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SUMMARY 

The concentrations of arsenic species in continental-shelf waters 

of the southeastern U.S. are controlled mainly by simple physical mixing 

with intrusions of deep, arsenic-rich waters from the Gulf Stream, and 

by a biologically-mediated minor arsenic cycle. The riverine and 

atmospheric arsenic inputs are relatively insignificant. Biological 

uptake of arsenate in the euphotic zone results in arsenite and methylated 

arsenic concentration maxima in near-surface waters, and an arsenate 

concentration maximum at depth. 

Arsenic is complexed by organic matter of relatively low molecular 

weight, and is unreactive in the estuarine environment. Estuarine 

arsenic concentrations are therefore also primarily controlled by 

physical mixing. 
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CHAPTER I 

INTRODUCTION 

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

c o n t i n e n t a l - s h e l f e n v i r o n m e n t . T h e d e t e r m i n a t i o n of t h e a q u e o u s 

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

a r s e n i c s h o u l d s h a r e some c h a r a c t e r i s t i c s w i t h b o t h t h e t r a n s i t i o n 

m e t a l s a n d t h e u p p e r g r o u p Vb n o n - m e t a l s . One m i g h t p r e d i c t , t h e r e f o r e , 

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

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

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

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

Due t o i t s e l e c t r o n c o n f i g u r a t i o n ( o u t e r s h e l l s 4 s 2 4 p 3 ) a r s e n i c 

c a n o c c u r i n v a l e n c e s o f + 5 , + 3 , 0 , a n d - 3 . A r s e n i c i s s t a b l e i n e a c h o f 

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

a q u a t i c e n v i r o n m e n t ( F e r g u s o n a n d G a v i s , 1 9 7 2 ) . I n a d d i t i o n t o i n o r g a n i c 

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

m e n t ( B r a m a n a n d F o r e b a c k , 1 9 7 3 ) . F u r t h e r m o r e , v o l a t i l e h y d r i d e s o f b o t h 

i n o r g a n i c a n d o r g a n i c a r s e n i c c o m p o u n d s ( t h e a r s i n e s ) a r e known t o 

o c c u r n a t u r a l l y ( J o h n s o n a n d B r a m a n , 1 9 7 5 ) . I t i s t h e r e f o r e e v i d e n t 

t h a t a r s e n i c h a s a c o m p l e x a q u e o u s g e o c h e m i s t r y . 

F e r g u s o n a n d G a v i s ( 1 9 7 2 ) h a v e r e v i e w e d t h e s u b j e c t o f t h e e n v i r o n ­

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

l e d g e o f t h e a r s e n i c c y c l e i n n a t u r a l w a t e r s i s n o t a d e q u a t e t o a l l o w 
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f o r r a t i o n a l m a n a g e m e n t o f t h e e n v i r o n m e n t . T h e y p o i n t o u t t h a t 

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

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

l a r g e i n c r e a s e s o f a r s e n i c c o n t e n t may o c c u r i n c o a s t a l o r c o n t i n e n t a l -

s h e l f e n v i r o n m e n t s . T h e e x t e n t a n d e f f e c t s o f t h e p o t e n t i a l a c c u m u l a t i o n 

of a r s e n i c i n t h i s a r e a a r e l a r g e l y u n k n o w n , b u t a r e o f g r e a t c o n c e r n 

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

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

c o m p o u n d s a r e g e n e r a l l y t o x i c ( C h r i s t e n s o n et at. , 1 9 7 4 ) . 

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

r e a c t i v i t y o f a r s e n i c i n e s t u a r i n e a n d c o n t i n e n t a l - s h e l f w a t e r s . A 

t r a c e e l e m e n t ' s r e a c t i v i t y g o v e r n s , t o a g r e a t e x t e n t , i t s e n v i r o n m e n t a l 

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

t h r o u g h t h e m a r i n e e c o s y s t e m . I n o r d e r t o e s t i m a t e t h e r e s i d e n c e t i m e 

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

f o r m s of a r s e n i c o c c u r r i n g i n i n t e r a c t i n g w a t e r s f r o m o n a n d o f f t h e 

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

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

of a r s e n i c , a n d t o a s c e r t a i n t h e p r o c e s s e s a n d m e c h a n i s m s b y w h i c h t h e 

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

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

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

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

w a t e r s y s t e m s ( F e r g u s o n a n d G a v i s , 1 9 7 2 ) r e v e a l s t h a t t h e p r e d o m i n a n t 

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

a r s e n i c a c i d s ( A s ^ + ) , R ^ A s O ^ " a n d !LA . sO |~ . T h e h i g h l y s o l u b l e , c r y s t a l l i n e 
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a r s e n i c o x i d e s , A s ^ O ^ a n d A s ^ O ^ , d o n o t o c c u r i n n a t u r a l w a t e r s . T h e 

a r s e n i o u s a c i d s ( A s 3 + ) a n d t h e o r g a n i c a r s e n i c a l s a r e t h e r m o d y n a m i c a l l y 

s t a b l e o n l y a t l o w Eh l e v e l s . T h e p r e s e n c e o f s i g n i f i c a n t e n v i r o n m e n t a l 

c o n c e n t r a t i o n s o f A s 3 + ( J o h n s o n a n d P i l s o n , 1 9 7 5 ) , m e t h y l a r s o n i c a c i d 

a n d d i m e t h y l a r s i n i c a c i d ( B r a m a n a n d F o r e b a c k , 1 9 7 3 ) h a v e b e e n e x p l a i n e d 

by b i o l o g i c a l l y - m e d i a t e d p r o c e s s e s ( B r a m a n , 197 5 ) . T h e w o r k w i t h 

c u l t u r e s b y M c B r i d e a n d W o l f e ( 1 9 7 1 ) s u p p o r t s t h i s h y p o t h e s i s . 

L i t t l e i n f o r m a t i o n e x i s t s c o n c e r n i n g a r s e n i c g e o c h e m i s t r y i n 

e n v i r o n m e n t s s i m i l a r t o t h a t o f t h e s t u d y a r e a . H o w e v e r , W e d e p o h l 

( 1 9 6 9 ) r e p o r t s t o t a l - a q u e o u s a r s e n i c i n t h e P a c i f i c a n d I n d i a n O c e a n s , 

a n d t h e E n g l i s h C h a n n e l t o r a n g e f r o m 0 . 1 5 t o 6 y g / l i t e r . F o r r i v e r s 

i n S w e d e n , t h e a r s e n i c c o n c e n t r a t i o n s v a r y f r o m 0 . 2 t o 0 . 4 y g / l i t e r , i n 

J a p a n , f r o m 0 . 2 5 t o 7 . 7 y g / 1 , f o r t h e E l b e R i v e r , G e r m a n y , f r o m 20 t o 

25 y g / 1 , a n d f o r t h e C o l u m b i a R i v e r , t h e y a v e r a g e 1 . 6 y g / 1 . B r a m a n a n d 

F o r e b a c k ( 1 9 7 3 ) r e p o r t 0 . 2 5 a n d 0 . 1 6 y g / 1 A s ^ + f o r t w o F l o r i d a r i v e r s , 

w i t h o n e o f t h e r i v e r s c o n t a i n i n g 0 . 0 6 y g / 1 ( a s A s ) m e t h y l a r s o n i c a c i d a n d 

0 . 3 0 y g / 1 ( a s A s ) d i m e t h y l a r s e n i c a c i d . F o r s a l i n e b a y w a t e r s , t h e y 

3+ 

r e p o r t v a l u e s o f f r o m 0 . 0 6 t o 0 . 1 2 y g / 1 As , f r o m 0 . 3 5 t o 1 . 4 5 y g / 1 

As~* + , f r o m < 0 . 0 2 t o 0 . 0 7 y g / 1 m e t h y l a r s o n i c a c i d , a n d f r o m 0 . 2 0 t o 1 . 0 0 

y g / 1 d i m e t h y l a r s e n i c a c i d . J o h n s o n a n d P i l s o n ( 1 9 7 2 ) d e t e r m i n e d t h a t 
5+ 

W e s t e r n N o r t h A t l a n t i c s u r f a c e w a t e r s c o n t a i n a n a v e r a g e o f 2 . 1 y g / 1 As , 

w i t h G u l f o f M e x i c o s u r f a c e w a t e r s s o m e w h a t h i g h e r ( 2 . 2 5 t o 4 . 5 y g / 1 ) . 

