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ABSTRACT 

The d i s t r i b u t i o n of Zn, Cd and Pb i n water, sediments, p l a n t s 

and animals from the R i v e r Derwent and Derwent R e s e r v o i r was s t u d i e d 

during four p e r i o d s of i n t e n s i v e survey between October 197 8 and 

November 1979. 

E l e v a t e d c o n c e n t r a t i o n s of Zn, Cd and Pb were found i n a l l components 

from the r i v e r below the e n t r y of a p o l l u t e d t r i b u t a r y , B o l t s Burn. 

Concentrations of Zn i n r i v e r sediments from above B o l t s Burn and Zn and 

Cd from below were found to show s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n s w i t h 

the o r g a n i c content of sediments. I t i s suggested t h a t autumn shed 

l e a v e s may e x e r t c o n s i d e r a b l e i n f l u e n c e on the metal composition of r i v e r 

sediments during decomposition and may cause an i n c r e a s e i n the amount 

of metal p o t e n t i a l l y a v a i l a b l e to d e t r i t i v o r o u s i n v e r t e b r a t e s i n t h e i r 

food. 

Marked v a r i a t i o n s were observed i n c o n c e n t r a t i o n s of Zn, Cd and Pb 

i n p l a n t s and animals from the r i v e r between reaches and s u r v e y s . Among 

the animals, m a y f l i e s as a group had e s p e c i a l l y high c o n c e n t r a t i o n s of 

metals and Zn, Cd and Pb were f r e q u e n t l y higher i n samples of these from 

the r i v e r above B o l t s Burn than i n many other animals from below t h i s 

stream. 

Metal p o l l u t i o n was shown to extend i n t o the Derwent R e s e r v o i r . 

E l e v a t e d c o n c e n t r a t i o n s of Zn and Pb e v i d e n t i n water, sediments and 

submerged p l a n t s near the entry of the r i v e r were found to decrease on 

p a s s i n g towards the dam. 

Comparisons between metal c o n c e n t r a t i o n s i n the b i o t a and those i n 

t h e i r environment made i t p o s s i b l e to a s s e s s p o s s i b l e importance of 

water and sediments as sources from which metals may be accumulated. 
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ABBREVIATIONS 

min minute 

h hour 

My m i l l i o n y e a r s 

nm nanometres 

urn micrometre 

mm m i l l i m e t r e 

on centimetre 

m metre 

km k i l o m e t r e 

ha h e c t a r e 

ml m i l l i l i t r e s 

1 l i t r e 

ug microgramme 

mg milligramme 

g gramme 
o 

C degrees C e l c i u s 

n number of measurements 

x mean val u e 

s.d. standard d e v i a t i o n 

c.v. c o e f f i c i e n t of v a r i a t i o n 

P p r o b a b i l i t y 

r.p.m. r e v o l u t i o n s per minute 

cond. c o n d u c t i v i t y 

t o t . a l k . t o t a l a l k a l i n i t y 

V/V volume f o r volume T and ' t o t a l ' water sample decanted from 2 1 beaker a f t e r standing for 
5 min 

F and ' f i l t r a b l e ' water sample capable of p a s s i n g through Nuclepore f i l t e r 
of pore s i z e 0.2 um 
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CHAPTER 1 
INTRODUCTION 

1.1 GENERAL INTRODUCTION 

Pr e v i o u s s t u d i e s have shown t h a t the R i v e r Derwent below the 

e n t r y of B o l t s Burn c a r r i e s e l e v a t e d l e v e l s of Zn, Cd and Pb 

(Harding, 1978; Harding and Whitton, 1978; 1981). The metals are 

t r a n s p o r t e d by the r i v e r and i n f l u e n c e the chemistry of the water 

and sediments i n the Derwent R e s e r v o i r . Deposition of metals ta k e s 

p l a c e on p a s s i n g down the r e s e r v o i r , with Pb e n t e r i n g the sediments 

most r a p i d l y and Zn l e a s t r a p i d l y . C o n c e n t r a t i o n s of metals i n water 

l e a v i n g the r e s e r v o i r are s i m i l a r to those i n the 'unpolluted' s e c t i o n 

of the R. Derwent upstream of i t s confluence with B o l t s Burn. Thus, 

the r e s e r v o i r a c t s as a 'trap' f o r the m e t a l s . The a l g a Lemanea and 

s e v e r a l s p e c i e s of bryophyte growing i n the r i v e r , and the a l g a 

Nitella flexilis and the g r a s s Glyceria fluitans growing i n the 

r e s e r v o i r are a l l known to concentrate heavy metals to high l e v e l s . 

The r e s e r v o i r i s used as a 'put and take' t r o u t f i s h e r y and i s 

stocked w i t h brown and rainbow t r o u t . F o l l o w i n g the p r e v i o u s s t u d i e s 

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

r e s e r v o i r might accumulate heavy metals from t h e i r food. I t was w i t h 

t h i s i n mind t h a t the Northumbrian Water A u t h o r i t y and the Sunderland 

and South S h i e l d s Water Company j o i n t l y commissioned an i n v e s t i g a t i o n 

to determine the l e v e l s of metals i n i n v e r t e b r a t e s which may c o n s t i t u t e 

the food organisms of t r o u t i n the R. Derwent and Derwent R e s e r v o i r 

and to compare the l e v e l s of environmental contamination w i t h the 

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

Examples of such broad s t u d i e s p u b l i s h e d i n the l i t e r a t u r e have 

i n v o l v e d l a r g e r e s e a r c h teams e.g. t h a t of the 'New Lead B e l t ' of 



M i s s o u r i (see Wixson, 1977) or the Melimex p r o j e c t on heavy metals i n 
it 

Lake Baldegg (summarized by Gachter, 1979). Harding (1978), d i s c u s s i n g 

such i n v e s t i g a t i o n s noted t h a t "Even comprehensive s t u d i e s ... may 

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

a t i o n s " and "... a n a l y s e s of water are o f t e n of l i m i t e d value because 

they r e f e r to a s i n g l e c o l l e c t i o n and take no account of temporal 

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

changing inpu t s from a r t i f i c i a l s o u r c e s . " The p r e s e n t study was 

commissioned f o r the p e r i o d September 1978 to December 1979. I t was 

a c h a l l e n g e to review p r e v i o u s r e s e a r c h and to co n s i d e r the b e s t ways 

of combining the approach n e c e s s a r y to f u l f i l the requirements of 

the water management p r o j e c t w i t h the one to c a r r y out more fundamental 

r e s e a r c h . 

1.2 HEAVY METALS IN THE AQUATIC ENVIRONMENT 

1 • 21 General I n t r o d u c t i o n 

I n t e r e s t i n heavy metals i n a q u a t i c systems has i n c r e a s e d r a p i d l y 

i n r e c e n t y e a r s and t h i s has r e s u l t e d i n a s u b s t a n t i a l volume of 

l i t e r a t u r e on numerous a s p e c t s of heavy metals i n the a q u a t i c 

environment. Only a s m a l l p o r t i o n of the l i t e r a t u r e can be reviewed 

here and only t h a t most r e l e v a n t to the p r e s e n t study has been 

con s i d e r e d . Many ar e a s have as a consequence been l e f t uncovered but 

r e f e r e n c e has been made to papers c o n t a i n i n g f u r t h e r d e t a i l e d information 

The hydrogeochemistry of heavy metals has been i n v e s t i g a t e d by many 

workers. One of the most r e c e n t and comprehensive reviews on heavy metal 

i n the a q u a t i c environment i s t h a t of F o r s t n e r and Wittmann (1979). 

Although t h i s d e a l s e s p e c i a l l y w i t h hydrogeochemistry, information on 

the t o x i c i t y and bioaccumulation of heavy metals i n freshwater and 

marine environments i s given and an e x t e n s i v e b i b l i o g r a p h y i n c l u d e d . 



1.22 P l a n t s 

I t i s not w i t h i n the scope of the p r e s e n t work to review the many 

a s p e c t s of the r e l a t i o n s h i p between heavy metals i n p l a n t s and t h e i r 

environment and so d i s c u s s i o n here w i l l be l i m i t e d to b r i e f c o n s i d e r ­

a t i o n of heavy metal accumulation by a q u a t i c macrophytes. 

The l i t e r a t u r e abounds w i t h evidence t h a t i n c r e a s e d c o n c e n t r a t i o n s 

of heavy metals i n the environment r e s u l t i n e l e v a t e d c o n c e n t r a t i o n s 

i n p l a n t s . Many of the s t u d i e s have been c a r r i e d out on streams and 

r i v e r s and have focused on bryophytes. For example, Harding (1978) 

r e p o r t e d t h a t l e v e l s of Zn, Cd and Pb i n the moss Hygrohypnum 

ochraceum and the l i v e r w o r t Scapania undulata c o l l e c t e d from a heavy 

metal contaminated reach on the R. Derwent were higher than i n samples 

c o l l e c t e d from an 'unpolluted* r e a c h . S i m i l a r o b s e r v a t i o n s were made 

by Burton and Peterson (1979) who i n v e s t i g a t e d the l e v e l s of Zn and 

Pb i n a q u a t i c bryophytes from upland streams of a l e a d - z i n c mining 

a r e a i n Dyfed, Wales. They found t h a t p l a n t s growing i n streams 

c a r r y i n g e f f l u e n t from o l d mine workings had higher l e v e l s of both 

metals than p l a n t s c o l l e c t e d from uncontaminated streams i n the same 

a r e a . S e v e r a l authors have examined the r e l a t i o n s h i p between metal 

c o n c e n t r a t i o n s i n the environment and i n bryophytes more c l o s e l y . 

McLean and Jones (1975) found metal e x t r a c t s ( e s p e c i a l l y Pb) of 

Scapania undulata from contaminated reaches on the r i v e r s Ystwyth and 

C l a r a c h , Wales, m i r r o r e d v a r i a t i o n s i n metal c o n c e n t r a t i o n s of the 

water. They suggested the p o s s i b l e value of t h i s p l a n t as a monitor 

of metal c o n c e n t r a t i o n s i n water. Perhaps the most d e t a i l e d s t u d i e s 

of t h i s k i n d are those of Empain (1976a, 1976b) who analyzed bryophytes 

from t h r e e r i v e r s i n Belgium. He reported good c o r r e l a t i o n s between 

c o n c e n t r a t i o n s of Zn i n water and the bryophytes Rhynchostegium 

(Platyhypnidum) riparioides, Cinclidotus nigricans and Fontinalis 

antipyretica. His data i n d i c a t e t h a t these p l a n t s may be of use as 
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monitors of z i n c p o l l u t i o n . I t has been shown t h a t metal c o n c e n t r a t i o n s 

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

For example, c o n c e n t r a t i o n s of Ni, Co and Cu i n Myriophyllum verticillatum 

from the Moira R i v e r , Canada, were shown to be r e l a t e d to those of the 

sediment (Mudroch and Capobianco, 1979) and Harding and Whitton (1981) 

found l i n e a r r e l a t i o n s h i p s between the logarithm of the c o n c e n t r a t i o n s of 

Zn, Cd and Pb i n 2 cm t i p s of the a l g a Lemanea fluviatilis and the logarithm 

of the metal c o n c e n t r a t i o n s i n water. S t u d i e s such as these have l e d to 

c o n s i d e r a t i o n of the use of p l a n t s as i n d i c a t o r s of r i v e r water q u a l i t y 

w i t h r e s p e c t to heavy metals (Whitton, 1979) . 

Some i n t e r e s t i n g r e p o r t s on heavy metal accumulation by p l a n t s 

from contaminated l a k e s have a l s o been p u b l i s h e d . The sediments and 

the surrounding water are f r e q u e n t l y c o n s i d e r e d as the sources from 

which p l a n t s may accumulate heavy metals. Roots are thought to be 

important i n metal uptake from sediments w h i l e shoots are favoured 

f o r uptake from water. Harding and Whitton (1978), f o r example, 

i n v e s t i g a t e d Zn, Cd and Pb i n water, sediments and the submerged 

p l a n t s Nitella flexilis and Glyceria fluitans i n the Derwent R e s e r v o i r . 

They c o n s i d e r e d t h a t N. flexilis, which has no proper root system, 

probably accumulated almost a l l of i t s metal content from the water 

while sediments were l i k e l y to be a source of a t l e a s t some of the 

heavy metals accumulated by rooted p l a n t s of G. fluitans. 

Welsh and Denny (1980) found p o s i t i v e c o r r e l a t i o n s between Pb 

and Cu c o n c e n t r a t i o n s i n submerged shoots of a q u a t i c macrophytes and 

i n the u n d e r l y i n g sediments c o l l e c t e d from a number of s i t e s on 

U l l s w a t e r and Coniston Water i n the E n g l i s h Lake D i s t r i c t , but were 

unable to demonstrate s i m i l a r c o r r e l a t i o n s between shoots and l a k e 

water. I t was suggested t h a t water must be the primary or only source 

of metals f o r non-rooted p l a n t s . High l e v e l s of Pb i n the shoots of 
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rooted p l a n t s were a t t r i b u t e d to adsorption from the surrounding water 

and a l o s s of Pb from sediments to the i m m e d i a t e l y - o v e r l y i n g water was 

suggested to be p a r t of t h i s p r o c e s s . High l e v e l s of Cu i n shoots were 

con s i d e r e d to be caused i n p a r t by the same mechanism but i t was con­

s i d e r e d t h a t a t r a n s l o c a t i o n pathway from r o o t s to shoots was a l s o 

i n v o l v e d . 

The mechanisms thought to be i n v o l v e d i n metal uptake and l o s s by 

a q u a t i c p l a n t s have been d i s c u s s e d i n a number of the s t u d i e s o u t l i n e d 

above i n c l u d i n g t h a t of Harding and Whitton (1981) i n which the i n f l u e n c e 

of v a r i o u s substances on the l o s s of Zn from Lemanea f i l a m e n t s was a l s o 

c o n s i d e r e d . Many a s p e c t s of metal uptake, l o s s and movement by submerged 

angiosperms have been c o n s i d e r e d by Denny (1980) i n a review which 

'... attempts to assemble the information which may c o n t r i b u t e to a 

c l e a r e r understanding of a b s o r p t i o n , t r a n s l o c a t i o n , accumulation and 

e x c r e t i o n of s o l u t e s by submerged rooted a q u a t i c v a s c u l a r p l a n t s . ' 

S e v e r a l authors have d i s c u s s e d the r o l e of p l a n t s i n c y c l i n g metals 

w i t h i n l a k e systems. The r e l e a s e of metals to water from sediments by 

p l a n t s was considered by both Harding and Whitton (1978) and Welsh and 

Denny (1976, 1980) but n e i t h e r presented data to i n d i c a t e what e f f e c t s 

such r e l e a s e might have on the c o n c e n t r a t i o n of metal i n the l a k e water. 

Mcintosh, Shephard, Mayes, At c h i s o n and Nelson (1978) measured the l e v e l s 

of Cd i n Potamogeton crispus i n Lake P a l e s t i n e , I n d i a n a , and a l s o 

e s t i m a t e d the q u a n t i t y of p l a n t m a t e r i a l and the volume of water i n the 

l a k e . They c a l c u l a t e d t h a t i f a l l the Cd bound up i n a l l the p l a n t s i n 

the lake was to be r e l e a s e d s i m u l t a n e o u s l y during a sudden p l a n t ' d i e - o f f 

the c o n c e n t r a t i o n of Cd i n the l a k e water would i n c r e a s e by between 0.3 

and 1.0 ug 1 During the study Cd l e v e l s i n the water ranged from 

0.5 - 2.5 (j.g 1 * and as the p o s s i b i l i t y of such a r e l e a s e o c c u r r i n g was 

v e r y s l i g h t , the problem was not considered s e r i o u s . N e v e r t h e l e s s , the 



authors p o i n t out the p o s s i b i l i t y t h a t s i g n i f i c a n t e f f e c t s might occur 

l o c a l l y during r a p i d decay of h i g h l y contaminated p l a n t m a t e r i a l , 

e s p e c i a l l y i n s h e l t e r e d a r e a s with very l i t t l e mixing of the water. 

I n such an event both the f l o r a and fauna could be s e r i o u s l y a f f e c t e d . 

1.23 Animals 

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

The i n t e r a c t i o n s between heavy metals and freshwater a q u a t i c 

i n v e r t e b r a t e s have been s t u d i e d f o r many y e a r s . E a r l y s t u d i e s were 

concerned with the e f f e c t s of metals on the d i s t r i b u t i o n of 

i n v e r t e b r a t e s , but present-day i n t e r e s t s range from surveys of the 

m i n e r a l composition of animals i n d i f f e r e n t environments to d e t a i l e d 

i n v e s t i g a t i o n s of the mechanisms i n v o l v e d i n metal uptake and l o s s 

and the f a c t o r s which i n f l u e n c e them. A l l of these are considered 

below, but heavy metal t o x i c i t y i s not d i s c u s s e d as t h i s s u b j e c t has 

been d e a l t with i n two e a r l y reviews (Doudoroff and Katz, 1953; 

Skidmore, 1964) and more r e c e n t r e s e a r c h papers w i t h u s e f u l comments 

i n the l i t e r a t u r e (Bengtsson, 1978; Benoit, Leonard, C h r i s t e n s e n and 

F i a n d t , 1976; C e a r l e y and Coleman, 1974; Clubb, Gaufin and Lords, 

1975a; E i s l e r , 1977; Khangarot and R a j b a n s h i , 1979; Rao and Saxena, 

1981; Rehwoldt, Lask, Shaw and Wirhowski, 1973; Solbe and Flook, 1975; 

Spehar, 1976; Warnick and B e l l , 1969). 

1.232 Mechanisms of heavy metal uptake and l o s s 

Aquatic i n v e r t e b r a t e s l i v i n g i n a heavy metal contaminated 

environment may be exposed to metals i n t h e i r food, the surrounding 

water and the sediments. Each r e p r e s e n t s a p o t e n t i a l source from 

which metals may be taken up and the mechanisms of uptake are l i k e l y 

to d i f f e r a ccording to the source of the metal and the s p e c i e s of 

animal c o n s i d e r e d . 

D e t a i l e d i n v e s t i g a t i o n s i n t o the mechanisms of metal uptake and 
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l o s s by f r e s h w a t e r i n v e r t e b r a t e s have been few, although marine 

s p e c i e s have r e c e i v e d more a t t e n t i o n (see reviews of Bryan, 1976; 

F o r s t n e r and Wittmann, 1979). The m a j o r i t y of i n v e s t i g a t i o n s 

i n v o l v i n g freshwater i n v e r t e b r a t e s have been r e s t r i c t e d to 

demonstration of metal uptake or l o s s by an a c t i v e or p a s s i v e 

p r o c e s s . Metal exchange w i t h the surrounding water has r e c e i v e d 

most a t t e n t i o n which i s perhaps not s u r p r i s i n g i n view of the 

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

i ) water i s u s u a l l y the primary contaminated medium i n 

p o l l u t e d a q u a t i c environments 

i i ) water-borne metals are p o t e n t i a l l y a source common to 

a l l i n v e r t e b r a t e s 

i i i ) the chemistry of metals i n water i s b e t t e r understood 

and may be more r e a d i l y manipulated i n a c o n t r o l l e d 

manner than other p o t e n t i a l sources 

One of the e a r l i e s t l a b o r a t o r y i n v e s t i g a t i o n s i n t o the accumulation 

of metals by freshwater i n v e r t e b r a t e s i s t h a t of Getsova and Valkova 

(1962). Using s o l u t i o n s of r a d i o i s o t o p e s maintained a t 16°C and 22°C, 

they exposed l a r v a e of Odonata, T r i c h o p t e r a and D i p t e r a to v a r i o u s 
59 65 115 

metals, i n c l u d i n g Fe, Zn, Cd. D i f f e r e n t s p e c i e s accumulated a 

given element i n d i f f e r e n t amounts and d i f f e r e n t elements accumulated 

to d i f f e r e n t l e v e l s by a g i v e n s p e c i e s . The authors recognized the 

p o s s i b i l i t y t h a t uptake mechanisms may d i f f e r between i n s e c t s p e c i e s 

and suggested t h a t metal uptake from s o l u t i o n may be r e l a t e d , a t l e a s t 

i n p a r t , to metabolic a c t i v i t y . They urged t h a t f u t u r e r e s e a r c h be 

d i r e c t e d towards i d e n t i f y i n g the nature of s o r p t i o n , m i n e r a l exchange 

and the mechanisms of accumulation. 

Kormondy (1965) s t u d i e d the uptake and l o s s of ^ Z n by the 

dragonfly Plathemis lydia i n a s t a t i c exposure system. E q u i l i b r i u m 



between Zn i n s o l u t i o n and l a r v a e was a t t a i n e d w i t h i n 24 - 48 hours 

and 95% of the i n i t i a l a c t i v i t y a s s o c i a t e d with contaminated l a r v a e 

remained on the c a s t exuvium a t moulting. I t was concluded t h a t 

metal uptake was by s u r f a c e adsorption or c a t i o n exchange. A 

comparison was made between the r a t e of l o s s of ^ Z n from l i v e and 

dead l a r v a e ; r a t e s were found to be the same under l a b o r a t o r y and 

f i e l d c o n d i t i o n s i n d i c a t i n g t h a t metal was l o s t by a p a s s i v e p r o c e s s . 

More r e c e n t l y . Dodge and T h e i s (1979) reported t h a t when l a r v a e 

of the midge Chironomus tentans were exposed to s o l u t i o n s c o n t a i n i n g 

copper, mainly i n the form of c u p r i c i o n s , l i v e and dead l a r v a e both 

took up the metal, although the l e v e l was always lower i n the l a t t e r . 

The authors suggested t h a t uptake of copper from s o l u t i o n by C. tentans 

was l a r g e l y p a s s i v e , i n v o l v i n g chemical i n t e r a c t i o n s between i o n i c 

copper and s o r p t i o n s i t e s a t the s u r f a c e or i n t e r i o r of the organism 

but d i d not d i s c o u n t the p o s s i b i l i t y t h a t another mechanism, i n some 

way connected w i t h metabolic a c t i v i t y , may a l s o be i n v o l v e d i n metal 

uptake. 

I n d i r e c t evidence t h a t metal uptake by a q u a t i c i n s e c t s may a t 

l e a s t i n p a r t be an a c t i v e p r o c e s s was produced by Clubb, Gaufin and 

Lords (1975b). These workers exposed l a r v a e of the mayfly Emphemerella 

grandis, the s t o n e f l y Pteronarcella badia and the c a d d i s f l y 

Brachycentrus americanus to 5.0 mg 1 1 Cd a t t h r e e d i f f e r e n t oxygen 

c o n c e n t r a t i o n s i n a continuous flow b i o a s s a y . The c o n c e n t r a t i o n of 

Cd i n l a r v a e h a r v e s t e d a f t e r four days exposure r e l a t e d p o s i t i v e l y 

to the oxygen c o n c e n t r a t i o n a t which they had been maintained. The 

authors e x p l a i n e d t h a t oxygen consumption by the l a r v a e of m a y f l i e s 

and s t o n e f l i e s had been shown by other workers to i n c r e a s e as the 

d i s s o l v e d oxygen c o n c e n t r a t i o n was i n c r e a s e d and t h a t i n c r e a s e d 

oxygen consumption i s accepted as being i n d i c a t i v e of i n c r e a s e d 
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metabolic a c t i v i t y ; they concluded t h a t absorption of Cd from 

s o l u t i o n by larvae of aquatic i n s e c t s may be coupled t o the 

organism's metabolic a c t i v i t y . 

I n perhaps the most c r i t i c a l study of metal uptake and loss so 

f a r r e p o r t e d f o r an aquatic i n s e c t , Carter and Nicholas (1978) 

demonstrated metabolism t o be important i n the uptake of zinc by 

larvae of the midge Simulium ornatipes. Passive i o n exchange was 

unimportant i n the loss of zinc by t h i s organism and the authors 

suggested t h a t the metal must be l o s t by an a c t i v e process such as 

e x c r e t i o n . Having f r a c t i o n a t e d larvae i n t o three components based on 

t h e i r s o l u b i l i t y i n water and 80% (V/V) ethanol the d i s t r i b u t i o n of 
6 5 

zinc w i t h i n the f r a c t i o n s was examined using larvae exposed t o Zn 

under d i f f e r e n t c o n d i t i o n s . The f r a c t i o n s were as f o l l o w s : water 

i n s o l u b l e c o n s t i t u e n t s - the ' c u t i c l e ' f r a c t i o n ( c u t i c l e , gut contents 

and c e l l u l a r d e b r i s ) ; water soluble-ethanol soluble c o n s t i t u e n t s -

the 'low molecular weight' f r a c t i o n (low molecular weight compounds, 

e.g. amino acids, simple sugars, simple f a t t y a c i d s ) ; water s o l u b l e -

ethanol i n s o l u b l e c o n s t i t u e n t s - the 'high molecular weight' f r a c t i o n 

(high molecular weight compounds, e.g. p r o t e i n s , polysaccharides, 

high molecular weight l i p i d s ) . Two zinc pools were i d e n t i f i e d w i t h i n 

the c u t i c l e and high molecular weight f r a c t i o n s , one i n which zinc 

was h e l d weakly and exchanged r a p i d l y w i t h zinc i n s o l u t i o n and another 

i n which zinc was more f i r m l y h e l d and exchanged s l o w l y . The r e s u l t s 

of washing samples w i t h a s e r i e s of b u f f e r s i n d i c a t e d t h a t zinc was 

bound by phenolic groups i n the c u t i c l e f r a c t i o n and by phosphoric 

acids i n the high molecular weight f r a c t i o n . Results of experiments 

c a r r i e d out a t d i f f e r e n t temperatures and zinc concentrations l e d the 

authors t o suggest t h a t absorbed zinc may be associated i n i t i a l l y w i t h 

the low molecular weight f r a c t i o n and then l a t e r t r a n s f e r r e d t o the 



c u t i c l e and high molecular weight f r a c t i o n s as t i s s u e synthesis 

progresses. I t seems l i k e l y t h a t larvae l i v i n g i n a stream r e c e i v i n g 

i n t e r m i t t e n t discharges of zinc would r e t a i n metal i n t h e i r t i s s u e s 

long a f t e r the p o l l u t a n t had been c a r r i e d downstream and thus 

represent a continued source of zinc f o r predators. 

Although i n v e s t i g a t i o n s i n t o mechanisms of metal uptake i n 

freshwater i n v e r t e b r a t e s have concentrated on i n s e c t s , several workers 

have considered other i n v e r t e b r a t e groups. Freshwater s n a i l s have been 

stu d i e d by several workers. Yager and Harry (1964) i n v e s t i g a t e d the 

uptake of r a d i o a c t i v e z i n c , cadmium and copper by Taphius glabratus. 

Their data i n d i c a t e adsorption t o be important i n the uptake and loss 

of metal by the s h e l l i n t h i s organism and they suggest several routes 

f o r metal absorption from s o l u t i o n : 

i ) through the e p i t h e l i u m of the exposed s o f t t i s s u e 

i i ) through the w a l l o f the d i g e s t i v e t r a c t from f l u i d 

which entered through the mouth 

i i i ) through the s h e l l , or under the s h e l l and i n t o the 

animal through the u n d e r l y i n g mantle e p i t h e l i u m 

Metal absorption by the f i r s t route was considered t o be the most 

probable; i t i s however not possible t o assess the importance of each 

route from the data presented. Wier and Walter (1976) reported t h a t 

Physa gyrina took up cadmium from s o l u t i o n a t almost twice the r a t e 

a t which the metal was e l i m i n a t e d when contaminated animals were 

t r a n s f e r r e d t o clean water. They suggested t h a t the d i f f e r e n c e 

between the two ra t e s may be due t o b i n d i n g mechanisms s i m i l a r t o 

those discovered i n mammals, e.g. the bonding of metal ions t o 

s u l p h y d r y l groups of p r o t e i n s . 

A study of cadmium uptake by the amphipod Gammarus pulex has 

r e c e n t l y been reported by Wright (1980), who exposed i n t e r m o u l t 
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109 specimens t o Cd i n a r t i f i c i a l stream water. Metal uptake was 

reduced by 80% when the animals were exposed t o the metabolic 

i n h i b i t o r 2:4 d i n i t r o p h e n o l p r i o r t o cadmium exposure and adsorption 

of cadmium t o the exoskeleton c o n t r i b u t e d only a small p r o p o r t i o n of 

the metal taken up by the animal as a whole. Thus i t appears the 

uptake of cadmium i n t h i s species i s l a r g e l y an a c t i v e process. The 

author suggested t h a t cadmium accumulation may be accounted f o r by a 

process of ' a c c i d e n t a l ' a c t i v e cadmium uptake associated w i t h the 

calcium r e g u l a t o r y mechanism i n which cadmium s u b s t i t u t e s f o r calcium. 

The uptake of heavy metals by aquatic oligochaetes has been 

considered by several workers; nevertheless the mechanisms of uptake 

s t i l l remain l a r g e l y unexplained. Dean (1974) demonstrated the uptake 
65 

of Zn by ( u n i d e n t i f i e d ) t u b i f i c i d worms from s o l u t i o n s prepared i n the 
l a b o r a t o r y . He also exposed worms t o r i v e r water contaminated by 

ra d i o n u c l i d e s from r e a c t o r e f f l u e n t and found t h a t ^~Cr, ^Co, ^ Z n 
195 

and Zr - Nb had been taken up from the water a f t e r 30 days. I n a 

f u r t h e r experiment t u b i f i c i d s were exposed t o r a d i o n u c l i d e contaminated 

r i v e r sediments f o r 70 days, when the worms were removed and d i v i d e d 
i n t o two groups, w i t h and w i t h o u t gut contents. The former were 

65 59 

contaminated w i t h Zn and Fe b u t , s u r p r i s i n g l y , no r a d i o n u c l i d e s 

were detected i n the l a t t e r , thus i n d i c a t i n g t h a t metals had not been 

t r a n s f e r r e d t o the worms from the sediment i n s p i t e of the long exposure 

p e r i o d . Dean concluded t h a t metal uptake from sediments was unimportant 

and suggested t h a t the d i r e c t uptake o f d i s s o l v e d r a d i o n u c l i d e s from 

water by p h y s i c a l or b i o l o g i c a l mechanisms was the only s i g n i f i c a n t 

route of metal accumulation i n aquatic oligochaetes. Nevertheless, 

t u b i f i c i d worms have been demonstrated t o take up heavy metals from 

t h e i r food. P a t r i c k and L o u t i t (1976) c a r r i e d out experiments i n which 

worms were fed b a c t e r i a c u l t u r e d i n e i t h e r a medium enriched w i t h Cr, Cu, 

Mn, Fe, Pb and Zn, or i n an uncontaminated medium. Worms were fed 
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contaminated or uncontaminated b a c t e r i a f o r seven days, a f t e r which 

time the worms were c o l l e c t e d , allowed t o empty t h e i r i n t e s t i n a l 

t r a c t s and analysed. The concentrations of a l l the metals added t o 

the b a c t e r i a c u l t u r e medium were higher i n worms fed on contaminated 

b a c t e r i a , i n d i c a t i n g the passage of metals from the b a c t e r i a t o the 

worms. The uptake of the metals i s l i k e l y t o have i n v o l v e d t h e i r 

passage across the w a l l o f the gut by a c t i v e or passive processes 

but d e t a i l s o f such mechanisms have not y e t been reported. However, 

Say and Giani (1981) examined the d i s t r i b u t i o n of zinc i n Oligochaetes 

c o l l e c t e d from several zinc p o l l u t e d r i v e r s and found l o c a l i z e d deposits 

o f t h i s metal i n the r e g i o n of the chloragogen t i s s u e surrounding the 

i n t e s t i n a l t r a c t . The chloragogen c e l l s i n oligochaetes p l a y an 

important r o l e i n int e r m e d i a r y metabolism, s i m i l a r t o the r o l e of the 

l i v e r i n v e r t e b r a t e s , and t h e i r close a s s o c i a t i o n w i t h the gut 

h i g h l i g h t s the p o s s i b i l i t y t h a t chloragogen t i s s u e may be i n t i m a t e l y 

i n v o l v e d i n processes such as metal uptake, storage, d e t o x i f i c a t i o n 

and e x c r e t i o n . 

1 .233 Factors a f f e c t i n g heavy metal uptake and loss 

I n the previous s e c t i o n (1.232) the mechanisms by which freshwater 

i n v e r t e b r a t e s exchange heavy metals w i t h t h e i r environment were discussed 

b r i e f l y and i t was noted t h a t only a few species have been s t u d i e d i n 

d e t a i l . Some of these studies r e p o r t data on the i n f l u e n c e of environ­

mental and b i o l o g i c a l f a c t o r s on metal uptake and l o s s . These and 

other s t u d i e s are described below. 

1.2331 Physical and chemical f a c t o r s 

This s e c t i o n i s concerned only w i t h metal uptake and loss from 

s o l u t i o n , but i t seems l i k e l y t h a t some of the p r i n c i p l e s o u t l i n e d 

may apply t o metal accumulation from other sources. 



27 

Nature and d u r a t i o n of exposure 

Many st u d i e s have been documented on the uptake and loss of 

heavy metals by aquatic i n v e r t e b r a t e s and from these i t i s c l e a r t h a t 

the d u r a t i o n of exposure t o s o l u t i o n s of heavy metals i n f l u e n c e s the 

l e v e l s t o which they are concentrated by animals. The general p a t t e r n 

of metal accumulation observed i s one of an i n c r e a s i n g c o n centration 

of metal i n the t e s t organism as exposure proceeds, w i t h the metal 

l e v e l i n c r e a s i n g by successively smaller amounts per u n i t time. 

