n heavy metal p o l l u t i o n by mine 
e f f l u e n t s and t i p drainage (Carpenter, 1924). The slow r e ­
covery of r i v e r s from such p o l l u t i o n has been demonstrated 
by a s e r i e s of s t u d i e s over many years, (Reese, 1937 '> Newton, 
1944; Jones, 1949k; Fuge, 1972). 

I n the River Wear system some data have been 
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p r e s e n t e d by Srvow aad Vhi. bt.o*x (1971) f r o m t h e c h i e f l e a d 

m i n i n g a r e a i n t h e r e g i o n o f Rookhope Burn. Leeder (1Q72) 

a l s o i n v e s t i g a t e d c o n c e n t r a t i o n s o f d i s s o l v e d Zn and Pb i n 

t h e same r i v e r . The most d e t a i l e d work c o n c e r n i n g m i n i n g 

and heavy m e t a l s i n t h e area has been c a r r i e d o u t by Say ( 1 9 7 7 ) . 

He s t u d i e d m a i n l y Zn p o l l u t i o n i n t h e A l s t o n m i n e r a l i s e d b l o c k , 

w h i c h i n c l u d e s p a r t o f t h e R i v e r Wear catchment. 

Streams o f low pH ( l e s s t h a n t h r e e ) a r e a l s o 

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

et al., 1975)* On t h e whole, t h e s e streams are connected 

w i t h c o a l m i n i n g wastes. A su r v e y o f t h e c h e m i s t r y and f l o r a 

o f a c i d streams t h r o u g h o u t ' B r i t a i n i s g i v e n by Hargreaves et al. 

( 1 9 7 5 ) . 

I t has f r e q u e n t l y been n o t e d t h a t t h e d i s ­

charge o f a r i v e r marked].:/ a f f e c t s t h e c o n c e n t r a t i o n s o f heavy 

m e t a l s ( C a r p e n t e r , 1928; Hynes, I 9 6 O ) ; a l t h o u g h no c o n s i s t e n t 

p a t t e r n has emerged ( W i l s o n , 1976). I n f o r m a t i o n f r o m Hellmann 

(1970) has been quoted by W i l s o n (1976) i n an e x p l a n a t i o n of 

t h e e f f e c t s o f d i s c h a r g e . S imply, heavy m e t a l c o n c e n t r a t i o n 

r e l i e s on t h ^ b a l a n c e between t h e i n c r e a s i n g 'suspended' o r 

n o n - f i l t r a b l e f r a c t i o n , w i t h t h e d e c r e a s i n g ' s o l u b l e ' o r f i l t -

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

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

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

heavy m e t a l s i n f r e s h w a t e r t h r e e problems a r i s e . 

( i ) C o l l e c t i o n and s t o r a g e 

R o bertson (1969) has d i s c u s s e d t h e problems 

e n c o u n t e r e d w i t h t h e c o n t a m i n a t i o n o f l a b o r a t o r y a p p a r a t u s . 
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Methods o f p r e s e r v a t i o n and a d s o r p t i o n o f heavy m e t a l s have 

been d i s c u s s e d by Smith (1973a, 1973b). He co n c l u d e d t h a t 

a pH o f 1.5 o r l e s s i s r e q u i r e d t o p r e s e r v e most m e t a l s i n 

t r u e s o l u t i o n . A l l e n ct a I. (197*0 have suggested c r i t e r i a 

f o r t h e c o l l e c t i o n o f water samples. 

( i i ) A n a l y t i c a l e r r o r 

The accuracy o f many a n a l y t i c a l t e c h n i q u e s 

has been p r e s e n t e d by A.P.H.A. (1971) and A l l e n et al. ( 1 9 7 4 ) . 

Reviews o f atomic a b s o r p t i o n s p e c t r o p h o t o m e t r y , i n t h e a n a l ­

y s i s o f n a t u r a l w a t e r s , have been g i v e n by P l a t t e and I l a r c y , 

(1965) and Fishman (1 9 6 6 ) . 

( i i i ) S p e c i a t i o n 

The s p e c i a t i o n o f heavy m e t a l s i n n a t u r a l 

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

t o t h e a v a i l a b i l i t y o f me t a l s t o a q u a t i c organisms. S e v e r a l 

a u t h o r s have p o i n t e d ouc t h e inadequacy o f knowledge i n t h i s 

f i e l d (Stumm and Morgan, 1970; Stumm and B i l i n s k i , 1972; 

Whi t t o n , . 1.972; Perhac, 1972; Whit t o n and Say, 1975; W i l s o n , 

1976). 

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

and complexes i n n a t u r a l w a t e r s have been g i v e n by Stumm and 

Morgan (1970) and Stumm and B i l i n s k i ( 1 9 7 2 ) . These d e f i n e 

m e t a l s i n aqueous s o l u t i o n as f r e e i o n s and i n o r g a n i c com­

p l e x e s (<10 nm), c h e l a t e s and c o l l o i d s (10-100 nm) and l a r g e 

c o l l o i d s and p r e c i p i t a t e s (>100 nm). Stumm and Morgan (1970) 

f u r t h e r s u b d i v i d e t r u l y d i s s o l v e d m e t a l s i n t o 'aquo m e t a l i o n s ' 

i . e . a metal i o n c o - o r d i n a t e d w i t h w a t er and i n o r g a n i c hydroxo 

and p o l y hydroxo complexes. T h i s s p e c i a t i o n was suggested 
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as pH dependent and c o u l d a f f e c t t h e a d s o r p t i o n o f c a t i o n s 

o n t o s o l i d s i n c l u d i n g a q u a t i c organisms. 

Perhac, (1972) has d e v i s e d a method f o r 

s e p a r a t i n g s o l i d and d i s s o l v e d heavy m e t a l p a r t i c l e s , u s i n g 

c o n t i n u o u s f l o w u l t r a c e n t r i f u g a t i o n . He has c l a s s i f i e d 

m e t a l s i n t o t h e f o l l o w i n g c a t e g o r i e s : t r u e s o l u t i o n (<100 nm 

c o l l o i d a l p a r t i c l e s (100 nm t o 1500 nm), coarse p a r t i c l e s 

(>1500 nm). These c o r r e s p o n d t o some e x t e n t w i t h t h e hypo­

t h e t i c a l d i v i s i o n s n o t e d above. Perhac's d a t a f o r r i v e r 

w a t e r showed 90$ o f m e t a l s i n t r u e s o l u t i o n , 10$ i n 

coarse p a r t i c l e s and c o l l o i d s l e s s t h a n 1%. However, 

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

. l a r g e amounts o f heavy m e t a l s i n c o l l o i d a l form. Kennedy 

et at . (197^) have s e p a r a t e d c o l l o i d a l c l a y p a r t i c l e s f r o m 

" t r u l y d i s s o l v e d ' s p e c i e s u s i n g O.lp membrane f i l t e r s . 

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

must n o t be o v e r l o o k e d . Compounds o f P, i n p a r t i c u l a r , have 

a marked e f f e c t on t h e c o m p l e t i n g o f heavy m e t a l s . D i s s ­

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

o r t h o p h o s p h a t e s , i n o r g a n i c condensed phosphates, o r g a n i c 

phosphates ( b o t h d i s s o l v e d and c o l l o i d a l ) . Many o f t h e s e 

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

depending on pH, c o n c e n t r a t i o n o f m e t a l i o n and o t h e r l i g a n d s 

(Stumm and Morgan, 1970). 

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

' d i s s o l v e d ' i n n a t u r a l w a t e r s t o a f a r g r e a t e r degree t h a n 

t h e i r t h e o r e t i c a l s o l u b i l i t y p r o d u c t s a l l o w (Stumm .and Morgan 

1970). C h e l a t i o n w i t h o r g a n i c complexes has been g i v e n as 

an e x p l a n a t i o n o f t h i s phenomenon (Fogg and Westlake, 1955; 
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S h a p i r o , 1957; S c u l t h o r p e , I 9 6 7 ) . More r e c e n t l y i t has 

been suggested t h a t c h e l a t i o n p l a y s o n l y a minor r o l e i n 

heavy m e t a l s o l u b i l i s a t i o n and t h a t many m e t a l s a r e h e l d 

i n c o l l o i d a l d i s p e r s i o n s , p a r t i c u l a r l y Mn, Fe, Zn and Co 

( S h a p i r o , 1964; Stumm and Morgan, 1970; Perhac, 1972; Rashid, 

1974). Such c o l l o i d s a r e o f t e n a s s o c i a t e d w i t h brown o r g ­

a n i c a c i d s ( f u l v i c / h u m i c complexes) found i n l a k e w a t e r s 

( S h a p i r o , 1964). However such complexes a r e n o t r e s t r i c t e d 

t o s t a n d i n g w a t e r s . Brown o r g a n i c m a t e r i a l has been n o t e d 

i n t h e R i v e r Wear system, a s s o c i a t e d w i t h wash o u t fr o m p e a t y 

moorland (M. Snow, p e r s . comm.) and i n w a t e r s o f t h e R i v e r 

South Tyne Catchment (Say,, 1977.) • W i l s o n ( 1 9 7 6 ) , i n a . c r i t ­

i c a l r e v i e w o f t r a c e m e t a l s i n r i v e r w a t e r , concluded t h a t 

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

t h e f i l t r a b l e heavy m e t a l . 

I t i s fu n d a m e n t a l i n an u n d e r s t a n d i n g o f 

t h e a v a i l a b i l i t y o f m e t a l i o n s t o a q u a t i c organisms t h a t i n ­

o r g a n i c and o r g a n i c complexes and c o l l o i d s a r e a b l e t o h o l d 

a v a r i e t y o f heavy m e t a l s . These a r e , i n many cases, h e l d 

i n a r e a d i l y exchangeable for m . However, E l d e r (1975) has 

s t a t e d t h a t 'few g e n e r a l i s a t i o n s can be made about t r a c e 

meta] o o m p l e x a t i o n because t h e y a r e so h i g h l y dependent on 

pH and a n i o n i c c o n c e n t r a t i o n s ' . 

The need f o r a p r a c t i c a l and e a s i l y a p p l i c ­

a b l e method o f m e t a l s p e c i a t i o n has been acknowledged by 

W i l s o n (1976) and has p a r t i c u l a r r e l e v a n c e t o t h e upt a k e 

o f m e t a l s by a q u a t i c organisms. 
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1.2.3 A c c u m u l a t i o n .by a q u a t i c organisms 

The use o f any a q u a t i c organism as a 

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

t h e a b i l i t y o f l i v i n g c e l l s t o t a k e up elements a g a i n s t a 

c o n c e n t r a t i o n g r a d i e n t , such t h a t t h e i n t e r n a l c o n c e n t r a t i o n 

i s h i g h e r t h a n t h e e x t e r n a l (Bowen, 1966). One approach 

i s . t o i n v e s t i g a t e t h e e l e m e n t a l c o m p o s i t i o n o f organisms. 

E a r l y work by Hoagland and Davis (1923) suggested t h a t t h e 

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

i n g medium. There i s a good d e a l o f such i n f o r m a t i o n a v a i l ­

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

o f t h e e n v i r o n m e n t . 

Many o f t h e e a r l y works i n f r e s h w a t e r 

a r e l i m i t e d t o a few macro-elements ( S c h u e t t e and Hoffman, 

1921; B i r g e and Juday, 1922; Harper and D a n i e l , 1934) and 

a n a l y t i c a l methods are q u e s t i o n a b l e , by r e c e n t s t a n d a r d s 

(Boyd and Lawrence, 1967). There has been a c o n s i d e r a b l e 

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

modern a n a l y t i c a l t e c h n i q u e s such as atomic a b s o r p t i o n s p e c t r o ­

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

a n a l y s i s . Bowen (1966) has r e v i e w e d b o t h t h e c o m p o s i t i o n 

and t h e a c c u m u l a t i o n o f elements by l i v i n g organisms. He 

c o n c l u d e d t h a t a l l m e t a l s s t u d i e d are more o r l e s s concen­

t r a t e d , e xcept f o r Na w h i c h i s weakly r e j e c t e d . He goes op­

t o p o i n t o u t t h a t t h e concept o f a c c u m u l a t o r organisms a r i s e s 

when l a r g e amounts o f p a r t i c u l a r elements a r e r e t a i n e d . 

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

s t u d i e s i n f r e s h w a t e r s , i s concerned w i t h t h e use o f p l a n t 

m a t e r i a l f o r f o r a g e (Anderson et al., 1965; Boyd, 1968, 1969* 



1971; Sandholm et at., 1973)- • 

Other a u t h o r s , have made a t t e m p t s t o r e ­

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

Riemer and T o t h (1969) a n a l y s e d 11 elements i n c l u d i n g Zn, 

Cu, Mn and Fe. They found c e r t a i n r e l a t i o n s h i p s , between 

Potamogeton spp. and t h e s u r r o u n d i n g w a t e r n o t a b l y f o r Mg 

and Fe a l t h o u g h t h e s e were n o t d i r e c t l y p r o p o r t i o n a l . Adams 

et al. (1971) f o u n d t h a t t h e e l e m e n t a l c o m p o s i t i o n o f Eloden 

canadensis i n c r e a s e d as c o n c e n t r a t i o n s o f K, Mg, Ca, Zn, Cu 

and Mn i n t h e envi r o n m e n t , became h i g h e r . 

Mayer and Gorham (1951) a n a l y s e d Mn a_'.d Fe 

c o n t e n t s af.some a q u a t i c angiosperms i n t h e E n g l i s h Lake. 

D i s t r i c t ; t h e y found l a r g e q u a n t i t i e s o f t h e f o r m e r element, 

p r e s e n t i n t h e t i s s u e s . However t h e i r d a t a were more con­

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

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

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

heavy m e t a l s by a q u a t i c organisms have been c a r r i e d o u t i n 

two ways. 

( i ) D i r e c t a n a l y s i s 

' T h i s i n v o l v e s a n a l y s i n g b o t h t h e or g a n i s m 

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

S c o t t (1945) f i r s t suggested t h e dependence 

o f t h e i n t e r n a l c o n c e n t r a t i o n upon t h e i o n i c c o n c e n t r a t i o n 

o f t h e s u r r o u n d i n g medium. Brooks and Rumsby (1965) q u a n t ­

i f i e d t h i s r e l a t i o n s h i p by p r o p o s i n g t h e t e r m 'enrichment 

r a t i o ' i n t h e i r s t u d i e s o f New Zealand b i v a l v e s . They c a l ­

c u l a t e d t h e r a t i o as: 
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c o n c e n t r a t i o n I n t h e organism ( d r y w e i g h t ) 

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

T h i s mode o f approach has been used s u b s e q u e n t l y by a number 

o f a u t h o r s i n b o t h marine and f r e s h w a t e r e n v i r o n m e n t s ( P r i n g l e 

et al'> 1968] Boyd and Lawrence, 1967; B e r t i n e and G o l d b e r g , 

1972). 

( i i ) The use o f r a d i o - a c t i v e i s o t o p e s 

T h i s t e c h n i q u e can be used t o e s t a b l i s h t h e 

same r a t i o , u s u a l l y under e x p e r i m e n t a l c o n d i t i o n s (Timofeeva-

Resovskaya et al.,. l$6l; G i l e v a , 1964; Harvey and P a t r i c k , 

.1967; Cushing and Rose, 1970). . 

As Bowen (1966) p o i n t e d o u t , d i f f e r e n t 

a u t h o r s have adopted v a r i o u s ways o f e x p r e s s i n g t h i s r a t i o . 

The m a j o r i t y have quoted r a t i o s as a f r a c t i o n o f d r y w e i g h t 

a l t h o u g h f r e s h w e i g h t may have more p h y s i o l o g i c a l s i g n i f i c ­

ance. There a r e s e v e r a l e x p r e s s i o n s f o r t h e enrichment r a t i o , 

w h i c h i n c l u d e , ' c o n c e n t r a t i o n f a c t o r ' (Bowen, 1966), used by 

t h e m a j o r i t y o f a u t h o r s , ' c o e f f i c i e n t o f a c c u m u l a t i o n ' 

(Timofeeva-Resovskaya, 1961), ' a c c u m u l a t i o n f a c t o r ' ( G i l e v a , 

i96.U-) and 'enrichment f a c t o r ' ( D i e t z , 1973) • However, t h e 

t e r m 'enrichment r a t i o ' as d e f i n e d above, and adopted by 

W h i t t o n and Say (1975)* w i l l be used t h r o u g h o u t t h i s work. 

Enrichment r a t i o s have been c a l c u l a t e d f o r 

two s p e c i e s o f seaweed ( FUCKS sp. and Porphyra sp. ) and f o r 

t h e s o f t p a r t s o f l i m p e t s i n B r i t i s h I s l e s c o a s t a l w a t e r s 

( P r e s t o n et al ., 1972). These a u t h o r s c o n c l u d e d t h a t Fucus 

sp. would be a good q u a n t i t a t i v e i n d i c a t o r f o r Zn, Mn, Fe 

and Ag. 
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Boyd and Lawrence (1967) a n a l y s e d 14 genera 

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

number o f macro- and m i c r o - e l e m e n t s . The c o m p o s i t i o n o f 

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

These ranged f r o m 3000 t o 12000 f o r most elements. They 

concluded t h a t " e l e v a t e d a c c u m u l a t i o n o f most elements occ­

u r r e d when samples o f a l g a e from w a t e r s o f h i g h c o n c e n t r a t i o n 

were compared t o samples from w a t e r o f low c o n t e n t but t h e 

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

Marked enrichment o f Zn, Cu, Mn, Fe was found i n a l l genera. 

However, few i f any o f t h e i r samples were t a k e n f r o m f l o w i n g 

w a t e r s . 

N e u t r o n a c t i v a t i o n a n a l y s i s has been used 

by F j e r d i n g s t a d ( U ( 197^0 t o c a l c u l a t e e n r i c h m e n t r a t i o s f o r a 

v e r y l a r g e number o f t r a c e elements i n Chlamydomonas nivalis, 

f r o m t h e snows o f Greenland. The r a t i o s f o r Zn, Cu, Mn and 

Fe, were much l o w e r t h a n those quoted by o t h e r a u t h o r s f o r 

more complex p l a n t s . 

A c o n s i d e r a b l e a c c u m u l a t i o n o f m e t a l s by 

f i l a m e n t o u s a l g a e has been n o t e d by s e v e r a l a u t h o r s ( D a v i s 

et al-> 1958; Timofeeva-Resovskaya et al., 1 9 6 l ; G i l e v a , 1964). 

U n t i l r e c e n t l y t h e p o t e n t i a l use o f t h e s e organisms had n o t 

been e x p l o i t e d . However, Keeney et cl. (1976) used Cladophora 

glomerata as a space/time i n d i c a t o r o f heavy m e t a l s i n t h e 

Lake O n t a r i o catchment. They found a n a r r o w range o f en­

r i c h m e n t r a t i o s : Zn, 1000 t o 2900; Cu, 1900 t o 2200; 

Pb, 16000 t o 20000. The r a t i o s , p a r t i c u l a r ' l y f o r Cu, were 

found t o be comparable w i t h those found i n t h e m i n i n g a r e a 

o f t h e Upper Spokane R i v e r . 
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D i e t z , (1973)' has I n v e s t i g a t e d two s p e c i e s 

o f a q u a t i c moss and f o u r s p e c i e s o f a q u a t i c angiosperm f r o m 

t h e R i v e r Ruhr. He f o u n d s u r p r i s i n g l y l i t t l e v a r i a t i o n i n 

enr i c h m e n t r a t i o s f o r t r a c e elements. The heavy m e t a l s s t u d ­

i e d i n c l u d e d Zn, Cu, Mn, Fe, Pb, N i , and Hg. Enrichment 

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

d r y w e i g h t was g i v e n . 

Adams et at. (1973) have a n a l y s e d 30 s p e c i e s 

o f a q u a t i c v a s c u l a r p l a n t f o r 11 elements i n c l u d i n g Na, K, Mg, 

Ca, Zn, Cu, Mn, Fe and A l . They suggested t h a t a number o f 

the s e s p e c i e s c o u l d be used as s u i t a b l e q u a n t i t a t i v e mc.aitors 

on i.the b a s i s o f t h e v a r i a t i p n i n element c o m p o s i t i o n b u t t h e y 

d i d n o t g i v e any en r i c h m e n t r a t i o s . 

Data f o r t h e R i v e r Wear system c o n c e r n i n g 

t h e enrichment o f p l a n t s a r e s c a r c e . Leeder (1972) has 

s t u d i e d t h e low e r reaches o f Rookhope Burn. He i n v e s t i g a t e d 

t h e c o m p o s i t i o n o f Lemanea fluviatilis, Hygrohypnum oohraceum 

and Mimulus guttatus> u s i n g enrichment r a t i o s t o r e l a t e t h e 

c o m p o s i t i o n o f Zn and ?b t o t h e w a t e r c h e m i s t r y . A l t h o u g h 

t h e s e r a t i o s were by no means c o n s t a n t , he f o u n d t h a t an o v e r ­

a l l i n c r e a s e i n Zn and Pb c o n c e n t r a t i o n s i n t h e w a t e r c o r r e s ­

ponded w i t h o v e r a l l i n c r e a s e s f o r these elements i n t h e p l a n t . 

Some c o m p o s i t i o n d a t a have been g i v e n by 

P a t r i c k (1973) f o r a moss found a t pH 2.6 i n Brandon P i t h o u s e 

Acid- Stream. These d a t a were compared w i t h d a t a f r o m a 

str e a m i n t h e Nenthead r e g i o n o f t h e R i v e r South Tyne Catch­

ment c o n t a i n i n g i n excess o f 9 'mg l " " 1 " Zn. 

The s t u d y o f m e t a l uptake and a c c u m u l a t i o n , 

u s i n g r a t i o a c t i v e i s o t o p e s , has r a r e l y been used i n c o n j u n c t i o n 
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w i t h m i n e r a l c o m p o s i t i o n s t u d i e s ( W h i t t o n and Say, 1975). 

Cross et at. (1971) have p o i n t e d o u t some d i f f e r e n c e s i n 
65 

t h e a v a i l a b i l i t y o f Zn and t o t a l Zn t o a q u a t i c organisms 

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

e x p e r i m e n t a l marine ecosystem. Enrichment r a t i o s were i n 

t h e r e g i o n o f 4900 f o r Z n ^ 5 and 7200 f o r t o t a l Zn ( d r y w e i g h t ) , 

i n a mixed p h y t o p l a n k t o n community ( m a i n l y Chlorella sp., 

llitzschia closterium and b a c t e r i a ) . . These a u t h o r s suggested 

t h a t t h e d i f f e r e n c e i n c o n c e n t r a t i o n f a c t o r s might be caused 

by t h e presence o f a non exchangeable ' p o o l ' o f o r g a n i c a l l y 

complexed Zn a v a i l a b l e t o t h e p h y t o p l a n k t o n b u t n o t a v a i l a b l e 
65 

f o r exchange w i t h Zn . They went on t o p o i n t out t h e need 

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

p e r i m e n t s . The p o s s i b l e e f f 3 c t s o f c h e m i c a l s p e c i a t i o n on 

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

t i o n e d i n 1.2.2. 

The a b i l i t y o f a q u a t i c organisms t o concen­

t r a t e r a d i o - a c t i v e i s o t o p e s has been used as a g u i d e t o t h e i r 

c o n c e n t r a t i o n i n t h e e nvironment. For example, stream 

b r y o p h y t e s have been used t o i n d i c a t e t h e presence o f U 2-^ 

i n t h e bed-rock (Whitehead and Brooks, 1969). 

S e v e r a l e x p e r i m e n t a l s t u d i e s u s i n g r a d i o ­

a c t i v e i s o t o p e s have shown t h a t w i t h i n l i m i t e d ranges o f 

m i c r o - c o n c e n t r a t i o n s , enrichment r a t i o s r emain s t a b l e . The 

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

t h e i r c o n c e n t r a t i o n i n t h e s u r r o u n d i n g medium. Timofeeva-

Resovskaya e t a lm (1961) found c o n s t a n t e n r i c h m e n t r a t i o s 

over a wide range o f m i c r o - c o n c e n t r a t i o n s f o r many elements 

i n c l u d i n g Zn i n t h e i r i n v e s t i g a t i o n o f 32 s p e c i e s o f f r e s h 
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w a t e r p l a n t s . G i l e v a (1964) f o u n d s i m i l a r s t a b i l i t y f o r 

enrichment r a t i o s o f many r a d i o - a c t i v e i s o t o p e s i n Cladophora 
6^ 

fracta. However, p r o p o r t i o n a l i t y was n o t found f o r Zn 
because o f t h e h i g h minimum c o n c e n t r a t i o n used (10~^M,6.5 mg 1" 

6^ 
The enrichment r a t i o s f o r Zn J i n FontinaHs antipyretiaa 

_2i _p 

have been found c o n s t a n t over a range o f 10 t o 10 mM Zn 

(0.007 t o 0.5 mg l " 1 ) , i n ex p e r i m e n t s c a r r i e d out by P i c k e r i n g 

and Puia ( 1 9 6 9 ) . 

A number o f s i m i l a r e x p e r i m e n t a l e n r i c h m e n t 

r a t i o s , however, have t o be t r e a t e d w i t h some c a u t i o n as t h e 

d a t a have n o t been o b t a i n e d ab e q u i l i b r i u m c o n d i t i o n s (Cushing 

and Rose, 1970). -

Much o f t h e c u l t u r a l work w i t h r a d i o - a c t i v e 

i s o t o p e s has been concerned w i t h t h e mechanism o f uptake o f 

me t a l i o n s r a t h e r t h a n t h e o v e r a l l a c c u m u l a t i o n . Some e a r l y 
6*5 

s t u d i e s s t a t e d an apparent r e l a t i o n s h i p between Zn J u p t a k e 

and p h o t o s y n t h e s i s (Bachmann and Odum, I96O; Gutknecht, 1963), 

i m p l y i n g some f o r m o f obv i o u s a c t i v e u p t a k e . I t has been 

" p o i n t e d o u t t h a t t h i s may w e l l have .been an a r t e f a c t , caused 

by pH changes d u r i n g t h e e x p e r i m e n t s ( B r y a n , 1969; Cushing 

and Rose, 1970). 

The concensus o f o p i n i o n now seems t o i n d i ­

c a t e t h a t t h e i n i t i a l means o f uptake o f d i v a l e n t heavy m e t a l 
6"5 

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

c h e m i c a l phenomenon o f some k i n d , i n d ependent o f c e l l energy 

( G u t k n e c h t , 1963; Broda, 1965* 1972; P i c k e r i n g and P u i a , 

1969)• T h i s i s f o l l o w e d by a s l o w e r b i n d i n g process i n t o 

t h e c e l l s (Cushing and Rose, 1970; FaillarfaL.1976). 

Some a u t h o r s have f o u n d t h a t t h e i n i t i a l 

u p t a ke c o r r e s p o n d s w i t h p h y s i c a l s u r f a c e e q u a t i o n s , e.g. t h e 
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F r e u n d l i c h e q u a t i o n ( G u t k n e c h t , 1963) o r t h e Langmuir ad­

s o r p t i o n e q u a t i o n ( G i l e v a , 1964), and i s t h e r e f o r e p r o p o r t ­

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

constancy o f t h e enrichment r a t i o under e q u i l i b r i u m c o n d i t ­

i o n s ( G i l e v a , 1964; P i c k e r i n g and Puia, 1969) i m p l i e s t h a t 

subsequent a c c u m u l a t i o n i s a l s o p r o p o r t i o n a l t o t h e concen­

t r a t i o n i n s o l u t i o n . 

The l i t e r a t u r e s u p p l i e s some evidence f o r 
« 

t h e p r a c t i c a l use o f c e r t a i n a q u a t i c organisms as p o t e n t i a l 

i n d i c a t o r s o f heavy m e t a l s . There i s a l s o s u f f i c i e n t exper­

i m e n t a l evidence, c o n c e r n i n g t h e mechanism o f u p t a k e , t o w a r r ­

a n t f u r t h e r i n v e s t i g a t i o n i n t o t h e use o f aquatic' p l a n t s ' a s 

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

1.3 E n v i r o n m e n t a l Background o f R i v e r Wear system 

1.3-1 I n t r o d u c t i o n 

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

t h e b i o l o g y and c h e m i s t r y o f t h e R i v e r Wear system f r o m t h e 

annual r e p o r t s o f t h e No r t h u m b r i a n Water A u t h o r i t y and t h e 

fo r m e r N o r t h u m b r i a n R i v e r A u t h o r i t y ( I 9 6 7 t o 1976). 

A g e n e r a l a c c o u n t o f t h e R i v e r Wear has 

been g i v e n by W h i t t o n and Buckmaster (1970) t o g e t h e r w i t h a 

survey o f t h e macrophytes t h r o u g h o u t t h e f r e s h w a t e r reaches. 

A c c o r d i n g t o th e s e a u t h o r s , two o f t h e main i n f l u e n c e s i n 

t h e system p r i o r t o 1967 were pumped mine w a t e r and sewage 

e f f l u e n t s . 

I n a survey o'f t h e c h e m i s t r y o f t h e r i v e r 

and some o f i t s main t r i b u t a r i e s , S ao*/ and.VJ-ki.Lton (1971) 

p o i n t e d o u t an o v e r a l l i n c r e a s e i n key p l a n t n u t r i e n t s f r o m 

source t o mouth. They a l s o n o t e d t h e presence o f Zn and Pb 

http://VJ-ki.Lt
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i n some u p l a n d t r i b u t a r i e s (1,2.3) b u t f o u n d o n l y s m a l l 

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

ed c h e m i c a l i n f o r m a t i o n c o n c e r n i n g t h e reaches o f t h e r i v e r 

below Durham has been p r e s e n t e d by Sunderland and South 

S h i e l d s Water Company; r e c o r d s o f which a r e h e l d i n t h e 

Botany Department, Durham U n i v e r s i t y . -

I n 1972 a new e f f l u e n t e n t e r e d t h e R i v e r 

Wear below Durham. T h i s was o f p a r t i c u l a r i n t e r e s t as i t 

was kno/m t o c o n t a i n heavy m e t a l s . 

There have been some marked changes i n t h e 

f l o r a o f t h e r i v e r over t h e l a s t t e n y e a r s . One o f t h e most 

i m p o r t a n t has been t h e spread o f Ranunculus penicillatus v a r . 

calcareus i n t h e l o w e r reaches o f t h e R i v e r Wear, r e c o r d e d by 

Holmes et al> ( 1 9 7 2 ) . I n t h e i r r e c e n t r e - s u r v e y o f t h e R i v e r 

Wear, Holmes and W h i t t o n (1977) suggested t h a t t h e spread o f 

t h i s p l a n t and o t h e r s p e c i e s has been b r o u g h t about by t h e 

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

d u c t i o n o f suspended s o l i d s and pumped mine w a t e r . 

The p o l l u t i o n by heavy m e t a l s o f t h e main 

u p l a n d t r i b u t a r y , Rookhope Burn, has r e c e i v e d some a t t e n t i o n . 

As mentioned i n 1.2-3, Leeder (1972) s t u d i e d Zn pjad Pb con­

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

Say (1977) has g i v e n f u r t h e r i n f o r m a t i o n c o n c e r n i n g Z n - r i c h 

t r i b u t a r i e s and a d i t s o f Rookhope Burn. The p o s s i b i l i t y o f 

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

m i n i n g and i n d u s t r i a l a c t i v i t i e s , has been p o i n t e d o u t by 

Holmes and W h i t t o n ( 1 9 7 7 ) . 

There have been s e v e r a l s t u d i e s c o n c e r n i n g 

t h e b i o l o g y and c h e m i s t r y o f P i t h o u s e A c i d Stream, w h i c h 
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e n t e r s t h e R i v e r Deerness i n t h e n o r t h - w e s t e r n p a r t o f t h e 
catchment. Robinson (1971) has g i v e n a g e n e r a l account o f 
th e s tream, n o t i n g h i g h c o n c e n t r a t i o n s o f heavy m e t a l s and 
a v e r y low pH. Pomfret (1973) has d i s c u s s e d a s p e c t s o f t h e 
a c i d t o l e r a n c e o f algae i n and around t h i s stream. The most 
d e t a i l e d s t u d y has been c a r r i e d o u t by Hargreaves ( 1 9 7 7 ) , 
who d i s c u s s e d t h e e f f e c t s o f p H , a c i d i t y and heavy m e t a l s on 
th e f l o r a o f t h e stream. 

1.3.2 Geology * 

The geology o f t h e R i v e r Wear catchment i s 

i l l u s t r a t e d i n F i g . 1.1. The system d r a i n s o f f the up­

l i f t e d and m i n e r a l i s e d A l s t o n b l o c k and over t h e . g e n t l y e a s t ­

ward d i p p i n g C a r b o n i f e r o u s s e r i e s (Johnson, 1970). The r i v ­

e r s and streams o f Weardale have c u t down t h r o u g h t h e M i l l ­

s tone G r i t t o t h e u n d e r l y i n g C a r b o n i f e r o u s Limestone s e r i e s 

( C a i r n e y and S t o r e y , 1970). The l a t t e r comprises t h e c y c l i c 

l i m e s t o n e s , s h a l e s , sandstones and c o a l o f t h e Y o r e d a l e 

s e r i e s (Johnson, 1970). 

A number o f c o m m e r c i a l l y i m p o r t a n t ores 

have been mined f r o m t h e m i n e r a l i s e d A l s t o n b l o c k . I n t h e 

Weardale r e g i o n t h e most i n t e n s e a c t i v i t y o c c u r r e d i n t e r ­

m i t t e n t l y i n t h e e i g h t e e n t h and n i n e t e e n t h c e n t u r i e s (Dunham, 

19^ 8 ) . A c c o r d i n g t o Johnson (1970) t h e o r e s i n c l u d e s p h a l ­

e r i t e (ZnS), l i m o n i t e (2Fe 20^.3H" 20), g a l e n a (PbS), b a r y t e s 

(BaSO^), w i t h e r i t e (BaCO^) and f l u o r i t e (CaFg). Most o f 

the upper t r i b u t a r i e s show evidence o f t h e o l d mine w o r k i n g s . 

The most s i g n i f i c a n t o f t h e m i n i n g areas l i e s i n t h e r e g i o n 

of Rookhope. 
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Prom Stanhope t o Wolsingham t h e R i v e r Wear 

f l o w s over t h e a l t e r n a t i n g bands o f l i m e s t o n e , s h a l e and 

sandstone o f t h e M i l l s t o n e G r i t . 

I n i t s l o w e r reaches, t h e r i v e r , t o g e t h e r 

w i t h i t s major t r i b u t a r i e s , d r a i n s t h e s t r a t a o f t h e Coal 

Measures ( C a i r n e y and S t o r e y , 1970).' One i m p o r t a n t e x c e p t ­

i o n t o t h i s i s t h e R i v e r Gaunless which o r i g i n a t e s i n t h e 

Magnesian Limestone prominent i n t h e s o u t h and s o u t h - e a s t 

o f Co. Durham. I n t h e l o w e r p a r t o f t h e catchment t h e 

r i v e r i s h a r d l y a f f e c t e d by t h e u n d e r l y i n g geology. I t 

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

p l a i n ( C a i r n e y and S t o r e y , 1970), t o i t s mouth a t Sunderland. 

F u l l e r a c counts o f t h e geology o f t h e a r e a are g i v e n by 

H i c k l i n g et at. (1931) and Dunham (19^8). 

1.3*3 H y d r o l o g y and Geography 

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

o f i n t e r e s t , t h e R i v e r Wear and i t s t r i b u t a r i e s have been 

marked i n km. 

On t h e main r i v e r t h e s e km marks i n c r e a s e 

f r o m 0.0 a t t h e headwaters t o 106.9 a t t h e mouth ( W h i t t o n 

and Buckmaster,. 1970). The p o i n t o f e n t r y o f any t r i b u t ­

a r y i n t o t h e r i v e r i s a l s o g i v e n as 0.0. I n t h i s case, 

km marks i n c r e a s e upstream and t r i b u t a r y marks are p r e f i x e d 

w i t h a minus s i g n , e.g. t h e g a u g i n g s t a t i o n on t h e R i v e r 

Rookhope Burn i s a t - km 0.6 f r o m t h e p o i n t o f e n t r y o f t h e 

t r i b u t a r y i n t o t h e R i v e r Wear. T h i s system has been used 

t o l o c a t e s i t e s i n t h e R i v e r Tweed system (Holmes, 1975) and 

t h e R i v e r Tyne (Holmes et al.3 1972). F u r t h e r i d e n t i f i c ­

a t i o n o f i n d i v i d u a l s i t e s i s g i v e n by a n u m e r i c a l system o f 
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stream and reach numbers, f u l l y described I n 2.3*1. 

The hydrology of the system i s c l o s e l y 
r e l a t e d t o the geology. I n the upper p a r t of the catch­
ment area the River Wear and i t s t r i b u t a r i e s f l o w q u i c k l y 
down steep but uniform g r a d i e n t s . On the whole, the f l o w 
r a t e decreases towards the lower p a r t of the system where 
the r i v e r reaches the gentle gradient of i t s f l o o d p l a i n . 

The source of the River Wear i s at the 
j u n c t i o n of two f a s t f l o w i n g t r i b u t a r i e s , Kilhope Burn and 
Burnhope Burn (Wearhead, km 0.0). The r i v e r i s t y p i c a l l y 
f a s t f l o w i n g t o km 12.6 where Rookhope Burn enters at 
Eastgate. The substratum comprises lar g e amounts of sheet 
rock and boulders i n t h i s s t r e t c h . 