F o r t h e s a m e a r e a s , w a t e r s b e n e a t h t h e t h e r m o c l i n e a v e r a g e d 3 . 3 y g / 1 

a r s e n a t e . J o h n s o n a n d P i l s o n a l s o r e p o r t t h a t a r s e n a t e c o m p r i s e s 80% 

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

D u c e et al. ( 1 9 7 6 ) h a v e s h o w n t h a t a t m o s p h e r i c p a r t i c u l a t e s a r e 
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e n r i c h e d w i t h a r s e n i c . By u s i n g v a r i o u s m o d e l s , t h e y h a v e e s t i m a t e d t h e 

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

a r e a s ( f o r i n s t a n c e , B e r m u d a ) t o b e 0 . 0 6 x 1 0 t o 0 . 5 x 1 0 " g / c m 2 s e c . 

O v e r a o n e y e a r s a m p l i n g p e r i o d a t B e r m u d a , D u c e et at., f o u n d a m e a n 

a t m o s p h e r i c a r s e n i c c o n c e n t r a t i o n of 0 . 1 7 n g / m 3 . T h e s e i n v e s t i g a t o r s 

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

o r f r o m s e a - s p r a y a c t i v i t y . L i t t l e i s known a b o u t t h e f a t e o f t h e a r s e n i c 

s u b s e q u e n t t o i t s d e p o s i t i o n o n t h e s e a s u r f a c e . J o h n s o n a n d B r a m a n 

( 1 9 7 5 ) h a v e r e p o r t e d t o t a l a t m o s p h e r i c a r s e n i c c o n c e n t r a t i o n s a t a 

c o a s t a l F l o r i d a l o c a t i o n t o b e a p p r o x i m a t e l y o n e o r d e r o f m a g n i t u d e 

h i g h e r ( 1 . 7 n g / m 3 ) t h a n t h o s e r e p o r t e d b y D u c e et al. ( 1 9 7 6 ) f o r 

B e r m u d a . 

W a l s h et al. ( 1 9 7 7 ) h a v e s h o w n t h a t t h e a t m o s p h e r i c a r s e n i c 

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

J o h n s o n a n d B r a m a n ( 1 9 7 5 ) h a v e f o u n d v o l a t i l e ( g a s e o u s ) m e t h y l a t e d 

a r s e n i c a l s i n r u r a l , c o a s t a l , a t m o s p h e r i c s a m p l e s . J o h n s o n a n d B r a m a n 

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

c o m p o u n d s t o u n n a m e d t e r r e s t r i a l b i o l o g i c a l p r o c e s s e s . 

P e i r s o n et at. ( 1 9 7 4 ) a n d D u c e et al. ( 1 9 7 6 ) h a v e n o t e d t h e 

i m p o r t a n c e of r a i n t o t h e f l u x o f a t m o s p h e r i c a r s e n i c t o t h e s e a . 

P e i r s o n et at. ( 1 9 7 4 ) f o u n d r a i n t o c o n t a i n a b o u t 1 t o 4 y g / 1 As a t 

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

S u g a w a r a ( 1 9 6 5 ) f o u n d a n a v e r a g e a r s e n i c c o n t e n t o f 1 . 6 . y g / 1 f o r 

39 r a i n - w a t e r s a m p l e s i n J a p a n , a n d 0 . 6 f ° r f i v e r a i n - w a t e r s a m p l e s 

f r o m t h e o p e n o c e a n . 

T h e s m a l l a m o u n t o f i n f o r m a t i o n a v a i l a b l e o n t h e a q u e o u s 
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geochemistry of arsenic is primarily concerned with either open-ocean 

or terrestrial environments, and contains only a few results of speciation 

analyses. Therefore, the nature of arsenic in the dynamic and productive 

coastal environment is essentially unknown. 

This dissertation presents the results of an investigation into 

the marine geochemistry of arsenic in the Georgia Bight. The goals of the 

investigation were: 

(i) to determine the rates and pathways of arsenic inputs to 

the continental-shelf waters, 

(ii) to reveal the speciation of arsenic in the various environ­

mental compartments, 

(iii) to ascertain the processes and mechanisms by which the various 

species are interrelated, and 

(iv) to determine the factors controlling the concentration of 

arsenic in the continental-shelf waters. 
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Study Area 

This i n v e s t i g a t i o n i s concerned with the Georgia Bight, which i s 

that cont inenta l shel f area extending from Cape. Canaveral, Flor ida, to 

Onslow Bay (Fig . 1 ) . The Bight i s a d i s cree t water mass, bounded 

seaward by the Gulf Stream and the cont inenta l s lope , and covering 

an area of approximately 6.4 x 10^ km 2. Average depth of the Bight i s 

approximately 30 meters, y i e ld ing a water volume of 1915 km 3. In the 

d i scuss ions which fo l low, the terms Bight, Georgia Bight, she l f , and 

study area are synonymous, and describe the area j u s t def ined. The 

area has a l so been ca l l ed the South At lant i c Bight by o thers , but w i l l 

not be so named here. 

Ten major r i v e r s , the St . Johns, S a t i l l a , Altamaha, Ogeechee, 

Savannah, Cooper, Santee, Black, Pee Dee, and Cape Fear Rivers , debouch 

into the Bight , and comprise the great proportion of the t o t a l fresh 

water input . Several smaller streams together make up about 18% of the 

t o t a l fresh water inf low. The r i v e r s drain both the igneous-raetamorphic 

terra in of the Piedmont, and the swampy, sedimentary province of the 

Coastal P la in . Diverse indus tr i e s are located adjacent to some of the 

r i v e r s , and the drainage basins of a l l contain cu l t i va ted land. 

Approximately 50 inches of rain per year f a l l d i r e c t l y on the 

Bight waters . During the summer months onshore winds p r e v a i l , whereas 

offshore winds prevai l during the r e s t of the year. 
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F i g u r e 1 . S t u d y A r e a 
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CHAPTER I I 

METHODS 

A r s e n i c S p e c i a t i o n A n a l y s e s 

T h e m e a s u r e m e n t s o f t h e v a r i o u s a r s e n i c - s p e c i e s c o n c e n t r a t i o n s 

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

s p e c t r o p h o t o m e t r i c t e c h n i q u e o f B r a m a n et al. ( 1 9 7 3 a n d 1 9 7 6 ) . B r i e f l y , 

t h i s t e c h n i q u e i n v o l v e s t h e f o l l o w i n g . An a l i q u o t o f u p t o AO m l i s 

p l a c e d i n a r e a c t i o n v e s s e l , a n d a c i d i f i e d t o e i t h e r pH 1 -2 ( f o r As^"*" 

O I 
a n d m e t h y l a r s e n i c a l a n a l y s e s ) o r pH 4 - 5 ( f o r As a n a l y s e s ) . T h e 

s a m p l e i s p u r g e d w i t h h e l i u m f o r s e v e r a l m i n u t e s . A s t r o n g r e d u c i n g 

r e a g e n t (NaBH^) i s i n j e c t e d t h r o u g h a s e p t u m , a n d r e a c t s w i t h t h e 

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

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

U - t u b e c o o l e d b y l i q u i d n i t r o g e n . A t t h e c o m p l e t i o n o f t h e r e a c t i o n 

( a p p r o x i m a t e l y 5 m i n u t e s ) , t h e l i q u i d n i t r o g e n i s r e m o v e d , a n d t h e 

U - t u b e i s a l l o w e d t o w a r m , a s s i s t e d b y a w i r e - c o i l h e a t e r m o u n t e d o n t h e 

t u b e . T h e v a r i o u s a r s i n e s a r e s e l e c t i v e l y v o l a t i l i z e d a s t h e i r b o i l i n g 

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

a D . C . - a r c , d i s c h a r g e c e l l m o u n t e d o n a s p e c t r o p h o t o m e t e r . T h e 

s p e c t r o p h o t o m e t e r m o n i t o r s a n a r s e n i c - e m m i s s i o n w a v e l e n g t h , a n d t h e 

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

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

t h a t o f b a c k g r o u n d ) i s a b o u t 0 . 5 n g f o r A s 3 + a n a l y s e s , a n d 1 n g f o r As^*" 
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and methylarsenical analyses. This yields respective minimum analysable 
concentrations of about 0.02 yg/1 and 0.04 yg/1. 

