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1. INTRODUCTION 

Many streams are subjected to a p e r s i s t e n t form of 

p o l l u t i o n brought about by drainage from the remains of 

mining a c t i v i t i e s - heavy metal p o l l u t i o n . These areas are 

l i k e l y to have s m a l l but s i g n i f i c a n t amounts of these^ 

elements present that may cause severe d e t e r i o r a t i o n of the 

water q u a l i t y and p o s s i b l e poison contamination throughout 

the food c h a i n . The b i o l o g i c a l e f f e c t s of an i n c r e a s i n g 

amount of these metals i n aq u a t i c systems has been i n recent 

y e a r s the concern of a l a r g e number of e n v i r o n m e n t a l i s t s . 

Z i n c and cadmium are two such heavy metals d i s c u s s e d i n t h i s 

d i s s e r t a t i o n . 

Z i n c has been shown to be an almost u n i v e r s a l c o n s t i t u e n t 

of l i v i n g matter and i s recognized to be an e s s e n t i a l element 

f o r the growth and development of micro-organisms, (Myers 1951;} 

p l a n t s (Arnon 1958) and animals (Underwood 1956 ) . C o n t r a s t i n g l y , 

there i s no evidence that cadmium i s b i o l o g i c a l l y e s s e n t i a l or 

b e n e f i c i a l as the l i t e r a t u r e only i m p l i c a t e s the va r i o u s 

d e l e t e r i o u s e f f e c t s on a l l l i v i n g organisms i n c l u d i n g man 

(McKee and Wolf 1963; B a l l 1967; Shuster and P r i n g l e 1969) . 

There i s considerable information a v a i l a b l e to show that 

a q u a t i c organisms accumulate high l e v e l s of heavy metals and 

t h i s accumulation i s dependent to a l a r g e degree on environ

mental f a c t o r s . L i t e r a t u r e p e r t a i n i n g to t h i s s u b j e c t i s 

reviewed i n S e c t i o n 1 . 2 . 

The purpose of t h i s study was to look a t the e f f e c t of 

one such parameter, pH on the accumulation r a t e s of z i n c and 

cadmium f o r the organisms of two d i f f e r e n t streams. An 

f 5 FEB 5974 
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a c i d i c and an a l k a l i n e stream of past mining h i s t o r y ̂ wa's 

chosen f o r t h i s i n v e s t i g a t i o n . Also, s i n c e the a l k a l i n e 

stream had a n a t u r a l c o n c e n t r a t i o n gradient of z i n c and 

cadmium ( S e c t i o n 3.1 , 4 ), a t t e n t i o n was focused on the accumu

l a t i o n r a t e s of the s p e c i e s concerned along the grad i e n t . 

F o r convenience, the r e s u l t s and d i s c u s s i o n have been 

separated int o d i f f e r e n t s u b - s e c t i o n s . 

By way of i n t r o d u c t i o n i t would be u s e f u l to f i r s t look 

a t z i n c and cadmium i n the stream environment. 

1.1 Zinc and Cadmium i n the Stream Environment 

Z i n c and cadmium occur i n a l l three phases of a stream 

environment - water, sediment and b i o t a . The chemical and 

p h y s i c a l c o n d i t i o n s of the water help determine the metal's 

s t a t e and i t s a v a i l a b i l i t y to the sediment and organisms. 

P h y s i c a l - chemical s o r p t i o n phenomena allow the sediments to 

concentrate high l e v e l s of these elements. The r a t e of 

exchange of metals from the sediment to the water column may 

a l s o c o n t r o l the amount of heavy metal a v a i l a b l e to the b i o t a . 

Three mechanisms have been suggested by which a q u a t i c 

organisms can accumulate heavy metals: absorption through 

membranes, accumulation of p a r t i c u l a t e matter, and adsorption 

through c e l l - w a l l i n t e r f a c e s (Duke et a l . 1966 ) . 

1.2 Bioaccumulation - Dependence on the Environment 

Bioaccumulation of z i n c and cadmium have been reported 

by a number of i n v e s t i g a t o r s both u s i n g d i r e c t techniques 

( D i e t z 1972; Leeder 1972; Hutchinson and Czyrska 1972) and 

r a d i o a c t i v e t r a c e r s (Davis and Booster 1958; Osterberg 1964; 

Polikarpov 1966 ) . The c a p a c i t y of an organism to accumulate 
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elements i s u s u a l l y expressed by the enrichment ( c o n c e n t r a t i o n ) 

r a t i o which i s the conc e n t r a t i o n of heavy metal i n the 

organism and i n the aqueous solution 1: 

. K = C 

where C and C are r e s p e c t i v e l y the concentration of heavy 

metal i n the aq u a t i c organism and i n the aqueous medium 

(P o l i k a r k o v 1966). 

A stream organism may accumulate heavy metals to a 

point where i t becomes d e l e t e r i o u s or t o x i c to the i n d i v i d u a l 

s p e c i e s . T h i s bioaccumulation of these elements depends not 

only on the co n c e n t r a t i o n i n s o l u t i o n but i s a l s o i n f l u e n c e d 

by such environmental f a c t o r s such as temperature, l i g h t , 

d i s s o l v e d oxygen and pH. I t can a l s o be modified by s a l t s of 
i 

the a l k a l i n e e arths and of the heavyj metals (skidmore 1964) . 

A great d e a l of the l i t e r a t u r e p e r t a i n i n g to these 

v a r i a b l e s and accumulation concerns i t o x i c i t y e f f e c t s and are 

d i s c u s s e d below. 

(a ) Temperature 

I t i s evident t h a t temperature |affects the uptake of 

heavy metals from the aqueous medium 'through i t s e f f e c t s on 

b i o l o g i c a l p r o c e s s e s . Lloyd (1960) r e p o r t s that a r i s e i n 

temperature from 1 2 ° to 22°C reduced the s u r v i v a l r a t e of 

rainbow t r o u t (Salmo g a i r n e r i i ) by a f a c t o r of 2 .5 i n media 

c o n t a i n i n g r e l a t i v e l y high z i n c c oncjen t r a t i o n s . Accordingly, 

E i s l e r (1 971 ) and Gardner and Yevichj (1969) both showed that 

mummichogs (Fundulus h e t e r o c l i t u s ) wjere more s e n s e t i v e to Cd + + 

a t h i g h e r temperatures than a t lowerj ones. 
Temperature has even a more pronounced e f f e c t on the 

conce n t r a t i o n of heavy metals i n natjural c o n d i t i o n s . During 
i 



the winter months, the v e r t e b r a t e and i n v e r t e b r a t e fauna of 

the Columbia R i v e r consumed l i t t l e food m a t e r i a l and conse

quently contained lower l e v e l s of r a d i o a c t i v e elements as 

compared to the warmer months (Davis and F o s t e r 1958) . 

However, Lloyd and Herbert (196|2) suggest that the 

e f f e c t of temperature on the threshold concentration of a 

heavy metal w i l l u s u a l l y be s m a l l as, compared with the e f f e c t s 

the other environmental f a c t o r s can have. 

(b) L i g h t 

L i g h t has a great i n f l u e n c e on the conc e n t r a t i o n of many 

elements by most p l a n t s . Bachman arid Odum (1960) reported that 
65 

Zn i s taken up by s i x benthic alga'l s p e c i e s p r o p o r t i o n a l to 

the photosynthetic and growth r a t e s . Gutknecht (1961, 19<>3) 

found s i m i l a r r e s u l t s a l s o i n v e s t i g a t i n g marine benthic a l g a e . 

The element z i n c i s so i n t i m a t e l y r e l a t e d to photosynthesis 

that the present radiocarbon method of a s s e s s i n g primary 

production i s being augmented by development of a new technique 

u s i n g r a d i o a c t i v e z i n c (Bachman and Odum 196O; Po l i k a r k o v 
1 

1966) . P o l i k a r k o v (1966) s t u d i e d other t r a c e elements (Co, 

S t , Cs, Ce) and observed higher enrichment r a t i o s i n Ulva 

i n the presence of l i g h t than without i t . To the best of the 

author's knowledge no information concerning accumulation of 

cadmium under various l i g h t conditions has been shown. I t i s 

suggested that s i n c e cadmium i s not e s s e n t i a l or b e n e f i c i a l 

l i g h t would not be an important factjor. 

( c ) D i s s o l v e d Oxygen 

The d i s s o l v e d oxygen content of' a r i v e r can f l u c t u a t e 

a p p r e c i a b l y due to time of day, rate! of flow, amount of 

o x i d i z a b l e m a t e r i a l e n t e r i n g i t and other f a c t o r s . I t should 

be emphasized that the l e v e l s of d i s s o l v e d oxygen present i n 



the water need not be low I n order to become an Important 

v a r i a b l e when heavy metals a r e present. Lloyd (1960) exposed 

rainbow t r o u t (Salmo g a r d n e r i i ) to v a r i o u s concentrations of 

z i n c sulphate i n media con t a i n i n g d i f f e r e n t concentrations of 

d i s s o l v e d oxygen. He found that h a l f the f i s h population was 

reduced by a z i n c l e v e l that was four times g r e a t e r a t an 

oxygen concentration of 8.9ppm. than i t was a t 3.8ppm. 

S i m i l a r l y , F e s t f a l l (19^5) working o;n g o l d f i s h (Caprinus auratus) 

found lead more t o x i c i n water a t low oxygen l e v e l s . 

Lloyd and Herbert (1962) o f f e r an hypothesis to account 

f o r the i n c r e a s e d accumulation and t o x i c i t y . They suggest that 

t r o u t i n c r e a s e the r a t e of flow over .their g i l l s as the 

oxygen content of the water i s reduced. Since the g i l l i s one 

of the main s i t e s f o r the s o r p t i o n of heavy metals, the 
i 

i n c r e a s e d flow of water over them allows more poison to become 

i n contact w i t h the f i s h i n a given time. 
(d) PH 
Heavy metal ions can r e a c t with; water i n the f o l l o w i n g 

manner (Bachman 1963): 

X 2 + + H 2 0 = XOH + H + = X i( O H ) 2 +H+ 

i X = Zn or Cd 
1 

As the pH of the medium i s s h i f t e d towards the a c i d i c side,an 
i 

i n c r e a s i n g amount of the m e t a l l i c i o n i s i n s o l u t i o n whereas as 

the pH r i s e s towards n e u t r a l i t y p r e c i p i t a t i o n of the metal 

occurs. Smith (1973) r e p o r t s that a| pH of 1 .5 or l e s s was; 

necessary to ensure that a l l of the z i n c remained i n s o l u t i o n . 

Furthermore, Alloway (1969) s t a t e s that i n c r e a s i n g the pH 

allows heavy metals to be more r e a d i l y sorbed on s o i l p a r t i c l e s 

and a l s o form complexes with organic: matter. 



6. 

Very l i t t l e r e s e a r c h has been performed concerning the 

e f f e c t of pH on uptake and accumulation. S i n c e a c i d environ

ments favor most of the heavy metals to be i n s o l u t i o n , low 

enrichment r a t i o s would be expected due to poor accumulation 

r a t e s v i a s o r p t i o n phenomena. 

(e) E f f e c t s of S a l t s of the A l k a l i n e E a r t h Metals 

As e a r l y as 1897, Ringer discovered that t o x i c i t y of some 
i 

metal c a t i o n s to aquatic organisms ijs reduced i n the presence 

of other metal c a t i o n s , notably calcjium. T h i s b a s i c phenomenom 

i s known as antagonism. 

Lloyd (1960) r e p o r t s that hardness i s the most important 

s i n g l e f a c t o r governing the t o x i c i t y of z i n c ions to rainbow 

tr o u t (Salmo g a r d n e r i i ) . He noted a t e n - f o l d d i f f e r e n c e 

between the t o x i c i t i e s of z i n c i n the hardest and s o f t e s t 

water over a two and a h a l f day exposure. S i m i l a r l y , Jones 

(1938) observed that s t i c k l e b a c k s (Gasterosteus a c u l e a t u s ) 

had a higher s u r v i v a l r a t e i n waters 1 c o n t a i n i n g more calcium. 

More r e c e n t l y , Bryan (1967, 1969) shjowed that the absorption 

of z i n c i s reduced i n the presence of calcium i n the f r e s h 

water crab (Austropotamobius pallipa'e) and by manganese i n 

the brown seaweed (Laminaria d i g i t a t a ) . 

Two t h e o r i e s have been put f o r t h to e x p l a i n the mechanism 

of antagonism by the a l k a l i n e e a r t h metals. According to the 

pe r m e a b i l i t y theory (Jones 1 9 3 9 ) , the a l k a l a i - e a r t h s antagonize 

heavy metal compounds by reducing thje p e r m e a b i l i t y of the c e l l 

membranes, thus d e c r e a s i n g the p e n e t r a b i l i t y of the metal i n t o 

the t i s s u e s . 

The second theory concerns the i n h i b i t i o n of coagulation 

between the heavy metals and protoplasm by calcium ions s i n c e 

i 

i 
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i t i s b e l i e v e d that t o x i c i t y of most metal ions i s due to t h i s 

c o a g u l a t i o n i n s i d e the c e l l (Heilbrunn 1937) . These mechanisms 

are poorly understood and f u r t h e r r e s e a r c h i s needed to 

evaluate them. 