The r i v e r continues i n a g e n e r a l l y east t o 
south e a s t e r l y d i r e c t i o n . The g r a d i e n t becomes shallower 
and the substratum changes to small boulders and cobbles, 
u n t i l i t crosses onto the Coal Measures of the Durham p l a i n . 
Here i t begins t o veer northeastwards and deeper s i l t y reaches 
occur. These are i n t e r s p e r s e d by r i f f l e s of f a s t e r f l o w i n g 
water,. o f t e n c o n t a i n i n g l a r g e sandstone boulders and some 
sheet rock (Whitton and Buckmaster, 1970). The River Gaunles 
a major t r i b u t a r y , enters the River Wear at km 4-4.1, down­
stream of Bishop Auckland. 

I n "the middle s t r e t c h e s the r i v e r becomes 
slower and begins t o flow i n deep s i l t y meanders w i t h only 
occasional f a s t e r s t r e t c h e s of water. As i t progresses t o ­
wards the t i d a l l i m i t at km 91 i t becomes much deeper and 
r i f f l e s no longer occur. Beyond t h i s p o i n t the r i v e r be­
comes es t u a r i n e before reaching the mouth at Sunderland. 
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The t o t a l l e n g t h i s 106.9 km from Wearhead t o Wearmouth 
Bridge (Whitton and Buckmaster, 1970). 

The Rivers Browney and Deerness r i s e i n 
the higher p a r t s of the Coal Measures and both f l o w down 
a f a i r l y uniform gradient before the' l a t t e r j o i n s the 
former at - km 6.0. The confluence w i t h the main r i v e r 
occurs a t km 58.5-

The whole r i v e r system i s subject t o q u i t e 
marked changes i n discharge,, p a r t i c u l a r l y i n i t s upper 
catchment where the r a i n f a l l i s considerably higher, o00 
t o 1800 mm per year, according t o l o c a t i o n (Smith, 1970; 
Saow a, n ol yj h.ottcm,1971) • Northumbrian Water A u t h o r i t y 
data ( 1 9 7 3 ) > at Sunderland Bridge gauging s t a t i o n (km 58.3)1 
show a range of flows from 1.5 t o l 4 l nr s f o r the p e r i o d 
March t o October 1973 w i t h a mean value of 5»8 m̂  s""1". 

Major f l o o d i n g was r a r e d u r i n g the p e r i o d 
of study, (March, 1972 t o January, 197^) although miner 
fl o o d s have occurred i n t e r m i t t e n t l y at various seasons. 

- The flows were much higher i n w i n t e r than i n summer. At 
times the r i v e r was subject t o e x c e p t i o n a l l y low flows 
dui'ing the summer months, e.g. du r i n g the pe r i o d March t o 
October 1973 the flow remained almost c o n t i n u a l l y low and 

3 -1 

recordings less than 2.0 nr s were frequent at Sunderland 
Bridge gauging s t a t i o n (Northumbrian Water A u t h o r i t y , 1973)-

Table 1.1 summarises h y d r o l o g i c a l data at 
three of the gauging s t a t i o n s ' i n the River Wear system dur­
i n g the period March t o October 1973- Further h y d r o l o g i c a l 
i n f o r m a t i o n i s given by Cairney and Storey (1970) and d e t a i l s 
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TABLE i . l Hydrology of the River Wear system^ 
March to October 1973 

Data abstracted from Northumbrian Water A u t h o r i t y 

K ^ n n r l V e r k m f l O W ( m ^ s - ] ) 

s t a t i o n ment ' 

(N.W.A.) km mean max min 
Stanhope Wear 14.8 171-9 1-97 54.34 0.48 

S U£?i5gr d Wear 58.3 657-8 5-82 141.} 1-52 

* Eastgate R°2!^° p e -0.6 36.4 0.45 12.08 0.09 

* records c a l c u l a t e d w i t h o u t August 1975 f i g u r e s 
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of c l i m a t e I n the region by Smith (1970). 

1.3.4 Rookhope Burn 

l.J.k (a) Geography 

The stream r i s e s at Rookhope Burn Head from 
the j u n c t i o n of several minor t r i b u t a r i e s . I t flows east­
ward f o r 7 km before t u r n i n g south f o r 6 km, t o j o i n the 
main r i v e r a t km 12.6. This t r i b u t a r y d r a i n s an area o f 
open, moorland and rough pasture, i n common w i t h other Wear-
dale streams ( S 0 . 0 w a nd.VJ k i t ̂ , 1 9 7 1 ) . The lower reaches 
have steep banks and are w e l l shaded by woodland. Tha area 
receives high and l o c a l i s e d r a i n f a l l o f t e n g i v i n g r i s e t o 
small f l o o d s . The hydrology of the r i v e r i s d e a l t w i t h i n 
l . ^ . ^ and Table 1.1. The headwaters r i s e from peat bog-
land and the r i v e r flows down an uneven gradient of a l t e r ­
n a t i n g Carboniferous shales and sandstones. Above Rookhope 
V i l l a g e the stream flows i n long shallow s t r e t c h e s down a 
gentle slope. The bed comprises mainly boulders and pebbles. 
A f t e r t u r n i n g south at Rookhope V i l l a g e i t flows s t e e p l y down 
over bands of lir.estone and igneous rock, which give r i c e t o 
a s e r i e s of f a s t f l o w i n g s t r e t c h e s and occasional w a t e r f a l l s . 

I O « 4 (b) H i s t o r y of lead mining 

Lead mining i n the Rookhope area i s thought 
to have begun i n Roman times. I t d i d not reach i t s heyday 
u n t i l the eighteenth and ni n e t e e n t h c e n t u r i e s , mainly under 
the auspices of the London Lead Co. and the Beaumont f a m i l y 
(Johnson, 1970). Output reached i t s peak between 1815 t o 
1880; most of the d e r e l i c t mine workings and s p o i l heaps 
o r i g i n a t e from t h i s p e r i o d . I n the l a t e r p a r t of the nine­
te e n t h and e a r l y t w e n t i e t h c e n t u r i e s the lead mining i n d u s t r y 
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d e c l i n e d and most of the workings were taken over by the 
Weardale Lead Co. (Dunham, 196-9). The ores mined were 
c h i e f l y s p h a l e r i t e (ZnS) and galena (PbS) mentioned i n 
1.2.2; s u f f i c i e n t s i l v e r (Ag) was present i n these t o make 
i t worthwhile r e - e x t r a c t i n g (Johnson, 1970). The s i l v e r 
was removed from the i n s i d e of the f l u e s of the lead smelter. 
The l a s t vestiges of the l a t t e r l i e upstream of Rookhope 
V i l l a g e and have only r e c e n t l y been dismantled. The other 
main ere of i n t e r e s t was c h a l c o p y r i t e (CuFeSg)^ a copper ore, 
which was worked at Groverake i n the upper Rookhope V a l l e y . 

The development of the non - m e t a l l i c mining 
i n d u s t r y -has brought about' renewed a c t i v i t y i n the area; 
l a r g e deposits of f l u o r i t e (CaF^) have been found i n the 
v i c i n i t y of Rookhope. The Weardale Lead Co., a former sub­
s i d i a r y of I . C . I . L t d , c a r r i e d out most of the operations 
i n the Rookhope v a l l e y a t the time of the study. A b r i e f 
d e s c r i p t i o n of the i n d i v i d u a l mines i s given by Leeder (1972) 
and more d e t a i l s of the economic geology of the region have 
been given by Dunham (1948, 1959). 

High concentrations of Zn and Pb i n the 
r i v e r are the r e s u l t of r u n - o f f from the o l d s p o i l heaps 
and a d i t s . F i g . 1.2 summarises the course of the r i v e r 
and f e a t u r e s of i n t e r e s t concerning the mine workings i n 
the area. 

1.3.5 Brandon Pithouse a c i d streams 

1.3.5 (a) Geography 

The l o c a t i o n of the streams, together w i t h 
some of the more important f e a t u r e s , i s i l l u s t r a t e d i n 
Fi g . 1.3- The main -stream flows i n a n o r t h t o n o r t h -
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e a s t e r l y d i r e c t i o n f o r 3.6 km before j o i n i n g Red Burn at 
- km 1.0. This stream meets the River Deerness at - km j5.7. 

The a c i d waters issue a t two p o i n t s below 
the s p o i l heap. Acid Stream A springs from an earthenware 
pipe near the s i t e of o l d d r i f t s . Stream B has a d i f f u s e 
source, seeping from the base of the t i p i n t o a deep channel 
of c lay and s i l t . I t i c p ossible t h a t t h i s stream o r i g ­
i n a t e s from o l d d r i f t s now covered by the t i p (Pomfret, 197:;; 
Hargreaves, 1977). I t then disappears underground, r e -
emerging a few metres before the j u n c t i o n w i t h the main stream 
(- km 3'0). For the f i r s t 200 m Stream A flows over a sub­
stratum composed of clay w i t h occasional shalely. reaches. 
I n 1970, p a r t of the drainage channel was re-excavated t o 
prevent the f l o o d i n g of farm land (Robinson, 1971). The 
stream passes underground f o r a few metres before e n t e r i n g 
a small r e s e r v o i r ; the purpose of which i s not c l e a r . From 
the r e s e r v o i r , the stream flows down a steeper g r a d i e n t over 
a mixed substratum of pebbles and sand t o the e n t r y p o i n t of 
Stream B. A f t e r the confluence, the stream flows s t e e p l y 
down over heavy p r e c i p i t a t e s of I r o n oxides and receives 
drainage from arable land' before e n t e r i n g Esh Wood. The 
'lower p a r t s of the stream were h e a v i l y shaded d u r i n g the 
peri o d of study. I n general the substratum i s more s i l t y 
and the presence of I r o n oxides diminishes. 

The discharge of Stream A remained remark­
ably constant , at i t s source, throughout the pe r i o d of study. 
The mean value was 0.3 1 s"'1'. However, both streams were 
subject to spectacular ' f l a s h ' f l o o d i n g caused by r u n - o f f 
from the t i p . This tended to scour the stream bed and 
i n t e r m i t t e n t l y removed most of the v e g e t a t i o n , apart from 
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t h a t near the source of Stream A. 

On occasions i n w i n t e r the middle reaches 
of the stream f r o z e over and at times i n summer p a r t s of 
the stream d r i e d out completely. The b i o l o g i c a l i m p l i c a ­
t i o n s of these extremes have been discussed by Hargreaves 
(1977) who has also given more d e t a i l e d accounts of the 
environmental background of the stream. 

1.3«5 (b) H i s t o r y of coalmining 

The area has been mined on a small scale 
f o r many c e n t u r i e s . Shaft mining was f i r s t recorded i n 
I838. The main s h a f t was sunk i n 1926 and the modern 
workings interconnect w i t h the o l d d r i f t s i n the Five Quart­
er cud Main seams (Pomfret, 1973)• The c o l l i e r y was closed 
i n 1966 l e a v i n g a s p o i l heap 800 m across (Robinson, 1971)-
I n recent years the heap has been considerably a l t e r e d i n 
order to lower and s t a b i l i s e i t . This had l i t t l e e f f e c t 
on the streams d u r i n g the pe r i o d of study (Hargreaves, 1977). 
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CHAPTER TWO 

2. METHODS 

2.1 Water Samples 

2.1.1 C o l l e c t i o n and storage 

Samples were taken from the main c u r r e n t 
of the r i v e r or stream immediately below the surface. On 
several occasions f o u r r e p l i c a t e samples were taken t o 
i l l u s t r a t e the l i m i t s of v a r i a t i o n . A l l containers t o 
be used f o r sampling were soaked i n 5$ HC1 f o r 24 hours 
and r i n s e d s i x times i n glass d i s t i l l e d water before use. 
This procedure was c a r r i e d out t o encure freedom from 
contamination. The samples were f i l t e r e d through an a c i d 
washed No. 2 'Sinta' glass funnel to remove l a r g e r suspended 
matter and most algae. 

Samples f o r c a t i o n a n a l y s i s were c o l l e c t e d 
i n 100 ml 'Pyrex 1 b o t t l e s . These were chosen as being the 
leas*; l i k e l y to cause t r a c e contamination. Tests showed 
t h a t c e r t a i n polythene containers leached l a r g e q u a n t i t i e s 
of Zn and Fe i n p a r t i c u l a r (Test A). No measurable con­
t a m i n a t i o n of any Zn, Cu, Pb or Cd was encountered w i t h 
'Pyrex' (Test B). 

Test A 
Four a c i d washed polyethylene containers were f i l l e d 

w i t h glass d i s t i l l e d water and analysed a f t e r 7 days. Glass 
d i s t i l l e d water was kept i n an a c i d washed 'Pyrex' container 
and analysed along w i t h the samples ( e ) . Contamination i s 
obvious. 
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Zn Cu Pb 

(a) 0.015 0.015 0.84 0.018 

(b) 0.098 0.023 0.47 0.010 

(c) 0.020 0.009 0.76 0.024 

(d) 0.008 0.007 0.33 0.006 

'(e) <0.002 <0.002 <0.01 O.001 

Test B 
Four a c i d washed 'Pyrex' b o t t l e s (ground glass stoppers) 

were f i l l e d w i t h glass d i s t i l l e d water and a c i d i f i e d w i t h . 
0.5 ml ' A r i s t a r ' HC1. The samples were analysed immediately 
and at 7 day i n t e r v a l s subsequently. The data presented 
below a p p l i e s t o a l l f o u r samples. 

Zn Cu Pb Cd 
i n i t i a l <0.002 <0.002 <0.001 <o.oooi 

a f t e r 7 days <0.002 <0.002 <0.0C1 <0.0001 
a f t e r 14 days <0.002 <0.002 <0.001 <0.0001 
a f t e r 21 days <0.002 <0.002 <0.001 <0.0001 

I t i s c l e a r t h a t none of the heavy metals analysed 
showe_d any signs of increase from leaching. I n both cases, 
anal y s i s was c a r r i e d out as described i n 2.12. 

Samples f o r the a n a l y s i s of anions and pH 
were c o l l e c t e d i n 300 ml heavy duty polythene c o n t a i n e r s , 
i n the same manner as the c a t i o n samples. 

On r e t u r n t o the l a b o r a t o r y a l l samples 
were stored i n the dark i n a r e f r i g e r a t o r at 4°C u n t i l 
a n a l y s i s was c a r r i e d out. Trace element a n a l y s i s was 
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c a r r i e d out as soon as possible a f t e r c o l l e c t i o n , before 
loss could occur, through p r e c i p i t a t i o n . Heavy brown 
f l o e s of humic m a t e r i a l tended t o form i n samples from the 
River Wear i f these were l e f t standing ( 1 . 2 . 2 ) . PO^-P, 
NH-,-N, NO~-N and NO-.-N were determined on r e t u r n t o the 3 2 3 
l a b o r a t o r y . When t h i s was not po s s i b l e a n a l y s i s was 
completed w i t h i n 48 hours. 

2.1.2 Analysis of cations 

Cation a n a l y s i s was c a r r i e d out using a 
Perkin-Elmer model 403 Atomic Absorption Spectrophotometer. 
The elements analysed included Na, K, Mg, Ca, Zn, Cu, Mn, 
Pe, A l , Pb, Cd, Co and N i . I n most cases the standard 
c o n d i t i o n s were used (Perkin - Elmer manual). Pb and Cd 
were analysed using the Tm sampling boat procedure (Kahn 
et a Z . ^ 9 6 8 ) . 

2.1.3 Analysis of anions 
The a n a l y s i s of anions i n c l u d e d the r e g u l a r 

a n a l y s i s of CI , S i , PO^-P, NH^-N, N02-N and NO^-N. Other 
analyses included pH, c o n d u c t i v i t y and o p t i c a l d e n s i t y . 
A l l o p t i c a l d e n s i t y measurements of the c o l o u r i m e t r i c pro­
cedures were performed on a Uvispek ( H i l g e r & Watts). 

CI. Analysis of CI was made by argentometric t i t r a t i o n 

(A.P.H.A., 1971). 

S i . The det e r m i n a t i o n of Si was c a r r i e d out by the 

heteropoly blue method (A.P.H.A., 1971). 

PO^-P. For normal r i v e r waters, the stannous c h l o r i d e 
procedure was adopted (A.P.H.A., 1971) w i t h o u t any pre-
treatment of the samples. The d e t e c t i o n l i m i t f o r t h i s 
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technique using 400 mm s i l i c a c e l l s was 0.01 mg 1~^ FO^-P. 
Where i n t e r f e r e n c e was encountered, an e x t r a c t i o n procedure 
using n-hexanol was used (Mackereth, 1963). Not only i s 
i n t e r f e r e n c e reduced or e l i m i n a t e d but the sample i s also 
concentrated. Reduction of ammonium molybdate t o a 
complex blue colour w i t h stannous c h l o r i d e was c a r r i e d out 
i n a s i m i l a r manner t o the standard method. A d e t e c t i o n 
l i m i t of 0.001 mg l ' 1 P0^-P could be a t t a i n e d by t h i s 
method. 

NH^-N. The recommended procedure f o r the a n a l y s i s o f 
NH-j-N i s d i s t i l l a t i o n f o l l o w e d by n e s s l e r i z a t i o n (A.P.H.A., 
1971)' This procedure was used f o r some determinations 
but the time taken f o r each sample was too long f o r use i n 
reg u l a r a n a l y s i s . The simpler procedure of d i r e c t 
n e s s l e r i z a t i o n of the sample was t h e r e f o r e adopted f o r the 
bulk of an a l y s i s (A.P.H.A., 1971). C l a r i f i c a t i o n of the 
sample was c a r r i e d out by the a d d i t i o n o f 0.5 ml of ZnSO^ 
(1000 mg l " 1 ) t o 40 ml sample. 0.1 N NaOH was then added 
dropwise to a pH of 10.5• The f l o c c u l e n t p r e c i p i t a t e which 
appeared was c e n t r i f u g e d .down at 3000 r.p.m. f o r 2 min. 
A 25 ml a l i q u o t of the supernatant was taken f o r n e s s l e r i z a t i o n . 
The yellow colour was measured at 420 nm i n 400 mm s i l i c a 
c e l l s . Optimum colour development occurred between 35 
and 45 minutes. A d e t e c t i o n l i m i t of 0.01 mg l - 1 NH^-N 
was found p o s s i b l e using t h i s method. 

NOg-N. The procedure adopted was t h a t o f Crosby (1967). 
An i n i t i a l measurement o f the sample was c a r r i e d out at 
520 nm t o allow a c o r r e c t i o n f o r the n a t u r a l colour of the 
water. This value was subtracted from the f i n a l c o lour 
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reading t o o b t a i n the t r u e o p t i c a l d e n s i t y . Use of 
400 mm c e l l s gave a d e t e c t i o n l i m i t of 0.002 mg I - 1 NOg-N. 

NO^-N. The procedure of Hammond (1959) was used f o r the 
m a j o r i t y of samples. This i s a s i n g l e step, r a p i d , 
procedure i n v o l v i n g 3:3'-dimethylnapthidine. There were 
two major disadvantages i n the use of t h i s technique. 
F i r s t l y , occasional colour i n s t a b i l i t y was encountered. 
This was improved by d i l u t i n g the purple r e a c t i o n product 
w i t h 25^ HgSO^ i n place of d i s t i l l e d water. Secondly, a 
h i g h l y coloured blank occurred which absorbed, t o some ex t e n t , 
a t 570 nm (the wavelength of colour measurement). This 
allowed a d e t e c t i o n l i m i t of only 0.5 nig l - " ^ using 100 mm 
c e l l s . Maximum colour development occurred a f t e r 20 minutes 
and remained s t a b l e f o r only 10 minutes. 

The procedure of Montgomery and Dymock (1962) was adopted 
f o r c e r t a i n samples. The r e a c t i o n was c a r r i e d out i n a 
constant room temperature at 5°C t o minimise the temperature 
dependence of the r e a c t i o n . Using 400 mm c e l l s a d e t e c t i o n 
l i m i t of 0.05 mg l " 1 was found (0.2 mg l " 1 N0^-N, using 
100 mm c e l l s ) . 

-Other analys«^s.' pH was determined i n the l a b o r a t o r y using 
an E.I.L. pH meter. C o n d u c t i v i t y was measured w i t h a Lock 
C o n d u c t i v i t y Bridge. O p t i c a l d e n s i t y was measured d i r e c t l y 
on a Uvispek spectrophotometer at 420 nm i n 400 mm s i l i c a 
c e l l s . 

2.1.4 Analysis of water from a c i d mine drainage 

Waters from a c i d mine drainages presented 
c e r t a i n a n a l y t i c a l problems. Several m o d i f i c a t i o n s t o the 
above procedures were made. 
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CI. The normal argentometric t i t r a t i o n d i d not give any 
end p o i n t w i t h a c i d water because of i n t e r f e r e n c e . The 
sample was t h e r e f o r e c l a r i f i e d by a d j u s t i n g the pH t o 10-5 
w i t h IN NaOH and c e n t r i f u g i n g down the heavy p r e c i p i t a t e . 
The supernatant was then re-adjusted t o pH 7- A 25 ml 
p o r t i o n of t h i s was taken f o r t i t r a t i o n i n the usual way. 

PO^-P. A l l a n a l y s i s f o r orthophosphate was c a r r i e d out 
by e x t r a c t i o n i n t o n-hexanol (Mackereth, 1963). The normal 
phosphate procedure gave a low recovery. 

NCvj-N and NOylJ. The hi g h concentrations of Fe found i n 
ac i d waters (>80 mg l""*") caused considerable i n t e r f e r e n c e 
i n the c o l o n r i m e t r i c determination of N0o-N and NCK-N. The 

2 3 
i n t e r f e r e n c e was i n the form of colour enhancement. Removal 
of the Fe present was t h e r e f o r e necessary. The samples were 
passed through a column of c a t i o n exchange r e s i n (Amberlite 
IR 120 H form). Analysis f o r NÔ -N was then c a r r i e d out by 
the method of Montgomery and Dymock (1962). No readings 
could be obtained f o r NOg-N a f t e r t h i s pre-treatment. I t 
i s f e l t t h a t any trace q u a n t i t i e s present would be l o s t on 
a c a t i o n exchange column. NOg-N r e s u l t s are t h e r e f o r e not 
presented f o r a c i d waters. " 
SO^-S. The procedure used was than of Colson (1963). 
Samples were d i l u t e d by a f a c t o r of 10 a f t e r i o n exchange 
(through Amberlite IR 120 H-form) before t i t r a t i o n against 
Ba (C l O ^ g . 

A c i d i t y . The determination of a c i d i t y was c a r r i e d out by 
hot t i t r a t i o n t o pH 8.3 using phenolphthalein i n d i c a t o r 
(A.P.H.A., 1971). 
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2.2 Plant samples 

2.2.1 C o l l e c t i o n 

For several reasons, p l a n t s were always 
c o l l e c t e d a t low fl o w . 

( i ) Only at these times could samples be c o l l e c t e d 
across the r i v e r s , 

( i i ) The p l a n t s were less s i l t e d up and t h e r e f o r e 
easier t o clean, 

( i i i ) Periods of low f l o w were expected t o give the 
most s t a b l e water chemistry. 

Plants from the River Wear were c o l l e c t e d 
over 20 m s t r e t c h e s , i n the main c u r r e n t , away from the 
banks. An experiment was conducted using the alga 
Cladophora glomerata t o e s t a b l i s h the v a r i a t i o n i n com­
p o s i t i o n w i t h i n a sampling s i t e . This t e s t confirmed 
the use of the above c r i t e r i a (5.2.1). 

Plants from Rookhopo Burn were also 
c o l l e c t e d from 20 m st r e t c h e s of r i v e r . Where i t was 
po s s i b l e , the same sampling c r i t e r i a were used. However 
a p p l i c a t i o n of these c r i t e r i a was not always p o s s i b l e . 
Mimulus gu-ttatus tended t o occupy h a b i t a t s not i n the main 
stream. Hygrohypnum oohraceum u s u a l l y occurred towards 
the r i v e r bank. 

Brandon Pithouse stream presented d i f f e r e n t 
sampling problems because of i t s small s i z e . I n t h i s case 
10 m reaches were chosen. The same sampling c r i t e r i a were 
used i . e . the p l a n t s c o l l e c t e d were submerged i n the main 
flo w of the stream except f o r the emergent Juncus effusus. 
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Samples of t h i s species were taken from p l a n t s whose r o o t s 
stood permanently i n a c i d water. 

V i s u a l l y mature he a l t h y p l a n t s were always 
selected, avoiding obviously very young or very o l d m a t e r i a l . 

Plant m a t e r i a l was always c o l l e c t e d from 
f o u r s u i t a b l e areas w i t h i n the s i t e t o ensure r e p r e s e n t a t i v e 
r e p l i c a t e samples. 

2.2.2 Washing 

As a general procedure, a l l p l a n t s were 
washed thoroughly i n r i v e r water at the time of c o l l e c t i o n 
t o remove as much s i l t as po s s i b l e . Excess water was r e ­
moved by squeezing- The samples were then t r a n s f e r r e d t o 
polythene bags and stored u n t i l r e t u r n t o the l a b o r a t o r y . 
Further washing procedures were c a r r i e d out immediately on 
r e t u r n t o the l a b o r a t o r y . The aim o f t h i s was t o remove 
a l l g r i t and other debris such as i n v e r t e b r a t e s . Presence 
of f o r e i g n matter could a f f e c t the dry weight of the sample 
and might also lead t o contamination. A l l washing i n the 
l a b o r a t o r y was c a r r i e d out w i t h d i s t i l l e d water. Care was 
taken t o avoid over washing because of the r i s k of leaching. 

Healthy cladophora glomerata growing i n a 
f a s t c u r r e n t was u s u a l l y f a i r l y g r i t f r e e but thorough 
i n s p e c t i o n was r e q u i r e d t o ensure removal of lar v a e . 

A matted.growth h a b i t o f Vaucheria sessilis 
made removal of a l l s i l t y m a t e r i a l p r a c t i c a l l y impossible. 

Algae such as Stigeoclonium tenue from 
Rookhope Burn or Hormidium rivulare from Brandon Pithouse 
stream tended t o r e t a i n p a r t i c l e s of in o r g a n i c and organic ' 
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d e b r i s . These were removed as f a r as possible d u r i n g the 
standard washing procedure. 

The f i l a m e n t s of Lemanea fluviatilis were 
almost always g r i t f r e e . The attachment organs of the 
alga were so i n t i m a t e l y mixed w i t h the substratum t h a t r e ­
moval of debr i s was not p o s s i b l e . These p a r t s were t h e r e ­
f o r e removed a l t o g e t h e r d u r i n g washing. 

Euglena mutabilis from Brandon Pithouse 
stream, presented s p e c i a l problems i n i t s c o l l e c t i o n and 
washing. The alga grew i n a t h i c k f i l m on top of a muddy 
substratum. F i e l d washing was t h e r e f o r e not po s s i b l e . 
A l l samples of the alga and sediment were scraped i n t o a 
j a r . I n the l a b o r a t o r y t h i s mixture was shaken and then 
allowed t o s e t t l e . The Euglena could then be poured away 
from the sediment. C e n t r i f u g i n g and washing several times 
ensured the removal of a l l the stream water and most o f the 
sediment. 

Those mosses which grew away from the 
stream bed and were washing i n the c u r r e n t were r e l a t i v e l y 
easy t o clean e.g. Fontinalis antipyvetica and Drepanocladus 

fluitano. Those which were c l o s e l y appressed t o t h e i r 
substratum tended t o hol d l a r g a q u a n t i t i e s of deb r i s i n the 
t h a l l u s . Eurhynchium riparioides and Fissidens orassipes 

were v i r t u a l l y impossible t o clean thoroughly. 

I f the mosses were to be d i v i d e d t h i s 
procedure was c a r r i e d out at the washing stage. I n d i v i d u a l 
f i l a m e n t s were taken, measured and cut at 30 mm i n t e r v a l s 
from the t i p . 
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The higher p l a n t s presented few problems 
i n washing. Special care was r e q u i r e d when cleaning the 
ro o t s t o ensure a l l g r i t was removed. D i v i s i o n of higher 
p l a n t s i n t o r o o t stem and l e a f was c a r r i e d out du r i n g 
washing. 

2.2.3 Microscopic examination 

A d e t a i l e d survey of the m i c r o f l o r a 
associated w i t h each p l a n t was not attempted. C e r t a i n 
microscopic examinations were undertaken t o ensure b i o l o g ­
i c a l contamination was kept t o a minimum. 

.2.2.4 Storage 

A f t e r washing, the samples were t r a n s f e r r e d 
t o a c i d washed p e t r i dishes and d r i e d i n an oven at 105°C 
f o r 48 h. Baker et al. (1964) noted t h a t samples should 
be d r i e d as q u i c k l y as possi b l e t o prevent l o s s i n dry 
matter caused by c o n t i n u i n g r e s p i r a t i o n . Precautions were 
also taken t o reduce the p o s s i b i l i t y of contamination from 
dust i n the oven. 

The d r i e d samples were ground by hand i n 
a p o r c e l a i n mortar and p e s t l e , r a t h e r than w i t h an auto­
matic g r i n d e r . Hood et al. (1944) have s t a t e d t h a t many 
gr i n d e r s are sources of metal contamination. 

The powdered samples were t r a n s f e r r e d t o 
p l a s t i c sample tubes and desiccated f o r 24 h. The tubes 
were then stoppered w i t h a polythene cap and stored u n t i l 
a n a l y s i s . The samples were re-desiccated f o r 24 h p r i o r 
t o weighing out. 
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2.2.5 Digestion 

2.2.5 (a) Sample size 

Roughly equal amounts of the f o u r r e p l i c a t e 
samples were taken f o r a n a l y s i s . The sample s i z e v a r i e d 
according t o the amount of m a t e r i a l .available. The minimum 
and maximum q u a n t i t i e s used were 0.1 g and 0.3 g (dry w e i g h t ) , 
r e s p e c t i v e l y . Test (C) shows no s i g n i f i c a n t d i f f e r e n c e 
between r e s u l t s using the maximum and minimum sample s i z e . 

Test C 

Three approximately equal r e p l i c a t e s of d r i e d Clcdophora 

glomeratd Were weighed out' ac c u r a t e l y f o r each sample size 
(0.1 g, 0.2 g and 0.3 g ) . These were digested and anal­
ysed f o r Zn as recorded i n 2.2.5 (b) and 2.2.6. 

mean Zn 
Kg g" 1 

63.5 1 4.6 
6 lO - 5.8 
61.2 - 3.9 

Samples were weighed out i n 100 ml polypropylene 
d i g e s t i o n b o t t l e s . The b o t t l e was weighed t o 4 decimal 
places. The approximate weight of samples was added using 
a 2 f i g u r e balance. The b o t t l e plus sample was then weighed 
ac c u r a t e l y t o 4 decimal places and the dry weight c a l c u l a t e d 
by d i f f e r e n c e . 

2.2.5 (b) Wet pressure d i g e s t i o n 

The samples were digested using a 
m o d i f i c a t i o n of the wet pressure d i g e s t i o n described by 
Adrian (1973)- The d i g e s t i o n does not c a r r y t o completion 

size weight 

0.1 0.1201 

0.2 0.2018 

0.3 0.3193 
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but i s s u f f i c i e n t t o release a l l the cat i o n s i n t o s o l u t i o n . 

2 ml 1 A r i s t a r 1 grade HNO^ were added t o 
each sample, the caps were screwed down and the samples 
l e f t o v ernight t o pre- d i g e s t . 1 ml 7 + 1 HgOg (Analar 
100 v o l . ) + HgSO^ ( A r i s t a r ) was added and the caps r e -
ti g h t e n e d . The b o t t l e s were placed i n a polythene bowl 
and hot water was c i r c u l a t e d (70-8o°C) f o r three hours. 
The gases b u i l d up a pressure as the d i g e s t i o n proceeds. 
At the end o f the d i g e s t i o n period the caps were loosened 
and the excess gases allowed t o escape f o r one hour. 20 ml 
double d i s t i l l e d water was then added t o each d i g e s t . The 
samples w i t h washings were t r a n s f e r r e d t o c e n t r i f u g e tubes 
and c e n t r i f u g e d f o r 5 min. at 3500 r.p.m. The yellow 
supernatant was poured o f f and r e t a i n e d . The p r e c i p i t a t e 
was washed w i t h a 10 ml a l i q u o t of double d i s t i l l e d water 
and r e - c e n t r i f u g e d . The second supernatant was added t o 
the f i r s t and the volume made up t o 50 ml i n a vo l u m e t r i c 
f l a s k . The s o l u t i o n s were stored i n the d i g e s t i o n b o t t l e s 
u n t i l a n a l y s i s . 

2-2.5 (c) Comparison of d i g e s t i o n techniques 

A comparison of f o u r d i g e s t i o n techniques 
i s given i n Test D. 

Test D 

Four r e p l i c a t e samples (0.3 g) of d r i e d Ranunculus 
penicillatusvar. calcareuswere weighed our ac c u r a t e l y 
f o r each a n a l y t i c a l technique.. The f o u r methods used 
were. 
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(a) Dry ashing (Johnson and U l r i c h , 1959) 

(b) Wet d i g e s t i o n (Johnson and U l r i c h , 1959) 

(c) Wet pressure d i g e s t i o n (Adrian, 1973) 

(d) Wet pressure d i g e s t i o n , modified by r e p l a c i n g 
p e r c h l o r i c a c i d (HCIO-^) w i t h Hydrogen peroxide 
(H 2 0 2 : 100 v o l ) described i n 2.2.5 ( b ) . 

Method (a) has been questioned by Gorsuch (1959) because 
of the pos s i b l e l o s s of v o l a t i l e metals. Keeney et al.3 

(1976) have since noted the conclusions of Lord (1974), 

who has s t a t e d t h a t serious loss of Cd occurs above 350°C 
and a s i m i l a r l o ss of Pb at temperatures above 500°C. 
Samples were ashed i n a muf f l e furnace f o r 12 h at 450-550°C. 

Methods (b) and (c) were not p r a c t i c a l on a large scale, 
i n the l a b o r a t o r y f a c i l i t i e s a v a i l a b l e , because of the ex­
pl o s i v e nature of HCIO^. Method (b) was c a r r i e d out on 
m i c r o - k j e l d a h l apparatus i n a fume cupboard. The fumes 
were ducted away and dis s o l v e d i n water. Method (c) was 
c a r r i e d out as described i n 2.2.5 (b) except f o r the 
m o d i f i c a t i o n noted above. 

Method (d) was c a r r i e d out as described i n 2.2.5 ( b ) . 
I t was p a r t i c u l a r l y important t h a t data f o r heavy metals 
were comparable w i t h those from other d i g e s t i o n techniques. 
The comparison was designed to see i f t h i s method was 
f e a s i b l e f o r d i g e s t i n g l a r g e numbers of samples. 

The r e s u l t s are presented i n Table 2 .1. I t i s c l e a r t h a t 
Pb, Cd and po s s i b l y some Zn are l o s t i n the dry ashing 
technique, although recoveries of major c a t i o n s are higher 
than the other methods. The technique was t h e r e f o r e 
r e j e c t e d . 
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Methods ( b ) , (c) and (d) show very s i m i l a r r e s u l t s f o r 
the heavy metals although recovery of Na and K i s lower. 
Method (d) was adopted f o r the reasons of convenience 
mentioned above. 

2.2.6 Analysis of p l a n t d i g e s t s 

A l l a n a l y s i s was c a r r i e d out on the 
Perkin-Elmer 403 atomic absorption spectrophotometer 
using an acid r e s i s t a n t n e b u l i z e r . The f o l l o w i n g 13 

c a t i o n s were measured by standard a s p i r a t i o n procedures 
(Perkin-Elmer manual): Na, K, Mg, Ca, Zn, Cu, Mn, Fe, 
A l , Pb, Cd, Co, N i . 

2.3 Location of s i t e s and reaches i n River Wear system 

Table 2.2 i s a l i s t of a l l the s i t e s sampled i n 
the River Wear system d u r i n g the course of the study. Each 
stream has been a l l o t t e d a number and where s i t e s have been 
given a reach number, t h i s r e f e r s t o a s p e c i f i c '10 m reach'. 
Further b i o l o g i c a l and chemical data f o r these reaches are 
hel d i n the Botany Department, Durham U n i v e r s i t y . 

A l l s i t e s have been given km marks (1.3-3) except 
f o r a number of s i t e s i n Brandon Pithouse a c i d streams. 
I n t h i s case, only the s i t e s of major importance have been 
given km marks. More emphasis has been placed on the use 
of reaches which coincide w i t h those used by Hargreaves 
(1977). S i t e numbers f o r t h i s stream system are placed 
i n brackets a f t e r the s i t e d e s c r i p t i o n ; these have been 
used i n Fig.1.3 t o i d e n t i f y c l e a r l y the p o s i t i o n of the 
s i t e s . 

B r i e f d e s c r i p t i o n s of the i n d i v i d u a l s i t e s are 
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given together w i t h the f u l l g r i d reference and map 

reference. 

2.4 C h e c k - l i s t of species 

.2.4.1 Algae 

021601 Hildenbrandia rivularis (Liebm.) J. Ag. 

021902 Lemanea fluviatilis (L.) Ag. 

030203 Euglena mutabilis Schmitz 

060203 Vaucheria sessilis de Candolle 

090404 Melosira varians C. A. Ag. 

121432 Mougeotia sp. (8-12 Vm) 
1221 Spivogyva spp. 

122750 Zygnema sp. 

152402 Enteromorpha flexuosa (Wulfen. ex Roth.) J. Ag 

152902 Hormidium rivulare Kutz. 

154532 Stigeoclonium tenueKutz. 

154703 Ulothrix sonata Kutz. 

160302 Cladoph ova glomerata (L.) Kutz. 

1607' Oedogonium sp. (9 Vim) 

2.4.2 Byrophytes 

222102 Soapania undulata (L.) Dum. 

232150 Dicranella sp. 

232302 Drepanocladus fluitans ( D i l l e n ) Warns^orf 

232501 Eurhynchium vipavioides (Hedw.) Rich. 

232602 Fisside ns cvassipes Wils. ex B.S. and G. 

232701 Fontinalis antipyretisa Hedw. 

232702 F.antipyvetica Hedw. var. gracilis Schp. 

232801 Grimmia alpicola Hedw. var. rivularis ( B r i d . ) B r o t h . 

233101 Hygroamblystegium fluviatile (Hedw.) B.S. and G. 
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233202 Hygrophypnun ochraceum (Turn.ex Wils.) Laeske. 
233401 Leptodiatyum vipavium (Hedw.)Warnst. 