Accordingly some workers have reported t h a t metal concentrations i n 

experimental animals ceased t o increase a f t e r a given time and t h a t 

e q u i l i b r i u m was reached. For example, Kormondy (1965) reported t h a t 

e q u i l i b r i u m was a t t a i n e d a f t e r 24 - 48 hours i n experiments on ̂ ~*Zn 

uptake and loss by nymphs of the dra g o n f l y Plathemis lydia. S i m i l a r l y 

Kinkade and Erdman (1975), i n a study of Cd uptake by organisms i n a 

simulated freshwater ecosystem, found t h a t concentrations of Cd i n 

the s n a i l Ampullaria paludosa, the c a t f i s h Corydoras punctatus and 

the guppy Lebistes reticulatus tended towards e q u i l i b r i u m as the 

experiment progressed. Both studies were c a r r i e d out i n closed 

systems where the dosing s o l u t i o n s were not replenished. The l a t t e r 

authors noted a r a p i d i n i t i a l loss of metal from s o l u t i o n w i t h the 

concentration tending towards a constant l e v e l as the experiment 

progressed. Thus the e q u i l i b r i a reported f o r the metal l e v e l s i n 

the animals appear t o represent the l i m i t of uptake w i t h i n the exposure 

systems employed r a t h e r than the l i m i t of the metal concentrating 

capacity of the experimental animals. 

Experiments i n which dosing s o l u t i o n s have been renewed have 

shown t h a t f o l l o w i n g a r a p i d i n i t i a l increase i n the concentration o f 

metal i n the t e s t organism the r a t e accumulation s e t t l e s t o a near 

constant r a t e . For example, G i l l e s p i e , Reisine and Massaro (1977) 



28 

exposed the c r a y f i s h Oreonectes propinquus t o s o l u t i o n s of 100 and 

1000 \xq 1 1 1 (^ 9Cd which were renewed a f t e r 96 hours. They found 

t h a t the r a t e of accumulation decreased d u r i n g the f i r s t 20 hours 

exposure whereafter the r a t e remained constant w i t h no i n d i c a t i o n o f 

f u r t h e r r e d u c t i o n when the experiment was terminated a f t e r 200 hours. 

Dean (1974) found l i t t l e r e d u c t i o n i n the r a t e of ̂ Z n from contaminated 

w e l l water by t u b i f i c i d worms a f t e r 216 hours exposure. I n h i s 

experiments, s o l u t i o n s were changed every other day and the volume 

of the exposure system was such t h a t there was l i t t l e change i n zinc 

concentration between s o l u t i o n changes. 

Dean's r e s u l t s appear t o d i f f e r from the general p a t t e r n of 

accumulation o u t l i n e d e a r l i e r . I t i s po s s i b l e t h a t the p a t t e r n of 

metal accumulation d i f f e r s between organisms or perhaps some take 

longer t o reach e q u i l i b r i u m than others, i f they reach e q u i l i b r i u m 

at a l l . I n order t o answer t h i s , experiments would need t o be 

c a r r i e d out over longer periods of time w i t h d i f f e r e n t organisms 

exposed t o metals under the same c o n d i t i o n s . Nevertheless, the data 

reported i n the l i t e r a t u r e give an i n d i c a t i o n of the p a t t e r n of metal 

concentration one might expect t o observe i n organisms exposed t o 

i n t e r m i t t e n t metal discharges. 

Concentration of metal t o which i n v e r t e b r a t e s are exposed 

The concentrations of metals i n freshwater i n v e r t e b r a t e s have 

been shown by many workers t o be r e l a t e d p o s i t i v e l y t o metal l e v e l s 

i n the s o l u t i o n s t o which the animals have been exposed and i t has 

been e s t a b l i s h e d as a general p r i n c i p l e t h a t increased metal l e v e l s 

i n s o l u t i o n give r i s e t o higher concentrations i n the i n v e r t e b r a t e s . 

However, the r e l a t i o n s h i p i s not a simple one, and may be a f f e c t e d by 

many environmental and b i o l o g i c a l f a c t o r s . 

G i l l e s p i e e t al. (1977) found t h a t the r a t e o f accumulation of 



Cd by the c r a y f i s h Oreonectes propinquus, a f t e r 190.5 hours of 

exposure t o s o l u t i o n s of 0.01, 0.1 and 1.0 ug g * was higher f o r the 

more concentrated s o l u t i o n s . The 190.5 hours t i s s u e concentrations 

o f Cd f o r 10 and 1,000 ug 1 * s o l u t i o n s were reported as 18.4 ug g * 

and 534.4 jig g ' (both wet weight) r e s p e c t i v e l y . The authors 

reported a s i g n i f i c a n t (P < 0.01) d i f f e r e n c e i n the f i n a l t i s s u e 

c o n c e n t r a t i o n of Cd i n c r a y f i s h from the 1,000 ug 1 * s o l u t i o n 

compared w i t h c r a y f i s h from the two lower concentration s o l u t i o n s 

but found no such d i f f e r e n c e s between animals from these two s o l u t i o n s . 

Successive 10 f o l d increases i n metal concentration i n the dosing 

s o l u t i o n s d i d not give r i s e t o corresponding changes i n metal 

concentrations i n the exposed animals. Spehar, Anderson and Fiandt 

(1978) have shown t h a t t h i s a p plies also t o the uptake of Cd by the 

s t o n e f l y Pteronarcys dorsata and the c a d d i s f l y Hydropsyche betteni. 

Nehring (1976) found t h a t accumulation of Cu, Zn, Pb and Ag by nymphs 

of the mayfly Ephemerella grandis and the s t o n e f l y Pteronarcys 

californica increased as the concentration of the dosing s o l u t i o n was 

increased. S i m i l a r l y , Thorp, Giesy and W i n e r i t e r (1979) reported a 

p o s i t i v e r e l a t i o n s h i p between l e v e l s of Cd i n the c r a y f i s h Cambarus 

latimanus and the s o l u t i o n s i n which they had been exposed. 

I n most r e p o r t s on the accumulation of heavy metals by aquatic 

i n v e r t e b r a t e s , the metal concentration given f o r the s o l u t i o n s t o which 

the animals were exposed r e f e r s t o the t o t a l c o n c e n t r a t i o n of the metal 

d i s s o l v e d i n the dosing s o l u t i o n and takes no account of the chemical 

form of the metal. Data r e p o r t e d by Dodge and Theis (1979) suggest 

t h a t knowledge of the chemical form of a metal i n s o l u t i o n may be of 

greate r importance than the t o t a l concentration of the metal. These 

workers exposed larvae of the midge Chironomus tentans t o f i v e s o l u t i o n s 

of Cu a l l having the same concentration of s o l u b l e Cu and arranged t h a t 
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the chemical speciation of the metal in each solution d i f f e r e d . Cu 

was concentrated most rea d i l y by the larvae when free cupric ions and 

a copper-hydroxy complex were the dominant forms of the metal and no 

s i g n i f i c a n t uptake took place when copper-glycine and copper 

n i t r i l o t r i a c e t i c acid were dominant. Although the importance of 

chemical speciation of metals in solution has been recognised in t o x i c i t y 

studies where i t has frequently been demonstrated that the ionic form of 

metals i s the most toxic to aquatic invertebrates, investigators have 

been slow to appreciate the importance of chemical speciation i n work on 

metal accumulation. The study of Dodge and Theis appears to be the only one 

of i t s kind reported in the l i t e r a t u r e and their r e s u l t s c l e a r l y indicate 

the need for further investigations to be carried out on t h i s aspect of 

metal uptake by aquatic invertebrates. 

Temperature and oxygen 

The body temperature of aquatic invertebrates i s dependent on the 

temperature of t h e i r environment and the rate at which t h e i r metabolic 

processes continue i s rel a t e d p o s i t i v e l y to t h e i r body temperature. Thus, 

the higher rates of metal uptake at elevated temperatures noted by several 

workers have been used as evidence that metal uptake may be, at l e a s t in 

part, a b i o l o g i c a l l y active process (see Section 1.232). 
65 

Dean (1974) found that t u b i f i c i d worms maintained i n Zn solutions 

at 15°C had higher body concentrations of the metal after 9 days exposure 

than animals kept at 6°C and lower body concentrations than worms 

maintained at 25°C even though the concentration of Zn was the same at 

each temperature. He concluded that a biological mechanism was involved 

in metal uptake by t u b i f i c i d worms. Sim i l a r l y , larvae of the blackfly 
o 65 Simulium ornatipes maintained at 20 C concentrated Zn to a higher 

l e v e l than larvae maintained at 0°C (Carter and Nicholas, 1979). 

Oxygen has been linked to metal accumulation by aquatic invertebrates 

in both f i e l d and laboratory studies. The laboratory study of Clubb et al. 



(1975b) was described i n Section 1.232. Karbe, Antonacopoulos and 

Schnier (1975) reported a f i e l d study on the i n f l u e n c e of water 

q u a l i t y on accumulation of heavy metals by three species of mussels 

and found a t e n t a t i v e c o r r e l a t i o n between oxygen s a t u r a t i o n and metal 

accumulation. 

The i n f o r m a t i o n a v a i l a b l e thus suggests t h a t both elevated 

temperatures and increased l e v e l s of oxygen cause an increase i n the 

l e v e l t o which aquatic i n v e r t e b r a t e s accumulate heavy metals; however 

the e x t e n t t o which the two f a c t o r s i n t e r a c t under n a t u r a l c o n d i t i o n s 

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

Other metals 

I t has been known f o r many years t h a t increased water hardness 

confers p r o t e c t i o n against heavy metal t o x i c i t y and i t has become 

c l e a r i n more recent years t h a t i t also i n f l u e n c e s heavy metal uptake 

and l o s s . Kinkade and Erdman (1975) i n v e s t i g a t e d the i n f l u e n c e of 
2+ 2+ 

hardness components (Ca and Mg ) i n water on the uptake and 

concentration of *^Cd i n a simulated freshwater ecosystem which 

included i n f u s o r i a s n a i l s Ampullaria poludosa, c a t f i s h Corydoras 

punctatus and guppies Lebistes reticulatus. Two systems were set up 

i n 1 l i t r e p l a s t i c containers a t an i n i t i a l c o n c e ntration of 
-1 2+ 2+ 0.1 mg 1 Cd, one as a s o f t water system ( t o t a l Mg and Ca of 

-1 2+ 2+ 0 mg 1 ) the other as a hard water system ( t o t a l Mg and Ca 

approximately 150 mg 1 S. I n i t i a l uptake of Cd was g e n e r a l l y f a s t e r 

i n hard water than i n s o f t water but a f t e r 21 days Cd l e v e l s were 

highest i n animals c u l t u r e d i n s o f t water. The hardness component 

i n f l u e n c e d both the r a t e of uptake and the t o t a l residues of Cd i n the 

t e s t organisms. Wright (1980) also i n v e s t i g a t e d Cd and Ca i n t e r a c t i o n s , 

i n t h i s case on the amphipod Gammarus pulex; he was unable t o f i n d any 

c l e a r r e l a t i o n s h i p between the r a t e of whole body Cd uptake and the 



e x t e r n a l c oncentration of Ca. 
2+ Carter and Nicholas (1978) reported t h a t Ca a t concentrations 

o f 50 rag 1 ^ and 100 mg 1 * d i d not a f f e c t the accumulation o f Zn by 

larvae of the b l a c k f l y Simulium ornatipes from 0.1 mg 1 * Zn^ + over 
2+ 

a 24 hour p e r i o d . They also found t h a t Ca had no e f f e c t on the loss 
of Zn from b l a c k f l y l a r v a e . These workers also i n v e s t i g a t e d the e f f e c t 

2+ 
of Zn on the loss of Zn from b l a c k f l y larvae and found t h a t Zn loss 

2 + 

was not i n f l u e n c e d by the presence of Zn i n the surrounding medium. 

They suggested t h a t loss of Zn must be an a c t i v e process. 

1.2332 B i o l o g i c a l f a c t o r s 

I t i s evident from 1.2331 t h a t p h y s i c a l and chemical f a c t o r s 

i n f l u e n c e the uptake and loss of metals by a f f e c t i n g a b i o l o g i c a l 

mechanism or f u n c t i o n such as metabolic a c t i v i t y . Other, more s t r i c t l y 

b i o l o g i c a l f a c t o r s may also i n f l u e n c e uptake and l o s s , as, f o r instance, 

the stage i n the l i f e c y c l e . Getsova and Volkova (1962) exposed 4th 

i n s t a r larvae arripupae of the midge Culex pipiens t o ̂ ~*S, ̂ ~*Ca, ^Co, 
65,, 90„ 106„ 137^ , 144„ , , 

Zn, Sr, Ru, Cs and Ce. A f t e r 3 days exposure the 

concentrations of S, Co, Zn, Ru, Cs and Ce i n larvae were higher than 

i n pupae w h i l e the reverse was t r u e f o r Ca and Sr. Gammarus pulex 

which has moulted r e c e n t l y , takes up Cd a t a much f a s t e r r a t e than 

i n t e r m o u l t specimens (Wright, 1980). The author suggested t h a t the 

calcium s t a t u s of the organisms s t r o n g l y i n f l u e n c e d Cd uptake i n t h i s 

species. Anderson and Brower (1978) found no d i f f e r e n c e between males 

and females i n the l e v e l s o f Cd, Cu, Pb and Zn i n three n a t u r a l 

populations of the c r a y f i s h Oreonectes virilis. S i m i l a r l y , Thorp, 

Giesy and W i n e r i t e r (1979) found no d i f f e r e n c e i n the t i s s u e 

concentrations of Cd i n males and females o f the c r a y f i s h Cambarus 

latimanus, which had been exposed t o the metal f o r f i v e months. 

Accumulation of Cu and Pb by the crustacean Asellus meridianus 
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i s i n f l u e n c e d by the tolerance o f the animal t o these metals (Brown, 

1977a: 1978). Having p r e v i o u s l y (Brown, 1976) demonstrated Cu and 

Pb tolerance i n one p o p u l a t i o n o f these organisms and lead tolerance 

only i n a second p o p u l a t i o n , she used these,along w i t h animals from 

a t h i r d p o p u l a t i o n which showed no tolerance t o e i t h e r metal, and 

i n v e s t i g a t e d the uptake of Cu and Pb from water and food. A l l 

populations accumulated both metals from s o l u t i o n . Uptake o f Pb by 

no n - t o l e r a n t animals proceeded f a s t e r than i n those from Pb t o l e r a n t 

p o p u l a t i o n s . Pb t o l e r a n t animals accumulated Pb from Pb enriched 

food and Cu t o l e r a n t animals accumulated Cu from Cu enriched food, 

w h i l e n o n - t o l e r a n t animals showed no evidence of accumulating metals 

t o which they were su s c e p t i b l e and die d d u r i n g the course o f 

i n v e s t i g a t i o n s . The r a t e or l e v e l of Pb accumulation from water or 

food were not d i f f e r e n t f o r animals t o l e r a n t t o Cu and Pb and those 

t o l e r a n t t o Pb onl y . I t was suggested t h a t metal tolerance may be 

associated w i t h improved metal storage c a p a b i l i t y . 

1.234 Observations on heavy metals and i n v e r t e b r a t e s i n n a t u r a l systems 

Many of the e a r l y s t u d i e s on heavy metals i n aquatic systems were 

concerned w i t h the e f f e c t s of these p o l l u t a n t s on the composition o f the 

i n v e r t e b r a t e fauna (see Section 1.231). Streams d r a i n i n g moorland i n 

(then) Cardiganshire (now Dyfed), Wales, received considerable a t t e n t i o n , 

as many were p o l l u t e d by base-metal mining operations. 

Carpenter (1922, 1924) st u d i e d the River Rheidol and River Ystwyth 

and found t h a t the fauna i n reaches h i g h l y p o l l u t e d by e f f l u e n t from 

lead mines was l i m i t e d t o the larvae of a few species of aquatic i n s e c t s . 

I n surveys c a r r i e d out before 1922 she found t h a t even the fauna i n the 

lower reaches of these r i v e r s was severely reduced and noted the complete 

absence of Pl a t y h e l m i n t h s , Mollusca, T r i c h o p t e r a , Crustacea, Oligochaeta 

and Hirudinea. Up t o t h i s time 14 species of i n s e c t larvae had been 
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recorded from the lower Rheidol and only 9 species from the lower 

Ystwyth. By 1924, f o l l o w i n g the cessation of mining and ore dressing 

operations the fauna of both streams showed signs of recovery; 29 

species were present i n the Rheidol and 26 species i n the Ystwyth. 

Carpenter recognized t h a t the impoverished fauna of these streams was 

r e l a t e d t o p o l l u t i o n by lead mining and ore dressing operations w i t h i n 

t h e i r catchment areas and concluded t h a t the presence of lead s a l t s i n 

a d i f f u s a b l e form was the causative f a c t o r . A f u r t h e r recovery by the 

fauna of the Rheidol up t o 1932 was r e p o r t e d by Laurie and Jones (1938) 

who recorded 103 species i n the lower reaches and i n a survey c a r r i e d 

out d u r i n g 1947 and 1948 Jones (1949) found 191 species t o be present 

i n c l u d i n g r e p r e s e n t a t i v e s of those groups p r e v i o u s l y noted by Carpenter 

as being absent. 

Jones also documented the recovery o f the fauna of the R. Ystwyth. 

He recorded 44 species i n surveys c a r r i e d out d u r i n g 1939 and 1940 

(Jones, 1940) and suggested t h a t s o l u b l e zinc was probably more 

important than lead i n l i m i t i n g the fauna. By 1953, even though mine 

workings i n the catchment had been i n o p e r a t i v e f o r 35 years, the r i v e r 

s t i l l showed signs of p o l l u t i o n ; l e v e l s of Zn i n the water ranged from 

0.2 - 0.7 mg 1 * w h i l e l e v e l s of Pb were n e g l i g i b l e . The fauna was 

composed of a t l e a s t 45 species and although, q u a l i t a t i v e l y , i t compared 

favourably w i t h u n p o l l u t e d streams, the Oligochaeta, Hirudinea, Mollusca 

and Crustacea remained unrepresented and T r i c h o p t e r a were rare (Jones, 

1958). Jones a l s o noted the absence of the small d y t i s c i d b eetles 

Deronectes and Oreodgtes. 

Recovery from heavy metal p o l l u t i o n would thus appear t o be a slow 

process. However, observations made by Carpenter (1926) i n d i c a t e t h a t 

when adverse c o n d i t i o n s no longer p r e v a i l , complete recovery of the 

fauna i s possible i n a r e l a t i v e l y s h o r t p e r i o d . She reported t h a t i n 
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1924, only s i x y e a r s a f t e r raining o p e r a t i o n s i n the catchment a r e a 

ceased, the p r e v i o u s l y p o l l u t e d Marchant Brook had a fauna 

c h a r a c t e r i s t i c of a C a r d i g a n s h i r e moorland stream. T h i s recovery 

was only s h o r t l i v e d because mining a c t i v i t i e s recommenced i n 1924 

and a survey c a r r i e d out during 1925 r e v e a l e d t h a t the fauna of the 

stream had been s e r i o u s l y a f f e c t e d ; the mollusc Rncylus fluviatilis, 

which was common i n u n p o l l u t e d streams i n the a r e a but v e r y s e n s i t i v e 

t o metal p o l l u t i o n , and a l l T r i c h o p t e r a l a r v a e had disappeared although 

the occurrence of P l e c o p t e r a and Ephemerid nymphs was u n a f f e c t e d . 

Carpenter regarded the disappearance of molluscs from the fauna 

as the f i r s t index to the p o l l u t i o n of a stream by lead-mining w h i l e 

t h a t of T r i c h o p t e r a l a r v a e marked the second phase. Carpenter's 

c o n c l u s i o n s were s i m i l a r to those of Ortmann (1909) who recognized 

the disappearance of molluscs and then C r u s t a c e a as s u c c e s s i v e s t a g e s 

i n the p o l l u t i o n of Pennsylvanian streams by mining o p e r a t i o n s . 

The e f f e c t s of heavy metal p o l l u t i o n on the composition of the 

i n v e r t e b r a t e fauna of r i v e r s continue to be reported. For example, 

Wurtz (1962) documented the e l i m i n a t i o n of mollusc populations from 

streams i n the catchment of the Northwest Miramichi R i v e r , New 

Brunswick, Canada, during the dewatering o p e r a t i o n s of a base-metal 

(Zn, Pb, Cu) mine. N i c h o l a s and Thomas (1978) found t h a t heavy metal 

wastes from abandoned mines e n t e r i n g the Molonglo R i v e r , New South 

Wales, had almost e l i m i n a t e d the fauna from the r i v e r f o r many 

k i l o m e t r e s downstream. Occhiogrosso, W a l l e r and Lauer (1979) 

i n v e s t i g a t e d the e f f e c t s of heavy metal contaminated sediments on the 

d i s t r i b u t i o n of o l i g o c h a e t e s and chironomids i n Foundry Cove on the 

Hudson R i v e r , New York; d e n s i t i e s of these organisms were reduced i n 

a r e a s where contamination was g r e a t e s t . I n a study of the R i v e r Hayle, 

C o r n w a l l , Brown (1977b) found t h a t the number of t a x a i n the fauna 
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was reduced a t heavy metal p o l l u t e d s i t e s and Armitage (1980) recorded 

s i m i l a r observations d u r i n g h i s study of the River Nent i n the Northern 

Pennines but was not always able t o d i s t i n g u i s h between the e f f e c t s of 

heavy metal p o l l u t i o n and organic enrichment a t some of the s i t e s 

examined. 

The e f f e c t s o f heavy metals on the composition of the fauna of 

lakes have received much less a t t e n t i o n than t h a t of r i v e r s . This may 

be on account of the d i f f i c u l t i e s i n v o l v e d i n separating the. e f f e c t s of metals 

from the i n f l u e n c e of such v a r i a b l e s as substratum, wave exposure, 

organic enrichment and the mixing p r o f i l e of the water column du r i n g 

d i f f e r e n t seasons. I n a study of the comparative e f f e c t s of sediment 

and water contamination on the benthic i n v e r t e b r a t e s of four lakes i n 

the Canadian s u b a r c t i c , Moore, Beaubien and Sutherland (1979) found 

t h a t the numbers o f species of both molluscs and i n s e c t s were lowest 

i n those lakes where sediments were most h i g h l y contaminated by 

heavy metals. However, the authors d i d not a t t r i b u t e the observed 

d i s t r i b u t i o n t o heavy metal contamination alone but suggested t h a t 

water hardness and w i n t e r m o r t a l i t y of organisms due t o f r e e z i n g were 

also i n v o l v e d . 

Wentsel, Mcintosh and Anderson (1977) i n v e s t i g a t e d the e f f e c t s of heavy 

metal contaminated sediments on the d i s t r i b u t i o n of benthic i n v e r t e b r a t e s 

i n P a l e s t i n e Lake, Indiana. I n general, d e n s i t i e s of an oligochaete 

{Limnodrilus sp.) increased as the l e v e l o f sediment contamination 

increased, w h i l e chironomid d e n s i t y decreased. The d i s t r i b u t i o n of 

Limnodrilus was a t t r i b u t e d t o the e l i m i n a t i o n o f competitors and 

predators by heavy metals, w h i l e the t o x i c e f f e c t s of contaminated 

sediments were thought t o determine chironomid d i s t r i b u t i o n . Indeed 

contaminated sediments have been shown t o i n f l u e n c e the growth, emergence 

and d i s t r i b u t i o n of chironomids from t h i s lake i n other studies (Wentsel, 
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Mcintosh and Atchison, 1977? Wentsel, Mcintosh and McCafferty, 1978; 
Wentsel, Mcintosh, McCafferty, Atchison and Anderson, 1977). 

F i e l d studies have also added t o the l a b o r a t o r y i n f o r m a t i o n on 

environmental f a c t o r s and metal composition described above (1.232, 

1.233). Several species have been st u d i e d i n d e t a i l , e s p e c i a l l y w i t h 

a view t o using the p a r t i c u l a r animal as a monitor of heavy metal 

p o l l u t i o n . Such use of an organism as a 'monitor' by v i r t u e of metal 

l e v e l s i n i t s t i s s u e s i s based on the assumption t h a t metal l e v e l s i n 

the organism r e f l e c t environmental contamination. The approach has 

perhaps been used more o f t e n f o r p l a n t s than animals. Whitton (1975) 

i n discussing the use of algae i n studies of low l e v e l heavy metal 

p o l l u t i o n s t a t e d t h a t "... analyses of p l a n t m a t e r i a l are of more 

value than t h a t of the water, as the p l a n t s i n t e g r a t e events i n the 

environment over long p e r i o d s . " There are advantages i n using organisms 

as monitors where i n t e r m i t t e n t e f f l u e n t discharges are i n v o l v e d because 

spot checks based on chemical analysis of s i n g l e water samples may f a i l 

t o d e t e c t contamination whereas elevated l e v e l s of metals are l i k e l y 

t o p e r s i s t i n the b i o t a long a f t e r the p o l l u t a n t s have been c a r r i e d 

downstream. Before a p l a n t or animal can be used as a monitor i t i s 

e s s e n t i a l t o have d e t a i l e d i n f o r m a t i o n about the dynamic aspects of 

metal exchange between the organism and i t s environment. 

The use o f mussels as monitors of heavy metal p o l l u t i o n has 

received the a t t e n t i o n of s e v e r a l workers who between them have 

discussed the advantages, disadvantages and associated problems a t 

length (Clarke, Clarke and Wilson, 1976; Foster and Bates, 1978; 

Jones and Walker, 1979; Manly and George, 1977; M e r l i n i , Cadario and 

Oregioni, 1978). 

The use of aquatic i n s e c t s as monitors o f heavy metal p o l l u t i o n 

was i n v e s t i g a t e d by Nehring (1976). Caged nymphs of the mayfly 
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Ephemerella grandis and the s t o n e f l y Pteronarcys califomica 

concentrated metals i n r e l a t i v e p r o p o r t i o n t o the occurrence of the 

metals i n a stream by some p r e d i c t a b l e , r eproducible f a c t o r and Nehring 

concluded t h a t these i n s e c t s may serve as e f f e c t i v e b i o l o g i c a l 

monitors of heavy metal p o l l u t i o n . His data suggest t h a t Zn l e v e l s 

i n these organisms was very dependent on the l e v e l s i n the surrounding 

water and support the view o f Forstner and Wittmann (1979) t h a t 

' The heavy metal content o f an organism should by no means be regarded 

as a constant value but r a t h e r as a f a c t o r subject t o the i n f l u e n c e o f 

va r y i n g b i o t i c and a b i o t i c environmental c o n d i t i o n s . ' 

Studies on heavy metal accumulation by n a t u r a l populations of 

in v e r t e b r a t e s from ponds and lakes have been fewer than f o r r i v e r s 

b u t a series of i n v e s t i g a t i o n s d e a l i n g w i t h the l e v e l s o f various 

p o l l u t a n t s , i n c l u d i n g As,Cd, Cu, Mn, Pb, Zn and Hg, i n d i f f e r e n t 

components of several l e n t i c systems i n South A f r i c a have been 

documented (Greichus, Greichus, Amman, C a l l , Hamman and P o t t , 1977; 

Greichus, Greichus, Draayer and Marshall, 1978; Greichus, Greichus, 

Amman and Hopcraft, 1978). Concentrations of each metal were lower 

i n water than any other component analysed, w h i l e metal concentrations 

i n sediments were g e n e r a l l y higher than i n oligochaetes, chironomids 

and composite samples of other aquatic i n s e c t s . Gommes and Muntau 

(1975) reported s i m i l a r f i n d i n g s f o r the concentrations of Cu, Zn, 

Cr, Ni and Mn i n water, sediments and oligochaetes c o l l e c t e d from 

the l i t t o r a l zone o f southern Lake Maggiore. Here, highest concen­

t r a t i o n s of Cu and Zn were recorded i n gastropods w h i l e concentrations 

of Mn i n l a m e l l i b r a n c s were higher than i n samples of any other 

m a t e r i a l . Concentrations of other metals i n these two groups of 

organisms were lower than i n the sediments but higher than i n water. 

I n a l a t e r study of the d i s t r i b u t i o n o f Cd i n the same lake, Gommes 
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and Muntau (1976) reported metal concentrations i n the sediment t o be 

higher than i n the water and found t h a t Cd was accumulated t o higher 

concentrations i n the s o f t t i s s u e s of the molluscs Unio and Viviparus 

than i n the s h e l l s of these animals. 

Namminga, Scott and Burks (1974) studied the d i s t r i b u t i o n of 

Cu, Pb and Zn i n a pond ecosystem and found concentrations o f a l l 

t h r e e metals i n water samples t o be lower than other components 

analysed. Concentrations of Cu and Zn were higher i n the benthos 

than i n the sediments w h i l e the opposite was t r u e f o r Pb. There was 

no increase i n the amount of metals associated w i t h i n c r e a s i n g t r o p h i c 

l e v e l s . 

Of the r i v e r s on which s i m i l a r studies have been c a r r i e d out, 

many have been slow f l o w i n g and contaminated by domestic and 

a g r i c u l t u r a l e f f l u e n t s as w e l l as heavy metals. I n v e s t i g a t i o n s of 

such environments which have included metal analyses of i n v e r t e b r a t e s 

and other components of the r i v e r are those of Mathis and Cummings 

(1973), Namminga and Wilhm (1977), Anderson and Brower (1978) and 

Eyres and Pugh-Thomas (1978) . As w i t h the stu d i e s c a r r i e d out on 

ponds and lakes the r e s u l t s o f these i n v e s t i g a t i o n s show t h a t metal 

concentrations i n water are exceeded by those i n both i n v e r t e b r a t e s 

and sediments w h i l e the exact r e l a t i o n s h i p between these components 

d i f f e r s according t o the organisms and metals considered. For example, 

Mathis and Cummings (1973) found higher concentrations of Zn i n clams 

than i n t u b i f i c i d worms but observed t h a t the opposite was t r u e f o r 

Cr, Co, N i , Cd andPb. Namminga and Wilhm (1977) showed t h a t concentration 

f a c t o r s f o r Cu, Pb and Zn i n chironomids exceeded f a c t o r s f o r sediments 

(both compared w i t h water) w h i l e Cr was less concentrated i n the animals. 

Eyres and Pugh-Thomas (1978) s t u d i e d the r e l a t i o n s h i p between substrate 

and t i s s u e concentrations of Pb, Cu and Zn i n the leech Erpobdella 

octoculata and the Crustacea Asellus aquaticus. They found t h a t although 
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s i m i l a r trends i n the way t i s s u e concentrations changed w i t h i n c r e a s ­

i n g s ubstrate concentrations of each metal. 

Anderson (1977) r e p o r t e d the concentrations of Cd, Cu, Pb and 

Zn i n 35 genera o f freshwater i n v e r t e b r a t e s from the Fox River, 

I l l i n o i s and Wisconsin, but data were not given f o r the environmental 

l e v e l s o f these metals. I n general the order o f the concentrations 

of metals i n the animals was Zn > Pb > Cd. Mayflies had the highest 

concentrations of Zn, Cd and Pb although high Zn concentrations were 

also observed i n c a d d i s f l i e s and clams. The highest concentrations 

of Cu occurred i n crustaceans. 

Few studies on the metal composition of the fauna of f a s t f l o w i n g 

streams have been reported p o s s i b l y because such streams tend t o be 

r e s t r i c t e d t o the upland p a r t s o f catchment areas where i n d u s t r i a l 

p o l l u t i o n i s less common. Enk and Mathis (1977) i n v e s t i g a t e d the 

d i s t r i b u t i o n of Cd and Pb i n J u b i l e e Creek, I l l i n o i s , which drains a 

r u r a l area and i s unaffected by i n d u s t r i a l e f f l u e n t s , though h e r b i c i d e 

and p e s t i c i d e r u n - o f f from farmland i n the catchment probably occurs. 

Mayflies and d a m s e l f l i e s contained the highest concentrations of Cd, 

whi l e lower concentrations occurred i n c a d d i s f l i e s . The concentrations 

of Cd i n a l l the aquatic i n s e c t s were higher than i n sediments, which 

i n t u r n had higher concentrations than the water. The d i s t r i b u t i o n 

of Pb was d i f f e r e n t : a l l the i n s e c t s had higher concentrations than 

the water but concentrations i n the sediments were higher than i n 

mayf l i e s and one of the c a d d i s f l i e s . Pb concentrations i n s n a i l s of 

the genus Physa were higher than i n any other component analysed. 

Fast f l o w i n g streams p o l l u t e d by e f f l u e n t from abandoned base-

metal mines were studied by Brown (1977b) and Nicholas and Thomas 

(1978) . The l a t t e r authors r e p o r t e d Zn concentrations i n animals 



c o l l e c t e d from the Molonglo River, New South Wales, over a three 

year p e r i o d but d i d not include data on the environmental l e v e l s o f 

Zn a t the time samples o f i n v e r t e b r a t e s were c o l l e c t e d . C a d d i s f l i e s 

were found t o have the highest concentrations of Zn of any larvae 

examined although those i n dra g o n f l y pupal cases were the highest 

recorded f o r a l l the ti s s u e s analysed. Brown measured the concen­

t r a t i o n s o f Cu, Zn and Fe i n water, sediments and i n v e r t e b r a t e s from 

the River Hayle, Cornwall, a t three d i f f e r e n t times o f year. Metal 

concentrations were presented only f o r the higher taxonomic categories. 

I n general, the highe s t metal concentrations were found i n ' f r e e -

l i v i n g ' c a d d i s f l y larvae and s i g n i f i c a n t c o r r e l a t i o n s were found 

between l e v e l s of Cu and Zn i n these animals and i n the surrounding 

water. No comparisons were made between metal concentrations i n 

animals c o l l e c t e d a t d i f f e r e n t times o f year. 