There are no known matrix interferences other than high concen­
trations of organic carbon compounds, which evolve CĈ , causing a 
depression of the signal. CO2, however, is effectively separated from 
the arsines by passing the gases from the cold trap through a NaOH 
(C02~adsorbing) bead-packed tube. 

By replicate analyses, a 7% coefficient of variation was determined 
for samples containing 5 - 20 ng arsenic (the usual working range). 
The accuracy of the method was found to be + 5%, based on replicate 
analyses of digested National Bureau of Standards Orchard Leaf samples 
in the same arsenic range as above. 

Sampling and Sample Preparation 
Natural Waters 

A variety of methods for collecting seawater have been used, and 
each has been tested against the others to ensure freedom from contamin­
ation. For deep samples, either clean Niskin bottles or a non-metallic 
pumping system was used. Surface seawater samples were obtained either 
by the pumping system, or by lowering sample bottles in a weighted, 
all-Teflon sampler from the bow of the ship. Care was taken always to 
sample water not contaminated by the ship itself. 

River samples were also taken by lowering a Teflon sampler to the 
surface. This was accomplished from the upstream side of highway bridges. 
Estuarine samples were taken by hand from the bow of a small boat. 

All aqueous samples were collected in acid-washed and rinsed 
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polypropylene, or Teflon b o t t l e s . Samples which were to be stored before 

ana lys i s were quickly frozen with dry i c e , and maintained in t h i s s t a t e 

u n t i l the ana lys i s was performed. Tests of t h i s preservat ion method 

indicated that samples can be stored for severa l weeks without change. 

No pretreatment of natural water samples i s necessary, as the 

ana ly t i c technique i s s u f f i c i e n t l y s e n s i t i v e to measure ambient concen­

t r a t i o n s . To d i s t i n g u i s h between d isso lved and t o t a l ar sen ic , the 

samples were f i l t e r e d through 0.45 u membranes. 

Par t i cu la te s 

The acid/NaBH^ reduction reac t ion discussed above al lows d i r e c t 

ana lys i s of the l a b i l e f rac t ion of arsenic spec ies assoc ia ted with 

inorganic and humic type organic-matter p a r t i c u l a t e s . For these analyses , 

a s lurry of a known amount of f i l t e r a b l e s o l i d s and d i s t i l l e d water 

was made, and was then treated as an aqueous sample. In t h i s manner, 

the natural concentration of the arsenic spec ies were measured. 

Atmospheric Samples 

Atmospheric p a r t i c u l a t e samples were c o l l e c t e d on two thicknesses 

of Whatman #41 f i l c e r paper using high-volume a ir samplers s imi lar to 

those descirbed by Duce et at. (1976). Total arsenic content was 

determined of a n i t r i c - a c i d d iges t of the f i l t e r paper and p a r t i c u l a t e s 

by adding an a l iquot of the so lu t ion to d i s t i l l e d water i n the react ion 

v e s s e l , and fol lowing the procedures for aqueous samples. 

Drawing a high volume of a ir through a g l a s s tube packed with 

s i l v e r - p l a t e d g l a s s beads a l so al lows c o l l e c t i o n of atmospheric arsen ic . 

Although t h i s technique Is primarily for the c o l l e c t i o n of v o l a t i l e 

arsen ica l s (Johnson and Braman, 1975), i t may a l so be used to c o l l e c t 
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g a s e o u s a n d p a r t i c u l a t e a r s e n i c a l s t o g e t h e r , t o d e t e r m i n e t h e s p e c i a t i o n 

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

d i s s o l v e d i n a m i l d l y a l k a l i n e r i n s i n g s o l u t i o n , a n d a n a l y s e d a s a n 

a q u e o u s s a m p l e . 

S a m p l i n g P r o g r a m 

T h e i n v e s t i g a t i o n w a s m a d e d u r i n g t h e p e r i o d f r o m S e p t e m b e r 1 9 7 5 

t h r o u g h S e p t e m b e r 1 9 7 6 . T h e s e l e c t e d r i v e r s w e r e s a m p l e d a t m o n t h l y 

i n t e r v a l s . T h e S a t i l l a R i v e r e s t u a r y w a s s a m p l e d i n N o v e m b e r 1 9 7 5 , a n d 

t h e O g e e c h e e a n d S a v a n n a h R i v e r e s t u a r i e s w e r e s a m p l e d i n M a r c h a n d J u n e , 

1 9 7 6 , r e s p e c t i v e l y . T h e u p p e r r e a c h e s o f t h e S t . J o h n s R i v e r , f r o m 

L a k e M o n r o e , F l o r i d a t o J a c k s o n v i l l e , F l o r i d a , w e r e s a m p l e d i n M a r c h , 1 9 7 6 , 

f r o m t h e s e v e n h i g h w a y b r i d g e c r o s s i n g s o v e r t h e S t . J o h n s . 

Two s a m p l i n g c r u i s e s w e r e m a d e i n t h e G e o r g i a B i g h t a n d a d j a c e n t 

o c e a n i c w a t e r s ; t h e R/V C o l u m b u s - I s e l i n c r u i s e o f M a r c h , 1 9 7 6 , a n d 

t h e R/V B l u e F i n c r u i s e o f S e p t e m b e r , 1 9 7 6 . 

D i s s o l v e d O r g a n i c C a r b o n (DOC) A n a l y s e s 

DOC w a s d e t e r m i n e d b y t h e m e t h o d o f M e n z e l a n d V a c c a r o ( 1 9 6 4 ) , 

on 0 . 4 5 m i c r o n m e m b r a n e - f i l t e r e d s a m p l e s . P r e c i s i o n , b a s e d o n r e p l i c a t e 

a n a l y s e s , i s ± 1 0 ug C i n t h e r a n g e o f 0 - 5 0 0 p g C. 

F r a c t i o n a t i o n o f O r g a n i c M a t t e r ( U l t r a f i l t r a t i o n ) 

A m i c o n C o r p o r a t i o n ' s u l t r a f i l t r a t i o n c e l l s a n d m e m b r a n e s w e r e u s e d 

t o f r a c t i o n a t e t h e d i s s o l v e d o r g a n i c s i n n a t u r a l - w a t e r s a m p l e s . A m i c o n f s 

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

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

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

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

t h e m o l e c u l a r s t r u c t u r e ; h e n c e t h e a s s i g n m e n t s a r e n e c e s s a r i l y n o m i n a l . 
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C H A P T E R I I I 

RESULTS A N D D I S C U S S I O N S 

A r s e n i c i n t h e R i v e r i n e E n v i r o n m e n t 

F i g u r e 2 a n d T a b l e 1 c o n t a i n t h e d i s s o l v e d a r s e n i c c o n c e n t r a t i o n 

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

a p p r o x i m a t e l y o n e m o n t h i n t e r v a l s d u r i n g t h e p e r i o d S e p t e m b e r 1 9 7 5 t o 

S e p t e m b e r 1 9 7 6 . A r s e n a t e , A s ^ + , i s t h e o n l y d e t e c t a b l e d i s s o l v e d a r s e n i c 

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

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

t h e m o n t h s N o v e m b e r t o J a n u a r y . A s i d e f r o m t h a t f e a t u r e t h e a r s e n i c 

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

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

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

c o n c e n t r a t i o n s i n s o u t h e a s t e r n r i v e r s o b s e r v e d b y Windom ( 1 9 7 5 ) f o r t h e 

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

o b s e r v e d b y T r o u p a n d B r i c k e r ( 1 9 7 5 ) , i n t h e S u s q u e h a n n a R i v e r . S u c h 