2.4.3 Anglosperms 

260204 Callitriche stagnalis Scop. 
260301 Caltha palustris L. 
250801 Elodea canadensis Mlchx. 
251302 Juncus effusus L. 
260701 Mimulus guttatus D.C. 
260902 Myriophyllum spicatum L. 
251902 Potamogeton crispus L. 
251906 , P.. natans L. . , > ... 
251910 P. pectinatus L. 
261106 flan unculus fluitans Lam. 
261110 /?. penicillatus (Dumort.) Bab. var. caZearei<s 

(R.W. Butcher) C.D.K. Cook 

N.B. numbers r e f e r t o the f i l e ' S p e c i e s l i s t ' , dated Octobe 
1977> h e l d i n Botany Department, Durham U n i v e r s i t y . 

2.5 Sampling Programme 

2.5*1 Water Chemistry 

Water samples were taken a t r e g u l a r 
i n t e r v a l s , weekly and bi-weekly, at Sunderland Bridge 
(km 58.3) and Finchale Abbey (km 78.1) d u r i n g the p e r i o d 
February to August 1972. This programme was designed t o 
e s t a b l i s h the v a r i a t i o n of important chemical parameters 
i n r e l a t i o n t o discharge. 

I n 1973 the programme was extended t o 
inc l u d e a s i t e above the i n d u s t r i a l e f f l u e n t (km 73-5) 
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and one below the e f f l u e n t (km 73*9)• The sampling at 
these f o u r s i t e s i n the lower River Wear was c a r r i e d out 
between January 1973 and January 1974, at monthly i n t e r ­
v a l s . The l o c a t i o n of these s i t e s i s shown i n Fig.2 .1 

and reach i n f o r m a t i o n given i n 2.3. 

Samples were taken on s i x occasions 
between March and October, 1973* a t f o u r s i t e s on Rookhope 
Burn shown i n Fig.1 .2 . Brandon Pithouse Acid Stream A 
was sampled at i t s source at monthly i n t e r v a l s , from J u l y 
1972 to August 1974. At three monthly i n t e r v a l s , surveys 
of the whole a c i d stream complex were made ( t h i s work was 
c a r r i e d out j o i n t l y w i t h J. W. Hargreaves (1977) who gives 
f u l l d e t a i l s of sampling). The l o c a t i o n of a l l the s i t e s 
sampled i n the Acid Stream catchment i s given i n Fig. 1.3 

and d e t a i l s of the reaches i n 2.3-

Four seasonal surveys of the main r i v e r 
and selected s i t e s on i t s t r i b u t a r i e s were c a r r i e d out i n 
1973/74: 1 March 1973, 30 June 1973, 10 October 1973 
19 January 1974. These surveys comprised the s i t e s 
A t o M i l l u s t r a t e d i n Fig. 2 . 1 . Geographical d e t a i l s are 
found i n 2.3. 

2.5-2 Plant samples, 1967/68 

A survey of the mineral composition of 
aquatic p l a n t s o c c u r r i n g a t Finchale Abbey (km 78.1) was 
c a r r i e d out on m a t e r i a l c o l l e c t e d i n 1967 and 1968. The 
p l a n t s included are given i n Table 2.3-

Cladophora glomercta and Fontinalis 

antipyretica were c o l l e c t e d from several s i t e s on the 
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River Wear d u r i n g 1967 and 1968. A number of these 
samples were chosen t o gain some idea of the v a r i a t i o n 
i n mineral composition of these' p l a n t s down the r i v e r . 
Both p l a n t s were sampled at the same time a t the s i t e s 
and dates given i n Tables 2.4 and 2.5• F u l l s i t e 
i n f o r m a t i o n i s given i n 2 .5 . 

2 . 5 0 Plant samples, River Wear 1972-74 

A l l p l a n t s sampled from the River Wear 
were c o l l e c t e d from 20 m stre t c h e s of r i v e r ( 2 .2 .1 ) at 
the km marks i n d i c a t e d . F u l l s i t e i n f o r m a t i o n i s given 
i n 2 .3 . 

Cladophora glomerata was sampled at 

i n t e r v a l s d u r i n g i t s main growing season at Finchale 
Abbey (km 78.1) i n 1972; dates of c o l l e c t i o n are pre­
sented i n Table 2 .4 . 

I n 1973* c o l l e c t i o n was c a r r i e d out from 
A p r i l t o November, at the f o u r s i t e s i n the lower River 
Wear: Sunderland Bridge (km 58 .3 ) , above the i n d u s t r i a l 
e f f l u e n t (km 73-5) , below the i n d u s t r i a l e f f l u e n t (km Y3-9) 

at Finchale Abbey (km 78 .1 ) . C o l l e c t i o n was also 

c a r r i e d out, on a s i n g l e occasion, at s i t e s f u r t h e r up­
stream (Table 2 . 4 ) . 

Fontinalis antipyretica was c o l l e c t e d 

in.1972, from Finchale Abbey (km 78.1) and d i v i d e d by eye, 
i n t o young t i p s , mature p a r t s and o l d m a t e r i a l (Table 2 . 5 ) . 

This moss was c o l l e c t e d , i n 1973* from the 
f o u r main s i t e s i n the lower River Wear and on one occasion 
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TABLE 2 .4 L i s t of s i t e s i n . t h e River Wear at which 
Cladophora glomsrata was sampled during 
1968, 1972 and 1973 

stream 
no. 

0008 

km s i te date 
44.0 Bishop Auckland (above 

River Gaunless) 
15. 8.68 

51.1 W i l l i n g t o n 15. 8.68 
70.4 Durham Sands 16. 8.68 
78.I Finchale Abbey 13. 8.68 
80.6 Cocken Bridge 13. 8.68 
90.0 Lambton Bridge 16. 8.68 
78.1 Finchale Abbey 1. 4.72 
78.1 Finchale Abbey 25. 4.72 
78.I Finchale Abbey 9. 5-72 
78.1 Finchale Abbey 24. 5.72 
78.1 Finchale Abbey 14. 7.72 
2 4 . 3 Wolsingham • 26. 8.73 
35.2 Witton-le-Wear 26. 8.73 
44.3 Bishop Auckland (below 

River Gaunless) 
26. 8.73 

51.1 W i l l i n g t o n 26. 8.73 
58.3 Sunderland Bridge 29. 4.73 
73.5 above e f f l u e n t 29. 4.73 
73.9 below e f f l u e n t 29. 4.73 
78.] Finchale Abbey 29. 4.73 
58.3 Sunderland Bridge 18. 5.73 
73-5 above e f f l u e n t 18. 5.73 
73-9 below e f f l u e n t 18. 5.73 
78.1 Finchale Abbey 18. 5-73 
58.3 Sunderland Bridge 14. 8.73 
73.5 above e f f l u e n t 14. 8.73 
73.9 below e f f l u e n t 14. 8.73 
78.1 Finchale Abbey 14. 8.73 
58.3 Sundexland Bridge 4. 9-73 
73-5 above e f f l u e n t 4. 9.73 
78.1 below e f f l u e n t 4. 9.73 
58.3 Finchale Abbey 4. 9-73 
73.5 Sunderland Bridge 20.11.73 
73-9 above e f f l u e n t 20. 11-73 
73.9 below e f f l u e n t 20. 11.73 
78.1 Finchale Abbey 20. 11.73 
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TABLE 2.5 L i s t of s i t e s i n the River Wear at which 
Fontinalis antipyretica was sampled 
d u r i n g 1968, 1972 and 1973 

stream 
no. km s i t e date 

44.0 Bishop Auckland 
(above River 
Gaunless) 

15. 8. 68 undivided 

51.1 W i l l i n g t o n 15. 8. 68 undivided 
70.4 Durham Sands 16. 8. 68 undivided 
78.1 Finchale Abbey 13. 8. 68 undivided 
80.6 Cocken Bridge 13. 8. 68 undivided 
90.0 Lambton Bridge 16. 8. 68 undivided 
78.1 Finchale Abbey 7. 5. 72 d i v i d e d 

58.3 Sunderland Bridge 29. 4. 73 d i v i d e d 

73.5 above e f f l u e n t 29. 4. 73 d i v i d e d 

73.9 below e f f l u e n t 29. 4 73 d i v i d e d 
78.1 Finchale Abbey 29. 4. 73 d i v i d e d 

58.3 Sunderland Bridge 14. 8. 73 undivided 

73-5 above e f f l u e n t . 1 4 . 8. 73 undivided 

73.9 below e f f l u e n t 14. 8. 73 undivided 
78.1 Finchale Abbey 14. 8.73 undivided 

58.3 Sunderland Bridge 20.11. 73 undivided 

73.5 above e f f l u e n t 20. 11. 73 undivided 

73-9 below e f f l u e n t 20.11. 73 undivided 
78.1 Finchale Abbey 20.11. 73 undivided 
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d i v i d e d i n t o 30 mm sections from the t i p (Table 2 . 5 ) . 

Samples of Ranunculus penicillatus var. 

calcareusviere c o l l e c t e d from three of the f o u r s i t e s i n 
the lower River Wear: above i n d u s t r i a l e f f l u e n t (km 7 3 . 5 ) , 

below i n d u s t r i a l e f f l u e n t (km 73-9) Finchale Abbey 
(km 7 8 . I ) . The p l a n t was not c o l l e c t e d from Sunderland 
Bridge (km 58.3) as i t d i d not occur at the s i t e at t h a t 
time. For comparative purposes, a sample was also c o l l e c t e d 
from the River Tweed at Gala Ford (km 7 5 . 5 ) . A l l samples 
were d i v i d e d i n t o r o o t , stem and l e a f . A l l samples were 
c o l l e c t e d on 14 August 1973-

2.5.4 Plant samples, Rookhope Burn 1973 

Plants were c o l l e c t e d from the r i v e r on 
two occasions i n 1973 from the f o u r s i t e s l o c a t e d i n 
Fig, 1.2 and l i s t e d i n Table 2 .6. Many o f the algae are 
t r a n s i t o r y i n t h e i r occurrence and were t h e r e f o r e c o l l e c t e d 
only once. The more permanent v e g e t a t i o n sampled, com­
p r i s e d the alga Lemanea fluviatilis, and the bryophytes; 
Scapania undulata3 Drepanocladus fluitans and Hygropypnum 

ochraoeurri' The only angiosperm to occur i n s u f f i c i e n t 
quantitj'- to sample was the emergent hydrophyte, Mimulus 
guttatus. The c o l l e c t i o n s i t e s again consisted of 
20 m st r e t c h e s ( 2 . 2.1). The head t r i b u t a r y , North 

Grain Sike, was sampled because of the wealth of p l a n t 
m a t e r i a l and the presence.of Drepanocladus fluitanswhich 
also occurs i n Brandon Pithouse a c i d streams. Table 2 .5 

gives the d e t a i l s of the p l a n t s c o l l e c t e d . 
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2 . 5 « 5 Plant samples, Brandon Pithouse ac i d 
streams, 1973/1971f ' 

Samples were taken of the complete range 
of macrophytic f l o r a , present i n both Acid Streams A and 
B on various occasions d u r i n g 1973/1974 (Table 2 . 7 ) . The 
moss Drepanooladus fluitans was also' c o l l e c t e d a t p a r t i c ­
u l a r s i t e s down.the main stream t o study the e f f e c t s of 
an i n c r e a s i n g pH gradient (Table 2 . 8 ) . 
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TABLE 2.8 L i s t of s i t e s on 
at which Drepano 
on 14 June 1973 

stream no. reach km 

0127 01. -3.6 

03 

05 

07 -2 .9 

08 

Brandon Pithouse aci d streams 
iladus fluitans was sampled 

s i t e 

stream A (1) 

channel (3) 

below r e s e r v o i r (5) 

below confluence 
w i t h stream B (8) 

above farm t r a c k (9) 

09 bog (10) 

11 r-1.6 upper Eshwood (12) 

0125 01 -0.6 stream B (7b) 
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CHAPTER THREE 

3- SITE DESCRIPTIONS 

3•1 I n t r o d u c t i o n 

.. D e s c r i p t i o n s are given of the main s i t e s i n 
each area of the River Wear system s t u d i e d . 

D e t a i l s of the taxonomy of the species mentioned 
are given i n 2.4 and the exact geographical l o c a t i o n s of 
the s i t e s are recorded i n 2.3- I n d e s c r i b i n g the sub­
stratum the.sizes have been graded according t o the 
'Wentworth Scale' (Table J>.1}. I t has already been 
mentioned (2 .2 .1 ) t h a t 20 rn lengths were used f o r sampling 
except i n the case of Brandon Pithouse a c i d streams. I n 
t h i s case 10 m 'reaches' ( 2 .3 - ) were adopted, p a r t l y be­
cause of i t s small size and p a r t l y t o ensure c o n t i n u i t y 
w i t h other work c a r r i e d out (Hargreaves, 1977)' 

Relevant f e a t u r e s of the f o u r main s i t e s i n the 
lower River Wear are described i n 3 .2 .1 t o 3-2.5 and 
i l l u s t r a t e d i n Figs 3-1 and 3 .2 . These diagrams have 
been compiled from observations at summer low flo w s . The 
d i s t r i b u t i o n of the major species i s given together w i t h 
substratum c h a r a c t e r i s t i c s and a q u a l i t a t i v e estimate of 
cur r e n t v e l o c i t y and d i r e c t i o n . 

The f o u r s i t e s chosen f o r study i n the Rookhope 
Burn catchment are described i n 3 '3 ' 

A summary of the r e l e v a n t s i t e s i n Brandon 
Pithouse a c i d streams i s given i n 3 .4 . Further d e t a i l s 
of the m i c r o f l o r a found i n the i n d i v i d u a l reaches are given 
by Hargreaves (1977). 



TABLE 3.1 The 'Wentworth Scale' of substratum size 

sheet rock 

Boulders 

Cobbles 

Pebbles 

Sand 

very large 
large 
medium 
small 

large 
small 

very coarse 
coarse 
medium 
f i n e 
very f i n e 

very coarse 
coarse 
medium 
f i n e 
very f i n e 

mm 
>4096 

2048 

1024 

512 

256 

1 

0.5 

0.25 

0.125 

4095 

2047 

1024 

512 

128 - 256 

64 - 128 

3 2 -

16 -

8 -

4 -

2 -

64. 

32 

16 

8 

4 

2 

1 

0.5 

0.25 

0.0625 -0.125 

S i l t and clay 0.0625 
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D e t a i l s are included i n 2 .3 of the s i t e s s t u d i e d 
i n 1967/68, The l o c a t i o n of a l l the s i t e s sampled i n the 
present study i s shown i n Pig.2 . 1 . 

3•2 S i t e s on lower River Wear 

3.2.1 Sunderland Bridge (km 58.3) 

. The 20 m l e n g t h chosen f o r study l a y j u s t 
downstream of the Northumbrian Water A u t h o r i t y f l o w gauging 
s t a t i o n , located under the bridge. At t h i s p o i n t the 
r i v e r flowed through the bridge i n deep channels before 
e n t e r i n g the shallower region of the sampling area. A 
small e f f l u e n t entered i n t e r m i t t e n t l y from a pipe s i t u a t e d 
on the south bank adjacent t o the bridge. The substratum 
v a r i e d from l a r g e sandstone boulders t o sand and s i l t . 
Fig. 3 ' l a shows the r e l a t i o n between substratum, f l o w .and 
f l o r a at low flo w . 

The predominant macrophytic a l g a l veget­
a t i o n was Cladophora glomerata and Vaucheria sessilis} 

although Stigeoclonium tenue and Ulothrix zonata occurred 

i n small q u a n t i t i e s . Cladophora v a r i e d considerably i n 
form according to i t s p o s i t i o n i n the r i v e r . I n the 
slower, deeper p a r t s f i l a m e n t s o f t e n exceeded 2 m. However, 
i n the shallower p a r t s the f i l a m e n t s were u s u a l l y consider­
ably s h o r t e r and more branched, l o o k i n g younger and 'health­
i e r ' . Species of en c r u s t i n g green and blue green algae and 
mats of diatoms were also present at times. 

The most obvious and p e r s i s t e n t mosses 
noted were Fantinalis antipyretica and Eurkynchium 

vipavio-tdes, although several other species were also 
evident; some of these-have been recorded by Whitton and 
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Buckmaster (1970) and i n more d e t a i l by Holmes and 
Whitton (1977). 

Aquatic angiosperms were found mainly 
i n the deeper p a r t s of the sampling area; these included 
MyriophyHum spicatum, Elodea canadensis, Potamogeton 

arispus and Callitriche stagnalis. The only angiosperm 

found i n the shallower p a r t s was Ranunculus fluitans• 
small fragments of t h i s became e s t a b l i s h e d d u r i n g 1973. 

3 .2 .2 Above i n d u s t r i a l e f f l u e n t (km 73.5) 

The s i t e l a y 100 m upstream of the out­
f a l l of the i n d u s t r i a l e f f l u e n t . I t was a r a t h e r more 
shaded s i t e than any of the others w i t h heavy t r e e cover 
on tne banks of the r i v e r . The substratum consisted 
mainly of a mixture of medium and small boulders i n t e r ­
spersed by small cobbles and pebbles; on the n o r t h e r n bank 
the shallower p a r t s became r a t h e r sandy. 

The a l g a l f l o r a was s i m i l a r t o Sunderland 
Bridge w i t h obvious macrophytic growths of Cladophora 
glomevata and Vaucheria sessilis. During the summer 

months Enteromorpha flexuosa f l o u r i s h e d i n the s t i l l water 
near the banks. 

Two of the mosses recorded at km 58.3 

were also present i n larg e q u a n t i t i e s ; Fontinalis 
antipyvetica and Eurhynchium vipari aides were found together 

w i t h clumps of Fissidens crassipes' appressed to many 
boulders. However, the most.abundant macrophyte present 
was Ranunculus penicillatus var. calcareus. A diagram­

matic i l l u s t r a t i o n i s given i n Fig.3 . 1 b . 
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3-2 .3 Entry of i n d u s t r i a l e f f l u e n t (km 73.6) 

The t r e a t e d e f f l u e n t enters the r i v e r a t 
km 73'6 by a submerged pipe. At times of e x c e p t i o n a l l y 

"•5—1 
low flow (<2 nr s~ ; at Sunderland Bridge gauging s t a t i o n ) , 
the pipe became exposed. Occasionally l a r g e amounts of 
foam were present which spread across the r i v e r , making 
the mixing p r o f i l e obvious. The foam was caused by the 
presence of p o l y v i n y l alcohols i n the e f f l u e n t . F u l l 
mixing appeared t o have occurred by km 73-9 where the s i t e 
downstream of the e f f l u e n t was l o c a t e d . 

3.2 .4 Below i n d u s t r i a l e f f l u e n t (km 73.9) 

The s i t e was located i n a shallow f a s t 
f l o w i n g s t r e t c h of r i v e r w i t h an open aspect. The sub­
stratum was much more sandy than e i t h e r t h a t of km ^8.J> or 
km 73'5 although there were a larg e number of small and 
medium sized boulders. The shallowness of the water l e d 
to the presence of one or two eyots i n midstream. The 
f a s t e s t f l o w i n g water was found i n the downstream p a r t of 
the s i t e i n a small r i f f l e . 

The f l o r a comprised the same species as 
t h a t upstream of the e f f l u e n t although Cladophora glomerata 

showed increased cover w h i l s t Ranunculus penicillatus var. 
calcare us was reduced. I n the slower shallow p a r t s near 
each bank Cladophora tended to have very long f i l a m e n t s 
(>2 m) but the alga was found at i t s h e a l t h i e s t towards 
the middle, i n the f a s t e r f l o w i n g water (Fig. 3 - 2 a ) . 
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3 .2 .5 Finchale Abbey (km 78.1) 

The s i t e was chosen i n a deep sandstone 
c u t t i n g , shaded on the south bank by a rock w a l l and over­
hanging t r e e s . At low f l o w large areas of sheet sandstone 
were exposed towards the south bank .leaving shallow cut o f f 
pools. The main stream of the r i v e r was f a s t f l o w i n g and 
f a i r l y deep becoming shallower towards the n o r t h e r n s i d e ; 
here the substratum became a mixture of cobbles and pebbles. 

The obvious a l g a l f l o r a was s i m i l a r t o the 
other s i t e s ; l a r g e areas of the main stream bed were 
covered by Cladophora glomerata and Vauchevia sessilis. 

Whitton and Buckmaster (1970) have recorded the presence 
of Oedogonium sp. (9 Mm) and Lemanea fluviatilis at t h i s 

s i t e but n e i t h e r was present i n any q u a n t i t y d u r i n g the 
pe r i o d of study. A l a r g e number of e n c r u s t i n g algae were 
found, i n c l u d i n g Hildenbrandia rivularis, i n the main fl o w 
of the r i v e r . ' Just as at other s i t e s below Durham, 
Enteromorpha flexuosa was present i n summer towards the 
banks of the r i v e r . During l a t e summer considerable 
growths of l-ielosiva varians became obvious.. 

A v a r i e t y of mosses f l o u r i s h e d although 
the bulk of these consisted of Fontinalis antipyvetica, 

Eurhynchium vipavioides and Fissidens crassipes • Others 

recorded i n small amounts included Leptodictyum ripavium 
and Grimmia alpicola. 

Apart from Ranunculus penicillatus var. 
calcareus , few angiosperms were found i n the f a s t f l o w i n g 
water. However, t h i s p l a n t d i d not cover the r i v e r bed 
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as much as i t d i d a t t h e two s i t e s a few k i l o m e t r e s 
upstream. Some o f t h e i m p o r t a n t f e a t u r e s a r e i l l u s t r a t e d 
i n Fig,3-2b. 

3.3 S i t e s on Rookhope Burn 

3.3.I N o r t h G r a i n Sike (- km 0.5) 

The s i t e was l o c a t e d on a s m a l l t r i b u t a r y 

c l o s e t o t h e headwaters o f Rookhopc Burn. The s u b s t r a t u m 

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

on w h i c h t h e main v e g e t a t i o n grew. I n t h e v e r y s h a l l o w 

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

Stigeoclonium tenue and Hovmidiwn rivulare were f o u n d , m a i n l y 

i n t h e e a r l y p a r t o f t h e yea r . D u r i n g t h e summer t h e s e 

tended t o be r e p l a c e d by c o n s i d e r a b l e growths o f Moug>2otia 

sp. T h i s s p e c i e s tended t o coat t h e r o c k s u r f a c e . 

The b r y o p h y t e s p r e s e n t were r e s t r i c t e d 

t o t h e f a c e o f t h e w a t e r f a l l i n a t h i c k mat. Scapania 

undulata dominated t h e v e g e t a t i o n a l t h o u g h patches o f 

Drepanoaladus fluitans were e n t a n g l e d w i t h t h i s . 

3>3'2 Upper Rookhope Burn (- km 8.5) 

The s i t e was p o s i t i o n e d i n t h e upper ' 

reaches o f t h e main r i v e r , downstream o f Groverake mine 

(- km 8.5). The stream bed c o n s i s t e d m a i n l y o f s m a l l 

b o u l d e r s , c o b b l e s and pe b b l e s . The volume o f w a t e r 

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

t h a t p a s s i n g t h r o u g h t h e s i t e a t t h e headwaters. Macro-

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

sa m p l i n g area. The presence o f m a c r o p h y t i c growths o f 

al g a e depended upon t h e season and p r e v a i l i n g c o n d i t i o n s . 
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I n s p r i n g growths o f Ulothrix zonata were n o t e d t o g e t h e r 

w i t h some Mougeotia sp. I n summer and e a r l y autumn l a r g e 

growths o f Spirogyra sp. were r e c o r d e d t o g e t h e r w i t h some 

Zygnema sp. 

T u f t s o f Saapania undulata were p r e s e n t 

on t h e downstream s i d e o f t h e b o u l d e r s b u t t h e g r o w t h was 

l e s s l u x u r i a n t t h a n t h a t i n N o r t h G r a i n S i k e . 

The o n l y o t h e r b r y o p h y t e p r e s e n t was 

Hygrohypnum ochraceum, a l t h o u g h i t s g r o w t h was a t y p i c a l . 

The moss tended t o occur towards t h e st r e a m bank r a t h e r 

t h a n i n t h e main f l o w . 

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

oc c u r r e n c e o f Mimulus guttatus i n t h e s h a l l o w e r p a r t s o f 

t h e s i t e . 

3 « 3 0 Lower Rookhope Burn (- km 3-9) 

T h i s s i t e was l o c a t e d downstream o f 

Rookhope V i l l a g e a t - km 3-9* about 300 m below t h e o u t ­

f a l l o f a. s m a l l sewage works. Small b o u l d e r s covered 

most o f t h e st r e a m bed. The a l g a l g r o w t h was a g a i n o n l y 

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

o f t h e r i v e r bed became covered w i t h a t h i c k g r o w t h o f 

StigeocIonium tenu&. T h i s d i m i n i s h e d r a p i d l y i n summer 

and was r e p l a c e d by l e s s abundant f i l a m e n t s o f Mougeotia 

sp. t o g e t h e r w i t h some Hormidium rivulare. 

Among t h e b r y o p h y t e s o n l y Hygrohypnum 

ochraceum was f o u n d . T h i s covered b o t h submerged and 

emergent b o u l d e r s a t low f l o w . 
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The o n l y angiosperm i n t h e stream a t 

t h i s p o i n t was a g a i n Mimulus guttatus. 

3.3.^ E a s t g a t e (Rookhope Burn,- km 0.6) 

T h i s s i t e was p o s i t i o n e d upstream o f t h e 

No r t h u m b r i a n Water A u t h o r i t y f l o w gauging s t a t i o n a t 

E a s t g a t e , 0.6 km f r o m t h e c o n f l u e n c e w i t h t h e R i v e r Wear. 

At t h i s p o i n t t h e r i v e r f l o w e d v e r y r a p i d l y down sandstone 

and l i m e s t o n e s t e p s . 

Stigeoalonium tenue was found i n v e r y 

s m a l l q u a n t i t i e s i n the s l o w e r f l o w i n g w a t e r e s p e c i a l l y 

e a r l y i n t h e y e a r . The o n l y o t h e r macroscopic a l g a was 

Lemanea fluHatilis which f l o u r i s h e d 'throughout t h e summer 

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

s t r a t u m . Hygvohypnum ochraceum and Hygroamblystegium 

fluviatilis were found towards t h e banks o f t h e r i v e r . 

No angiosperms were f o u n d a t t h i s s i t e . 

3-4 S i t e s on Brandon P i t h o u s e a c i d streams 

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

The two s i t e s o f p r i m a r y i m p o r t a n c e i n 

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

t h e source o f A c i d Stream A ( s i t e 1), 

t h e source 'of A c i d Stream B ( s i t e 7b). 

Other s i t e s were s e l e c t e d a t i n t e r v a l s down t h e stream t o 

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

cases 10 m reaches were used (2.3)• A summary o f t h e 

s i t e s i n a c i d p a r t s o f t h e stream (pK<4) i s g i v e n i n 

Ta b l e 3.2. 
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3-4.2 Source o f A c i d Stream A (0115.01) 

Measurement o f t h e stream a t i t s source 

showed t h a t i t was 20 t o 50 mm deep and 300 t o 500 mm 

wide. Mats o f Euglena mutabilis adhered c l o s e l y t o t h e 

c l a y s u b s t r a t u m and were always f u l l y submerged. 

Drepanocladus fluiians was f o u n d i n b o t h p r o t o n e m a l and 

a d u l t f o r m , i n t h e main f l o w . Some Dicranella s p > o c c u r r e d 

i n t h e damp s p l a s h zone o f t h e st r e a m banks. The d i s -

charge o f t h e stream remained c o n s i s t e n t l y i n t h e r e g i o n 

o f 0.3 1 s ' 1 ( 1 . 3 . 5 ) . 

3.4.3 Source o f A c i d Stream B (0125.01) 

T h i s s i t e comprised a s e r i e s o f seepages 

i n t o slow f l o w i n g w a t e r , 500 mm deep and about 1 m a c r o s s . 

hormidium rivularevias abundant i n t h e deep w a t e r . 

Drepanocladus fluitans and Dicranella sp. f l o u r i s h e d on 

t h e banks i n and around t h e seepages. Stands o f Juncus 

effusus were f o u n d i n t h e v i c i n i t y , many o f which were 

p a r t i a l l y submerged, g r o w i n g i n t h e a c i d w a t e r . 
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CHAPTER FOUR 

4. WATER CHEMISTRY 

4.1 R i v e r Wear system 

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

The complete r e s u l t s o f t h e w a t e r 

c h e m i s t r y o f t h e R i v e r Wear system are p r e s e n t e d i n 

Appendix A . l ( T a b l e s A . l a t o A . l i ) . ' T a b l e A . l a shows 

t h e v a r i a t i o n f o u nd between f o u r r e p l i c a t e samples; t h e s e 

were t a k e n on a s i n g l e o c c a s i o n f r o m two s i t e s i n t h e 

low e r R i v e r Wear. The c o e f f i c i e n t o f v a r i a t i o n f o r t h e 

m a j o r i t y o f elements a n a l y s e d i s 5$ o r l e s s . However, 

Mn, Fe, A l and Pb a l l have l a r g e c o e f f i c i e n t s o f v a r i a t i o n 

(20 t o 30$) on t h i s o c c a s i o n . Other samples show co­

e f f i c i e n t s n e a r e r 10$. V a r i a t i o n i n Cd r e s u l t s c o u l d 

n o t be c a l c u l a t e d as t h e c o n c e n t r a t i o n s were lo w e r t h a n 

t h e d e t e c t i o n l i m i t (0.0001 mg Cd). Other a n a l y s e s 

f o r t h i s element i n d i c a t e a v a r i a t i o n , i n the r e g i o n o f 

10$ a t low c o n c e n t r a t i o n . These c o e f f i c i e n t s i n c r e a s e 

markedly as t h e d e t e c t i o n , l i m i t i s approached. At t h e 

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

v a r i a t i o n s a re s m a l l e r (5$ or l e s s ) . I n Rookhope Burn, 

f o r example, t h e maximum c o e f f i c i e n t s o f v a r i a t i o n r e ­

c orded were 5$ f o r Zn and 1.1$ f o r Pb. .Analysis o f 

c a t i o n s i n a c i d s t ream w a t e r was found t o be e x c e p t i o n a l l y 

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

ceeded 1$). 

T a b l e s A . l b t o A . I f show r e s u l t s based 
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on s i n g l e a n a l y s e s except where o t h e r w i s e s t a t e d . I t 

s h o u l d a l s o be p o i n t e d out t h a t most o f t h e r e s u l t s 

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

(2.1.2). S i m i l a r l y , a change i n a n a l y t i c a l method f o r 

NO-,-N a l l o w e d t h e d e t e c t i o n l i m i t o f t h i s a n i o n t o be 3 
l o w e r e d . 

4.1.2 Seasonal surveys o f R i v e r Wear and 
s e l e c t e d t r i b u t a r i e s 

The means c a l c u l a t e d f r o m t h e d a t a f o r 

f o u r seasonal s u r v e y s a r e p r e s e n t e d i n F i g s 4.1 t o 4.4; 

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

t o A . ' l i . These s u r v e y s covered t h e p e r i o d f r o m March 

1973 t o January 1974 and were t a k e n a t medium t o low f l o w s . 

A l l major c a t i o n s i n c r e a s e s t e a d i l y f r o m t h e source t o t h e 

t i d a l l i m i t o f t h e R i v e r Wear. An i n c r e a s e i n Mg and Ca, 

t h e main hardness elements, occurs w i t h t h e c^ntry o f the 

R i v e r Gaunless (km 44.1). The e n t r y o f t h e R i v e r Browney 

a t km 58.4 causes n o t i c e a b l e i n c r e a s e s i n K, Mg, Ca and a 

marked i n c r e a s e i n Na c o n c e n t r a t i o n ; t h e l a t t e r c o n t i n u e s 

t o r i s e r a p i d l y i n t h e reaches below Durham. F l u c t u a t i o n s 

i n Na", Mg and Ca o c c u r a t t h e e n t r y o f t h e i n d u s t r i a l 

e f f l u e n t (km 73.6). 

Fig.4.3 shows t h e changes i n heavy m e t a l 

c o n t e n t i n t h e f r e s h - w a t e r s t r e t c h o f t h e r i v e r ; t h e p a t t e r n 

c o n t r a s t s markedly w i t h Fig.4.1. The o v e r a l l t r e n d shown 

f o r t h e elements Zn, Cu, Pb and Cd i s a decrease f r o m t h e 

upper t o t h e m i d d l e reaches o f t h e R i v e r Wear. The e n t r y 

o f Rookhope Burn (km 12.6) seems t o cause some i n c r e a s e i n 

Pb c o n c e n t r a t i o n b u t does n o t i n c r e a s e t h a t o f Zn, a l t h o u g h 
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t h e c o n c e n t r a t i o n o f t h i s m e t a l remains r e l a t i v e l y h i g h . 

C o n c e n t r a t i o n s o f Cu and Cd are a p p a r e n t l y u n a f f e c t e d by 

t h e e n t r y o f t h i s t r i b u t a r y . There i s a s t e a d y decrease 

i n a l l t h e s e elements f r o m Stanhope (km 14.6) t o Bishop 

Auckland below t h e R i v e r Gaunless (km 44.3). However Pb 

r i s e s m a r g i n a l l y between W i t t o n - l e - W e a r and Bishop Auckland. 

Zn, Cu and Cu remain a t a steady c o n c e n t r a t i o n as f a r as 

km 73-5 b u t Pb c o n c e n t r a t i o n s f l u c t u a t e between km 44.3 

and km 73-5 • 

Marked i n c r e a s e s occur i n Zn and Pb 

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

(km 73«9). The e f f e c t o f these i n c r e a s e s i s markedly 

reduced i n t h e reaches b e f o r e F i n c h a l e Abbey (km 78.1) 

where c o n c e n t r a t i o n s r e t u r n t o t h e same l e v e l as those a t 

km 73«5« F u r t h e r d a t a c o n c e r n i n g t h e heavy m e t a l concen­

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

e f f l u e n t are p r e s e n t e d i n 4.2.4. The c o n c e n t r a t i o n s o f 

a l l these elements f l u c t u a t e l e s s d r a m a t i c a l l y as f a r as 

t h e t i d a l l i m i t a t km 90.0. 

Fig.4.2 shows t h e v a r i a t i o n i n c o n c e n t r a t i o n 

o f Mn, Fe and. A l . A l l t h r e e elements have h i g h concen­

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

f r o m Weardale. The c o n c e n t r a t i o n o f Mn remains r e m a r k a b l y 

s t e a d y t h r o u g h o u t t h e m i d d l e and l o w e r p a r t s o f t h e r i v e r 

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

Fe and A l e x h i b i t a s i m i l a r p a t t e r n t h r o u g h o u t t h e f r e s h 

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

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

i n t h e main r i v e r are shown i n F i g . 4.4. The p a t t e r n 

shown by these elements i s r e m a r k a b l y s i m i l a r t o t h a t o f 

th e major c a t i o n s ; t h e r e i s a steady i n c r e a s e i n n u t r i e n t s 

f r o m source t o t i d a l l i m i t . NO-,-N c o n c e n t r a t i o n s r i s e 
3 

r a p i d l y i n t h e m i d d l e and lo w e r s t r e t c h e s o f t h e r i v e r . 

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

p o p u l a t i o n and t h e consequent sewage o u t f a l l s . The R i v e r 

Browney a l s o i n c r e a s e s t h e n u t r i e n t c o n c e n t r a t i o n s i n t h e 

l o w e r R i v e r Wear. The u n u s u a l l y h i g h NH-̂ -N c o n c e n t r a t i o n s 

shown i n t h e upper p a r t o f th e r i v e r a r e s u s p e c t . I t 

cannot be r u l e d o u t t h a t t hese d a t a are an a r t e f a c t caused 

by a n a l y t i c a l e r r o r ; t h e l i m i t a t i o n s o f t h e method ar e 

mentioned i n 2.1.3. 
4.2 Lower s t r e t c h e s o f R i v e r Wear 

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

The l o w e r reaches are those f r e s h w a t e r 

p a r t s o f t h e R i v e r Wear f r o m Sunderland B r i d g e (km 58.3) 

t o Lambton B r i d g e (km 90.0). 

Data showing the r e l a t i o n o f n u t r i e n t and 

heavy m e t a l c o n c e n t r a t i o n s t o d i s c h a r g e a r e g i v e n i n 4.2.2. 

There a r e a number o f o t h e r f a c t o r s a f f e c t i n g t h e r i v e r i n 

t h i s r e g i o n . The o n l y major t r i b u t a r y e n t e r i n g t h e Wear 

i s t h e R i v e r Browney; some o f the e f f e c t s o f t h i s t r i b u t a r y 

have a l r e a d y been p o i n t e d out i n c o n n e c t i o n w i t h the seas­

o n a l surveys (4.1.2). There are many o t h e r s m a l l e r i n f l u ­

ences on the c h e m i s t r y o f th e r i v e r , f o r example, t h e e n t r y 

o f O l d Durham Beck (km 66.7), t h e o u c f a l l f r o m Durham Sewage 

Works (km 71.0), p o s s i b l e e f f e c t s o f r u n - o f f f r o m t h e Al(M). 
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and A690 t r u n k roads (km 72 t o 74) . Some e f f e c t s o f t h e 

e f f l u e n t which e n t e r s a t km 72.6 have a l r e a d y been n o t e d 

i n 4 .1 .2 . Data s p e c i f i c a l l y concerned w i t h t h e e f f e c t s 

o f t h i s a r e p r e s e n t e d i n a l a t e r s e c t i o n (4.2.4). 