1.3 AIMS 

The b r i e f review of the l i t e r a t u r e presented i n Section 1.2 

reveals several areas where f u r t h e r research would be rewarding. 

The i n v e s t i g a t i o n commissioned by the Northumbrian Water A u t h o r i t y 

and the Sunderland and South Shields Water Company (Section 1.1) 

provided an o p p o r t u n i t y t o study a f a s t f l o w i n g n u t r i e n t poor r i v e r 

and an o l i g o t r o p h i c r e s e r v o i r contaminated by heavy metals derived 

from mining operations. 

I t was decided t h a t the aims of the p r o j e c t should be: 

i ) To examine the d i s t r i b u t i o n of z i n c , cadmium and lead i n 

water, sediments, p l a n t s and benthic macroinvertebrates from 

the R. Derwent and Derwent Reservoir d u r i n g 3 d i f f e r e n t seasons 

w i t h a view t o comparing the l e v e l of contamination w i t h t h a t 

r e p o rted i n e a r l i e r s t u d i e s o f the same area. 
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i i ) To determine and compare the concentrations of z i n c , 

cadmium and lead i n the more abundant i n v e r t e b r a t e taxa 

from the r i v e r and the r e s e r v o i r and t o examine the r e l a t i o n ­

ship w i t h metal concentrations i n other components of the 

environment i n an attempt t o discover t h e i r importance as 

sources from which i n v e r t e b r a t e s may accumulate metals, 

i i i ) To perform a s i m i l a r study on zinc and lead i n 

submerged macrophytes i n the Derwent Reservoir. 
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CHAPTER 2 

BACKGROUND TO AREA OF STUDY 

2.1 INTRODUCTION 

This chapter deals mainly w i t h the Derwent Catchment, but 

reference i s also made t o the Northern Pennines as a whole. 

Geographical and g e o l o g i c a l aspects are described f o l l o w e d by a 

b r i e f h i s t o r y o f mining operations. The f i n a l s e c t i o n i s a summary 

of the s t a t e of the River Derwent and Derwent Reservoir d u r i n g the 

p e r i o d of study (September 1978 - December 1979). The account i s 

based l a r g e l y on t h a t given by Harding (1978) but draws also on 

Dunham (1948; 1972) and Johnson (1972). A d d i t i o n a l i n f o r m a t i o n was 

obtained by discussion or by personal observation. 

2.2 GEOGRAPHICAL ASPECTS 

2.21 Derwent catchment 

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

The term Derwent catchment as used here r e f e r s t o the area which 

drains d i r e c t l y i n t o the Derwent Reservoir. I t i s made up of moorland, 

woodland and pasture around the R. Derwent, i t s t r i b u t a r i e s and the 

r e s e r v o i r ; i t covers an area of 8721 ha, much of which l i e s above 

an a l t i t u d e o f 400 m. The annual r a i n f a l l w i t h i n the catchment i s 

935 mm, o f which 546 mm leaves the area as surface r u n - o f f (Anon., 1976). 

2.212 Derwent Reservoir 

2.2121 Water supply 

The Derwent Reservoir i s s i t u a t e d near the town of Consett, 

County Durham, and l i e s i n the v a l l e y o f the River Derwent along the 

boundary between County Durham and Northumberland ( F i g . 2.1). The 

r e s e r v o i r was formed by the c o n s t r u c t i o n of an e a r t h dam across the 

Derwent v a l l e y i n accordance w i t h the Derwent Water Order o f 1957. 
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Work on the dam commenced i n 1960 and water was f i r s t taken i n t o 

supply i n 1966. One o f the l a r g e s t i n l a n d waters i n England, the 
6 3 

r e s e r v o i r , when f u l l t o capacity (50.06 x 10 m ) has a surface area 

of 405 ha, a maximum depth o f 30 m, a len g t h of 5.6 km and a maximum 

w i d t h of 1.6 km (F i g . 2.2). I t was constructed f o r the j o i n t use of 

the Durham County Water Board (now the Wear D i v i s i o n of the Northumbrian 

Water A u t h o r i t y ) and the Sunderland and South Shields Water Company. 

The l a t t e r manage the r e s e r v o i r and the associated treatment works 

s i t u a t e d 4 km down the v a l l e y a t Mosswood. Water f o r p u b l i c supply i s 

drawn from near the dam and passed t o Mosswood f o r treatment. From 

here, t r e a t e d water f o r the A u t h o r i t y i s pumped t o a service r e s e r v o i r 

a t Castleside whence onward d i s t r i b u t i o n i s g r a v i t a t i o n a l . The Company's 

share of the water g r a v i t a t e s from Mosswood t o a major c o n t r o l p o i n t a t 

Washington. During t h i s study water was fed from the r e s e r v o i r i n t o the 

p u b l i c supply a t an average r a t e o f 1.08 x 10^ m"̂  day * (D. W. F o r s t e r , 

pers . comm.) 

2.2122 Recreation f a c i l i t i e s 

R ecreational use of the r e s e r v o i r includes a game f i s h e r y stocked 

w i t h hatchery reared rainbow and brown t r o u t on a 'put and take' b a s i s . 

A s a i l i n g c l u b i s e s t a b l i s h e d on the n o r t h shore and three p i c n i c s i t e s 

have been l a i d out near the r e s e r v o i r . A f u r t h e r a t t r a c t i o n i s the 

w i l d f o w l , g u l l s and waders which can beobserved from vantage p o i n t s 

near the s h o r e l i n e . 

2.2123 Nature reserve 

The western end of the r e s e r v o i r i s a nature reserve t o which 

there i s no p u b l i c access. I t comprizes 60 ha of water and 33 ha of 

surrounding land. The area, managed by a committee i n c l u d i n g 

r e p r e s e n t a t i v e s from the Durham County Conservation Tr u s t , the Nature 

Conservancy Council, the Northumberland W i l d l i f e T r u s t , the S a i l i n g 
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Club and the Water Company, has proved t o be very a t t r a c t i v e t o b i r d s ; 
10 d i f f e r e n t species of waterfowl and waders have nested i n the 
reserve and 140 species have been recorded i n the r e s e r v o i r area. 
2.213 River Derwent and i t s t r i b u t a r i e s 

The R. Derwent i s the main feeder stream of the Derwent Reservoir, 

e n t e r i n g i t a t the western end through the nature reserve (Pig. 2.1). 

The r i v e r i s formed 5 km south-west of the r e s e r v o i r a t an a l t i t u d e 

of approximately 260 m by the confluence o f Nookton and Beldon Burns 

(NY 944492). 

Nookton Burn r i s e s a t over 550 m and drains Nookton F e l l , Nookton 

West F e l l and Hunstanworth Moor. Beldon Burn l i e s t o the n o r t h o f 

Nookton Burn and i s formed by streams d r a i n i n g Heatheryburn Moor, 

Quickcleugh Moss, Byerhope Moss and H a l l e y w e l l F e l l . The remains of 

o l d mine workings are evident i n the catchment areas of both streams. 

The l a r g e s t t r i b u t a r y o f the R. Derwent upstream o f the r e s e r v o i r 

i s B o l t s Burn. I t r i s e s t o the east o f Hunstanworth Moor as a s e r i e s 

of flushes and enters the r i v e r on the south bank 3.5 km from the 

r e s e r v o i r . I t i s evident t h a t the v a l l e y o f B o l t s Burn has been the 

s i t e of considerable mining a c t i v i t y as the stream i s bordered by o l d 

lead workings and s p o i l heaps along i t s middle reaches. I n t h i s r e g i o n , 

3.5 km from i t s confluence w i t h the R. Derwent, B o l t s Burn flows through 

the workings associated w i t h the Whiteheaps f l u o r s p a r mine where i t 

receives e f f l u e n t from the mine a d i t and f l u o r s p a r treatment p l a n t . 

The second l a r g e s t t r i b u t a r y i s Shildon Burn. This stream j o i n s 

the r i v e r 2.5 km from the r e s e r v o i r , near the v i l l a g e of Blanchland. 

Shildon Burn drains Blanchland Moor and flows through a wooded v a l l e y 

towards the v i l l a g e . Abandoned mine workings can be seen i n the v a l l e y 

and the stream receives water from an a d i t associated w i t h the mines. 



From Blanchland, the R. Derwent flows i n a n o r t h - e a s t e r l y 

d i r e c t i o n towards the r e s e r v o i r . The surrounding f e l l land i s used 

mainly f o r f o r e s t r y or grazing sheep. The r i v e r receives sewage 

e f f l u e n t from each of the treatment works s e r v i n g the small v i l l a g e s 

of Hunstanworth and Blanchland s i t u a t e d 4.5 km and 2.5 km upstream 

of the r e s e r v o i r r e s p e c t i v e l y . 

A l l the streams i n the catchment are shallow and f a s t f l o w i n g , 

w i t h substratum composed mainly of sandstone boulders and cobbles. 

The streams are prone t o f l a s h f l o o d i n g which f r e q u e n t l y occurs 

f o l l o w i n g heavy r a i n or snow melt. During high f l o w the water i n 

Nookton Burn, Beldon Burn and the R. Derwent c a r r i e s increased l e v e l s 

of brown humic m a t e r i a l washed down from the extensive areas of peat 

which occur on the surrounding f e l l s . 

2.3 GEOLOGICAL ASPECTS 

2.31 S t r a t i g r a p h y 

2.311 Northern Pennine O r e f i e l d 

The northern Pennine O r e f i e l d , described by Dunham (1948) as 

the country extending southwards from the Tyne v a l l e y t o the Craven 

d i s t r i c t i n Y o r k s h i r e , i s d i v i d e d i n t o two complementary p a r t s by the 

Stainmore gap. The northern h a l f forms a s i n g l e physiographic u n i t 

known as the A l s t o n Block; a plateau u p l i f t e d along i t s western margin 

and t i l t e d t o the east. Earth movements d u r i n g the Carboniferous and 

Carboniferous-Permian i n t e r v a l o f the Hercynian orogeny caused wide­

spread u p l i f t i n g , doming, f o l d i n g , t h r u s t i n g and f a u l t i n g . The region 

i s dissected by the r i v e r s Tees, Wear and Tyne. The R. Derwent i s a 

major t r i b u t a r y of the l a t t e r and i t s catchment f a l l s w i t h i n the area 

described. 

2.312 Derwent catchment 

Surface rock formations w i t h i n the Derwent catchment belong i n 



the main t o the Upper Carboniferous Limestone Group (Namurian) of 

the Upper Carboniferous age, here represented by sandstone beds which 

occur between the Crag and Upper F e l l t o p Limestones. On h i g h ground 

the Limestone Series i s o v e r l a i n by the M i l l s t o n e G r i t s e r i e s , w h i l e 

formations over the whole area are u n d e r l a i d by the Great Limestone 

(Fi g . 2.3). Hard b r i t t l e beds (limestones and sandstones) a l t e r n a t e 

w i t h s o f t y i e l d i n g s t r a t a (shales, 'grey beds' and some weakly cemented 

sandstones). The sandstones i n the catchment were l a i d down i n d e l t a i c 

channels d u r i n g the d e p o s i t i o n of the Rogerley and Coalcleugh t r a n s ­

gression beds and have given r i s e t o b r i t t l e s t r a t a of g r e a t e r than 

usual thickness a t high s t r a t i g r a p h i c a l l e v e l s , p a r t i c u l a r l y i n the 

Hunstanworth area ( F i g . 2.4). The importance o f the sandstones and 

t h e i r associated s t r a t a w i t h regard t o m i n e r a l i z a t i o n and mining i s 

o u t l i n e d below. 

2.32 M i n e r a l i z a t i o n 

The f o l l o w i n g o u t l i n e s m i n e r a l i z a t i o n w i t h i n the study area and 

again i s based on Dunham (1948; 1972). The f i r s t s e c t i o n deals w i t h 

general aspects o f mineral d e p o s i t i o n and i s f o l l o w e d by a s e c t i o n 

r e l a t i n g t o mineral deposits w i t h i n the Derwent catchment. 

2.321 Deposition 

Mineral deposits were l a i n down as a r e s u l t of p r e c i p i t a t i o n 

from hot aqueous s o l u t i o n s r i c h i n minerals d u r i n g a p e r i o d of a c t i v i t y 

spread over a t l e a s t 100 My. Minerals of economic value l a i d down i n 

t h i s way include galena (PbS), s p h a l e r i t e (ZnS) and the associated 

spar minerals f l u o r s p a r (CaF^) and barytes (BaSO^). Workable 

deposits are known as 'oreshoots', defined by Dunham (1948) as, 'a 

continuous body of ore which may be worked w i t h p r o f i t or hope of 

p r o f i t ' . Oreshoots can be c l a s s i f i e d i n t o two p r i n c i p a l types: 
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i ) metasomatic ' f l a t s ' , formed by the replacement of f l a t -
l y i n g favourable beds of limestone 

i i ) v e in or ribbon oreshoots, developed by m i n e r a l i z a t i o n 
along f i s s u r e s 

While f l a t s only occur w i t h i n limestone, veins are found i n a s s o c i a t i o n 

w i t h limestone and other hard b r i t t l e s t r a t a (e.g. sandstone). 

I t was once thought t h a t f i s s u r e veins were widened j o i n t s i n 

the b r i t t l e s t r a t a i n t o which m i n e r a l i z i n g f l u i d s had migrated b ut 

examination of veins has shown them t o f o l l o w the l i n e o f small normal 

f a u l t s w i t h downthrows ranging from less than 1 m t o about 10 m. 

Earth movements during an e a r l i e r age (Section 2.311) created, w i t h i n 

the hard beds, n a t u r a l s t r u c t u r a l 'channels' along which m i n e r a l i z i n g 

f l u i d s could f l o w . The v e r t i c a l dimensions of the veins were c o n t r o l l e d 

by the thickness of the b r i t t l e s t r a t a and the presence of the over­

l y i n g s o f t e r shales ( F i g . 2.5). 

The h e i g h t o f oreshoots i s thus small i n comparison t o t h e i r 

l e ngth which may reach s e v e r a l thousand metres. Note also t h a t mineral 

veins may ca r r y more than one oreshoot and extend f o r many ki l o m e t r e s 

although m i n e r a l i z a t i o n may not be continuous w i t h i n each oreshoot. 

2.322 Deposits w i t h i n the Derwent catchment 

Although a n a l y s i s of the horizons a t which m i n e r a l i z a t i o n occurs 

reveals a s t r i k i n g c o n c e n t r a t i o n i n and near the Great Limestone, 

mineral deposits are by no means confined t o s t r a t a a t t h i s l e v e l . 

M i n e r a l i z i n g f l u i d s f r e q u e n t l y forced t h e i r way upwards from one hard 

bed t o the next g i v i n g r i s e t o deposits a t higher s t r a t i g r a p h i c a l 

l e v e l s . The Hunstanworth and Shildon v e i n groups i n the Derwent 

catchment were formed i n t h i s way. At Hunstanworth the deep sandstone 

beds had an important e f f e c t upon m i n e r a l i z a t i o n , g i v i n g r i s e t o 

oreshoots over 30 m hi g h . 
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Soft strata 

I 1 Hard strata 

F i g . 2.5 I d e a l i z e d c r o s s - s e c t i o n o f a f i s s u r e - v e i n ( a f t e r Dunham, 1948) 
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A l l the veins i n the Shildon group along w i t h F e r n y g i l l v e i n , 

Boltshead v e i n and J e f f e r i e s veins i n the Hunstanworth group coincide 

i n d i r e c t i o n w i t h one of the p r i n c i p a l d i r e c t i o n s o f the r e g i o n a l 

j o i n t system (N. 65° W.). The White v e i n and Red v e i n a t Hunstanworth 

f o l l o w a d i r e c t i o n near t o W. N. W. ( F i g . 2.3). They c a r r y the widest 

oreshoots i n the area, reaching 7 - 8 m i n places. Unlike the other 

veins i n the Hunstanworth group, the White and Red veins are s u b j e c t 

t o abrupt changes i n d i r e c t i o n and are more h i g h l y m i n e r a l i z e d where 

t h e i r d i r e c t i o n most n e a r l y approaches E. - W. I n the Hunstanworth 

group of veins as a whole the minerals are dominated by f l u o r i t e 

(CaF^) not metals, a f e a t u r e which has caused the veins t o be worked 

long a f t e r other s i t e s i n the area were abandoned (Section 2.4). 

2.4 MINING OPERATIONS 

2.41 Northern Pennine O r e f i e l d 

Mineral deposits were known t o e x i s t soon a f t e r the Norman conquest 

and may even have been discovered i n Roman times although there i s no 

evidence t h a t the Romans worked t h i s o r e f i e l d . Mining has been 

continuous since the 12th century when i t i s known t h a t deposits were 

worked f o r s i l v e r and lead. Documents d a t i n g from the 15th century 

name lead mines t h a t can be i d e n t i f i e d as Blackdene and A l l e r c l e u g h 

and also an i r o n mine n o r t h of Stanhope Park. The l i s t of mines named 

i n the documents r e l a t i n g t o the case of W. B l a c k e t t v. Isaac Basire 

i n 1666 shows t h a t most of the deposits i n Weardale had then been 

discovered. Up t o t h i s time ore had been e x t r a c t e d from b e l l p i t 

workings and by hushing. 

The 18th century saw the development of underground mining c a r r i e d 

out by the f a m i l y concern o f the B l a c k e t t s and Beaumonts which operated 

workings i n Weardale from 1666 t o 1884, and the London Lead Company 



which between 1692 and 1906 worked mines i n Teesdale, Weardale and 

the Derwent catchment. The f a l l i n the p r i c e o f lead during 1876 

discouraged these companies; the London Lead Company surrendering i t s 

A l s t o n Moor leases i n 1882 and the Weardale leases of the Beaumonts 

being surrendered i n 1884. 

Mining f o r lead was continued i n Weardale by the Weardale Lead 

Company which introduced f l u o r s p a r mining i n t o the area before the 

t u r n of the century. The Weardale Lead Company was purchased by 

I m p e r i a l Chemical I n d u s t r i e s (ICI) who sol d the t o t a l assets of 

Weardale Lead t o Swiss Aluminium (U.K.) L t d (Samuk) i n 1977. Samuk 
2 

hold mining r i g h t s over an area o f approximately 600 km and own seven 

mines a t which they are con c e n t r a t i n g on f l u o r s p a r production (Anon., 

1978). The only other f l u o r s p a r producer i n the o r e f i e l d i s the 

B r i t i s h S t e e l Corporation which owns the Groverake and West Blackdene 

mines i n Weardale and the Whiteheaps mine at Ramshaw i n the Derwent 

catchment. 

2 .42 Derwent catchment 

2.421 O u t l i n e o f mining a c t i v i t i e s 

The o l d e s t mining operations were undoubtedly open-cast i n places 

where veins were exposed. Mining f o r lead and s i l v e r was c a r r i e d out 

duri n g the 16th and 17th c e n t u r i e s . The London Lead Company acquired 

the mines i n the Derwent catchment around 1725 and worked them u n t i l 

the end of the century. No records f o r lead p r o d u c t i o n from the mines 

dur i n g t h i s p e r i o d now e x i s t . I n the only s u r v i v i n g mine r e p o r t book 

of the company, Thomas Dodd, w r i t i n g i n 1806, urged t h a t a l l the mines 

i n the Derwent area should be given up "as there are no encouraging 

prospects i n t h a t country." However, the London Lead Company was 

followed by several other undertakings; these i n c l u d e Easterby, H a l l and 

Company (1807 - 1810), the Derwent Mining Company (1810 - 1883) and 
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Hunstanworth Mines L t d who worked Whiteheaps mine f o r f l u o r s p a r 
between 1924 and 1931. Blanchland Fluor Mines L t d continued t o mine 
f l u o r s p a r i n 1938. This company was acquired by C o l v i l l e s L t d which 
became p a r t of the B r i t i s h S t e e l Corporation on r e n a t i o n a l i z a t i o n of 
the s t e e l i n d u s t r y . 

A d e s c r i p t i o n of the p r i n c i p a l veins and abandoned mines which 

have been worked i n the Derwent catchment has been given by Harding 

(1978). 

2.422 Whiteheaps mine and recent developments 

The only a c t i v e mine i n the Derwent catchment d u r i n g the present 

study (September 1978 - December 1979) was the B r i t i s h S t e e l 

Corporation's Whiteheaps mine near Ramshaw. Si t u a t e d on the Hunstanworth 

group of veins ( F i g . 2.3) and p r e v i o u s l y worked f o r lead ore, the mine 

was u n t i l r e c e n t l y (see below) worked f o r f l u o r s p a r which has been won 

from a l l the major veins i n the group. The f l u o r s p a r i s used as a 

c a t l y s t i n the s t e e l making process. 

During e a r l y operations a t Whiteheaps much of the gangue i n the 

White v e i n was considered too s i l i c e o u s t o be of use but the 

i n s t a l l a t i o n of a treatment p l a n t i n the mine complex allowed increased 

pr o d u c t i o n from the v e i n . Although production of f l u o r s p a r from the 

mine has been i n t e r r u p t e d d u r i n g recent years when new l e v e l s have been 

d r i v e n t o reach f u r t h e r d e p o s i t s , the treatment p l a n t has been a c t i v e 

continuously, being used t o process f l u o r s p a r from other B r i t i s h S t e e l 

mines i n the area and was i n use throughout the d u r a t i o n of t h i s study. 

Fluorspar treatment o f Whiteheaps in v o l v e s screening f o l l w e d by 

crushing and separation o f f l u o r s p a r by f l o t a t i o n . E f f l u e n t from the 

treatment p l a n t c o n s i s t s of a t h i c k sludge of f i n e l y ground p a r t i c u l a t e 

matter (mostly f l u o r s p a r and s i l i c e o u s m a t e r i a l w i t h small q u a n t i t i e s 

of galena), which i s piped t o a s e r i e s of three s e t t l i n g ponds before 
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discharge i n t o B o l t s Burn. A concentratec. s o l u t i o n of f e r r o u s 

sulphate i s added t o the e f f l u e n t before i t enters the f i r s t s e t t l i n g 

pond. Sacks o f lime are added t o the uppermost pond t o maintain h i g h 

pH values and p r e c i p i t a t e a 'blanket' of f e r r i c hydroxide. Both 

these c o n d i t i o n s are induced t o b r i n g down heavy metals by p r e c i p i t a t i o n 

and absorption, f o l l o w e d by s e t t l i n g out before the e f f l u e n t i s f i n a l l y 

discharged i n t o B o l t s Burn. Sludge i s dredged from the ponds a t 

i n t e r v a l s and deposited onto surface t i p s w i t h i n the mine complex. 

Apart from the treatment p l a n t e f f l u e n t , only one other s i g n i f i c a n t 

i n p u t of water t o B o l t s Burn i s d i r e c t l y connected w i t h workings w i t h i n 

the mine. This i s the Whiteheaps a d i t l e v e l , which c a r r i e s pumped 

drainage water from the underground workings i n t o the stream v i a a 

tunnel and a small pond. Operation o f the underground pump i s com­

p l e t e l y automatic depending on the l e v e l of water w i t h i n the workings, 

and water from the a d i t may be passing i n t o B o l t s Burn when the 

e f f l u e n t i s not f l o w i n g and vice versa. 

The f a l l i n demand f o r s t e e l d uring recent years and the 

associated f a l l i n demand f o r f l o u r s p a r have caused the B r i t i s h S t e e l 

Corporation t o streamline i t s operations i n the o r e f i e l d w i t h the 

e f f e c t t h a t both Whiteheaps mine and treatment p l a n t were closed during 

1980. A B r i t i s h S t e e l spokesman was quoted by Meek (1979) as saying, 

"Whiteheaps w i l l be r e t a i n e d on a care and maintenance b a s i s " , so t h a t , 

"As soon as the s i t u a t i o n does improve we can open up s t r a i g h t away." 

The treatment p l a n t i s l a s t known t o have been i n operation during the 

f i n a l week of June 1980 when, a breakdown of the treatment works a t 

West Blackdene mine, where a l l the f l u o r s p a r produced by B r i t i s h 

S t e e l i n t h i s area i s now t r e a t e d , made i t necessary t o reopen the 

Whiteheaps p l a n t . At the time of w r i t i n g (January 1981) the f l u o r s p a r 

treatment p l a n t a t Whiteheaps mine i s again i d l e , the mine i s not 



being worked f o r f l u o r s p a r , the 'skeleton' work force are 'on sh o r t 

time' (D. W. Fo r s t e r , pers. comm.) and i t seems u n l i k e l y t h a t 

p r o d u c t i o n o f f l u o r s p a r from the mine w i l l be resumed i n the near 

f u t u r e . 

2.5 POLLUTION IN THE DERWENT CATCHMENT 

Previous studies by Harding (1978) and Harding and Whitton (1978) 

show t h a t the Derwent catchment i s contaminated w i t h heavy metals 

( e s p e c i a l l y Zn, Cd and Pb). B o l t s Burn, a major t r i b u t a r y o f the 

R. Derwent receives e f f l u e n t from a f l u o r s p a r treatment p l a n t and 

water from an a d i t l e v e l as i t flows through the Whiteheaps mine 

complex (Section 2.422). Both i n p u t s are contaminated w i t h heavy 

metals; the a d i t water i s char a c t e r i z e d by high concentrations of Zn 

and Cd (mainly soluble) w h i l e the e f f l u e n t c a r r i e s high concentrations 

of Pb and p a r t i c u l a t e matter. During wet weather p a r t i c u l a t e m a t e r i a l 

derived from s p o i l heaps w i t h i n the mine complex also enters B o l t s 

Burn as surface r u n - o f f and c o n t r i b u t e s t o the concentration o f 

p a r t i c u l a t e Pb. 

The R. Derwent upstream o f Bo l t s Burn c a r r i e s very low l e v e l s o f 

Zn, Cd and Pb and i s una f f e c t e d by o l d lead workings i n the v a l l e y s 

of Nookton Burn and Beldon Burn. Below B o l t s Burn the R. Derwent i s 

contaminated w i t h Zn, Cd and Pb and elevated l e v e l s o f these metals 

p e r s i s t i n the r i v e r a t i t s j u n c t i o n w i t h the Derwent Reservoir. 

Shildon Burn which j o i n s the R. Derwent a t Blanchland (Section 2.422), 

i s contaminated by Zn, Cd and Pb derived from an a d i t l e v e l d r a i n i n g 

o l d mine workings i n the v a l l e y but does not have a major e f f e c t on 

heavy metal concentrations i n the r i v e r as the water of both streams 

has a s i m i l a r metal composition. Although i n p u t s o f small q u a n t i t i e s 

of t r e a t e d domestic sewage occur a t Hunstanworth and Blanchland the 
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R. Derwent c a r r i e s only low l e v e l s o f so l u b l e r e a c t i v e i n o r g a n i c 

phosphate and combined n i t r o g e n and i s otherwise unaffected by 

anthropogenic organic enrichment. 

2.6 STATE OF RIVER AND RESERVOIR DURING PRESENT STUDY 

There were several f e a t u r e s of the environment and b i o t a d u r i n g 

the p e r i o d (September 1978 - December 1979) which d i f f e r e d from the 

p e r i o d (September 1974 - August 1977) o f the previous study reported 

by Harding (1978). Although some o f these are d e a l t w i t h i n more 

d e t a i l l a t e r , they are summarized here f o r c l a r i t y . 

( i ) I t i s probable t h a t a c t i v i t i e s a t the Whiteheaps Mine were 

decreased. 

( i i ) Moderate growths o f the l i v e r w o r t Scapania undulata occurred 

i n the lowest reach of B o l t s Burn, whereas they were absent 

a l t o g e t h e r during the previous study, 

( i i i ) The w i n t e r of 1978/79 was e x c e p t i o n a l l y severe, w i t h long 

periods of snow and w i t h i c e on the r e s e r v o i r . Very high 

r i v e r flows occurred a t the time o f snow melt. 

( i v ) Spring growths of the alga Lemanea i n the R. Derwent were 

much reduced. 

(v) Reservoir l e v e l s were unusually h i g h during the f i r s t p a r t 

of 1979, but dropped t o more t y p i c a l l e v e l s i n the summer 

(Fig. 2.6). 

( v i ) Wind a c t i o n i n the r e s e r v o i r was e s p e c i a l l y marked throughout 

summer 1979. 

( v i i ) The alga Nitella was more abundant i n the r e s e r v o i r during 

summer 1979 than the summers of 1975 and 1976 (B. A. Whitton, 

pers. comm.). 

( v i i i ) Trout f i s h i n g i n the r e s e r v o i r "got o f f t o a slow s t a r t " i n 

1979 compared w i t h previous years (R. W. Hunter, pers. comm.). 



CHAPTER 3 

MATERIALS AND METHODS 

3.1 APPARATUS AND CHEMICALS 

A l l glassware, w i t h the exception of snap-top v i a l s , was made of 

Pyrex glass. Snap-top v i a l s were made of b o r o - s i l i c a t e g l a s s . 

Polypropylene b o t t l e s were used f o r the storage of water samples f o r 

anion a n a l y s i s . 

Most chemicals were of 'Analar' grade, but reagent grade a c i d 

was used f o r washing apparatus and 'Trace metals a n a l y s i s ' grade ac i d 

(FISONS) was used f o r a c i d d i g e s t i o n and f o r a c i d i f y i n g water samples. 

Glass s t i l l s were used t o produce s i n g l e and double d i s t i l l e d water, 

the l a t t e r being passed through e. Houseman Hegro d e i o n i z e r when 

deionized water was r e q u i r e d . 

3.2 ROUTINE LABORATORY PROCEDURES 

3.21 Acid washing 

Apparatus t o be a c i d washed was soaked i n 10% (V/V) h y d r o c h l o r i c 

a c i d f o r a minimum of 30 min., r i n s e d s i x times w i t h s i n g l e d i s t i l l e d 

water, twice w i t h double d i s t i l l e d water and then a i r d r i e d . Apparatus 

was a c i d washed unless otherwise s t a t e d . 

3.22 Acid d i g e s t i o n 

Determination of the metal composition of s o l i d m a t e r i a l s r e q u i r e d 

t h a t the metals be brought i n t o s o l u t i o n . This was achieved by b o i l i n g 

a known weight of the s o l i d w i t h 5 ml o f concentrated n i t r i c a c i d f o r 

1 h. The r e s u l t i n g s o l u t i o n was cooled t o 20°C. Digest s o l u t i o n s were 

made up t o the re q u i r e d volume w i t h double d i s t i l l e d water. 

Dige s t i o n o f samples c o l l e c t e d d u r i n g Survey I was c a r r i e d out 

i n 100 ml K j e l d a h l f l a s k s heated by an Ele c t r o - t h e r m a l heating rack; 

18 mm diameter t e s t tubes and a Tecam DB 3H he a t i n g block were used 

f o r a l l other d i g e s t i o n s . 



3.23 Atomic abs o r p t i o n spectrophotometry 

The c o n c e n t r a t i o n s of the metals Na, K, Mg, Ca, Mn, Fe, Zn, Cd, 

Pb i n water samples and a c i d d i g e s t s o l u t i o n s were determined by 

flame atomic a b s o r p t i o n u s i n g a Perkin-Elmer 403 atomic a b s o r p t i o n 

spectrophotometer. Determinations of Cd and Pb were made by d i r e c t 

a s p i r a t i o n i n t o an a i r / a c e t y l e n e flame or by the Tm sampling boat 

procedure (Kahn, Peterson and S c h a l l i s , 1968). The other metals were 

determined by d i r e c t a s p i r a t i o n . An a c i d r e s i s t a n t n e b u l i z e r was 

used f o r the a s p i r a t i o n of a c i d d i g e s t s o l u t i o n s . A l l samples were 

shaken immediately before a n a l y s i s . 

The c o n c e n t r a t i o n s of the elements i n each sample were c o r r e c t e d 

f o r background and blank determinations. 

3.3 WATER 

3.31 C o l l e c t i o n , f r a c t i o n a t i o n and st o r a g e 

Stream water was c o l l e c t e d from the main flow of the designated 

sampling r e a c h . Water from the r e s e r v o i r was c o l l e c t e d by wading a t 

a l l s i t e s . A l l water samples were c o l l e c t e d from immediately below 

the s u r f a c e u s i n g a 2 1 polythene beaker. 

Water f o r metal a n a l y s i s was l e f t t o stand i n the beaker f o r 

5 min to a l l o w l a r g e suspended p a r t i c l e s t o s e t t l e . A ' t o t a l ' (T) 

sample was then obtained by pouring approximately 25 ml of water from 

the beaker i n t o a snap-top v i a l . C o l l e c t i o n of a ' f i l t r a b l e ' (F) 

sample was achi e v e d by p a s s i n g approximately 25 ml of water through a 

Nuclepore membrane f i l t e r of pore s i z e 0.2 um. Water was passed 

through the f i l t e r u s i n g a d i s p o s a b l e p l a s t i c s y r i n g e . The f i r s t 5 ml 

of water passed through a f i l t e r was d i s c a r d e d . F i l t e r s were h e l d i n 

p l a s t i c Swinnex f i l t e r h o l d e r s during f i l t r a t i o n and were t r a n s f e r r e d 

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

o c c a s i o n a l l y t o use more than one membrane f i l t e r i n order to o b t a i n 
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a 25 ml sample, because of the presence of e s p e c i a l l y high l e v e l s 

of suspended m a t e r i a l s . Membrane f i l t e r s were not a c i d washed but 

were r i n s e d w i t h double d i s t i l l e d water before use. A f t e r c o l l e c t i o n 

of ' t o t a l ' and ' f i l t r a b l e ' samples s u f f i c i e n t 'Trace metal grade' 

concentrated n i t r i c a c i d was added to each to reduce the pH below 1.0. 

I n p r a c t i c e t h i s was u s u a l l y two drops from a '50 dropper' p i p e t t e . 