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

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

r u n o f f , a n d r i v e r d i s c h a r g e . F o r t h e S a t i l l a R i v e r , t h e r e e x i s t s a l o o s e 

p o s i t i v e r e l a t i o n s h i p b e t w e e n r i v e r d i s c h a r g e r a t e a n d a r s e n i c c o n c e n ­

t r a t i o n ( F i g u r e 3 ) . T h e r e l a t i o n s h i p s u p p o r t s t h e i d e a t h a t h i g h 

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

h i g h p r e c i p i t a t i o n . H i g h p r e c i p i t a t i o n a n d r u n o f f c o n d i t i o n s p r o b a b l y 
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RIVERINE ARSENIC CONCENTRATIONS 
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TABLE 1 . D i s s o l v e d A r s e n a t e C o n c e n t r a t i o n i n M a j o r S o u t h e a s t e r n R i v e r s ( u g / 1 ) 

R i v e r 1 9 7 5 1 9 7 6 

S 0 N D J F M A M J J A 

S t . J o h n s . 5 2 . 4 0 . 2 6 . 2 8 . 3 1 . 6 3 . 5 5 . 4 2 . 4 2 . 5 6 . 6 5 

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

A l t a r a a h a . 3 1 . 2 3 . 0 4 . 1 6 . 2 1 . 4 7 . 2 2 . 2 4 . 1 4 . 1 5 . 1 4 . 2 2 

O g e e c h e e . 4 1 . 4 5 . 0 8 . 1 9 . 2 2 . 2 0 . 1 8 . 2 5 . 2 8 . 2 8 . 2 2 . 3 0 

S a v a n n a h . 4 7 . 4 3 . 1 3 . 1 7 . 3 3 . 4 6 . 3 6 . 3 6 . 2 1 . 1 9 . 2 2 . 2 0 

C o o p e r . 4 1 . 4 7 . 1 2 . 1 5 . 1 8 . 1 9 . 3 5 . 2 7 . 2 2 . 2 6 . 2 4 . 4 2 

S a n t e e . 0 4 . 0 8 . 0 8 . 1 7 . 1 6 . 3 1 . 1 8 . 1 7 . 1 7 . 1 6 . 1 5 . 1 8 

B l a c k . 5 3 . 3 1 . 2 0 . 2 5 . 1 5 . 4 0 . 3 6 . 5 0 . 4 0 . 4 7 . 3 5 . 7 4 

P e e D e e . 1 9 . 1 3 . 0 7 . 2 5 . 1 1 . 3 2 . 2 4 . 2 5 . 2 0 . 3 2 . 2 0 . 2 3 

C a p e F e a r . 2 4 . 2 0 . 1 6 . 3 2 . 3 6 . 4 9 . 5 6 . 4 6 . 3 9 . 4 7 
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TABLE 2 . RIVER DISCHARGE DATA 

( c ) ARSENIC 
MEAN ANNUAL DISCHARGE ARSENIC CONCENTRATION DISCHARGE 

RIVF.R km^ /ye:ar u g / 1 (ug xl0 l l/yr 
S t . J o h n s 

* ( b ) 
6 . 4 ( 1 . 4 ) . 4 5 2 8 . 8 ( 6 . 3 ) 

S a t i l l a 
* ( b ) 

2 . 2 ( 0 . 2 ) . 3 8 8 . 2 ( 0 . 8 ) 

A l t a m a h a * ( a ) 1 2 . 0 . 2 1 2 5 . 2 

O g e e c h e e * ( a ) 2 . 1 . 2 5 5 . 3 

S a v a n n a h ( a ) 1 3 . 0 . 2 9 3 7 . 7 

C o o p e r * ( a ) 1 3 . 2 . 2 7 3 5 . 6 

S a n t e e ( a ) 0 . 6 . 1 5 0 . 9 5 

B l a c k ( b ) 0 . 9 . 3 9 3 . 7 

P e e Dee ( a ) 1 6 . 1 ( 7 . 6 ) . 2 1 3 3 . 8 ( 1 6 . 0 ) 

C a p e F e a r 
( a ) 5 . 6 ( 1 . 8 ) . 3 7 2 0 . 7 ( 6 . 7 ) 

TOTAL 7 2 . 1 ( 1 1 . 0 ) 2 0 0 ( 3 0 ) 

Mean a n n u a l d i s c h a r g *cs a r e l o n g t e r m a v e r a g e s ( 1 8 - 4 2 y e a r s ) s i n c e c u r r e n t 

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

1 9 7 5 - 1 9 7 6 w a t e r y e a r ( t a k e n f r o m c u r r e n t u n p u b l i s h e d a n d p a s t pub l i s h e d 

w a t e r r e c o r d s ( W a t e r R e s o u r c e s D a t a ) o f t h e U . S . G e o l o g i c a l S u r v e y , 

U . S . D e p t . o f t h e I n t e r i o r ) . 

( a ) , „ , 
P i e d m o n t P l a t e a u r i v e r s 

C o a s t a l P l a i n r i v e r s 

( c ) 

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

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

NOTE: 1 k m 3 = 1 0 1 2 l i t e r s 
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resu l t in more e f f i c i e n t f lushing of s o i l s , than do dryer condi t ions . 

However, the corre la t ion between discharge and arsenic content i s poor 

for the other non-dammed r i v e r s . 

For purposes of f lux c a l c u l a t i o n s , an average yearly arsenic 

concentration was ca lculated for each r iver (Table 2 ) . I t i s evident 

that r i v e r s with drainage basins primarily in the c r y s t a l l i n e Piedmont 

terrain (Piedmont Plateau) have lower arsenic concentrations (average 

0.23 ug/1) than those having drainage basins r e s t r i c t e d to the Coastal 

Plain sedimentary terra in (average 0.41 ug /1 ) • The Cape Fear i s the 

only r iver which does not f i t in to t h i s scheme. Although i t i s a 

Piedmont r i v e r , the arsenic concentration i s high (0.37 y g / 1 ) . The 

Cape Fear flows through a rather heavi ly and d iverse ly i n d u s t r i a l i z e d 

area, and the high arsenic l e v e l s , therefore may be anthropogenic. In 

general , though the r iver ine arsenic concentrations reported here are 

s imi lar to the lowest values found in the l i t e r a t u r e for other world 

r i v e r s . 

Total d i s so lved organic carbon (DOC) concentrations of the r iver 

samples (Table 3) vary s imi lar ly to arsenic concentrations through the 

year, although marked low winter lvalues occur only in the Cape Fear, 

Pee Dee, Black, and Santee Rivers . More marked are the except iona l ly 

high values in the S a t i l l a , Altamaha, Ogeechee and Savannah Rivers during 

the summer of 1976 (values marked by * in Table 3 ) . With the exception 

of these high concentrat ions , the DOC values corre la te highly with the 

corresponding arsenate concentrations of Table 1. The p o s i t i v e 

r e l a t i o n s h i p , described by the equation 

{DOC} = 10.6 {As} + 5.7 



T a b l e 3 . DOC C o n c e n t r a t i o n s i n R i v e r W a t e r s 

( m g / l i t e r ) 