I n f l u e n c e s on t h e c h e m i s t r y o f t h e l o w e s t s e c t i o n o f t h e 

r i v e r , (km 76.9 t o km 90.0) i n c l u d e : some pumped mine 

water, and t h e e n t r y o f two s m a l l b u t h i g h l y p o l l u t e d 

t r i b u t a r i e s , Lumley Park Burn (km 88.1) and Chester Burn 

(km ' 8 8 . 6 ) . 

4 .2 .2 R e l a t i o n o f water c h e m i s t r y t o d i s c h a r g e 

S c a t t e r diagrams showing d i s c h a r g e e f f e c t s on 

c o n c e n t r a t i o n o f two major c a t i o n s (K, Mg) and two heavy 

me t a l s (Zn, Pb) a t t h e No r t h u m b r i a n Water A u t h o r i t y g a u g i n g 

s t a t i o n (km 58.3) are p r e s e n t e d i n F i g . 4 . 5 - These d a t a 

have been a b s t r a c t e d f r o m T a b l e s A . l c and A . I d c o v e r i n g t h e 

p e r i o d March 1972 t o January 1974. 

B o t h t h e major c a t i o n s , Mg i n p a r t i c u l a r , 

show c l e a r n e g a t i v e t r e n d s which i n d i c a t e a d i l u t i o n e f f e c t ; 

t h e g r e a t e r t h e f l o w t he l o w e r t h e c o n c e n t r a t i o n . However, 

" t h i s r e l a t i o n s h i p i s n o t n e c e s s a r i l y l i n e a r . Other major 

c a t i o n s Na, Ca and two n u t r i e n t elements N and P show v e r y 

s i m i l a r s c a t t e r p a t t e r n s t o Mg. 

The s c a t t e r diagrams f o r t h e two heavy 

m e t a l s show no c l e a r t r e n d . The h i g h e s t f l o w s are assoc­

i a t e d w i t h b o t h h i g h e s t and l o w e s t c o n c e n t r a t i o n s o f Zn 

and Pb. A c a r e f u l s t u d y o f a l l t h e f l o w d a t a shows t h a t 

t h e h i g h e s t c o n c e n t r a t i o n s o f Zn and Pb o c c u r r e d i n t h e 

f i r s t h i g h f l o w a f t e r a l o n g s p e l l o f low f l o w ( N o r t h u m b r i a n 
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Water A u t h o r i t y f l o w d a t a 1972 t o 1974). Some o f t h e 

v e r y low c o n c e n t r a t i o n s o f these elements e n c o u n t e r e d a t 

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

o f h i g h f l o w s . 

I n g e n e r a l , i t appears t h a t heavy m e t a l 

c o n c e n t r a t i o n s i n t h e l o w e r reaches o f t h e R i v e r Wear a r e 

n o t d i r e c t l y r e l a t e d t o d i s c h a r g e . None o f t h e o t h e r 

t r a c e elements a n a l y s e d (Cu, Mn, Fe, A l ) showed any p a r t i c -

u l a r t r e n d ; however, t h e h i g h e s t v a l u e s seem t o be a s s o c i a t e d 

w i t h t h e l o w e s t f l o w s . A study o f t h e d a t a o f Sunderland 

and.South S h i e l d s Water Co. f o r F i n c h a l e Abbey (km 78.1), 

over t h e p e r i o d 1964 t o 1970, showed no c l e a r r e l a t i o n s h i p 

f o r e i t h e r Mn o r Fe w i t h f l o w ( t a k e n a t N o r t h u m b r i a n Water 

A u t h o r i t y g auging s t a t i o n , km 58.3)' N e v e r t h e l e s s , t h e s e 

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

elements o c c u r r e d a t t h e h i g h e s t f l o w s e.g. Mn 0.50 mg I " " * " , 

Fe 2.28 mg l " 1 on 5 November 1967 ( f l o w a t Sunderland 

B r i d g e g a u g i n g s t a t i o n , 257-6 rrr s ) . I t must be made 

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

.of s t u d y , 1972 t o 1974, are i n t h e r e g i o n o f 20 n? s " 1 and 

f l o o d c o n d i t i o n s o f t h e o r d e r mentioned above d i d n o t o c c u r , 

d u r i n g t h a t p e r i o d . 

4.2.3 I n f l u e n c e o f R i v e r Browney 

Chemical d a t a a r e p r e s e n t e d i n T a b l e s 

A . l b and A.lc f o r v a r i o u s s i t e s i n t h e l o w e r R i v e r Wear. 

The p e r i o d covered by t h e s t u d i e s i s March 1972 t o November 

1973' Data i n A . l b are f r o m two i m p o r t a n t s i t e s : 

Sunderland B r i d g e (km 58.3) and F i n c h a l e Abbey (km 78.1). 



The parameters d e t e r m i n e d g i v e an i d e a o f t h e g e n e r a l 

c h e m i s t r y o f t h i s p a r t o f t h e r i v e r . The w a t e r i s f a i r l y -

h a r d ( f r o m Mg and Ca v a l u e s ) and a l k a l i n e (pH 7-9 t o 8.3). 

C o n d u c t i v i t y , major c a t i o n s , n u t r i e n t elements and c h l o r i d e 

a r e c o n s i s t e n t l y h i g h e r a t t h e downstream s i t e . The 

average l e v e l s o f Zn and Pb are s l i g h t l y h i g h e r a t 

•Sunderland B r i d g e (km 58.3). The maximum c o n c e n t r a t i o n s 

o f Zn and Pb r e c o r d e d a t e i t h e r s i t e i n 1972 were Zn, 

0.018 mg l - 1 and Pb, 0.012 mg l " 1 . Data f o r Cd were n o t 

always c o l l e c t e d and when an a l y s e d o n l y o c c a s i o n a l l y ex­

ceeded t h e d e t e c t i o n l i m i t (0.0001 mg l " ^ " ) . 

The d i f f e r e n c e s between t h e two s i t e s 

a r e summarised i n F i g . 4.6, a b s t r a c t e d f r o m T a b l e A . l b . 

The i m p o r t a n c e o f t h e R i v e r Browney has a l r e a d y been n o t e d 

i n 4.1.2 and 4.2.3- T a b l e 4.1 shows t h e e f f e c t s o f t h e 

R i v e r Browney on t h e c h e m i s t r y o f t h e main r i v e r by t a k i n g 

t h e mean o f t h e f o u r seasonal s u r v e y s , a t t h e one s i t e 

above and t h e two s i t e s below t h e e n t r y o f t h e t r i b u t a r y . 

There i s a marked i n c r e a s e i n c o n d u c t i v i t y o f t h e R i v e r 

Wear below t h e p o i n t o f e n t r y . Much o f t h i s can be 

a t t r i b u t e d t o t h e c o n s i d e r a b l e i n c r e a s e i n Na s a l t s . 

N o t i c e a b l e i n c r e a s e s i n Mg and Ca have a l r e a d y been 

mentioned i n 4.1.2. The mean c o n c e n t r a t i o n s o f heavy 

m e t a l s i n d i c a t e low c o n c e n t r a t i o n s o f these i n t h e R i v e r 

Browney, w i t h l i t t l e e f f e c t on t h e R i v e r Wear. I n t h e 

case o f Pb however, t h e r e i s a major i n c r e a s e i n t h e main 

r i v e r between km 58.3 and km 6 5 o ; t h e r e are n o t s u f f i c ­

i e n t d a t a f o r these reaches t o a t t r i b u t e t h e i n c r e a s e t o 

any p a r t i c u l a r s o u r c e ; t h e mean c o n c e n t r a t i o n o f Pb i n 
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F i g . 4.6 C o n c e n t r a t i o n o f c a t i o n s a t S u n d e r l a n d B r i d g e (km 5 8 . 3 ) 
and F i n c h a l e A b bey (km 7 8 . 1 ) . Mean v a l u e s i n 1972 n = 2 7 . 

G S u n d e r l a n d B r i d g e K F i n c h a l e Abbey 
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t h e R i v e r Browney however, i s v e r y low: 0.006 mg 
Anomalous d a t a have a l s o been r e c o r d e d f o r o t h e r m e t a l s e.g. 
Zn, Cu and A l i n t h e l o w e r R i v e r Wear, R i v e r Browney and 
i t s catchment. At s i t e s below t h e e n t r y o f t h e R i v e r 
Browney f o r example, a t km 73»5 c o n c e n t r a t i o n s o f Zn, 
0.139 mg l " 1 , Cu, 0.043 mg l " 1 and A l , 1.10 mg l " 1 were 
r e c o r d e d on 31 May 1973 (Ta b l e A . l c ) . The f o l l o w i n g h i g h 
c o n c e n t r a t i o n s of t h e same t h r e e elements have p r e v i o u s l y 
been r e c o r d e d i n t h e R i v e r Deerness, a t r i b u t a r y o f t h e 
River.Browney: Zn, 1.07 mg l " 1 ; Cu, 0.40 mg l " 1 ; A l , 
0.20 rng l - 1 (4 September 1972). I t i s t h e r e f o r e p o s s i b l e 
t h a t o c c a s i o n a l h i g h c o n c e n t r a t i o n s -of th e s e elements 
o r i g i n a t e f r o m a source i n t h i s p a r t o f t h e catchment, 
anomalous c h e m i c a l r e s u l t s make t h e i d e n t i f i c a t i o n c f 
p o i n t sources o f p o l l u t i o n d i f f i c u l t . 

The R i v e r Browney u n d o u b t e d l y has a marked 

e f f e c t on t h e n u t r i e n t c o n c e n t r a t i o n s i n t h e R i v e r Wear; 

Ta b l e 4.1 shows an i n c r e a s e o f more t h a n 30/£ i n PO^-P 

c o n c e n t r a t i o n . A l l reaches downstream o f t h e e n t r y p o i n t 

o f t h e R i v e r Browney are h i g h i n forms o f d i s s o l v e d N. 

D u r i n g t h e summer low f l o w p e r i o d o f J973 

t h e PO^-P c o n c e n t r a t i o n s i n t h e l o w e r reaches remained 

above 0.4 mg 1 ^ f o r most o f t h i s t i m e . By comparison 

d a t a f r o m Sunderland and South S h i e l d s Water Co. f o r t h e 

p e r i o d 1960 t o 1970 show PO^-P r e a c h i n g a maximum o f 0.53 

mg on two oc c a s i o n s (18 June 1962 and 10 A p r i l 1970) 

b u t r a r e l y exceeding 0.4 mg l " 1 a t any o t h e r t i m e . 

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

The c h e m i c a l d a t a o b t a i n e d f o r t h e r e g i o n 
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o f t h e i n d u s t r i a l e f f l u e n t are p r e s e n t e d i n T a b l e A . l c . 

Table 4.2 shows t h e mean c o n c e n t r a t i o n s o f s e l e c t e d 

elements a t t h e f o u r s i t e s : kms 58.3* 75-5, 75«9 and 

78. I f o r t h e p e r i o d January t o November 1973- The 

anomalous r e s u l t s f o r Zn and Cu (31 May 1973) r e f e r r e d 

t o i n 4.2.3 have been o m i t t e d f o r t h e purposes o f c a l c u l ­

a t i n g t h e mean v a l u e s . These f i g u r e s a r e t h e r e f o r e t h e 

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

I t can be seen t h a t t h e two major c a t i o n s 

K and Mg are h i g h e r a t t h e t h r e e s i t e s below Durham and 

remain r e m a r k a b l y c o n s t a n t a t th e s e s i t e s . T h i s r e f . l e c t s 

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

Sunderland B r i d g e and t h e o t h e r s i t e s . The s i t e s above 

and below t h e e f f l u e n t and a t F i n c h a l e Abbey were c l o s e l y 

comparable i n n u t r i e n t terms. Table 4.2 a l s o shows t h e 

mean v a l u e s f o r t h r e e heavy m e t a l s Zn, Cu and Pb, one o f 

wh i c h , Cu, i s known n o t t o occur i n s i g n i f i c a n t q u a n t i t i e s 

i n t h e i n d u s t r i a l e f f l u e n t ; and t h e r e f o r e a c t s as a r e f e r ­

ence f o r t h e o t h e r heavy m e t a l s . The p a t t e r n a t t h e f o u r 

s i t e s f o r t h e s e elements i s v e r y d i f f e r e n t f r o m t h e major 

c a t i o n s . Sunderland B r i d g e shows m a r g i n a l l y h i g h e r v a l u e s 

o f Zn and Pb, p o s s i b l y because i t i s f a r enough upstream 

t o be i n f l u e n c e d by the h i g h e r c o n c e n t r a t i o n s o f th e s e 

elements found i n t h e upper s t r e t c h e s . 

The most s i g n i f i c a n t i n c r e a s e s occur a t 

t h e s i t e downstream o f t h e i n d u s t r i a l e f f l u e n t . Zn i n ­

creases by 30^ and Pb by 25$.' The m e t a l Cu ( n o t p r e s e n t 
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i n t h e e f f l u e n t ) i s r e m a r k a b l y c o n s t a n t a t a l l f o u r s i t e s . 

A few k i l o m e t r e s downstream a t F i n c h a l e Abbey t h e mean 

v a l u e s f o r Zn and Pb have r e t u r n e d t o t h e l e v e l f o u nd up­

stream o f t h e e f f l u e n t as mentioned i n 4.1.2. The i m p o r t ­

ance o f t h e water c h e m i s t r y a t these f o u r s i t e s i n r e l a t i o n 

t o t h e a c c u m u l a t i o n o f heavy m e t a l s by p l a n t s i s d i s c u s s e d 

i n 5.2.3. 

R e s u l t s f o r t h e s i t e s above and below t h e 

i n d u s t r i a l e f f l u e n t i n t h e W i n t e r 1974 s u r v e y ( T a b l e A . l i ) 

a re e x c e p t i o n a l l y h i g h . Zn i s g i v e n a t a c o n c e n t r a t i o n 

o f 0.038 mg l " 1 above and 0.060 mg l " 1 below t h e e f f l u e n t ; 

and Pb a t 0.040 mg l - 1 above and 0.230 mg l - 1 below t h e 

e f f l u e n t . Such h i g h r e s u l t s a r e e i t h e r e r r o n e o u s o r 

caused by a f l u s h o f me t a l s i n t h e r i v e r . 

The o n l y o t h e r heavy m e t a l s t u d i e d was Cd. 

T h i s was n o t o f t e n r e c o r d e d above i t s d e t e c t i o n l i m i t a t 

the s e s i t e s (0.0001 mg 1~^). On a s i n g l e o c c a s i o n r e s u l t s 

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

f o u r s i t e s (30 March 1973; see T a b l e A . l c ) . 

4.3 Rookhope Burn 

4.3-1 I n t r o d u c t i o n 

The r e s u l t s o f s i x s u r v e y s o f Rookhope 

Burn between March and October 1973 a r e p r e s e n t e d i n 

Tabl e A . l b . The wa t e r c h e m i s t r y v a r i e s c o n s i d e r a b l y 

f r o m t h e headwaters t o E a s t g a t e . T h i s r e f l e c t s t h e 

changes i n d r a i n a g e n o t e d i n 1.3.4. Throughout i t s 

l e n g t h s m a l l streams enter, some o f wh i c h s i g n i f i c a n t l y 

a f f e c t t h e c h e m i s t r y , as does r u n o f f f r o m t h e s p o i l heaps 
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a s s o c i a t e d w i t h t h e m i n i n g i n t h e area (1.3*4.). 

The w a t e r s o f N o r t h G r a i n Sike are s o f t 

and a c i d , d r a i n i n g almost e n t i r e l y peat bog l a n d . The 

head w a t e r s and upper reaches are a l s o s u b j e c t t o wash o u t 

f r o m many d i s u s e d l e a d mines and t h e i r waste. These r e l i c s 

o f t h e l e a d m i n i n g e r a can i n f l u e n c e t h e heavy m e t a l con­

t e n t o f t h e w a t e r . M i n i n g s t i l l c o n t i n u e s by t h e r i v e r ­

s i d e as i l l u s t r a t e d by t h e presence o f two w o r k i n g mines 

upstream o f Rookhope V i l l a g e : Groverake (- km 11.0) and 

Red Burn mine (- km 6.1). A f l o u r s p a r c r u s h i n g p l a n t i s 

s i t e d by t h e r i v e r near Rookhope V i l l a g e and a s m a l l sewage 

works i s found downstream (- km .4.2*)'. B o t h o f these a l ­

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

4.3-2 R e l a t i o n o f water c h e m i s t r y t o d i s c h a r g e 

The c o n c e n t r a t i o n s o f s e l e c t e d elements 

and d i s c h a r g e a t E a s t g a t e over t h e p e r i o d March t o October 

1973 are shown i n F i g s 4.7 and 4.8. The r e s u l t s f o r Na, 

K, Mg and Ca a l l show i n c r e a s e d c o n c e n t r a t i o n d u r i n g t h e 

summer low f l o w p e r i o d ( F i g s 4•7a,b,c,d). The concen­

t r a t i o n o f a l l f o u r elements are low a t .the s p r i n g and 

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

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

main r i v e r a t Sunderland B r i d g e (km 58.3; 4.2.2). 

The c o n c e n t r a t i o n s o f Mn and Fe on t h e o t h e r hand, change 

p o s i t i v e l y w i t h d i s c h a r g e ( F i g s 4.8a and b ) . T h i s i n ­

d i c a t e s a wash out o f these elements ( t o g e t h e r w i t h A l ) 

f r o m t h e moorland. These elements are known t o be assoc­

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

T h i s p o s i t i v e r e l a t i o n w i t h d i s c h a r g e i s n o t seen i n t h e 
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main r i v e r a t km 58.3 presumably because i t i s w e l l away 

f r o m t h e i n f l u e n c e o f moorland w a t e r . F i g s 4.8c and d 

shows t h a t Zn and Pb do n o t have any c l e a r r e l a t i o n t o 

d i s c h a r g e . 

4.3.3 Surveys o f Rookhope Burn 

The mean changes i n c o n c e n t r a t i o n o f 

s e l e c t e d elements f r o m t h e headwaters of. Rookhope Burn 

t o E a s t g a t e a re shown i n T a b l e 4.3. K and Mg are seen 

t o i n c r e a s e r a p i d l y on p a s s i n g downstream; i n t h e l o w e r 

reaches t h e c o n c e n t r a t i o n s o f these elements l e v e l o u t . 

Other macro-elements Na, Ca and a l s o pH show s i m i l a r i n ­

creases i n t h e upper p a r t o f .the r i v e r (see A. I d ) . The 

c o n c e n t r a t i o n s o f Zn, Pb and Cd are h i g h e s t a t t h e s i t e 

downstream o f t h e v i l l a g e (- km 3*9)* where much o f t h e 

m i n i n g a c t i v i t y has been and s t i l l i s c e n t r e d . The l o w e r 

reaches are f e d by many s m a l l streams few o f which show 

h i g h c o n c e n t r a t i o n s o f heavy m e t a l s . These streams 

t h e r e f o r e t e n d t o have a d i l u t i n g e f f e c t on t h e concen­

t r a t i o n s i n t h e main r i v e r . I n t h e upper reaches o f t h e 

stre a m t h e o n l y a n i o n i c . n u t r i e n t p r e s e n t i n measureable 

Q u a n t i t i e s i s NH-,-N; t h e c o n c e n t r a t i o n s o f t h i s f o r m o f 
• 3-

N decreases down t h e stream. There a r e n o t a b l e i n c r e a s e s 

i n PO^-P, NOg-N a t t h e s i t e below Rookhope V i l l a g e (- km 3. 

T h i s s i t e i s i n f l u e n c e d by a sewage o u t f a l l a t - km 4.2. 

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

Eas t g a t e presumably caused by t h e d i l u t i n g i n f l u e n c e o f 

numerous n u t r i e n t - p o o r streams. 
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4.4 Brandon P i t h o u s e a c i d streams 

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

The c h e m i s t r y o f Brandon P i t h o u s e s t r e a m 

i s r e markable because o f t h e e x c e p t i o n a l l y low pH. 

Chemical d a t a are p r e s e n t e d f r o m t h e source t o t h e 

j u n c t i o n w i t h t h e R i v e r Deerness i n T a b l e A . l e . These 

were o b t a i n e d from t h e mean o f surveys between J u l y 1972 

and August 1974. 
a 

The f i r s t s e c t i o n o f A c i d Stream A has 

a pH o f 2.6. The s u b s i d i a r y Stream B w h i c h seeps f r o m 

t h e base o f t h e c o a l t i p has a pH o f 2.8. The source o f 

a c i d i t y i s t h o u g h t t o be a c o m b i n a t i o n o f c h e m i c a l and 

b a c t e r i a l o x i d a t i o n s o f I r o n p y r i t e s (FeS), r e s u l t i n g i n 

t h e p r o d u c t i o n o f m a i n l y s u l p h u r i c a c i d (H"2S0^) (Hargreaves, 

1977). 

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

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

o f r e s e a r c h l i e s i n the low pH which causes h i g h concen­

t r a t i o n s o f heavy metals i n c l u d i n g Zn, Cu, Co and N i . 

The pH i n c r e a s e s below t h e c o n f l u e n c e o f Streams A and 

13, g i v i n g r i s e to" a g r a d i e n t o f i n c r e a s i n g pH and de­

c r e a s i n g heavy me t a l c o n t e n t . 

4.4.2 Chemical g r a d i e n t 

The g r a d i e n t i s i l l u s t r a t e d by changes 

i n pH f r o m 2.6 a t t h e source o f Stream A t o 7«2 a t km -0.1 

fro m t h e j u n c t i o n w i t h t h e R i v e r Deerness. As a r e s u l t 

o f t h i s i n c r e a s e i n pH t h e mean c o n d u c t i v i t y decreases 

f r o m 1870 ymhos t o 6 l 6 wmhos. 
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The pK o f stream A remains c o n s t a n t f o r 

the f i r s t 300 m o f i t s c o u r s e ; c o n s e q u e n t l y t h e c h e m i s t r y 

o f t h e stream remains r e a s o n a b l y s t a b l e e.g. mean K i n ­

creases f r o m 0.95 t o 2.2 mg l " 1 ; mean Mg decreases f r o m 

61.4 t o 53-3 mS 1 ^i t h e mean Zn c o n c e n t r a t i o n decreases 

s l i g h t l y f rom 1.13 t o O.93 mg l " 1 ; mean Cu decreases f r o m 

O.69 t o 0.52 mg 1 _ 1 ; and t h e mean Fe decreases f r o m 99.6 

t o 78.7 mg l - 1 . These s l i g h t f a l l s i n c o n c e n t r a t i o n o f 

most m e t a l s cause a r e d u c t i o n i n mean c o n d u c t i v i t y f r o m 

1870 t o 1550 ymhos. 

The e n t r y o f stream B markedly a f f e c t s 

t h e c o n c e n t r a t i o n s o f Na, K, Mg and Ca. Tab l e 4.4 com­

pares t h e c h e m i s t r y o f some o f t h e major s i t e s . A l t h o u g h 

Stream B runs a t a s i m i l a r pH, t h e a l k a l i m e t a l s are v e r y 

d i f f e r e n t . T h i s c o u l d be caused by t h e d i f f e r e n c e i n 

sour c e ; Stream B has a d i f f u s e source s e e p i n g f r o m under 

t h e c o a l t i p whereas Stream A i s a p o i n t source s p r i n g i n g 

f r o m underground (1.3-5). The h i g h c o n c e n t r a t i o n s o f th e s e 

m e t a l s cause a v e r y l a r g e i n c r e a s e i n th e s e elements i n t h e 

main stream, below t h e c o n f l u e n c e . The pH r i s e s s h a r p l y 

a t t h i s p o i n t t o 3*5 ( s i t e - 8 ) b u t t h i s does n o t a f f e c t t h e 

v e r y s o l u b l e a l k a l i m e t a l s . 

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

s o l u b l e Fe i s seen as a r e s u l t o f t h i s i n c r e a s e i n pH. 

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

t h i s p o i n t . The o t h e r m e t a l s decrease i n c o n c e n t r a t i o n 

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

stream; many o f the t r a c e elements occur i n q u i t e h i g h 

c o n c e n t r a t i o n s v i z . Zn, Cu, Mn, Fe, A l , Co and N i whereas 
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Pb and Cd o n l y o c c u r I n r e l a t i v e l y low c o n c e n t r a t i o n s 

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

The c o n c e n t r a t i o n o f a n i o n s t e n d t o show 

a s t e a d y decrease f r o m t h e source e.g. mean SO^-S ( t h e 

h i g h e s t i n c o n c e n t r a t i o n ) decreases f r o m 454 t o 338 mg 1~ 

over t h e f i r s t 500m. The h i g h c o n c e n t r a t i o n s o f SO^-S 

i n Stream B ( 6 l 6 mg I -"*") causes an i n c r e a s e i n t h e main 

stream below t h e c o n f l u e n c e : up t o 508 mg I - 1 . 

One o f t h e key p l a n t n u t r i e n t s PO^-P 

markedly decreases w i t h t h e i n c r e a s e i n pH t o 3.5; t h i s 

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

mentioned above. There i s however an i n c r e a s e i n NG^-N 

a t t h i s p o i n t . 



101 
CO 

i 
-=j-

o 
CO 

CM 
I 
^ l -

O 
OH 

CM 

-=t-
m 

o 

CM 
O 

V O 
rH 
V O 

^ 
rH 
O 

o 
o 
o 
O 

C O 
o 
m 

o 
o 
* 

o 
o\ 
o 
o 

C\J 

rH 
o 
o 

rH 
o o 

c 
o •d 
S 

Br
z 

In
 

w 
d) ft 

P 00 
•H 
W • II 

P 

-P rH 
fn • 1 
O rH 
a 
E hO 

•H E 

P 
cd •H 

w W 
-p c 
a o 
CD •H 
E P> 
a> cd 

rH 
0) p 

CJ 
-a cu 
<D o p C 
o o 
CD o rH 
CD 
Ui 

• 
<H 
o E 

a> 
o •H, p 

p -w 
cd 

•a 
p •H 

O 
(1) Cd 
o <-• CD 

o W 
o 

O 

q 
p 

a> •H 

w 
pq < 
EH 

CD 

3 
O 

tsi 

cd 
O 

cd 

. to 
-d o £ -S o E 
o ^ 

o 

cu 

E 
cd 
0 

p 
w 

oo 
vo 
O J 

vo 
cr\ 
CA 

rH 

VO 

O A 
V O 

rH 

rH 

V O 

in 

o 
co 
rH 

vo 
CM 

CVJ 

C O 

cu 

i n 

rH 

cd 

f<A. 

o 

t<A 
O J 

V O 

rH 

i n 
^1-

V O 

m 

o 
o 
o 
O J 

C O 

O J 

rn E cu E CD 
CD X} cd o cd o ^ 
> 3 CD <D ?H ,Q 

•H CO k < pi rH CQ t— 
rH p o P o----CO CO CO Ui 

V O vo 
E « 

f<A d 
<-> 1 1 

i n 
O J 
rH 
o 

Cvl 

O J 

O J 

m 

i n 

OJ 
o 

C O 

co 
o 
rH 

m 
o 

m 

O J 

m 

o 
o 
vo 
rH 

m 

^ A 
E £ P 
cd O -H 
(I>H S C O 
U CD • ~—' 

P C M 
co a cq 

< o 
o 

i 

o 

O J 
rH 
o 

o 

m 

rH 

C O 
o 
o 

i n 
o 

m 
co 
O J 

C O 
rc> 

i n 

CVl 
- 3 " 

V O 
rH 

vo 

O J 

u 
pq 

E 
•a o 
CD o 

rH 

E o 
<i-f <i_, 

us 
in 
CD 
a u 
cu 
cu 
Q 

O 
I 

V O 

o 

O J 
O J 
o 
o 

f 2 JAN 1978 
8f::noK 



102 

CHAPTER FIVE 

5. COMPOSITION AND ACCUMULATION OF HEAVY METALS 

5.1 P l a n t s p e c i e s I n R i v e r Wear 

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

A v a r i e t y o f p l a n t s p r e s e n t i n t h e t h r e e 

s t u d y areas o f t h e R i v e r Wear system have been a n a l y s e d 

f o r t h i r t e e n m e t a l elements. Heavy m e t a l c o m p o s i t i o n 

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

i n g w a t e r by c a l c u l a t i n g e nrichment r a t i o s . 

The p r i m a r y d a t a and s t a t i s t i c a l a n a l y s i s 

o f a l l samples are p r e s e n t e d i n Appendix A.2. A l l d a t a 

a r e expressed i n vg (mg kg ^) d r y w e i g h t p l a n t 

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

suggested by Bowen (1966). 
A n a l y s i s i s p r e s e n t e d o f a range o f p l a n t 

m a t e r i a l c o l l e c t e d i n 1968 (Table A.2a). More d e t a i l e d 

s t u d i e s o f Cladophora glomerata ( T a b l e s A.2b t o A.2e); 
Fontinalis antipyretioa (Tables A.2f t o A.2i); and 
Ranunculus penicillatus^^ • calcarens ( T a b l e A.2j) i n 

t h e R i v e r Wear, f o l l o w . 

5«1«2 Survey o f met a l c o m p o s i t i o n 
o f p l a n t s 19b7/6« 
A range o f p l a n t s o c c u r r i n g a t F i n c h a l e 

Abbey (km 78.1) i n t h e l o w e r R i v e r Wear was s t u d i e d . 

The f l o r i s t i c changes and s i m p l e c h e m i s t r y o f t h i s s i t e 

a r e w e l l documented (see a l s o 3.1. and 3-2.5); a n ^ a 

number o f commonly o c c u r r i n g a q u a t i c p l a n t s a r e p r e s e n t . 

Examples o f a l g a e , b r y o p h y t e s and angiosperms c o l l e c t e d 
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d u r i n g 1967/68 were a n a l y s e d t o assess w h i c h might be 

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

was p a i d t o amounts o f heavy me t a l s p r e s e n t i n v a r i o u s 

p l a n t s . The survey r e v e a l s a wide range o f c o n c e n t r a t i o n s 

o f a l l elements i n t h e p l a n t s sampled. G e n e r a l l y macro­

elements are h i g h e r i n c o n c e n t r a t i o n t h a n heavy m e t a l s . 

Na c o n c e n t r a t i o n s o f t h e algae and mosses are l e s s t h a n 

0.05$ o f t h e d r y w e i g h t ( t h e l o w e s t o f t h e major c a t i o n s ) 

b u t t h e two s p e c i e s o f Potamogeton have a much h i g h e r 

c o n t e n t ( a p p r o x i m a t e l y \% Na). 

The c o n c e n t r a t i o n s o f K tends t o be n i g h 

i n t h e r e g i o n o f 2 t o J>% f o r t h e al g a e and h i g h e r p l a n t s 

b u t r a t h e r l e s s (about 0.5$) i n t h e t h r e e s p e c i e s o f moss. 

Mg c o n c e n t r a t i o n s are l e s s t h a n 1% i n a l l p l a n t s a n a l y s e d 

b u t h i g h e s t i n t h e a l g a e . Most s p e c i e s c o n t a i n p a r t i c u l ­

a r l y h i g h amounts o f Ca; i n t h e r e g i o n o f 2.% o f t h e d r y 

w e i g h t . 

Immense v a r i a t i o n i s found i n t r a c e 

element c o n t e n t o f t h e 9 s p e c i e s a n a l y s e d . Mn, Pe and 

A l are accumulated p a r t i c u l a r l y by t h e mosses, Mn r e a c h i n g 

'as much as 4.8$ d r y w e i g h t o f Fissidens crassipes. 

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

macro-elements K and Mg are summarised i n T a b l e 5-1-

Cladophofa glomeraia and Vauchevia sessilis show h i g h e r 

c o n c e n t r a t i o n s o f Zn, Co and Ni t h a n Oedogonium s p . a n d 

Enteromorpha flexuosa. The mosses e x h i b i t g r e a t e r 

a c c u m u l a t i o n o f Ihe heavy m e t a l s , n o t a b l y Zn, Pb, Co and 

N i ; heavy m e t a l s i n t h e algae and h i g h e r p l a n t s are an 
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o r d e r o f magnitude lo w e r t h a n i n t h e mosses. R e s u l t s f o r 

Cd a r e e x c e p t i o n a l l y low i n a l l s p e c i e s and i n many cases 

v a l u e s are so c l o s e t o t h e d e t e c t i o n l i m i t t h a t t h e i r 

v a l i d i t y i s q u e s t i o n a b l e . 

Among t h e a l g a e , Vaucheria sessilis shows 

t h e h i g h e s t c o n c e n t r a t i o n s o f Zn, Pb and Cd. I t i s a l s o 

o f wide o c c u r r e n c e i n t h e R i v e r Wear. However, p r a c t i c a l 

problems r e g a r d i n g s a m p l i n g and c l e a n i n g (2.2.2) r u l e d o u t 
a more e x t e n s i v e i n v e s t i g a t i o n i n t o i t s use as an i n d i c a t o r 

p l a n t . Enteromorpha a n d Oedogonium w e r e n o t used i n 

f u r t h e r s t u d i e s f o r s e v e r a l reasons; b o t h p l a n t s have o n l y 

low c o n c e n t r a t i o n s o f Zn, Cu and Pb, t h e former, s p e c i e s 

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

t h e l a t t e r was n o t found i n s u f f i c i e n t q u a n t i t i e s t o sample, 

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

measurable q u a n t i t i e s o f t r a c e e l e m e n t s , i t s o c c u r r e n c e i s 

wid e s p r e a d i n t h e n u t r i e n t r i c h reaches o f t h e R i v e r Wear 

and i t has a l o n g e r g r o w i n g season t h a n many o t h e r a l g a e 

( W h i t t o n 1970). T h i s organism, t h e r e f o r e , seemed t h e 

most s u i t a b l e t o s e l e c t f o r more d e t a i l e d s t u d y . 

Among t h e , b r y o p h y t e s Fissidens crassipes 

shows h i g h e r c o n c e n t r a t i o n s o f heavy m e t a l s than, e i t h e r 

Euvhynchium riparioidesor Fontinalis antipyretiaa. The 

moss, however, o c c u r s i n c o n s i s t e n t l y i n t h e l o w e r reaches. 

Eurhynchium i s one o f t h e most wid e s p r e a d a q u a t i c organ­

isms; however, i t s g r o w t h h a b i t and tendency t o c l i n g t o 

s i l t r u l e d o u t t h e p o s s i b i l i t y o f f u r t h e r i n v e s t i g a t i o n (2.2.2) 
Fontinalis antipyretica was s e l e c t e d because o f i t s 

w i d e s p r e a d o c c u r r e n c e , ease o f s a m p l i n g and a p p r e c i a b l e 

heavy m e t a l c o n t e n t . 
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A l t h o u g h b o t h s p e c i e s o f Potamogeton 

c o n t a i n e d measurable q u a n t i t i e s o f heavy m e t a l s , t h e y 

t e n d t o occupy t h e deeper reaches o f t h e r i v e r , and d i d 

n o t occur i n many s i t e s ; n e i t h e r o f these was t h e r e f o r e 

used f o r f u r t h e r i n v e s t i g a t i o n . Samples o f Ranunculus 

spp. were n o t a v a i l a b l e i n t h e r i v e r d u r i n g t h a t p e r i o d 

(1967/68). 
U n f o r t u n a t e l y c h e m i c a l d a t a f o r th e s e 

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

e n richment r a t i o s c o u l d n o t be c a l c u l a t e d f o r any o f t h e s 

p l a n t s . 

5 •2 Ac c u m u l a t i o n by Cladophora glomevata 

5.2.1 V a r i a t i o n i n samples 

The c r i t e r i a adopted f o r t h e s a m p l i n g 

o f p l a n t s i n a r i v e r have been mentioned i n 2.2.1. I n 

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

a c c e p t a b l e s i x r e p l i c a t e samples were t a k e n a t each o f 

t h e f o u r .main s i t e s i n t h e low e r R i v e r Wear. P l a n t s 

were c a r e f u l l y s e l e c t e d by eye, t o be w e l l branched, d a r k 

green ' h e a l t h y ' specimens f r o m f a s t f l o w i n g s e c t i o n s 

a c r o s s t h e m i d d l e o f t h e 20 m sample s i t e , away f r o m t h e 

immediate i n f l u e n c e o f t h e r i v e r banks. The i n d i v i d u a l 

samples were washed, d r i e d and a n a l y s e d as d e s c r i b e d i n 2 

A summary o f t h e 11 m e t a l s a n a l y s e d i s 

g i v e n i n T a b l e 5-2. V a r i a t i o n i s s m a l l e s t f o r the macro 

elements, K, Mg, and Ca; d a t a c o n c e r n i n g Na c o n t e n t are 

l e s s c o n s i s t e n t . 
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The c o e f f i c i e n t s o f v a r i a t i o n f o r t h e 
t r a c e elements t e n d t o be g r e a t e r t h a n t h e macro-elements 
e.g. Zn v a r i e s f r o m 13.6 t o 24.5$, Pb f r o m 10.7 t o 15.0$ 
and Cd f r o m 6.0 t o 29.8$. Other t r a c e elements t e n d t o 
v a r y between 20 t o 30$. A l t h o u g h t h e v a r i a t i o n i s l a r g e 
i t n e v e r t h e l e s s a l l o w s major d i f f e r e n c e s between t h e s i t e s 
t o be e s t a b l i s h e d . I n o r d e r t o reduce t h e t i m e f o r p r e ­
p a r a t i o n and a n a l y s i s subsequent samples were based on 
f o u r r e p l i c a t e samples u s i n g t h e c r i t e r i a a l r e a d y d e s c r i b e d . 