Water f o r anion a n a l y s i s was passed through a No. 2 S i n t a f u n n e l 

and approximately 250 ml was c o l l e c t e d i n a 300 ml screw top 

polypropylene b o t t l e . 

U n f i l t e r e d water f o r l a b o r a t o r y determination of 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 was c o l l e c t e d by f i l l i n g a 300 ml screw top 

polypropylene b o t t l e under water. The l i d was secured w h i l e the 

b o t t l e was submerged thus e l i m i n a t i n g bubbles and reducing gaseous 

exchange during t r a n s p o r t a t i o n to a minumum. 

A l l water samples were p l a c e d i n the dark i n an i c e box f o r 

t r a n s p o r t a t i o n t o the l a b o r a t o r y . Samples f o r metal a n a l y s i s were 

s t o r e d i n the dark a t 4°C. Those f o r anion a n a l y s i s were deep f r o z e n 

a t -20°C u n t i l r e q u i r e d . 

3.32 P h y s i c o - c h e m i c a l a n a l y s i s 

3.321 F i e l d 

Water temperature was measured by immersing a l a b o r a t o r y thermometer, 

p r e v i o u s l y c r o s s c a l i b r a t e d a g a i n s t a thermometer of known accu r a c y , j u s t 

under the water s u r f a c e u n t i l a steady r e a d i n g was obtained. C u r r e n t 

speed was measured a t the f a s t e s t a c c e s s i b l e p o i n t i n a sampling reach 

u s i n g an OTT c u r r e n t meter. A p o r t a b l e meter s u p p l i e d by Lakes 

Instruments L t d was used to take f i e l d measurements of d i s s o l v e d 

oxygen and Pye-Unicam 293 p o r t a b l e meters were used to measure Eh and 

pH. E l e c t r o d e s were c a l i b r a t e d a g a i n s t a p p r o p r i a t e standards. T o t a l 

a l k a l i n i t y was determined f o l l o w i n g the p o t e n t i o m e t r i c method recommended 
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i n Standard Methods f o r Examination of Water and Wastewater (American 
P u b l i c H e a l t h A s s o c i a t i o n , 1971). A s u b j e c t i v e e s t i m a t e of r i v e r flow 
was made on a 1 to 5 s c a l e . 
3.322 Laboratory 

The c o n c e n t r a t i o n s of nine metals (Na, K, Mg, Ca, Mn, Fe, Zn, Cd, 

Pb) were determined i n each of the ' t o t a l * and ' f i l t r a b l e ' samples by 

atomic a b s o r p t i o n spectrophotometry. 

Determinations of C l and S i were c a r r i e d out f o l l o w i n g the 

c o l o r i m e t r i c methods d e s c r i b e d i n Standard Methods f o r Examination of 

Water and Wastewater (American P u b l i c Health A s s o c i a t i o n , 1971) . 

F l u o r i d e (F) was measured u s i n g an Orion f l u o r i d e s p e c i f i c i o n e l e c t r o d e . 

S o l u b l e r e a c t i v e i n o r g a n i c phosphorus (PO^ - P) was determined u s i n g 

the antimony a c i d molybdate c o l o r i m e t r i c method d e s c r i b e d by S t a i n t o n , 

Capel and Armstrong (1977). 

Immediately upon r e t u r n to the l a b o r a t o r y 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 were measured. Laboratory pH measurements were made 

sim u l t a n e o u s l y w i t h an E l e c t r o n i c Instruments 23A pH meter and the 

p o r t a b l e meter used i n the f i e l d . Both meters were c a l i b r a t e d w i t h 

the standards used i n the f i e l d and then checked a g a i n s t f r e s h l y made 

standard s . On one o c c a s i o n the two s e t s of standards d i f f e r e d and a 

second b a t c h of f r e s h standards was made up. The s e t s of f r e s h l y made 

standards gave s i m i l a r r eadings and so were used to c a l i b r a t e the pH 

meters. C o n d u c t i v i t y was measured w i t h an E l e c t r o n i c Instruments 

MC-1 c o n d u c t i v i t y b r i d g e . O p t i c a l d e n s i t y measurements were made a t 

wavelengths of 240, 254 and 420 u s i n g a Uvispek spectrophotometer. 

Samples were f i l t e r e d through a membrane f i l t e r of pore s i z e 0.2 um 

before measurements were made. 
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3.4 SEDIMENTS 

3.41 C o l l e c t i o n , f r a c t i o n a t i o n and storage 

C o l l e c t i o n of sediment from the R. Derwent was c a r r i e d out w i t h i n 

the boundaries of 10 m sampling r e a c h e s . Care was taken to avoid a r e a s 

of a l g a l growth, or ar e a s where m a t e r i a l washed from the bank of the 

reach might c o n t r i b u t e s i g n i f i c a n t l y to the bottom sediment. C o l l e c t i o n s 

were made from a t l e a s t four l o c a t i o n s w i t h i n a reach and pooled. When 

s u f f i c i e n t m a t e r i a l was p r e s e n t c o l l e c t i o n s were made from as many as 

10 l o c a t i o n s w i t h i n a re a c h . 

Samples were c o l l e c t e d from the r e s e r v o i r by removing the top 1 cm 

l a y e r of sediment from 10 l o c a t i o n s w i t h i n the boundaries of a s i t e . 

E x c e s s water was d r a i n e d from the sediment a f t e r c o l l e c t i o n from 

each l o c a t i o n a t a sampling s t a t i o n and was then t r a n s f e r r e d to a 

c l o s e a b l e , heat r e s i s t a n t , heavy-duty paper s o i l sample bag f o r t r a n s ­

p o r t a t i o n to the l a b o r a t o r y . 

A l l sediment samples were d r i e d a t 105°C f o r 72 h, cooled, passed 

through a 210 urn mesh nylon s i e v e and c o l l e c t e d i n v i a l s . The sediment 

was s t o r e d i n the v i a l s u n t i l r e q u i r e d f o r d i g e s t i o n and determination 

of o r g a n i c content. 

3.42 A c i d d i g e s t i o n and a n a l y s i s 

Samples were r e d r i e d a t 105°C f o r 24 h and then cooled i n a 

d e s i c c a t o r . A c i d d i g e s t i o n was c a r r i e d out as p r e v i o u s l y d e s c r i b e d 

( S e c t i o n 3 .22) u s i n g 50 .0 mg of d r i e d sediment. The d i g e s t was then 

poured i n t o a c e n t r i f u g e tube, the d i g e s t i o n v e s s e l r i n s e d out w i t h 

double d i s t i l l e d water and the washings poured i n t o the same c e n t r i f u g e 

tube. The suspension was c e n t r i f u g e d a t 3500 r.p.m. f o r 5 min., the 

supernatant decanted i n t o a 50 ml v o l u m e t r i c f l a s k and made up to 

volume with double d i s t i l l e d water. The d i g e s t s o l u t i o n was f i n a l l y 

poured i n t o a snap-top v i a l and s t o r e d a t 4°C. 



D i g e s t s o l u t i o n s prepared from samples c o l l e c t e d during Surveys 

I - IV were ana l y s e d f o r Na, Mg, Ca, Mu, Fe, Zn, Cd and Pb; those 

from samples c o l l e c t e d during the survey of the r e s e r v o i r were 

a n a l y s e d f o r Zn and Pb. A l l a n a l y s e s were made by atomic a b s o r p t i o n 

spectrophotometry ( S e c t i o n 3 . 2 3 ) . F o l l o w i n g a n a l y s i s , the n i t r i c a c i d 

e x t r a c t a b l e c o n c e n t r a t i o n of each element, expressed as ug g * dry wt, 

was c a l c u l a t e d f o r each sample. 

Organic content of sediments was determined by p l a c i n g approx­

i m a t e l y 1 g of s i e v e d sediment i n t o a dry, pre-weighed (W^) V i t r e o s i l 

c r u c i b l e . The sediment was d r i e d a t 105°C f o r 24 h, removed from the 

oven and cooled i n a d e s i c c a t o r . C r u c i b l e and sediment were weighed 

( 1 ^ ) , p l a c e d i n a muffle furnace a t 550°C f o r 48 h, removed, cooled 

and weighed again (W^). The l o s s of weight upon i g n i t i o n - was 

c o r r e c t e d f o r carbonate l o s s and the r e s u l t i n g v a l u e (W^) used i n the 

c a l c u l a t i o n of the percentage o r g a n i c content of the dry sediment as 

f o l l o w s : 

W 2 - W l 
W 4 

x 100 = % o r g a n i c content on dry weight b a s i s 

3 .5 LEAVES AND DETRITUS 

3.51 C o l l e c t i o n , f r a c t i o n a t i o n and storage 

Leaves were c o l l e c t e d from t r e e s growing on the banks of the r i v e r . 

Terminal l e a v e s were c o l l e c t e d from a t l e a s t 20 branches of each s p e c i e s ; 

the l e a v e s from d i f f e r e n t t r e e s of the same s p e c i e s a t the same s i t e 

were pooled, p l a c e d i n a polythene bag, put i n an ice-box and ret u r n e d 

t o the l a b o r a t o r y . The l e a v e s were not cleaned i n any way. 

D e t r i t a l m a t e r i a l of two types was taken from the r i v e r . These were 

i ) l e a v e s t h a t had h a r d l y s t a r t e d t o decay 

i i ) a mixture of sediment and decaying o r g a n i c m a t e r i a l 

which had l o s t almost a l l r e c o g n i z a b l e i n c l u s i o n s 
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Samples of each type were obtained by po o l i n g m a t e r i a l c o l l e c t e d from 

a t l e a s t four l o c a t i o n s w i t h i n a reach. No attempt was made to wash 

the m a t e r i a l i n the f i e l d . Each sample was put i n a polythene bag 

which was p l a c e d i n an ice-box and re t u r n e d to the l a b o r a t o r y . 

Leaves of sample type i ) above were separated i n t o i n d i v i d u a l s p e c i e s 

i n the l a b o r a t o r y and each s p e c i e s was then f u r t h e r d i v i d e d i n t o two 

f r a c t i o n s ; one f r a c t i o n was washed i n d i s t i l l e d water, the other 

remained unwashed. The decaying o r g a n i c m a t e r i a l , sample type i i ) above, 

was a l s o d i v i d e d i n t o washed and unwashed f r a c t i o n s . 

Samples of l e a v e s and d e t r i t a l m a t e r i a l were d r i e d i n beakers a t 

105°C f o r 72 h, cooled i n a d e s i c c a t o r and then ground with a p e s t l e 

and mortar. Each sample was passed through a 210 um mesh nylon s i e v e , 

c o l l e c t e d i n a snap-top v i a l and s t o r e d u n t i l r e q u i r e d f o r d i g e s t i o n . 

3.52 A c i d d i g e s t i o n and a n a l y s i s 

Samples were r e d r i e d a t 105°C f o r 24 h and then cooled i n a 

d e s i c c a t o r . A c i d d i g e s t i o n was c a r r i e d out as p r e v i o u s l y d e s c r i b e d 

( S e c t i o n 3.22) u s i n g 50.0 mg of d r i e d m a t e r i a l . D i g e s t s of d e t r i t a l 

m a t e r i a l were then t r e a t e d i n the same manner as a sediment d i g e s t 

but were made up to a volume of 25 ml. F i n a l l y the s o l u t i o n was 

t r a n s f e r r e d to a snap-top v i a l and s t o r e d a t 4°C u n t i l a n a l y s i s . 

A l l d i g e s t s o l u t i o n s were ana l y s e d f o r Na, K, Mg, Ca, Mn, Fe, Zn, 

Cd and Pb as p r e v i o u s l y d e s c r i b e d ( S e c t i o n 3.23) and the c o n c e n t r a t i o n 
-1 

of each element as ug g dry wt computed f o r each sample. 

3.6 AQUATIC PLANTS 

3.61 C o l l e c t i o n , f r a c t i o n a t i o n and storage 

I n the case of r i v e r bryophytes c o l l e c t i o n s of the s p e c i e s under 

study were made from four to ten l o c a t i o n s w i t h i n a sampling reach and 

pooled. Only completely submerged m a t e r i a l was c o l l e c t e d . The pooled 

sample was washed thoroughly i n stream water, shaken and t r a n s f e r r e d 
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to a polythene bag which was then p l a c e d i n an ice-box. A f t e r 

r e t u r n i n g to the l a b o r a t o r y f i f t y 2 cm shoot t i p s were removed from 

the sample. The t i p s were r i n s e d i n a s e r i e s of d i s h e s of d i s t i l l e d , 

double d i s t i l l e d and f i n a l l y d e i o n i z e d water. Washed t i p s were 

l i g h t l y b l o t t e d dry w i t h f i l t e r paper and t r a n s f e r r e d to a snap-top 

v i a l f o r d r y i n g . 

Aquatic macrophytes were c o l l e c t e d from w i t h i n 10 m t r a n s e c t s 

of s h a l l o w water a c c e s s i b l e by wading near the edge of the r e s e r v o i r . 

Samples of Glyceria fluitans comprised t e n l e a v e s . Only the f l a t 

laminae of h e a l t h y f l o a t i n g l e a v e s were taken (these correspond to 

the f r a c t i o n d e s c r i b e d as 'old l e a v e s ' by Harding, 1978). Nitella 

flexilis was c o l l e c t e d as whole p l a n t s ; f i v e p l a n t s c o n s t i t u t e d a 

sample. Care was taken when han d l i n g the p l a n t s to avoid damaging 

the long i n t e r n o d a l c e l l s . Macrophytes were washed i n r e s e r v o i r water 

to remove l o o s e l y a t t a c h e d d e b r i s , shaken dry, p l a c e d i n polythene 

bags and t r a n s p o r t e d to the l a b o r a t o r y i n an ice-box. I n the 

l a b o r a t o r y samples were washed i n a s i m i l a r manner to bryophytes and 

then the r h i z o i d s were removed from Nitella w i t h s t a i n l e s s s t e e l s c i s s o r s . 

Bryophyte and macrophyte samples were d r i e d i n snap-top v i a l s a t 

105°C f o r 72 h, cooled i n a d e s i c c a t o r and s t o r e d u n t i l d i g e s t i o n . 

3.62 Ac i d d i g e s t i o n and a n a l y s i s 

Samples were r e d r i e d a t 105°C f o r 24 h and then cooled i n a 

d e s i c c a t o r . Bryophyte samples were removed from the snap-top v i a l s , 

weighed to the n e a r e s t 0.1 mg and d i g e s t e d as p r e v i o u s l y d e s c r i b e d 

( S e c t i o n 3.22). Glyceria and Nitella were removed from the snap-top 

v i a l s , ground w i t h a p e s t l e and mortar, passed through a 210 Mm mesh 

nylon s i e v e to remove coarse fragments and then r e d r i e d . A c i d 

d i g e s t i o n was c a r r i e d out u s i n g 25.0 mg of d r i e d m a t e r i a l as a l r e a d y 

d e s c r i b e d ( S e c t i o n 3.22). A l l p l a n t d i g e s t s were made up to 25 ml 



decanted i n t o snap-top v i a l s and s t o r e d a t 4°C u n t i l a n a l y s i s . 

Bryophyte d i g e s t s were ana l y s e d f o r Zn, cd and Pb and rnacrophyte 

d i g e s t s f o r Zn and Pb as d e s c r i b e d above ( S e c t i o n 3.23). The 

co n c e n t r a t i o n of the elements i n each sample was c a l c u l a t e d and 

expressed as ug g * dry wt of p l a n t m a t e r i a l . 

3.7 ANIMALS 

3.71 C o l l e c t i o n , storage and i d e n t i f i c a t i o n 

Animals were c o l l e c t e d from the R. Derwent by a standard k i c k -

sampling method (Macan, 1958; Hynes, 1961) u s i n g a net of mesh s i z e 

1.0 mm. C o l l e c t i o n s made i n t h i s way were supplemented by p i c k i n g 

animals from stones and bryophytes. The number of l o c a t i o n s a t which 

kick-samples were taken w i t h i n the boundaries of a reach v a r i e d and 

was determined by the abundance of animals w i t h i n the reach. 

The m a t e r i a l c o l l e c t e d was p l a c e d i n the top of a s t a c k of two 

s i e v e s (upper s i e v e mesh s i z e 5.6 mm, lower s i e v e mesh s i z e 1.0 mm) 

and washed w i t h stream water to remove f i n e o r g a n i c and i n o r g a n i c 

m a t e r i a l and sep a r a t e many of the animals from the coarse m a t e r i a l 

which remained i n the uppermost s i e v e . The contents of the s i e v e s were 

put i n t o white enamel t r a y s , a s m a l l amount of stream water added and 

the animals removed from the remaining d e b r i s , u s i n g s t a i n l e s s s t e e l 

f o r c e p s , i n t o g l a s s p e t r i d i s h e s c o n t a i n i n g stream water. Taxa were 

s o r t e d i n t o s e p a r a t e p e t r i d i s h e s and the organisms from s e v e r a l 

c o l l e c t i o n s were pooled u n t i l t h e r e were s u f f i c i e n t to form a sample 

f o r a c i d d i g e s t i o n . The r e q u i r e d number of i n d i v i d u a l s was removed 

from the p e t r i d i s h , r i n s e d i n double d i s t i l l e d water, c a r e f u l l y 

b l o t t e d w i t h f i l t e r paper t o remove excess water and p l a c e d i n a v i a l . 

Only whole, l i v i n g i n d i v i d u a l s s h a r i n g the same macroscopic 

morphological f e a t u r e s were i n c l u d e d i n a sample. 
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group author 

T r i c l a d i d a Reynoldson 1978 

Gastropoda Macan 1960 

Hiru d i n e a Mann 1964 

Mal a c o s t r a c a G l e d h i l l , S u t c l i f f e & W i l l i a m s 1976 

Ephemeroptera Macan 1979 

P l e c o p t e r a Hynes 1977 

Elm i n t h i d a e Holland 1972 

Megaloptera E l l i o t 1977 

E l l i o t , O'Connor & O'Connor 1979 

T r i c h o p t e r a Boon 1978 

H i c k i n 1967 

Hildrew & Morgan 1974 

H i l e y 1976 

Mackereth 1954 

D i p t e r a B r i n d i e 1960, 1967 

Bryce & Hobart 1972 

Davies 1968 

g e n e r a l Macan 1959 

Table 3.1 Keys used f o r i d e n t i f i c a t i o n of i n v e r t e b r a t e s . 
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I n a d d i t i o n t o the samples of each t a x a c o l l e c t e d f o r metal 

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

was s t o r e d i n s u i t a b l e p r e s e r v a t i v e . Even when there were too few 

i n d i v i d u a l s t o form a sample f o r metal a n a l y s i s the organisms were 

p l a c e d i n p r e s e r v a t i v e and l a t e r i d e n t i f i e d . 

Samples of animals were c o l l e c t e d from s i t e s along the shore of 

the r e s e r v o i r i n much the same way as f o r the r i v e r . 

Animals c o l l e c t e d during Survey I were s o r t e d i n the l a b o r a t o r y 

w h i l e those c o l l e c t e d during Surveys I I , I I I and IV were s o r t e d i n the 

f i e l d . 

A l l animal samples f o r metal a n a l y s i s were t r a n s p o r t e d to the 

l a b o r a t o r y i n an ice-box. i n the l a b o r a t o r y samples were d r i e d a t 

105°C f o r 72 h and then s t o r e d u n t i l r e q u i r e d f o r d i g e s t i o n . 

Animals were i d e n t i f i e d according t o the keys l i s t e d i n Table 3.1. 

I t was assumed t h a t a sample taken f o r i d e n t i f i c a t i o n purposes would 

c o n t a i n the same s p e c i e s of organisms as the corresponding sample(s) 

taken f o r metal a n a l y s i s . I d e n t i f i c a t i o n of a l l d i g e s t e d samples i s 

based on t h i s assumption. 

For some s p e c i e s only those i n d i v i d u a l s w i t h i n a g i v e n s i z e range 

were sampled e.g„ Perla bipunctata. I n d i v i d u a l s were measured to the 

n e a r e s t mm by p l a c i n g them on graph paper graduated i n 1 mm increments. 

Measurements were made from the a n t e r i o r of the head to the p o s t e r i o r 

of the abdomen. Antennae, c i r c i and o t h e r appendages were not i n c l u d e d 

i n measurements of body length. 

3.72 A c i d - d i g e s t i o n and a n a l y s i s 

Samples were r e d r i e d f o r 24 h a t 105°C, cooled i n a d e s i c c a t o r and 

weighed. D i g e s t i o n was c a r r i e d out as p r e v i o u s l y d e s c r i b e d ( S e c t i o n 3.22) 

and the l i q u i d d i g e s t poured i n t o a 25 ml v o l u m e t r i c f l a s k . The d i g e s t i o n 

v e s s e l was r i n s e d t w i c e w i t h double d i s t i l l e d water and the washings 

decanted i n t o the f l a s k . The s o l u t i o n was made up to volume and 



t r a n s f e r r e d to a snap-top v i a l . Samples were s t o r e d a t 4 C u n t i l 

a n a l y s i s . 

Determinations of Mg, Ca, Mn, Fe, Zn,Cd and Pb were made as 

p r e v i o u s l y d e s c r i b e d ( S e c t i o n 3.23) and the c o n c e n t r a t i o n of each 

element as \ig g * dry wt of t i s s u e computed f o r each sample. 

3.8 PRESENTATION OF RESULTS 

3.81 Water 

Physico-chemical v a r i a b l e s are r e p o r t e d to the number of 

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

method by which they were determined. 

Mean c o n c e n t r a t i o n s of metals and anions i n water samples are 

r e p o r t e d as d e s c r i b e d below: 

i ) Mean c o n c e n t r a t i o n s of a l l anions and m e t a l s , w i t h the 

e x c e p t i o n of Cd and Pb, are reported to the same number of 

s i g n i f i c a n t f i g u r e s as the i n d i v i d u a l v a l u e s from which they 

were c a l c u l a t e d u n l e s s these f e l l i n t o more than one 

instrument c o n c e n t r a t i o n range, i n which case the mean va l u e 

i s quoted a c c o r d i n g t o the range i n t o which i t f a l l s . 

i i ) A l l mean c o n c e n t r a t i o n s of Cd and Pb are quoted to one more 

s i g n i f i c a n t f i g u r e than the i n d i v i d u a l sample, e.g. the mean 

of the sample v a l u e s 0.0004, 0.0004, 0.0003, 0.0004, 0.0004 

i s r e p o r t e d 0.000038 r a t h e r than 0.0003. 

i i i ) I n some i n s t a n c e s c o n c e n t r a t i o n s of Cd, Pb and PO -P are 
4 

reported as being <0.0003, < 0.003 and < 0.005 r e s p e c t i v e l y . 

When c a l c u l a t i n g the mean of a s e r i e s of sample v a l u e s 

i n c l u d i n g such v a l u e s the average of the a p p r o p r i a t e value 

and zero ( i . e . Cd 0.00015, Pb 0.0015, PO -P 0.0025) was 



used. The mean v a l u e obtained f o r the s e r i e s i s reported 

as d e s c r i b e d i n i ) and i i ) above or as <^0.0003, < C 0.003 

or<0.005 f o r Cd, Pb and PO^-P r e s p e c t i v e l y , 

i v ) Mean v a l u e s were not rounded up. 

Standard d e v i a t i o n s a r e r e p o r t e d to one more s i g n i f i c a n t f i g u r e 

than the i n d i v i d u a l v a l u e s from which they were c a l c u l a t e d . They 

a r e however not r e p o r t e d a t a l l f o r Cd, Pb and PO^-P when mean v a l u e s 

f a l l below 0.0003, 0.003 and 0.005 r e s p e c t i v e l y . 

3.82 D i g e s t s 
-1 

The l i m i t of d e t e c t i o n f o r metals i n s o l i d samples (ug g ) i s 

a f u n c t i o n of the dry weight of m a t e r i a l d i g e s t e d and the minimum 

co n c e n t r a t i o n of the metal which can be d e t e c t e d i n the digest s o l u t i o n . 

As the former v a r i e d between samples and the l a t t e r with the instrument 

c o n c e n t r a t i o n range i n t o which the sample f e l l , metal c o n c e n t r a t i o n s 

i n samples (ug g *) are r e p o r t e d t o the number of s i g n i f i c a n t f i g u r e s 

c o n s i s t e n t w i t h the l i m i t of d e t e c t i o n down t o the l e v e l of i n t e g e r s . 

The c o n c e n t r a t i o n of Cd i s r e p o r t e d i n the same manner to the l e v e l 

of one p l a c e of decimals. 

For a l l metals, the v a l u e s f o r the mean and standard d e v i a t i o n s 

of a s e r i e s of c o n c e n t r a t i o n s were d e r i v e d and are p r e s e n t e d i n the 

same way as d e s c r i b e d f o r water samples ( S e c t i o n 3.81). 



CHAPTER 4 

SAMPLING SITES AND PROGRAMME OF INVESTIGATION 

4.1 SAMPLING SITES 

4.11 Streams 

Samp.les from streams were taken from w i t h i n d e f i n e d 10 m le n g t h s 

termed r e a c h e s . Streams and reaches sampled were coded i n accordance 

w i t h the computer o r i e n t a t e d r e c o r d i n g system i n use a t Durham 

U n i v e r s i t y . Stream numbers, r e a c h numbers and reach l o c a t i o n s a r e 

give n i n Table 4.1, w h i l e r e a c h l o c a t i o n s are a l s o d e p i c t e d i n F i g . 4. 

F i v e reaches were e s t a b l i s h e d on the R. Derwent, two (03, 05) 

upstream of the e n t r y of B o l t s Burn and t h r e e (08, 23, 27) below i t . 

Reaches 03, 05, 08 and 23 were i n f a s t f l o w i n g ' r i f f l e ' a r e as and 

reach 27 was s i t u a t e d on a slower f l o w i n g s t r e t c h of the r i v e r 

( F i g . 4.2a, b, c, d, e ) . One sampling r e a c h was e s t a b l i s h e d on B o l t s 

Burn (99) near i t s confluence w i t h the R. Derwent ( F i g . 4 . 2 f ) . 

4.12 Derwent R e s e r v o i r 

Sampling p o i n t s on the r e s e r v o i r (termed s i t e s ) were chosen both 

f o r r o u t i n e survey (R3,R7, R9, R10) and a s p e c i a l study of water, 

sediments and p l a n t s (Rl - R22). L o c a t i o n s a r e given i n Table 4.2 

and d e p i c t e d i n F i g . 4.3. Samples were c o l l e c t e d a t the shore from 

w i t h i n 10 m wide t r a n s e c t s running i n t o the r e s e r v o i r p e r p e n d i c u l a r 

to the s h o r e l i n e a t top water l e v e l . Thus the e x a c t p o s i t i o n of the 

s i t e s v a r i e d according to the r e s e r v o i r water l e v e l and may be 

determined by r e f e r r i n g to Ta b l e s 4.2 and 4.3 and F i g s 2.2 and 4.3. 
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Table 4 . 1 L o c a t i o n s of sampling reaches on R. Derwent and B o l t s Burn 

stream r e a c h g r i d 
no. no. r e f . 

0061 03 NY 954496 

0061 05 NY 957498 

0061 08 NY 959499 

0061 23 NY 983513 

0061 27 NY 984516 

0071 99 NY 957498 

Table 4 . 2 L o c a t i o n s of sampling 

r e f e r e n c e s correspond 

south shore 

s i t e g r i d r e f . 

R l NY 987515 

R2 NY 995521 

R3 NY 995521 

R4 NY 999524 

R5 NZ 003526 

R6 NZ 007525 

R7 NZ 009522 

R8 NZ 015515 

R9 NZ 017514 

R10 NZ 022511 

R= Derwent 

R. Derwent above e n t r y of 
B o l t s Burn 

R. Derwent below e n t r y of 
B o l t s Burn 

R. Derwent a t C a r r i c k ' s 
p i c n i c s i t e 

R. Derwent downstream of bridge 
a t C a r r i c k ' s p i c n i c s i t e 

B o l t s Burn a t confluence 
w i t h R. Derwent 

s i t e s on Derwent R e s e r v o i r ( g r i d 

t o l o c a t i o n s a t top water l e v e l ) 

n o r t h shore 

s i t e g r i d r e f . 

R l l NY 986518 

R12 NY 992523 

R13 NY 995524 

R14 NY 995526 

R15 NY 999530 

R16 NZ 005532 

R17 NZ 009531 

R18 NZ 011535 

R19 NZ 013531 

R20 NZ 020523 

R21 NZ 025524 
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4.2 SAMPLING PROGRAMME 

Most of the data collected during t h i s study resu l t from four 

periods of intensive survey, the remainder coming from a series of 

special studies. 

4.21 General Surveys 

4.211 Introduction 

Four surveys were carried out, the f i r s t three during d i f f e r e n t 

seasons (autumn, spring and summer respectively) followed by a fourth 

one year a f t e r the f i r s t . An attempt was made to c o l l e c t a r e l a t i v e l y 

standard package of information during each survey. Further, i t was 

hoped to carry out each survey during a period of stable weather (and 

hence r i v e r conditions). This was accomplished during the f i r s t three 

surveys but unfortunately a storm occurred during the f i n a l survey 

causing a marked increase i n r i v e r flow. The dates over which the 

surveys were carried out are given i n Table 4.4. R a i n f a l l and r i v e r 

flow during each survey are summarised, i n Table 4.5 

After the f i r s t survey of the present study, the unpolluted reach 

05 was replaced by one about 400 m upstream (03) t o minimize any 

p o s s i b i l i t y of sampling animals which had migrated from the polluted 

section of the r i v e r . For general presentation of data and discussion, 

no d i s t i n c t i o n i s made between the two reaches. The detai l s of a l l 

the stations sampled during each general survey are given i n Table 4.6 

and Sections 4.212 - 4.215 below. 

To allow comparisons to be drawn between each survey and also 

between the present study and that of Harding (1978), a substantial 

number of samples yi e l d i n g 'background' environmental information were 

collected. Thus a considerable part of the sampling e f f o r t during each 

survey was directed towards the abiotic components of the system. 



Table 4.4 Dates on which Surveys I - IV were carried out 

day Survey I Survey I I Survey I I I Survey IV 

1 25.10.78 26.04.79 08.08.79 22.10.79 

2 26.10.78 27.04.79 09.08.79 23.10.79 

3 27.10.78 28.04.79 10.08.79 24.10.79 

4 28.10.78 29.04.79 11.08.79 25.10.79 

5 29.10.78 30.04.79 12.08.79 26.10.79 

6 30.10.78 01.05.79 13.08.79 27.10.79 

7 31.10.78 02.05.79 14.08.79 28.10.79 

8 01.11.78 03.05.79 15.08.79 29.io.79 

9 02.11.78 30.10.79 

10 03.11.78 

11 04.11.78 

Table 4.5 Summary of r a i n f a l l and r i v e r flow during Surveys I 

(for r a i n f a l l , see Table 4.3) 

survey r a i n f a l l 

I negligible 

I I low 

I I I moderate 

IV negligible then 
storm day 4 

r i v e r flow 

low 

medium 

medium 

medium u n t i l storm 
then very high for 
two days returning 
to medium 

http://29.io.79
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4.212 Collection of water samples 

The days on which sampling stations were v i s i t e d during 

Surveys I - IV are given i n Table 4.6. A ' t o t a l ' and a ' f i l t r a b l e ' 

sample for metal analysis were collected every time a sampling 

station was v i s i t e d . On the f i r s t day of each survey four samples 

for anion analysis were collected from each station chosen f o r general 

survey. During Survey I four samples were also collected from 05 

and 08 on days 2 - 4. 

4.213 Collection of sediment samples 

On day 1 of each survey f i v e samples were collected from every 

sampling station included i n the survey (Table 4.6). 

4.214 Collection of plants 

The only aquatic plants sampled during the general surveys were 

bryophytes collected from 03/05 and 08 on the R. Derwent. Five species 

were collected during the study although i t was not always possible to 

include each species on every sampling occasion. Single samples of 

each species were collected during Surveys I and I I while f i v e samples 

of each species were taken during Surveys I I I and IV wherever possible. 

The d e t a i l s of the days on which each species was sampled and the 

number of samples collected are given i n Table 4.7. 

4.215 Collection of animals 

Samples of benthic macroinvertebrates f o r metal analysis were 

collected during each of Surveys I - IV. The days on which stations 

were sampled are given i n Table 4.8. At each s t a t i o n , the choice of 

species and the extent to which samples were replicated depended 

largely on the number of individuals that could be found. Samples 

were collected either as single samples or i n replicates of f i v e . The 

taxa and number of samples collected from the R. Derwent are given i n 

Tables 4.9 and 5.17 while d e t a i l s f o r the reservoir can be found i n 

Tables 4.10 and 6.9. 
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4.3 SPECIAL STUDIES 

4.31 Introduction 

In addition to the general surveys described above, a number of 

studies were carried out to investigate selected components of the 

R. Derwent and Derwent Reservoir. These are outlined below. 

4.32 Leaves and de t r i t u s from R. Derwent 

Samples of leaves from trees growing on the r i v e r bank and leaf 

d e t r i t u s from the r i v e r bed were collected from reaches 05 and 08 on 

29.10.78 and from reaches 23 and 27 on 30.10.78. Details of the 

fractions collected can be found i n Section 3.61 and Table 5.19. 

4.33 Water, sediment and submerged plants from Derwent Reservoir 

Samples of water, sediment, Nitella flexilis L. (alga) and 

Glyceria fluitans L. (submerged grass) were collected from a l l sites 

with the exception of Rl, R2 on the south shore and R l l , R19, R20, R22 

on the north shore. Wherever possible f i v e samples of each plant were 

collected but i f i n s u f f i c i e n t material was present then only one large 

sample was taken. Details of the number of plant samples collected 

at each s i t e are given i n Table 6.12. 