( f ) E f f e c t s of Heavy Metal S a l t s 

I f an aq u a t i c organism i s exposjed to two d i f f e r e n t 

poisons, the e f f e c t may be a d d i t i v e , s y n e r g i n i s t i c , or 

a n t a g o n i s t i c . Brandt ( 1 9 ^ 9 ) » a f t e r exposing trout (Salmo 

g a i r n e r i i ) to sulphates of d i f f e r e n t ) metals found z i n c and 

cadmium to be a d d i t i v e whereas z i n c and copper was s t r o n g l y 

s y n e r g i s t i c . C o n t r a s t i n g l y , Hutchinjson and Czynska (1972) 

report that z i n c and cadmium acted s y n e r g i s t i c a l l y 

together with two aquat i c p l a n t s they i n v e s t i g a t e d . 
i 

Obviously, more evidence i s needed on t h i s t o p i c . S t i l l , 

Corner and Sparrow (1956) have o f f e r e d a p o s s i b l e explanation 

to e x p l a i n synergism. They suggest jthat uptake and accumu

l a t i o n i s i n c r e a s e d due to one metal| i n c r e a s e s the pe r m e a b i l i t y 

of the body s u r f a c e f o r the other mejtal. 

i 
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i 

2 . MATERIALS AND METHODS 

2.1 Water A n a l y s i s 

Monthly water analyzes were taken from each s i t e f o r the 

determination of sodium, potassium, Imagnesium, calcium, z i n c 

and cadmium. Samples were f i l t e r e d i i n the f i e l d with a S i n t a 

g l a s s f u n n e l (Grade ^ 2) i n t o 100ml |pre-acid washed b o t t l e s . 

Only one sample was taken from each l o c a t i o n s i n c e previous 

workers have shown no s i g n i f i c a n t d e v i a t i o n between samples 

(Robinson 1970, Leeder 1 9 7 2 ) . The f i l t r a t e (X ( a q ) . ) was then 

taken d i r e c t l y to the atomic absorption spectrophotometer 

(Perkins-Elmer Model 403) f o r metal | a n a l y s i s . I n some element 

determinations, p r e p a r a t i o n of the water sample was needed: 

(a) Potassium 
i 

A 0.15ml s o l u t i o n of 15,000 mg/l Na was added to 5 ml 

of the water sample. Blanks and standards were prepared i n 

the same way. 

(b) Magnesium and Calcium 

A 4 ml a l i q u o t of the water sample was p i p e t t e d i n t o a 

tube and 6 drops of lanthanum c h l o r i d e was added. The tubes 

were then assayed f o r magnesium and calcium. Blanks and 

standards a l s o had the above a d d i t i o n s . 

( c ) Sodium, Zinc and Cadmium 

No a d d i t i o n a l p r e p a r a t i o n of the sample was needed f o r 

these elements. 

Temperature and pH were a l s o recorded monthly i n the 

f i e l d w i t h a thermometer and portable pH meter. 
2.2 C o l l e c t i o n and Preparation' of B i o t i c M a t e r i a l 

I 

B i o l o g i c a l m a t e r i a l was c o l l e c t e d randomly a t a l l 

s t a t i o n s . I n v e r t e b r a t e sampling presented, the most problem 



i n c o l l e c t i o n , e s p e c i a l l y the chironbmid Tendipes sp., which 

had to be separated from the mats of Drepanocladus f l u i t a n s 

from which i t was attached. C o l l e c t i o n of the ephemeropteran, 

Ephemerella sp. was a l s o tedious s i n c e i t was d i f f i c u l t to 

f i n d enough m a t e r i a l f o r a n a l y s i s . 
i 

A survey of the fauna and f l o r a | of both, s i t e s i s out

l i n e d i n Tables H I and IV. T h i s l i m i t e d survey shows both 

streams to be f l o r i s t i c a l l y poor and; only two bryophytes, 

Drepanocladus f l u i t a n s and Scapania undulata, an angiosperm 

Juncus e f f u s u s , and an algae Hormidium sp. were i n s u f f i c i e n t 

q u a n t i t i e s f o r a n a l y s i s f o r heavy mejtals. S i m i l a r l y , only s i x 

s p e c i e s of i n s e c t s from the a c i d stream ( S e c t i o n 3*1) and f i v e 

s p e c i e s from the Nenthead stream ( S e c t i o n 3*2) were i n l a r g e 

enough numbers f o r a n a l y s i s . The only v e r t e b r a t e form, 

Rana temporaria was s p a r c e l y d i s t r i b u t e d . 

Most of the p l a n t m a t e r i a l c o l l e c t e d was cut i n t o 

d i f f e r e n t s e c t i o n s to determine whether z i n c or cadmium 

concentrated i n one p a r t i c u l a r area. 1 The s p e c i e s concerned 

were the bryophytes and the angiosperm. 

I n p r e p a r a t i o n , a l l p l a n t m a t e r i a l was easy to c l e a n with 

the exception of Hormidium sp. This! filamentous algae 

presented problems s i n c e d e t r i t a l m a t e r i a l was i n s e p a r a b l e 

from i t . T herefore, f a u l t y enrichment r a t i o s could have 
i 

a r i s e n . Animal samples were c l e a n and easy to work with. 

A f t e r p r e p a r a t i o n , b i o l o g i c a l m a t e r i a l was analysed e i t h e r 

by dry or wet-ashing techniques. 
2 . 3 P l a n t A n a l y s i s ! 

The p l a n t samples concerned were dry ashed according to 

the method o u t l i n e d by U l r i c h and Johnson ( 1 9 5 9 ) , and Baker 



! 

1 o . 
i 

i 
i 

et a l . ( 1 9 6 4 ) . A f t e r comparing dry-ashing with two other 

techniques, Adrian ( 1 9 7 3 ) concluded that dry-ashing i s an 

acceptable method with high p r e c i s i o n and i s an easy 

technique to f61low. 

Specimens brought back to th e ' l a b o r a t o r y were washed 

s e v e r a l times with de m i n e r a l i s e d , d i s t i l l e d water before 

being placed i n a d r y i n g oven a t 103°C f o r 2k hours. The 

m a t e r i a l was then ground up with a p o r c e l a i n mortar and p e s t l e 

and samples between 0 . 1 - 0 . 3 g were weighed i n p r e - a c i d washed, 

dust f r e e , s i l i c a c r u c i b l e s . The c r u c i b l e s were next placed 

i n a l e a d - l i n e d e l e c t r i c muffle furnace a t k90°C f o r 2k hours. 

T h i s type of furnace was used s i n c e Baker et a l . discovered 
l 

that c l a y l i n i n g of the s i d e s and s u r f a c e was a source of z i n c 

and aluminium contaminations. The plan t m a t e r i a l was then 

removed, and weighed again to obtain the i n o r g a n i c ash content. 

A f t e r the ash m a t e r i a l was d i s s o l v e d i n a c e r t a i n volume of 

2N HCl, i t was f i l t e r e d through Whatman's * l 1 f i l t e r paper 

i n t o p r e - a c i d washed 25 ml volumetric f l a s k s . Demineralised, 

d i s t i l l e d water made up the r e s t of the volume. U s u a l l y , as 

i n most plant samples, an i n s o l u b l e s i l i c a f r a c t i o n remained; 

however, the amount of t r a c e elements l o s t was n e g l i g i b l e . 

Blanks were a l s o prepared w i t h the same volume of h y d r o c h l o r i c 

a c i d used s i n c e even double d i s t i l l e d h y d r o c h l o r i c a c i d 

contains a p p r e c i a b l e amounts of heavy metals (Robertson 1 9 6 8 ) . 

2 . 4 Animal A n a l y s i s 

Both dry and wet-ashing techniques were employed 

depending on the s p e c i e s concerned. 1 

(a) Dry-Ashing 

A l l i n v e r t e b r a t e m a t e r i a l was {digested f o r metals 

! 
1 
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f o l l o w i n g the procedure o u t l i n e d i n jSection 2 . 3 . S i z e of 
samples v a r i e d from 0 . 0 2 - 0 . 1 5 g . 

(b) Wet-Ashing 

Vertebrate specimens were digested according to the 

methods described by U l l r i c h and Johnson ( 1 9 5 7 ) and Preston 

et a l . ( 1 9 7 1 ) . The m a t e r i a l was placed i n a dryi n g oven 

overnight a t 103°C. A f t e r the samples were ground with 

mortar and p e s t l e and weighed, 20ml of n i t r i c a c i d was added 

to i t and the soution was allowed to stand overnight. A 

smal l q u a n t i t y ( 5 m l ) of p e r c h l o r i c ajcid and h y d r o c h l o r i c a c i d 

was then added. The s o l u t i o n was next placed on a warming 

p l a t e and was l e f t to evaporate. When 1 -2 ml remained i n the 

f l a s k , the contents were f i l t e r e d w i t h Whatman*s ^ h2 f i l t e r 

paper i n t o p r e - a c i d washed g l a s s b o t t l e s and the s o l u t i o n was 

d i l u t e d to 100 ml with demineralised, d i s t i l l e d water. The 

samples were then taken to the atomic absorption s p e c t r o 

photometer f o r metal a n a l y s i s . Blanks were a l s o made up with 

reagents only. 

2 . 5 Sediment 

A n a l y s i s of sediment was performed f o l l o w i n g a modi

f i c a t i o n of the technique o u t l i n e d by Cross e_t a l . ( 1 9 7 0 ) . 

Sediments ( 2 . 0 g ) from both ar e a s were placed i n a dr y i n g 

oven a t 1 0 3 °C f o r 24 hours. P a r t i c l e s used i n t h i s method 

were ^ 1 . 1 7 nun. A f t e r weighing the p a r t i c l e s , 50 ml of 0.1 

N HC1 a c i d was added and the s o l u t i o n was l e f t alone undisturbed 

overnight. The sediment was next ground with a mortar and 

p e s t l e and d i l u t e d to 100 ml u s i n g 0.1 N HC1 a c i d . Two hours 

l a t e r , the remaining sediment was f i l t e r e d with "ahatman's 

& k2 f i l t e r paper. The r e s u l t i n g f i l t r a t e was made up to a 

volume of 150 ml with 0.1 N HC1 acidiand the concentration of 
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I 
l 

metals was then determined by atomic! absorption s p e c t r o 

photometry. Blanks were a l s o prepared with reagents only. 

2 . 6 P a r t i c u l a t e Matter i 

P a r t i c u l a t e matter was defined as a l l f o r e i g n m a t e r i a l 

that was not passable through a 0,k5M M i l l i p o r e membrane 

f i l t e r . The method used i s d e s c r i b e d by Preston et a l . 

Three to four l i t r e s of water were f i l t e r e d from each s i t e . 

The f i l t e r s were then placed i n a wide mouthed beaker which had 

p r e v i o u s l y been added 100 ml of 0.1 N HC1 and 1 ml of 

hydrogen peroxide. A l a r g e watch g l a s s was placed over each 
i 

beaker to prevent f o r e i g n matter from e n t e r i n g . The contents 

were next heated gently u n t i l the l i q u i d had evaporated to 

about 2 0 ml, and the s o l u t i o n was then t r a n s f e r r e d to a 50 ml 

p r e - a c i d washed volumetric f l a s k with some h e l p with 
I 
i 

d e m i n e r a l i s e d , d i s t i l l e d water. Samples were then taken to 
i 

the atomic absorption spectrophotometer f o r a n a l y s i s . Blank 

samples were a l s o prepared. 
2 . 7 Broad Band Matrix I n t e r f e r e n c e 

i 

The elements sodium, potassium,, magnesium and calcium 
i 

have been known to produce considerable "noise" a t a l l 

wavelengths and t h e r e f o r e p o s i t i v e i n t e r f e r e n c e i n the 
i 

determination of heavy metals (Prestjon et a l . 1 9 7 0 ) . Table 

X below i n d i c a t e s the v a r i o u s absorbances of c e r t a i n metals 

on the z i n c and cadmium wavelengths. 

i 
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Table I I n t e r f e r e n c e of Various Metals, on the Zinc and 
Cadmium Wavelengths 

Metal I n t e r f e r e n c e on Zn wavelength 
Cone. (mg/l) 
(mg/l) Na K Mg Ca 

' I n t e r f e r e n c e on Cd wavelength 

Na K Mg Ca 

<500 

1000 

2000 

3000 

5000 

1 0000 

0 . 0 0 2 

0.004 

0.01 0 

0 . 0 1 5 

0 . 2 0 9 

un 

0.001 

0 . 0 0 9 

0.018 

un 

0.001 

0.008 

0 . 0 1 6 

0 . 0 6 9 

0 . 1 2 7 

un 

0 . 0 0 3 5 

0 . 0 0 7 5 

0.0111 

0 . 0 2 3 

0 . 0 4 7 

un 

0.001 

0 . 0 0 6 

0 . 0 1 2 

un 

0.001 

0.011 

0.024 

0.051 

0 . 1 6 2 

0 . 2 4 6 

*un - undetectable 

T h i s t a b l e shows that high c o n c e n t r a t i o n of these elements 

can c r e a t e s u b s t a n t i a l i n t e r f e r e n c e i n the determination of z i n c 
i 

and cadmium. For t h i s reason, metal a n a l y s i s was preformed on 
i 

a l l p l a n t and animal d i g e s t i o n s to e v a l u a t e the amount of 
i 

i n t e r f e r e n c e present f o r each s p e c i e s t e s t e d . However, 

i n t e r f e r e n c e was n e g l i g i b l e . Values! f o r concentrations of 
i 

sodium, potassium, magnesium and caljcium were always l e s s than 
j 

150 mg/l of element! F o r example, the case of the hemipteran, 

G e r r i s l a c u s t r i s (Table I I ) . R e f e r r i n g back to Table I , 

i n t e r f e r e n c e a t these l e v e l s i s undetectable. 