R i v e r 

S t . J o h n s 

S a t i l l a 

A l t a r a a h a 

O g e e c h e e 

S a v a n n a h 

C o o p e r 

S a n t e e 

B l a c k 

P e e Dee 

C a p e F e a r 

8 . 2 1 2 . 0 

2 3 . 0 1 8 . 0 

1 1 . 0 8 . 5 

1 1 . 0 1 0 . 0 

4 . 6 5 . 4 

8 . 3 

1 0 . 0 

1 5 . 0 

9 . 5 

1 3 . 0 

1 5 . 0 1 2 . 0 

1 6 . 0 1 2 . 0 

4 . 4 7 . 8 

8 . 5 7 . 2 

5 . 4 6 . 0 

2 . 4 5 . 4 

3 . 7 6 . 0 

1 3 , 0 2 . 8 

6 . 5 5 . 0 

1 3 . 0 6 . 6 

1 0 . 0 7 . 5 

7 . 0 

8 . 0 

8 . 5 

9 . 0 

4 . 0 4 . 8 

8 . 0 1 1 . 0 

2 . 1 1 1 . 0 

2 . 1 

3 . 5 4 . 8 

7 . 6 7 . 0 

9 . 0 1 1 . 0 

5 . 2 5 . 2 

7 . 1 6 . 1 

9 . 2 8 . 0 

5 . 4 

1 5 . 0 7 . 5 

4 . 4 8 . 0 

6 . 6 9 . 8 

1 1 . 0 1 1 . 0 

1 6 . 0 8 . 1 

6 . 0 

2 1 . 0 * 1 5 . 0 * 

8 0 . 0 * 2 5 . 0 * 

2 1 . 0 * 7 . 6 

7 . 1 1 2 . 0 

9 . 2 1 3 . 0 

6 . 0 1 7 . 0 

9 . 6 1 3 . 0 

1 2 . 0 

2 0 . 0 1 5 . 0 

2 3 . 0 * 4 5 . 0 * 

5 . 0 1 0 . 0 

1 3 . 0 * 2 5 . 0 * 

1 2 . 0 1 0 . 0 

5 . 4 7 . 6 

1 3 . 0 1 . 5 

1 6 . 0 1 5 . 0 

9 . 2 9 . 6 

9 . 2 8 . 0 

* s e e t e x t f o r comment 
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has a corre la t ion c o e f f i c i e n t of .39 , and i s s i g n i f i c a n t at the .001 

l e v e l . The covarience of DOC and arsenate concentrations i s a l so 

strong for contemporaneously sampled waters from various locat ions 

along the upper, fresh-water reaches of an indiv idual r i v e r , the. St . John 

(Figure 4 ) . The data points are numbered, increasing upstream, according 

to sample l o c a t i o n . In general , the swampy, uppermost reaches of the 

r iver have the highest arsenic and organic-matter concentrat ions . 

I t w i l l be shown in the next s ec t ion that organic matter-arsenic 

complexes e x i s t in r iver ine (and estuarine) waters. This r e s u l t , 

together with the observed covarience of arsenate and DOC, suggests 

that r iver ine arsenate concentration i s an imposed q u a l i t y . Furthermore, 

complexation with organic matter apparently maintains arsenate at the 

observed d i s so lved concentrat ion. If arsenate concentration i s an 

imposed parameter, then the high springtime DOC values in some r i v e r s , 

which correspond to r e l a t i v e l y low arsenate concentrat ions , must r e f l e c t 

e i ther excess organic matter or p r e f e r e n t i a l organic matter - metal 

complexation. 

Another impl icat ion of the apparent causal r e l a t i o n s h i p between 

organic carbon and arsenate concentrations i s that some process other 

than p r e c i p i t a t i o n of the l e a s t s o l u b l e , c r y s t a l l i n e , arsenic compound 

i s most important in contro l l ing the upper l i m i t of d i s so lved arsenate 

concentrat ion. The observed d i s so lved arsenate concentrations are far 

below saturat ion with respect to the l e a s t so luble compound (Ferguson 

and Gavis, 1972). Hence i t i s l i k e l y that processes such as coprec ip i -

ta t ion with , and adsorption t o , other s o l i d spec ies ( iron hydroxides, 

for instance) remove arsenate from s o l u t i o n at concentrations below 
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s a t u r a t i o n . 

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

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

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

m i n e d ( T a b l e 3 ) . A s s u m i n g t h a t a r s e n i c b e h a v e s c o n s e r v a t i v e l y a s i t 

p a s s e s t h r o u g h t h e e s t u a r i e s , t h e a n n u a l i n p u t t o t h e G e o r g i a B i g h t i s 

20 x lO-*- 2 u g / y r a r s e n i c . T h e a s s u m p t i o n o f c o n s e r v a t i v e b e h a v i o r o f 

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

A r s e n i c i n t h e E s t u a r i n e E n v i r o n m e n t 

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

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

f l u x t o t h e G e o r g i a B i g h t . T h e m i x i n g b e h a v i o r o f a r s e n i c w a s e x a m i n e d 

i n t h e O g e e c h e e , S a v a n n a h , a n d S a t i l l a P»iver e s t u a r i e s . 

R e a c t i v i t y 

A r s e n i c i s a p p a r e n t l y u n r e a c t i v e i n t h e e s t u a r i n e e n v i r o n m e n t . 

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

( A s ^ + , t h e p r e d o m i n a n t a r s e n i c s p e c i e s i n r i v e r w a t e r s ) a n d s a l i n i t y i n 

t h e O g e e c h e e , S a t i l l a , a n d S a v a n n a h R i v e r e s t u a r i e s ( F i g u r e 4 a n d T a b l e 4 ) . 

T h e s a l i n i t i e s p l o t t e d o n t h e h o r i z o n t a l a x i s a r e i n d i c a t i v e o f t h e 

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

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

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

s u b j e c t o n l y t o s i m p l e p h y s i c a l m i x i n g o f two e n d - m e m b e r w a t e r t y p e s ; 

f r e s h w a t e r , w i t h a n a r s e n i c c o n c e n t r a t i o n o f a b o u t 0 . 2 u g / 1 , a n d s a l i n e , 

c o a s t a l w a t e r s , w i t h a n a r s e n i c c o n c e n t r a t i o n o f 0 . 7 t o 1 . 0 u g / 1 ' N o t e 
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T a b l e 4 . E s t u a r i n e D i s s o l v e d - A r s e n a t e D a t a 

° / o o O r g a n i c M o l e c u l a r y g / 1 rag/1 
E s t u a r y S a l i n i t y W e i g h t F r a c t i o n A r s e n a t e DOC 

O g e e c h e e 0 w h o l e s a m p l e . 1 9 55 
MOO,000 M.W. i s o l a t e d nd 7 
^ 0 , 0 0 0 M.W. r e m o v e d . 1 9 4 0 
> 2 , 0 0 0 M.W. r e m o v e d . 1 5 35 

2 w h o l e s a m p l e . 2 9 49 
> 1 0 , 0 0 0 M.W. r e m o v e d . 2 9 
> 2 , 0 0 0 M.W. r e m o v e d . 1 9 

6 w h o l e s a m p l e . 4 4 4 3 
M . 0 0 , 0 0 0 M.W. i s o l a t e d nd nd 
^ 0 , 0 0 0 M.W. r e m o v e d . 4 4 3 5 
^ , 0 0 0 M.W. r e m o v e d — 3 0 

10 w h o l e s a m p l e . 5 9 39 
> 1 0 0 , 0 0 0 M.W, i s o l a t e d nd nd 
^ 0 , 0 0 0 M.W. r e m o v e d . 5 9 
> 2 , 0 0 0 M.W. r e m o v e d — 27 

14 w h o l e s a m p l e . 7 2 37 
^ 0 0 , 0 0 0 M.W. i s o l a t e d n d n d 
^ 0 , 0 0 0 M.W. r e m o v e d . 7 2 27 
^ , 0 0 0 M.W. r e m o v e d . 3 5 24 

18 w h o l e s a m p l e . 8 4 3 0 
> 1 0 0 , 0 0 0 M.W. i s o l a t e d nd nd 
> 1 0 , 0 0 0 M.W. r e m o v e d . 8 4 2 5 
^ , 0 0 0 M.W. r e m o v e d — 21 

2 2 w h o l e s a m p l e 1 . 0 0 26 
^ 0 0 , 0 0 0 M.W. i s o l a t e d nd nd 
^ 0 , 0 0 0 M.W. r e m o v e d 1 . 0 0 20 
^ , 0 0 0 M.W. r e m o v e d . 4 5 17 

NOTE: ( — ) = n o t t e s t e d 

( n d ) = n o t d e t e c t e d (ie. < 0 . 0 2 y g / 1 f o r A s , < 1 m g / 1 f o r DOC) 

( T a b l e 4 i s c o n t i n u e d o n n e x t p a g e . 