CHAPTER 5 

COMPOSITION OF WATER, SEDIMENTS, PLANTS 

AND ANIMALS FROM RIVER DERWENT 

5.1 INTRODUCTION 

The results from a l l the general surveys ( I - IV) and a special 

study of the River Derwent are presented here. Summaries of water 

chemistry and sediment data are reported i n Sections 5.21 and 5.22, 

respectively. Dat&' for plants and animals are given i n 5.23 and 5.24 

while the results of a special study of leaves and de t r i t u s (described 

i n Section 4.32) are given i n Section 5.3. A l l data are presented as 

described i n Section 3.81. Brief comments on the results are made 

here but discussion and comparison of metal levels i n d i f f e r e n t 

components i s l e f t u n t i l Chapter 7. 

5.2 GENERAL SURVEYS 

5.21 Water 

Data are reported f o r the following variables: Na, K, Mg, Ca, Mn, 

Fe, Zn, Cd, Pb, F, CI, S i , P04~P, conductivity, pH and t o t a l a l k a l i n i t y . 

These are summarized i n Tables 5.1 and 5.2 f o r the f i r s t f i v e sampling 

occasions i n each survey and are the only summaries of water chemistry 

which are s t r i c t l y comparable between reaches. Raw data are given i n 

Appendix 1 (metals) and Appendix 2 (anions). 

5.211 Bolts Burn at confluence with R. Derwent 
(0071-99, Fig. 4.2f) 

This reach was sampled on 17 occasions during the present study. 

Mean levels of Zn, Cd and Pb for the whole study are given below (n = 17) 

Zn Cd Pb 

' t o t a l ' (mg l - 1 ) 1.25 0.0020 0.070 

' f i l t r a b l e ' (mg l " 1 ) 1.20 0.0018 0.050 
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Comments 

i ) The ' t o t a l ' metal concentrations i n water from t h i s reach 

were the highest of any stream sampled during t h i s study. 

(Zn = 2.38 mg l " 1 , c d = 0.0028 mg l - 1 , Pb = 0.146 mg 1 _ 1 ) . 

i i ) The concentrations of Na, K, Mg, Ca, Mn, Zn and Cd did not 

d i f f e r substantially between ' t o t a l ' and ' f i l t r a b l e ' samples 

on any sampling occasion. Fe and Pb were not found to 

behave i n t h i s way. 

i i i ) For a l l samples the concentrations of metals f a l l i n t o the 

following series: 

Zn > Mn > Fe > Pb > Cd 

5.212 R. Derwent upstream of Bolts Burn 
(0061-03 and 0061-05, Fig. 4.2 a and b) 

The R. Derwent upstream of Bolts Burn was sampled at two reaches 

(03 and 05) during t h i s study (see Section 4.211). An analysis of 

water samples collected from each reach at approximately the same time 

i s given i n Table 5.3. Even though the data f o r metals are based on 

single samples, i t can be seen by comparing the two reaches that the 

physical and chemical variables measured are not markedly d i f f e r e n t . 

Thus, for the purposes of data presentation and discussion no d i s t i n c t i o n 

i s made between the two reaches. 

Mean concentrations of Zn, Cd and Pb fo r the whole study are given 

below (n = 27). 

Zn Cd Pb 

• t o t a l ' (mg l " 1 ) 0.020 <0.0003 0.007 

' f i l t r a b l e ' (mg 1 ) 0.019 <0.0003 0.005 
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Comments 

i ) ' T o t a l ' metal c o n c e n t r a t i o n s were lower a t t h i s reach than 

a t any other stream s i t e sampled during t h i s study. 

(Zn 0 .010 mg l " 1 , Cd < 0 .0003 mg l " 1 , Pb < 0 .003 mg l " 1 ) . 

i i ) I n g e n e r a l t h e r e were no c l e a r d i f f e r e n c e s between the 

c o n c e n t r a t i o n s of metals i n ' t o t a l ' and ' f i l t r a b l e ' samples. 

However, under c o n d i t i o n s of i n c r e a s e d flow such as occurred 

during Survey IV i t was apparent t h a t the c o n c e n t r a t i o n s of 

K and Fe were higher i n ' t o t a l ' samples (see Appendix 1, 

Survey I V ) . 

i i i ) C o n c e n t r a t i o n s of Zn, Cd and Pb were s i m i l a r during each 

survey? Fe was h i g h e r during Surveys I and IV than during 

I I and I I I ; other metals showed no c l e a r t r e n d s , 

i v ) The c o n c e n t r a t i o n s of metals i n samples f e l l i n t o the 

fo l l o w i n g s e r i e s : 

Fe > Mn > Zn > Pb > Cd 

5.213 R. Derwent downstream of B o l t s Burn 
(0061-08 , F i g . 4 . 2 c ) 

Samples were c o l l e c t e d from t h i s r e a c h on 24 o c c a s i o n s . The mean 

c o n c e n t r a t i o n s of Zn, Cd and Pb are g i v e n below (n = 2 4 ) . 

Zn Cd Pb 

' t o t a l ' (mg l " 1 ) 0 .28 0.0006 0.020 

' f i l t r a b l e ' (mg 1 _ 1 ) 0 .28 0.0006 0.016 

Comments 

i ) I n g e n e r a l c o n c e n t r a t i o n s of Na, K, Mg, Mn, Zn and Cd were 

s i m i l a r i n ' t o t a l ' and ' f i l t r a b l e ' samples. L e v e l s of Ca, Fe 

and Pb tended to be higher i n ' t o t a l ' samples. 



i i ) C o n c e n t r a t i o n s of Na,K, Mg, Ca, Mn, Zn, Cd and Pb were found 

to be higher than i n the R. Derwent upstream of B o l t s Burn 

on a l l sampling o c c a s i o n s w h i l e the l e v e l s of Fe were found 

to be lower. The opposite was true when compared w i t h 

B o l t s Burn. 

i i i ) The c o n c e n t r a t i o n s of metals i n samples f e l l i n t o the 

f o l l o w i n g s e r i e s : 

Fe > Zn > Mn > Pb > Cd 

5.214 R. Derwent a t entrance to Derwent R e s e r v o i r 
(0061-23 , F i g . 4 .2d) 

Water was c o l l e c t e d from t h i s r e ach on 28 o c c a s i o n s during the 

pr e s e n t study. Mean l e v e l s of Zn, Cd and Pb are g i v e n below (n = 2 8 ) . 

Zn Cd Pb 

• t o t a l ' (mg 1 _ 1 ) 0 .244 0.0006 0.019 

' f i l t r a b l e ' (mg 1~S 0 .226 0.0006 0.015 

Comments 

i ) The comments made about reach 08 i n S e c t i o n 5.213 a l s o 

apply here. 

i i ) Comparisons between samples c o l l e c t e d a t 08 and 23 on the 

same day show no apparent trends but mean c o n c e n t r a t i o n s 

(Tables 5 . 1 , 5 .2) r e v e a l t h a t Mn, Fe and Zn i n ' t o t a l ' and 

' f i l t r a b l e ' were lower a t 23 while only s l i g h t d e c r e a s e s i n 

co n c e n t r a t i o n s of Na, Mg and Pb occurr e d . K, Ca and Cd 

g e n e r a l l y remained unchanged. 

5.22 Sediments 

The composition of the sediments i n the R. Derwent was s t u d i e d i n 

order to e s t a b l i s h t h e i r p o s s i b l e importance as sources of heavy metals 

f o r d e t r i t i v o r o u s i n v e r t e b r a t e s . Both metal composition and or g a n i c 

content were determined. The methods of c o l l e c t i o n and a n a l y s i s have 



a l r e a d y been d e s c r i b e d ( S e c t i o n 3.4) and i n v o l v e d pooling m a t e r i a l 

c o l l e c t e d from d i f f e r e n t l o c a t i o n s w i t h i n a reach, followed by 

e x t r a c t i o n of metals with concentrated HNO^. Determinations of 

metal composition and organic content were made on a l l samples 

c o l l e c t e d . Sediment was not c o l l e c t e d from B o l t s Burn a t any time 

during t h i s study. 

5.221 Metal composition 

The mean metal composition of sediments c o l l e c t e d from each 

reach f o r Surveys I - IV are given i n Ta b l e s 5 .6 - 5 .9 r e s p e c t i v e l y . 

The standard d e v i a t i o n s given i n these t a b l e s r e f e r to r e p l i c a t e 

samples c o l l e c t e d from each r e a c h . The o v e r a l l mean v a l u e s f o r the 

whole study are given i n Table 5 . 1 0 . 

Comments 

i ) When the o v e r a l l mean v a l u e s f o r the whole study are 

considered, the c o n c e n t r a t i o n s of a l l metals were lower 

a t 03 /05 than a t reaches below B o l t s Burn, 

i i ) The same was tr u e of each sampling o c c a s i o n with the 

exception of the f o l l o w i n g where metal l e v e l s a t 08 , 23 

and 27 were lower than a t 0 3 / 0 5 : Survey I , Mg a t 27; 

Survey I I , Na a t 08 and 23; Survey I I I , Mn a t 23, Fe a t 

08 and 2 3 . 

i i i ) The l a r g e standard d e v i a t i o n s found f o r a l l metals suggest 

t h e r e may be marked v a r i a t i o n s i n the composition of 

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

i v ) No c l e a r p a t t e r n of the d i s t r i b u t i o n of Zn, Cd and Pb 

between 08 and 23 i s apparent. 

5.222 Organic content 

Determination of the or g a n i c content of sediments was c a r r i e d out 

on the same samples as metal a n a l y s i s . The r e s u l t s f o r Surveys I - IV 
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are given i n d e t a i l i n Appendix 3 w h i l e the mean v a l u e s f o r each 

survey a r e pres e n t e d i n Table 5 - 1 1 . The r e s u l t s a r e expressed as a 

percentage o f the sample dry weight. The standard d e v i a t i o n s r e f e r 

to r e p l i c a t e samples c o l l e c t e d from w i t h i n each r e a c h . 

Comments 

i ) I t i s apparent t h a t the mean or g a n i c content of sediments 

was not a p p r e c i a b l y d i f f e r e n t a t 0 3 / 0 5 , 08 and 23 e i t h e r 

d u r i n g or between Surveys I , I I I and IV. 

i i ) During Survey I I the o r g a n i c content of sediment from © 3 / 0 5 

was s i g n i f i c a n t l y h i g h e r than a t 08 or 23 w h i l e the l a t t e r 

d i d not d i f f e r a p p r e c i a b l y from one another. 

5.23 P l a n t s 

Samples of bryophytes were c o l l e c t e d from reaches 03 /05 and 08 

during each survey. The methods of c o l l e c t i o n and a n a l y s i s have been 

d e s c r i b e d i n S e c t i o n 3 .6 and i n v o l v e d p o o l i n g m a t e r i a l taken from 

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

not c o l l e c t e d from B o l t s Burn, even though Scapania undulata was 

p r e s e n t i n t h i s stream during the p r e s e n t study. The l e v e l s of Zn, 

Cd and Pb i n the bryophytes c o l l e c t e d during Surveys I - IV are given 

i n T a b l e s 5 .12 - 5 .15 r e s p e c t i v e l y . Standard d e v i a t i o n s r e f e r to 

r e p l i c a t e samples c o l l e c t e d from w i t h i n each r e a c h . 

Comments 

i ) Fontinalis squamosa was not found a t any reach i n the R. Derwent 

downstream of B o l t s Burn although i t was always p r e s e n t a t 0 3 / 0 5 . 

i i ) C o n c e n t r a t i o n s of Zn, Pb and Cd were g r e a t e r i n p l a n t s c o l l e c t e d 

from 08 than i n samples from 03 /05 upstream of B o l t s Burn, 

i i i ) Metal c o n c e n t r a t i o n s i n Fontinalis squamosa were the lowest 

recorded f o r each survey w i t h the exception of Cd i n Ihynchostegium 

riparloides a t 0 3 / 0 5 during Survey I I I . 
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i v ) C o n c e n t r a t i o n s of metals i n Hygrophypnum ochraceum a t 03 /05 

were g e n e r a l l y the same f o r each survey. The h i g h e s t l e v e l s 

of Zn, Cd and Pb a t reach 08 occurred during Survey I I I w h i l e 

the l e v e l s f o r Surveys I , I I and IV were lower and s i m i l a r 

to one another. 

v) The c o n c e n t r a t i o n s of Pb i n Scapania undulata from 03 /05 were 

s i m i l a r on each sampling o c c a s i o n while Zn l e v e l s were s i m i l a r 

during Surveys I I and I I I and h i g h e s t during Survey I V . Cd 

l e v e l s d i f f e r e d between each survey. High l e v e l s f o r a l l t h r e e 

metals were found i n samples c o l l e c t e d from 08 e s p e c i a l l y 

during Surveys I I I and I V . 

v i ) The order of c o n c e n t r a t i o n s of the three metals was the same 

i n a l l samples from both r e a c h e s : 

Zn > Pb > Cd 

5.24 Animals 

A c o n s i d e r a b l e p a r t of the sampling e f f o r t during each survey was 

devoted to the c o l l e c t i o n of ani m a l s . Sampling was p u r e l y g u a l i t a t i v e 

and no attempt was made t o determine the numbers of organisms p r e s e n t 

a t each r e a c h . N e v e r t h e l e s s i t was s t i l l p o s s i b l e to d i s c e r n which 

s p e c i e s were most abundant and comments are made i n S e c t i o n 5.241 below 

Data on the metal composition of the animals sampled during each survey 

are p r e s e n t e d i n S e c t i o n 5 . 2 4 2 . F u r t h e r d i s c u s s i o n and comparison w i t h 

metal a n a l y s e s made on other components of the environment i s l e f t 

u n t i l Chapter 7 . 

5.241 S p e c i e s composition and r e l a t i v e abundance 

Samples of b e n t h i c i n v e r t e b r a t e s were c o l l e c t e d from the R. Derwent 

during each survey and the more abundant t a x a taken f o r metal a n a l y s i s . 

R e p r e s e n t a t i v e s of these and the l e s s abundant t a x a were s t o r e d i n 
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r e a c h taxon n Zn Cd Pb 

0061-05 Fontinalis squamosa 1 740 10.7 330 

0061-08 Hygrohypnum ochraceum 1 2050 42 .7 360 

Table 5 .12 C o n c e n t r a t i o n s of Zn, Cd, Pb i n pooled 2 cm t i p s of 

bryophytes c o l l e c t e d from R. Derwent (05 , 08) during 

Survey I (u.g g ) 

re a c h taxon 

0061-03 Scapania undulata 

Fontinalis squamosa 

Hygrohypnum ochraceum 

0061-08 Scapania undulata 

Hygrohypnum ochraceum 

Zn 

365 

200 

437 

1760 

2030 

Cd 

9.6 

8.1 

12.1 

Pb 

204 

110 

120 

21.1 680 

34 .3 450 

Table 5 .13 C o n c e n t r a t i o n s of Zn, Cd, Pb i n pooled 2 cm t i p s of 

bryophytes c o l l e c t e d from R. Derwent (03 , 08) during 

Survey I I (ug g *) 
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s u i t a b l e p r e s e r v a t i v e and i d e n t i f i e d . The combined r e s u l t s from a l l 

four s u r v e y s f o r reaches 0 3 / 0 5 , 0 8 , 23 and 27 on the R. Derwent and 

reach 99 on B o l t s Burn are pres e n t e d as a l i s t i n Table 5 . 1 6 . 

I d e n t i f i c a t i o n was not always made to the same l e v e l f o r a l l 

r e p r e s e n t a t i v e s of a p a r t i c u l a r group. Many of the organisms 

belonging t o the more d i f f i c u l t taxonomic groups such as T r i c h o p t e r a 

and D i p t e r a have been grouped together and are l i s t e d under these major 

group headings. Thus Table 5 .16 i s not a comprehensive l i s t of s p e c i e s . 

Reaches 0 3 / 0 5 , 08 and 23 were a l l f a s t flowing ( F i g . 4 .2 a, b, c, d) 

and were sampled during each survey whereas reach 27 which was slower 

flowing ( F i g 4 .2e) and formed p a r t of the r e s e r v o i r when t h i s was near 

top water l e v e l was sampled during Survey I only. 

Comments 

i ) No i n v e r t e b r a t e s were found i n B o l t s Burn on any sampling 

o c c a s i o n . 

i i ) With the excep t i o n of the Nematoda, Ol i g o c h a e t a and 

Hydracarina which were r e p r e s e n t e d by only a few i n d i v i d u a l s 

a t each reach where they occurred, the i n v e r t e b r a t e fauna 

was found to c o n s i s t e n t i r e l y of i n s e c t l a r v a e predominated by 

the groups Ephemeroptera and P l e c o p t e r a . 

i i i ) No major d i f f e r e n c e s were found i n the s p e c i e s p r e s e n t a t 

reaches above and below B o l t s Burn. 

i v ) Baetis rhodani was the most numerous o f the t h r e e s p e c i e s 

recorded f o r t h i s genus, 

v) The m a y f l i e s Rithrogena s p ( p ) . and Ecdyonurus venosus were 

e q u a l l y abundant a t 08 and 23 during Survey I I but Ecdyonurus 

venosus was the more numerous on a l l other o c c a s i o n s . 

v i ) Ephemerella ignita was common a t 0 3 / 0 5 , 08 and 23 during 

Survey I I I . 



v i i ) Amphinemura sulcicollis was the most numerous s t o n e f l y during 

Survey I I . The s t o n e f l i e s Brachyptera risi and Isoperla 

grammatica were common a t o 3 / 0 5 , 08 and 23 during Survey I I 

wh i l e the two s p e c i e s of Protonemura recorded were p r e s e n t i n 

fewer numbers. Chloroperla torrentium was more common than 

C. tripunctata, both were recorded a t 0 3 / 0 5 , 08 and 23 during 

Survey I I but were l e s s abundant a t 03 /05 than the other 

r e a c h e s . 

v i i i ) Ieuctra fusca was the most common s t o n e f l y during Survey I I I 

and the most numerous of the thr e e s p e c i e s recorded f o r t h i s 

genus. Dinocras cephalotes was recorded a t 0 3 / 0 5 , 08 and 

23 during Survey I I I but was not found a t any other time, 

i x ) Perla bipunctata was the only s t o n e f l y found during a l l 

four s u r v e y s . I t was e q u a l l y abundant a t 03 /05 and 08 during 

each survey but was only recorded from r e a c h 23 during 

Survey I I I . 

x) Perlodes microcephala was recorded a t 0 3 / 0 5 , 08 and 23 

during each o f Surveys I , I I and IV. During Survey I I i t was 

as abundant a t 03/05 and 08 as Perla bipunctata. 

The abundance o f other groups was not recorded i n d e t a i l , but an 

i n d i c a t i o n o f the abundance of some of the remaining organisms may be 

obtained by r e f e r r i n g t o T a b l e s 5 .17 and 5 . 1 8 . 

5.242 Metal composition 

The d e t a i l e d r e s u l t s of the metal composition of animals c o l l e c t e d 

from the R. Derwent during each g e n e r a l survey are given i n Table 5 . 1 7 , 

which a l s o i n c l u d e s d a ta on the number of samples c o l l e c t e d , the number 

of organisms per sample and the dry weight of each sample (average dry 

weight where n > 1 ) . The r e s u l t s f o r Zn, Cd and Pb are summarized i n 
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code taxon reach 

03/05 08 23 27 

10 00 00 00 Nematoda + + + 

16 00 00 00 O l i g o c h a e t a + + + + 

19 00 00 00 Hydracarina + + + 

30 02 01 02 Baetis scambus Eaton + + 
30 02 01 05 Baetis rhodani ( P i c t e t ) + + + 
30 02 01 07 Baetis muticus ( L . ) + + + 
30 03 01 00 Rithrogena s p ( p ) . + + + 
30 03 04 01 Ecdyonurus venosus ( F a b r i c i u s ) + + + 
30 05 01 01 Ephemerella ignita (Poda) + + + 

31 01 03 02 Brachyptera risi (Morton) + + + 
31 02 01 01 Protonemura praecox (Morton) + + + 
31 02 01 03 Protonemura meyeri ( P i c t e t ) + + + 
31 02 02 02 Amphinemura sulcicollis (Stephens) + + + 
31 02 04 03 Nemoura avicularis Morton + + + 
31 02 04 04 Nemoura cambrica (Stephens) + + 
31 03 01 03 Leuctra hippopus (Kempny) + + + 
31 03 01 05 Leuctra fusca ( L . ) + + + 
31 03 01 06 Leuctra moselyi Morton + + + 
31 05 02 01 Perlodes microcephala ( P i c t e t ) + + + + 
31 05 04 01 Isoperla grammatica (Poda) + + + 
31 06 01 01 Dinocras cephalotes ( C u r t i s ) + + + 
31 06 02 01 Perla bipunctata P i c t e t + + + 
31 07 01 01 Chloroperla torrentium ( P i c t e t ) + + + 
31 07 01 02 Chloroperla tripunctata ( S c o p o l i ) + + + 

35 03 08 02* Oreodytes sanmarki Sahlberg + + + 
35 05 00 00 Hydrophilidae + 
35 11 01 01 Elmis aenea (Muller + + 
35 11 03 01 Limnius volckmari (Panzer) + + + 

36 01 01 02 Sialis fuliginosa P i c t e t + + + 

38 00 00 00 T r i c h o p t e r a + + + + 
38 01 01 01 Rhyacophila dorsalis ( C u r t i s ) + + + 
38 03 03 01 Polycentropus flavomaculatus ( P i c t e t ) + + + + 
38 05 01 01 Hydropsyche pellucidula ( C u r t i s ) + + + + 
38 08 00 00 Limnephilidae + + + + 

40 00 00 00 D i p t e r a + + + + 
40 01 35 00 Dictanota s p ( p ) . + + + + 
40 14 02 00 Chironomus s p ( p ) . + 
40 15 05 00 Simulium s p ( p ) , + + + 

Note: * I n Maitland under 0. rivalis ( G y l l e n h a l ) 
Reach 27 sampled during Survey I o n l y 

Table 5 .16 I n v e r t e b r a t e s c o l l e c t e d from R. Derwent and t h e i r 

occurrence a t d i f f e r e n t reaches 
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Table 5 . 1 8 w i t h the exception t h a t only one of the s i z e ranges of 

Perla bipunctata ( 1 5 - 2 0 mm) i s i n c l u d e d . The standard d e v i a t i o n s 

r e f e r t o r e p l i c a t e samples c o l l e c t e d as d e s c r i b e d i n S e c t i o n 3 . 7 1 . 

Comments 

i ) I t was p o s s i b l e to sample only two t a x a {Ecdyonurus venosus 

and Perla bipunctata) from 0 3 / 0 5 and 0 8 during a l l four 

s u r v e y s ; Ecdyonurus venosus was a l s o sampled from 23 during 

each survey. 

i i ) The l e v e l s of metals were higher i n samples from 08 than from 

0 3 / 0 5 i n a l l cases f o r Pb, a l l but one case f o r Zn {Perlodes 

microcephala, Survey IV) and a l l but four cases f o r Cd 

{Leuctra spp., Survey I I ; Perlodes microcephala, Survey IV; 

Perla bipunctata, Survey IV; Simulium spp., Survey I I ) . 

i i i ) There i s no obvious p a t t e r n as to whether the l e v e l s of metals 

are h i g h e r a t 08 or 2 3 . 

i v ) I t i s apparent t h a t the m a y f l i e s as a group {Baetis spp., 

Rithrogena s p ( p ) . , Ecdyonurus venosus, Ephemerella ignita) 

tend to accumulate Zn, Cd and Pb to higher l e v e l s than other 

animals. 

v) The three t a x a of mayfly sampled during Survey I I I a l l showed 

e s p e c i a l l y high l e v e l s of met a l s ; the c o n c e n t r a t i o n s i n these 

organisms a t re a c h 0 3 / 0 5 were i n many i n s t a n c e s h i g h e r than 

i n other t a x a sampled from 08 and 2 3 . 

v i ) C o n c e n t r a t i o n s of Zn, Cd and Pb i n c a d d i s f l i e s were s i m i l a r 

t o those i n s t o n e f l i e s . 

v i i ) The r e s u l t s f o r the c o n c e n t r a t i o n s of Zn, Cd and Pb i n the 

seven t a x a of s t o n e f l y were a l l reasonably s i m i l a r w i t h the 

excep t i o n t h a t Leuctra spp. showed much hig h e r l e v e l s of Zn 
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and Cd (but not Pb) i n Survey I I I than i n Survey I I . However, 
the other s t o n e f l y sampled during Survey I I I , Perla bipunctata, 
showed s i m i l a r r e s u l t s to those f o r Survey I I . 

( v i i i ) The l e v e l s of Zn, Cd and Pb i n Perla bipunctata were s i m i l a r 

f o r a l l four surveys and were e i t h e r the lowest or near lowest 

recorded f o r any taxa during each survey. 

5.3 SPECIAL STUDY 

I n a d d i t i o n to the samples c o l l e c t e d d uring the four g e n e r a l 

surveys an a d d i t i o n a l study was made on the R. Derwent as d e s c r i b e d 

i n S e c t i o n 4.32. 

5.31 Metal composition of l e a v e s and d e t r i t u s from the r i v e r bed 

The banks of the R. Derwent below B o l t s Burn r e c e i v e a d e p o s i t of 

heavy m e t a l - r i c h sediment whenever there i s a major f l o o d . I t i s 

p o s s i b l e t h e r e f o r e t h a t t e r r e s t r i a l p l a n t s might be s u b j e c t to metal 

enrichment here i n comparison with s i t e s upstream of B o l t s Burn. The 

a l d e r a l s o has some r o o t s r e a c h i n g d i r e c t l y i n t o the r i v e r water, so 

i n the case of t h i s t r e e there i s a f u r t h e r p o s s i b i l i t y f o r metal 

uptake. I f bankside t r e e s do accumulate metals they may i n turn add 

metals to the r i v e r a t l e a f - f a l l . The p o s s i b i l i t y a l s o e x i s t s t h a t 

decaying l e a f matter may bind heavy metals from the water thus making 

them a v a i l a b l e to d e t r i t i v o r o u s i n s e c t l a r v a e . 

D e t a i l s of the samples of l e a v e s and d e t r i t u s c o l l e c t e d are shown 

i n Table 5.19. The methods of c o l l e c t i o n and a n a l y s i s have been 

d e s c r i b e d i n S e c t i o n 3.5. As the study took p l a c e i n November, the 

l e a v e s of a l d e r and sycamore taken from the t r e e s were o l d (though 

s t i l l more or l e s s g r e e n ) . The l e a v e s taken from the r i v e r bed had 

probably mostly f a l l e n w i t h i n the p r e v i o u s four weeks. Flows had been 

low i n the p e r i o d p r i o r to sampling so many of the l e a v e s on the r i v e r 

bed had probably come from t r e e s o v e r l y i n g the s t r e t c h of the r i v e r 
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from where the samples were taken. 

I t i s unfortunate t h a t t h e r e was no r e p l i c a t i o n of the d i f f e r e n t 

types of samples a t any s i t e but n e v e r t h e l e s s the f o l l o w i n g a r e 

apparent: 

i ) L e v e l s of Mn and Zn i n l e a v e s from t r e e s below B o l t s Burn 

are h i g h e r than those from t r e e s above B o l t s Burn. The 

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

be due to a n a l y t i c a l e r r o r . 

i i ) The percentage i n c r e a s e between reach 05 and reach 08 i s 

more f o r a l d e r than sycamore, though the abs o l u t e l e v e l of 

Zn a t reach 08 i s hi g h e r f o r sycamore. I t i s t h e r e f o r e 

d o u b tful whether the presence of roots d i r e c t l y i n the r i v e r 

water i s of q u a n t i t a t i v e importance i n determining the l e v e l s 

i n l e a v e s . 

i i i ) The d e t r i t u s , which i n c l u d e d a l o t of h i g h l y degraded l e a v e s , 

had much higher l e v e l s of Zn and Pb than the r e c e n t l y f a l l e n 

l e a v e s . 

i v ) The l e v e l s of Zn, Cd and Pb i n washed a l d e r l e a v e s were a l l 

h i g h e r a t reach 23 than reach 08, suggesting t h a t p o s s i b l y 

some l e a v e s a t 08 had f l o a t e d from s i t e s above B o l t s Burn, 

v) The r a t i o , metal i n unwashed l e a v e s from r i v e r bed : l e v e l 

i n washed le a v e s from r i v e r bed, i n g e n e r a l f a l l s i n t o the 

f o l l o w i n g s e r i e s : 

Fe > Mn > Pb > Zn > Cd 
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CHAPTER 6 

COMPOSITION OF WATER, SEDIMENTS, PLANTS 

AND ANIMALS FROM THE DERWENT RESERVOIR 

6 . 1 INTRODUCTION 

The Derwent R e s e r v o i r was sampled d u r i n g each o f t h e f o u r 

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

th e r e s e r v o i r as d e s c r i b e d i n Chapter 4 . The r e s u l t s o f t h e s e 

i n v e s t i g a t i o n s a r e p r e s e n t e d below. Summaries o f t h e w a t e r c h e m i s t r y 

and s e d i ment a n a l y s e s f o r each g e n e r a l s u r v e y a r e r e p o r t e d i n 

S e c t i o n s 6 . 2 1 and 6 . 2 2 r e s p e c t i v e l y w h i l e a n i m a l d a t a a r e c o n s i d e r e d 

i n S e c t i o n 6 . 2 3 . The r e s u l t s o f t h e macrophyte s t u d y are p r e s e n t e d 

i n S e c t i o n 6 . 3 A l l d a t a a r e p r e s e n t e d as d e s c r i b e d i n S e c t i o n 3 . 8 1 

and d i s c u s s e d f u r t h e r i n Chapter 7 . 

6 . 2 GENERAL SURVEYS 

R e s e r v o i r s i t e s sampled d u r i n g t h e f o u r g e n e r a l s u r v e y s were 

R 3 , R 7 , R9 and RIO (see S e c t i o n 4 . 1 2 ) . 

6 . 2 1 Water 

Data a r e r e p o r t e d f o r t h e f o l l o w i n g v a r i a b l e s : Na, K, Mg, Ca, Mn, 

Fe, Zn, Cd, Pb, F, C l , S i , P0 4-P, c o n d u c t i v i t y , pH and t o t a l a l k a l i n i t y . 

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

g i v e n i n Ta b l e s 6. 1 and 6 . 2 . Raw d a t a may be f o u n d i n Appendix 1 

( m e t a l s ) and Appendix 2 ( a n i o n s ) . 

Comments 

i ) L e v e l s o f Cd i n r e s e r v o i r w a t e r were f r e q u e n t l y u n d e t e c t a b l e 

( < 0 . 0 0 0 3 mg 1 S and w i l l n o t be c o n s i d e r e d f u r t h e r , 

i i ) The mean c o n c e n t r a t i o n s o f Na, K, Mg and Ca do n o t d i f f e r 

s u b s t a n t i a l l y between s i t e s and show no marked d i f f e r e n c e s 

between " t o t a l 1 and ' f i l t r a b l e ' samples. 
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i i i ) Mean l e v e l s o f Fe, Zn and Pb g e n e r a l l y decrease on p a s s i n g 

down t h e r e s e r v o i r (R3 - RIO) w h i l e mean l e v e l s o f Mn do n o t 

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

m e t a l s were f o u n d t o be h i g h e r i n ' t o t a l ' t h a n i n ' f i l t r a b l e ' 

samples, t h e d i f f e r e n c e b e i n g g r e a t e s t f o r Mn„ 

i v ) L e v e l s o f Ca and Fe were l o w e r d u r i n g Surveys I I and I I I 

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

Survey I V t h a n o t h e r s u r v e y s and l e v e l s o f Pb w e r e l o w e r 

d u r i n g Survey I I I . C o n c e n t r a t i o n s o f o t h e r m e t a l s were 

g e n e r a l l y t h e same between s u r v e y s , 

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

m e t a l s was as f o l l o w s : 

Fe > Mn > Zn > Pb > Cd 

6 . 2 2 Sediments 

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

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

i n S e c t i o n 3 . 4 . D e t e r m i n a t i o n s o f m e t a l c o m p o s i t i o n and o r g a n i c c o n t e n t 

were made on a l l samples c o l l e c t e d . 

6 . 2 2 1 M e t a l c o m p o s i t i o n 

The mean m e t a l c o m p o s i t i o n o f sediments c o l l e c t e d d u r i n g 

Surveys I - I V a r e g i v e n i n Ta b l e s 6 .3 - 6 . 6 , r e s p e c t i v e l y . S t a n d a r d 

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

each s i t e . Mean v a l u e s f o r t h e whole s t u d y a r e g i v e n i n T a b l e 6 .7 . 

Comments 

i ) Mean l e v e l s o f Na, Mn, Zn, Cd and Pb were h i g h e r a t R9 t h a n 

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

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

sediments a t a l l s i t e s was as f o l l o w s : 

Fe > Mn > Zn > Pb >. Cd 
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d i f f e r i n g on o n l y two o c c a s i o n s (Survey I I R9 and Survey IV 
R3) when Zn > Mn. 

i i i ) L e v e l s o f m e t a l s d i f f e r e d m a r k e d l y between s u r v e y s and s i t e s 
and were sometimes v e r y v a r i a b l e w i t h i n s i t e s making f u r t h e r 
i n t e r p r e t a t i o n d i f f i c u l t . 

6 . 2 2 2 O r g a n i c c o n t e n t 

O r g a n i c c o n t e n t a n a l y s i s was c a r r i e d o u t on a l l sediment samples 

c o l l e c t e d f r o m t h e r e s e r v o i r d u r i n g Surveys I - I V . The d a t a a r e 

summarized i n T a b l e 6 . 8 and a r e g i v e n i n d e t a i l i n Appendix 3 . 