Table I I I n t e r f e r e n c e on the Zinc,and Cadmium Wavelengths 
f o r the hemipteran, G e r r i s l a c u s t r i s 

Cone, (mg/l) I n t e r f e r e n c e on I n t e r f e r e n c e on 
Element i n 25 ml f l a s k Zn wavelength Cd wavelength 

(mg /1) I (mg/l) 
Na 2 . 9 undetectable undetectable 
K 7.1 undetectable undetectable 
Mq 1 . 0 5 undetectable undetectable 
Ca 2.1 undetectable undetectable 
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Table I I I . F l o r a and Fauna Survey of,the A c i d Stream 

SPECIES 

FLORA 

1. Angiosperms 

J uncus effusius 

2. Bryophytes 

Drepanocladus f l u i t a n s 
i 
i 

FAUNA. 

1 . I n s e c t s 

or- Hemiptera 

G e r r i s l a c u s t r i s 

S i g a r a sp. 

or. D i p t e r a 

Tendipes sp. 

Dip t e r a n F l i e s 

or. Coleoptera 

Gyrinus sp. 

or- Odonata 

Enallagma cyathigerum 
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Table I V F l o r a and Fauna Survey oft the Neiithead Stream 

SPECIES 

FLORA 

1. Angiosperms 

Juncus effusus 

2. Bryophytes 

Scapania undulata 

3 . Algae 

Hormidium sp. 

FAUNA 

1 . I n s e c t s 

or. Hemiptera 

V e l i a c a p r a i 

or. 

or. 

Ephemeroptera 

Ephemerella sp. 

Coleoptera 

Hydrophilus sp. 

or. T r i c o p t e r a 

Potamophylax l a t i p e n n i s 

Hydropsyche i n s t a b i l i s 

2. Ver t e b r a t e s amphibia 

Rana temporaria 

S t a t i o n ( s ) 

2 , 3 , 4 , 5 , 7-

3 , 5 , 7 . 

6 . 

2 , 3 , 5 , 6 , 7, 8 . 

3 , 4 , 5 , 8 . 

1 , 2 , 3 , 5 , 6 , 7 , 8 

5 , 6 . 

3 , 5 , 6 , 7 . 

2 , 4 , 5 , 7 . 



AREAS SELECTED 
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3 . AREA SELECTED 

3.1 A c i d Stream 

( a ) L o c a t i o n arid I n t r o d u c t i o n 

The a c i d stream studied was located near the town New 

Brancepeth i n County Durham ( F i g . i ) . The stream a r i s e s 

from an underground s p r i n g f i x e d near the top of c o a l heaps 

and flows f o r about 1 . 5 k i l o m e t r e s before e n t e r i n g Red Burn 

and e v e n t u a l l y the R i v e r Wear. F i g u r e 2 i s a more d e t a i l e d 

map of the stream i t s e l f . . The sampling s i t e chosen was a 

s m a l l r e s e r v o i r where the stream ent e r s and l e a v e s ( F i g . 3 ) . 

Stream flow i s n e g l i g i b l e . Bottom sediment was c h a r a c t e r i s e d 

by a f i n e , s i l t y m a t e r i a l . The water depth does not exceed 

1 . 5 metres. P h y s i c a l and chemical f e a t u r e s a r e itemized i n 

S e c t i o n h. The r e s e r v o i r area recorded the h i g h e s t d i v e r s i t y 

of a q u a t i c l i f e . A. survey of the f l o r a and fauna has been 

o u t l i n e d i n Table I I I ( S e c t i o n 2 ) . 

(b) Mining H i s t o r y 

D r i f t mining i n the c o a l seams surroiuiding the stream 

began i n the 18th century and terminated i n 1 9 4 8 . L a t e r , 

s h a f t s were e r e c t e d to reach the deeper seams ( 1 9 2 6 ) and i t 

was not u n t i l 1966 that mining i n the aresi f i n a l l y ceased 

(Robinson 1 9 7 0 ) . The c o a l mined contained a p p r e c i a b l e 

amounts of p y r i t e and m a r c a s i t e . Consequently, the mine 

drainage i n v a r i a b l y contains s u l p h u r i c a c i d and accounts f o r 

the low pH ( ^ 3 ) of the stream. L i t e r a t u r e p e r t a i n i n g to 

the formation of a c i d wastes i s given by Parsons ( 1 9 5 7 ) , and 

Koryak et a l . ( 1 9 7 2 ) . 
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3 . 2 Nenthead Stream 

( a ) L o c a t i o n and I n t r o d u c t i o n 

The a l k a l i n e stream i n v e s t i g a t e d was l o c a t e d a t 

Nenthead v i l l a g e i n the A l s t o n d i s t r i c t i n Bast Cumberland 

( F i g . 1 ) . The beginning of the stream seeps from the s i d e 

and toe of an o l d mine heap and flows south west f o r 2 . 5 

kilometres before e n t e r i n g the R i v e r Nent which l a t e r 

empties i n t o the Tynet: R i v e r . The main stream and many of 

i t s t r i b u t a r i e s are h e a v i l y p o l l u t e d by heavy metal drainage 

d e r i v e d from abandoned z i n c and lead mines. As a l r e a d y 

i n d i c a t e d ( S e c t i o n 1 ) , the Nenthead stream provided a 

n a t u r a l c oncentration gradient of z i n c and cadmium. 

Consequently, eight sampling s i t e s were chosen. F i g u r e h 

o u t l i n e s these s t a t i o n s . The stream i s c h a r a c t e r i z e d by 

s w i f t running water ( F i g . 5 ) except a t s t a t i o n 2 where the 

flow i s slow and s l u g g i s h . Sediment v a r i e s from a g r a v e l 

type a t most s t a t i o n s to a muddy type a t s t a t i o n 2 . P h y s i c a l 

and chemical data f o r the va r i o u s s t a t i o n s are d i s c u s s e d i n 

S e c t i o n h. A f l o r a and fauna l i s t has been presented i n 

Table IV ( S e c t i o n 2 ) . S t a t i o n 2 was used as a comparison to 

the a c i d stream because of s i m i l a r sediment types, heavy 

metal contents and flow r a t e s . 

(b) Mining H i s t o r y 

The Nenthead d i s t r i c t has had an i n t e n s i v e mining 

h i s t o r y . Ironstone was worked i n t h i s region as e a r l y as the -

1 2 t h century and by 1917 the output of the Weardale was about 

300 tons weekly ( C o n t r i l et a l . 1 9 1 9 ) . The p r i n c i p l e z i n c 

bearing r e g i o n of t h i s a r e a i s pos i t i o n e d a t Nenthead ( F i g . 6 ) . 

S p h a l e r i t e i s the only primary z i n c m a t e r i a l of the f i e l d . 



A n a l y s i s of s p h a l e r i t e concentrates i n t h i s region r e v e a l s 

59.9% z i n c and 0 . 26-0.40% cadmium (Dunham 1948). 

i 

I 
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4. RESULTS 

4 ,1 Water A n a l y s i s 

( a ) Acid Stream and S t a t i o n 2 Nenthead Stream 

The pH readings recorded a t the a c i d stream ranged from 

2 . 4 9 to 2 . 7 1 throughout the study. The pH values determined 

a t s t a t i o n 2 were a l s o f a i r l y s t a b l e , v a r y i n g from 6 . 6 to 

6 . 7 (Table V, VTX-IX). 

T a b l e s V-IX show the r e s u l t s of four water c o l l e c t i o n s 

c a r r i e d out during May, June, J u l y and August a t each s i t e . 

Z i n c and cadmium l e v e l s a t both s t a t i o n s ranged as f o l l o w s : 

( mg/l) 

Zn X Cd X 

Aci d Stream 0 . 9 6 5 - 1 . 0 2 7 1 . 0 0 7 0 . 0 0 8 5 - 0 . 0 1 7 0 . 0 1 1 8 

S t a t i o n 2 0 . 9 0-3.40 1 . 6 2 0 . 0 0 7 5 - 0.021 0.014 

Monthly v a r i a t i o n of each element from both s i t e s i s 

shown g r a p h i c a l l y i n F i g s . 7 , 9, 1 0 . 

The c a t i o n s sodium, potassium, magnesium and calcium a l l 

showed h i g h e r l e v e l s i n the a c i d stream than s t a t i o n 2 (Tables 

V - I X ) . These elements a l s o i n d i c a t e d l e s s monthly v a r i a t i o n 

i n the a c i d stream ( F i g s .8 ,12-1 5 ) 

(b) Nenthead Stream 

Tables VI-X and F i g s . 9, 1 0 point out the n a t u r a l 

c o n c e n t r a t i o n gradient of heavy metajls found a t the d i f f e r e n t 

s t a t i o n s . Mean z i n c v a l u e s ranged from 2 8 . 6 ° mg/l a t s t a t i o n 

1 to 4 . 8 4 mg/1 and f i n a l l y , dropped to 0 . 1 5 3 mg/1 a t s t a t i o n 5» 

S i m i l a r l y , mean cadmium l e v e l s v a r i e d from O .O65 mg/l a t 

s t a t i o n 1 to 0 . 0 0 3 mg/l a t s t a t i o n 5 * A d i r e c t c o r r e l a t i o n 

( r = 0 . 9 9 2 0 ) between the aqueous z i n c and cadmium concentrations 



was found along the stream (Table X I and F i g . 1 1 ) . 

Each s t a t i o n showed d i f f e r e n t concentrations of the 

c a t i o n s sodium, potassium, magnesium and calcium (Tables V I -

X ) . Mean sodium values ranged from 8 . 6 6 mg/l a t s t a t i o n 4 

to 3 . 2 2 mg/l a t s t a t i o n 1 . C o n t r a s t i n g l y , mean potassium 

l e v e l s were found lowest a t s t a t i o n 4 and highest a t s t a t i o n 

1 . Mean magnesium and calcium l e v e l s were recorded h i g h e s t 

a t s t a t i o n 5 ( 7 . 9 3 mg/l Mg, 2 8 . 8 5 mg/l Ca) whereas the lowest 

v a l u e s were noted a t s t a t i o n 3 ( 1 . 4 7 mg/l Mg, 8 . 1 4 mg/l C a ) . 

4 . 2 P l a n t A n a l y s i s * j 

(a) Acid Stream and S t a t i o n 2 Nenthead Stream 

Tables X I I - X I V and X V I I show the a c t u a l values of z i n c 

and cadmium accumulated and t h e i r enrichment ( c o n c e n t r a t i o n ) 

r a t i o s expressed i n both dry and ash weights. Acid stream 

f l o r a showed extremely low enrichment v a l u e s . The bryophyte, 

Drepanocladus f l u i t a n s recorded concentration r a t i o s of only 

4 4 . 8 f o r z i n c and 1 4 8 f o r cadmium. Enrichment r a t i o s f o r the 

angiosperm, Juncus e f f u s u s were a l s o low. C o n t r a s t i n g l y , 

J . e f f u s u s c o l l e c t e d a t s t a t i o n 2 r e g i s t e r e d a much enrichment 

of both heavy metals. Chi-square d i s t r i b u t i o n f o r t h i s angio-

sperm from both s i t e s reve;aled that both z i n c and cadmium 

conc e n t r a t i o n values are s i g n i f i c a n t l y ( p < 0 . 0 0 1 ) higher at 

s t a t i o n 2 . Bioaccumulation of each element by the d i f f e r e n t 

s e c t i o n e d p a r t s of the p l a n t species' v a r i e d considerably. 

T h i s i s shown i n Tables X I I - I V and XjVII and g r a p h i c a l l y i n 

P i g s . 1 6 and 1 7 . 

* F o r convenience, the r e s u l t s l i s t e d below are s t a t e d i n 
dry weight f i g u r e s only. 
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(b) Nenthead Stream 

Tables XIV-XXI i n d i c a t e the a c t u a l heavy metal 

concentration and the enrichment r a t i o s of each s p e c i e s 

s t u d i e d . Enrichment r a t i o s v a r i e d f o r each s t a t i o n . The 

bryophyte, Scapania undulata r e g i s t e r e d z i n c enrichment r a t i o s 

which ranged from 828 at s t a t i o n 4 to 19281 a t s t a t i o n 5 . 

S i m i l a r l y , r a t i o s f o r cadmium v a r i e d g r e a t l y , extending from 

819 a t s t a t i o n 7 to 2 4 3 3 a t s t a t i o n 5 . Accordingly, h i g h e s t 

enrichment r a t i o s f o r Juneus e f f u s u s were recorded at s t a t i o n 

5 and the lowest values were noted a t s t a t i o n 7 -

The only a l g a l s p e c i e s analyzed, Hormidium sp. had a 

z i n c c o n c e n t r a t i o n r a t i o of 5 1 6 a t s t a t i o n 6 . However, as 

i n d i c a t e d i n S e c t i o n 2 . 2 , t h i s enrichment r e s u l t may be 

misleading dure to e r r o r s i n p r e p a r a t i o n . 