T a b l e 4 . E s t u a r i n e D i s s o l v e d - A r s e n a t e D a t a ( c o n t i n u e d ) 

O r g a n i c M o l e c u l a r yg/1 
E s t u a r y S a l i n i t y W e i g h t Fraction A r s e n a t e 

S a v a n n a h 0 w h o l e s a m p l e . 1 5 
2 . 1 9 
4 . 2 7 
6 . 3 4 
8 . 3 9 

10 . 4 5 
12 . 5 1 
15 . 6 1 
18 . 7 2 
20 . 7 8 

S a t i l l a 0 w h o l e s a m p l e . 1 1 
2 . 1 7 
4 . 2 2 
6 . 2 9 
8 . 3 5 

10 . 4 1 
12 . 4 6 
15 . 5 6 
22 . 7 4 
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the Inse t , which shows, schematical ly , the. types of curves i n d i c a t i v e of 

non-conservative mixing (Boyle et al., 197 4 ) r If d issolved arsenic were 

l o s t to the sediments in the estuary, a l e s s - t y p e curve would obtain; 

a l t e r n a t i v e l y , i f arsenic d i s so lved from the sediments in the estuary, 

a gain-type curve would p r e v a i l . 

Conservative mixing of arsenate through the e s tuar ie s i s somewhat 

contradictory to what might be expected, s ince removal mechanisms are 

known to inf luence other d i s so lved elements in the estuarine environment. 

In par t i cu lar , p r e c i p i t a t i o n of f e r r i c hydroxides and organic matter, 

and p o t e n t i a l uptake by suspended p a r t i c l e s ( including micro-organisms) 

are un in f luent ia l with regard to the d i s t r i b u t i o n of arsen ic . Each 

of these removal mechanisms was considered to determine how they are 

rendered i n e f f e c t i v e , as discussed below. 

The Ogeechee River estuary was chosen for further i n v e s t i g a t i o n 

because i t i s the l e a s t complex, and hence most idea l for a study of 

mixing phenomena, as Boyle et al. (1974) and Sholkovitz (1976) have 

pointed out . 

Potent ia l Removal Mechanisms 

P r e c i p i t a t i o n of Ferric Hydroxides. I t i s we l l documented that 

iron p r e c i p i t a t e s as f e r r i c hydroxide or hydrated oxide-organic complexes 

at the sa l t -water in ter face (Windora, 1975; Boyle et al., 1974). I t i s 

a l so we l l known that arsenate ion i s a c t i v e l y scavenged by f e r r i c hydrox­

ide {of. the coprec ip i ta t ion technique for concentrating arsenic prior 

to a n a l y s i s ) . If arsenate were present in estuarine waters as the free 

ion , coprec ip i ta t ion with iron should occur. 

Arsenic undergoes no s i g n i f i c a n t complex:ng i n t e r a c t i o n s with 
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any inorganic rad ica l s other than OH" (Ferguson and Gavis, 1972), and 

organic matter - arsenic complexes have not been previously documented. 

Evidence that organic matter -• arsenate complexes do e x i s t , how­

ever, was obtained by use of u l t r a f i l t r a t i o n , With th i s technique, 

i t i s pos s ib l e to remove s u c c e s s i v e l y various s i z e f rac t ions of d i sso lved 

organic matter. If arsenic i s complexed by any of the organic f r a c t i o n s , 

i t w i l l be removed along with the organics , leaving the f i l t r a t e 

d e f i c i e n t . Figure 6 shows the r e s u l t s of the arsenic analyses performed 

on fract ionated and unfractionated Ogeechee River estuary samples. The 

lower curve was derived by analysing the f i l t r a t e s of a 2,000 (nominal) 

molecular weight cut -of f membrane. The f i l t r a t e s of>10,000 molecular 

weight membranes were not d e f i c i e n t in arsen ic . The d i f ference between 

the two curves apparently r e f l e c t s the complexation of arsenic by 

d isso lved organic matter of low molecular weight, nominally l e s s than 

10,000 molecular weight u n i t s . 

The DOC l e v e l s in the Ogeechee estuary at the time of sampling 

were very high compared to the bulk of the values reported in Table 2. 

However, the arsenic complexing behavior i t s e l f i s probably not a t y p i c a l . 

The above r e s u l t s suggest that arsenic i s not present as the uncomplexed, 

free metal ion . I t f o l l o w s , then, that arsenic may remain unreact ive 

with respect to f e r r i c hydroxide c o l l o i d s and f l o c c u l e s by v i r t u e of 

i t s complexation with l i g h t organic matter. 

A l t e r n a t i v e l y , one may consider the p o s s i b i l i t y that f e r r i c 

hydroxide c o l l o i d s are somehow rendered non-reactiva towards d isso lved 

ionic cons t i tuent s ( including arsenate ) . Koenings and Hooper (1976) 

have shown that in lake water, the presence of c o l l o i d a l organic matter 
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reduces the ion ic a c t i v i t y of f e r r i c c o l l o i d s . This in turn reduces the 

extent of in terac t ion between f e r r i c c o l l o i d s and phosphate. Assuming 

that the large ly chemically s imi lar orthophosphate and arsenate ions 

behave s imi lar ly in th i s re spec t , Koenings and Hooper's r e s u l t s may apply 

to the present study. Col lo idal organic matter i s c e r t a i n l y present in 

the southeastern e s tuar ie s (Beck et al. , 1974) . I t i s unknown whether 

or not the d i f f er ing ion ic s trengths , pH, and major-ion chemistr ies of 

lake and estuarine environments would modify the c o l l o i d a l organic matter 

in ter ference . Col lo idal organic matter (COM) undergoes e s s e n t i a l l y 

complete f l o c c u l a t i o n and p r e c i p i t a t i o n in the e s t u a r i e s , qui te unl ike 

COM in l akes . However, due to phys ica l f orces , organic matter i s 

repeatedly resuspended, maintaining a var iab le concentration of s u s ­

pended organics In the water column. I t i s perhaps reasonable to assume 

that both COM inter ference with f e r r i c hydroxide ion ic a c t i v i t y , and 

low-molecular-weight organic matter - arsenate complexation act in 

concert to e f f e c t a mutual f e r r i c hydroxide - arsenate nonreac t iv i ty . 

P r e c i p i t a t i o n of Organic Matter. The above argument leads 

d i r e c t l y in to considerat ion of the estuarine mixing behavior of d i s so lved 

organic matter. I t can be demonstrated that some organic matter 

f l o c c u l a t e s and i s l o s t from the d i s so lved s t a t e in the estuary, in 

l i k e manner to i ron . The uppermost curve of Figure 7 (data i s tabulated 

in Table 4) represents the mixing behavior of t o t a l DOC in the Ogeechee 

estuary. The s t a t i s t i c a l l y s i g n i f i c a n t regress ion i s a l o s s - t y p e curve, 

ind icat ing removal of DOC. The lowermost curve, j u s t above the hor izonta l 

a x i s , represents the concentration of large (greater than 100,000 molecular 

weight) organic matter as a function of s a l i n i t y . I t i s evident that 
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t h i s f r a c t i o n u n c l e i g o e s e s s e n t i a l l y t o t a l l o s s a t l o w s a l i n i t y . I f t h e 

l o w e r m o s t c u r v e i s s u b t r a c t e d £r&n t h e u p p e r CM e v e , t h e r e s u l t I s a 

l i n e a r ( c o n s e r v a t i v e ) c u r v e . T h e two i n t e r m e d i a t e c u r v e s , a l s o l i n e a r , 

a r e d e r i v e d f r o m t h e f i l t r a t e s o f . 1 0 , 0 0 0 a n d 2 , 0 0 0 m o l e c u l a r w e i g h t 

m e m b r a n e s . T h e s e r e s u l t s i m p l y t h a t DOC i s u n r e a c t i v e i n t h e e s t u a r y , 

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

by much l i g h t e r o r g a n i c s , i t i s n o t a f f e c t e d b y t h e p r e c i p i t a t i o n o f t h e 

h e a v y f r a c t i o n . 

S i m i l a r r e s u l t s a r e r e p o r t e d b y S h o l k o v i t z ( 1 9 7 6 ) who s h o w s t h a t 

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

r i v e r w a t e r u n d e r g o e s r e m o v a l ( f l o c c u l a t i o n ) w h e n m i x e d w i t h s e a w a t e r . 