R e s u l t s a r e e x p r e s s e d as a p e r c e n t a g e o f t h e sample d r y w e i g h t . 

S t a n d a r d d e v i a t i o n s r e f e r t o r e p l i c a t e samples. 

Comments 

i ) O r g a n i c c o n t e n t o f sediments v a r i e d c o n s i d e r a b l y between 

samples, s i t e s and s u r v e y s making d e t a i l e d comparisons 

u n j u s t i f i e d . 

i i ) No t r e n d s were o b v i o u s between s i t e s b u t on two o u t o f 

t h r e e s u r v e y s ( I I and I I I ) t h e o r g a n i c c o n t e n t o f sediments 

was h i g h e s t a t s i t e R9, 

6 . 2 3 P l a n t s 

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

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

f o r w h i c h a r e r e p o r t e d i n S e c t i o n 6 . 3 . 

6 . 2 4 Animals 

Animals were c o l l e c t e d f r o m t h e Derwent R e s e r v o i r d u r i n g each o f 

t h e f o u r g e n e r a l s u r v e y s b u t d u r i n g Survey I I no organism o r group o f 

organisms was f o u n d i n s u f f i c i e n t abundance t o p r o v i d e enough m a t e r i a l 

f o r m e t a l a n a l y s i s . Sampling was p u r e l y q u a l i t a t i v e . No a t t e m p t was 

made t o d e t e r m i n e e i t h e r t h e numbers o f organisms p r e s e n t a t each s i t e 

o r t h e r e l a t i v e abundance o f t h e d i f f e r e n t t a x a . Data on t h e m e t a l 



c o m p o s i t i o n o f a n i m a l s c o l l e c t e d d u r i n g Surveys I , I I I and I V a r e 

p r e s e n t e d i n S e c t i o n 6 . 2 4 2 and a r e d i s c u s s e d i n r e l a t i o n t o m e t a l 

l e v e l s i n o t h e r components o f t h e e n v i r o n m e n t i n Chapter 7. 

6 . 2 4 1 Species c o m p o s i t i o n 

D u r i n g each o f t h e f o u r g e n e r a l s u r v e y s , i n v e r t e b r a t e s were 

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

l a t e r i d e n t i f i e d . The combined r e s u l t s f o r a l l s i t e s f r o m each o f 

t h e f o u r g e n e r a l s u r v e y s a r e p r e s e n t e d as a l i s t i n T a b l e 6 . 9 . As 

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

always made t o t h e same l e v e l f o r a l l t h e organisms c o l l e c t e d . Many 

o f t h e organisms b e l o n g i n g t o t h e more d i f f i c u l t t a x onomic groups 

were p l a c e d t o g e t h e r under a m a j o r group h e a d i n g , e.g. O l i g o c h a e t a , 

T r i c h o p t e r a , e t c . T a b l e 6 . 9 i s n o t t h e r e f o r e a comprehensive l i s t 

o f s p e c i e s o c c u r r i n g i n t h e Derwent R e s e r v o i r . 

Comments 

i ) A l t h o u g h o r g a n i s m s were n o t sampled q u a n t i t a t i v e l y i t 

was a p p a r e n t t h a t t h e b e n t h i c organisms o c c u r r e d i n 

o n l y low numbers a t a l l s i t e s ( R 3 , R 7 , R 9 , RlO). 

i i ) The organisms f o u n d a r e n o t u n u s u a l f o r a body o f 

w a t e r such as t h e Derwent r e s e r v o i r . 

6 . 2 4 2 M e t a l c o m p o s i t i o n 

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

t h e r e s e r v o i r d u r i n g Surveys I , I I I and I V a r e g i v e n i n T a b l e 6 . 1 0 ; 

d e t a i l s o f t h e numbers o f samples c o l l e c t e d , numbers o f organisms p e r 

sample and t h e d r y w e i g h t o f each sample (average d r y w e i g h t where 

n > 1) are a l s o i n c l u d e d . S t a n d a r d d e v i a t i o n s r e f e r t o r e p l i c a t e 

samples c o l l e c t e d as d e s c r i b e d i n S e c t i o n 3 . 7 . 
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code t a x o n 

03 12 02 0 0 Polycelis sp. 

12 07 0 1 0 7 Lymnaea peregra ( M u l l e r ) 

16 0 0 0 0 0 0 O l i g o c h a e t a 

17 0 1 0 1 0 1 Piscicola geometra (L.) 
17 0 2 03 02 Glossiphonia complanata (L.) 

24 03 0 2 05 Daphnia hyalina L e y d i g 
24 03 0 6 02 Bosmina coregoni B a i r d 

26 02 0 1 03 Diaptomus gracilis (Sars) 
26 13 0 7 0 1 Cyclops strenuus F i s c h e r 

28 0 7 03 05 Gammarus pulex (L.) 

30 02 02 0 1 Centroptilum luteolum ( M u l l e r 
30 02 02 02 Centroptilum pennulatum Eaton 
30 07 0 1 02 Ephemera danica M u l l e r 

33 11 00 0 0 C o r i x i d a e 

35 03 0 0 0 0 * D y t i s c i d a e 
35 05 00 00 H y d r o p h i l i d a e 

38 08 0 0 0 0 L i m n e p h i l i d a e 

40 00 00 00 D i p t e r a 
40 14 0 2 00 Chironomus s p ( p ) . 

Note: *Two s p e c i e s i d e n t i f i e d : Potamonectes depressus ( F a b r i c i u s ) 
Agg., i n M a i t l a n d as Deronectes depressus ( F a b r i c i u s ) 
= 35 03 0 7 0 3 ; Stictotarsus duodecimpustulatus ( F a b r i c i u s ) , 
f o r m e r l y Deronectes b u t n o t i n c l u d e d i n M a i t l a n d ' s c h e c k l i s t . 

T a b l e 6 . 9 I n v e r t e b r a t e s c o l l e c t e d f r o m Derwent R e s e r v o i r 

d u r i n g p r e s e n t s t u d y 
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Comments 

i ) I t was not p o s s i b l e to c o l l e c t samples of any taxon from 

every s i t e on a l l sampling o c c a s i o n s , consequently the data 

are fragmentary; n e v e r t h e l e s s , Gammarus pulex was taken on 

10 out of a p o s s i b l e 15 times . 

i i ) L e v e l s of Zn and Cd i n Gammarus pulex were s i m i l a r a t a l l s i t e s 

on a l l sampling o c c a s i o n s but l e v e l s of Pb v a r i e d between s i t e s 

and s u r v e y s . 

i i i ) There i s no obvious p a t t e r n to the d i s t r i b u t i o n of metals i n 

the D y t i s c i d a e although the l e v e l s were c o n s i s t e n t l y lower 

than i n other organisms, 

i v ) Highest l e v e l s of Zn, Cd and Pb recorded f o r any animal from 

the r e s e r v o i r were found i n the l e e c h Glossiphonia complanata 

c o l l e c t e d from R7 during Survey IV, w h i l e Lymnaea peregra 

was found to have the h i g h e s t l e v e l s of Mn and Chironomus s p ( p ) . 

the h i g h e s t Fe. 

v) The metal c o n c e n t r a t i o n s i n the d i f f e r e n t s i z e c l a s s e s of 

Lymnaea peregra and Gammarus pulex were i n ge n e r a l s i m i l a r f o r a 

met a l s . As i t was not p o s s i b l e to c o l l e c t r e p l i c a t e samples of 

each s i z e c l a s s c r i t i c a l comparison i s not j u s t i f i e d . 

6.3 SPECIAL STUDY 

Macrophytes were not c o l l e c t e d from the r e s e r v o i r during the 

ge n e r a l surveys but were the s u b j e c t of a s p e c i a l study. During t h i s 

study samples of p l a n t m a t e r i a l , water and sediment were c o l l e c t e d 

from v a r i o u s s i t e s around the shore of the r e s e r v o i r . D e t a i l s of the 

l o c a t i o n s of s i t e s , the numbers of each type of sample taken and the 

dates of c o l l e c t i o n a r e given i n S e c t i o n 4.33. A l l the samples were 

analysed f o r Zn and Pb, w h i l e determinations of the c o n c e n t r a t i o n s 

of Na, K, Mg, Ca, Mn, Fe and Cd were a l s o made on the water samples. 
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The r e s u l t s o f t h i s s p e c i a l s t u d y a r e p r e s e n t e d below and b r i e f comment 
made on t h e m e t a l c o m p o s i t i o n o f each component sampled. Comparisons 
between t h e d i f f e r e n t components a r e a l s o made. The r e s u l t s a r e 
d i s c u s s e d f u r t h e r i n Chapter 7 . 
6 . 3 1 M e t a l c o m p o s i t i o n o f w a t e r 

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

T a b l e 6 . 1 1 -

Comments 

i ) S i t e s n e a r e s t t h e r i v e r ( R l , R l 1 ) have h i g h e r l e v e l s o f a l l 

m e t a l s ( ' t o t a l ' and f i l t r a b l e ) e x c e p t Pb t h a n s i t e s n e a r e s t 

t h e dam ( R l O , R22). 

i i ) The c o n c e n t r a t i o n o f Pb i s much h i g h e r a t R l t h a n R l O and 

somewhat h i g h e r a t R l 1 t h a n R22. The v a l u e f o r R l O i s however 

h i g h e r t h a n f o r R l 1 . T h i s i s a l m o s t c e r t a i n l y due t o w i n d 

a c t i o n on t h e s o u t h e r n s h o r e . 

i i i ) The l e v e l s o f many m e t a l s were f o u n d t o be e x c e p t i o n a l l y h i g h 
- 1 

a t R2 w i t h , f o r i n s t a n c e ' t o t a l ' Pb a t 0 . 6 0 mg 1 . T h i s i s 

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 Pb f o u n d i n any w a t e r sample 

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

l e a s t 50% h i g h e r a t R2 t h a n R l : ' t o t a l ' Mn, ' t o t a l ' Fe, 

' t o t a l ' Zn, ' t o t a l ' Cd. ' t o t a l ' Pb. The o r d e r i n w h i c h R2 

exceeds R l i s . 

Fe > Pb > Cd > Zn > Mn 

The w a t e r column was e s p e c i a l l y s h a l l o w h e r e ( F i g . 2 . 2 , 

F i g . 4 . 3 ) and o v e r l i e s beds o f Nitella. On t h e day t h a t 

samples were c o l l e c t e d s u b s t a n t i a l amounts o f suspended 

m a t e r i a l were p r e s e n t i n t h e w a t e r a t t h i s s i t e , 

i v ) E l e v a t e d l e v e l s o f ' t o t a l ' Mn, Fe and Pb were a p p a r e n t a t 

s i t e s R4 and R l O . ( I t i s n o t c l e a r f r o m t h e d a t a t h a t Zn 

behaves i n t h e same manner.) 
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v) Levels of f i l t e r e d Mn are also higher a t R4, R6 , R9 and 

RIO. I f there i s any increase i n f i l t e r e d Pe and Pb i t i s 

not as obvious as w i t h Mn. This suggests t h a t p a r t i c l e s 

i n f l u e n c e d by water turbulence and small enough t o pass 

through a 0 . 2 um f i l t e r c o n t r i b u t e more t o the concentration 

of Mn i n the f i l t r a b l e f r a c t i o n than the concentration o f 

other elements. 

v i ) I n general along both shores the concentrations of a l l metals 

i n the water decrease on passing away from the entrance of 

the r i v e r towards the dam although t h i s t r e n d may be 

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

v i i ) The r a t i o of Zn : Pb increases on passing down the r e s e r v o i r 

away from the mouth of the r i v e r suggesting t h a t Pb i s l o s t 

from the water column more r a p i d l y than Zn. 

6 .32 Concentrations o f Zn and Pb i n sediments 

The concentrations o f Zn and Pb i n sediment samples are given i n 

Table 6 . 12 . Standard d e v i a t i o n s r e f e r t o r e p l i c a t e samples. The data 

are also expressed p i c t o r i a l l y i n Figs 6 . 1 and 6 . 2 . 

Comments 

i ) The l e v e l s of both metals decrease on passing down the 

r e s e r v o i r along both shores b u t , as was found w i t h the water 

samples, t h i s t r e n d may be i n t e r r u p t e d l o c a l l y . While the 

l e v e l s o f Zn appear t o be s i m i l a r along both shores the data 

suggest t h a t Pb l e v e l s may be higher along the northern shore, 

i i ) The r a t i o of Zn : Pb i n sediments increases on passing down 

the r e s e r v o i r away from the mouth of the r i v e r and may be 

lower along much of the northern shore than along the southern 

shore. 
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6 .33 Concentrations o f Zn and Pb i n p l a n t s 

The concentrations o f Zn and Pb i n samples of the aquatic 

macrophytes Nitella flexilis and glyceria fluitans are given i n 

Table 6 . 1 3 . Standard d e v i a t i o n s r e f e r t o r e p l i c a t e samples. The 

data are also expressed p i c t o r i a l l y i n Figs 6 . 1 and 6 . 2 . 

Comments 

i ) There was a wide range i n the concentrations of both Zn 

(560 - 1980 ug g" 1) and Pb (12 - 530 ug g" 1) i n Nitella 

flexilis. 

i i ) The concentrations of Pb i n Nitella flexilis appear t o decrease 

on passing down the r e s e r v o i r rowards the dam but no such 

p a t t e r n i s evident f o r Zn, i . e . t h e Zn:Pb r a t i o increases on 

passing down the r e s e r v o i r . 

i i i ) Although the concentrations of Zn i n Nitella flexilis are 

s i m i l a r f o r both shores there i s some i n d i c a t i o n t h a t Pb l e v e l s 

may be higher i n p l a n t s c o l l e c t e d from the northern shore. 

i v ) There was a wide range i n the concentrations of both Zn 

(93 - 500 ug g" 1) and Pb (10 - 106 ug g" 1) i n Glyceria 

fluitans. 

v) I n general the concentrations of Zn and Pb i n Glyceria 

fluitans both decreased on passing down the r e s e r v o i r towards 

the dam. 

v i ) The concentrations of both metals i n Glyceria fluitans are 

g e n e r a l l y higher along the nort h e r n shore than along the 

southern shore. 

v i i ) Zn and Pb concentrations were much lower i n Glyceria fluitans 

than i n Nitella flexilis a t s i t e s where both species were 

present. 
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CHAPTER 7 

DISCUSSION 

7. 1 INTRODUCTION 

This study was designed t o examine the d i s t r i b u t i o n o f heavy 

metals (Zn, Cd, Pb) i n the R. Derwent and Derwent Reservoir. Such 

a study was i n e v i t a b l y very broad and i t s l i m i t a t i o n t o one year meant 

t h a t many components could only be represented by a few samples. 

Nevertheless, the r e s u l t s reported i n Chapters 5 and 6 allow d e t a i l e d 

comparisons t o be made between metal concentrations i n water, sediments 

and selected p l a n t s and animals. 

The metal composition of the water i s considered f i r s t ( s e c t i o n 7.2) 

fol l o w e d by the sediments (s e c t i o n 7.3) where comparisons between these 

two components are made. The importance of organic matter i n b i n d i n g 

metals t o r i v e r sediments i s also considered. 

Sections 7.4 and 7.5 deal w i t h p l a n t s and animals r e s p e c t i v e l y . 

Here, metal concentrations i n the various taxa are compared a t d i f f e r e n t 

sampling s t a t i o n s , d uring d i f f e r e n t surveys and w i t h one another; d e t a i l e d 

comparisons w i t h metal concentrations i n water and sediments are also 

made and t h e i r possible importance as sources of metals f o r selected 

organisms i s also considered. 

7.2 WATER 

7.21 B o l t s Burn 

This stream i s considered f i r s t as the previous study of Harding 

(1978) showed t h a t a f t e r passing through the Whiteheaps mine complex 

i t c a r r i e d elevated concentrations of Zn, Cd and Pb and was the main 

i n p u t of these metals t o the R. Derwent upstream of the Derwent 

Reservoir. B o l t s Burn was sampled i n order t o e s t a b l i s h s i m i l a r i t i e s 
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i n metal i n p u t t o the R. Derwent during the two s t u d i e s . 

Comments on the metal composition of water from B o l t s Burn were 

made i n Section 5 . 2 1 1 where i t was poi n t e d out t h a t concentrations of 

Zn and Cd d i d not s u f f e r s u b s t a n t i a l l y between ' t o t a l ' and ' f i l t r a b l e ' 

samples w h i l e Pb d i d not behave i n t h i s way. This i n d i c a t e s t h a t the 

p r o p o r t i o n o f Pb i n the water associated w i t h p a r t i c u l a t e m a t e r i a l was 

greate r than f o r Zn and Cd. Such a d i f f e r e n c e i n the behaviour of these 

metals was also apparent d u r i n g the previous study and was shown t o be 

r e l a t e d t o t h e i r source i n the Whiteheaps mine complex (Harding, 1978; 

Section 2 . 5 ) . The s i m i l a r i t y between the two stud i e s suggests a 

common source of metal contamination. 

A more d e t a i l e d comparison w i t h Harding's r e s u l t s shows t h a t 

w h i l e metal concentrations i n B o l t s Burn were g e n e r a l l y lower d u r i n g 

the present study, e s p e c i a l l y ' t o t a l ' Pb and ' t o t a l ' Cd, ' f i l t r a b l e ' Pb 

was higher. Harding r e p o r t e d t h a t o c c a s i o n a l l y B o l t s Burn c a r r i e d 

stream and Zn Cd Pb 
reach n o . n T F T F T F 

Harding 1978 0071-99 100 1.45 1.18 0 .0055 0 .0064 0 .276 0 .023 

present study 0071-99 17 1.25 1.20 0 .0020 0 .0018 0 .070 0 . 0 5 0 

a high load of suspended m a t e r i a l and under such c o n d i t i o n s higher 

concentrations of Pb associated w i t h p a r t i c u l a t e m a t e r i a l were found 

compared t o when the stream was running c l e a r . S i m i l a r c o n d i t i o n s 

i„e. high l e v e l s of suspended m a t e r i a l , were observed d u r i n g the present 

study (P. A. R u s s e l l , pers. comm.) but d i d not occur on any sampling 

occasion during Surveys I - IV. Although i t i s n ot po s s i b l e t o make 

f u r t h e r comparisons w i t h o u t more d e t a i l e d i n f o r m a t i o n , i t seems l i k e l y 

t h a t the data summarized above f o r 17 sampling occasions during t h i s 

study do not represent c o n d i t i o n s i n B o l t s Burn as adequately as those 
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o f the previous study based on 100 samplings. 

7 .22 R. Derwent 

Water was c o l l e c t e d from reach 0 3 / 0 5 on the R. Derwent upstream 

of B o l t s Burn t o determine the chemical composition of a ' p o l l u t i o n 

f r e e ' reach. Harding (1978) found no evidence o f any i n f l u e n c e o f o l d 

mine workings i n the v a l l e y s o f Nookton Burn and Beldon Burn on the 

metal composition of water i n the R. Derwent and considered t h a t reach 

0 5 , ' provided an example o f a reach where ' n a t u r a l ' f a c t o r s 

might be expected t o be almost the only ones a f f e c t i n g the composition 

of the water'. Nevertheless, as reach 0 3 / 0 5 was important i n 

e s t a b l i s h i n g the 'background' metal concentrations t o which the b i o t a 

were exposed, i t was considered necessary t o confirm the f i n d i n g s o f 

the previous study by c o l l e c t i n g samples during each general survey. 

I t was found t h a t concentrations of Zn, Cd and Pb a t 03 /05 d i d not 

d i f f e r s u b s t a n t i a l l y between surveys (Section 5 .212) and mean values 

f o r the whole study are s i m i l a r t o those reported by Harding ( 1 9 7 8 ) . 

stream and Zn Cd Pb 
reach no. n T F T F T F 

Harding 1978 0061-05 48 0 .026 0 . 0 2 1 0 .0005 0 .0022 0 .007 0 .009 

present study 0 0 6 1 - 0 3 / 0 5 27 0 . 0 2 0 0 . 0 1 9 < 0 . 0 0 0 3 < 0 . 0 0 0 3 0 .007 0 .005 

B o l t s Burn was found t o i n f l u e n c e the chemistry of the R. Derwent 

at reaches 08 and 23 (Table 5 . 1 ) . B r i e f comparison was made w i t h reach 

03 /05 (Sections 5 . 2 1 3 , 5 .214) and i t was noted i n p a r t i c u l a r t h a t 

concentrations of Zn, Cd and Pb were higher a t reaches 08 and 2 3 . The 

magnitude of the increases i n Zn, Cd and Pb at 08 and 23 f o r ' t o t a l ' and 

' f i l t r a b l e ' samples c a l c u l a t e d from the data i n Table 5 . 1 are given 

below. The i m p l i c a t i o n s w i t h regard t o metal accumulation by the b i o t a 

are considered i n Sections 7 . 4 and 7 . 5 . 
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Zn Cd Pb 

reach T F T F T F 

08 X 15 .0 X 14 .5 X 2 . 0 X 2 . 0 X 3 . 0 X 3 .2 

23 X 12 .5 X 1 1 . 1 X 2 .0 X 2 . 0 X 2 . 8 X 3 .0 

I t can be seen from the f i g u r e s above and the data i n Table 5 . 1 

t h a t although elevated concentrations o f Zn, Cd and Pb p e r s i s t e d a t 

reach 2 3 , mean concentrations of both Zn and Pb were lower than a t 

reach 0 8 . I t seems u n l i k e l y t h a t the observed decrease i s a d i l u t i o n 

e f f e c t caused by water from Shildon Burn as t h i s stream c a r r i e s s i m i l a r 

concentrations of metals t o the R. Derwent (Harding 1978) but may i n s t e a d 

r e s u l t from an a s s o c i a t i o n of Zn and Pb w i t h the sediments as water passes 

downstream from Bolts Burn. This i s considered f u r t h e r i n Section 7 . 3 2 1 . 

I n a d d i t i o n t o causing changes i n the concentrations of metals, 

B o l t s Burn also i n f l u e n c e s the anion composition o f water i n the 

R. Derwent, g i v i n g r i s e t o higher concentrations o f F, CI and Si but 

lower po^-P at reach 0 8 . Further increases i n F and CI and an increase 

i n PÔ -P a t 23 are probably caused by i n p u t s of sewage e f f l u e n t a t 

Blanchland (Section 2 . 5 , Table 5 . 1 ) . 

D e t a i l e d comparison o f the chemical composition of water from 

each s i t e between surveys i s made d i f f i c u l t by the v a r i a b i l i t y of the 

data, caused mainly by i n t e r m i t t e n t e f f l u e n t discharge from Whiteheaps 

mine. However i t seems l i k e l y t h a t f l o w may be an important f a c t o r 

i n f l u e n c i n g seasonal changes as Zn, Cd and Pb concentrations tended 

t o be lower during s p r i n g when the r i v e r was a t i t s h i g h e s t , and 

higher d u r i n g summer and autumn when low flow was observed. 

7.23 Derwent Reservoir 

As w i t h the R. Derwent, water samples were c o l l e c t e d from the 

r e s e r v o i r i n order t o examine seasonal changes and determine the 
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concentrations o f metals t o which the b i o t a were exposed. 

I n general concentrations o f metals were s i m i l a r between surveys 

and a t r e n d of decreasing metal concentrations was apparent on 

passing down the r e s e r v o i r from the mouth of the r i v e r towards the 

dam (Tables 6 . 1 , 6 . 2 , 6.11; Sections 6 . 2 1 , 6 . 3 1 ) . 

During the summer o f 1979 wind a c t i o n on the r e s e r v o i r was 

e s p e c i a l l y marked (Section 2.6); the r e s u l t i n g waves f r e q u e n t l y 

caused an increase i n l e v e l s of suspended m a t e r i a l i n the water along 

the shore and o c c a s i o n a l l y large d i f f e r e n c e s were observed between 

metal concentrations i n ' t o t a l ' and ' f i l t r a b l e ' water samples (Section 

6 . 3 1 ) . The data f o r s i t e R2 (Table 6.11) provide an example of the 

e f f e c t s of wave a c t i o n on metal concentrations i n r e s e r v o i r water. 

At the time water samples were c o l l e c t e d from t h i s s i t e a s t r o n g N.E. 

wind was blowing. Although the sampling technique included a p e r i o d 

of f i v e minutes t o allow f o r sedimentation o f l a r g e r p a r t i c l e s , the 

' t o t a l ' water sample c a r r i e d h igh l e v e l s o f suspended m a t e r i a l and 

s u b s t a n t i a l d i f f e r e n c e s i n concentrations o f Ca, Mn, Fe, Zn, Cd and Pb 

between ' t o t a l ' and ' f i l t r a b l e ' samples were recorded. The d i f f e r e n c e 

was most s t r i k i n g f o r Pb; the concentration i n the ' f i l t r a b l e ' sample was 
-1 - 1 0 . 018 mg 1 while the ' t o t a l ' was 0.600 mg 1 and was the high e s t 

concentration o f Pb recorded i n any water sample d u r i n g the e n t i r e 

study. 

Although i t i s not c l e a r from Table 6.11 t o what e x t e n t wave a c t i o n 

i n f l u e n c e s the release of metals from the sediments t o the o v e r l y i n g 

water, i t i s evident t h a t not a l l metals behave i n the same way as can 

be seen by comparing ' t o t a l ' and ' f i l t r a b l e ' Mn a t R3, R4, R6, R9, R10 

and Rl8 w i t h f o r example ' t o t a l * and ' f i l t r a b l e ' Pb. A d e t a i l e d 

i n v e s t i g a t i o n o f the e f f e c t s of turbulence on the d i s t r i b u t i o n of metals 

between water and sediments may e l u c i d a t e the s i t u a t i o n and would a i d 

comparisons w i t h metal concentrations i n the b i o t a . 
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Samples of water c o l l e c t e d from the shore o f the r e s e r v o i r 
d u r i n g windy c o n d i t i o n s are u n l i k e l y t o be r e p r e s e n t a t i v e of the 
main body of the r e s e r v o i r , however, no attempt was made t o c o l l e c t 
samples f u r t h e r from the shore where the e f f e c t s o f the wave a c t i o n 
may have been less evident as i t was intended t h a t the water samples 
should be r e p r e s e n t a t i v e o f the c o n d i t i o n s t o which p l a n t s and 
i n v e r t e b r a t e s were exposed. 

The e f f e c t s o f c o l l e c t i n g water samples from the shore as 

opposed t o open water s i t e s sampled by Harding (1978) and Harding and 

Whitton (1978) prevent d e t a i l e d comparisons w i t h t h i s study. However, 

one f e a t u r e , the decrease i n metal concentrations i n the water on 

passing down the r e s e r v o i r i s common t o a l l the i n v e s t i g a t i o n s and i s 

considered i n Section 7 . 3 3 . 

7 . 2 4 Comparison w i t h the l i t e r a t u r e 

This s e c t i o n b r i e f l y compares the concentrations of Zn, Cd and Pb 

recorded i n water samples du r i n g the present study w i t h those reported 

by other workers (Table 7 . 1 ) and the terms 'low 1, 'moderate' and 'high' 

are introduced t o describe the l e v e l s of p o l l u t i o n i n the Derwent 

catchment. 

Abdullah and Royle (1972) reported metal concentrations f o r 

s e v e r a l r i v e r s i n Wales and suggested t h a t concentrations of Zn, Cd 

and Pb i n water from a 'clean' stream f o r the area they studied 
-1 

might be 0 . 0 1 1 , 0 . 0 0 0 4 1 and 0 . 00070 mg 1 r e s p e c t i v e l y . These 

concentrations are s i m i l a r t o those recorded i n the 'unpolluted' 

R. Caragh, I r e l a n d , by Dowling, O'Connor, O'Grady and Clynes (1981) 

(See Table 7 . 1 ) . Although the concentrations of Zn, Cd and Pb a t 

reach 03 /05 on the R. Derwent are s l i g h t l y h i g h e r , they are s i m i l a r 

t o those reported by other workers f o r streams i n the Northern Pennines 

a t reaches unaffected by mining a c t i v i t i e s (Table 7 . 1 ) and may be 

considered as low. I n c o n t r a s t , the concentrations o f Zn, Cd and Pb 
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a u t h o r ( 3 ) w a t e r c o u r s e f i l t r a t i o n 

A b d u l l a h s R o y l e 

Adams et al. 

B r o o k e r & M o r r i s 

B u r t o n & P e t e r s o n 

D a v i s o n 

D o w l i n g e t al. 

G a l e et al. 

H a r d i n g 

K r o n f i e l d & N a v r o t 

McLean a J o n e s 

Moore et al. 

Nammlnga e t al. 

P a u l a P i l l a i 

S a k i n o e t al. 

Say 

T y l e r a Buckney 
V a l d e z 

V i v i a n a Mas3ie 

Welsh a Denny 

P r e s e n t S t u d y 

1972 R. Twymyn (W a l e s ) 

R. R h e l d o l (WJ1O3) 

R. Y s t w y t h ( H a l e s ) 

R. Mawddach (Wales) 

1980 P a l e s t i n e L a k e ( I n d i a n a ) 

W i l l i a m s o n D i t c h ( I n d i a n a ) 

T r i m b l e C rook ( I n d i a n a ) 

1980 R. R h e l d o l (Wales) 

R. Y s t v y t h (Wale3) 
1979 R. R h e i d o l (Wales) 

R. Y s t w y t h (Wales) 

1980 Windermere ( E n g l a n d ) 

1981 R. C a r a g h ( I r e l a n d ) 

1973 S t r e a m s i n New L e a d B e l t 
( M i s s o u r i ) 

1976 L a k e Magglore ( I t a l y ! 

1978- B o l t s Burn above W h i t e h e a p s Mine 

B o l t s Burn r e a c h 99 

R. Derwent r e a c h 05 

R. Derwent r e a c h 07 

R. Derwent r e a c h 25 

R. Tyne u p s t r e a m o f R. Nent 

R. Tyno downstream o f R. Nent 

1974 Q i s h o n R i v e r ( I s r a e l ) 

1975 R. Y s t w y t h (Wales) 

1979 F o u r l a k e s i n C a n a d i a n 
s u b a r c t i c 

1974 T h e t a Pond Oklahoma u n i v e r s i t y 

1978 R. P e r y a r ( I n d i a n a ) 

1980 M u r a s a k i R i v e r ( J a p a n ) 

W a r i k o R i v e r ( J a p a n ) 

1977 R. Nent n e a r s o u r c e 

R. Nent a t Nenthead 

1973 S t o r y s C r e e k ( T a s m a n i a ) 

1975 R. Mersey a t W a r r i n g t o n 

R. Tame a t S t o c k p o r t 

N a n t - y - f e n d r o d a t Swansea 

1977 T. Tawe ( W a l e s ) 

1976 U l l s w a t e r ( E n g l a n d ) 

Red T a r n Beck ( E n g l a n d ) 

B o l t s Burn r e a c h 99 

R. Derwent r e a c h 03/05 

R. Derwent r e a c h 08 

7 0.300 - 0.600 

7 0.050 - 0.130 

7 0.200 - 0.270 

7 0.014 - 0.050 

0.45M membrane f i l t e r 0.032 - 0.636 

0.45u membrane f i l t e r 0.624 - 0.094 

0.45U membrane f i l t e r 0.0125- 0.0356 

u n f l l t e r e d 0.104 - 0.327 

u n f l l t e r e d 0.015 - 0.565 

0.5u M i l l i p o r e f i l t e r 0.05 -27.5 

0.5u M i l l i p o r o f i l t e r 0.01 - 0.66 

0.4u N u c l e o p o r e f i l t e r 0.0021 

u i r f i l t e r e d 0.0024- 0.0220 

u n f i l t e r e d 

u n f l l t e r e d 

• t o t a l ' 

• t o t a l " 

• t o t a l ' 

' t o t a l ' 

• t o t a l ' 

• t o t a l ' 

' t o t a l ' 

Whatman GF/C f i l t e r 

u n f l l t e r e d 

u n f l l t e r e d 

Whatman 42 f i l t e r 

7 

7 

No. 2 S l n t a f i l t e r 

No. 2 S l n t a f i l t e r 

O.Su f i l t e r 

7 

7 

7 

Whatman GF/C f i l t e r 

7 

7 

' t o t a l ' 

R. Derwent r e a c h 23 

Derwent R e s e r v o i r 

• t o t a l ' 

< 0 . 0 1 0 - 0.280 

X - 0.021 

it = 1.453 

it - 0.026 

x = 0.317 

x = 0.217 

0.031 

0.187 

0.2 - 0.8 

< 0.50 - 3.50 

x - 0.016 

0.015 - 0.40 

0.080 

2.70 

0.10 - 105 

0.012 - 6.800 

0.77 - 2.38 

X « 1.24 

0.010 - 0.070 

x = 0.019 

0.126 - 0.62 

x - 0.28 

0.141 - 0.61 

it - 0.25 

0.020 - 0.32 

0.0010 - 0.0034 

0.0006 - 0.0433 

0.0008 - 0.0013 
0.0007 - 0.0015 

< 0.00005 

< 0.0005 

< 0.01 

0.0005 - 0.0056 

x - 0.0006 

x « 0.0055 

it - 0.0005 

x ••- 0.0018 

x = 0.0018 

< 0.0001 

0.0015 

< 0.01 

<0.01 - 0.076 

0.002 - 0.20 

< 0.0001 

< 0.0001 

0.03 - 6.10 

0.003 - 0.19 

0.004 - 0.13 

0.05 - 1.29 

0.0009 - 0.160 

0.0012 - 0.0028 

x » 0.0019 

< 0.0003 - 0.0005 

X < 0 . 0 0 0 3 

< 0.0003 - 0.0013 

J ' 0.0006 

0.0004 - 0.0010 

x *• 0.0005 

< 0.0003 - 0.0014 

0.0013 - 0.0024 

0.002 - 0.006 

0.009 - 0.012 

0.005 - 0.067 

0.1 - 0.5 

0.1 - 0.4 

< 0 . 0 0 0 1 

0.0008 - 0.0048 

0.002 - 0.830 

x » 0.015 

X = 0.276 

X » 0.007 

x - 0.051 

X " 0.C61 

0.006 

0.021 

0.13 

0.003 - 0.032 

0.002 - 0.91 

x - 0.013 

0.020 

0.060 

0.012 

0.038 

0.0041 - 0.150 

0.002 - 0.005 

0.040 

0.024 - 0.146 

x = 0.070 

< 0 . 0 0 3 - 0.010 

x - 0.007 

0.014 - C.030 

X » 0.020 

0.006 - 0.049 

x « 0.019 

< 0 . 0 0 3 - 0.600 

Table 7.1 Comparison between concentrations of Zn, Cd and Pb i n R„ 

Derwent and Derwent Reservoir during present study with 

those reported i n the l i t e r a t u r e for other bodies of water 

(concentrations i n mg 1 
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recorded f o r B o l t s Burn a t reach 99 were f r e q u e n t l y higher than many 
of those t a b u l a t e d and must be considered'high'. The R. Derwent a t 
reaches 0 8 , 23 and 27 i s also contaminated but t o a less e x t e n t than 
B o l t s Burn. Comparison w i t h Table 7 . 1 reveals t h a t metal concentrations 
i n the R. Derwent are s i m i l a r t o those reported f o r many other 
p o l l u t e d streams and contamination may be classed as 'moderate' f o r 
Zn, and Pb while Cd f a l l s between 'moderate' and 'low'. 