Accumulation g r a d i e n t s were a l s o found i n the s e c t i o n e d 

p a r t s of Scapania undulata and Juncus e f f u s u s ( F i g a r e 1 7 ) . 
i 

4 . 3 Animal A n a l y s i s * 

( a ) Acid Stream and S t a t i o n 2 Nenthead Stream 

The a c t u a l heavy metal accumulation value and the 

enrichment r a t i o s f o r each s p e c i e s i s shown i n Tables X I I - I V 

and X V I I . 

The most abundant i n v e r t e b r a t e p resent i n the a c i d stream 

was the chironomid Tendipes sp. The1 l a r v a l form of t h i s 

s p e c i e s recorded enrichment l e v e l s of 85.9 f o r z i n c and 1 3 9 

f o r cadmium. R a t i o s of both elements f o r the emerging a d u l t s 

were s i m i l a r . However, values f o r the empty moults of the 

pupal s t a t e were notably higher! 

* F o r convenience, the f o l l o w i n g r e s u l t s are expressed i n 
dry weight f i g u r e s only. 
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A Z i n c concentration 'ratio of 1 3 6 f o r the hemipteran, 

G e r r i s l a c u s t r i s , was the h i g h e s t value recorded f o r a l l the 

a d u l t forms of the a c i d stream*s t r u l y a q u a t i c i n s e c t s . 

C o n t r a s t i n g l y , cadmium l e v e l s were h i g h e s t i n the hemipteran, 

S i g a r a sp. I t i s i n t e r e s t i n g to note that i n both elements, 

enrichment r a t i o s were g r e a t e r i n th'e young than the a d u l t 

stage of G e r r i s l a c u s t r i s . A dragonfly i n the a r e a , 

Enallagma cyathegerum had a c o n c e n t r a t i o n r a t i o of 2 6 9 f o r 

z i n c and 4 4 1 f o r cadmium. 

I n comparison, the hemipteran V e l i a c a p r a i ( a d u l t ) from 

s t a t i o n 2 r e g i s t e r e d an enrichment r a t i o of 4 5 3 f o r z i n c and 

4 2 9 f o r cadmium. S i m i l a r to G e r r i s j l a c u s t r i s , the younger 

stage of V e l i a ca.prai recorded a higher enrichment value than 

the a d u l t stage. Concentration r a t i o s f o r the coleopteran 

Hydrophilus sp. were 2 6 2 f o r z i n c and 3 6 4 f o r cadmium. 

Chi-square d i s t r i b u t i o n on s i m i l a r i n s e c t orders from 

both s i t e s showed that both heavy metals were s i g n i f i c a n t l y 

(p < 0 . 0 0 1 ) higher a t s t a t i o n 2 (Table XXXI). Not too much 

should be taken from t h i s t e s t s i n c e these comparisons were 

done with s i m i l a r orders of i n s e c t s and not the a c t u a l s p e c i e s 

i t s e l f . 

(b) Nenthead Stream 

The a c t u a l heavy metal accumulation value and the 

enrichment r a t i o s f o r each s p e c i e s i s o u t l i n e d i n Tables XIV-

XXI. Enrichment values v a r i e d enormously f o r the s p e c i e s 

concerned. Concentration r a t i o s f o r V e l i a c a p r a i range from 

1 7 4 f o r z i n c and 1 8 1 f o r cadmium a t s t a t i o n 7 to 1 8 7 3 f o r z i n c 

and 9 6 7 f o r cadmium a t s t a t i o n 5» S i m i l a r l y , enrichment 

r a t i o s of both elements f o r the coleopteran Hydrophilus sp. 
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and the t r i c o p t e r a n Hydropsyche i n s t a b i l i s were h i g h e s t a t 

s t a t i o n 5 and lowest a t s t a t i o n 7> 

The t r i c o p t e r a n Potamophylax l a t i p e n n i s and the 

empheropteran Ephemerella sp. recorded the h i g h e s t enrichment 

r a t i o s of a l l the i n s e c t s analyzed. 

The only i n v e r t e b r a t e i n v e s t i g a t e d , Rana temporaria, 

r e g i s t e r e d z i n c c o ncentration r a t i o s which ranged from 3 6 7 

a t s t a t i o n 7 to 3 2 4 2 a t s t a t i o n 5 . Cadmium l e v e l s v a r i e d from 

3 4 1 a t s t a t i o n 4 to 1 6 5 3 a t s t a t i o n 5 . 

C o r r e l a t i o n s between the enrichment r a t i o s and the a c t u a l 

aqueous heavy metal concentrations were attempted f o r each 

element on each s p e c i e s . C o r r e l a t i o n c o e f f i c i e n t s are shown 

i n Table X X I I I and s i g n i f i c a n t r e l a t i o n s h i p s are expressed 

g r a p h i c a l l y i n F i g s . 1 8 - 2 0 . Plant and animal m a t e r i a l 

i n v e s t i g a t e d f o r z i n c showed s i g n i f i c a n t negative c o r r e l a t i o n s 

(p <̂  O . O 5 ) f o r each s p e c i e s . C o n t r a s t i n g l y , only J uncus 

ef f u s u s and Ephemerella sp. showed s i g n i f i c a n t c o r r e l a t i o n s 

f o r cadmium. 

4 . 4 P a r t i c u l a t e Matter and Sediment 

(a) Acid Stream and S t a t i o n 2 Nenthead Stream 

Zinc incorporated as p a r t i c u l a t e matter a t s t a t i o n 2 was 

3 8 0 X g r e a t e r than the v a lues recorded i n the a c i d stream. 

S i m i l a r l y , the cadmium l e v e l i n suspended matter a t s t a t i o n 2 

was 3 2 h i g h e r than the f i g u r e noted i n the a c i d stream 

(Table XXIV). 

Both s i t e s had a c h a r a c t e r i s t i c muddy bottom sediment. 

Sediment values a t s t a t i o n 2 had 3 5 2 X more z i n c and 51 OX 

more cadmium than sediment from the a c i d stream (Table XXV). 
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Chi-square d i s t r i b u t i o n showed ' s i g n i f i c a n t d i f f e r e n c e s 

(p <^ 0 . 0 0 1 ) f o r the co n c e n t r a t i o n of z i n c and cadmium i n 

p a r t i c u l a t e matter and sediment f o r both s i t e s (Table XXVl). 

(b) Nenthead Stream 

P a r t i c u l a t e .matter readings were not attempted f o r each 

s t a t i o n . Sediment v a l u e s v a r i e d enojrmously between the 

s t a t i o n s . No s i g n i f i c a n t c o r r e l a t i o n was found to suggest 

a gradient (Table XXVIX). 



Table V Water A n a l y s i s Acid Stream 

1 5 / V / 7 3 2 2 / V I / 7 3 2 0 / V I I / 7 3 5 / V I I I / 7 3 Mean 

Temp.°C 9 . 4 2 1 . 3 ; / 1 6 . 1 1 7 . 0 

pH 2 . 7 1 2 . 4 9 2 . 6 5 2 . 6 8 

Na 1 2 . 9 8 1 1 . 6 1 7 . 3 1 7 . 5 14.8± 

K 1 . 2 1 0 . 4 0 1 3 - 3 1 4 . 0 7 . 2 I 2 . 3 

Mg 60.80 85.O 5 3 . 5 5 4 . 4 6 3 . 4 ± 7 . 9 

Ca 5 9 . 5 7 5 5 . 6 7 0 . 0 7 0 6 3 . 8 + 7 . 9 

Zn 1 . 0 2 6 1 . 0 2 7 1 . 0 1 0 . 9 6 5 1 . 0 0 7 ± 0 . 0 8 

Cd 0.01 0 . 0 1 7 0.012 0.0085 0 . 0 1 1 8 ± 0 . 0 0 3 

* N.B. A l l r e s u l t s i n mg/l 

l 
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Table VI Water Analysis; Nenthead Stream 1 5 / V / 7 3 

S t a t i o n Na K Mg Ca Zn Cd 

1 - 1 . 0 9 3 . 9 1 6 . 3 2 0 . 2 0 . 0 6 5 

2 - 0.64 2 . 1 1 2 . 1 3 . 3 4 0 . 0 1 3 

3 - 0 . 7 3 1 . 5 5 3 . 7 2 . 9 4 0 . 0 0 2 

4 - 0 . 6 1 1 . 3 3 5 - 1 4 . 2 2 0 . 0 2 4 

5 - - 0 . 1 5 0 . 0 0 1 

6 - 0 . 6 5 2 . 1 9 . 0 1 . 6 3 0 . 0 1 5 

7 - 1 . 1 7 2 . 9 9 . 8 4 . 7 1 0 . 0 1 0 

8 - O . 7 6 2 . 4 9 . 8 1 . 5 9 0 . 0 0 6 

i 
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Table V I I Water A n a l y s i s Nenthead,Stream 1 3 / V I / 7 3 

S t a t i o n P H N a K M S C a Z n c d 

* 1 1 7 . 9 6 . 4 5 3 - 3 1 . 4 7 5 . 1 2 3 . 5 2 7 . 6 

2 1 8 . 0 6 . 6 5 . 9 0 1 . 0 4 1 . 7 3 1 3 . 4 0 . 9 0 0 . 0 1 5 

3 1 8 . 3 6 . 7 6 . 5 O . 1 7 1 . 6 0 1 0 . 8 0 . 8 1 0 0 . 0 0 5 5 

4 1 8 . 1 5 . 6 3 7 . 7 0 . 0 7 7 1 . 7 3 9 . 6 5 6 . 0 9 0 . 0 1 5 

5 1 6 . 5 6 . 4 8 . 9 O . 6 5 2 . 3 1 6 . 4 0 . 1 4 0 0 . 0 0 3 

6 1 7 . 4 6 . 5 5 . 6 1 . 1 1 7 . 4 2 7 . 6 2 . 0 0 . 0 0 6 

7 1 7 . 6 6 . 1 0 4 . 4 1 . 2 4 3 . 5 i t . 7 3 . 8 0 . 0 1 1 

8 1 7 . 8 6 . 3 5 . 0 1 . 1 6 6 . 5 2 5 . 7 2 . 0 0 . 0 1 5 

* Water a n a l y s i s 2 5 / V I / 7 3 
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Table V T I I Water A n a l y s i s Nenthead Stream 4 / V T I / 7 3 

Temp. 

Statxon ^ o c j pH Na K Mg Ca Zn Cd 
1 1 9 . 1 6 . 5 - - - 3 7 . 5 

2 1 9 . 2 6 . 7 6 . 0 0 . 2 6 2 . 1 2 1 6 . 4 1 . 3 0 0 . 0 2 1 

3 1 9 . 5 6 . 6 5 5 - 8 0 . 3 3 1 - 3 4 8 . 3 0 . 5 0 0 . 0 1 5 

4 1 9 . 5 5 . 6 5 9 . 9 O . 3 2 2 . 1 7 1 0 . 7 5 . 3 8 0 . 0 2 2 

5 1 7 . 5 6 . 4 8 . 3 0.24 2 . 3 4 1 5 . 2 0.140 0.008 

6 1 8 . 5 6 . 7 5 5 . 7 0 . 6 8 1 2 . 1 3 3 6 . 5 1 . 5 5 0 . 0 1 5 

7 1 9 . 2 5 6 . 1 5 4 . 6 0.82 3 . 8 1 1 2 . 2 2 . 3 8 0 . 0 1 6 

8 2 0 . 2 5 6 . 3 5 5 . 5 0 . 8 6 3.81 2 6 . 5 1 . 3 8 0 . 0 2 0 

1 
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Table I X Water A n a l y s i s Nenthead,Stream 4 / V I I I / 7 3 

S t a t i o n P'H Na K Mg Ca Zn Cd 

2 1 9 - 3 6 . 7 5 5 . 3 0 . 4 3 6 . 9 1 8 . 1 0 . 9 7 0 0 . 0 0 7 5 

3 1 9 . 4 6 . 7 6 . 5 0 . 3 1 1 . 4 1 0 . 1 0 . 6 9 0 0 . 0 0 6 

4 1 9 . 6 5 . 5 8 . 4 0 . 4 7 1 . 3 7 . 1 3 . 6 6 0 . 0 0 9 5 

5 1 8 . 3 6 . 4 7 . 8 0 . 1 5 2 . 1 1 4 . 9 0 . 1 8 3 0 . 0 0 1 

6 1 8 . 6 6 . 4 6 . 0 0 . 4 2 1 0 . 1 2 2 . 3 1 . 7 5 O.OO65 

7 1 8 . 7 6 . 0 6 . 4 0 . 4 5 3 . 0 1 0 . 1 3 . 1 7 0 . 0 0 9 5 

8 1 9 . 5 0 6 . 2 5 5 . 5 5 0 . 1 5 4 . 9 1 8 . 2 1 . 6 5 0 . 0 0 6 
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Table X;, Mean Element Values f o r each S i t e ( 4 c o l l e c t i o n s ) 