R e u t e r a n d P e r d u e ( 1 9 7 7 ) s t a t e t h a t d i s s o l v e d o r g a n i c m a t t e r i n r i v e r 

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

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

r e s e m b l i n g s o i l h u m i c a c i d s . T h i s h i g h - m o l e c u ] a r - w e i g h t f r a c t i o n , w h i c h 

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

s t u d y , a n d t o t h e f l o c c u l a b l e m a t e r i a l o f S h o l k o v i t z , i s i n t i m a t e l y 

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

" i r o n - h u m a t e s " , a t t h e e s t u a r y , w a s p r o p o s e d b y S h o l k o v i t z ( 1 9 7 6 ) t o b e 

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

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

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

e l e m e n t s b e h a v e s i m i l a r l y i n t h i s r e s p e c t . 

P a r t i c l e U p t a k e . I n o r d e r t o r i g o r o u s l y e s t a b l i s h t h e m i x i n g 

b e h a v i o r o f a r s e n i c , b o t h t h e r e a c t a n t a n d p r o d u c t a p p r o a c h e s o f S h o l k o v i t z 

( 1 9 7 6 ) h a v e b e e n t a k e n i n a n a l y s i n g t h e O g e e c h e e R i v e r e s t u a r y s a m p l e s . 
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T h a t i s t o s a y , b o t h t h e r e a c t a n t s ( d i s s o l v e d s p e c i e s ) a n d t h e . p r o d u c t s 

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

i n e d . I n t h e e s t u a r y , s u s p e n d e d p a r t i c u l a t e s a n d p l a n k t o n a r e p o t e n t i a l 

s i t e s o f a r s e n i c u p t a k e , a n d h e n c e t h e s e w e r e s t u d i e d . 

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

c u l a t e s . R a t h e r , t o t a l s u s p e n d e d m a t e r i a l s c o l l e c t e d o n 0 . 4 5 m i c r o n 

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

a d s o r p t i o n , a n d c o p r e c i p i t a t i o n w i t h b o t h i r o n a n d o r g a n i c s , t h e r e f o r e , 

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

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

w a s f o u n d t o b e p r e s e n t ( T a b l e 5 ) . T h e e x i s t e n c e of m e t h y l a t e d a r s e n i c 

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

a r s e n i o u s a c i d b e i n g t he . p r o d u c t ( B r a m a n , 1 9 7 3 ) . B r a m a n h a s p o i n t e d o u t 

h o w e v e r , t h a t d i m e t h y l a r s e n i c i s v e r y r e s i s t a n t t o o x i d a t i o n , a n d h e n c e 

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

T h e l a c k o f t r e n d of d i m e t h y l a r s e n i c w i t h i n c r e a s i n g s a l i n i t y ( F i g u r e 8 ) 

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

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

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

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

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

a r e q u a n t i t a t i v e l y u n i m p o r t a n t d u r i n g e s t u a r i n e t r a n s p o r t . 

T h e c o n s t a n c y o f i n o r g a n i c a r s e n i c l e v e l s s h o w n i n F i g u r e 9 s u g g e s t 

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

l a b i l e i n t h e e s t u a r y . T h e s e d a t a a r e t h e r e f o r e i n a g r e e m e n t w i t h t h e 

c o n s e r v a t i v e b e h a v i o r i n d i c a t e d by t h e m i x i n g c u r v e s s h o w n i n F i g u r e 5 . 
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Table 5 . Arsenic in Particulate Material, Ogeechee River Estuary 

° / ' oo 
Salinity jjg Arsenat e-A s/g r am ug Dimethylarsenic-As/gram 

0 9 . 2 1 . 1 

2 9 . 0 3 . 5 

6 7 . 8 0 . 8 

10 8 . 2 3 . 6 

14 1 2 . 6 1 . 4 

18 9 . 3 1 . 9 

22 7 . 2 0 . 4 
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The t o t a l arsenic concentrations assoc iated with the p a r t i c u l a t e 

phase in the estuary f a l l wi thin the range observed by Crecel ius (1975) 

for two Washington State r ivers which have d i s so lved arsenic concentrations 

and suspended p a r t i c u l a t e s s imi lar to the Ogeechee River. This would again 

tend to ind icate that no arsenic i s exchanged between the s o l i d and 

disso lved phases at the estuary. 

Atmosphere-to-Ocean Arsenic Flux 

Duce et al. (1976) have shown that a r s e n i c , as we l l as a number 

of other elements, i s introduced to the sea surface from an atmospheric 

reservoir via p a r t i c u l a t e f a l l o u t and ra in . They formulated a model, 

part ly based upon the atmospheric s tudies of Cambray et al. (1975) , who 

have assigned an e f f e c t i v e p a r t i c l e depos i t ion v e l o c i t y to severa l elements. 

For a r s e n i c , t h i s depostion v e l o c i t y i s 0.26 cm/sec, which means that 

0.26 cm3 of a ir i s swept clean of arsenic -conta in ing p a r t i c u l a t e s due 

to f a l l o u t each second, over each cm?- of ocean surface . This al lows 

est imation of the arsenic contr ibut ion to the sea surface by dry f a l l ­

out, i f the atmospheric arsenic concentration i s known. The model 

a l so provides for the removal rate increase due to rain washout; the 

dry f a l l o u t f lux i s mul t ip l i ed by 3 , on the empir ical ly derived assumption 

that r a i n f a l l removes p a r t i c u l a t e s from the atmosphere at twice the 

yearly dry f a l l o u t r a t e . This model was used to est imate atmospheric 

transport of arsenic to the waters of the study area. The treatment 

i s crude, because many var iab les cannot be taken Into account. The 

re su l t should therefore be looked upon only as an order~of-magnitude 

es t imate . As w i l l become evident l a t e r , the atmosphere-to-ocean arsenic 
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f lux i s r e l a t i v e l y unimportant, thus the lack of prec i s ion in the est imate 

i s not s e r i o u s . 

Atmospheric par t i cu la te samples were taken along the southeast 

coast during September, 1976. The t o t a l p a r t i c u l a t e arsenic concentrations 

of the atmosphere along the s h i p ' s tracks (Figure 9) are given in 

Table 5. Zinc and iron analyses of the samples were a l so performed 

(by R. Smith, Skidaway I n s t i t u t e ) and are reported. 

Arsenic corre la te s with both zinc ( c o e f f i c i e n t of determination, 

r2 = 0.75) and iron (r^ = 0.50) at the .002 and .02 s i g n i f i c a n c e l e v e l s , 

r e s p e c t i v e l y . The covariences suggest that the elemental concentrations 

are contro l led by a common fac tor . Duce et al. (1976) have concluded 

that the atmospheric iron , and probably a s i g n i f i c a n t f rac t ion of the 

atmospheric z inc in the Bermuda area are derived from the North American 

cont inent . Hence, the corre la t ions of these metals with arsenic may 

ind ica te that the arsenic in the Georgia Bight atmosphere i s a l so derived 

from cont inenta l sources . 

Air samples were a l s o c o l l e c t e d using s i l v e r e d beak-packed tubes 

and no p r e - f i l t e r i n g during the periods in which f i l t e r samples W.F. 2, 

W.F. 3 , W.F. 4, W.F. 5, W.F. 6 and W.F. 11 were obtained in order to 

examine the spec ia t ion of the atmospheric arsen ic . Analyses of these 

samples y i e l d atmospheric arsenic concentrations of 1 . 1 , 1 .4 , 0 . 8 1 , 1 .3 , 

0 .13 , and 0.13 ng/m 3 inorganic a r s e n i c , r e s p e c t i v e l y . The absolute 

arsenic concentrations of these samples are not s i g n i f i c a n t because of 

the poor p a r t i c l e c o l l e c t i o n e f f i c i e n c y of the tubes , compared to the 

Whatman f i l t e r technique. However, the analyses do reveal that a l l the 

c o l l e c t e d arsenic was inorganic . Further s tud ies are required to determine 



37 

F i g u r e 9 . A t m o s p h e r i c S a m p l e L o c a t i o n s 
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Table 6. Atmospheric Concentrations of Arsenic and some Trace Metals 

O "3 O 
ng/m-5 ng/m ng/m 

Sample // Arsenic Zinc Iron 

W.F. 1 0.2 4.6 63 

2 4.3 15 460 

3 2 .2 . 12 500 

4 * 3.7 330 

5 1.1 5.7 370 

6 0.16 7.2 310 

7 6.3 15 510 

8 0.48 3 .4 220 

9 0.48 6.0 150 

10 0.46 8.5 150 

11 1.2 10 140 

average 1.7 8 .3 291 

i n s u f f i c i e n t sample for arsenic ana lys i s 
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the phase d i s t r i b u t i o n of atmospheric arsenic . 