I t i s important t o remember t h a t such terms are merely convenient 

l a b e l s based on comparisons w i t h the r e s u l t s of other workers and bear 

no r e l a t i o n t o the p o s s i b l e e f f e c t s o f metals on the b i o t a . 

7.3 SEDIMENTS 

7 . 3 1 I n t r o d u c t i o n 

Heavy metals i n sediments may be a v a i l a b l e f o r uptake by rooted 

aquatic p l a n t s (see Section 1 .22) and i t was suggested i n Section 1.232 

t h a t sediments represent a p o t e n t i a l source from which i n v e r t e b r a t e s 

may accumulate metals. Analyses o f sediments were c a r r i e d out dur i n g 

t h i s study w i t h a view t o assessing t h e i r p o s s i b l e importance as a 

source of metals t o the b i o t a . 

7.32 R. Derwent 

The metal composition o f r i v e r sediments f o r each survey were 

given i n Tables 5 .6 - 5 . 9 and the mean values f o r the whole study 

presented i n Table 5 . 1 0 . Comments on these data were made i n 

Section 5 . 2 2 1 and the more important p o i n t s are summarized below f o r 

convenience. 

i ) Mean concentrations of a l l metals f o r the whole study were 

lower a t 03 /05 than other reaches and w i t h a few minor 

exceptions (see Section 5 . 221 ) the same was tr u e o f each 

survey. 



i i ) Replicate samples showed high v a r i a b i l i t y and no cle a r 

p a t t e r n of the d i s t r i b u t i o n o f Zn, Cd and Pb could be 

d i s t i n g u i s h e d between reaches 08 and 23 or between surveys. 

The high v a r i a b i l i t y found w i t h i n each reach does not f a c i l i t a t e 

d e t a i l e d comparisons between reaches and surveys and suggests t h a t there 

may be marked d i f f e r e n c e s i n metal concentrations of sediments from 

l o c a t i o n s close t o one another w i t h i n a reach. U n f o r t u n a t e l y , i t was 

outside the scope of t h i s study t o i n v e s t i g a t e such v a r i a t i o n but 

i t i s obviously an area where more c r i t i c a l s t udies need t o be c a r r i e d 

out i f seasonal changes i n the metal concentrations of sediments are 

t o be assessed a c c u r a t e l y . 

A comparison w i t h the previous study o f Harding (1978) reveals 

t h a t concentrations of some metals (e.g. Fe) d i f f e r considerably but 

as h i s data are based on s i n g l e samples from each reach d e t a i l e d 

comparison i s not j u s t i f i e d . 

7 . 3 2 1 R e l a t i o n between metals i n water and 

sediments from R. Derwent 

I t was suggested e a r l i e r (Section 7 . 2 2 ) t h a t r i v e r sediments may 

pl a y a p a r t i n removing metals from the o v e r l y i n g water; indeed, the 

higher concentrations found a t reaches below B o l t s Burn suggest the 

passage of metals from water t o the sediments. Comparison of the mean 

concentrations of Zn, Cd and Pb dur i n g each survey w i t h concentrations 

i n the water a t the time sediment samples were c o l l e c t e d (Tables 5 . 6 - 5 . 9 

Appendix 1 , day 1 Surveys I-IV) i n d i c a t e s t h a t i n general, high metal 

concentrations i n sediments coincide w i t h higher concentrations i n 

water. This i s more apparent f o r Zn and Pb than f o r Cd (Table 7 . 2 ) 

which suggests the exact r e l a t i o n s h i p between metal concentrations i n 

water and sediments may d i f f e r f o r each metal. A f a c t o r which may 



Zn Cd Pb 

0 . 7 8 4 0 * * 0 .3713 0 . 6 8 9 1 * 

* P < 0 . 0 5 

** P < 0 . 0 1 

Table 7.2 C o r r e l a t i o n c o e f f i c i e n t s f o r concentrations of Zn, 

Cd and Pb i n sediment w i t h the corresponding metal 

water (T) f o r the R. Derwent 

Reach Zn Cd Pb 

0 3 / 0 5 0 .4685* - 0 .0393 - 0 .0763 

08 0 .5697** 0 .7064*** 0 .3114 

23 0 .8189*** 0 .7108*** 0 . 0 1 1 9 

* P < 0 . 0 5 

** P < 0 . 0 1 

* * * P < 0 . 0 0 1 

Table 7 .3 C o r r e l a t i o n c o e f f i c i e n t s f o r concentration of Zn, 

Cd and Pb i n sediment w i t h the organic content of 

sediments from the R. Derwent 
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i n f l u e n c e the observed r e l a t i o n s h i p s i s the i n t e r m i t t e n t nature of 

e f f l u e n t discharge from Whiteheaps mine; a change i n the concentration 

of metals i n the water need not be r e f l e c t e d immediately i n the metal 

composition of the sediments. U n f o r t u n a t e l y , there i s no way of 

t e l l i n g from the data how st a b l e conditions i n the r i v e r were a t the 

time of sampling. 

7 .322 Organic matter and metals i n sediments 

Work reported i n other studies (see review of Forstner and Wittmann, 

1979) has shown the organic component of sediments t o be important i n 

b i n d i n g heavy metals. The r e l a t i o n s h i p s between the organic content 

of sediments and the concentrations of Zn Cd and Pb were examined by 

computing the c o r r e l a t i o n c o e f f i c i e n t s (Table 7 . 3 ) . Zn i n sediments 

shows a s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n w i t h the organic content o f 

sediments a t the 'uncontaminated' reach 03 /05 as w e l l as reaches 08 and 

23 downstream of Bo l t s Burn while Cd i s p o s i t i v e l y c o r r e l a t e d w i t h the 

organic content of sediments a t 08 and 23 (but not 0 3 / 0 5 ). I n c o n t r a s t , 

Pb concentrations i n sediments show no s i g n i f i c a n t c o r r e l a t i o n w i t h 

organic matter a t any reach. 

The primary contaminating medium i n the R. Derwent i s water and as 

most of the Zn and Cd i n the r i v e r water e x i s t e d i n a n o n - p a r t i c u l a t e 

form (Section 5 . 2 1 2 , 7 . 2 1 ) i t seems l i k e l y t h a t contamination of the 

sediments by these metals occurs when they become adsorbed t o m a t e r i a l 

already present i n the sediments r a t h e r than by de p o s i t i o n of 

contaminated p a r t i c l e s from the water. The data suggest organic matter 

may be i n v o l v e d i n t h i s process. 

Further evidence t h a t organic m a t e r i a l i n the sediments may be 

important i n b i n d i n g Zn and Cd comes from the s p e c i a l study of the metal 

composition of leaves and d e t r i t u s from the r i v e r bed. The data were 

presented i n Table 5 . 19 and although the r e s u l t s are based on s i n g l e 
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samples of m a t e r i a l , suggest d e t r i t u s , which consisted l a r g e l y of 

decomposing organic m a t e r i a l (mainly l e a f fragments), contained 

p r o p o r t i o n a t e l y higher concentrations of Zn and Cd than Pb i n comparison 

w i t h leaves which were i n t a c t and had been i n the r i v e r f o r a s h o r t e r 

time. F u r t h e r , washed samples of leaves and d e t r i t u s r e t a i n e d Zn and 

Cd i n g r e a t e r p r o p o r t i o n s than Pb when compared w i t h unwashed samples. 

The l a r g e r p r o p o r t i o n of Pb l o s t when samples were washed suggests 

t h a t i t was only l o o s e l y bound or present i n an unbound p a r t i c u l a t e form. 

The l a t t e r seems more l i k e l y as Harding (1978) and Harding and Whitton (1978) 

consider t h a t e f f l u e n t from the f l u o r s p a r treatment p l a n t a t Whiteheads 

mine contains d i s c r e t e p a r t i c l e s o f lead ore which become deposited on 

the r i v e r bed. Such d e p o s i t i o n may also account f o r the s l i g h t l y higher 

l e v e l s of Pb observed a t reach 08 i n comparison w i t h reach 23 (Table 5 .10 ) 

and could e x p l a i n the poor c o r r e l a t i o n s observed between Pb i n water and 

sediments (Table 7 . 3 ) . 

Comparison of the metal composition of d e t r i t u s w i t h t h a t of 

sediment samples (Tables 5 . 6 , 5 . 19 ) shows t h a t w h i l e concentrations 

of Zn and Cd are s i m i l a r , concentrations of Pb are much higher i n 

sediment. This may be explained by the presence of p a r t i c u l a t e Pb i n 

g r e a t e r q u a n t i t i e s i n the sediments than d e t r i t u s and supports the 

suggestion t h a t b i n d i n g by organic m a t e r i a l i s less important i n the 

case of Pb than i t i s f o r Zn and Cd. I t seems t h a t while the leaves 

themselves do not c o n s t i t u t e a major i n p u t of heavy metal a t p o l l u t e d 

reaches they may e x e r t considerable i n f l u e n c e on the metal composition 

of r i v e r sediments as they decompose and may cause an increase i n the 

amount of metal p o t e n t i a l l y a v a i l a b l e t o d e t r i v o r e s i n t h e i r food. 

7.33 Derwent Reservoir 

I t was p o i n t e d out i n Section 6 . 2 2 1 t h a t the metal and organic 

composition of sediments c o l l e c t e d d u r i n g Surveys I-IV(Tables 6 . 3 - 6 . 8 ; 
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Appendix 3) d i f f e r e d markedly between s i t e s and surveys and were 

f r e q u e n t l y s u b j e c t t o considerable i n t r a s i t e v a r i a b i l i t y , making i t 

d i f f i c u l t t o detect any c l e a r p a t t e r n of d i s t r i b u t i o n . However, a 

c l e a r e r p i c t u r e of the d i s t r i b u t i o n of Zn and Pb i n r e s e r v o i r sediments 

can be gained from the r e s u l t s of the s p e c i a l study (Table 6.12; 

Figs 6.1, 6.2). Comments of the data were made i n Section 6.32 and 

are summarized belowt 

- 1 

i ) Highest concentrations of Zn and Pb (570 |J.g g and 870 \xq g 
r e s p e c t i v e l y ) occurred a t s i t e Rl near the mouth of the 
r i v e r but were lower than a t reach 23 on the R. Derwent 

(2240 ng g 1 and 1810 jig g 1 r e s p e c t i v e l y ) . 

i i ) Concentrations of both metals decreased on passing down the 

r e s e r v o i r towards the dam although the p a t t e r n was found 

t o be i n t e r r u p t e d l o c a l l y and Pb concentrations decreased 

more r a p i d l y than Zn. 

i i i ) Zn concentrations were s i m i l a r along both shores while 

concentrations of Pb tended t o be lower along the south 

shore. 

The p a t t e r n of decreasing metal concentrations on passing towards the 

dam i s s i m i l a r t o t h a t observed f o r water and cannot be r e a d i l y accounted 

f o r by the present data. However, i t may be explained by the observations 

of Harding and Whitton (1978) who suggested t h a t a grea t e r a s s o c i a t i o n 

of Pb w i t h p a r t i c u l a t e m a t e r i a l caused the metal t o enter the sediments 

more r a p i d l y than Zn. 

At the time the s p e c i a l study was undertaken the south shore was 

more a f f e c t e d by wave a c t i o n than the n o r t h shore, as can be seen by 

comparing ' t o t a l ' w i t h ' f i l t r a b l e ' water samples from along each shore 
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(Table 6 . 1 2 ) . This, coupled w i t h an a s s o c i a t i o n of Pb w i t h p a r t i c u l a t e 

m a t e r i a l , may e x p l a i n the tendency f o r Pb concentrations t o be lower 

along thb south shore; water turbulence may a c t t o reduce concentrations 

o f Pb i n sediments a t exposed s i t e s e i t h e r by keeping p a r t i c l e s i n 

suspension thus p r e v e n t i n g them s e t t l i n g out of the water column or by 

resuspending p a r t i c l e s which had p r e v i o u s l y s e t t l e d and r e d e p o s i t i n g 

them elsewhere perhaps i n deeper water or a t less exposed s i t e s . 

Metal concentrations i n r e s e r v o i r sediments c o l l e c t e d d u r i n g t h i s 

study were lower than reported i n the previous studies of Harding (1978) 

and Harding and Whitton ( 1 9 7 8 ) . This may be because samples were 

c o l l e c t e d from the shore d u r i n g the present study and were taken when 

r e s e r v o i r l e v e l s tended t o be higher. 

7.4 PLANTS 

7.41 R. Derwent 

Five bryophytes (Chiloscyphus sp., Scapania undulata, Rhynchostegium 

riparioides, Fontinalis squamosa, Hygrohypnum ochraceum) were present 

i n s u f f i c i e n t amounts t o be sampled from above ( 0 3 / 0 5 ) and below (08) the 

en t r y of B o l t s Burn. I n t e r p r e t a t i o n of the r e s u l t s i s d i f f i c u l t because 

not every species was present d u r i n g each survey and the v a r i a b i l i t y 

o f metal concentrations w i t h i n populations was measured only during 

Surveys I I I and IV. 

Bryophytes from reach 08 always contained much higher concentrations 

of Zn, Cd and Pb than those from reach 03 /05 (Tables 5 .12 - 5 . 1 5 ) : they 

r e f l e c t the elevated l e v e l s of metals i n t h e i r environment. The order 

of the concentrations of the three metals was the same i n a l l samples 

from both reaches (Zn> Pb>Cd) r e f l e c t i n g the order observed f o r water 

but not sediments. This i s perhaps not s u r p r i z i n g as bryophytes, 

having no proper r o o t system, presumably absorb most of t h e i r n u t r i e n t s 

and other substances from the surrounding water r a t h e r than the sediments. 
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The r e s u l t s i n d i c a t e t h a t metal concentrations vary from survey 

t o survey a t each reach. For instance, i n the case of Fontinalis 

squamosa, the only species samples from reach 03 i n a l l f o u r surveys, 

the ranges of concentrations (ug g are:Zn, 145 - 7 4 0 ; Cd, 6 . 9 - 1 3 . 4 ; 

Pb, 69 - 330 . S i m i l a r l y , f o r Hygrohypnum ochraceum the only species 

samples from reach 08 i n a l l f o u r surveys, the ranges of concentrations 

are: Zn, 1670 - 3100 ; c d , 18 .0 - 6 7 . 5 ; Pb, 360 - 1040. There are 

s i g n i f i c a n t d i f f e r e n c e s between Surveys I I I and IV i n the concentrations 

of Zn, Cd and Pb i n Fontinalis squamosa, Zn and Cd i n Scapania undulata 

and Zn and Cd i n Hygrohypnum ochraceum a t reach 03 (Tables 5 .12 - 5 . 1 5 , 

7 . 4 ) . At reach 08 there are s i g n i f i c a n t d i f f e r e n c e s i n the concentrations 

of Zn, Cd and Pb i n Rhynchostegium riparioides and Hygrohypnum ochraceum, 

and Cd and Pb i n Scapania undulata (Table 7 . 4 ) w i t h those f o r Survey I I I 

being higher. Ambient water chemistries a t the time o f sampling i n d i c a t e 

higher Zn, s i m i l a r Cd and lower Pb during Survey I I I a t both reaches 

(Table 5 . 5 ) . 

The enrichment r a t i o s (compared t o ' f i l t r a b l e ' water) f o r Zn, Cd 

and Pb i n Scapania undulata, Fontinalis squamosa and Hygrohypnum 

ochraceum d i f f e r considerably f o r each metal, p l a n t , reach and survey 

(Table 7 . 5 ) . I t i s unwise t o att a c h too much importance t o these values 

w i t h o u t knowledge of how c o n d i t i o n s i n the r i v e r were changing a t the 

time o f sampling and how r a p i d l y metal concentrations i n the p l a n t s 

respond t o such changes. While c o n d i t i o n s at 08 could have changed 

markedly only a sho r t time before sampling owing t o the i n t e r m i t t e n t 

nature of discharges from Whiteheaps mine, i t i s reasonable t o expect 

t h a t c o n d i t i o n s a t 03 /05 would have been more s t a b l e . Thus, the 

enrichment r a t i o s recorded a t 03 /05 are l i k e l y t o give the best i n d i c a t i o n 

of the a b i l i t i e s of d i f f e r e n t bryophytes t o accumulate Zn, Cd and Pb. 

However, the large d i f f e r e n c e s i n enrichment r a t i o s between surveys 
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Reach 03 Survey I I I v Survey IV 

taxon 

Scapania undulata 

Fontinalis squamosa 

Hygrohypnum ochraceum 

Zn 

2.834^ 

4.141/ 
3 . 0 2 2 ' 

Cd 

4.679* 

2 . 7 4 l ' 

0 . 531 

Pb 

1.971 

5 .559" 

4 .940* 

Reach 08 Survey I I I v Survey IV 

taxon Zn Cd Pb 

Scapania undulata 0 . 490 3 . 6 3 1 3 .104 
*** *** *** 

Rhynchostegium riparioides 8 .306 13.175 6 .372 

*** *** ** 
Hygrohypnum ochraceum 9 .213 13 .066 3 .420 

* P < 0 . 0 5 

** P < 0 . 0 1 

* * * P < 0 . 0 0 1 

Table 7 . 4 ' t ' s t a t i s t i c f o r comparison between Surveys I I I and IV i n 

concentrations of Zn, Cd and Pb i n bryophytes a t reaches 03 

and 08 
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f o r each species a t 03 /05 i n d i c a t e t h a t metal uptake by bryophytes may 

be governed by f a c t o r s other than metal concentrations i n the 

surrounding water. 

The maximum concentrations of Zn and Pb found d u r i n g t h i s study i n 

Scapania undulata, Fontinalis squamosa and Hygrohypnum ochraceum are 

compared w i t h those reported i n the l i t e r a t u r e i n Table 7.6. The 

higher Pb concentrations reported by McLean and Jones (1979) may be 

explained a t l e a s t i n p a r t by higher metal concentrations i n the stream 

water. The higher concentrations of Zn during t h i s study cannot be 

explained i n terms of higher metal concentrations i n water as the 

concentrations recorded here were lower than i n the studies w i t h which 

the present data are compared. 

7.42 Derwent Reservoir 

The r e s u l t s of a s p e c i a l study designed t o i n v e s t i g a t e the 

d i s t r i b u t i o n of Zn and Pb i n the submerged macrophytes Nitella flexilis 

and Glyceria fluitans from the Derwent Reservoir (Table 6.11) show t h a t 

elevated concentrations of Zn and Pb occurred i n each species, i n d i c a t i n g 

t h a t the metals were present i n a form a v a i l a b l e f o r uptake by both 

non-rooted and rooted p l a n t s . The p o s s i b l e sources of metals and 

mechanisms of uptake by submerged macrophytes have been considered b r i e f l y 

i n Section 1.22, where i t was seen t h a t both water and sediments may be 

in v o l v e d . I n an attempt t o assess the importance of water and sediments 

as sources of Zn and Pb f o r Nitella flexilis and Glyceria fluitans, metal 

concentrations i n the environmental components were compared w i t h those 

i n the p l a n t s . I n order t h a t the c o n d i t i o n o f n o r m a l i t y r e q u i r e d f o r 

c o r r e l a t i o n was f u l f i l l e d , data f o r S i t e R2 on the south shore was not 

included i n the comparisons f o r Nitella flexilis. The n o r t h and south 

shores are considered separately on account of the d i f f e r e n c e s observed 

along each i n the behaviour of Zn and Pb i n water and sediments. 
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Along the south shore a s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n was 

found between Zn i n water and Zn i n Glyceria fluitans. Strong p o s i t i v e 

c o r r e l a t i o n s also occurred between Pb i n Glyceria fluitans and Pb i n 

' f i l t r a b l e ' (but not ' t o t a l ' ) water and sediments. No s i g n i f i c a n t 

c o r r e l a t i o n s were found between Zn and Pb i n Nitella flexilis and 

the corresponding metals i n the environmental components (Table 7 . 7 ) . 

The r e l a t i o n s h i p s f o r the n o r t h shore were d i f f e r e n t ; s i g n i f i c a n t p o s i t i v e 

c o r r e l a t i o n s were found between concentrations of Pb i n Glyceria 

fluitans and sediments, Nitella flexilis and water ( ' t o t a l ' and 

' f i l t r a b l e ' ) and Nitella flexilis and sediments, w h i l e no s i g n i f i c a n t 

c o r r e l a t i o n s were found between concentrations of Zn i n e i t h e r p l a n t 

and Zn i n the environmental components (Table 7 . 8 ) . 

The r e s u l t s f o r both shores suggest t h a t sediments may be a source 

of Pb f o r Glyceria fluitans and t h a t water may be a source of Pb f o r 

Nitella flexilis. There i s also an i n d i c a t i o n t h a t along the south shore 

a t l e a s t water may be a source of Zn f o r Glyceria fluitans. Further, 

the data suggest t h a t sediments may be a source of Pb f o r Nitella 

flexilis which i s a l i t t l e s u r p r i z i n g as t h i s p l a n t has no proper r o o t 

system and t h e r e f o r e no means of t a k i n g up metals d i r e c t l y from the 

sediment. However, Welsh and Denny (1980) proposed t h a t a loss of Pb 

from Ullswater sediments t o the o v e r l y i n g water caused by turbulence and/ 

or lowered redox p o t e n t i a l s coupled w i t h adsorption of p a r t i c u l a t e 

m a t e r i a l t o the surface of submerged leaves were important f a c t o r s i n the 

occurrence of high Pb l e v e l s i n submerged shoots o f Potamogeton 

pectinatus. S i m i l a r l y , Wixson (1977) suggested t h a t d i s c r e t e p a r t i c l e s 

of lead ore entrapped by f i l a m e n t s of algae may be acted upon by s t r o n g l y 

negative groups on the surface of the c e l l s r e s u l t i n g i n the d i s a s s o c i a t i o n 

of Pb from the p a r t i c l e s and subsequent b i n d i n g t o the e x t e r i o r and 

i n t e r i o r of the p l a n t s . S i m i l a r processes may be inv o l v e d i n Pb uptake 
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by Nitella flexilis. 

The e a r l i e r study of the Derwent R e s e r v o i r (Harding and Whitton, 1978) 

i n d i c a t e d t h a t water, but not sediment, may be important as a source of 

Zn and Pb f o r Nitella flexilis w h i l e f o r Glyceria fluitans, Pb was 

thought to be d e r i v e d from both water and sediment. The p r e s e n t study 

confirms the pr e v i o u s o b s e r v a t i o n s f o r Pb but the s i t u a t i o n f o r Zn i s 

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

The c o n c e n t r a t i o n s of Zn and Pb recorded here f o r Nitella flexilis 

are s i m i l a r to those reported by Harding and Whitton ( 1 9 7 8 ) . The 
- 1 

lowest c o n c e n t r a t i o n of Zn found during the p r e s e n t study was 570 \ig g 

i n a sample c o l l e c t e d from the north shore near the dam ( S i t e R22) and 

may be compared with 470 u.g g * i n a sample of m a t e r i a l taken from the 

R. Tees by Harding (1978) and 240 |J.g g * re p o r t e d i n Nitella sp. from 

an un-named source by Boyd and Lawrence ( 1 9 6 7 ) . The only metal a n a l y s e s 

i n the l i t e r a t u r e f o r Glyceria fluitans appear to be those of Harding 

and Whitton ( 1978); c o n c e n t r a t i o n s of Zn and Pb found during the p r e s e n t 

study are s i m i l a r to the ones re p o r t e d by these workers. 

The p o s s i b i l t y of metals being r e l e a s e d from p l a n t s to water was 

co n s i d e r e d b r i e f l y i n S e c t i o n 1.22 and s e v e r a l authors have expressed 

concern about the e f f e c t s of such r e l e a s e on the b i o t a . For example, 

Welsh and Denny (1976) d i s c u s s i n g Pb i n U l l s w a t e r concluded t h a t the 

r e l e a s e of Pb from sediments by rooted submerged plants',.plays a key 

r o l e i n the d e l e t e r i o u s c y c l i n g of metals i n the l a k e which could give 

r i s e to f a u n i s t i c a b n o r m a l i t i e s ' , w h i l e Mcintosh, Shephard, Mayes, 

Atc h i s o n and Nelson (1978) c o n s i d e r d t h a t r e l e a s e o f metals from 

decaying p l a n t m a t e r i a l could'..be of some s i g n i f i c a n c e (to the b i o t a ) 

i f a r a p i d d i e - o f f of h i g h l y contaminated p l a n t s were to take p l a c e i n 

a s m a l l a r e a with l i t t l e mixing'. The p o s s i b i l i t y t h a t such l o c a l i z e d 

e f f e c t s could occur i n the Derwent R e s e r v o i r cannot be discounted; a t 
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S i t e s R7, R18 and R21 the beds of Nitella flexilis and Clyceria fluitans 
are very dense and occur i n a r e a s s h e l t e r e d from the e f f e c t s of wave 
and wind a c t i o n . 
7.5 ANIMALS 

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

I t was p o i n t e d out i n S e c t i o n 1.234 t h a t few p u b l i s h e d accounts 

of heavy metal accumulation by a q u a t i c i n v e r t e b r a t e s from n a t u r a l 

systems i n c l u d e data on environmental c o n c e n t r a t i o n t s of metals even 

though such i n f o r m a t i o n may be important f o r i n t e r p r e t i n g the r e s u l t s . 

As w i t h p l a n t s , i t was hoped to a s s e s s the importance of water and 

sediments as p o s s i b l e sources of metals by comparing c o n c e n t r a t i o n s 

i n these environmental components with metal c o n c e n t r a t i o n s i n the 

animals. 

7.52 S p e c i e s composition 

7.521 R i v e r Derwent and B o l t s Burn 

While no animals were recorded from B o l t s Burn on any sampling 

o c c a s i o n , reach 03/05 on the R. Derwent above B o l t s Burn and reaches 

08 and 23 below were found to be populated by r e p r e s e n t a t i v e s of a t 

l e a s t 36, 36 and 34 d i f f e r e n t s p e c i e s r e s p e c t i v e l y (Table 5.16). No 

major d i f f e r e n c e s are e v i d e n t i n the s p e c i e s composition of these 

sampling s t a t i o n s suggesting t h a t p o l l u t e d water from B o l t s Burn does 

not have a q u a l i t a t i v e e f f e c t on the r i f f l e fauna of the R. Derwent 

a f t e r the two streams become mixed. As no attempt was made to determine 

the numbers of animals a t each r e a c h i t i s not p o s s i b l e to e v a l u a t e 

q u a n t i t a t i v e e f f e c t s . However, i n a r e c e n t study of the r i v e r s Ystwyth 

and Rheidol which c a r r y s i m i l a r l e v e l s of metals to the R. Derwent, 

Brooker and Morris (1980) were unable to demonstrate any simple 

r e l a t i o n s h i p between metal c o n c e n t r a t i o n s i n water and the number of 

ta x a or t o t a l i n v e r t e b r a t e d e n s i t i e s a t each s i t e f o r e i t h e r r i v e r . The 

fauna of the R. Derwent i s dominated by the i n s e c t a and i s i n g e n e r a l 

s i m i l a r to those r e p o r t e d f o r other r i v e r s i n the a r e a by Armitage, 
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MacHale and Crisp (1975) and Armitage (1977a, 1980). 

7.53 Metal composition 

7.531 R. Derwent 

A t o t a l of 212 samples of i n v e r t e b r a t e s representing 21 taxonomic 

categories a t l e a s t 12 o f which are d i s t i n c t species were c o l l e c t e d 

(Table 5.17). But i n s p i t e o f the large number o f samples, the r e s u l t s 

are d i f f i c u l t t o i n t e r p r e t f o r the same reasons already expressed f o r 

bryophytes (Section 7.41), 

D e t a i l e d comparison between surveys f o r i n d i v i d u a l taxa i s l i m i t e d 

t o Perla bipunctata a t reach 03 i n Surveys I I and IV; concentrations 

of Cd and Pb (but not Zn) are s i g n i f i c a n t l y higher (P<0.001 and P<0.01 

r e s p e c t i v e l y ) d u r i n g Survey IV although concentrations of the two metals 

i n water and sediments were s i m i l a r on each occasion (Tables 5.4, 5.7, 5.9). 

The r e s u l t s suggest t h a t metal concentrations i n other taxa may vary 

from survey t o survey a t a reach (Table 5.18). For example, i n 

Ecdyonurus venosus which was c o l l e c t e d from reach 23 i n each survey, the 

ranges of metal concentrations (ug g *) are: Zn, 2300 - 14550; Cd, 11.6 -

150; Pb, 51 - 231. 

Where d e t a i l e d comparisons between reaches above and below B o l t s 

Burn were possible metal concentrations were u s u a l l y s i g n i f i c a n t l y 

higher a t reaches below B o l t s Burn (Table 7.9), suggesting t h a t elevated 

concentrations of metals i n the environment give r i s e t o higher concentrations 

i n the fauna. However, the data i n d i c a t e t h a t the exact r e l a t i o n s h i p s 

between metal concentrations of Zn, Cd and Pb i n animals w i t h those i n 

water and sediments d i f f e r from one taxon t o another (Table 7.10). The 

s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n s observed suggest t h a t water may be a 

source of Zn f o r Brachyptera risi, Leuctra spp. and Perla bipunctata, 

Cd f o r Leuctra spp. and Pb f o r Ecdyonurus venosus w h i l e sediments may 

be a source of Zn f o r Brachyptera risi, Ecdyonurus venosus, and Leuctra 
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taxon 

Baetis spp. 

Ephemerella 
ignita 

survey reach 

Amphinemura 
sulcicollis 

Leuctra spp. 

Perlodes 
microcephala 

Isoperla 
grammatica 

I I I 

I I I 

Brachyptera risi I I 

I I 

I I I 

I I 

I I 

Perla bipunctata II 

Limnius volkmari I I I 

08 

23 

08 

23 

08 

23 

08 

23 

08 

23 

08 

08 

23 

08 

08 

Zn 

25.017 

18 .321 

12.133 

10.503^ 

10 .112 

7 .775 

26 .248 

25 .475 

11 .906 

12 .851 

2 .448 

6 .061 

6 . 0 6 1 

5 .681 

11.063 

Cd 

8 .884 

26 .445 

6 .185 

7 .542 

2 . 5 4 9 * 

1.758 

2 . 7 9 3 * 

1.587 

* * * 
18 .15 

* *i 

22 .317 

2 . 4 2 9 * 

1.146 

0 . 4 1 0 

0 .000 

5 .214 

Pb 

9 .294 

5.493 

10 .911 

1 2 . 2 8 1 ' 

10 .934 

7 .149 

13 .518 

13 .865 

12 .088 

7 .456 

3 .744 

3 .988 

5 .621 

7 .120 

6 .375 

* P < 0 . 0 5 

** P < 0 . 0 1 

* * * P < 0 . 0 0 1 

note: s i g n i f i c a n t d i f f e r e n c e s i n d i c a t e higher concentrations than a t 

reach 03 

Table 7 .9 ' t ' s t a t i s t i c s f o r comparison of concentrations of Zn, Cd and 

Pb i n i n v e r t e b r a t e s from reaches 08 and 23 w i t h those from 

reach 03 
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taxon 

Zn 

water (F) 

Cd Pb 

sediment 

Zn Cd Pb 

Ecdyonurus 
venosus 0.5783 -0.1859 0.9321***0.6838* 0.3349 

Brachyptera risi 0.9385 0.2626 0.5163 0.8487 0.4370 

0.8739 0.9777 0.3364 0.9321 0.8227 

0.7074 

0.7665 

0.6001 Leuctra spp. 

Perlodes 
microcepha1 a 

Perla 
bipunctata 

Limnius ^ ^ 
volkmari ( a d u l t s ) 0.8797 -0.1135 0.0393 0.9129 -0.2608 0.6039 

0.5235 -0.0523 0.5131 0.4716 -0.1508 0.2538 

0.8606 0.1950 0.3538 0.5814 0.0976 0.3450 

Rhyacophila 
dorsalis 

a l l 1 f r e e - l i v i n g 1 

T r i c h o p t e r a 

0.6707 0.4736 0.6507 0.5106 0.8904 0.3928 

0.3224 0.0147 0.4770 0.3855 0.0389 0.4989 

Dicranota s p ( p ) . 0.3119 -0.1817 0.5963 0.6900 0.1831 
++ Gammarus pulex 0.8269 0.4986 0.4332 0.2345 

0.7221 

-0.0892 

P < 0 . 0 5 + data from Survey I I I not i n c l u d e d 
P < 0 . 0 1 ++ Cd c o n c e n t r a t i o n s i n water beloy 
P < 0 . 0 0 1 d e t e c t i o n l i m i t (<0.0003 mg 1 ) 

Table 7.10 C o r r e l a t i o n c o e f f i c i e n t s f o r c o n c e n t r a t i o n s of Zn, Cd and Pb 

i n animals when compared w i t h c o n c e n t r a t i o n s of the same metals 

i n water and sediments from R. Derwent and Derwent R e s e r v o i r 



spp., Cd f o r Leuctra spp. and Rhyacophila dorsalis and Pb f o r 

Ecdyonurus venosus and Dicranota s p ( o ) . 