S i t e Sodium 
mg/l 

Potassium 
mg/l 

Magnesium 
mg/l 

Calcium 
mg/l 

Zi n c 
mg/l 

Cadmium 
mg/l 

1 3 . 3 2 1 . 2 8 4 . 5 3 1 9 . 9 2 2 8 . 4 ± 6 . 0 0 . 0 6 5 

2 5 . 7 1 0 . 5 9 3 3 . 2 2 1 5 . 0 0 1 . 6 2 ^ 0 . 7 8 1 0 . 0 1 4 ^ 0 . 0 0 5 

3 6 . 2 6 0 . 4 2 2 1 . 4 7 8 . 2 3 1 . 2 3 ^ 0 . 6 5 4 0 . 0 0 7 ^ 0 . 0 0 0 8 

4 8 . 6 6 0 . 3 6 9 1 . 6 3 8 . 1 4 4 . 8 4 ± 1 . 9 4 0 . 0 1 7 6 ^ 0 . 0 0 8 

5 5 . 7 6 0 . 7 1 5 7 . 9 3 2 8 . 8 5 0 . 1 5 3 ^ 0 . 0 4 0 . 0 0 3 ^ 0 . 0 0 9 

6 8 . 3 3 O . 38O 2 . 4 5 1 5 . 5 0 1 . 7 3 i 0 . 6 8 0 0 . 0 1 0 6 ^ 0 . 0 0 3 3 

7 5 . 1 3 0 . 9 2 0 3 . 3 3 1 0 . 9 5 3 . 5 1 - 1 . 7 0 . 0 1 1 6 - 0 . 0 0 3 

8 5 . 3 5 0 . 7 3 2 4 . 4 2 0 . 0 5 1 . 6 6 ^ 0 . 7 1 0 . 0 1 1 7 - 0 . 0 0 4 

Table X I C o r r e l a t i o n C o e f f i c i e n t between Zinc and Cadmium 
D i s t r i b u t i o n i n the Nenthead Stream 

r s i g 

0 . 9 9 2 0 7 < 0 . 0 0 1 
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Table X I I Enrichment R a t i o f o r the F l o r a and Fauna of the 
Ac i d Stream 

- ZINC -
Zn (aq) 1 . 0 0 7 mg /1 

SPECIES No of Zinc (mg/kg) Enrichment R a t i o 
Samples flry wt ash wt dry wt ash wt 

FLORA 
Angiosperms 

Juncus e f f u s u s ( 0 - 1 5 0 mm ) 1 3 7 . 5 4 5 7 . 5 3 4 . 7 4 5 4 

( 1 5 0 - 3 0 0 mm ) 1 3 5 4 3 2 . 5 3 4 . 7 4 3 0 

( )> 3 0 0 mm ) 1 3 0 3 8 0 2 9 . 8 3 7 7 

Bryophytes 

Drepanocladus f l u i t a n s 3 4 5 . 3 ± 7 4 i 4 ± 2 4 4 4 . 8 411 

(stems) 1 4 4 . 6 2 9 7 4 4 . 3 2 9 5 

( l e a v e s ) 1 4 2 . 4 6 5 8 42 . 1 6 5 3 

( 0 - 5 0 mm) 1 5 2 4 8 6 51 . 6 4 8 3 

( 5 0 - 1 0 0 mm) 1i 48 448 4 7 . 6 4 4 5 

( > 1 0 0 mm) 1 3 3 3 0 8 3 2 . 7 3 0 6 

( d e t r i t u s ) 3 3 5 7 4 1 . 2 3 5 4 

FAUNA 

I n s e c t s : 

TTendipes sp. ( l a r v a ) 4 86.5-&Z2. i 0 2 5 - 6 4 8 5 . 9 1 0 1 8 

(moults) 1 1 3 9 . 7 2 3 4 2 1 3 9 2 3 2 5 

( a d u l t s ) 3 91 . 6 ^ 1 0 . 2 1 0 8 6 ± 8 3 9 0 . 9 2 0 7 2 

D i p t e r a n f l i e s 1 1 5 7 . 5 1 9 5 5 1 5 6 1 9 4 1 

G e r r i s l a c u s t r i s (young) 3 1 8 2 . 5 - 3 1 2 7 0 0 ^ 9 4 1 8 1 2 6 8 1 

( a d u l t s ) 3 1 3 7 . 3 - 2 0 2 0 6 5 ^ 6 5 1 3 6 2 0 5 1 

S i g a r a sp. 1 11 0 1 4 3 0 109 — i > 
1420 

Gyrinus sp. 3 9 0 . 2 ± 4 . 6 8 9 . 6 ^ 1 1 9 3 - 4 11 :85 

Enallagma oejoaithigerum 1 2 7 1 1 0 3 0 2 6 9 1 0 2 3 

I 
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Table X X I I '. Enrichment R a t i o s f o r the jFlora and Fauna of the 
Ac i d Stream 

- CADMIUM -
Cd(aq) 0.0118 mg/kg 

No of Cadmium mg/kg Enrichment R a t i o 
Samples dry wt ash wt dry wt ash wt 

FLORA. 

Angiosperms 

Juncus e f f u s u s ( 0 - 1 5 0 mm) 1 1 . 6 8 3 1 . 8 2 2 7 2 6 9 5 

( 1 5 0 - 3 0 0 mm) 1 2 . 2 0 2 6 . 8 186 2 2 7 1 

( ^ > 3 0 0 mm) 1 0 . 9 1 0 . 7 7 7 9 0 7 

Bryophytes 

Drepanocladus f l u i t a n s 1 1 . 7 5 1 6 . 3 148 1 3 7 9 

(stems) 1 1 . 7 6 11 . 7 1 4 9 9 9 2 

( l e a v e s ) 1 I . 6 7 2 6 . 5 142 2 2 4 6 

( 0 - 5 0 mm) 1 5 . 0 4 5 424 3 8 1 5 

( 5 0 - 1 0 0 mm) - - - -
( > 1 0 0 mm) 1 1 . 2 5 11 . 6 1 0 6 9 8 3 

( d e t r i t u s ) 1 1 .215 8 . 1 1 0 6 6 8 6 

FAUNA 

I n s e c t s 

VEendipes sp. ( l a r v a ) 1 1 .64 1 9 . 6 1 3 9 1 6 6 1 

(moults) 1 1 . 9 8 31 . 7 1 6 8 2 6 8 5 

( a d u l t s ) 1 1 . 6 0 3 7 . 3 1 3 6 3 1 7 9 

D i p t e r a n f l i e s 1 3 . 1 3 7 . 5 2 6 3 3 1 7 9 

G e r r i s l a c u s t r i s (young) 1 2 . 5 3 7 . 3 2 1 2 3 1 5 8 

(adults?) 1 2 . 4 3 6 2 0 3 3 0 5 1 

S i g a r a sp. 1 2 , 5 1 3 2 . 6 21 3 2 7 6 3 

Gyrinus sp. 1 2 . 3 3 0 . 4 1 9 5 2 5 7 6 

Enallagma cgyathigerum 1 5 . 2 1 9 . 8 4 4 1 1 6 7 8 



T a b l e X I V Enrichment Rat i o f o r the F l o r a and Fauna of S t a t i o n s 1 and 2 

- ZINC -

S t a t i o n 1; ZN(aq) 2 8 . 4 mg/l:3 S t a t i o n 2 ZN(aq ) 1 . 6 2 mg/i ' ir -L> 

SPECIES No of Zinc (mg/kg) Enrichment 'Ratio No of Zinc (mg^cg) Enrichment R a t i o SPECIES samples dry wt ash wt dry wt ash wt samples dry wt ash wt dry wt ash wt 

FLORA 
Angiosperms 

Juncus effusus 
( 0 - 1 5 0 mm) - - -/ ^ ^ w ~ • J O T _/ — i 

( 1 5 0 - 3 0 0 mm) - - 3 4 5 7 * 3 2 5 9 6 4 * 1 H O 2 8 2 3 6 8 1 

( > 3 0 0 mm ) — — — — 3 4 0 3 - 3 0 4 8 3 4 ± 9 5 2 4 9 2 9 8 4 

• 
FAUNA 

I n s e c t s 
V e l i a c a p r a i 

(young) - - 1 8 5 0 1 2 7 5 0 5 2 7 7 8 7 0 

(.adults ) - - 3 7 3 4 + 4 0 1 1 1 8 7 - 1 5 0 4 5 3 6 9 0 5 

Hydrophilus sp. 1 U 5 0 5 6 3 5 9 = 2 6 1 2 0 1 hp* • — —* 5 6 1 0 2 6 2 

V e r t e b r a t e s 

Rana temporaria 1 1 1 8 3 7 3 0 



Table XV Enrichment R a t i o s f o r the F l o r a and Fauna of S t a t i o n s 3 and 4 

- ZINC 

S t a t i o n 3 ZN(aq) 1 .23 mg/ki S t a t i o n 4 ZN(aq) 4 . 8 4 mg/vL 

SPECIES No of 
samples 

Zinc 
dry wt 

(mg/fcfe) 
ash wt 

Enrichment R a t i o 
dry wt ash wt 

No of 
samples 

Zinc (mg/fcg) 
dry wt ash wt 

Enrichment 
dry wt 

Ra t i o 
ash wt 

FLORA 

Angiosperms 

Juncus e f f u s u s 
(150-300 mm) 1 448 5168 364 4 2 0 1 1 565 6 8 0 0 11 7 1 405 

Bryophytes 
Scapania undulata 3 4820^79.3 21678±170 3919 17624 3 4109-73 18381±162 828 3798 

(0-30 mm) 1 13217 59616 10746 48468 - - -
(30-60 nun) 1 4550 20450 3699 16626 - - 0 

(top 20-30 mm) 3 4389^76 19748^168 3568 16055 - - -

I n s e c t s 

V e l i a c a p r a i 
( a d u l t s ) 1 664 9954 539 8093 - - -

Ephemerella sp. 1 1219 11867 991 9648 1 1700 16490 351 3407 
Hydrophilus sp. 
Hydropsyche 

i n s t a b i l i s 

1 

3 

329 

769±32 

4426 

6915 !99 

267 

625 

3529 

5622 

1 488 6387 101 1 320 

Vert e b r a t e s 
Rana temporaria - - - - 1 2050 424 -



Table 3CVI Enrichment R a t i o s f o r the F l o r a and Fauna of S t a t i o n s 5 and 6 

- ZINC -

S t a t i o n 5 Zn(aq) 0.153 mgAs S t a t i o n 6 ZN(aq) 1.73 mg/trC 
No of 

SPECIES samples 
Zinc (mg/fcg) 

dry wt ash wt 
Enrichment Ratio 
dry wt ash wt 

No of 
samples 

Zinc (nig/kg) 
dry wt ash wt 

Enrichment Rat 
dry wt ash w 

FLORA 
Angiosperms 

Juncus e f f u s u s 
(150-300 mm) 1 195 236O 1 274 1 5426 - - -

Bryophytes 
Scapania undulata 3 2950-61 . 6 13269*133 19281 86726 - - -

Algae 
Hormidium sp. - - - - 3 892*34 2791*133 516 161 3 

FAUNA 
I n s e c t s 

V.e 1 i a _ c apra i 
(young) 1 4 0 3 6038 2631 3 9 4 6 4 - - -

( a d u l t s ) 1 285 4275 1863 27941 1 770 11.550 445 6676 

Ephemer-ella sp. 1 5 4 0 5 1 8 4 3542 3 4 0 8 0 - - -
Potaraorphylax 

l a t i p e n n i s ( b o d y ) 3 1 9 8 9 * 5 9 . 6 7063*138 12993 46164 3 7772*102 31333*250 4493 18112 

"house" 1 685 - 4477 - 1 2361 1364 -
Hydropsyche 

i n s t a b i l i s 3 446*25 41 50*85 2915 271 24 3 799*30 7240*93 462 41 85 
Hydrophilus sp. 