5-2.2 P r e l i m i n a r y s t u d y a t F i n c h a l e Abbey, 1972 

The f i r s t d e t a i l e d s t u d y o f Cladophora 

glomerata was c a r r i e d o u t between A p r i l and J u l y 1972 a t 

one s i t e , F i n c h a l e Abbey (km 78.1). 
Among t h e macro-elements, K v a r i e s w i d e l y 

over t h i s p e r i o d (20000 t o 40000 yg g " 1 ) showing no r e l a t i o n 

t o v a r i a t i o n o f t h i s element i n t h e w a t e r . Mg v a l u e s 

however, remain much more s t a b l e i n t h e p l a n t and a p p a r e n t l y 

independent o f t h e c o n c e n t r a t i o n i n t h e w a t e r . 

The c o m p o s i t i o n o f t h e heavy metals Zn, 

Cu and Pb i s shown i n T a b l e 5«3- The c h e m i s t r y o f t h e 

w a t e r f o r t h e same m e t a l s , a t t h e t i m e s c l o s e s t t o p l a n t 

c o l l e c t i o n , i s a l s o g i v e n . From t h e s e d a t a some i d e a o f 

t h e e n r i c h m ent r a t i o s f o r these heavy m e t a l s can be g a t h e r e d . 

A wide range o f r a t i o i s f o u n d i n each case; between 8000 
and 70000 f o r Zn; 2000 and 20000 f o r Pb. I t s h o u l d be 

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

o f d e t e c t i o n and n o t t a k e n a t e x a c t l y t h e same ti m e as t h e 

p l a n t sample. A l l enrichment r a t i o s f o r Cu have a v a l u e 
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o f >1400 because t h e c o n c e n t r a t i o n o f Cu i n t h e wa t e r i s 

g i v e n as <0.01 mg l " 1 f o r samples t a k e n a t t h a t t i m e . 

5.2.3 A c c u m u l a t i o n i n t h e r e g i o n o f 
i n d u s t r i a l e f f l u e n t , 1973 

D u r i n g 1973 d a t a were o b t a i n e d f r o m t h e 

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

o f t h e i n d u s t r i a l e f f l u e n t (km 76.6). The r e l a t i o n s h i p 

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

and' i n t h e w a t e r was e s t a b l i s h e d f r o m t h e d a t a c o l l e c t e d 

i n an a t t e m p t t o use t h i s p l a n t as a q u a n t i t a t i v e i n d i c ­

a t o r o f heavy m e t a l s i n t h e r i v e r . F i g . 5-1 

shows t h e Zn and Pb c o n c e n t r a t i o n s i n t h e water,, a t t h e 

s i t e s i n t h e l o w e r reaches, d u r i n g 1973» p l o t t e d a g a i n s t 

t h e Zn and Pb c o n c e n t r a t i o n s i n Cladophora. 

For b o t h Zn and Pb t h e r e i s a c l e a r 

p o s i t i v e c o r r e l a t i o n ( r v a l u e s 0944, 0.809 r e s p e c t i v e l y , 

p, <0.001). 
The macro-elements K and Mg i n t h e w a t e r 

p l o t t e d a g a i n s t those i n t h e p l a n t show no c o r r e l a t i o n i n 

e i t h e r case ( r v a l u e s ; K - 0.0884, Mg - O.I56). T h e r e f o r e 

t h e s e elements are independent o f t h e i r c o n c e n t i ^ t i o n s i n 

t h e v;ater. Cu does n o t g i v e a p o s i t i v e c o r r e l a t i o n b u t 

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

t h e v e r y low c o n c e n t r a t i o n s e n c o u n t e r e d ; t h i s was a l s o 

n o t e d i n 5.2.2. 

The p r o p o r t i o n a l r e l a t i o n s h i p f o r Zn and Pb 

between Cladophora and t h e water a l l o w s t h e d a t a c o n c e r n i n g 

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

r i a l e f f l u e n t t o be s t u d i e d i n more d e t a i l . The c h e m i s t r y 
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o f t h e s e s i t e s has a l r e a d y been p r e s e n t e d (4.2.4) and 

marked i n c r e a s e s were n o t e d f o r Zn and Pb a t t h e s i t e 

below t h e e f f l u e n t . P i g . 5-2 shows t h e c o n c e n t r a t i o n s 

i n t h e p l a n t f o r K, Mg and f o u r heavy m e t a l s : Zn, Cu, 

Pb, Cd, on v a r i o u s d a t e s d u r i n g 1973. The c o n t e n t s 

o f K v a r y c o n s i d e r a b l y , however t h i s does n o t c o r r e s p o n d 

w i t h changes i n c o n t e n t o f t h e w a t e r (4.1.2). Mg c o n t e n t s 

are p r e s e n t e d t o a l l o w comparison o f t h e heavy m e t a l s w i t h 

a s t a b l e macro-element. 

I n t he case o f b o t h Zn and Pb h i g h l y 

s i g n i f i c a n t i n c r e a s e s were found a t t h e s i t e i m m e d i a t e l y 

downstream o f t h e e f f l u e n t ' on a l l o c c a s i o n s except 4 

September 1973; o n t h i s o c c a s i o n i t i s known t h a t Pb, a t 

l e a s t , was n o t p r e s e n t i n t h e e f f l u e n t . The h i g h e s t 

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

Sunderland B r i d g e (km 58.3)' Perhaps t h e most i m p o r t a n t 

i n c r e a s e s a r e seen below t h e e f f l u e n t on 18 May 1973 and 

14 August 1973 when b o t h Zn and Pb a r e between 25 and 50$ 

h i g h e r t h a n e i t h e r o f t h e upstream s i t e s . U n f o r t u n a t e l y 

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

the r e l a t i v e i n c r e a s e i n p l a n t c o n c e n t r a t i o n s . A f a l l - o f f 

i n c o n c e n t r a t i o n s o f b o t h Zn and Pb, s i m i l a r t o those shown 

by t h e w a t e r c h e m i s t r y (4.2.3) o c c u r s between km 73-9 and 

78.1. 

A s t u d y o f t h e Cu c o n t e n t o f Cladophora i s 

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

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

these reaches o f t h e r i v e r a l t h o u g h Sunderland B r i d g e 

(km 58.3) t e n d s t o show h i g h e s t c o n c e n t r a t i o n s ( F i g . 5 - 2 ) . 
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U n l i k e Zn and Pb, Cu does n o t e x h i b i t any s i g n i f i c a n t 

i n c r e a s e s a t t h e s i t e below t h e e f f l u e n t ; as n o t e d i n 

5.2.3 Cu i s n o t p r e s e n t i n any a p p r e c i a b l e q u a n t i t y i n 

t h e e f f l u e n t . T h i s element t h e r e f o r e a c t s as a u s e f u l 

c o n t r o l f o r heavy m e t a l s (4.2.4). 
The c o n c e n t r a t i o n o f Cd i n Cladophora i s 

t h e l o w e s t o f a l l t h o me t a l s a n a l y s e d . R e s u l t s a r e p r e ­

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

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

l i m i t " i n a l l ' b u t a few i n s t a n c e s ; h i g h e r v a l u e s i n Cladophora 

a r e r e c o r d e d t w i c e a t Sunderland B r i d g e (km 58.3) and t w i c e 

a t t h e s i t e below t h e e f f l u e n t (km 76.9); t h i s i s shown i n 

F i g . 5.2. On b o t h o c c a s i o n s t h e l a t t e r r e s u l t s c o r r e s ­

pond w i t h i n c r e a s e s r e c o r d e d i n t h e w a t e r c h e m i s t r y . 

The o v e r a l l p a t t e r n o f heavy m e t a l 

c o n c e n t r a t i o n i n b o t h p l a n t s and water a r e v e r y s i m i l a r . 

Some a t t e m p t t o q u a n t i f y t h i s a pparent 

r e l a t i o n s h i p has a l r e a d y been made f o r Zn and Pb i n 

Cladophora. Enrichment r a t i o s i n t h i s p l a n t have a l s o 

been c a l c u l a t e d f o r t h e f o u r s e l e c t e d heavy m e t a l s (Zn, 

Cu, Pb and Cd); t h e s e are shown i n T a b l e 5-4 • I n a few 

cases r a t i o s have n o t been c a l c u l a t e d because o f anomalous 

w a t e r c h e m i s t r y r e s u l t s and where ' l e s s t h a n ' v a l u e s o c c u r 

i n t h e w a t e r , o n l y ' g r e a t e r t h a n ' r a t i o s can be g i v e n . 

The m a j o r i t y o f en r i c h m e n t r a t i o s f o r Zn are i n t h e r e g i o n 

o f 11000. The r a t i o s f o r Cu a r e much l o w e r , t h e m a j o r i t y 

b e i n g around 2000 and Pb r a t i o s v a r y f r o m 6000 t o 1^000, 
most b e i n g c l o s e t o 7000. These r a t i o s are l e s s v a r i a b l e 

t h a n those quoted i n 5.2.2, m a i n l y because o f t h e improved 
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TABLE 5.4 Enrichment r a t i o s f o r Zn, Cu, Pb and Cd i n 

Cladophora glomerata a t f o u r s i t e s i n t h e l o w e r 

R i v e r Wear, on v a r i o u s d a t e s d u r i n g 1973. 

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

s i t e km dat e Zn Cu Pb Cd 

Sunderland B r i d g e 58.3 29. 4. 73 13600 1510 * -* 

above e f f l u e n t 73-5 it 8350 1080 * 
below e f f l u e n t 73-9 ;i 11400 710 * * 
F i n c h a l e Abbey 78.1 11 9860 880 * * 
Sunderland B r i d g e 58.3 18. 5-73 13100 1600 7400 > 16100 
above e f f l u e n t 73-5 11 9600 1390 6230 > 16100 
below e f f l u e n t 73-9 it 15600' 1380 7800 > 16100 
F i n c h a l e Abbey 78 . I tt 14400 1590 9950 > 16100 
Sunderland B r i d g e 58.3 14 . 8. 73 11300 2300 8630 8250 
above e f f l u e n t 73.5 it 11600 2000 8690 > 16300 
below e f f l u e n t 73-9 it 12900 1340 9040 10300 
F i n c h a l e Abbey 78 . I tt 8200 1680 8770 8050 
Sunderland B r i d g e 58.3 4. 9-73 50101 >3460 5950 > 32280 
above e f f l u e n t . 73.5 tt > 28000 >2450 7200 > 16400 
below e f f l u e n t 73-9 it > 48800 >2800 6010 > 16600 
F i n c h a l e Abbey 78 . I 11 > 48800 >36io 6620 > 16500 
Sunderland B r i d g e 58.3 20. 11 .73 14000 6100 13250 > 16100 
above e f f l u e n t 73-5 it 11500 1890 7730 > 16700 
below e f f l u e n t 73-9 it 14600 4550 10420 33500 
P i n c h a l e Abbey 78 . I it 17600 3290 9830 > 16100 

Mean 14500 1900 83OO > 16000 
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t e c h n i q u e s I n a n a l y s i s o f w a t e r n o t e d i n 2 .1.2 and because 

w a t e r samples were t a k e n a t e x a c t l y t h e same t i m e as 

c o l l e c t i o n o f p l a n t m a t e r i a l . 

5.2.4 Other s i t e s 1968 and 1973 

Samples o f Cladophora glomerata were a l s o 

a n a l y s e d f r o m o t h e r s i t e s on t h e R i v e r Wear b o t h i n 1968 

( T a b l e A.2e) and 1973 ( T a b l e A.2d). T a b l e 5.5 shows d a t a 

a t v a r i o u s s i t e s f o r major c a t i o n s , K, Mg and t h r e e heavy 

m e t a l s Zn, Cu and Pb, c o l l e c t e d d u r i n g 1968. T a b l e 5.6 

shows s i m i l a r d a t a f r o m a range o f s i t e s sampled d u r i n g 

1973* The 1968 samples were a l l c o l l e c t e d w i t h i n t h r e e 

days o f each o t h e r t o a l l o w r e a s o n a b l e comparison between 

t h e s i t e s ; whereas p l a n t s were c o l l e c t e d on t h e same day 

f r o m a l l t h e s i t e s i n 1973- Water c h e m i s t r y d a t a f o r t h e 

e a r l i e r p e r i o d are n o t a v a i l a b l e . Some comparison can be 

made between t h e T a b l e s 5-5 and 5.6 a l t h o u g h t h e 1968 

survey covers more downstream reaches and t h a t o f 1973* 

covers more upstream reaches. B o t h s e t s o f samples were 

t a k e n d u r i n g low f l o w c o n d i t i o n s i n August/September o f 

t h e r e s p e c t i v e y e a r s . The Wolsingham s i t e (km 24 . 3 ) i n 

t h e 1973 survey was t h e h i g h e s t upstream s i t e a t which 

Cladophora was fo u n d i n t h e R i v e r Wear. The h i g h e s t v a l u e s 

o f Mg and a l l t h r e e heavy m e t a l s are f o u n d i n t h e p l a n t a t 

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

t h r e e , heavy m e t a l s i n the. w a t e r , r e c o r d e d c o n s i s t e n t l y i n 

1973- Macro-element v a l u e s i n t h e p l a n t r e m a i n r e l a t i v e l y un 

changed on p a s s i n g downstream whereas heavy m e t a l s f a l l 

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

c o n c e n t r a t i o n s i n t h e w a t e r . The same p a t t e r n o f s t e a d y . 
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macro-element concentrations and decreasing heavy metal 
values i s evident at the upstream s i t e s used i n 1968 
(Table 5-5). 

A comparison of the same s i t e s i n 1968 
and 1975 reveals t h a t the composition of Cladophora i s 
remarkably constant; K and Mg values are very s i m i l a r but 
Zn and Pb values are lower i n 1968, at the s i t e s i n the 
middle and lower s t r e t c h e s of the r i v e r . N a t u r a l v a r i a t i o n 
i n the chemistry of the water could account f o r most of 
these d i f f e r e n c e s . For the most p a r t i t appears t h a t major 
changes i n the t r a c e element concentrations of Cladophora 
d i d not occur between 1968 and 1973* w i t h the notable 
exception of r e s u l t s from km 76.91 below the i n d u s t r i a l 
e f f l u e n t (5.2.3). 

5.3 Accumulation by Fontinalis antivuretica 

5.3.1 P r e l i m i n a r y study a t Finchale Abbey, 1972 

A p r e l i m i n a r y examination of Fontinalis 
antipyretica was c a r r i e d out i n 1972. Samples were sub­
j e c t i v e l y d i v i d e d i n t o growing t i p s , mature stems and o l d 
m a t e r i a l ( d e t a i l s of the samples are given i n 2.5«3)« 

The data presented i n A.2F show a marked 
tendency f o r the macro-elements; Na, K, Mg and Ca t o de­
crease i n con c e n t r a t i o n away from the t i p whereas the heavy 
metals increase i n conc e n t r a t i o n i n the ol d e r m a t e r i a l . 

5•3•2 Accumulation i n the reg i o n of 
i n d u s t r i a l e f f l u e n t , , 1973 

Data f o r the metal composition of Fontinalis 
antipyretica were obtained from both d i v i d e d and undivided 
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samples of the moss. The samples were taken from the 
s i t e s above and below the i n d u s t r i a l e f f l u e n t i n the lower 
River Wear and the f u l l r e s u l t s are presented i n A.2G and 
A.2H. D i v i s i o n of the samples allows c l e a r e r comparison 
of the metal contents of the p l a n t s from the d i f f e r e n t 
s i t e s and also r e l a t e s t o d i f f e r e n t time periods of growth. 
Fig. 5-3 summarises the composition of d i v i d e d Fontinalis 

f o r two o f the macro-elements analysed (K, Mg), at the 
f o u r s i t e s i n the region of the i n d u s t r i a l e f f l u e n t . These 
histograms show a cl e a r tendency f o r the co n c e n t r a t i o n of 
both elements t o f a l l away from the t i p at a l l s i t e s but 
t h i s f a l l i s most marked f o r K. The d i f f e r e n c e s i n K 
content between s i t e s are not s t a t i s t i c a l l y s i g n i f i c a n t 
(P <0.01) except f o r samples of the 1st 30 mm. Mg r e s u l t s 
are f a i r l y s t a b l e between s i t e s p a r t i c u l a r l y i n the 1st 
30 mm where only the sample from below the i n d u s t r i a l 
e f f l u e n t i s s i g n i f i c a n t l y higher than the others at P <0.01; 
the increase i s however only marginal. 

The contents of heavy metals (Zn, Cu, Pb, 
Cd) i n the d i f f e r e n t sections and a t the d i f f e r e n t s i t e s 
vary greatly by comparison w i t h the macro-element?, 
I ^ i g . 5-3) • Cu acts as a c o n t r o l over the other heavy metals 
as i t i s known not t o occur i n any q u a n t i t y i n the i n d u s t r i a l 
e f f l u e n t . Increases i n t h i s element a t the s i t e below the 
e f f l u e n t are not s t a t i s t i c a l l y s i g n i f i c a n t at P >0.05-
However, h i g h l y s i g n i f i c a n t increases (P <0.00l) are found 
c o n s i s t e n t l y at t h i s s i t e f o r - Z n , Pb and Cd. These i n ­
creases become even more obvious i n the o l d e s t m a t e r i a l 
where the heavy metal concentrations are very much h i g h e r . 
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This appears t o i n d i c a t e a gradual b u i l d up of these 
metals by the p l a n t as i t grows. 

Data given i n A.2G also show considerable 
increases i n Ni concentrations below the e f f l u e n t although 
no r e g u l a r water chemistry data are a v a i l a b l e f o r t h i s 
element. I t t h e r e f o r e seems probable t h a t t h i s element 
i s present i n the e f f l u e n t i t s e l f . 

Undivided samples from the same f o u r s i t e s 
also taken i n 1973 do not i n d i c a t e the d i f f e r e n t i a l between 
the s i t e s so c l e a r l y although h i g h l y s i g n i f i c a n t increases 
i n Zn, Cd and Ni are found below the e f f l u e n t i n the samples 
taken i n November but not i n August 1973- Samples of Cladophora 
glomevata (5«2.3)" however, showed increases f o r Zn, Pb, 
and Cd on both occasions. I t i s p o s s i b l e t h a t increases 
are b l u r r e d i n these undivided samples by the r e l a t i v e 
p r o p o r t i o n of o l d e r m a t e r i a l c o n t a i n i n g high concentrations 
of heavy metals. 

Enrichment r a t i o s were also c a l c u l a t e d 
f o r the f o u r heavy metals of c h i e f i n t e r e s t (Zn, Cu, Pb, 
Cd) i n both d i v i d e d and undivided samples. These are 
presented i n Table 5^7- Ratios obviously increase away 
from the t i p i n the d i v i d e d samples. I t i s also c l e a r 
i n a l l cases,except Cd, t h a t the r a t i o s become more 
v a r i a b l e i n the o l d e r m a t e r i a l . Ratios f o r the element 
Cd have not been c a l c u l a t e d f o r the d i v i d e d samples because 
of some anomalous, p o s s i b l y erroneous water chemistry data. 
The undivided m a t e r i a l shows even g r e a t e r v a r i a b i l i t y i n 
enrichment r a t i o than the d i v i d e d m a t e r i a l . I t i s t h e r e ­
f o r e c l e a r t h a t the youngest m a t e r i a l e x h i b i t s the most 



TABLE 5-7 Enrichment r a t i o s f o r Zn, Cu, Pb and Cd i n d i v i d e d 
and undivided Fontinalis antipyretica, at f o u r s i t e s 
i n lower River Wear durin g 1973= 

* Anomalous data f o r water chemistry, r a t i o not c a l c u l a t e d 

" s i t e km date s e c t i o n Zn Cu Pb Cd 
Sunderland Bridge 58.3 29.4.73 1st 30 mm 18700 3170 11700 * 
above e f f l u e n t 73-5 27100 4780 6040 * 
below, e f f l u e n t 73-9 35900 3200 7250 * 
Finchale Abbey 78.1 26400 3160 12000 

Sunderland Bridge 58.3 29.4.73 2nd 30 mm 28700 4350 16400 
above e f f l u e n t 73-5 31700 4700 7360 * 
below e f f l u e n t 73.9 52500 4o8o 9700 * 
Finchale Abbey 78.1 31800 3600 17100 * 

Sunderland Bridge 58.3 29.4.73 3rd 30 mm 48200 4720 24800 * 
above e f f l u e n t 73-5 47100 5070 9160 
below e f f l u e n t 73-9 82200 4300 11800 •* 

Finchale Abbey 78.1 38200 3690 20400 

Sunderland Bridge 58.3 29.4.73 4th 30 mm 213000 7680 54700 
above e f f l u e n t 73.5 124000 6680 11400 * 
below e f f l u e n t 73.9 186800 5590 14300 
Finchale Abbey 78.1 86200 3440 22900 •* 

Sunderland Bridge 58.3 14.8,73 undivided 145400 8570 47900 57000 
above e f f l u e n t 73-5 82500 6880 3360C > 35800 
below e f f l u e n t 73.9 33100 8180 24300 11700 
Finchale Abbey 78.1 64500 6430 31200 14100 

Sunderland Bridge 58.3 20.11.73 undivided 70600 21800 84700 78400 
above.effluent 73.5 51400 6740 20300 > 22600 
below e f f l u e n t 73-9 55800 14500 19600 30000 
Finchale Abbey 78.1 65700 7600 26800 46500 
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r e l i a b l e p o t e n t i a l as an i n d i c a t o r . Enrichment r a t i o s 
f o r these sections range from 18700 t o 35900 f o r Zn; 
3160 t o 4780 f o r Cu, the most s t a b l e , and 6040 t o 12000 
f o r Pb. 

5.3.3 Other s i t e s , 1968 

Data are presented i n A.21 t o show the 
composition of Fontinalis antipyretica at various s i t e s 
i n the River Wear i n 1968. The data f o r K, Mg, Zn and 
Pb are summarised i n Table 5»8. C e r t a i n trends are 
c l e a r despite the use of undivided samples. K values 
f a ' l l from the upstream to downstream s i t e s whereas Mg 
r e s u l t s remain s t a b l e . The h i g h e s t concentrations of 
both Zn and Pb occur at the s i t e above the en t r y of the 
River Gaunless (km 44.0); t h i s was the f u r t h e s t upstream 
s i t e from which Fontinalis was sampled i n 1968. The Zn 
co n c e n t r a t i o n decreases downstream as f a r as Lambton Bridge 
(km 90.0) where there i s a marked increase i n the concen­
t r a t i o n of t h i s element. Pb shows a s i m i l a r t r e n d . These 
p a t t e r n s correspond q u i t e c l o s e l y w i t h those f o r Clad.oph.ova 

glomerata sampled from the same s i t e s a t the same p e r i o d 
i n 1968 (5.2.4). There i s , t h e r e f o r e , reasonable evidence 
t o suggest t h a t the water chemistry f o r the heavy metals 
f o l l o w e d a s i m i l a r t r e n d despite the lack of chemical data 
to c o n f i r m t h i s . 

5.4 Accumulation by Ranunculus 
penicillatus var. calcareus 

The concent of two macro-elements (K, Mg) and 
three heavy metals (Zn, Cu, Pb) i n Ranunculus penicillatus 
var. calcareus f r o m s i t e s i n the River Wear and River Tweed 

http://Clad.oph.ova
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TABLE 5-8 Mean Composition of selected metals i n 
Fontinalis antipyretica at various s i t e s 
i n the River Wear, l a t e summer 1968. 
Concentrations i n yg g - 1 , dry .weight; n = 4. 

date stream km s i t e K Mg Zn Pb 
no. 

15.8.68 0008 44.0 G^Sniesg 8460 1920 1250 398 

15-8.68 0008 51.1 W i l l i n g t o n 8170 1930 883 172 

16.8.68 0008 71.1 sands"1 7 2 0 0 2 ^ 0 0 8 ^ 5 2 5 7 

13.8.68 0008 78.3 A b b e y ^ 6 6 5 0 0 1 8 8 0 4 7 5 1 0 0 

13.8.68 0008 80.0 6610 2080 297 100 

16.8.68 0008 90.0 B ^ j g e 1 1 5 5 0 0 3 1 6 0 6 3 2 1 6 9 



i s summarised i n Table 5-9; the composition data f o r a l l 
elements analysed are presented i n A.2J. Samples were 
d i v i d e d i n t o r o o t , stem and l e a f i n order to e s t a b l i s h 
the d i s t r i b u t i o n of metals through the p l a n t . 

The two macro-elements show a markedly d i f f e r e n t 
d i s t r i b u t i o n t o the heavy metals; K i s c o n s i s t e n t l y h i g h e s t 
i n the stem whereas Mg i s almost e q u a l l y d i s t r i b u t e d i n the 
three p a r t s . Zn shows the most c o n s i s t e n t d i s t r i b u t i o n ; 
h i ghest i n the leaves, almost double the c o n c e n t r a t i o n i n 
the roots,in'each case, and lowest i n the stem. Cu does 
not e x h i b i t the same marked d i f f e r e n c e s except i n the sample 
from the River Tweed i n which the c o n c e n t r a t i o n i n the leaves 
i s s i g n i f i c a n t l y higher than e i t h e r the stem or r o o t . Pb 
i s also highest i n the leaves, i n a l l cases but lowest i n 
the r o o t s . 

There i s l i t t l e d i f f e r e n c e i n heavy metal content 
between the samples from the River Wear except f o r a 
s i g n i f i c a n t increase (P <0.C01) i n Zn c o n c e n t r a t i o n i n the 
leaves of the p l a n t at the s i t e below the i n d u s t r i a l e f f l u e n t 
(km 76.9) compared w i t h the s i t e above the e f f l u e n t (km 76.5). 

A comparison of Ranunculus from the River Tweed 
at Galashiels (km 75*5) w i t h t h a t from the River Wear shows 
s i m i l a r concentrations of the macro-elements K and Mg, but 
Zn and Pb concentrations i n the River Tweed sample are 
considerably lower. On the other hand Cu concentrations 
are higher i n a l l p a r t s of the River Tweed sample. This 
may r e f l e c t to some degree d i f f e r e n c e s i n the heavy metal 
s t a t u s of the two r i v e r s . A comparison of heavy metal 
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concentrations i n both water and p l a n t m a t e r i a l together 
w i t h the enrichment r a t i o s at Finchale Abbey (km J8.1) 
on the River Wear and Gala Ford (km 75'5) on the River 
Tweed i s given i n Table 5'10. Although the enrichment 
r a t i o s f o r the heavy metals are r a d i c a l l y d i f f e r e n t at 
the two s i t e s , the higher Cu concentrations i n the River 
Tweed p l a n t are i n agreement w i t h c o n s i s t e n t l y higher 
concentrations of t h i s element i n the water (Holmes,1975). 
Similarly/. Zn and Pb concentrations are c o n s i s t e n t l y h i gher 
i n the River Wear than i n the River Tweed and the concen­
t r a t i o n of these elements i s also markedly higher i n the 
Ranunculus from the River Wear. 
* - • > -

5•5 Plant species i n Rookhope Burn 

5«5«1 I n t r o d u c t i o n 

A range of aquatic p l a n t s from the f o u r 
s i t e s on Rookhope Burn were analysed. The composition 
data are given i n A.2K ( a l g a e ) , A.2L (bryophytes and A.2M 
(angiosperms). Enrichment r a t i o s have also been c a l c u l a t e d 
i n an attempt to gauge the accumulation of heavy metals by 
the p l a n t s . 

1 The changes i n f l o w , substratum and 
chemistry o u t l i n e d i n 3.3 and 4.3-3 r e s u l t e d i n a change­
able f l o r a at each s i t e . The s i t e s sampled and the dates 
of c o l l e c t i o n of p l a n t m a t e r i a l have been given i n 2.5-4. 

Before presenting d e t a i l e d r e s u l t s f o r 
the metal composition of the species found i n the r i v e r , 
some general comments can be made on the metal concen­
t r a t i o n s found. 
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The p a t t e r n of composition encountered 
i s s i m i l a r t o the other aquatic p l a n t s i n the River Wear> 
system so f a r mentioned. K again shows the highest 
con c e n t r a t i o n of the macro-elements i n the m a j o r i t y of 
p l a n t samples and Na tends to be the lowest of the f o u r 
major elements analysed. One notable exception t o t h i s 
i s the emergent hydrophyte Mimulus guttatus which has Na 
values an order of magnitude higher than other aquatic 
p l a n t s s t u d i e d . 

I n general, heavy metal concentrations 
are higher than p l a n t s analysed from the lower River Wear. 
Fe concentrations are p a r t i c u l a r l y high i n the bryophytes 
reaching 8.6$ dry weight i n one sample of Soapania undulata. 
Heavy metal values vary g r e a t l y from p l a n t t o p l a n t and 
s i t e to s i t e but the highest concentrations are found con­
s i s t e n t l y at Upper Rookhope (- km 8.5) and lower Rookhope 
(- km 3*9) where the r i v e r receives the l a r g e s t volumes of 
wash out and a d i t s from the lead mining area (4.3-3)• 

5«5«2 Accumulation by Algae 

The accumulation of heavy metals by the 
v a r i o u s species of algae analysed v a r i e s g r e a t l y . Table 
5.11 summarises the heavy metal composition, water chemistry 
and enrichment r a t i o s f o r f o u r species of algae found at 
the s i t e s i n the Rookhope Burn catchment. D i r e c t compar­
ison of the s i t e s i s not p o s s i b l e using these data as 
d i f f e r e n t algae are present at each s i t e . However, w i t h 
the exception of Mougeotia sp. concentrations of Zn and 
Pb are an order of magnitude higher than any of the algae 
c o l l e c t e d from the lower River Wear (Table 5-1) as indeed 
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are the concentrations i n the water. The Cu concentrations 
on the other hand, are of a s i m i l a r order to River Wear 
algae i n both p l a n t and water. This shows up c l e a r l y i n 
the c o n s i s t e n t enrichment r a t i o s encountered of about 2000; 
t h i s i s c l o s e l y comparable to r a t i o s given f o r Cladophora 

glomerata i n the lower River Wear (Table 5*4). 

A marked d i f f e r e n c e can be seen between 
the heavy metal composition of young and o l d Lemanea fluviatilis 
the concentrations of a l l three metals are about double 
i n the o l d e r • m a t e r i a l . 

5«5*3 Accumulation by Bryophytes 

A summary i s given, i n Table 5-12, of the 
heavy metal contents of the two bryophytes sampled from 
Rookhope Burn. The concentrations of these elements i n 
the surrounding water are also presented together w i t h the 
enrichment r a t i o s c a l c u l a t e d from these data. Some com­
pari s o n can be made between the s i t e s . The Zn and Pb 
contents of Scapania undulata are an order of magnitude 
higher at the upper Rookhope s i t e than at the North Grain 
Sike s i t e on each sampling occasion. However, the water 
chemistry at the time of sampling does not show a s i m i l a r 
increase; thus the enrichment r a t i o s are widely d i f f e r e n t . 
Although the c o n c e n t r a t i o n of Cu i s s i m i l a r i n the p l a n t 
a t both s i t e s and on both occasions the enrichment r a t i o s 
again d i f f e r because of the c o n c e n t r a t i o n of t h i s element 
i n the water. 

S i m i l a r i n c o n s i s t e n c i e s between the heavy 
metal content of the p l a n t and the chemistry of the water, 
at the time of sampling, occur when comparing the three 
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l o w e r s i t e s on Rookhope Burn a t which Hygrohypnum oahraoeum 

o c c u r s ; r a t i o s f o r Zn v a r y f r o m a p p r o x i m a t e l y 7 0 0 0 t o 

1 2 0 0 0 0 , and r a t i o s f o r Pb fr o m 1 2 0 0 0 t o 1 6 0 0 0 0 . I t i s 

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

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

s a m p l i n g . However i n t h e case o f b o t h Scapania and 

Hygrohypnum t h e c o n c e n t r a t i o n s o f Zn and Pb are a b n o r m a l l y 

h i g h whereas Cu c o n c e n t r a t i o n s a r e an o r d e r o f magnitude 

l e s s ; t h i s corresponds w i t h t h e o v e r a l l w a t e r c h e m i s t r y . 

Thus i n g e n e r a l terms t h e p l a n t s g i v e a gu i d e t o t h e m e t a l 

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

5 » 5 « 4 A c c u m u l a t i o n s by Angiosperms 

The o n l y a q u a t i c angiosperm, Mimulus 

guttatus , o c c u r i n g i n any q u a n t i t y i n Rookhope Burn was 

d i v i d e d i n t o r o o t , stem and l e a f . Data c o n c e r n i n g t h e 

macro-element c o n t e n t o f t h e d i v i d e d p l a n t a t each o f t h e 

two s i t e s sampled show t h a t K i n common w i t h o t h e r p l a n t s 

has t h e h i g h e s t c o n c e n t r a t i o n o f any element a n a l y s e d ; 

b e i n g i n t h e r e g i o n o f 4 t o Ofn d r y w e i g h t . T h i s i s 

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

Mg. c o n t e n t i s a l s o h i g h e r t h a n o t h e r p l a n t s r e a c h i n g . 0,. 7% 

d r y w e i g h t i n t h e l e a v e s . Trace element c o n t e n t i s con­

s i s t e n t l y g r e a t e s t i n t h e submerged r o o t s o f t h e p l a n t and 

decreases t h r o u g h t h e stem t o t h e l e a v e s . The c o m p o s i t i o n 

d a t a a r e p r e s e n t e d i n A . 2 M . F u r t h e r d a t a p r e s e n t e d h e r e 

a r e c o n f i n e d t o t h e heavy m e t a l c o n t e n t o f t h e submerged 

r o o t s ; t h e s e d a t a are compared w i t h t h e c o n c e n t r a t i o n s i n 

t h e s u r r o u n d i n g water u s i n g t h e enrichment r a t i o and a r e 

p r e s e n t e d i n Table 5 - 1 3 ^ The same p a t t e r n o f c o n c e n t r a t i o n 
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i s e n c o u n t e r e d as i n o t h e r a q u a t i c p l a n t s f r o m Rookhope 

Burn; Zn and Pb c o n c e n t r a t i o n s a r e h i g h whereas Cu con­

c e n t r a t i o n s a re much lowe r by comparison. Enrichment 

r a t i o s f o r t h e two s i t e s a t which t h e p l a n t o c c u r s a r e 

a g a i n w i d e l y d i f f e r e n t . Such d a t a can g i v e o n l y a v e r y 

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

p o s s i b l y t h e sediment. 

5-6 P l a n t s p e c i e s i n Brandon P i t h o u s e a c i d streams 

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

The range o f m a c r o s c o p i c a l l y o b v i o u s 

v e g e t a t i o n o c c u r r i n g a t t h e sources o f A c i d Streams A 

and B, a t a pH o f 2.6, was a n a l y s e d t o show m e t a l com­

p o s i t i o n ; t h e d a t a are g i v e n i n A.2N. The most abundant 

a q u a t i c p l a n t p r e s e n t , Drepanoaladus fluitans > was a n a l y s e d 

a t p o i n t s down t h e stream as t h e pH r i s e s f r o m 2.6 t o 4.5 

The same organism was a l s o a n a l y s e d from N o r t h G r a i n S i k e 

(pH 4.5 t o 5) f o r c o m p a r a t i v e purposes; t h e s e d a t a are 

p r e s e n t e d i n A.20. A n a l y s i s o f t h e moss was a l s o c a r r i e d 

o u t a f t e r d i v i s i o n i n t o 30 mm s e c t i o n s (Table A.2P). F u l l 

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

- s i t e s have been' g i v e n (2.5-5)- Aspects o f t h e m e t a l 

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

are summarised i n t h e f o l l o w i n g s e c t i o n s . C e r t a i n heavy 

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

ment r a t i o s i n o r d e r t o e s t a b l i s h any d i f f e r e n c e s i n m e t a l 

a c c u m u l a t i o n i n an a c i d environment o f low pH. 

5.6.2 Survey o f a c c u m u l a t i o n by p l a n t s 

The c o n c e n t r a t i o n o f two macro-elements, 
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K and Mg, and e i g h t heavy m e t a l s I n two s p e c i e s o f a l g a e , 
two s p e c i e s o f b r y o p h y t e and an emergent h y d r o p h y t e are 
summarised i n T a b l e 5-14. A p a t t e r n o f m e t a l c o m p o s i t i o n 
s i m i l a r t o t h a t d e s c r i b e d f o r p l a n t s f r o m t h e o t h e r two 
s a m p l i n g areas emerges. K a g a i n tends t o be t h e element 
w i t h t h e h i g h e s t c o n c e n t r a t i o n r e l a t i v e t o t h e o t h e r m e t a l s . 
Two n o t a b l e e x c e p t i o n s t o t h i s are Euqlena mutabilis and 
Dicranella sp., i n w h i c h Pe c o n c e n t r a t i o n s a r e i n excess 
o f 1% and yfo d r y w e i g h t r e s p e c t i v e l y . Such h i g h concen­
t r a t i o n s of. Fe have been r e c o r d e d f o r o t h e r mosses 
(Fissidens crassipes, A.2A) b u t n o t f o r a l g a e . Mg 
c o n c e n t r a t i o n s a r e i n t h e r e g i o n o f 0.1 t o 0.2% i n a l l 
cases. C o n c e n t r a t i o n s o f o t h e r heavy m e t a l s , p a r t i c u l a r l y 
Mn, a r e s u r p r i s i n g l y low.. 