When data from r e a c h 03/05 were e x c l u d e d f r o m t h e comparisons 

given i n Table 7.10, c o n c e n t r a t i o n s of Pb i n Leuctra spp. were found to 

show a s i g n i f i c a n t ( P < 0 . 0 5 ) negative c o r r e l a t i o n w i t h Pb i n sediments. 

E y r e s and Pugh-Thomas (1978) found negative c o r r e l a t i o n s f o r Cu and 

Zn when they compared c o n c e n t r a t i o n s i n Erpobdella octoculata and 

Asellus aquaticus w i t h those i n sediments a t p o l l u t e d reaches on the 

R. I r w e l l and suggested t h i s may i n d i c a t e the animals had the a b i l i t y 

to exclude these metals from t h e i r t i s s u e s . I t seems p o s s i b l e t h a t 

Leuctra spp. may r e g u l a t e t i s s u e c o n c e n t r a t i o n s of Pb by the same 

mechanism but f u r t h e r i n v e s t i g a t i o n would be r e q u i r e d to confirm t h i s . 

Ecdyonurus venosus provided an opportunity to examine metal 

c o n c e n t r a t i o n s i n an i n v e r t e b r a t e which p a s s e s through two ge n e r a t i o n s 

a y e a r . There appears to be a wint e r g e n e r a t i o n of nymphs which emerge 

i n e a r l y summer and a f a s t growing summer ge n e r a t i o n which emerge i n 

l a t e summer and e a r l y autumn. S i m i l a r o b s e r v a t i o n s have been made 

f o r the R. Alyn (Clwyd) by Rawl inson ( 1 9 3 9 ) . C o n c e n t r a t i o n s of metals, 

e s p e c i a l l y Zn, were much hig h e r d u r i n g Survey I I I than the pr e v i o u s 

two surveys (Table 5.18). Examination of the average metal content of 

nymphs c o l l e c t e d a t each r e a c h r e v e a l s t h a t those belonging to the 

summer generation ( c o l l e c t e d during Survey I I I ) c o n tained s i m i l a r 

amounts of Zn and Cd as nymphs from the w i n t e r g e n e r a t i o n ( c o l l e c t e d 

d uring Survey I I ) even though the dry weights of the l a t t e r were more 

than four times g r e a t e r a t r e a c h 03/05, 10 times a t r e a c h 08 and 3 

times a t r e a c h 23 (Table 7.11). C l e a r l y , metal accumulation d i f f e r s 

between the two ge n e r a t i o n s although f u r t h e r i n v e s t i g a t i o n i s r e q u i r e d 

to determine the c a u s a l f a c t o r s . These o b s e r v a t i o n s show the importance 

of having a thorough knowledge of the b i o l o g y of organisms used a s 
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survey r e a c h dry weight of 
nymph (mg) 

weight (ug)of 
metals i n nymph 

Zn Cd Pb 

05 

08 

23 

1.24 

0.70 

0.67 

1.52 0.0220 0.027 

1.72 0.0132 0.090 

2.87 0.0168 0.039 

03 6.92 

I I 08 8.18 

23 5.44 

03 1.60 

I I I 08 0.76 

23 1.05 

5.61 0.0304 0.131 

10.9 0.0498 1.39 

12.5 0.0631 0.892 

4.40 0.0265 0.048 

11.5 0.0607 1.24 

15.3 0.0607 0.243 

03 1.18 

IV 08 0.77 

23 0.50 

1.44 0.0311 0.021 

1.55 0.0467 0.093 

2.50 0.0752 0.070 

max 8.18 15.3 0.0132 1.39 

min 0.50 1.44 0.0752 0.021 

Table 7.11 Average metal content of s i n g l e Ecdyonurus venosus 

nymphs during Surveys I - IV ( c a l c u l a t e d from data 

i n Table 5.17) 
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monitors of metal p o l l u t i o n i f data are to be i n t e r p r e t e d meaningfully. 

As a q u a t i c i n v e r t e b r a t e s may accumulate metals from t h e i r food 

( S e c t i o n s 1.232, 1.2332), i t seems l i k e l y t h a t those with d i f f e r e n t 

feeding h a b i t s may concentrate metals to d i f f e r e n t l e v e l s . The d a t a 

f o r S t o n e f l i e s i n Survey I I al l o w s metal c o n c e n t r a t i o n s i n the two 

ca r n i v o r o u s s p e c i e s , Perlodes mocrocephala and Perla bipunctata, to 

be compared with those i n the non-carnivorous Brachyptera risi, 

Amphinemura sulcicollis and Leuctra. Although the r e l a t i o n s h i p s d i f f e r 

a c c o r d i n g to which s p e c i e s are compared, c o n c e n t r a t i o n s of Cd and Pb 

a t 03/05 and Zn, Cd and Pb a t 08 were g e n e r a l l y lower i n the c a r n i v o r o u s 

s p e c i e s w h i l e Zn a t 03/05 was higher. Comparison of metal c o n c e n t r a t i o n s 

i n these two carnivorous s t o n e f l i e s and the ca r n i v o r o u s f r e e l i v i n g 

c a d d i s f l y Rhyacophila dorsalis with those found i n other animals, a l l 

of which probably r e p r e s e n t p o t e n t i a l prey, suggests t h a t metal 

c o n c e n t r a t i o n s do not i n c r e a s e up the food c h a i n . Indeed, f o r reach 

03/05 and 08, c o n c e n t r a t i o n s i n Perla bipunctata are the lowest or 

near lowest recorded f o r any tax a during each survey. S i m i l a r r e s u l t s 

have been reported f o r other a q u a t i c systems. For example, Namninga, 

S c o t t and Burks found no i n c r e a s e i n the Cu, Zn and Pb a s s o c i a t e d with 

i n c r e a s i n g t r o p h i c l e v e l s i n a pond ecosystem and the c o n c e n t r a t i o n s of 

Cu Fe and Zn found i n ca r n i v o r o u s animals from the R. Hale by Brown 

(1977b) were lower than those f o r other t a x a . 

Upstream mig r a t i o n and d r i f t of b e n t h i c i n v e r t e b r a t e s have f r e q u e n t l y 

been reported (e.g. Armitage, 1977a; B a l l , W o j t a l i k and Hooper, 1963; 

Dendy, 1944; E l l i o t t , 1971; Harker, 1953; Lehmkuhl and Anderson, 1972; 

Neave, 1930) and although o b s e r v a t i o n s on such movements were not made 

fo r the R. Derwent during t h i s study i t seems l i k e l y t h a t they took 

p l a c e . 

I t i s p o s s i b l e t h a t the c o n c e n t r a t i o n s of metals recorded i n animals 



189 

from reach 03/05 would tend to be i n c r e a s e d by upstream migration 

of i n d i v i d u a l s from the p o l l u t e d s e c t i o n of the r i v e r , w h i l e c o n c e n t r a t i o n s 

of metals i n samples from r e a c h 08 would tend to be decreased by 

i n d i v i d u a l s d r i f t i n g from the unpolluted s e c t i o n of the r i v e r upstream 

of B o l t s Burn. F u r t h e r , c o n c e n t r a t i o n s of metals i n animals from 

r e a c h 23 would tend to be a f f e c t e d very l i t t l e , by d r i f t or m i g r a t i o n . 

While i t i s not p o s s i b l e to determine whether the c o n c e n t r a t i o n of 

metals i n a s i n g l e animal sample has been a f f e c t e d by d r i f t or m i g r a t i o n , 

comparison of the v a r i a t i o n observed i n r e p l i c a t e samples from 03/05 and 

08 w i t h the v a r i a t i o n i n r e p l i c a t e samples from reach 23 would i n d i c a t e 

such e f f e c t s i f they were s u b s t a n t i a l . 

Members of the genus Baetis are p a r t i c u l a r l y s u s c e p t i b l e to d r i f t 

(Armitage, 1977a) and so the e f f e c t s d e s c r i b e d above ought to be most 

obvious i n t h i s group. Examination of r e p l i c a t e samples c o l l e c t e d 

during Survey I I I (Table 5.18) r e v e a l s t h a t only Cd a t reach 08 was 

more v a r i a b l e than f o r reach 23; Zn showed s i m i l a r v a r i a b i l i t y a t a l l 

reaches while t h a t f o r Pb was lower a t 03/05 and 08 than 23. With the 

e x c e p t i o n of Ephemerella ignita f o r which the v a r i a b i l i t y i n c o n c e n t r a t i o n s 

of a l l t h r e e metals a t 03/05 suggests the p o s s i b i l i t y of upstream 

m i g r a t i o n , data f o r other taxa do not p o i n t to d r i f t or migration 

having had any s u b s t a n t i a l e f f e c t s on the metal c o n c e n t r a t i o n s recorded. 

T h i s may be because l i t t l e or no movement of animals occurs or 

c o n c e n t r a t i o n s of metals i n the animals change very r a p i d l y and take 

only a s h o r t time to reach e q u i l i b r i u m w i t h the new environmental 

c o n d i t i o n s . 

7.532 Derwent R e s e r v o i r 

I n v e r t e b r a t e s from f i v e t a x a were p r e s e n t i n s u f f i c i e n t q u a n t i t i e s 

to be used f o r metal a n a l y s i s . No animals were ana l y s e d during Survey 

I I . The amphipod Gammarus pulex was taken most f r e q u e n t l y but 

u n f o r t u n a t e l y i t was not p o s s i b l e t o determine v a r i a t i o n i n metal 
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c o n c e n t r a t i o n s on any o c c a s i o n which makes d e t a i l e d comparisons 
between s i t e s and surveys u n j u s t i f i e d . Metal c o n c e n t r a t i o n s i n 
t h i s animal were i n the f o l l o w i n g ranges (p.g g : Zn, 88 - 137; 
Cd, 7.1 - 25.9; Pb, 4 - 66. No c o n s i s t e n t trends were apparent 
on p a s s i n g down the r e s e r v o i r . Comparison with metal c o n c e n t r a t i o n s 
i n water and sediments shows a s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n 
w i t h Zn i n water (Table 7.10)and suggests water may be a source 
of t h i s metal f o r Gammarus pulex. 

The h i g h e s t c o n c e n t r a t i o n s o f Zn, Cd and Pb were found i n the 

l e e c h Glossiphonia complanata from s i t e R7 during Survey IV and were 

2559, 49.0 and 113 jig g * r e s p e c t i v e l y . The only taxon sampled from 

both the r e s e r v o i r and the r i v e r was Chironomus; metal c o n c e n t r a t i o n s 

were much lower i n the sample from the r e s e r v o i r (Tables 5.18, 6.10). 

With the exce p t i o n of Glossiphonia complanata, c o n c e n t r a t i o n s of Zn, 

Cd and Pb i n animals from the r e s e r v o i r were much lower than those i n 

animals from the R. Derwent below B o l t s Burn and i n many cases were 

a l s o lower than a t 03/05 above B o l t s Burn. T h i s i s probably due a t 

l e a s t i n p a r t to the lower c o n c e n t r a t i o n s of metals i n r e s e r v o i r water 

and sediments a t the s i t e s from which the animals were c o l l e c t e d . 

7.533 Comparison with the l i t e r a t u r e 

The p r e v i o u s s t u d i e s i n the l i t e r a t u r e which are most r e l e v a n t to 

the p r e s e n t one are those of Anderson (1977) and Brown ( 1 9 7 7 ) . Anderson 

reported on the l e v e l s of Cu, Zn, Cd and Pb i n 35 genera of i n v e r t e b r a t e s 

i n the Fox R i v e r i n I l l i n o i s and Wisconsin. No environmental l e v e l s of 

metals were given, but i t seems probable t h a t they were much lower than 

reported i n the p r e s e n t study as c o n c e n t r a t i o n s i n the animals were i n 

gen e r a l much lower. The order of c o n c e n t r a t i o n of metals i n animals was 

g e n e r a l l y Zn>Pb>Cd. T h i s a l s o a p p l i e s to the p r e s e n t study. Anderson 

concluded t h a t the l e v e l s of Zn i n m a y f l i e s and c a d d i s f l i e s were r e l a t i v e l y 

h i g h . The f o l l o w i n g are some examples of metal l e v e l s found by Anderson: 



taxon metal c o n c e n t r a t i o n s (ug g 

Zn Cd Pb 

Gammarus 101 

Hexagenia 111 

Baetis 206 

Hydropsyche 220 1.52 18.8 

Chironomidae 144 2.17 29.7 

Simulium 102 2.53 24.0 

Brown (1977) s t u d i e d the i n f l u e n c e of mine drainage on the R. Hayle 

i n C o r n w a l l , where the water and sediments are e n r i c h e d with Cu as w e l l 

as Zn (and probably other heavy m e t a l s ) . The l e v e l s of Zn were however 

g e n e r a l l y lower than found i n the p o l l u t e d s t r e t c h of the R. Derwent. 

For the animals she an a l y s e d , the h i g h e s t l e v e l s were found i n ' f r e e -

l i v i n g ' T r i c h o p t e r a , the lowest i n a d u l t C o l e o p t e r a with P l e c o p t e r a 

i n t e r m e d i a t e . No d e t a i l s were given f o r i n d i v i d u a l s p e c i e s . One mayfly, 

Baetis rhodani, was recorded from the r i v e r , but no a n a l y s e s were 

i n c l u d e d . Although Brown c o l l e c t e d samples a t thr e e d i f f e r e n t times of 

y e a r , a comparison of Zn c o n c e n t r a t i o n s between the three groups 

mentioned above i s reported only f o r a survey c a r r i e d out during March. 

I n order to p r e s e n t some comparison, the data from the R. Derwent 

(Survey I I , A p r i l ) have been 'pooled'and unweighted mean va l u e s are given 

together with the data r e p o r t e d by Brown. 

Conce n t r a t i o n s of Zn (ug g *) 

Brown 1977 p r e s e n t study 

s i t e 4 s i t e 11 03 08 23 

P l e c o p t e r a 410 404 239 558 663 

1 F r e e - l i v i n g 1 

T r i c h o p t e r a 625 774 296 382 524 

Adult 
C o l e o p t e r a 63 175 137 673 



I t i s e v i d e n t t h a t , '-ising these d a t a , the order i n which the 

d i f f e r e n t t a x a concentrate Zn i s s i m i l a r i n reach 03 of R. Derwent 

to t h a t found i n the R. Hayle. However the order a t reach 23 on R. 

Derwent i s completely r e v e r s e d . I t i s probable t h a t pooling the 

r e s u l t s from many s p e c i e s w i t h i n a s i t e g i v e s r e s u l t s of only l i m i t e d 

v a l u e as the r e l a t i v e c o n t r i b u t i o n of each s p e c i e s remains unknown. 

Brown a l s o reported a s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n between 

Zn i n ' f r e e - l i v i n g ' T r i c h o p t e r a and Zn i n sediments. No s i g n i f i c a n t 

c o r r e l a t i o n s were apparent when c o n c e n t r a t i o n s of Zn, Cd and Pb i n a l l 

' f r e e - l i v i n g ' T r i c h o p t e r a were compared with those i n water and sediment 

f o r t h i s study although when one s p e c i e s , Rhyacophila dorsalis, was 

c o n s i d e r e d by i t s e l f a s i g n i f i c a n t c o r r e l a t i o n was observed w i t h Cd i n 

sediments (Table 7.10). T h i s again suggests t h a t information may be 

l o s t by p ooling data f o r d i f f e r e n t s p e c i e s . 

7.6 CONCLUDING REMARKS 

I t has been shown t h a t during the p e r i o d October 1978 to November 

1979 the water, and sediments of the R. Derwent from below i t s 

confluence with B o l t s Burn as f a r as the Derwent R e s e r v o i r were 

contaminated with Zn, Cd and Pb. E l e v a t e d c o n c e n t r a t i o n s of these 

metals were found i n the water and sediments of the r e s e r v o i r and were 

h i g h e s t i n the a r e a s e t a s i d e as a nature r e s e r v e . 

Where comparisons w i t h the p r e v i o u s s t u d i e s of Harding (1978) and 

Harding and Whitton (1978) have been p o s s i b l e there was no evidence to 

suggest t h a t the l e v e l s of p o l l u t i o n i n the Derwent Catchment had 

i n c r e a s e d . Indeed, i n the case of water from the R. Derwent and B o l t s 

Burn, metal c o n c e n t r a t i o n s were i n g e n e r a l lower during the p r e s e n t 

study but not to the e x t e n t where contamination could no longer be 

c o n s i d e r e d s e r i o u s . F o l l o w i n g the c l o s u r e of Whiteheaps mine ( S e c t i o n 

2.422) e f f l u e n t d i s c h a r g e to B o l t s Burn from the f l u o r s p a r treatment 

p l a n t has ceased although the a d i t which d r a i n s the mine s t i l l f lows. 
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T h i s w i l l have reduced the amounts of metals, e s p e c i a l l y Pb, e n t e r i n g 
B o l t s Burn and may allow the stream to be c o l o n i z e d by b e n t h i c 
i n v e r t e b r a t e s . 

The r e s u l t s f o r metal composition of p l a n t s and animals show t h a t 

a t any one p l a c e a t any one time the v a r i o u s t a x a accumulated metals to 

d i f f e r e n t l e v e l s . S u b s t a n t i a l d i f f e r e n c e s were a l s o found f o r the same 

t a x a a t d i f f e r e n t sampling s t a t i o n s and during d i f f e r e n t s u r v e y s . 

Comparison of metal c o n c e n t r a t i o n s i n organisms w i t h those i n water and 

sediments r e v e a l e d t h a t the e x a c t r e l a t i o n s h i p between these components 

d i f f e r e d f o r each metal p l a n t and animal i n d i c a t i n g t h a t i n t e r a c t i o n 

may be complex. 

Even though metal c o n c e n t r a t i o n s i n water from the R. Derwent were 

s u b j e c t to r a p i d change due to the i n t e r m i t t e n t e f f l u e n t d i s c h a r g e from 

Whiteheaps mine, s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n s were found between 

c o n c e n t r a t i o n s of Pb i n Ecdyonurus venosus, Zn i n Brachyptera risi, Zn 

and Cd i n Leuctra spp., Zn i n Perla bipunctata and the corresponding 

metals i n r i v e r water. T h i s i n d i c a t e s t h a t c o n c e n t r a t i o n s of these metals 

i n the animals a l s o change r a p i d l y . I t i s suggested t h a t these animals 

may be u s e f u l as monitors of metal p o l l u t i o n . The poor c o r r e l a t i o n s 

observed i n the case of other animals from the r i v e r suggest e i t h e r t h a t 

water i s not an important source from which metals are accumulated or t h a t 

metal c o n c e n t r a t i o n s i n t h e i r t i s s u e s do not respond r a p i d l y to changes 

i n the surrounding water. 
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SUMMARY 

1. A study on the d i s t r i b u t i o n of Zn, Cd and Pb i n water, sediments, 

p l a n t s and animals from the R. Derwent and Derwent R e s e r v o i r was 

c a r r i e d out between October 1978 and November 1979 during four 

p e r i o d s of i n t e n s i v e survey. 

2. The R. Derwent had e l e v a t e d c o n c e n t r a t i o n s of Zn, Cd and Pb 

i n water and sediments a t i t s j u n c t i o n with the Derwent R e s e r v o i r . 

The mean c o n c e n t r a t i o n s of these metals i n ' t o t a l ' water samples from 

the r i v e r near i t s p o i n t of e n t r y i n t o the r e s e r v o i r were (mg 1 S: 

Zn, 0.25; Cd, 0.0006; Pb, 0.020; c o n c e n t r a t i o n s f o r sediments 

were(ug g - 1 ) : Zn, 1800; Cd, 9.3; Pb, 1880. 

3. Metals were c a r r i e d i n t o the R. Derwent 3.5 km upstream from 

the r e s e r v o i r by a p o l l u t e d t r i b u t a r y , B o l t s Burn, which r e c e i v e s 

e f f l u e n t from a f l u o r s p a r mine. Mean c o n c e n t r a t i o n s of metals i n 
-1 

' t o t a l ' water samples from t h i s stream were (mg 1 ) : Zn, 1.25; 

Cd, 0.0020; Pb, 0.070. 

4. The R. Derwent upstream of B o l t s Burn was sampled to e s t a b l i s h 

'background' metal c o n c e n t r a t i o n s . Mean c o n c e n t r a t i o n s f o r ' t o t a l ' 

water samples were (mg l " 1 ) : Zn, 0.020; Cd,<0.0003; Pb 0.007. 

There was a l a r g e i n c r e a s e i n c o n c e n t r a t i o n s of these metals i n 

water below the e n t r y of B o l t s Burn, with a gradual f a l l - o f f on 

p a s s i n g downstream towards the r e s e r v o i r . Mean c o n c e n t r a t i o n s of 
metals i n sediments from the R. Derwent above B o l t s Burn were 

-1 

()j.g g ) : Zn, 154; Cd, 1.5; Pb, 107; c o n c e n t r a t i o n s below B o l t s 

Burn were much h i g h e r , but u n l i k e the water no f a l l - o f f was apparent 

on p a s s i n g towards the r e s e r v o i r . 

5. Comparison of metal c o n c e n t r a t i o n s i n sediments with t h e i r 

o r g a n i c content suggests t h a t organic matter may be i n v o l v e d i n 
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binding Zn and Cd to sediments. Leaves shed i n autumn may 

i n f l u e n c e the metal composition of sediments by binding Zn and 

Cd during decomposition. 

6. C o n c e n t r a t i o n s of Zn, Cd and Pb i n R. Derwent bryophytes 

were always higher below B o l t s Burn. The h i g h e s t c o n c e n t r a t i o n s 

recorded f o r Zn and Pb occurred i n Scapania undulata (7700 and 

2650 U-g g *, r e s p e c t i v e l y ) and f o r Cd i n Rhynchostegium 

riparioides (78.1 ug g The enrichment r a t i o s (compared with 

' f i l t r a b l e ' water) were d i f f e r e n t f o r each metal and s p e c i e s 

considered; there were a l s o obvious d i f f e r e n c e s between s u r v e y s , 

even a t the 'unpolluted' reach upstream of B o l t s Burn. 

7. Analyses were made on 212 samples of animals from the r i v e r , 

r e p r e s e n t i n g 21 t a x a . Two s p e c i e s , Ecdyonurus venosus and Perla 

bipunctata, were sampled from above and below B o l t s Burn during 

each of the four s u r v e y s . The c o n c e n t r a t i o n s of Zn, Cd and Pb were 

hig h e r i n animals below B o l t s Burn than above i n a l l c a s e s f o r Pb, 

a l l but one f o r Zn and a l l but four f o r Cd. The m a y f l i e s as a 

group tended to accumulate Zn, Cd and Pb to higher l e v e l s than 

other animals. C o n c e n t r a t i o n s i n m a y f l i e s from above B o l t s Burn 

were f r e q u e n t l y h i g h e r than i n other t a x a from below t h i s stream. 

I n g e n e r a l , c o n c e n t r a t i o n s of metals i n s t o n e f l i e s and c a d d i s 

were s i m i l a r . As with bryophytes, marked d i f f e r e n c e s were found 

f o r metal c o n c e n t r a t i o n s i n each s p e c i e s between reaches and s u r v e y s . 

8. Comparison of metal c o n c e n t r a t i o n s i n ' f i l t r a b l e ' water with 

those i n animals suggests t h a t water may be an important source of 

Zn f o r Brachyptera risi, Leuctra spp. Perla bipunctata and Limnius 

volckmari, Cd f o r Leuctra spp. and Pb f o r Ecdyonurus venosus. 

S i m i l a r comparisons w i t h sediments suggested these as a source of 

Zn f o r Ecdyonurus venosus, Brachyptera risi and Leuctra spp. and 
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Limnius volckmari, Cd f o r Leuctra spp. and Rhyacophila dorsalis 
and Pb f o r Ecdyonurus venosus and Dicranota s p ( p ) . 

I n v e s t i g a t i o n of the d i s t r i b u t i o n of metals i n the water and 

sediments of the Derwent R e s e r v o i r showed t h a t e l e v a t e d c o n c e n t r a t i o n s 

of Zn and Pb o c c u r r e d near the mouth of the r i v e r . A t r e n d of 

d e c r e a s i n g metal c o n c e n t r a t i o n s on p a s s i n g away from the r i v e r 

towards the dam was apparent, although t h i s p a t t e r n was 

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

E l e v a t e d c o n c e n t r a t i o n s of Zn and Pb occurred i n the macrophytes 

Nitella flexilis and Glyceria fluitans from the r e s e r v o i r . Comparison 

with metal c o n c e n t r a t i o n s i n water and sediments i n d i c a t e d t h a t water 

and sediments may be a source of Pb f o r Nitella flexilis and 

sediments may be important as source of Pb f o r Glyceria fluitans. 

C o n c e n t r a t i o n s of Zn, Cd and Pb i n animals from the r e s e r v o i r 

were i n g e n e r a l lower than f o r the r i v e r . The h i g h e s t c o n c e n t r a t i o n s 

of these metals were found i n the l e e c h Glossiphonia complanata 

which had the f o l l o w i n g composition (U-g g S: Zn, 2 5 5 9 ; Cd, 4 9 . 0 ; 

Pb, 1 1 3 . Comparison of the c o n c e n t r a t i o n s of Zn, Cd and Pb i n water 

and sediments with those i n Gammarus pulex i n d i c a t e d t h a t water may 

be an important source of Zn f o r t h i s animal. 
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APPENDIX 1 

Water c h e m i s t r y : p r i m a r y d a t a f o r m e t a l s 

d u r i n g Surveys I - IV 

Na K Mg Ca Mn Fe Zn Cd Pb 
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Surveys I and I I Anions (mg 1 n=4 

Survey I 25.10.78 (day 1) 

SITE ANION 

F CI S i PO -P 
4 

x s.d. x s.d. x s.d. x s.d. 

05 0.22 0.029 5.9 0.34 2.19 0.130 0.007 0.0014 

08 0.65 0.037 6.9 0.92 3.06 0.134 0.005 0.0005 

23 0.74 0.028 6.6 0.19 3.26 0.103 <0.005 

27 0.74 0.052 7.2 0.71 3.36 0.168 0.010 0.0014 

R3 0.60 0.040 9.0 0.41 1.13 0.071 <0.005 

R7 0.60 0.023 9.6 0.26 1.18 0.062 0.007 0.0012 

RIO 0.59 0.012 8.8 0.05 1.08 0.023 0.009 0.0015 

Survey I I 26.04.79 (day 1) 

F CI Si PO -P 
4 

x s.d. x s.d. x s.d. x s.d. 

03 0.40 0.014 6.9 0.15 0.96 0.184 0.021 0.0014 

08 0.75 0.009 7.1 0.23 1.56 0.143 0.018 0.0017 

23 0.80 0.009 8.0 0.10 1.06 0.354 0.028 0.0009 

R3 0.85 0.008 11.1 0.49 1.10 0.243 0.019 0.0017 

R7 0.81 0.011 11.9 0.20 1.50 0.204 0.023 0.0012 

R9 0.79 0.005 12.8 1.23 1.26 0.289 0.032 0.0025 

R10 0.77 0.014 12.1 0.11 1.10 0.147 0.015 0.0005 
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Surveys I I I and IV Anions (mg 1 ^) n=4 

Survey I I I 08.08.79 (day 1) 

SITE ANION 

F CI Si P 0 4 - p 

x s.d. x s.d. x s.d. x s.d. 

03 0.72 0.010 7.2 0.55 2.73 0.188 0.023 0.0014 

08 1.81 0.085 8.2 0.86 4.08 0.143 0.020 0.0012 

23 1.88 0.085 10.6 0.49 4.08 0.314 0.032 0.0005 

R3 0.95 0.010 11.2 0.15 1.10 0.470 0.020 0.0008 

R7 0.96 0.022 11.4 0.40 0.80 0.135 0.021 0.0016 

R9 0.95 0.008 11.0 0.78 0.70 0.005 0.021 0.0012 

RIO 0.95 0.008 10.6 0.25 0.65 0.057 0.018 0.0018 

Survey IV 22.10.79 (day 1) 

F CI Si PO -P 
4 

x s.d. x s.d. x s.d. x s.d. 

03 0.29 0.005 6.9 0.28 2.77 0.150 <0.005 

08 1.27 0.012 7.8 0.17 4.05 0.163 <0.005 

23 1.51 0.018 8.5 0.52 4.07 0.119 <0.005 

R3 0.74 0.005 10.4 0.20 0.78 0.062 <0.005 

R7 0.68 0.005 11.0 0.10 0.68 0.085 <0.005 

R9 0.56 0.005 10.9 0.63 1.08 0.047 0.008 0.0012 

RIO 0.67 0.005 11.1 0.47 0.67 0.104 <0.005 



Anions (mg 1 ) i n water samples (n=4) c o l l e c t e d from R. Derwent 
reach 05 and reach 08 on fou r consecutive days 

ANION SITE DAY 

05 

08 

1 

25.10.78 

x s.d. 

0.22 0.027 

0.65 0.037 

26.10.78 

x s.d. 

0.19 0.016 

0.53 0.012 

27.10.78 

x s.d. 

0.19 0.026 

0.52 0.037 

28.10.78 

x s.d. 

0.24 0.036* 

0.80 0.025* 

CI 05 5.9 0.34 

6.9 0.92 

5.0 0.45 5.7 

6.0 0.53 6.1 

0.48 6.1 

0.42 7.1 

0.42 

0.43 

Si 05 2.19 0.130 

08 3.06 0.134 

1.33 0.112 

2.22 0.292 

1.75 0.081 2.06 0.063 

2.34 0.220 3.14 0.105 

P04-P 05 0.007 0.0014 0.005 0.0005 <0.005 

03 0.005 0.0008 <0.005 <0.005 

0.006 0.0008 

0.005 0.0008 

n=3 f o r these samples only 



APPENDIX 3 

Organic content of sediments 

during Surveys I - IV 



Organic content of sediments c o l l e c t e d d u r i n g 
Surveys I and I I (% dry wt) 

Survey I 25.10.78 (day 1) 

SITE SAMPLE 

1 2 3 4 5 x s . d . 

05 2.04 3.88 3.06 3.67 3.14 3.15 0.714 

08 4.22 4.25 2.11 3.69 3.32 3.51 0.877 

23 4.69 2.96 3.44 4.06 3.33 3.69 0.682 

27 1.70 0.63 1.69 1.71 0.97 1.34 0.507 

R3 2.31 2.84 2.57 2.26 2.43 2.48 0.233 

R7 4.34 5.11 4.13 4.57 6.42 4.91 0.917 

RIO 4.72 4.10 4.28 2.25 3.27 3.72 0.577 

Survey I I 26.04.79 (day 1) 

SITE SAMPLE 

1 2 3 4 5 x s.d. 

03 2.84 2.71 3.08 2.08 2.47 2.63 0.381 

08 0.32 1.15 0.47 0.38 1.87 0.83 0.666 

23 0.61 1.09 0.36 0.78 0.93 0.75 0.283 

R3 4.72 4.71 4.62 3.42 5.28 4.55 0.683 

R7 1.31 2.81 1.13 3.02 1.24 1.90 0.929 

R9 11.14 6.81 9.85 5.25 2.57 7.12 3.46 

RlO 4.71 5.00 3.96 2.72 3.69 4.01 0.899 



Organic content of sediments c o l l e c t e d d u r i n g 
Surveys I I I and IV (% dry wt) 

Survey I I I 08.08.79 (day 1) 

SITE SAMPLE 

1 2 3 4 5 x s.d. 
03 4.63 2.81 3.77 4.25 5.33 4.16 0.951 

08 2.85 1.85 3.34 2.41 3.24 2.73 0.617 

23 4.96 4.98 3.77 2.02 4.21 3.98 1.214 

R3 4.38 5.88 6.24 6.30 6.92 5.94 0.950 

R7 12.12 10.61 9.78 7.83 7.05 9.48 2.075 

R9 12.17 7.92 17.91 18.44 20.45 15.37 5.182 

RIO 3.83 3.01 2.53 3.10 3.82 3.25 0.561 

Survey IV 22.10.79 (day 1) 

SITE SAMPLE 

03 

08 

23 

R3 

R7 

R9 

RIO 

1 2 3 4 5 x s.d. 

1.91 2.95 2.04 1.80 4.81 2.70 1.263 

4.23 3.36 3.23 2.44 4.24 3.50 0.757 

3.02 4.50 3.27 3.40 3.14 3.46 0.595 

1.55 0.91 1.22 1.45 1.52 1.33 0.262 

4.75 2.78 0.75 2.02 3.85 2.83 1.558 

1.59 1.35 1.57 2.52 1.02 1.61 0.558 

3.14 3.62 4.05 4.17 4.34 3.86 0.484 

S F L E C T I O N 

L/brarY 