Ve r t e b r a t e s 
1 153 1980 993 1 2941 1 440 58O8 254 3357 

Rana temporaria 1 496 - 3242 - - - -



Table X V I I Enrichment Rati o f o r the F l o r a and Fauna of S t a t i o n s 7 and 8 Table X V I I 

- ZINC -
S t a t i o n 7 ZN(aq) 3.5 mg/Itfj S t a t i o n 8 ZN(aq) 1 .66 mg/Hi-

SPECIES N o o f 

samples 
Zinc (mg/kjg) 

dry wt ash wt 
Enrichment R a t i o 
dry wt ash wt 

No of Zinc (mg/kg) 
samples dry wt ash wt 

Enrichment R a t i o 
dry wt ash wt 

FLORA 
Angiosperms 

Juncus eff u s u s 
(150-300 mm) 1 243 2903 69.2 827 - - -
Bryophytes 

Scapania undulata 3 3906±72 17538±162 1113 4997 - - -
FAUNA •ti

ro 
I n s e c t s • 

V e l i a c a p r a i 
( a d u l t s ) 1 610 9150 1 74 2607 1 773 11752 472 7080 

Hydrophilus sp. 1 260 3410 74 972 1 450 5635 259 3395 
Ephemerella sp. - - - - 1 156k 15020 942 9048 

Hydropsyche 
i n s t a b l l i s 3 507-^2 4748±120 144 1353 - - -
Vertebrates 

Rana temporaria 1 1287 367 



Enrichment R a t i o s f o r the F l o r a and Fauna of S t a t i o n s 1 and 2 

- CADMIUM -

S t a t i o n 1 Cd(aq) O.O65 mgfc-S S t a t i o n 2 Cd(aq) 0.014 mg/tc 

SPECIES No of 
samples 

Cadmium 
dry wt 

(mg/kg) 
ash wt 

Enrichment R a t i o 
dry wt ash wt 

No of 
samples 

Cadmium (mg/kg) 
dry wt ash wt 

Enrichment R a t i o 
dry wt ash wt 

FLORA 

Angiosperms 

Juncus e f f u s u s 
(0-1 50 mm) 3 6.0-2.0 80.1±14.8 429 5721 - - -
(150-300 mm) 3 3.65^1 .1 45.8^15.1 261 3271 - -
( >300 mm) 3 2.2±0.7 26.8±8.8 157 1914 -

• 

FAUNA 
I n s e c t s 

V e l i a c a p r a i 
(young) 

( a d u l t s ) 

1 

1 

6.3 

6.0 

128 

92.6 

450 

429 

6750 

6614 

- - -

Hydrophilus sp. 1; 5.1 67.8 364 4843 1 5.85 77.2 108 1400 

Ver t e b r a t e s 

Rana temporaria 1 1 8.7 1336 



Table XIX Enrichment R a t i o s f o r the F l o r a and Fauna of S t a t i o n s 3 and 4 

• CADMIUM 

S t a t i o n 3 Cd(aq) 0.007 mg/l;;: S t a t i o n 4 Cd(aq) 0.0176 mg/ilsv 

SPECIES N o o f 

Samples 
Cadmium 

dry wt 
(mg/k^ 
ash wt 

Enrichment R a t i o 
dry wt ash wt 

No of Cadmium (mg/kg) 
samples dry wt ash wt 

Enrichment R a t i o 
dry wt ash wt 

FLORA 
Angiosperms 

Juncus ef f u s u s 
(150-300 mm) 1 3.60 42.8 514 6114 1 4.2 53.8 238 3057 

Bryophytes • 

Soapania undulata - - - - 3 15.0±4 62.1±9.1 852 3528 

(0-30 mm) 1 51 .7 236 7386 33714 - -
(30-60 mm) 1 33 152 4714 21714 - _ _ -F 

• 
(top20-30 mm) 1 14.5 66 2071 9428 - -

FAUNA 
I n s e c t s 

V e l i a c a s r a i 
( a d u l t s ) 1 * 0 88.9 843 12700 - -

Ephemerella sp. 1 10.25 97.6 1464 13943 1 12 122 682 6932 
Hydrophilus sp. 1 5.09 67.1 727 9586 1 5.5 80.8 312 4591 
Hydropsyche 

i n s t a b i l i s 3 14.7-1 .6 136±13.2 21 00 1 9429 - -
V e r t e b r a t e s 

Rana temporaria — — — 1 22.68 341 1 



Table XX Enrichment R a t i o s f o r the F l o r a and Fauna of S t a t i o n s 5 and 6 

• CADMIUM 

S t a t i o n 5 Cd(aq) \ 
0.003 mg/1- S t a t i o n 6 Cd(aq) 0.0106 mg/1.-̂  

SPECIES N ° ° f 

samples 
Cadmium 

dry wt 
(mg/kg) 

ash wt 
Enrichment Rat i o 
dry wt asE wt 

No of Cadmium 
samples dry wt 

(mg/kg) 
ash wt 

Enrichment R a t i o 
dry wt ash wt 

FLORA 
Angiosperms 

Juneus eff u s u s 
(150-300 mm) 
Bryophytes 

Scapania undulata 

1 

•4 

1 .65 

7.3 

20 

40 

550 

2433 

666 

13333 

- - - -

FAUNA 
I n s e c t s 

V e l i a c a p r a i 
(young) 1: 3.3 49.5 11 00 16500 

( a d u l t s ) 1 2.9 44.1 967 14700 1 5.5 96.3 518 9085 
Patamorphylax 
l a t i p e n n i s (body) 

(house) 
3 
1 

2.5-0.3 
5.7 

8.75-1.6 833 
1 906 

2866 3 29-3.0 
1 11.3 

103± 2736 
1066 

9717 

Hydropsyche 
i n s t a b i l i s 

Ephemerella sp. 
3 

1 

4.2±0.9 

3.5 34.2 

1400 

1166 

19100 

11400 

1 21 206 1981 19434 

Hydrophilus sp. 1 1 .75 22.8 583 5733 1 5.78 75.2 488 7094 
Vertebrates: 

Rana temporaria 1 4.96 - 1653 - - - - -



Table XXI Enrichment Ratio f o r the F l o r a and Fauna of S t a t i o n s 7 and 8 

- CADMIUM -

S t a t i o n 7 Cd(aq) 0.0116 m S t a t i o n 8 Cd (aq) 0.0117 mg/jta 

No of SPECIES samples 
Cadmium (mg/kg) 

dry wt ash wt 
Enrichment R a t i o 
dry wt ash wt 

No of 
samples 

Cadmium (mg/kg) 
dry wt ash wt 

Enrichment R a t i o 
dry wt ash wt 

FLORA 
Angiosperms 

Juncus e f f u s u s 
(150-300 mm) 1 2.09 23.5 181 2026 - -

Bryophytes 
Scapania undula :ta 1 9.5 42.1 81 9 2629 - -

FAUNA. 
0 
• 

I n s e c t s 

V e l i a c a p r a i 
( a d u l t s ) 1 5.05 75.25 434 6488 - -

Ephemerella sp. - - - 1 11.8 118.2 1 008 10103 

Hydropsyche 
i n s t a b i l i s - - - 1 8.07 75.6 690 6466 

Hydrophilus sp. 1 2 . 4 2 32.4 209 2793 1 5.19 75.6 444 6462 

Vertebrates^ 
Rana temporaria 1 6.02 367 
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Table X X I I Chi-square D i s t r i b u t i o n Comparing B i o l o g i c a l M a t e r i a l , 
P a r t i c u l a t e Matter and Sediment from the Acid Stream 

and S t a t i o n 2 Nenthead Stream 

Comparison Value 
Zn 

s i g Value 
Cd 

s i g 

Juncus e f f u s u s 
(150-300 mm) 193 ^0.001 12.6 <fo.ooi 

Hemiptera 
(young) 169 ^0.001 85.6 <0.001 

( a d u l t ) 1 70 <£ 0.001 80 <0.001 

Coleoptera 34.6 ^0.001 51 <0.001 

P a r t i c u l a t e Matter 20 <0.001 69.8 Co.001 
Sediment 3654 <To.ooi 122 <(o.ooi 

Table X X I I I 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 
Nenthead Stream 

Organisms of the 

Z i n c Cadmium 

Species r s i g r s i g 

FLORA 

Juncus e f f u s u s 
(150-300 mm) -0.8847 ^ 0.02 -0.8077 <0.05 

Scapania undulata -0.9517 4. 0.05 -0.7481 Not s i g 

FAUNA 

V e l i a c a p r a i -0.9687 C 0.001 -0.7318 Not s i g 

Hydrophilus sp. -0.8946 C 0.001 -0.6540 Not s i g 

Ephemerella sp. -0.9217 • C o . 05 -0.8218 0.05 
Hydropsyche i n s t a b i l i s -0.9719 Z 0.01 -0.8106 Not s i g 

Rana temporaria -0.8875 < 0.05 -0.7231 No t s i g 
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Table XXIV Concentration of Zn and Cd i n P a r t i c u l a t e Matter 
from the Acid Stream and S t a t i o n 2 Nenthead Stream 

P a r t i c u l a t e Matter Zinc Q 
mg/lf;x 

Enrichment 
Ratio 

Cadmium 
rng/1,:;: 5! 

Enrichment 
Rat i o 

Acid Stream 

S t a t i o n 2 

0„516±0.21 

196^32 

0.512 0.039^0.007 3.30 

21 1.25-0.35 89 

Table XXV Concentration of Zn and Cd i n Sediment from 
the Acid Stream 

Zinc Enrichment Cadmium Enrichment Type of 
rag/kg dry wt R a t i o mg/kg dry wt R a t i o Sediment 

Sediment l6.8±4.1 16.7 0.40±0.10 33-9 muddy 
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Table XXVI Concentrations of Zn and Cd i n sediments from 
the Nenthead Stream 

Z i n c Enrichment Cadmium Enrichment Type of 
S t a t i o n mg/kg dry wt R a t i o mg/kg dry wt Ra t i o sediment 

1 - - 11.9*3-5 183 g r a v e l 

2 6004±82 3706 1.86^0.49 204 muddy 

3 543*93 442 2.5*1.0 351 g r a v e l sand 

5 42.2*6.8 276 0.0215-0.0009 7 g r a v e l 

6 1067-38 617 4.6-0.8 434 g r a v e l 

7 124t*58 354 6.6*2.3 569 g r a v e l 

8 1603±75 3.11*1.1 g r a v e l 

Table XXVII C o r r e l a t i o n C o e f f i c i e n t f o r Sediment of the 
Nenthead Stream 

Z i n c Cadmium 
r S i g r S i g 

Sediment 0.13637 not s i g 0.13640 not s i g 



MAY 15 JUNE 15 JULY15 AUGUST15 
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5. DISCUSSION 

5.1 A c i d S t r e a m and S t a t i o n 2 iNenthead Stream 

Z i n c and cadmium c o n c e n t r a t i o n s i n the a c i d w a t e r 

remained r e l a t i v e l y c o n s t a n t throughout t h i s s t u d y . The 

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

d i s t r i b u t i o n to be more s t a b l e and f l u c t u a t e l e s s t h a n t h e 

heav y m e t a l s p r e s e n t a t s t a t i o n 2. High v a r i a t i o n s a t s t a t i o n 

2 (and t h e r e s t o f t h e Nenthead S t r e a m s t a t i o n s ) c a u s e s some 

u n c e r t a i n t y about t h e mean heavy m e t a l c o n c e n t r a t i o n , and t h i s 

c o u l d s e r i o u s l y a f f e c t t h e e n r i c h m e n t r a t i o s ( S e c t i o n 2.1) o f 

th e b i o t i c m a t e r i a l c o n c e r n e d . Water s a m p l e s s h o u l d have been 

t a k e n more r e g u l a r l y . 

C h i - s q u a r e d i s t r i b u t i o n h a s s u g g e s t e d t h a t e n r i c h m e n t 

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

t h e a c i d s t r e a m t h a n s t a t i o n 2. The uptake and a c c u m u l a t i o n o f 

z i n c and cadmium a r e a f f e c t e d by t h e a c i d n a t u r e o f the w a t e r . 

Mechanisms by w h i c h heavy m e t a l s c a n become a s s o c i a t e d 

w i t h s t r e a m f l o r a a r e by a d s o r p t i o n and ion-exchange p r o c e s s e s . 

The s i t u a t i o n i n the a c i d s t r e a m i s u n i q u e . A d s o r p t i o n o f 

t h e s e e l e m e n t s by a d h e r s i o n to the p l a n t ' s s u r f a c e would be 

n e g l i g i b l e s i n c e most h e a v y m e t a l s t e n d to s t a y i n s o l u t i o n i n 

a c i d i c e n v ironments . Van ©retxtingen (1 970) r e p o r t s t h a t t h r e e -

q u a r t e r s o f a l l a v a i l a b l e z i n c was i n s o l u t i o n i n t h e a c i d 

s t r e a m s (pH2.5-3.8) he i n v e s t i g a t e d . V a l u e s o f t h i s n a t u r e 

would p r o b a b l y have been o b t a i n e d from a more d e t a i l e d s t u d y 

o f t h e a c i d s t r e a m s i n c e v e r y l i t t l e z i n c o r cadmium was 

i n c o r p o r a t e d i n p a r t i c u l a t e m a t t e r o r sediment ( S e c t i o n 4.4). 
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L i k e a d s o r p t i o n , a b s o r p t i o n through t h e l e a f and r o o t 

s y s t e m s would a l s o be m i n i m a l . T h i s c o u l d be a t t r i b u t e d to 

t h e t y p e o f c a t i o n exchange components i n the c e l l w a l l . 

I o n exchange c a p a . c i t i e s o f F u c u s and U l v a vrere found to be 

pH s e n s i t i v e ( G u t k n e c h t 1963). Poor u p t a k e and a c c u m u l a t i o n 

r a t e s p r o b a b l y a c c o u n t f o r the f l o r a ' s low e n r i c h m e n t v a l u e s . 

C o n c e n t r a t i o n r a t i o s f o r t h e p l a n t s p e c i e s o f t he more 

a l k a l i n e s t a t i o n 2 a r e much h i g h e r s i n c e more m a t e r i a l c o u l d 

be d e r i v e d from s o l u t i o n and s e d i m e n t . 

I n v e r t e b r a t e ^ forms have many pathways f o r s o r p t i o n o f 

hea v y m e t a l s . Not o n l y c a n t h e s e e l e m e n t s be a b s o r b e d on the 

s u r f a c e (Duke e_t a l . 1966) o r a b s o r b e d through t h e membrane 

( B r y a n 1971) but a l a r g e q u a n t i t y c a n be a b s o r b e d e i t h e r 

d i r e c t l y o r i n d i r e c t l y through t h e food c h a i n ( C r o s s e t a l . 