I t has a l r e a d y been shown (4. 4 ) t h a t t h e 

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

a c i d stream w a t e r s : Zn, 1.13 mg 1 _ 1, Cu, 0.69 mg l - 1 , 

Co, 0.21 mg I " 1 , and N i , 0.47 mg l " 1 , a t t h e source o f 

Stream A. C o n c e n t r a t i o n s i n t h e w a t e r o f o t h e r heavy 

m e t a l s a r e e x c e p t i o n a l : Fe, 99-6 mg , a t t h e source 

o f . S t r e a m A, A l , 28.7 mg. l " 1 and Mn, 8.7 mg l " 1 , a t t h e 

source o f Stream B. 

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

mentioned, the low c o n c e n t r a t i o n s o f heavy m e t a l s a r e a l l 

t h e more s u r p r i s i n g i n view o f t h e w a t e r c h e m i s t r y . T h i s 

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

T a b l e 5'15' A l l r a t i o s shown w i t h t h e e x c e p t i o n o f Pb 

are s e v e r a l o r d e r s o f magnitude l o w e r t h a n any e n c o u n t e r e d 

f o r a l g a e , b r y o p h y t e s o r angiosperms i n areas o f h i g h e r pH. 
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5.6.3 A c c u m u l a t i o n by. Drepanooladus fluitans 

The m e t a l c o m p o s i t i o n o f Drepanooladus 

fluitans f r o m t h r e e s i t e s o f i n c r e a s i n g pH on A c i d Stream 

A and a s i t e o f h i g h e r pH on N o r t h G r a i n S i k e , i s p r e s e n t e d 

i n T a b l e 5.16. Among t h e macro-elements Na shows a marked 

decrease a t t h e s i t e s o f h i g h e r pH. Only minor d i f f e r e n c e s 

o c c ur between s i t e s f o r t h e o t h e r major elements a l t h o u g h 

th e Ca c o n c e n t r a t i o n i n t h e sample f r o m N o r t h G r a i n Sike 

i s about double those f r o m A c i d Stream A. Some o f t h e 

heavy m e t a l s t e n d t o show an i n c r e a s e i n c o n c e n t r a t i o n a t 

th e s i t e s o f h i g h e r pH, n o t a b l y Zn, Mn, and A l . However 

t h e p a t t e r n o f i n c r e a s e i n heavy m e t a l s becomes- c l e a r e r , 

when en r i c h m e n t r a t i o s a re c a l c u l a t e d ; t hese a r e p r e s e n t e d 

f o r e i g h t heavy metals a t t h e same f o u r s i t e s o f i n c r e a s i n g 

pH i n T a b l e 5.17- I n every case t h e r e l a t i v e a c c u m u l a t i o n 

i n c r e a s e s a t t h e h i g h e r pH v a l u e s . For the m a j o r i t y o f 

elements t h e i n c r e a s e between pH 2.6 and pH 5 i s g r e a t e r 

than an. o r d e r o f magnitude. The i n c r e a s e f r o m pH 2.5 t o 

3-5 t e n d s t o be s m a l l except i n t h e case o f Fe. The 

g r e a t e s t i n c r e a s e s i n t h e r a t i o occur between pH 3-5 and 

4.5. Data from N o r t h G r a i n Sike (pH 5) have been i n c l u d e d 

d e s p i t e t h e g r e a t d i f f e r e n c e s i n t h e streams because o f 

t h e o c c u r r e n c e o f Drepanocladus fluitans and t h e pH a t a 

l e v e l above whic h t h e moss oc c u r s i n A c i d Stream A. 

A s t u d y o f t h e d a t a f r o m s u b - d i v i d e d 

Drepanocladus fluitans , i l l u s t r a t e d i n F i g . 5 . 4 , r e v e a l s 

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

i t i o n t o s u b - d i v i d e d Fontinalis antipyretica d e s c r i b e d i n 

5-3.2. An o v e r a l l decrease i n c o n c e n t r a t i o n o f t h e two 
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major c a t i o n s (K and Mg) oc c u r s away f r o m t h e t i p . 

Among t h e heavy m e t a l s Zn does n o t show a c l e a r t r e n d 

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

s t u d i e d show o n l y an i n s i g n i f i c a n t i n c r e a s e away f r o m 

t h e t i p . 



CHAPTER SIX 

6. DISCUSSION 

6.1 I n f l u e n c e o f major c h e m i c a l parameters on 
heavy m e t a l s i n R i v e r Wear system 

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

I t was suggested i n Chapter One chat 

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

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

a c c u m u l a t i o n o f heavy m e t a l s by a q u a t i c p l a n t s and a l s o 

enable t h e i r use as q u a n t i t a t i v e i n d i c a t o r s t o be assessed 

The need t o u n d e r s t a n d t h e c h e m i c a l forms 

o f heavy metals i n r i v e r w a t e r was s t r e s s e d so t h a t t h e 

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

e s t a b l i s h e d (1.2.1). 

The r e s u l t s p r e s e n t e d i n Chapter Four 

and Appendix A . l show t h e v a r i a t i o n o f pH, major c a t i o n s , 

n u t r i e n t a n ions and d i s c h a r g e i n t h e R i v e r Wear and 

p a r t i c u l a r p a r t s , o f i t s catchment. 

I m p o r t a n t d i f f e r e n c e s have been shown 

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

These parameters n o t o n l y have a marked e f f e c t on t h e 

c o n c e n t r a t i o n and s p e c i a t i o n o f heavy m e t a l s b u t a l s o 

a f f e c t t h e v e g e t a t i o n . 

The i n f l u e n c e o f some o f t h e major 

c h e m i c a l parameters on t h e heavy m e t a l c o n t e n t o f t h e 

w a t e r can be c l a r i f i e d by comparing t h e s e parameters i n 

t h e main s t u d y a r e a s . Two r e p r e s e n t a t i v e s i t e s have been 
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chosen f r o m t h e R i v e r Wear, Rookhope Burn and Brandon 

P I t h o u s e A c i d Stream A; ch e m i c a l d a t a a r e shown i n 

T a b l e 6.1. 

6.1.2 § 

A range o f pH v a l u e s was e s t a b l i s h e d 

i n t h e R i v e r Wear system f r o m 2.6 i n Brandon P i t h o u s e 

a c i d streams t o 7-8 i n t h e main r i v e r a t F i n c h a l e Abbey 

(km 78.1). 

pH i s fundamental by c o n t r o l l i n g d i r e c t l y 

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

by i n f l u e n c i n g o x i d a t i o n s t a t e s and complexes. (Stumm 

and Morgan, 1970; Stumm and B i l i n s k i , 1972; E l d e r , 19.75). 

F u r t h e r m o r e , t h e i n t e r - r e l a t i o n s h i p o f pH w i t h major c a t i o n s 

such as Mg and Ca i s o f g r e a t i m p o r t a n c e r e g a r d i n g t h e 

b u f f e r i n g o f n a t u r a l w a t e r s (Cholnoky, 1960); f l u c t u a t i o n s 

i n pH a r e c e r t a i n t o cause r a d i c a l changes i n c h e m i c a l 

s p e c i a t i o n and a v a i l a b i l i t y . The u p l a n d streams o f 

Weardale (Table 6.1) e x e m p l i f y t h e v a r i a b i l i t y o f pH and 

c o n s e q u e n t l y o t h e r c h e m i c a l parameters. The low e r reaches 

o f t h e R i v e r Wear c o n s t i t u t e a b e t t e r b u f f e r e d system w i t h 

t h e pH v a l u e s c o n s i s t e n t l y i n t h e r e g i o n o f 7 t o 8. I n - . 

creases i n Ca and Mg i n t h e lower s t r e t c h e s o f t h e R i v e r 

Wear are m a i n l y a t t r i b u t e d t o the i n f l u e n c e o f t h e R i v e r 

Gaunless (km 44.1). The rema r k a b l e c o n s i s t e n c y o f pH i n 

Brandon P i t h o u s e a c i d streams i l l u s t r a t e s a v e r y d i f f e r e n t 

b u f f e r i n g ' s y s t e m . The e f f e c t s o f pH have been shown i n 

i n c r e a s i n g t h e m e t a l c o n c e n t r a t i o n (4.4.2) and r e d u c i n g 

t h e r e l a t i v e a c c u m u l a t i o n o f heavy m e t a l s (5-6.3)' T h i s 

i s f u r t h e r d i s c u s s e d i n 6.3.6 and 6.4. 



CO 
CD 
•H 
U 
cd 

-P 

.Q 
•H 

-P 

s -

cd 
CD 

CD 
> 
• H 

bO 

a 
• H 
o 

CD II 

cd 
.10 r—I 
U I 
0 rH 

-P 
CD bO 
E E 
ctj 
IH a 
cd -H 
ft 

CO 
rH -P 
cd a 
O CD 

• H E 
E CD 
CD >H 

£1 
o 

0 

o 
O 

n co 
cd c 
E O 

I n 
O 

•P 
cd 
U 

>> t2 ^ a 
cd 0 
E CJ 
E C 
3 o 
W o 

i 
KA 

o 

OH 
I 

o 
PH 

cd 
o 

bO 

cd 

ft 

0 
•P 

CO 

- E 

o 
cd 
0 

C\J OJ rH 
• • • • • • 

o OJ o O o rH 
V V V 

i n i n i n VO 00 
o KA o O m 
o KA o O KA o 
• • • ' • • • 

o o o o o o 
V V 

rH VO OJ i H o 
• • • - • • • 

ON i n i n OA 
rH •=1- OJ i n 00 

rH OJ 0J o 
00 • * • • 
• rH -=j- i H i n 

OJ rH 
, 

VO VO 

ON o o o OA 
• • • • • • 

CM • i n rH CM rH VO 

VO 00 VO OA VO 
* • • • • • 

KA •3- VO CM i n 
KA rH 00 

VO 00 c 00 VO i n 
• • • * • • 

VO i n VO OJ KA 

t 

a i n •H rH 
Cd i H 

0 u o 0 
cd rH -p rH 
0 cd E cd 0 rH 
& XI >> X cd bO O 

O 0 •P 0 0 •p U 0 
cd a -a u x u CO -P 
0 •H £3 O -H -P cd O •H 

< S CO 10 w CO CO 
v — 

o rH m VO VO VO 
• • • • • • 

o 00 o o KA rH 
1 1 1 1 

KA vo rH rH rH o 
O 

\ 
rH 
\ VO 

\ 
O rH 

\ 
m 

\ 
O o 

c - • H VO 

VO 

w 
< En 

E 
cd 
0 
U 
-P 
co 

cd 
0 

3? CO 
o 

u o 
0 O 

0 ft 
o a OJ 
X ^ rH 

o pq o 
o 

PS 

E 
cd 
0 

0 ?H 
sn to ^ t--
o p co OJ 

- O O i H 

CO -P -H 

pq Pn < 



6.1.3 Major c a t i o n s 

The f o u r major c a t i o n s found i n t h e 

R i v e r Wear system a r e : Na, K, Mg, Ca. R a r e l y , were 

any o f these elements e n c o u n t e r e d a t c o n c e n t r a t i o n s o f 

<1 mg l - 1 . Lower c o n c e n t r a t i o n s o f K were r e c o r d e d i n 

u p l a n d streams d r a i n i n g peat bog e.g. Wearhead (km 0.0) 

and N o r t h G r a i n S i k e (- km 0.5). C o n c e n t r a t i o n s o f K 

as low as 0.04 mg 1~^ have been r e c o r d e d a t t h e source 

o f Brandon P i t h o u s e A c i d Stream A. I t has been suggested 

t h a t such a low c o n c e n t r a t i o n c o u l d be l i m i t i n g t o p l a n t 

g r o w t h (Hargreaves et al., 1^75). 

A s t e a d y i n c r e a s e "has been shown i n Na, 

K, Mg and Ca down t h e R i v e r Wear (4.1.2); t h i s i s w e l l 

i l l u s t r a t e d i n T a b l e 6.1 by t h e d i f f e r e n c e between Wearhead 

(km 0.0) and F i n c h a l e Abbey (km 78-1)- S i m i l a r i n c r e a s e s 

a r e o b v i o u s f o r Rookhope Burn and Brandon P i t h o u s e A c i d 

Stream A (Table 6.1). 

The r e l a t i v e l y low v a l u e s r e c o r d e d f o r 

major elements i n N o r t h G r a i n Sike (- km 0.5) a r e n o t un­

u s u a l i n streams d r a i n i n g moorland. I t - has a l r e a d y been 

mentioned.(6.1.2) t h a t such p o o r l y b u f f e r e d streams p r e s e n t 

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

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

C o n c e n t r a t i o n s o f Ca and Mg are o f p a r t i c ­

u l a r i m portance i n r i v e r systems f o r s e v e r a l reasons. 

( i ) B o t h elements c o n t r i b u t e t o t h e 

b u f f e r i n g c a p a c i t y o f n a t u r a l w a t e r s (6.1.2) and have a 

major e f f e c t upon t h e p r e c i p i t a t i o n o f o t h e r i o n s . At 



Wearhead (km 0.0) and E a s t g a t e (- km 0.6), Ca v a l u e s a r e 

h i g h compared w i t h moorland streams ( T a b l e 6.1). I t i s 

expected t h a t t h e 'harder' w a t e r reduces t h e l o a d o f heavy 

m e t a l s c a r r i e d by a r i v e r ; marked decreases have been r e ­

p o r t e d a t E a s t g a t e i n Zn, Pb and Cd (Table 4.3). However, 

t h i s decrease i s by no means c o n c l u s i v e because o f t h e 

e f f e c t s o f d i l u t i o n (4.3.3). 

( i i ) I t has been suggested t h a t Mg and 

Ca p l a y an i m p o r t a n t r o l e i n t h e s t a b i l i t y o f many c h e m i c a l 

complexes i n n a t u r a l w a t e r s , p a r t i c u l a r l y t hose i n v o l v i n g 

o t h e r d i v a l e n t c a t i o n s (Stumm and Morgan, 1970). 

( i i i ) The e f f e c t s o f Ca i n r e d u c i n g t h e 

t o x i c i t y o f heavy m e t a l s t o a q u a t i c organisms a r e w e l l 

documented ( C a r p e n t e r , 1930; Jones, 1938). More r e c e n t 

s t u d i e s have shown t h a t b o t h Ca and Mg can b r i n g about a 

marked r e d u c t i o n i n t h e t o x i c i t y o f Zn t o Hovmidium spp. 

i n 'normal' and low pH s i t u a t i o n s (Hargreaves and W h i t t o n , 

1977; Say and W h i t t o n , 1977). 

( i v ) T a b l e 6.1 shows t h a t Brandon P i t h o u s e 

A c i d Stream A c o n t a i n s h i g h e r c o n c e n t r a t i o n s of Mg and Ca 

t h a n any o f t h e o t h e r streams s t u d i e d . I n o t h e r streams 

a t <pH 3> v e r y h i g h c o n c e n t r a t i o n s have been r e c o r d e d ; 

Mg >2400 mg l " 1 , Ca >500 mg l " 1 (Hargreaves et at., 1975). 

I t seems r e a s o n a b l e t o suggest t h a t such h i g h c o n c e n t r a t i o n s 

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

c a t i o n s . 

I t j.s t h e r e f o r e c l e a r t h a t Mg and Ca, 

combined w i t h e f f e c t s o f pH, can have an i m p o r t a n t e f f e c t 
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on t h e c h e m i s t r y o f o t h e r d i v a l e n t m e t a l s , c o n s e q u e n t l y 

a f f e c t i n g t h e a v a i l a b i l i t y o f these f o r uptake by a q u a t i c 

p l a n t s . 

6.1.4 A n i o n i c n u t r i e n t s 

The c o n c e n t r a t i o n s o f n u t r i e n t a n i o n s a r e 

v e r y low i n t h e u p l a n d p a r t s o f t h e R i v e r Wear system 

(T a b l e 6.1). T h i s f a c t o r i s i m p o r t a n t i n d e t e r m i n i n g 

t h e o c c u r r e n c e o f c e r t a i n a q u a t i c p l a n t s . I t has been 

p o i n t e d o u t by W h i t t o n (1970) t h a t t h e genus Cladophora 

appears t o a v o i d w a t e r s low i n phosphate and n i t r a t e . 

S i m i l a r c o n s i d e r a t i o n s may w e l l a f f e c t t h e presence o r 

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

The c o n c e n t r a t i o n o f n u t r i e n t s i s one among many 

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

a q u a t i c p l a n t s . I n t h e lowe r R i v e r Wear c o n c e n t r a t i o n s 

o f d i s s o l v e d forms o f N and P are h i g h (Table 6.1), and 

were e s p e c i a l l y h i g h d u r i n g the low f l o w s o f summer 1973 

(4.2.3)• Such h i g h c o n c e n t r a t i o n s a l m o s t c e r t a i n l y 

a f f e c t e d t h e g r o w t h o f a number o f a q u a t i c p l a n t s . Some 

e f f e c t s o f g r o w t h on a c c u m u l a t i o n and t h e use o f c e r t a i n 

s p e c i e s as i n d i c a t o r s o f heavy m e t a l s are d i s c u s s e d i n 6.4. 

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

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

(1.2.2) i n t h e lowe r s t r e t c h e s o f t h e R i v e r Wear. 

An example o f t h e p o s s i b l e e f f e c t o f phos­

phate on heavy m e t a l s has been g i v e n by Stumm and Morgan 

(1970). I n t h e presence o f a 10~ 2 M l i g a n d (HgPOp, a 

10~^ M s o l u t i o n o f F e ^ + was p r e c i p i t a t e d a t around pH 4.5 

b u t p r e c i p i t a t i o n d i d n o t occur u n t i l pH 7*5 of t h e li'gand 



was c i t r a t e . T h i s may be r e l e v a n t t o t h e s i t u a t i o n i n 

Brandon P i t h o u s e A c i d Stream A where h i g h c o n c e n t r a t i o n s 

o f PO^-P a r e p r e s e n t (Table 6.1). I n t h i s case F e ^ + i s 

• p r e c i p i t a t e d a t pH 3-5 t o 4 and t h e d i s s o l v e d o r t h o -

phosphate i s markedly reduced a t t h e same t i m e . 

6.1.5 Organic compounds and c o l l o i d s 

Some o f t h e p o s s i b l e e f f e c t s o f f u l v i c / 

humic complexes and t h e i r o c c u r r e n c e i n t h e R i v e r Wear 

have a l r e a d y been n o t e d (1.2.2). The c o l o u r e d w a t e r s o f 

up l a n d streams such as N o r t h G r a i n Sike c e r t a i n l y c o n t a i n 

l a r g e q u a n t i t i e s o f such compounds. P r e c i p i t a t i o n o f 

brown o r g a n i c m a t e r i a l a l s o o c c u r r e d i n some samples f r o m 

t h e main R i v e r Wear a f t e r a few days and a r e d u c t i o n i n 

heavy m e t a l c o n t e n t was observed a t t h e same t i m e . 

Other suspended and c o l l o i d a l m a t e r i a l 

a l s o o c c u r s i n samples f r o m t h e R i v e r Wear system e s p e c i a l l y 

a t o r j u s t a f t e r p e r i o d s o f h i g h f l o w . The e f f e c t s o f 

these and d i s c h a r g e on heavy m e t a l s are d i s c u s s e d i n 6.2. 

6.2 Aspects o f t h e c h e m i s t r y o f heavy m e t a l s 

6.2.1. I n t r o d u c t i o n 

The main sources o f heavy m e t a l s i n r i v e r s 

have been r e v i e w e d i n 1.2.2. Three o f t h e sources are 

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

t h e R i v e r Wear system (4.2.4, 4.3.3, 4.4.1). 

( i ) Past and p r e s e n t m i n i n g a c t i v i t i e s 

have g i v e n r i s e t o e l e v a t e d c o n c e n t r a t i o n s o f Zn, Pb and 

Cd i n t h e Weardale r e g i o n o f the A l s t o n m i n e r a l i s e d b l o c k . 
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( i i ) An i n d u s t r i a l e f f l u e n t has caused 

i n c r e a s e s o f Zn, Pb and p o s s i b l y Cd i n t h e lo w e r R i v e r Wear. 

( i i i ) A c i d d r a i n a g e f r o m Brandon P i t h o u s e 

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

o f Zn, Cu, Mn, Pe, A l , Co and N i . 

Some s u g g e s t i o n s can be made c o n c e r n i n g 

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

o t h e r f a c t o r s w h i c h have a b e a r i n g on t h e a c c u m u l a t i o n o f 

these elements by a q u a t i c p l a n t s . 

6.2.2 Chemical s p e c i a t i o n 

I t has been n o t e d i n 1.2.2 t h a t t h e r e i s 

a l a c k o f e a s i l y a p p l i c a b l e , p r a c t i c a l methods o f d e t e r ­

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

t o W i l s o n (1976) t h e r e i s a g e n e r a l l a c k o f u n d e r s t a n d i n g 

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

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

t h e r e f o r e becomes even more d i f f i c u l t . 

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

p r e t a t i o n o f d a t a f r o m t h e R i v e r Wear System f u r t h e r 

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

i n n a t u r a l w a t e r i s r e q u i r e d . T a b l e 6.2 shows such a 

c l a s s i f i c a t i o n as i t a p p l i e s t o r i v e r w a t e r . The boundary 

l i n e s between each s e c t i o n a r e n o t c l e a r c u t . The f i r s t 

two s e c t i o n s a r e almost e n t i r e l y h y p o t h e t i c a l a r i s i n g f r o m 

in vitro s t u d i e s . F i l t r a t i o n o r even d i a l y s i s t o t h e 

10 nm t r u e aqueous s o l u t i o n l e v e l i s n o t p o s s i b l e . F i l t ­

r a t i o n t o t h e 100 nm l e v e l a l s o p r e s e n t s d i f f i c u l t i e s m a i n l y 

t h r o u g h c o n t a m i n a t i o n (J.P.C. H a r d i n g , p e r s . comm.). 

P r a c t i c a l d a t a , t h e r e f o r e , r a r e l y c o i n c i d e w i t h t h e r i g o r o u s 
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TABLE 6.2 T h e o r e t i c a l c l a s s i f i c a t i o n o f heavy m e t a l 

s p e c i e s i n r i v e r w a t er ( A f t e r Stumm and 

B i l i n s k i , 1972) 

FILTRABLE FRACTION s i z e 

T r u l y d i s s o l v e d Free m e t a l i o n s 
c o - o r d i n a t e d w i t h w a t e r 
aquo s o l u t i o n s 

I n o r g a n i c complexes 

T r u l y c h e l a t e d 
complexes 

C o l l o i d a l o r g a n i c 
complexes 

O x i d a t i o n s t a t e s c f i o n s 
a l s o complexes such as 
hydroxo and p o l y h y d r o x o 

L i k e l y t o be a v e r y s m a l l 
p r o p o r t i o n i n r i v e r w a t er 

Such as Fe and Mn 
complexed w i t h humic/ 
f u l v i c a c i d s 

10 nm 

100 nm 

NON-FILTRABLE FRACTION 

L a r g e r c o l l o i d s 
D i s p e r s e d s o l i d s and 

p r e c i p i t a t e s 

Such as h y d r o x i d e s 
1000 nm 

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

Large p a r t i c u l a t e I n c l u d e s algae e t c . 
m a t t e r 



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

o f heavy metals i n r i v e r w a t e r . F i l t e r e d samples may 

t h e r e f o r e r e f e r t o t h e removal o f a n y t h i n g f r o m l a r g e 

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

i n t h e p r e s e n t s t u d y r e f e r t o water passed t h r o u g h a No.2 

' S i n t a ' f u n n e l w h i c h has a maximum pore s i z e o f 45 Mm. 

However, i t s h o u l d be p o i n t e d out t h a t use o f t h e s e f i l t e r s 

g r a d u a l l y reduces t h e pore s i z e such t h a t p a r t i c l e s o f 10 vm 

a r e r e t a i n e d . However o n l y p a r t i c u l a t e m a t t e r has been 

removed and d a t a can t h e r e f o r e be d e f i n e d as ' t o t a l ' heavy 

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

m a t e r i a l . There i s some j u s t i f i c a t i o n f o r u s i n g t o t a l 

v a l u e s , as K e u l d e r (1975) has shown an i n c r e a s e i n Z n ^ 

upt a k e by Scenedesmus obliquus i n t h e presence o f c o l l o i d a l 
c l a y s . 

For heavy m e t a l d a t a t o be u s e f u l and 

comparable, r e a s o n a b l e p r e c a u t i o n s r e g a r d i n g c o l l e c t i o n , 

f i l t r a t i o n , c o n t a m i n a t i o n and s t o r a g e must be observed 

( W i l s o n , 1976). 

6.2.3 V a l i d i t y o f heavy m e t a l d a t a 

Methods used i n c o l l e c t i o n and s t o r a g e o f 

samples f o r heavy met a l a n a l y s i s have been d e s c r i b e d i n 2.1 

Some f u r t h e r comments are u s e f u l i n c l a r i f y i n g t h e d a t a , 

b e a r i n g i n mind t h e f o r e g o i n g s t a t e m e n t s r e g a r d i n g s p e c i a t i o n . 

( i ) Maximum p r e c a u t i o n s were t a k e n t o a v o i d 

heavy m e t a l c o n t a m i n a t i o n , by u s i n g a c i d soaked g l a s s w a r e . 

( i i ) Chemical change was k e p t t o a minimum 

by c a r r y i n g out heavy m e t a l a n a l y s i s on r e t u r n t o t h e l a b o r a t o r y . 



( i i i ) A t t e m p t s t o c a r r y o u t f u l l s p e c i a t i o n 

were n o t made. However i n some cases i t i s f e l t w o r t h 

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

( i v ) I t seems l i k e l y i n stream c o n d i t i o n s 

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

a b l e heavy m e t a l s . 

( v ) Enrichment r a t i o s have t h e r e f o r e 

been c a l c u l a t e d on t h e b a s i s o f ' t o t a l ' heavy m e t a l d e f i n e d 

i n 6.2.2. 

C e r t a i n anomalous r e s u l t s , r e c o r d e d i n 

4.2.4, o c c u r r e d i n t u r b i d samples, t a k e n a t h i g h f l o w s . 

I t i s p r o b a b l e t h a t t hese d a t a r e s u l t e d f r o m t h e presence 

of l a r g e c o l l o i d a l o r even f i n e p a r t i c u l a t e m a t t e r w h i c h 

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

ever i t must be s t r e s s e d t h a t t h e m a j o r i t y o f samples were 

t a k e n a t t i m e s o f s t a b l e f l o w when t h e i n f l u e n c e o f such 

f r a c t i o n s i s m i n i m a l . 

6.2.4 A v a i l a b i l i t y o f heavy m e t a l s t o 
a q u a t i c p l a n t s 

The l i k e l y i m p o r t a n c e o f a d s o r p t i o n i n 

uptake mechanisms (1.2.3.) may be f u n d a m e n t a l i n a s s e s s i n g 

th e a v a i l a b i l i t y o f heavy metals t o a q u a t i c p l a n t s . The 

p o s s i b i l i t y o f a d s o r p t i o n o r i o n exchange f r o m v a r i o u s 

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

was n o t e d i n 1.2.2. 

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

pH and o x i d a t i o n s t a t e o f t h e m e t a l i n q u e s t i o n . Iron-

g i v e s a c l e a r example o f changes i n a d s o r p t i o n c a p a c i t y ; 

a t below pH 5*5 Fe tends t o be i n t h e Fe-^+ aquo f o r m and 



n o t i n i t s hydroxo complex Pe(OH) n and i s much l e s s 

s t r o n g l y adsorbed a t the l o w e r pH (Stumm and Morgan, 1970). 

I t seems re a s o n a b l e t o suggest t h a t such a s i t u a t i o n c o u l d 

e x i s t i n t h e c o n d i t i o n s o f v e r y low pH i n Brandon P i t h o u s e 

a c i d streams a l t h o u g h o t h e r f a c t o r s must n o t be i g n o r e d . 

I t has a l r e a d y been p o i n t e d out (6.1) t h a t Ca and Mg o r 

o t h e r competing i o n s as w e l l as pH c o u l d i n f l u e n c e t h e 

degree and t y p e o f i n o r g a n i c c o m p l e x a t i o n . Other f a c t o r s • 

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

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

m e t a l i o n . Such p h y s i c o - c h e m i c a l phenomena must have a 

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

i o n s f o r a d s o r p t i o n . 

The presence o f f u l v i c / h u m i c a c i d s i n t h e 

R i v e r Wear, p a r t i c u l a r l y i t s upper catchment, has a l r e a d y 

been mentioned i n 6.1.5- Such compounds are known t o have 

a ' s o l u b i l i s i n g ' e f f e c t upon heavy m e t a l s (1.2.2). I t i s 

n o t y e t c l e a r whether t h e heavy m e t a l s h e l d by these o r g a n i c 

complexes (as opposed t o i n o r g a n i c complexes) are more o r 

l e s s a v a i l a b l e t o a q u a t i c organisms. However t h e p rocesses 

i n v o l v e d are l i k e l y t o be e i t h e r a d s o r p t i o n or i o n exchange 

a t s u r f a c e i n t e r f a c e s . 

6.2.5 E f f e c t s o f d i s c h a r g e on m e t a l c o n c e n t r a t i o n s 
i n t h e R i v e r Wear system 

D i s c h a r g e has a l r e a d y been shown t o have a 

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

i n most areas o f t h e R i v e r Wear System (4.2.2, 4.3.2). I t 

i s t h u s an i m p o r t a n t parameter i n c o n t r o l l i n g t h e concen­

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



A c c o r d i n g t o W i l s o n (1976) t h e o v e r a l l 

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

and d i s c h a r g e i s i n c o n s i s t e n t . However, c l e a r i n v e r s e 

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

n o t e d f o r b o t h t h e R i v e r Wear and Rookhope Burn, i n 4.2.2 

and 4.3.2, f o r K and Mg. P o s i t i v e r e l a t i o n s h i p s were 

n o t e d f o r Fe, Mn and A l i n Rookhope Bum (4.3.2) but n o t 

i n t h e l o w e r R i v e r Wear f o r t h e same elements. The p o s i ­

t i v e r e l a t i o n s h i p i n Rookhope Burn can be e x p l a i n e d by-

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

eler.ents i n p a r t i c u l a r a r e known t o f o r m complexes w i t h 

t h e o r g a n i c compounds a s s o c i a t e d w i t h r u n - o f f f r o m peat 

areas (1.2.2). Such an e x p l a n a t i o n i s c o n s i s t e n t w i t h 

t h e h y p o t h e s i s put f o r w a r d by Hellman (1970) and W i l s o n 

(1976) t h a t t h e r e i s a decrease i n t h e f i l t r a b l e f r a c t i o n 

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

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

t h e lower R i v e r Wear by t h e i n c r e a s e i n r u n - o f f f r o m non-

p e a t y sources. 

The s i t u a t i o n f o r Zn and Pb i s more com­

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

where i t i s r e l a t i v e l y h i g h i n c o n c e n t r a t i o n (0.2 mg 1~^) 

i n Rookhope Burn (Fig.4.8) b u t i n v e r y d i l u t e s o l u t i o n 

(<0.02 mg l - " * " ) i n t h e l o w e r R i v e r Wear, t h i s i n c r e a s e i s 

n o t apparent ( F i g 4.5a). Pb shows no c l e a r r e l a t i o n s h i p 

a t e i t h e r E a s t g a t e (km -0.6) or Sunderland B r i d g e (km 58. J>). 

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

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

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



some changes i n e q u i l i b r i a and c h e m i c a l s p e c i a t i o n must 

occ u r . For example Hellman (1970) has p o i n t e d out t h e 

r e l a t i v e l y minor e f f e c t whereby t h e amount o f Zn adsorbed 

by suspended m a t e r i a l decreases w i t h i n c r e a s i n g f l o w . 

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

f a c e s such as a d s o r p t i o n o n t o t h e s u r f a c e o f a q u a t i c p l a n t s . 

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

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

a v a i l a b l e ( K e u l d e r , 1975). 

6.3 A c c u m u l a t i o n o f heavy m e t a l s by a q u a t i c p l a n t s 
i n r e l a t i o n t o t h e i r use as m o n i t o r s 

( p . ^ . l I n t r o d u c t i o n 

I t has been suggested (1.2.3-) t h a t t h e 

l i t e r a t u r e s u p p l i e s some evidence f o r t h e p r a c t i c a l use o f 

a q u a t i c p l a n t s as i n d i c a t o r s o f heavy m e t a l s . T h i s was 

p a r t l y based on t h e a b i l i t y o f many a q u a t i c p l a n t s t o adsorb 

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

I t seems r e a s o n a b l e t o suggest t h a t a 

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

f o r such a d s o r p t i o n o r i o n exchange (6.2.4.). Subsequent 

st e a d y a s s i m i l a t i o n i n t o t h e c e l l s has been suggested as a 

l a t e r s t a g e i n t h e uptake mechanism f o r s e v e r a l d i v a l e n t 

heavy m e t a l s , n o t a b l y Z n ^ (1.2.3)• B e a r i n g t hese two p r o ­

cesses i n mind, t h e c l a i m t h a t many a q u a t i c organisms can 

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

a number o f t r a c e elements i n t h e i r environment ( G o l d b e r g , 

1965) seems p r o b a b l e . 

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

i n f r e s h r u n n i n g w a t e r s t h e r e f o r e r e l i e s , t o a l a r g e e x t e n t 

on t h e enrichment r a t i o s (1.2.3-)• I t i s expe c t e d t h a t 



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

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

D i r e c t use o f t h i s can be made i n m o n i t o r i n g s p e c i f i c s i t e s 

(6.3.8). Where v a r i a t i o n i n t h e r a t i o i s enc o u n t e r e d i t 

i s u s e f u l t o suggest c e r t a i n parameters a f f e c t i n g t h i s so 

t h a t w i t h i n l i m i t s t h e p l a n t s concerned c o u l d s t i l l be used 

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

o f heavy metals a r e t h e r e f o r e p a r t i c u l a r l y r e l e v a n t . An 

o v e r a l l assessment o f the advantages and l i m i t a t i o n s o f 

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

o f o t h e r work. 

6.3-2 F a c t o r s a f f e c t i n g t h e a c c u m u l a t i o n 
' • o f heavy metals by al g a e 

Some comparisons can be made w i t h d a t a 

f r o m t h e l i t e r a t u r e i n an a t t e m p t t o d e f i n e some o f t h e 

f a c t o r s w h i c h a f f e c t t h e a c c u m u l a t i o n o f heavy m e t a l s by 

al g a e . 

Data have been r e s t r i c t e d t o f r e s h w a t e r 

a l g a e as i t i s f e l t t h a t t h e s i t u a t i o n i n t h e marine e n v i r o n ­

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

th e w a t e r , :s t o o d i f f e r e n t f o r v a l i d comparison. 

1 I n many cases r a d i o a c t i v e i s o t o p e s such as 
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Zn have been used i n b o t h e x p e r i m e n t a l and f i e l d s i t u a t i o n s 

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

Enrichment r a t i o s ( c o n c e n t r a t i o n f a c t o r s ) a re t h e u s u a l way 

of e x p r e s s i n g t h i s a c c u m u l a t i o n (1.2.3)• I n g e n e r a l t h e 

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

same s p e c i e s . 

Data are p r e s e n t e d i n T a b l e 6.3 t o show 

th e mean enrichment r a t i o s f o r heavy m e t a l s i n a number o f 
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f r e s h w a t e r algae f r o m t h e R i v e r Wear system, compared w i t h 

s i m i l a r organisms f r o m t h e U.S.S.R. (Timofeeva-Resovskaya, 

et al. 1961) and Canada (Keeney et al., 1976). Timofeeva-

Resovskaya et al. (196I) c a l c u l a t e d t h e r a t i o s f r o m r a d i o ­

a c t i v e i s o t o p e d.at'a, whereas f i e l d i n f o r m a t i o n was used by 

Keeney et al. t o c a l c u l a t e t h e i r r a t i o s . 

A l l d a t a p r e s e n t e d show c o n s i d e r a b l e en­

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

i n r a t i o a r e o b v i o u s f o r Cladophora glomerata; Zn r a t i o i s 

much h i g h e r i n t h e R i v e r Wear t h a n a t t h e Canadian s i t e s . 

On ':he o t h e r hand, Pb r a t i o s a re low e r i n t h e Wear; whereas 

th o s e f o r Cd are o f t h e same o r d e r o f magnitude. .This 

v a r i a t i o n i n r a t i o i s n o t unexpected as some c h e m i c a l and 

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

between t h e v a r i o u s s a m p l i n g areas. R a t i o s f o r Cu a r e 

r e m a r k a b l y s i m i l a r . T h i s might i n d i c a t e a s i m i l a r a v a i l ­

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

Spirogyra sp. f r o m Rookhope Burn shows a 

s i m i l a r enrichment r a t i o f o r Zn, t o t h a t o f a Spirogyra sp. 

fr o m t h e U.S.S.R. b u t d a t a f o r t h e o t h e r heavy m e t a l s a r e 

n o t a v a i l a b l e f o r comparison. 

Three s p e c i e s f r o m Rookhope Burn a l l show 

marked en r i c h m e n t o f Zn and Pb (5.5.2): Lemanea fluviatilis 

Spirogyra sp« Stigeoalonium tenue . Mougeotio. sp. f r o m 

Rookhope Burn shows low enrichment o f Zn, Cu and Pb but 

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

U.S.S.R. 

There a r e i n s u f f i c i e n t d a t a , p a r t i c u l a r l y 

f o r i m p o r t a n t c h e m i c a l parameters t o draw c o n c l u s i o n s 
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c o n c e r n i n g t h e f a c t o r s a f f e c t i n g a c c u m u l a t i o n . F u r t h e r 

r e s e a r c h i n t o t h e range o f en r i c h m e n t r a t i o s and f a c t o r s 

such as pH and t h e c o n c e n t r a t i o n o f major i o n s would h e l p 

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

E x p e r i m e n t a l d a t a i n t h e f r e s h w a t e r 

environment a r e sparse. Harvey and P a t r i c k (I967) f o u n d 
6s 

c o n c e n t r a t i o n f a c t o r s f o r Zn J i n t h e r e g i o n o f 3000 t o 4000 
f o r t h r e e s p e c i e s o f green algae grown i n c o n t i n u o u s c u l t u r e . 

These d a t a f a l l w i t h i n t h e range o f enrichment r a t i o s f o r 

green algae g i v e n i n Ta b l e 6.4. They a l s o c o n c l u d e d t h a i : 

uptake may be r e l a t e d t o surface/volume r a t i o r a t h e r t h a n 

taxonomic, group. T h i s may have some b e a r i n g upon t h e 

v a r i a t i o n i n enrichment r a t i o s e n c o u n t e r e d . For example, 

Cladcphora glomerata sampled i n t h e R i v e r Wear was always h i g h l y 

branched t h u s i n c r e a s i n g i t s s u r f a c e area/volume r a t i o 

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

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

Among t h e few f r e s h w a t e r e x p e r i m e n t a l 

d a t a are those o f G i l e v a (196.1».) who c a r r i e d o u t r a t i o - a c t i v e 

i s o t o p e e x p e r i m e n t s w i t h Cladophora fracta i n c l u d i n g t h e 

heavy m e t a l Zn. T h i s a u t h o r found e n r i c h m e n t r a t i o s were 
-4 

r e m a r k a b l y s t a b l e a t c o n c e n t r a t i o n s o f 10 M, o r l e s s , f o r 

a number o f elements. He con c l u d e d t h a t a t these low con­

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

e n t i r e l y on t h e c o n c e n t r a t i o n i n t h e s u r r o u n d i n g medium. 

U n f o r t u n a t e l y t h e c o n c e n t r a t i o n s used f o r Zn were so h i g h 

t h a t t h e d a t a show a r e d u c t i o n i n e n r i c h m e n t r a t i o due t o 

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

between p l a n t c o n c e n t r a t i o n s and low c o n c e n t r a t i o n s o f 

elements i n t h e s u r r o u n d i n g medium was c l e a r l y d e m o n s t r a t e d 
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under c l o s e l y d e f i n e d e x p e r i m e n t a l c o n d i t i o n s . 

6.3.3 Algae as m o n i t o r s o f heavy m e t a l s 

I t has a l r e a d y been n o t e d (1.2.3) t h a t a 

number o f a u t h o r s have suggested t h e use o f a l g a e , p a r t i c ­

u l a r l y green f i l a m e n t o u s algae as p o s s i b l e q u a n t i t a t i v e 

i n d i c a t o r s o f heavy metals i n f r e s h w a t e r . 

One o f t h e c h i e f l i m i t a t i o n s i n a t t e m p t i n g 

t o f i n d i n d i c a t o r p l a n t s i s t h e i r d i s t r i b u t i o n . No s i n g l e 

s p e c i e s o f m a c r o p h y t i c a l g a e x i s t s t h r o u g h o u t t h e R i v e r Wear 

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

d i f f e r e n t c i r c u m s t a n c e s and b r i n g s about t h e problem o f 

s e l e c t i o n o f s u i t a b l e s p e c i e s . 

I n t h e p r e s e n t s t u d y most a t t e n t i o n has 

been devoted t o t h e use o f Cladophora glomerata as a m o n i t o r 

o f t he i n d u s t r i a l e f f l u e n t (km 76.6) i n t h e lowe r R i v e r Wear. 

T h i s s t u d y (5.2.3) c l e a r l y i l l u s t r a t e s t h e p r o p o r t i o n a l 

r e l a t i o n s h i p between t h e heavy m e t a l s Zn and ?b i n t h e w a t e r 

and t h e p l a n t . The c o n c e n t r a t i o n s accumulated (up t o 

500 yg g - 1 Zn and 100 ug g _ 1 Pb ( d r y w e i g h t ) show t h e ad­

vantage o f a n a l y s i n g t he p l a n t s i n c e c o n c e n t r a t i o n s i n t h e 

w a t e r were low (0.024 mg 1 _ 1 Zn and 0.009 rag l " 1 Pb; maximum) 

The e f f e c t o f t h e e f f l u e n t a l s o became o b v i o u s ( F i g s 5-4 

and 5-5); t h e c o n c e n t r a t i o n o f Zn almost doubled i n most 

cases, r e l a t i v e t o t h e s i t e upstream o f t h e e f f l u e n t and 

t h e c o n c e n t r a t i o n s o f Pb and Cd were a l s o s i g n i f i c a n t l y 

i n c r e a s e d . 

The w idespread o c c u r r e n c e o f t h i s a l g a i n 

the n u t r i e n t r i c h p a r t s o f t h e R i v e r Wear system and a l s o 

i n many o t h e r r i v e r s , c o u l d a l l o w i t s use as a m o n i t o r t o 



t o be extended. However, t h e r e are l i m i t a t i o n s w h i c h 

must be t a k e n i n t o c o n s i d e r a t i o n ^ 

( i ) D i f f e r e n c e s i n morphology and r a t e 

o f g r o w t h c o u l d a l t e r t h e amount o f heavy m e t a l accumulated. 

C a r e f u l s e l e c t i o n o f t h e p l a n t i s necessary when s a m p l i n g 

t o ensure t h a t q u a l i t a t i v e l y s i m i l a r p l a n t s are s e l e c t e d 

(2.2.1, 5-2.1). 

( i i ) The d i s t r i b u t i o n o f t h e p l a n t t e n d s 

t o be r e s t r i c t e d t o areas o f h i g h n u t r i e n t and i t has been 

suggested t h a t Cladophora glome rata cannot w i t h s t a n d h i g h concen­

t r a t i o n s o f heavy m e t a l s ( W h i t t o n , 1970). 

( i i i ) The o c c u r r e n c e o f t h e p l a n t i s seasonal 

i t o c c u r s i n t h e R i v e r Wear fr o m March t o November. I t a l s o 

t e n d s t o have two d i s t i n c t g r o w t h peaks i n s p r i n g and autumn 

( W h i t t o n , 1970). There may a l s o be a marked decrease d u r i n g 

the h o t t e s t months ( W h i t t o n , 1970) a t which t i m e i t becomes 

e a s i l y removable by summer f l o o d s , as o c c u r r e d i n 1973• 

P r e l i m i n a r y m e t a l c o m p o s i t i o n and accumul­

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

a p o t e n t i a l f o r use as m o n i t o r s o f heavy m e t a l s . 

Lemanea fluviatilis (5-5-2) i s w i d e s p r e a d 

i n b o t h heavy m e t a l p o l l u t e d and u n p o l l u t e d s i t e s i n t h e 

upstream p a r t o f t h e R i v e r Wear system. I n v e s t i g a t i o n s 

c a r r i e d o u t on t h i s organism by Leeder (1972) i n Rookhope 

Burn and i n the p r e s e n t s t u d y showed t h a t t h i s o r g a n i s m 

accumulates l a r g e c o n c e n t r a t i o n s o f heavy m e t a l s , n o t a b l y 

Zn and Pb. I n a survey o f Lemanea fluviatilis at sites i n B r i t a i n and 

Europe J.P.C. H a r d i n g and B.A. W h i t t o n ( p e r s . comm.) have 



shown good c o r r e l a t i o n between Zn c o n c e n t r a t i o n s i n p l a n t 

and w a t e r . They have a l s o f o u n d , i n f i e l d e x p e r i m e n t s 

t h a t t h e a l g a r e f l e c t s v e r y r a p i d changes i n Zn concen­

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

Other a l g a e c o l l e c t e d d i d n o t show t h e 

same p o t e n t i a l f o r a v a r i e t y o f reasons. Vaucheria sessilis 

a l t h o u g h widespread i n t h e l o w e r Reaches o f t h e R i v e r Wear 

was always a s s o c i a t e d w i t h l a r g e amounts o f s i l t (2.2.2); 

t h e r i g o r o u s and t i m e consuming washing procedure' p r e c l u d e d 

i t s use as an i n d i c a t o r organism. Algae o f a t r a n s i e n t 

n a t u r e such as Enteromorpha flexuosa(5 • 1 • 2 ), Stigeoclonium 

tenue, Mougeotia sp. and Spirogyra sp. (5-5-2), a l t h o u g h 

showing measurable q u a n t i t i e s o f heavy m e t a l s do n o t grow 

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

t h a n i n e x c e p t i o n a l c i r c u m s t a n c e s . 

Algae, i n g e n e r a l , show a number o f a d v a n t ­

ages as m o n i t o r s o f heavy m e t a l s . These organisms can 

o b t a i n . t h e i r n u t r i e n t o n l y f r o m t h e s u r r o u n d i n g w a t e r ( D a v i s 

et al> 1958). I t i s c l e a r t h a t t h e y car. accumulate l a r g e 

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

such as Pb and Cd. T h i s i s i m p o r t a n t because b o t h o f t h e s e 

elements are p a r t i c u l a r l y t o x i c and c u m u l a t i v e p o i s o n s i n 

mammals (Bowen, 1966). 

F u r t h e r m o r e , many o f these algae s h o u l d 

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

p e r i o d o f g r o w t h , as i l l u s t r a t e d by Cladophora, t h u s l e v e l l ­

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

can, t h e r e f o r e , be used as an a d j u n c t t o , i f n o t a t o t a l 

r e p l a c ement f o r , a n a l y s i s o f t h e w a t e r , as a l r e a d y suggested 

(1.1). Where c o n c e n t r a t i o n s i n t h e w a t e r a r e n o r m a l l y so 
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low as t o be d i f f i c u l t t o d e t e c t , t h e a b i l i t y o f these 

organisms t o c o n c e n t r a t e heavy m e t a l s i s o f obvious v a l u e , 

e s p e c i a l l y as o c c a s i o n a l ' f l u s h e s ' o f heavy m e t a l s a r e 

l i k e l y t o be r e t a i n e d by t h e p l a n t m a t e r i a l . 

6.3'^ F a c t o r s a f f e c t i n g t h e a c c u m u l a t i o n 
o f heavy m e t a l s by b r y o p h y t e s 

The age and morphology o f b r y o p h y t e s have 

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

accumulated. The i n c r e a s e s i n c o n c e n t r a t i o n i n o l d e r 

m a t e r i a l have an ob v i o u s e f f e c t upon t h e en r i c h m e n t r a t i o 

w hich a l s o i n c r e a s e s i n t h e o l d e r p a r t s o f t h e p l a n t (5-3-2). 

I t i s a l s o n o t i c e a b l e t h a t t h e m a j o r i t y o f 

b r y o p h y t e s s t u d i e d accumulate heavy m e t a l s , p a r t i c u l a r l y Mn 

and Fe much more t h a n any o f the a l g a e o r angiosperms s t u d i e d . 

S i m i l a r enrichment o f heavy m e t a l s i n b r y o p h y t e s has a l s o 

been n o t e d by D i e t z (1973)' He suggested i n t h e case o f 

b o t h Mn and Fe t h a t t h e elements a r e n o t n e c e s s a r i l y com­

p l e t e l y i n c o r p o r a t e d b u t may be bound t o t h e s u r f a c e as i r o n 

h y d r o x i d e s or manganese o x i h y d r a t e . Such p u r e l y p h y s i c a l 

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

p l a n t s as i n d i c a t o r s f o r Mn and Fe, as t h e a c c u m u l a t i o n i s 

n o t dynamic. 

D i e t z (197 3) has a l s o c a l c u l a t e d e n r i c h m e n t 

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

m e t a l s , Zn, Cu and Pb i n Fontinalis antipyretica and 

Hygroamblystegium; t h e s p e c i e s name i s n o t g i v e n f o r t h i s 

o r g a nism b u t i t seems r e a s o n a b l e t o assume t h a t i t i s t h e 

common r i v e r moss E.fluviatile . A c c u m u l a t i o n d a t a f o r 

these elements and s p e c i e s i n c l u d i n g t h e range o f en r i c h m e n t 



167 

r a t i o s and water c h e m i s t r y are compared w i t h s i m i l a r d a t a 

f o r Fontinalis f r o m the R i v e r Wear ( F i n c h a l e Abbey, km 7 8 . l ) 

i n T a b l e 6.4. 

The range o f w a t e r c h e m i s t r y d a t a quoted 

f o r t h e R i v e r Ruhr i s g r e a t e r t h a n t h a t f o r t h e R i v e r Wear. 

T h i s g i v e s a wide t o t a l range o f w a t e r c h e m i s t r y f o r t h e 

two a r e a s : Zn 0.009 t o 0.28, Cu 0.003 t o 0.10, Pb 0.005 t o 
0.27 mg 1~~. B o t h range and mean enr i c h m e n t r a t i o s shown 

f o r Fontinalis a r e r e m a r k a b l y s i m i l a r f o r a l l t h r e e heavy 

m e t a l s . T h i s i s a l l t h e more s u r p r i s i n g as none o f th e s e 

samples were d i v i d e d . The s i m i l a r i t y o f enrichment r a t i o 

e n c o untered f o r Fontinalis over t h e w i d e r range o f heavy 

m e t a l c o n c e n t r a t i o n might i m p l y t h a t t h e p l a n t can a c t as 

an i n d i c a t o r o v e r a bro a d e r range o f c h e m i c a l parameters. 

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

c l e a r l y . 

Bygroamblystegium shows enrichment r a t i o s 

o f a s i m i l a r o r d e r t o t h e o t h e r moss. However enrichment 

o f Cu and Pb are h i g h e r . T h i s moss, a l t h o u g h p r e s e n t i n 

t h e R i v e r Wear, was n o t a n a l y s e d . 

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

t h e h y p o t h e s i s p u t f o r w a r d by D i e t z (1973) t h a t 'enrichment 

o f minor elements i n water p l a n t s i s a u s e f u l c r i t e r i o n t o 

c a l c u l a t e t h e average c o n c e n t r a t i o n o f th e s e elements i n 

w a t e r ' . 

Some e x p e r i m e n t a l work has been c a r r i e d o u t 
u s i n g Zn^^ i n Fontinalis antipyretica ( P i c k e r j ag and Puia, 1969) i n 

an a t t e m p t t o e s t a b l i s h t h e mechanism o f u p t a k e . These 
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a u t h o r s have shown t h a t Zn t a k e n up f r o m t h e w a t e r i s 

s t r o n g l y bound t o t h e p l a n t c e l l s ; o n l y 5$ o f t h e Zn " 

a c t i v i t y was r e l e a s e d a f t e r r e p e a t e d washing w i t h d i s t i l l e d 

w a t e r . C o n c e n t r a t i o n f a c t o r s were a l s o f o u n d t o be s t a b l e 

f r o m 10"^ t o 10" 2 mM (0.OO65 t o 0.5 mg l - 1 ) . At h i g h e r 

c o n c e n t r a t i o n s a marked decrease i n r a t i o o c c u r r e d . These 

d a t a a r e e s s e n t i a l l y s i m i l a r t o those f o u n d by G i i e v a (1964) 

f o r Cladophora fvacta (6.3-2). Such e x p e r i m e n t a l evidence 

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

heavy m e t a l s , a t low c o n c e n t r a t i o n , i n p r o p o r t i o n t o t h e 

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

6.3-5 B r y o p h y t e s as m o n i t o r s o f heavy m e t a l s 

U n l i k e most algae, b r y o p h y t e s do n o t 

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

The so c a l l e d 'copper masses' are w e l l known as i n d i c a t o r s 

o f heavy m e t a l i n t h e s u b s t r a t u m t o which t h e y are a t t a c h e d 

( S h a c k l e t t e , 1967). I n t h i s r e s p e c t a q u a t i c b r y o p h y t e s , 

c l o s e l y appressed t o t h e r o c k s u r f a c e such as Fissidens 

crassipes a r e l e s s l i k e l y t o be good i n d i c a t o r s o f t h e w a t e r 

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

m e t a l c o n c e n t r a t i o n s . 

One advantage i n s e l e c t i n g b r y o p h y t e s i s t h a t 

a number o f s p e c i e s a r e e x t r e m e l y w i d e s p r e a d . Fontinalis 

antipyretica&nd Eurhynohium viparioi'desoccur t h r o u g h o u t t h e 

l e n g t h o f t h e R i v e r Wear (Holmes and W h i t t o n , 1977), and 

many o f i t s t r i b u t a r i e s . B o th p l a n t s t h e r e f o r e t o l e r a t e a 

v e r y wide range o f n u t r i e n t s and changes i n o t h e r c h e m i c a l 

parameters {S.J.h.). N e i t h e r moss however o c c u r s i n Rookhope 

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



heavy m e t a l c o n t e n t o f t h e r i v e r . Scapania undulata a n d 

Philonotis fontana a r e 0 f t e n f o u nd i n heavy m e t a l p o l l u t e d 

areas o f t h e R i v e r Wear system and t h e a d j a c e n t R i v e r South 

Tyne catchment (Say, 1977)* One s p e c i e s i s p a r t i c u l a r l y 

t o l e r a n t o f low pH; Dvepanooladus fluitans o c c u r s i n N o r t h 

G r a i n Sike (Rookhope Head) a t pH <5 and t h r i v e s i n Brandon 

Pitho.use A c i d Stream a t pH < 3. 

A f u r t h e r advantage i n t h e s e l c t i o n o f 

b r y o p h y t e s f o r m o n i t o r i n g heavy m e t a l s i s t h e tendency t o 

be f i r m l y a t t a c h e d and permanent p a r t s o f t h e a q u a t i c 

v e g e t a t i o n . 

A number o f s p e c i e s were r u l e d out because 

o f c o n t a m i n a t i o n and c l e a n i n g problems (2.2.2). U n f o r t u n a t e l y , 

t h i s i n c l u d e d t h e widespread Eurhynchi urn vipario-ides. However, 

i f a r a p i d method o f removing g r i t f r o m t h e t h a l l u s c o u l d be 

foun d , t h i s moss would c e r t a i n l y be w o r t h y o f f u r t h e r i n v e s t ­

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

i n d i c a t e d h i g h c o n c e n t r a t i o n s o f Zn, Pb, Co and N i . 

One o f t h e most i m p o r t a n t f a c t o r s a f f e c t i n g 

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

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

Fontinalis (5.3.2) and Drepancoladus (5.6 .3). I n g e n e r a l , 

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

o f these mosses and t h e h i g h e s t c o n c e n t r a t i o n s i n the o l d e s t 

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

The most c o n s i s t e n t d a t a are o b t a i n e d f r o m t h e t i p s s i n c e t h e s e 

appear t o be t h e most a c t i v e l y g r o w i n g p a r t o f t h e p l a n t . The 

t i m e p e r i o d w h i c h t h e t i p s r e f l e c t s h o u l d o b v i o u s l y be t h e 

most r e c e n t . I t i s f e l t t h a t i t would be o f some use t o 



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

a c l e a r e r i d e a o f t h e t i m e p e r i o d over which metals m i g h t 

be i n t e g r a t e d i n t o t h e p l a n t . The l e n g t h o f t i p sampled 

would t h e n be o f more r e l e v a n c e . 

Most s p e c i e s o f a q u a t i c b r y o p h y t e can t o l e r ­

a t e d r y i n g o u t when exposed a t p e r i o d s o f low f l o w e.g. 

Eurh.ynch.ium riparioides Fiseidens crassipes . From t h e p o i n t 

o f view o f i n d i c a t o r s , mosses which are f r e q u e n t l y exposed, 

such as Gvimmia alipoola are l e s s u s e f u l s i n c e t h e y can o n l y 

i n d i c a t e heavy m e t a l c o n c e n t r a t i o n s w h i l e submerged. T h i s 

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

s p e c i e s . As f a r as p o s s i b l e f u l l y submerged s p e c i e s such 

as Fontinalis antipyretica s h o u l d be chosen. I n the' p r e s e n t 

s t u d y e x a m i n a t i o n o f the s i t e s a t t h e l o w e s t f l o w s d u r i n g 

th e summer months enabled t h e i d e n t i f i c a t i o n o f p e r m a n e n t l y 

submerged ar e a s ; samples were t a k e n o n l y f r o m these a r e a s . 

A f u r t h e r advantage i n s e l e c t i n g Fontinalis 

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

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

f r o m t h e s u b s t r a t u m . R i g o r o u s a p p l i c a t i o n o f the c r i t e r i a 

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

f o r q u a n t i t a t i v e s t u d i e s . 

Other a u t h o r s have used a q u a t i c b r y o p h y t e s 

as i n d i c a t o r s o f heavy m e t a l s i n r i v e r w a t e r , n o t a b l y D i e t z 

(1973)> whose d a t a have been d i s c u s s e d (6.3.4). 

R e c e n t l y Empain (1976a) has used a number o f 

b r y o p h y t e s s p e c i e s , i n c l u d i n g Fontinalis antipyretica and Fissidens 

crassipes t o i n d i c a t e l e v e l s o f heavy m e t a l s i n t h e R i v e r Somme. 

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

w a t e r . N o n e t h e l e s s t h e d a t a p r o v i d e an i n t e r e s t i n g comparison 
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w i t h c o n c e n t r a t i o n s found i n t h e R i v e r Wear. 

The ranges o f c o n c e n t r a t i o n f o u n d i n 

Fontinalis f o r Cu. Mn, Fe, Pb, Cd, Co and N i a r e s i m i l a r 

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

Wear (A.2H). For example, i n t h e R i v e r Somme, Cu ranges 

f r o m 15 t o 77 Mg g - 1 d r y w e i g h t and Pb f r o m 40-90 ug g " 1 

d r y w e i g h t . However, Fissidens f r o m t h e R i v e r Wear (A.2A) 

shows markedly h i g h e r c o n c e n t r a t i o n s o f a l l seven elements 

t h a n t h o s e f r o m t h e Somme. 

F u r t h e r s t u d i e s have been c a r r i e d o u t on t h e 

R i v e r s Sambre, Meuse and Somme (Empain, 1976b). P r o f i l e s 

o f t h e heavy m e t a l c o n t e n t were produced f o r s e v e r a l 

b r y o p h y t e s f r o m samples t a k e n a t i n t e r v a l s down t h e r i v e r s . 

These were compared w i t h p r o f i l e s f o r t h e wa t e r and sources 

o f heavy m e t a l p o l l u t i o n . He found t h a t a q u a t i c b r y o p h y t e s , 

i n c l u d i n g Fontinalis antipyretica i n t e g r a t e d t h e br o a d 

v a r i a t i o n s o f c o n c e n t r a t i o n o f a number o f heavy m e t a l s i n 

t h e w a t e r . D i r e c t comparison o f h i s d a t a w i t h t hose f r o m 

t h e R i v e r Wear system i s n o t p o s s i b l e because o f t h e g e n e r a l ­

i s e d f o r m o f t h e p r o f i l e s . 

6.3•6 F a c t o r s a f f e c t i n g t h e a c c u m u l a t i o n o f 
heavy m e t a l s by a q u a t i c angiosperms 

A p a r t f r o m v a r i a t i o n i n t h e heavy m e t a l 

c o n t e n t o f t h e w a t e r d i s c u s s e d i n 6.2.2 and 6.2.4 w h i c h 

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

a f f e c t i n g t h e a c c u m u l a t i o n o f heavy m e t a l s by angiosperms 

i s t h e i r morphology and means o f o b t a i n i n g n u t r i e n t s f r o m 

t h e w a t e r . S c u l t h o r p e (1967) has c l a s s i f i e d a q u a t i c 

angiosperms a c c o r d i n g t o t h e i r p r i n c i p a l g r o w t h forms. 
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Two p r i n c i p a l t y p e s are enc o u n t e r e d i n t h e p r e s e n t s t u d y . 

( i ) Emergent h y d r o p h y t e s which are r o o t e d i n t h e s u b s t r a t u m , 

such as Mimulus guttatusaxi^ Juncus effusus. 

( i i ) Submerged h y d r o p h y t e s which a r e a l s o r o o t e d i n t h e 

s u b s t r a t u m b u t w i t h v e g e t a t i v e p a r t s a l m o s t c o m p l e t e l y sub­

merged, such as Ranunculus penicillatus v a r . calcareus and 

Potamogeton crispus. 

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

by S c u l t h o r p e (1967) t o what e x t e n t p l a n t s i n t h e f i r s t 

c a t e g o r y are' a b l e t o o b t a i n n u t r i e n t s and t r a c e elements 

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

Adams et at. (1973) acknowledged t h i s p r oblem b u t n e v e r t h e ­

l e s s suggested t h a t such p l a n t s c o u l d s t i l l be o f v a l u e as 

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

I n t h e p r e s e n t s t u d y , enrichment r a t i o s have been c a l c u l a t e d 

o n l y f o r t h e submerged p a r t s . I n t h e case o f Mimulus guttatu 

(5'5.4) marked a c c u m u l a t i o n o f Zn and Pb was n o t e d b u t en­

r i c h m e n t r a t i o s were v e r y v a r i a b l e . Leeder (1972) gave v e r y 

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

I n such cases c o n c e n t r a t i o n s i n t h e sediment c o u l d w e l l have 

a. d i s ' t i n c t e f f e c t upon t h e amounts o f heavy m e t a l accumulated. 

Many s p e c i e s o f submerged h y d r o p h y t e s can 

t a k e up n u t r i e n t s i n c l u d i n g heavy m e t a l s , v i a b o t h s h o o t s 

and l e a v e s as w e l l as t h r o u g h t h e r o o t s (Adams e t al,} 1973) 

a l t h o u g h t h e pathways o f uptake and movement o f n u t r i e n t s 

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

( S c u l t h o r p e , I967). I n t h e st u d y o f Ranunculus penicillatus v a r 

calcareus (5.4)Zn was c o n s i s t e n t l y h i g h e s t i n t h e l e a v e s , Cu 

was more o r l e s s c o n s i s t e n t l y d i s t r i b u t e d , Fe, A l and Pb 
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a r e among t h e elements w i t h t h e l e a s t s t a b l e compounds 

I n w a t e r and l i k e l y t o be fo u n d i n h i g h e r c o n c e n t r a t i o n 

i n t h e sediment whereas Zn, b e i n g more s o l u b l e , might be 

more a v a i l a b l e t o t h e l e a v e s . These assumptions r e q u i r e 

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

sediment as a source o f m i n e r a l elements t o r o o t e d a q u a t i c 

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

elements d i r e c t l y f r o m t h e wa t e r by t h e v e g e t a t i v e p a r t s . 

I n h i s st u d y o f enrichment o f heavy m e t a l s by a q u a t i c p l a n t s , 

D i e t z . (1973) g i v e s no i n d i c a t i o n o f t h e d i s t r i b u t i o n o f 

these elements i n t h e d i f f e r e n t s p e c i e s s t u d i e d , b a s i n g 

t h e a n a l y s i s upon green p a r t s o n l y . . The d a t a on e l e m e n t a l 

c o m p o s i t i o n g i v e n by Adams et al . (1973) i s based on e n t i r e 

p l a n t s . Comparison o f t h e s e d a t a are t h e r e f o r e n o t p o s s i b l e 

However i t i s i n t e r e s t i n g t o n o t e t h a t t h e en r i c h m e n t r a t i o s 

g i v e n by D i e t z f o r Zn, Cu and Pb i n t h e green p a r t s o f 

Ranunculus fluitans are v e r y s i m i l a r i n range and mean t o 

tho s e p r e s e n t e d f o r t h e l e a v e s o f Ranunculus penicillatus v a r 

calcareus f r o m t h e R i v e r Wear. 

6.3«7 A q u a t i c angiosperms as m o n i t o r s 
o f heavy m e t a l s 

A q u a t i c angiosperms have n o t r e c e i v e d ' t h e 

same a t t e n t i o n i n t h e p r e s e n t s t u d y as a q u a t i c a l g a e and 

b r y o p h y t e s . N e v e r t h e l e s s , some comments r e g a r d i n g t h e i r 

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

( i ) F u l l y submerged p l a n t s are l i k e l y t o 

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

emergent t y p e s ; t h e o n l y example g i v e n i s Ranunculus 

penicillatus v a r . calcareus (5.4) . The emergent Mimulus 

guttatus showed v e r y much reduced c o n c e n t r a t i o n s o f heavy 
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m e t a l s i n i t s a e r i a l p a r t s whereas t h e submerged l e a v e s 

o f Ranunculus showed the h i g h e s t c o n c e n t r a t i o n s o f t h e s e 

elements. 

( i i ) The l e a v e s o f submerged p l a n t s 

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

m e t a l s p r o b a b l y because o f t h e l a r g e s u r f a c e a r e a exposed 

t o t h e w a t e r . 

( i i i ) Many s u i t a b l e submerged p l a n t s a r e 

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

f o u n d i n the s m a l l e r u p l a n d streams. I n t h e R i v e r Wear, 

Ranunculus spp. do n o t appear u n t i l km 26; o t h e r submerged 

s p e c i e s such as Elodea canadensis, Myviophyllum spicatum 

and Potamogeton spp. show a s i m i l a r d i s t r i b u t i o n p a t t e r n 

(Holmes and W h i t t o n , 1977). 

( i v ) I t has been p o i n t e d o u t by Adams et al. 

(1973) t h a t i n d i v i d u a l s p e c i e s may be e x c e p t i o n a l l y s e n s i t i v e 

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

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

i n c l u d i n g heavy m e t a l s . The s p e c i e s chosen were: Elodea canadens-

Potamogeton crispus and Myriophyllum exalbescens. The two 

fo r m e r a r e o f common o c c u r r e n c e i n t h e R i v e r Wear and many 

o t h e r B r i t i s h r i v e r s . F u r t h e r i n v e s t i g a t i o n o f th e s e 

t o g e t h e r w i t h Ranunculus penicillatusvar. caI care us and 

R.fluitans, w h i c h a r e a l s o v e r y common might prove f r u i t f u l . 

D i e t z (1973) has a l s o i n v e s t i g a t e d a number o f a q u a t i c 

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

i n c l u d i n g Ranunculus fluitans and Myriophyllum spicatum, 

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

( 6 . 3 . 6 ) . 



A wide v a r i e t y o f a q u a t i c angiosperms may 

w e l l have t h e p o t e n t i a l t o be used as m o n i t o r s o f heavy 

me t a l s i n r i v e r s . 

6.3-8 M o n i t o r i n g i n d u s t r i a l e f f l u e n t 

The p r e s e n t s t u d y has shown t h a t t h e 

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

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

a f f e c t i n g t h e l o w e r s t r e t c h e s o f t h e R i v e r Wear, p a r t i c u l a r l y 

below Durham, a r e much t h e same. C e r t a i n advantages and 

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

C e r t a i n s p e c i e s can be used t o keep a 

c o n t i n u o u s check on t h e e f f l u e n t over- most o f t h e y e a r , 

e s p e c i a l l y d u r i n g p e r i o d s o f low f l o w when p o l l u t i o n w ould 

be most s e r i o u s . 

A n a l y s i s o f Cladophora glomerata and t h e 

water have i n d i c a t e d t h a t t h i s a l g a c o u l d be used as a 

r e l i a b l e i n d i c a t o r o f a t l e a s t Zn and Pb (5-2 .3 ) and p r o b a b l y 

Cu, Cd and Ni even when c o n c e n t r a t i o n s o f th e s e elements a r e 

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

o f t h e above mentioned heavy m e t a l s seem almo s t c e r t a i n t o 

show up i n p l a n t m a t e r i a l . 

The t i p s and o t h e r s e c t i o n s o f Fontinalis 

antipyretic a a l s o appear t o i n d i c a t e changes below t h e 

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

t i m e p e r i o d s t h a n Cladophora glomerata. 

D e s p i t e i n c r e a s e s i n Zn, Pb and Cd w h i c h 

appear t o have been up t o 100$ i n p l a n t m a t e r i a l below t h e 

e f f l u e n t ( 6 . 3 . 3 )> t h e e f f e c t s seem t o be s h o r t - l i v e d ; p l a n t s 

a t P i n c h a l e Abbey (km 7 8 . l ) showed no ap p a r e n t s i g n s o f 



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

The l o n g t e r m e f f e c t s o f such e f f l u e n t s 

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

Cladophora glomerata or Fontinalis antipyretica would be 

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

c o u l d be i d e n t i f i e d . 

The major l i m i t a t i o n i n t h e use o f p l a n t 

s p e pies concerns t h e l e n g t h o f t h e g r o w i n g season. The 

two p l a n t s mentioned t h r i v e f r o m March t o November; i t i s 

t h e r e f o r e o n l y t h e w i n t e r p e r i o d when m o n i t o r i n g c o u l d n o t 

be c a r r i e d o u t . L i m i t a t i o n s o f t h e i n d i v i d u a l p l a n t s and 

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

a p p r o p r i a t e s e c t i o n s (6 .2 , 6 .3 .3)• 

6.3-9 A c c u m u l a t i o n i n an environment o f low pH 

Up t o now l i t t l e a t t e n t i o n has been, f o c u s e d 

on t h e a c c u m u l a t i o n o f metals a t low pH (<3)- The p r e s e n t 

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

range o f a q u a t i c p l a n t s f o und i n Brandon P i t h o u s e a c i d 

streams. I t has n o t been found p o s s i b l e t o draw any f i r m 

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

t i v e s u g g e s t i o n s can be made r e g a r d i n g t h e parameters 

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

The concept o f u s i n g p l a n t s as m o n i t o r s o f 

heavy m e t a l s may s t i l l a p p l y i n s i t u a t i o n s o f low pH b u t t h e 

marked r e d u c t i o n i n enrichment r a t i o s i n a l l s p e c i e s and f o r 

most o f t h e heavy m e t a l s s t u d i e d would r e s t r i c t i t s use t o 

s i m i l a r s i t u a t i o n s -

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



178 

t h e use t h a t can be made o f t h e i n f o r m a t i o n o b t a i n a b l e 

f r o m an extreme and s t a b l e environment i n i m p r o v i n g t h e 

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

r i v e r s and streams ( W h i t t o n , 1972). 

The s t a b i l i t y o f Brandon P i t h o u s e a c i d 

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

p arameters such as pH n u t r i e n t and m e t a l c o n t e n t remain 

r e l a t i v e l y unchanged (4.4.1). 

The low enr i c h m e n t r a t i o s f o u nd f o r heavy 

m e t a l s i n a c i d stream p l a n t s (5 .6 .2) a r e o f g r e a t i n t e r e s t . 

There i s some evidence t o suggest t h a t t h e r e d u c t i o n i n 

r a t i o s f o r Drepanocladus fluitans i s r e l a t e d t o pH ( 5 -6 .3 ) ; 

marked i n c r e a s e s i n r a t i o ocour a t s i t e s o f i n c r e a s i n g pH 

a l t h o u g h t h e a b s o l u t e c o n c e n t r a t i o n s o f most elements do 

n o t change v e r y much. 

I t i s o n l y p o s s i b l e t o s p e c u l a t e as t o t h e 

reason f o r t h e reduced e n r i c h m e n t . However, t h e r e a re 

s e v e r a l p o s s i b i l i t i e s . 

( i ) A mechanism e x i s t s i n th e s e extreme 

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

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

Hargreaves and W h i t t o n (1976) have suggested, i n l a b o r a t o r y 

t o x i c i t y s t u d i e s o f Hormidium rivulare ( a c i d stream p o p u l ­

a t i o n ) , t h a t an a c t i v e mechanism may be i n v o l v e d i n t h e 

r e s i s t a n c e o f t h i s a l g a , a t low pH t o h i g h c o n c e n t r a t i o n s 

o f Zn. 

( i i ) Heavy m e t a l s are n o t a v a i l a b l e f o r 

uptake because o f marked changes i n c h e m i s t r y b r o u g h t about 
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by t h e low pH. I t has been suggested t h a t many c a t i o n s 

e x i s t i n t r u e aquo s o l u t i o n a t pH <3 and t h a t t hese i o n s 

a r e n o t as w e l l adsorbed as o t h e r i n o r g a n i c complexes 

(1 .2 .2) . At h i g h e r pH v a l u e s i n more 'normal' streams a 

l a r g e v a r i e t y o f o r g a n i c complexes and c o l l o i d s are p r e s e n t 

f r o m which a d s o r p t i o n and i o n exchange can f r e e l y o c c u r . 

As t h e p r i m a r y mechanism f o r u p t a k e o f a number o f c a t i o n s 

p r o b a b l y r e l i e s upon some i o n exchange a d s o r b a t i o n p rocess 

(1 .2 .3) * l a c k o f s u i t a b l e complexes and c o l l o i d s c o u l d con­

s e q u e n t l y reduce t h e uptake' by p l a n t s . I t i s most n o t i c e ­

a b l e i n the Brandon streams t h a t t h e r e i s a l a c k o f c o l o u r e d 

o r g a n i c compounds. 

( i i i ) Under t h e p r e v a i l i n g c o n d i t i o n s t h e 

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

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

been encountered e x p e r i m e n t a l l y i n a c c u m u l a t i o n s t u d i e s 

( G i l e v a , 1964; P i c k e r i n g and Pui a , 1969). However, t h e 

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

stream p l a n t s and c o n s i d e r a b l y h i g h e r c o n c e n t r a t i o n s o f many 

elements have been r e c o r d e d f o r Drepanooladus fluitans a t 

a s i t e elsewhere. 