1970). Lowman e t a l . (1966) s t a t e s t h a t p r o b a b l y t h e t o t a l 

amount o f he a v y m e t a l p a s s e d between t r o p h i c l e v e l s i s r e l a t e d 

t o the amount a s s o c i a t e d w i t h t h e foo d . Most ene r g y i n 

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

r a t h e r t h a n t h e h e r b i v o r e food c h a i n ( S a u n d e r s 1972). The 

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

(1973) c l a s s i f i c a t i o n a s b a s i c a l l y d e t r i t i v o r e s w i t h the 

e x c e p t i o n o f B n a l l a g m a cya- t h i g e r u m , a c a r n i v o r e . Food s o u r c e s 

o f t h e s e d e t r i t u s f e e d e r s would be m a i n l y d e r i v e d from 

p a r t i c u l a t e m a t t e r and se d i m e n t . However, c o n c e n t r a t i o n s o f 

z i n c and cadmium i n p a r t i c u l a t e m a t t e r and sediment show 

e x t r e m e l y low l e v e l s . A l s o , a s i n the a c i d s t r e a m f l o r a , 

a b s o r p t i o n through membranes and a d s o r p t i o n on the a n i m a l ' s 

s u r f a c e would a l s o be n e g l i g i b l e . As a r e s u l t , low e n r i c h m e n t 

l e v e l s would be e x p e c t e d . 
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High, c o n c e n t r a t i o n r a t i o s would o b v i o u s l y be t he c a s e 

f o r t h e i n s e c t f a u n a o f s t a t i o n 2. E n e r g y f l o w i s p r o b a b l y 

a l s o b a s e d on a d e t r i t u s s y s t e m . Mean l e v e l s o f z i n c and 

cadmium i n p a r t i c u l a t e m a t t e r and sediment were s e v e r a l 

magnitudes h i g h e r t h a n i n t h e a c i d s t r e a m . 

The h i g h l e v e l s of sodium, p o t a s s i u m , magnesium and 

c a l c i u m i n t he a c i d s t r e a m c o u l d a l s o modify t h e uptake and 

a c c u m u l a t i o n o f h e a v y m e t a l i o n s ( S e c t i o n 1.2a). W i t h s i m i l a r 

l e v e l s o f c a l c i u m , B r y a n (1967) d e m o n s t r a t e d t h a t z i n c 

a b s o r b a n c e i s r e d u c e d i n t he f r e s h w a t e r c r a b , A u s t r o p o t a m o b i u s 

p a l l i p e s . N i l s s o n (1970) n o t e d low a c c u m u l a t i o n and r e d u c e d 

t o x i c o f cadmium a t t h e s e h i g h c a l c i u m l e v e l s . in7sevepat. plant'.species. 

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

t h e r e f o r e a c t a s a s e c o n d a r y f a c t o r to a c c o u n t f o r t h e low 

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

The hydrogen i o n c o n c e n t r a t i o n i s an i m p o r t a n t v a r i a b l e 

a f f e c t i n g e n r i c h m e n t o f z i n c and cadmium. S t i l l , t h e a c t u a l 

p h y s i o l o g i c a l modes o f u p t a k e and a c c u m u l a t i o n and how t h e s e 

a r e a f f e c t e d by v a r i a b l e s s u c h as pH i s n o t known. A d e e p e r 

more i n t e g r a t e d knowledge i s needed on t h i s t o p i c . A l s o , 

l i t t l e a t t e n t i o n has been g i v e n to the q u e s t i o n o f m i x t u r e s o f 

e n v i r o n m e n t a l p a r a m e t e r s ( e . g . pH and a l k a l i n e e a r t h m e t a l 

s l a t s ) i n u p t a k e and a c c u m u l a t i o n p r o c e s s e s . 

5.2 Nenthead S t r e a m 

The n a t u r a l c o n c e n t r a t i o n g r a d i e n t was due to d i l u t i o n 

by t h e v a r i o u s t r i b u t a r i e s i n t e r l o c k i n g w i t h t h e main s t r e a m . 

As a l r e a d y i n d i c a t e d ( S e c t i o n 5»1) , heavy m e t a l c o n c e n t r a t i o n 

a t e a c h s i t e v a r i e d c o n s i d e r a b l y d u r i n g t h e s t u d y p e r i o d and 
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more w a t e r samplcss s h o u l d have been t a k e n . A l s o d a t a c o n c e r 

n i n g s t r e a m f l o w , p r e c i p i t a t i o n and e r o s i o n s h o u l d have been 

r e c o r d e d to u n d e r s t a n d t h e s e f l u c t u a t i o n s more c a r e f u l l y . 

The d i r e c t r e l a t i o n s h i p between z i n c and cadmium l e v e l s 

i n t h e s t r e a m c o i n c i d e w i t h the r e p o r t by H u t c h i n s o n and 

C z y r s k a (1972) t h a t cadmium i s u s u a l l y found a s s o c i a t e d w i t h 

z i n c . 

The low l e v € ; l s o f sodium, p o t a s s i u m , magnesium and c a l c i u m 

a t t h e d i f f e r e n t s t a t i o n s show t h e s t r e a m to be o n l y s l i g h t l y 

c a l c a r e o u s and a l k a l i n e , o f f e r i n g l i t t l e p r o t e c t i o n from 

heavy m e t a l s . 

Poor c o r r e l a t i o n o f sediment v a l u e s s u g g e s t t h a t z i n c and 

cadmium s o r p t i o n i s p e r h a p s r e l a t e d t o t h e a c t u a l p a r t i c l e 

s i z e d i s t r i b u t i o n . F o r i n s t a n c e , C r o s s e t a l . (1970) 

o b s e r v e d low z i n c c o n c e n t r a t i o n r a t e s i n sediment w i t h a 

h i g h e r p e r c e n t a g e o f sa n d component t h a n s i l t o r c l a y . 

J u n c u s e f f u s u s c o n c e n t r a t e d more z i n c and cadmium i n t h e 

r o o t s e c t i o n and s i n c e t h i s i s t h e main uptake s i t e one would 

e x p e c t t h i s . G r e g o r y (1964) and L e e d e r (1972) a l s o r e p o r t 

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

a n g i o s p e r m s . S i m i l a r l y , b o t h S c a p a n i a u n d u l a t a and 

D r e p a n o c l a d u s f l u i t a n s ( f r o m t h e a c i d s t r e a m ) a c c u m u l a t e d more 

z i n c and cadmium away from t h e t i p s . B o t h p l a n t groups c o u l d 

p e r h a p s r e d u c e any t o x i c b u i l d - u p i n t h e " r o o t " r e g i o n by 

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

a s s u g g e s t e d by J o w e t t (1958) f o r t o l e r a n t p o p u l a t i o n s o f 

A g r o s t i s . 

E n r i c h m e n t r a t i o s depend on t h e s p e c i e s c o n c e r n e d and 

t h e i r r o l e i n the community. The e n r i c h m e n t o f z i n c and 

i 
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cadmium i n w a t e r p l a n t s i s r e l a t i v e l y h i g h e r i n t h e mosses. 

T h i s was a l s o n o t e d i n t h e a c i d s t r e a m . D i e t z ( 1 9 7 2 ) and 

L e e d e r ( 1 9 7 2 ) a l s o found e n r i c h m e n t r a t i o s f o r mosses much 

h i g h e r t h a n f o r a n g i o s p e r m s . T h i s s u g g e s t s t h a t mosses would 

be more e f f e c t i v e a s i n d i c a t o r o r g a n i s m s o f heavy m e t a l 

p o l l u t i o n . E n r i c h m e n t o f t he d e t r i t i v o r e V e l i a c a p r a i i s 

much l o w e r t h a n t h a t o f t h e c a r n i v o r e Hydropsyche i n s t a b i l i s . 

The f i l t e r f e e d i n g n a t u r e o f Potamorphylax l a t i p e n n i s and 

Ephernere1 1 a s p . a c c o u n t s f o r t h e i r h i g h c o n c e n t r a t i o n r a t i o s . 

Chipman e t a l . ( 1 9 5 8 ) and C r o s s et a l . ( 1 9 6 6 ) a l s o o b s e r v e d 

the most i n t e n s e e n r i c h m e n t f o r f i l t e r f e e d e r s . E v e n an 

o r g a n i s m o f the t h i r d t r o p h i c l e v e l , Rana T e m p o r a r i a r e g i s t e r e d 

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

E o n c e n t r a t i o n r a t i o s a l s o v a r y w i t h the l i f e - h i s t o r y s t a g e , a s 

i n t h e c a s e o f V e l i a c a p r a i and T e n d i p e s s p . ( a c i d s t r e a m ) . 

P y e f i n c h and Mott (194-8) r e p o r t e d s i m i l a r f i n d i n g s . 

The i n v e r s e r e l a t i o n f o r e n r i c h m e n t o f z i n c d e m o n s t r a t e s 

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

th e amount o f heavy m e t a l c o n c e n t r a t i o n i n t h e w a t e r . The 

poor r e l a t i o n s h i p found f o r cadmium s u g g e s t s t h a t t h i s e lement 

i s n ot r e a d i l y a c c u m u l a t e d and t h i s i s i n g e n e r a l ^agreement 

w i t h t h e l i t e r a t u r e . 

T h i s s t u d y h a s shown t h a t e n r i c h m e n t r a t i o s o f z i n c i s a 

u s e f u l c r i t e r i a to p r e d i c t the a v e r a g e c o n c e n t r a t i o n s o f z i n c 

i n t h e w a t e r column. I t would be d e s i r a b l e f o r s i m i l a r 

i n v e s t i g a t i o n s to be c a r r i e d out f o r o t h e r heavy m e t a l s i n 

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

An i n v e s t i g a t i o n was c a r r i e d out to compare t h e 

en r i c h m e n t r a t i o s o f b i o t a found i n an a c i d and a l k a l i n e 

e n v i r o n m e n t . Both s t r e a m s s e l e c t e d were l o c a t e d i n a r e a s o f 

p a s t m i n i n g a c t i v i t i e s and r e g u l a r w a t e r a n a l y s i s were c a r r i e d 

out to a s c e r t a i n the l e v e l s o f z i n c and cadmium. 

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

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

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

g r a d i e n t . 

Two s p e c i e s o f b r y o p h y t e s a n ang i o s p e r m and an a l g a e 

c o n s i s t e d o f the f l o r a a n a l y s e d from b o t h s i t e s . S i x s p e c i e s 

o f i n s e c t s from the a c i d s t r e a m and f i v e s p e c i e s from t h e 

Nenthead s t r e a m made up the i n v e r t e b r a t e f a u n a . One v e r t e 

b r a t e s p e c i e s , Ra.na t e m p o r a r i a was a l s o sampled. 

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

m a t t e r and se d i m e n t were much l o w e r i n the a c i d s t r e a m t h a n 

s t a t i o n 2 o f t h e Nenthead s t r e a m . T h e s e l o w e r a c c u m u l a t i o n 

l e v e l s r e c o r d e d were due to t h e a c i d i c n a t u r e o f t he w a t e r . 

E n r i c h m e n t l e v e l s o f t h e f l o r a were h i g h e s t i n t h e mosses 

from b o t h a r e a s . 

More a c c u m u l a t i o n took p l a c e away from the t i p f o r t h e 

mosses and n e a r e r t h e r o o t f o r the a n g i o s p e r m s . 

The f i l t e r - f e e d i n g t r i c o p t e r a n Potamorphy1ax l a t i p e n n i s 

and ephemeropheran. E p h e m e r e l l a sp. had the h i g h e s t e n r i c h m e n t 

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

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

l o g - z i n c b i o a c c u m u l a t i o n i s d i r e c t l y a p p o r t i o n a l to the 
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aqueous zinc concentration. These correlations also suggested 
that cadmium i s not readily accumulated. 

Enrichment r a t i o s are a useful "tool 1 1 for studying 
environmental effects on accumulation and predicting the average 
amount of heavy metals (zinc) i n the water column. 



ACKNOWLEDGEMENTS 



71 . 

7 . ACKNOWLEDGEMENTS 

I wish to thank my supervisor, Dr. Brian A. Whitton 
for h i s guidance and encouragement throughout the study. 

I also wish to thank Mr. E. J . H. Lloyd for assistance 
with the methodology and Mr. P. J . S!ay for some water 
analysis data. 

I am very grateful to Mrs. C. Bates for typing this 
manuscript. 

i 



BIBLIOGRAPHY 



7 2 . 

8 . BIBLIOGRAPHY 

ADRIAN, W.J. 

ALLOWAY, B.J. 

AVNON, D.I. 

1 9 7 3 « A comparison of a wet pressure digestion 
method with other commonly used wet and dry-
ashing methods. Analyst:.' 9 8 : 2 1 3 - 2 1 6 . 

1 9 6 9 . The s o i l s and vegetation of areas; 
affected by mining for non-ferrous m e t a l l i 
ferous ores with special reference to cadmium, 
copper, lead and zinc. PhD Thesis, Aberystwyth. 