( i v ) S a t u r a t i o n by s i m i l a r elements might 

reduce uptake o f heavy heavy m e t a l s e.g. T-lg and Ca are b o t h 

p r e s e n t i n v e r y h i g h c o n c e n t r a t i o n s a t low pH ( 6 . 1 . 3 ) . I t 

has been suggested by Say and W h i t t o n (L977) t h a t Ca can compete 

Zn f o r uptake i n such a way as t o reduce t h e t o x i c i t y o f 

t h e l a t t e r t o Hormidium rivulare. 

( v ) The c o n c e n t r a t i o n o f H + i o n s d i r e c t l y 

reduces t h e a c c u m u l a t i o n . Bachmann (1963) found t h a t Z n ^ 
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u p t a k e by Golenkinia pauoispina c e l l s was reduced more by 

t h e c o n c e n t r a t i o n o f H + i o n s t h a n C a 2 + , Mg 2 +, Na +, and K +, 

i n t h a t o r d e r . 

There i s an o b v i o u s need t o c l a r i f y t h e 

a v a i l a b i l i t y and means o f uptake o f heavy m e t a l s by p l a n t s 

f r o m s i t u a t i o n s o f low pH. I t i s f e l t t h a t t h i s might be 

b e s t a c h i e v e d w i t h r a d i o - a c t i v e i s o t o p e s t u d i e s . 

The a b s o l u t e c o n c e n t r a t i o n s o f most elements 

i n a c i d stream p l a n t s a r e , , i n most cases, o f t h e same o r d e r 

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

a l l cases Na c o n c e n t r a t i o n s are h i g h . A marked r e d u c t i o n 

i n Na c o n c e n t r a t i o n , a t s i t e s , o f i n c r e a s i n g pH, o c c u r s i n 

Drepanooladus fluitans a l t h o u g h t h e s i g n i f i c a n c e o f t h i s i s 

n o t i m m e d i a t e l y c l e a r (5.6.3). F u r t h e r f i e l d s t u d i e s o v e r 

as wide a range o f pH as p o s s i b l e , might w e l l prove p r o f i t a b l e 

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

c o m p o s i t i o n and a c c u m u l a t i o n o f a q u a t i c p l a n t s n o t o n l y i n 

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

6.4 General C o n c l u s i o n 

The use o f a q u a t i c p l a n t s as q u a n t i t a t i v e i n d i c a t o r s 

'of heavy metals' r e l i e s on t h e a b i l i t y t o t a k e up elements 

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

w a t e r . S u f f i c i e n t heavy m e t a l must be r e t a i n e d and perman­

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

over a g i v e n t i m e p e r i o d . 

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

t o c a l c u l a t e t h e 'enrichment r a t i o ' (1.2.3). However, t h e 

use o f t h i s rat?io o v e r s i m p l i f i e s t h e t r u e s i t u a t i o n i n r i v e r 

w a t e r s . A v a r i e t y o f - f a c t o r s a f f e c t b o t h t h e c o n c e n t r a t i o n 
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i n t h e w a t e r and t h a t i n t h e p l a n t . 

I t i s n o t c l e a r which c h e m i c a l s p e c i e s o r 

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

w a t e r (6.2.4). T r u l y d i s s o l v e d 'aquo 1 i o n s may o n l y f o r m 

a r e l a t i v e l y minor p r o p o r t i o n o f 'normal' r i v e r w a t e r . 

The p r o p o r t i o n i s l i k e l y t o be h i g h e r i n c o n d i t i o n s o f low 

pH such as those encountered i n Brandon P i t h o u s e a c i d 

s treams, because o f t h e i n f l u e n c e o f hydrogen i o n concen­

t r a t i o n . These compounds may n o t be as a v a i l a b l e because 

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

hydroxo and p o l y h y d r o x o complexes w h i c h f o r m a t h i g h e r pH 

v a l u e s (6.2.4). 

I n g e n e r a l , r u n n i n g w a t e r s a r e u n l i k e l y t o be 

composed e n t i r e l y o f these r e l a t i v e l y s i m p l e , pH dependent 

i n o r g a n i c s p e c i e s . Most streams are s u b j e c t t o i n f l u x e s 

o f a range o f n a t u r a l o r g a n i c compounds such as t h e f u l v i c / 

humic complexes which have t h e a b i l i t y t o ' s o l u b i l i s e ' 

heavy m e t a l s (6.1.5 and 6.2.4). F u r t h e r m o r e many o f 

t h e s e complexes do n o t n e c e s s a r i l y a c t as s i m p l e c h e l a t o r s 

b u t may w e l l have c o l l o i d a l p r o p e r t i e s . P h y s i c o - c h e m i c a l 

phenomena o f s u r f a c e exchange and a d s o r p t i o n must have a 

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

A r t i f i c i a l o r g a n i c compounds such as p e s t i c i d e s 

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

o f m e t a l I o n s . These i n f l u e n c e s a r e l i k e l y t o a f f e c t down­

stream s t r e t c h e s where sewage and i n d u s t r i a l e f f l u e n t s 

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

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



l a r g e r c o l l o i d a l m a t e r i a l such as c l a y m i n e r a l s . These % 

i n f l u x e s a re o f t e n b r o u g h t about by i n c r e a s e i n d i s c h a r g e 

(6.2.5)• I t has been suggested t h a t such c o l l o i d s c o u l d 

i n c r e a s e t h e s u r f a c e i n t e r a c t i o n s and t h e r e f o r e b r i n g about 

i n c r e a s e d a v a i l a b i l i t y (6.2.5). Even p a r t i c u l a t e m a t t e r 

c o u l d a c t as an i o n exchange r e s e r v o i r f o r some heavy m e t a l s . 

I n d i v i d u a l m etals may be a v a i l a b l e i n some o r a l l 

o f t h e above mentioned s p e c i e s . I t appears t h a t pH has a 

fun d a m e n t a l r o l e i n t h e c o n t r o l o f s i d e c o m p l e x a t i o n s and 

s u r f a c e phenomena. A n i o n i c compounds, p a r t i c u l a r l y t h o s e 

o f r, can a l s o p r o f o u n d l y a f f e c t such r e a c t i o n s (6.1.4). 

C o m p e t i t i o n between met a l i o n s can a l s o occur i n a l l s p e c i e s , 

depending upon the p r o p o r t i o n s o f i o n s p r e s e n t . E a s i l y 

exchangeable c a t i o n s , such as Ca and Mg, seem t o be p a r t i c ­

u l a r l y i m p o r t a n t i n t h i s r e s p e c t (6.1.;, 6.2.4, 6.3-9). 

A l l t h ese f a c t o r s a re embraced by t h e t e r m ' t o t a l 

heavy m e t a l ' c o n c e n t r a t i o n ; t h e p r o p o r t i o n s o f c h e m i c a l 

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

f o r e c o n t r i b u t e t o t h e v a r i a t i o n o f en r i c h m e n t r a t i o s en­

c o u n t e r e d i n t h e d i f f e r e n t areas s t u d i e d . 

Empain (1976b) has suggested t h a t a c c u m u l a t i o n 

by a q u a t i c b r y o p h y t e s , a c t u a l l y 'helps i n t h e d i s c r i m i n a t i o n 

o f t r u l y a v a i l a b l e heavy m e t a l , as opposed t o t o t a l heavy 

m e t a l c o n c e n t r a t i o n ' . However, i t i s i m p o r t a n t t o e s t a b l i s h 

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

ments, as t h i s h e l p s t o e l u c i d a t e some o f t h e key f a c t o r s 

c o n t r o l l i n g a c c u m u l a t i o n . 

S t u d i e s w i t h r a d i o a c t i v e i s o t o p e s , such as th o s e 

o f Cross et al. (1971) have demonstrated t h a t a c c u m u l a t i o n -



o f Zn J d i f f e r s f r o m t o t a l Zri, p r o b a b l y because o f t h e 

d i f f e r e n t a v a i l a b i l i t y o f t h e l a t t e r i n t h e wa t e r (1.2.2). 

I t has been suggested t h a t c h e m i c a l s p e c i a t i o n 

might be i m p o r t a n t i n t h e reduced a c c u m u l a t i o n i n an 

environment below pH 3 (6.3-9)-

There are a n o t h e r s e t o f f a c t o r s which a f f e c t 

t h e e n richment r a t i o as a measure o f a c c u m u l a t i o n . These 

a p p l y t o t h e p l a n t s themselves. I t seems f a i r l y c e r t a i n 

t h a t i o n exchange and a d s o r p t i o n processes are t h e p r i m a r y 

mechanism o f uptake o f a t l e a s t d i v a l e n t heavy m e t a l s . T h i s 

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

s u b s t r a t u m , c h i e f l y a l g a e ; some b r y o p h y t e s and a few a n g i o -

sperms (1.2.3* 6.2.4, 6.3-1* 6.3-^)- However, a p r o p o r t i o n 

o f heavy me t a l may be l o s t w i t h a change i n e q u i l i b r i u m . For 

example, J.P.C. H a r d i n g (pers.comm.) has shown t h a t up t o 2.0% 

Zn may be l o s t f r o m Lemanea fluviatilis i n the f i e l d when t h e 

Zn c o n c e n t r a t i o n o f the w a t e r decreases a f t e r a ' f l u s h ' o f 

h i g h c o n c e n t r a t i o n . On t h e o t h e r hand, P i c k e r i n g and Puia 

(1969) found o n l y 5$ l o s s o f Zn D , i n e x p e r i m e n t a l s i t u a t i o n s , 

when Fontinalis antipyretica was t r a n s f e r r e d t o d i s t i l l e d 

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

a c t i v e i s o t o p e s compared w i t h uptake f r o m a v a i l a b l e c h e m i c a l 

s p e c i e s i n the f i e l d mentioned p r e v i o u s l y and r e i n f o r c e s t h e 

need t o e s t a D l i s h f a c t o r s c o n t r o l l i n g a v a i l a b i l i t y . However, 

a s l o w e r secondary, energy dependent, b i n d i n g p rocess has been 

e s t a b l i s h e d f o r a number o f heavy m e t a l s i n a range o f organ­

isms, under e x p e r i m e n t a l c o n d i t i o n s (1.2.3). 

I n t h e f i e l d , t h e r e are a number o f f a c t o r s w h i c h 

c o u l d a f f e c t t h e r a t e a t which t h i s process might o c c u r , 
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i n c l u d i n g t e m p e r a t u r e , oxygen c o n c e n t r a t i o n , n u t r i e n t s and 

pH, These f a c t o r s a l s o a f f e c t t h e r a t e o f g r o w t h o f p l a n t s 

and c o n s e q u e n t l y t h e t i m e p e r i o d over which t h e l a t t e r c o u l d 

i n t e g r a t e t h e heavy m e t a l c o n c e n t r a t i o n . The g r o w t h r a t e 

o f Cladophora glomerata , i n t h e f i e l d , i s f a s t e r t h a n t h a t 

o f Fontinalis antipyretica . These two organisms a r e t h e r e ­

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

over d i f f e r e n t t i m e p e r i o d s . A s h o r t t i p o f Fontinalis 

might r e p r e s e n t a l o n g e r p e r i o d t h a n a young g r o w t h o f 

Cladophora '> d i f f e r e n c e s were n o t e d i n t h e p a t t e r n o f accumu­

l a t i o n above and below t h e i n d u s t r i a l e f f l u e n t (5.3*2). 

D i f f e r e n c e s i n morphology and gr o w t h caused by 

e x t e r n a l f a c t o r s a r e a l s o l i k e l y . t o a l t e r t h e e n r i c h m e n t 

r a t i o o f p l a n t s o f t h e same s p e c i e s . R a d i c a l l y d i f f e r e n t 

c h e m i c a l s i t u a t i o n s were found between t h e s i t e s i n Rookhope 

Burn (4.3*3) • T h i s a p p a r e n t l y a f f e c t e d t h e g r o w t h and h a b i t 

o f Saapania undulata and Hy grohypnum ochraceum and p o s s i b l y 

t h e e n r i c h m e n t r a t i o s . A d j f f e r e n c e o f s e v e r a l o r d e r s o f 

magnitude were found a t t h e d i f f e r e n t s i t e s (5'5«3) f ° r t h e s e 

s p e c i e s . 

. Enrichment r a t i o s s h o u l d be s i m i l a r i n s i t u a t i o n s 

where p h y s i o l o g i c a l and e x t e r n a l p a r a m e t e r s , o t h e r t h a n t h e 

c o n c e n t r a t i o n o f m e t a l s , are a l s o s i m i l a r ; s i m p l e q u a n t i t a t i v e 

m o n i t o r i n g t h e n becomes p o s s i b l e . T h i s was b e s t i l l u s t r a t e d 

by t h e l i n e a r r e l a t i o n s h i p s f o r Zn and Pb found between 

Cladophora glomerata and t h e w a t e r (5- 2.3). I t seems l i k e l y 

t h a t a s i m i l a r r e l a t i o n s h i p e x i s t s f o r Cu and Cd (5-2.3) 

p r o b a b l y f o r o t h e r heavy m e t a l s such as Co and N i . 
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I n o r d e r t o use a q u a t i c p l a n t s as i n d i c a t o r s i n 

a b r o a d e r way i t i s necessary to be a b l e t o p r e d i c t e n r i c h ­

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

th e environment and t h e p h y s i o l o g i c a l s t a t e o f t h e s e l e c t e d 

s p e c i e s . I f Cladophora glomevata i s chosen as an i n d i c a t o r 

s p e c i e s t h e r e s t r i c t i o n s imposed by i t s p h y s i o l o g y s h o u l d 

h e l p .to reduce t h e v a r i a t i o n i n en r i c h m e n t caused by e n v i r o n ­

mental parameters. For example, Cladophora i n t h e f i e l d has 

a r e s t r i c t e d pH range, r a r e l y g r o w i n g a t pH <7 ( W h i t t o n , 1970). 

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

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

b u f f e r e d s i t u a t i o n s w i t h h i g h Ca and Mg as w e l l as h i g h 

n u t r i e n t s (6.1-2) these f a c t o r s a re a l s o l i k e l y t o assume 

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

r a t i o , i n t h i s case, i s m a i n l y a t t r i b u t a b l e t o p h y s i o l o g i c a l 

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

v a r i a t i o n i n morphology. A p a r t f r o m a d o p t i n g s t r i c t 

q u a l i t a t i v e c r i t e r i a i n s a m p l i n g , (2.2-1, 5-2.1), t h e macro­

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

o f t h e sample. I t i s most n o t i c e a b l e t h a t Mg c o n c e n t r a t i o n s 

are c o n s i s t e n t l y i n t h e r e g i o n o f 2000 yg g""^ d r y w e i g h t . 

However t h e sample from t h e most upstream s i t e i n t h e R i v e r 

Wear (Wolsingham, km 24.3) showed a c o n t e n t o f 5500 yg g - 1 

d r y w e i g h t . D e t a i l e d e x p e r i m e n t a l work might e s t a b l i s h 

whether t h i s o r o t h e r macro-elements c o u l d be used i n t h e 

s t a n d a r d i s a t i o n o f samples. 

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

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

w i d e r range o f s i t e s would be comparable and many r i v e r s 

c o u l d be s i m p l y m o n i t o r e d f o r heavy m e t a l c o n t e n t . 
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I t has a l r e a d y been p o i n t e d o u t (6.J>. 5) t h a t a 

number o f b r y o p h y t e s e x i s t i n a w i d e r range o f e n v i r o n m e n t a l 

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

r a t i o s has been n o t e d , e.g. Scapania undulata shows a 

v a r i a t i o n i n Zn r a t i o f r o m 1000 t o 124000 and Drepanocladus 

fluitans v a r i e s f r o m 60 t o 920. Where r a t i o s show such a 

range o f v a r i a t i o n d i r e c t comparison between s i t e s u s i n g 

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

been p o i n t e d o u t , however, t h a t c a r e f u l s e l e c t i o n ' o f a s t a n d ­

a r d t i p o f b r y o p h y t e s would reduce t h e v a r i a t i o n t o some 

e x t e n t . 

Data would be more comparable p r o v i d e d t h a t t h e 

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

e n v i r o n m e n t a l p a rameters. T h i s i s c l e a r l y i l l u s t r a t e d by t h e 

v e r y low r a t i o s e n c o u n t e r e d a t pH <J. Drepanocladus 

fluitans c o u l d be used as an i n d i c a t o r o f heavy me t a l s 

p r o v i d e d t h e pH i s l i m i t e d . Thus heavy m e t a l d a t a f r o m 

o t h e r s i t e s o f v e r y ] ow pH might be s i m p l y o b t a i n e d and 

compared u s i n g t h i s s p e c i e s , e s p e c i a l l y as i t i s wid e s p r e a d 

i n such streams. I n more complex e n v i r o n m e n t s f a c t o r s 

o t h e r t h a n pH would a l s o be i n v o l v e d i n e s t a b l i s h i n g t h e 

e n v i r o n m e n t a l range a t whic h a c e r t a i n e n r i c h m e n t r a t i o 

e x i s t s , p a r t i c u l a r l y Ca and Mg and o r g a n i c / c o l l o i d a l complexes. 

I t i s t h e r e f o r e p o s s i b l e t o summarise t h e p r a c t i c a l 

c r i t e r i a and l i m i t a t i o n s i n t h e use o f a q u a t i c p l a n t s as 

q u a n t i t a t i v e m o n i t o r s o f heavy m e t a l s , f r o m t h e f i e l d s t u d i e s 

p r e s e n t e d . 

( i ) Species s h o u l d be w i d e l y d i s t r i b u t e d and 

e a s i l y i d e n t i f i e d . 
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( l i ) Species s h o u l d be independent o f t h e sub­

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

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

( i i i ) The gr o w t h and morphology need t o be f a i r l y 

s t a n d a r d between samples, so t h a t t h e t i m e p e r i o d r e p r e s ­

e n t e d i s a p p r o x i m a t e l y t h e same. 

( i v ) Species s h o u l d have a l o n g g r o w i n g season 

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

( v ) Species must, accumulate e a s i l y measurable 

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

( v i ) C l e a r l y d e f i n e d l i m i t s need t o be e s t a b l i s h e d 

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

can be l i n k e d t o t h e s e . T h i s would a l l o w v a l i d comparison 

between samples a t d i f f e r e n t s i t e s . 

Among t h e p l a n t s s t u d i e d Cladophora glomerata and 

Fontinalis antipyretica d i s p l a y t h e most p o t e n t i a l f o r s i m p l e 

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

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

changes caused by water t r a n s f e r and a b s t r a c t i o n t o g e t h e r 

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

systems. A number o f o t h e r s p e c i e s , p a r t i c u l a r l y a t t a c h e d 

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

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

The use o f enrichment r a t i o s i n s e l e c t i n g s u i t a b l e 

s p e c i e s r e l i e s on a balance between t h e e n v i r o n m e n t a l con­

d i t i o n s and t h e p h y s i o l o g i c a l s t a t e o f t h e p l a n t . I f b o t h 

can be e s t a b l i s h e d w i t h i n d e f i n e d l i m i t s t h e concept o f 

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

f l o w i n g w a t e r s c o u l d be g r e a t l y extended. 
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SUMMARY 

A s t u d y was made o f a range o f a q u a t i c p l a n t s f r o m 

v a r i o u s p a r t s o f t h e R i v e r Wear system f o r 13 m e t a l elements. 

An a t t e m p t was made t o r e l a t e t h e heavy m e t a l c o n t e n t o f t h e 

p l a n t s t o t h a t o f t h e s u r r o u n d i n g water u s i n g 'enrichment r a t i o s 

so t h a t q u a n t i t a t i v e i n d i c a t o r organisms c o u l d be s e l e c t e d . 

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

main r i v e r and some o f i t s t r i b u t a r i e s i n o r d e r t o e s t a b l i s h 

background c o n c e n t r a t i o n s o f heavy m e t a l s and some o f t h e 

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

Three main areas were chosen f o r i n v e s t i g a t i o n . 

( i ) The l o w e r s t r e t c h e s o f t h e R i v e r Wear were s t u d i e d 

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

known t o c o n t a i n heavy m e t a l s . 

( l i ) Rookhope Burn was s t u d i e d because o f t h e h i g h 

c o n c e n t r a t i o n s o f Zn and Pb p r e s e n t i n t h e w a t e r , 

as a r e s u l t o f p a s t and p r e s e n t m i n i n g a c t i v i t i e s . 

( i i i ) Brandon P i t h o u s e a c i d streams were s t u d i e d because 

o f t h e e x c e p t i o n a l l y low pH and h i g h heavy m e t a l 

c o n t e n t o f t h e w a t e r . 

Surveys o f t h e c h e m i s t r y o f t h e R i v e r Wear r e v e a l e d low 

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

a l t h o u g h marked i n c r e a s e s o c c u r r e d i n Zn and Pb c o n c e n t r a t i o n s 

below t h e i n d u s t r i a l e f f l u e n t . N u t r i e n t elements tended t o 

show a steady i n c r e a s e f r o m source t o mouth. Macro-elements 

tended t o show an i n v e r s e r e l a t i o n s h i p w i t h d i s c h a r g e i n t h e 

u p l a n d t r i b u t a r y , Rookhope Burn and i n t h e main r i v e r . 

R e l a t i o n s h i p s were n o t c l e a r f o r most heavy m e t a l s d e s p i t e 
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much h i g h e r c o n c e n t r a t i o n s o f Zn and Pb i n Rookhope Burn. 
However, p o s i t i v e r e l a t i o n s h i p s were n o t e d f o r Mn, Pe and 
A l i n t h i s t r i b u t a r y b u t n o t i n t h e downstream s i t e s o f t h e 
main r i v e r . These r e l a t i o n s h i p s were a t t r i b u t e d t o c o l l o i d a l 
r u n - o f f f r o m t h e moorland. 

The c h e m i s t r y and d i s c h a r g e a t source o f Brandon P i t h o u s e 

A c i d Stream A remained e x t r e m e l y s t a b l e over two y e a r s o f s t u d y . 

High c o n c e n t r a t i o n s o f Zn, Cu, Mn, Fc, A l , Co and Ni were 

enc o u n t e r e d a t pH<3- Decreases i n these heavy m e t a l s were 

observed as t h e pH i n c r e a s e d and much p r e c i p i t a t i o n o c c u r r e d . 

Surveys o f a number o f m a c r o s c o p i c a l l y o b v i o u s p l a n t s were 

made i n each a r e a i n o r d e r t o e s t a b l i s h s p e c i e s which accumulated 

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

s e l e c t i o n o f i n d i c a t o r p l a n t s . The m a j o r i t y o f s p e c i e s 

a n a l y s e d c o n t a i n e d e a s i l y measurable q u a n t i t i e s o f heavy m e t a l s 

and larg e amounts o f K, Mg and Ca. C o n c e n t r a t i o n s o f Na were 

g e n e r a l l y low except i n s p e c i e s g r o w i n g below pH 3- These 

elements were n o t d i r e c t l y r e l a t e d t o c o n c e n t r a t i o n s i n t h e 

wa t e r . 

B r y o p h y t e s i n g e n e r a l , tended t o c o n t a i n t h e h i g h e s t 

c o n c e n t r a t i o n s o f a l l heavy m e t a l s , e s p e c i a l l y Mn and Fe,. 

On t h e b a s i s o f d a t a f r o m these s u r v e y s , t o g e t h e r w i t h 

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

were suggested as p o t e n t i a l i n d i c a t o r p l a n t s . 

I n t h e l o w e r R i v e r Wear Cladophora glomerata and Fontinalis 

antipyretica were chosen f o r f u r t h e r s t u d y . B o t h s p e c i e s 

were found t o accumulate h i g h e r c o n c e n t r a t i o n s o f Zn, Pb and 

Cd below t h e i n d u s t r i a l e f f l u e n t compared t o a s i t e above t h i s 

e f f l u e n t . I n c r e a s e s i n Cu were n o t r e c o r d e d i n e i t h e r s p e c i e s ; 
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t h i s element was known n o t t o oc c u r i n s i g n i f i c a n t q u a n t i t i e s 

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

Cladophora glomerata between c o n c e n t r a t i o n s o f Zn and Pb i n 

t h e w a t e r and those i n t h e p l a n t a t comparable s i t e s above 

and below t h e e f f l u e n t ; t h i s a l l o w e d i t s use as a s i m p l e 

q u a n t i t a t i v e i n d i c a t o r o f a t l e a s t these two elements. 

Such r e l a t i o n s h i p s were n o t e s t a b l i s h e d f o r Fontinalis 

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

heavy m e t a l c o n t e n t were found i n t h e o l d e r p a r t s o f t h i s 

s p e c i e s and i t was suggested t h a t t h e g r o w i n g t i p s o f t h e moss 

were t h e b e s t i n d i c a t o r o f heavy m e t a l s . 

S t u d i e s o f Ranunculus penicillatus^^-? .calcareus showed 

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

t h e r o o t s and l e a v e s . I t was suggested t h a t t h e l a t t e r * p a r t 

c o u l d be s u i t a b l e as an i n d i c a t o r . Comparison w i t h t h e same 

sp e c i e s f r o m t h e R i v e r Tweed i n d i c a t e d t h a t t h e heavy m e t a l 

c o m p o s i t i o n corresponded t o t h e average c o m p o s i t i o n o f each 

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

S t u d i e s o f a range o f s p e c i e s f r o m Rookhope Burn showed 

t h a t most p l a n t s accumulated r e l a t i v e l y l a r g e c o n c e n t r a t i o n s 

o f Zn and Pb. Most a l g a e were t o o t r a n s i e n t t o be p r a c t i c a b l e 

as i n d i c a t o r s p e c i e s w i t h t h e n o t a b l e e x c e p t i o n o f Lemanea 

fluviatilis. B r y o p h y t e s were f o u n d t o have a p a r t i c u l a r l y 

wide v a r i a t i o n i n enrichment r a t i o w h i c h imposed l i m i t a t i o n s 

on t h e i r use as i n d i c a t o r s . 

A l l s p e c i e s f r o m Brandon P i t h o u s e a c i d streams showed v e r y 

low enrichment r a t i o s . Some evidence was p r e s e n t e d t h a t pH 

was t h e most i m p o r t a n t f a c t o r i n t h e r e d u c t i o n o f t h e r a t i o . 
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I t was suggested t h a t Drepanocladus fluitans c o u l d be used as 

an i n d i c a t o r o f heavy m e t a l s under comparable c o n d i t i o n s o f 

low pH. 

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

p r a c t i c a l use o f a number o f a q u a t i c p l a n t s as q u a n t i t a t i v e 

i n d i c a t o r s o f heavy m e t a l s . I n some c i r c u m s t a n c e s t h e use 

may be s t r a i g h t f o r w a r d , as i n m o n i t o r i n g s p e c i f i c e f f l u e n t s 

where o t h e r f a c t o r s a re e q u a l . I t was c o n c l u d e d t h a t a range 

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

enr i c h m e n t r a t i o ; t h e s e must be t a k e n i n t o account b e f o r e 

more g e n e r a l use o f a q u a t i c p l a n t s as i n d i c a t o r s o f heavy 

m e t a l s . 
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o 

< 
V) 

s o ^ o - f c f i r . ' o ^ p rg cr 
U _ N C U ~ > J c m c r - c ^ ^ C O i n N 

vc rs,' a, c —1 ur- -o cc V O O P N C P 
z *c *c < o i P O g r - C u - ' x o r g p -
<r 
— O s t «J O — o r - - - ^ p - i > j - O o O 
a I D I P P to fx a o O 
< M ff> O CO X, N O 
> P J CO O ro —« 

CO P -

c m o <f 1*̂  rg PN vO gj UN m o O 
r~4 NC c cr cr (NJ J PN r j p- PJ UN 
r o < PJ 'j r g PJ Cr cr o o >r 

U J CC CO C" *r i-H p- Pw n o PJ 
• • • « • • • • • • • * 

c PN rg o PJ oo o I—1 o O 
or •—1 o rg rg 
< rg rn 
z 

—i h o n ^ c r n (Ni (NJ 
i - ^ w j o - o w in UN 

co rn r- *-* 
V I 
o 

< 
i -
V) 

j g o-

gi (NJ r- r-
: m ^ N P I 

•o ci JJ 

(Nl CO C" o o U N r- <i Of CO J- UN J/! CO fNJ o (NJ o r-
O ~n o c m c cr CC cr r- o- CO m •o . , (N| n 
O .—i a. o o ir. O O tr. CJ c NJ >r r\ gj in rsi O 

• c- o tf-. c- J J ^ <NJ INJ « •° UN •c m cr I T . — • o UN 

-< C0 m r- m r-i 0 a cc < o- r- UN r- r- o ( \J 
l*~ in 

*o 
~) 
o 

- 0 
n r"> rJ c 

u. 
V I 

2" r-

3
8

0
8 m 

CO 
(Nl 

^ ) 
in 
r-

c 
r- cr f- n ( N J 

< 
V I 

< K . I ! < 2 J Z » i t o O C — 
-~ X U N u X l U . < C L U O Z 

Z « K L " < Z : L'll-' J « Q c » 
U; Z 3IOrgi_i3-. u . - a a c J U Z 



< 

U J 
o 
2 

< 

W 3 0 D ^ * O c o r s J > J - t f N p - C r C N | . J 
t - C C C . - i t t J J U ' O t t O P N f t 
Z sT c > J J J > C P O r V ' - ' O O s . ' ' r - r - « ' 
l J - m * r ' i C r i n < r \ ) r « c o i ^ l f i C f f ' 

U C N r i ^ o r y ^ o N ' ^ O ' U N p r 

KN 

ON 

•3* 

CO 

e 
» 
f t 
< 

u -
U J 
c 
o 

o 

• * pr. CP r u -» c UN PN m ( M ~c ~o < 
> PP. ~ f ,—. 0 p - I T O . . • 0 •c c- P\i p -
U J cc o r - P- UN o CT •r o CO 
O u - CT CP CM — o PN f - c o pp. cc 

C -O i n p - p - o o -c UN O •f o c 
CC UN f \ t o UN ,—1 UN o 

CP ,—1 I H 
O 
z 

< 1 -
« / ) 

e 
£ 
u 
C 

« 
<d 
t. 
© 
B 
o 

H 
« < 

a 
o 

J3 
c 
o 

• a 
n 

i r o c r cc O m o PNJ 
u . sC CM *3 r v I T o r v m us o O IN 
u *c m— N£. p i (_ i n m n i p - o ~ * I T 
2 - *c n s >C r r «o c m p-. o CP r -

1̂ _ l c r r j m i n o pr. o C 
CM o r v >f US o CO 4 

** *c CC o 

> r - «—< a 
u s r s j 

CI rr> * r r - u s p - - o . -4 r s o r »-« OQ 
Or r - o * i c r r - us C CC r ^ r-4 n* 
a c r CO u s r v r s co p - u s c r r v o a r r 
U I fSJ c r c r CO O *J m c o o •J 

c CP PM ' • i 0 0 u s O cc r - O r v o o a 
a r v p - r v r v 

< •ST 

< 
r 

CC m c* •-4 o CO r v CO p - c r * t 
p - >* «T s t r r o cc r v <SJ si-
\ r . CO r v c—• Pv m r ~ o ss • U". r*s 
p » NJ- >T u - u~. rs, O u s n vC »—< o 

( X *a p - CC r v • c r - r - •—« fSJ m >4 n s 
o u . p - t r O p n c r _ ( m (Nl r v 
u . I CM 

•c 
r v 
r o 

o 
CO 

m 
•-4 

u> u s 

l / > m 
o 
* 1 
w 

p -

p -
C I 

K 
LU ^ < «u •z UJ CE o c : 
- J UJ X O 1' u . < a o 
a X 
X U J 
•—4 _ J 

U J 



226 

o 

on 
o. 

• * 
— * -> » 

• i' 
0 « 
<M « 

• 
a. * 
<r * 
L U * 
1 • 

• « 
or. « 

o 
er « 
j t « 
_i « 

« 
• * 

, a . « 
x t 
c » 
0 « 

• * 
z * 

* 
T. « 

« 
<t « 

• * 
c « 
1 * 
0- f 
c « 
c * 
< • 

z * 
o * 

* 
o » 

z 

< 

I ? 
71 

LO 
L U m 
X. - H 
< 
z a 

D 

| v 

o 

CO 

e 

o 
to 
•o 
•H 
h 

CO 

a 
0 <_> 

- I r l 
d «> 

t- c o- 3 
of 00 

a 
L, 
V 
E 
o 

r H 

w 
«J 
u 
o 

c 
a 
o 
•o 
a 

r - i 
o 

< 

LO 

o 

o 
z < 
» H 
or 
< 
> 
u . 
c 

Z i/» 4 eo i*. M - c ^ o ^ - O r v f ^ i P 
i x t c u i » H i o cf m o o r - «o J / r -

O r e i f M m - J j - J ' r v . J . N 1/1 1*1 I N rll N 
—i CM 
u. 
U. 
Ul 
o 
o 

z 
o 

| V 

o 

> - r o - . r o f J , ^ i r s ' N r v C r j 
u< i / c o -f ir> c H a. cr J / cr I A 
C u " O r A C r r - c r r - r r , o C c ; o rc r -

O 
z 

t r H o O u i ^ ^ i f i o n o 
O iv cr r-j >f >c 

rN 

1_) — 
z A 

O H U I C C C I / . o o i r c c o m 

i M J j r - ^ . r - ^ c o c c c i r c . 
i * M i C I T O O O - O i T O 

< 1*1 
> f-

ccccpnir iOmfMOi / O r - o 
rc r - r - o rx I T H H ^ 
f*t O cr -4- cc »x CM 
r m H INJ I N >f 
CO V f -

C N H f f f > i Y M r n M v c c H r o 
a r c c c . O r . O d r - r N m n r j o 
r x r - s j «c I A r - r - o i r j t? f \ Q r 
d . r - C H O O - J C C ' C ^ C C O ' l 

C M C c i n o o r ^ M H O H O 
c r s j - v j - r n ^ r H o ^ C l 
< f f\J IM 
C 
z 
< 

- H . J - ^ f - N S H C O J e t H 
r r * J i * 0 " f * l / , r i . C M H p H i * l 
j cc «r r i M ' c r c c i M u i r - c ' c c o 
•O cr 4 r . r r . fu J J (\, ,-t vc cr <; 

z • . t . • 
< w ^ ^ c c C f M C r - ^ ^ H i r « j 
u-if. - i t M H C H i f i / i c j C cr m 
X r*t .j- -j- m H -t N H 

r - eg r - T m H 
I M 

E 
M 

H 
<H 

e 

< 

or. 
c 

o 
rH 
I -

l_> 
z 
«J 
M 
IX 
4 
> 

l i­
re 

Of*. i N ^ m j j - j - L A e c cr.iA p- co 
r f f - ^ n i r c H i / i f / o c ^ O f j 
Z r - ^ N H P i o ^ i M i l H ^ i j i n 
t J J C g * 0 c O > C C > » f f M H * } l A f M 4 n c j - c r 
L r m r H f M ^ ^ c r l M O O C T O U " I M 
r~ rH rH 
LL 
U-
U J 
o 
U 

z 
o 

| V 

o 
CM 

^ r 4 f * - c , 4 y n r \ i f * i | Y i ^ ^ w 4 ^ t f 

^ > t x r c o « i - c i r j c C r i i r . e f f e r 
-̂ u j l M O r . f J i / i c c . i M ' O O - ^ c r - i / l 

G f f t N C f J t D i C i K l J O i r r x 
• • • • • • • • • • • a * 

i C > N i r i r - H O i / i f y i Y i c o i M i j 
m o o »v r H o i*» 

C 
z 
< 

o o o m m r - o o O v O r H i n ^ 
u j O C I M f s J C C O I M C O O O JJ IT-
v c rr > H c n N C o v o c c - r r i 
? ' u c n c r r i r o O M O N r 
*3 • • • » * • • • • » • • • 
•— <r v f — i H M O r J J f n H C r r c 
CL 0 s >f >0 O UN *J- r - s j 
< U 1 M M T 1 H r H i n 
> rH ^ <M rH I V 

O -J/ rH rH 

3 O co >*- v n j H r - i D N O r r 
C C % 1 » m 0 ' ^ O . ' ^ O M J : ^ ( T C C 
a. •ocr<"w r - - r r - r o o o o r i r j 
u j f j . i r < / r o - « i f x ^ c ; r , c i N * 
OOf* 1 . i M c c l r C M ^ 
O. rH O m CC UN >0 
< CM rH 
o 
z 

+> 
a 
o 
3 

H 
<rl 
<H 
« 

o 

i rn O rH O 

C 
r ; 

< . 
• u 

UJ 
LJ 
z 
•t 
or 
> 

^ r - N ^ I M N r n O ^ C l f C l M - O 
r - l A C N C c r n H C r r f M c r r - i M ^ r H 
Z O A ' H*ir . H O I M C r i A O C O ^ l / * . CO 

U j r r O f — l> 1/1 1ft O ? J J I M — I I A - O 

U ffl ffl M S r l c» N r> s N H / ; 4 
r - rH CM rH 

o 

z 
o 

< 
<—• -0 <. O CC i cc r j 
> cT- •4 <"\i — c? m < *N f\j 
U J lT>. O <N( cr in «c (—f r- cr f \ j 

c_ O o cc o f— cc m m in 
c o o o v.* r- o s j ; . in 
CL rO CD CC cc >—< 
<: r - O 
o 
z 
< 
«•) 

o O in o ir v 0 o m o cr r~ cr 
u. o ir o o r - CT IN' rv c m INI c*. 

o cc m , , r-« •c o r- r-o »—1 r- p-. r- c a . m 
<• • * • • • • • • - • v • • * 
»— cc a C o C in cc rv o •r-4 

a sf o f - vO o O m m 
< CO r- m •>* »—t 
> CNi 

rv 
r» 

O 
r - *f 

>0 
o* 

c CO o CO c v j r . m r-4 m 1—• 
or r- rv —• o cr rv cc r - CO o r-
Q rv O • -• r-- r-i IT. r î m r j 
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