1 9 5 8 . The role of micronutrients i n plant 
nu t r i t i o n with sp e c i a l reference to photo
synthesis and nitrogen assimilation. 
IN Lamb, C.A., Bently, O.G., and Beattie, 
J.M. (Eds.) Trace Elements, Academic Press, 
N.Y. pp. 1 - 3 2 . 

1 9 6 3 . Zinc - 65 i n studies of the freshwater 
zinc cycle. In: Schultz, U, and Klement, A.M. 
(Eds.) Radioecology, N.Y. (746pp), pp. 4 8 5 -
4 9 6 . Reinhold Publishing Corp. and American 
I n s t i t u t e of Biological Science. N.Y. 

. and OPUM, E.P. 1 9 6 0 . Uptake of Zn J and primary 
production i n marine benthic algae. Limnol. 
Oceanogr. 5 : 3 4 9 - 3 5 5 . 

BAKER, D.E. and GORSLINE, G.W. 1 9 6 4 . Technique for rapid 
analysis of corn leavjes for 11 elements. 
Agron. J . 5 6 : 1 3 3 - 1 3 6 . 

BACHMANN, R.W, 

BALL, J.R. 

BRANDT, H..J. 

BRYAN, G.W. 

1967* The t o x i c i t y of cadmium to rainbow trout 
(Salmo g a i r d n e r i i Richardson). Wat. Res. 1_: 
805 -806 . 

1 9 ^ 6 . Ueber verstarkte schadwirbungen auf 
fi s c h e , insbesondere uber erhohte Giftwirkung 
durch kombination von Abwassergiften. 
B e i t r . WasserCHem. 1_: 1 5 - 2 3 . 

1 9 6 7 » Zinc regulation i n the freshwater c r a y f i s h 
(including some comparative copper analyses). 
J> Exptl. Biol.. 46: 2 8 1 - 2 9 6 . 

. 1 9 6 9 . The absorption of zinc and other metals by 
the brown seaweed Laminaria d i g i t a t a . 
J . Mar. B i o l . Ass., U.K. 4 9 : 2 2 5 - 2 4 3 . 

. 1 9 7 1 . The effects of heavy metals (other than 
mercury) on marine and estuarine organisms. 
Froc:. Roy . soc;. LOnd... B 177: 3 8 9 - 4 1 0 . 

CHIPMAN, W.A., RICE, T.R. and PRICE, J . J . 1 9 5 8 . Uptake and 
accumulation of radioactive zinc by marine 
plankton, f i s h and s h e l l f i s h . PJVK... B ^ I L . 
U.S. Fish- arid. Midlife" Serv. . 5jfTl~35): 2 7 9 - 2 9 2 . 



7 3 . 

CORNER, E.D.S, and SPARROW, B.W. 11956. The modes of action 
of toxic agents. I Observations on the 
poisoning of cert a i n 1 crustaceans by copper 
and. mercury. J . Mar. B i o l . Ass. , U.K. 3 5 i 
4 5 9 - 4 7 2 . 

CROSS, F.A. 

CUMMINS, K.W. 

DUKE, T.W. and WILLIS, J.N. 1 9 7 0 . Biogeschemistry 
of trace elements i n a coastal p l a i n estuary: 
Dis t r i b u t i o n of manganese, iron and zinc i n 
sediment, water and polychaetous worms. 
Chesapeake: ,: Sci". 11 : 2 2 1 - 2 3 4 . 

1973* Trophic relations of aquatic i n s e c t s . 
Ann. Rev. Entemol. 18? 183-206 . 

DAVIS, J . J . and FOSTER, R.F. 1958. Bioaccumulation of 
radioisotopes through aquatic food chains. 
Ecology 39 ( 3 ) : 5 3 0 - 5 3 5 -

DIETZ, F. 1 9 7 3 - The enrichment of jheavy metals i n submerged 
plants. IN: Jenkins, S.H. (Ed) Advances i n 
Water Pollution Resea'rch, Proceeding 6 th 
International Conference (946pp) pp. 5 3 - 6 2 , 
Pergamon Press, Oxford. 

DUKE, T.W., WILLIS, J.N., and PRICE, T.J. 1 9 6 6 . Cycling of 
trace elements i n thej estuarine environment. 
I movement and d i s t r i b u t i o n of zinc 65 and 
stable zinc i n experimental ponds. 
S c i . 7 : 1-10. 

DUNHAM, K.C. 1 9 4 8 . Geology of the Northern Pennine Orefield 
Vol. I , Tyne to Stainmore. Mem. Geol. Surv. 
G.B. 

EISKR, R. 1 971 • Cadmium poisoning !in Fundulus heteroclitus 
(Pisces: Cyprinodontidae) and other marine 
organisms, j . F i s h . Res. Bd. Can. 28: 1 2 2 5 -
123k. 

ZAROOGiLAN, G.E. and HENNEKEY, R.J. 1 9 7 2 . Cadmium 
uptake by marine organisms. J . Fish :. .Res . Bd. 
Can. 2 9 : 1 3 6 7 - 1 3 6 9 . 

GARDNER, G.R. and YEVICH, A.W. 197jO. Histological and 
hematological responses of an estuarine 
teleost to cadmium. J . Fish-"• Regi. Bd. Can. 27; 
2135-2196 . 

GREGORY, R.P.G. 1964 . Investigation into the mechanisms of 
tolerance to zinc and copper being carried out 
by Dep. Agricult. Botany U.C.N.W. Bangor 
Reports 1 - 3 . 

GUTKNECHT, J . 1 9 6 1 . Mechanisms of radioactive zinc uptake 
by Ulva lactuca, Limnol. Oceanogr. 6 : 4 2 6 - 4 3 1 . 

65 1 9 6 3 . Zn~^ uptake by ben|thic marine algae. 
Ocaariogr.. 8: 3 1 - 3 8 . 

Limnol. 



7h. 

HEILBRUNN, L.U. 1 9 3 7 . An outline of general physiology. 
2nd ed. W.B. Saunders Co., Phildpelphia. 
748pp. | 

i 
HUTCHINSON, T.C. and CZYRSKA, H. l | 9 7 2 . Cadmium and zinc 

t o x i c i t y and synergism to fl o a t i n g aquatic 
plants. Water Pollution Research i n Canada 
1 9 7 2 . ffroc;. 7 t h Can. Symp. Wat. Poll.Re's. , 
5 9 - 6 5 . 

JACKIM, E. , HAMLIN, J.M., AND S O N I S S . 1 9 7 0 . E f f e c t s of 
metal poisoning on f i v e l i v e r enzymes i n the 
k i l l i f i s h (Pundulus hetero&itus). J . Fish": 
3»B. Bd. Can. 27 ; 3 8 3 - 3 9 0 . 

JOHNSON, CM., and ULRICH, A. 1 9 5 9 . Analytical methods for 
use i n plant a n a l y s i s . C a l i f . Agric. E x p t l . 
State B u l l . 7 6 6 : 2 4 - 7 8 . 

JONES, J.R.E. 1 9 3 8 . The r e l a t i v e t o x i c i t y of s a l t s of lead, 
zinc and copper to the stickleback (Gasterosteus 
acu.lea.tus L.) and the effect of calcium on the 
to x i c i t y of lead and zinc s a l t s . J . ExptL. 
Biol'- 15: 3 9 4 - 4 0 7 . 

_. . 1 9 3 9 . Antagonism between s a l t s of the heavy and 
alkaline-earth metals i n th e i r toxic action on 
the tadpole of the triad, Buf o buf o buf o (L. ) 
J . Expti;.• Biol.. , 16 : 3 1 3 - 3 3 3 . 

. 1 9 5 8 . A further study of the zinc-polluted r i v e r 
Ystwyth. J . Anira. E c o l . 2 7 : 1 - 1 4 . 

JOWETT, D. 1 9 5 8 . Population of Agrostis species tolerant to 
heavy metals. Nature 1 82: 816-817. 

KORYAK, M., SHAPIRO, M.A., and SYKORA, J.L. 1 9 7 2 . R i f f l e 
zoobenthos i n streams receiving acid mine 
drainage. "Wat. Res. '6: 1 2 3 9 - 1 2 4 7 . 

LEEDER, A.J. 197,2. Studies on lead and zinc pollution i n 
an upland stream. 5 2 p p . University of Durham 
Durham, England. 

LLOYD, R. 1 9 6 0 . The to x i c i t y of zinc sulphate to rainbow 
trout. Ann. Appl. B i o l . 48; 8 4 - 9 4 . 

. and HERBERT, D.W.M. 1 9 6 2 . The effect of the 
environment on the t o x i c i t y of poisons to 
f i s h . I n s t , publ. Hljth. Engirs. J . 61 : 1 3 2 - 1 4 5 . 

LOWMAN, F.G., PHELPS, D.K., MCCLIN, R., ROMAN DE VEGA, V., 
OLIVER DE PADOVANI, l | . , and GARCIA, R.J. 1 9 6 6 . 
Interactions of the environmental and bio l o g i c a l 
faptors on the di s t r i b u t i o n of trace elements 
i n the marine environment. Proc. Sym. on the 
Disposal of Rad. Wastje I.A.E.C., Vienna. 

http://acu.lea.tus


7 5 . 

M KEE, J.E., and WOLF, H.¥. 1 9 6 3 . Water quality c r i t e r i a 
(2nd Ed.) Calif.. State Wat. Qual. Cont. Bd. 
Publ. 3A. 5 4 8 p p . 

MYERS, J . 1 9 5 1 . Physiology of the algae. Ann.. Rev;. McrobiolU 
5 : . 157-1 8 0 . 

NILSSON, R. 1 9 7 0 . Aspects of the tjoxicity of cadmium and 
i t s compounds. A revjiew, Swedish Ecol. 
Res. Comm. B u l l . No.7U 

OSTERBERG, C , PEARCY, W.G. , and HERBETT, C. 1 9 6 4 . 
Radioactivity and i t s 
oceanic food chains. 

relationship to 
J . Mar. Res. 2 2 : 2 - 1 2 . 

PARSONS, J.D. 1 9 5 7 . Literature pertaining to formation of 
acid-mine wastes and itheir e ffects on the 
chemistry and fauna o|f streams. Trans^ . ELI;. -State' 
Acad. S c i . 5_0: 4 9 - 5 9 . 

P0LIKARP0V, G.G. 1 9 6 6 . Radioecology of aquatic organisms. 
Transl. from Russian "by Reinhold Publishing 
Corp. N.Y. 3 4 0 p p . 

PRESTON, A., JEFFERIES, D.F., DUTTONj, J.W.R., HARVEY, B.R. 
and STEELE, A.K. 1 9 7 2 . B r i t i s h Xsles coastal 
waters: the concentration of selected heavy 
metals i n sea water, suspended matter and 
biological indicatorsl - a p i l o t survey. 
LEajTirori:. P o l l . 3 : 69-82. 

RICE, T.R. 

RINGER, S. 

1951• Review of zinc in; ecology. Proc* 1 s t Natl. 
Syinp. Radioecol. Colorado State Univ. 
Re.Lnhold Publishing Cbrp. N.Y. pp. 6 1 9 - 6 3 1 . 

1 8 9 7 . The action of d i s t i l l e d water on Tubifex. 
J . Physiol. 22: 14-15'. 

ROBERTSON, D.E. I 9 6 8 . Role of contamination i n trace element 
analysis of sea water. Analyt. Chem. 40: 
1 0 6 7 - 7 2 . 

ROBINSON, C. 1 9 7 0 . A preliminary sjtudy of the factors 
affecting the f l o r a of an acid coal mine 
drainage. 
7 0 p p . 

M.Sc. Thesis, University of Durham, 

SAUNDERS, G.W. 1 9 7 2 . Detritus i n aquatic ecosystems. 
Nat. Resour. 8: 1 7 - 1 9 . 

SHUSTER, C.N., and PRINGLE, B.H. 1 9 6 9 . Trace metal 
accumulation by the American eastern oyster, 
Crassostaea virgin!ca* Proc. Nat. S h e l l f i s h 
Ass. 5 9 : 9 1 ^ 1 0 3 . 

SKTDMORE, J.F. 1 9 6 4 . Toxicity of Zinc compounds to aquatic 
animals, with special reference to f i s h . 
Quart. Rev. B i o l . 39: 227-24 .3 . 



7 6 . 

SMITH, A.E. 1 9 7 3 . A study of the variation with pH of the 
s o l u b i l i t y and s t a b i l i t y of some metal ions 
at low concentrations! i n aqueous solution. 
PAIRT I . Analyst 9 8 : 6 5 - 6 8 . 

UNDERWOOD, E.J. 1956 . Trace elements i n human and animal 
nut r i t i o n . Academic Press, 4 3 0 p p . N.Y. 

VAN EVERDINGEN, R.O. 1 9 7 0 . The Paint Pots, Kootenay National 
Park, B r i t i s h Columbia - acid spring water 
with extreme-metal content. 
7 . : 8 3 1 - 8 5 2 . 1 

Can:. J.. Earth Sc'i . 

WATSON, D.G., DAVIS, J . J . and HANSON 
i n marine organisms a 

W.C. 1961. Zinc 65 
long the Oregon and 

Washington coasts. Science:" 1 3 3 : 1826-1828. 
WESTFALL, B.A. 1 9 4 5 . Coagulation f i l m anoxia i n f i s h e s . 

Ecology 26 : 2 8 3 - 2 8 7 . 