The study area atmospheric arsenic concentrations ( W . F . ' s 1, 2, 10, 

and 11) vary over an o r d e r cf magnitude, from 0 . 2 ng/m 3 to 4 .3 ng/ni 3 , and 

average 1.5 ng/m 3 . The average of a l l samples in Table 7 i s 1.7 ng/m 3 . 

For more i s o l a t e d oceanic reg ions , Duce et al. (1976) find a yearly 

v a r i a t i o n of from 0.03 to 0.96 ng/m , with an average value of 0.17ng/m , 

or approximately one order of magnitude l e s s arsenic than that of the 

study area. The Bight-atmosphere iron and zinc concentrations a l s o average 

higher than the Bermuda concentrat ions; at Bermuda, iron averages 100 ng/nr>, 

and zinc averages 2.5 ng/m 3 . Although the winds were l arge ly from the 

northeast during the sampling period, i t again appears that cont inenta l 

proximity inf luences the atmospheric chemistry of arsenic over the cont­

inenta l she l f . 

Assuming that the arsenic -conta in ing p a r t i c u l a t e s are s o l u b l e , 

every second the arsenic in 1.7 x 1 0 ^ crâ  of a i r i s added to the Bight 

waters (ie. 0.26 cm 3 /cm 2 sec f a l l o u t r a t e , over 6.4 x 10^ km^). Annually 

21 3 

then, 5.4 x 10 cm of atmosphere i s e f f e c t i v e l y swept c lean of p a r t i ­

cu la tes due to f a l l o u t . Hence, i f the atmospheric arsenic concentration 

i s 1.5 ng/m 3 (1 .5 x 1 0 - ^ ug/cm 3 ) , 8 .1 x 10"^2 pg are introduced yearly to 

the she l f waters by dry f a l l o u t a lone. Then adjust ing for washout 

according to Duce's model (3 times the dry f a l l o u t ) , the t o t a l atmos­

pheric transport to the Bight i s 24.3 x 10^ 2 ug/year. 

I t i s i n t e r e s t i n g to compare the above rate with the atmospheric 

transport rate ca lculated using a d i f f erent approach. Rain water was 

c o l l e c t e d at the beginning and at the end of a week of rainy weather 

from 10/19/76 to 10/26/76 at Skidaway Is land. The weather had been dry 
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for more than two weeks precoeding the collections, Analyses of the two 
samples yielded arsenic concentrations of 0,33 ug/1 (10/19/76) and Q.Q3ug/l 

5+ 
(10/26/76), As being the only detectable species. If one assumes that 
the average of these two concentrations, 0.18 ug/1, represents the mean 
arsenic concentration of rain water in the study area, and that 90 km /yr 

/ o 

of rain falls on the shelf (or 136 cm/year over 6.4 x 10 km ), then 
approximately 16.2 x 10 yg is the annual arsenic contribution to the 
Bight due to washout. Now, according to Duce e t al. (1976), arsenic in 
rain comprises only 2/3 of the total atmosphere-to-ocean flux. Therefore, 
by adjusting for the dry fallout component (multiplying by 1.5), a 
total flux of 24.3 x 10 yg/year arsenic is obtained. This rate is in 
perfect agreement with that derived in the preceeding paragraph. However, 
the degree of the agreement is somewhat fortuitous, since the average 
rainwater arsenic concentration used in the calculation is based on 
only two samples. For instance, Kanamori and Sugawara (1965) found rain­
water-arsenic concentrations of 0.6 yg/1 on the open ocean, indicating 
that this parameter can vary considerably. Nevertheless, the two methods 
probably yield a significant order-of-magnitude estimate of the atmospheric 
arsenic input to the Bight waters. 

Influence of Intrusions on the Arsenic 
Content of Continental-Shelf Waters 

Intrusions of extra-continental shelf waters are a major mechanism 
of water exchange between the continental shelf and the open ocean. 
Figure 11, taken from Blanton (1971), schematically depicts the intrusion 
process. Blanton and Atkinson (personal communication) have estimated 
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t h a t t h e i n t r u s i o n s o c c u r a b o u t e v e r y two w e e k s f o r 6 m o n t h s o f t h e y e a r , 

o r 13 i n t r u s i o n s o c c u r p e r y e a r . T h e i n t r u s i o n v o l u m e s a r e a p p a r e n t l y 

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

of d e n s i t y , s a l i n i t y a n d t e m p e r a t u r e , T h e w a t e r m a s s e x c h a n g e , t h e n , i s 

1 / 5 x 1 9 1 5 km^ x 13 i n t r u s i o n s / y e a r , o r 4 9 8 0 k m 3 / y e a r . 

T h e i n t r u d e d w a t e r i s d e r i v e d f r o m d e e p w a t e r i n t h e G u l f S t r e a m , 

a d j a c e n t t o t h e c o n t i n e n t a l s l o p e , w h e r e t h e t o t a l d i s s o l v e d a r s e n i c 

c o n c e n t r a t i o n i s a b o u t 1 . 5 y g / 1 ( d i s c u s s e d i n t h e f o l l o w i n g s e c t i o n ) . 

The a r s e n i c i n p u t t o t h e B i g h t w a t e r s d u e t o i n t r u s i o n s i s t h e r e f o r e 

4 9 8 0 k m 3 / y e a r x 1 0 1 2 l i t e r s / k m 3 x 1 . 5 y g / 1 , o r 7 . 5 x 1 0 1 5 y g / y e a r . 

C o n c e n t r a t i o n a n d D i s t r i b u t i o n o f A r s e n i c i n 

C o n t i n e n t a l - S h e l f a n d A d j a c e n t W a t e r s 

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

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

( f i g u r e 1 1 ) a n d b y t h e d e r i v e d l i n e d r a w i n g ( F i g u r e 1 2 ) . T h e p r e s e n c e 

of wa rm G u l f S t r e a m a n d c o o l c o a s t a l w a t e r s a r e c l e a r l y s e e n . Some 

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

m e n t o f a l e n s o f c o o l e r i n t e r m e d i a t e w a t e r m i d w a y b e t w e e n J a c k s o n v i l l e , 

F l o r i d a a n d W i l m i n g t o n , N . C , a n d t h e p r o n o u n c e d s e m i - p e r m a n e n t s e a w a r d 

d e f l e c t i o n o f t h e S t r e a m j u s t s o u t h o f W i l m i n g t o n . O t h e r s i m i l a r p h o t o s 

t a k e n a t d i f f e r e n t t i m e s s h o w t h a t t h e G u l f S t r e a m h a s m a r k e d v a r i a t i o n s 

i n p o s i t i o n , m i g r a t i n g i n a n e a s t - w e s t s e n s e . 

E x t e n s i v e s a m p l i n g o f G e o r g i a B i g h t a n d a d j a c e n t o c e a n i c w a t e r s 

w a s a c c o m p l i s h e d f r o m t h e R/V C o l u m b u s - I s e l i n d u r i n g M a r c h , 1 9 7 6 , a n d 

f r o m t h e R/V B l u e F i n d u r i n g S e p t e m b e r , 1 9 7 6 ( F i g u r e 1 3 ) . T h e r e s u l t s 



g u r e 1 1 . T e m p e r a t u r e - c o n t r a s t E n h a n c e d , S a t e l l i t e - p h o t o 

o f t h e S t u d y A r e a 
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the analyses of these sararla.c; (Table 7) were used to e s t a b l i s h the As^ 

d i s t r i b u t i o n in the study area surface waters (Figure 1 4 ) . In general , 

the arsenic spec ie s concentrations reported here are in accord with those 

found in the l i t e r a t u r e . Arsenate predominates with concentrations around 

1 yg/1 (as As) , while a r s e n i t e and dimethylarsenic concentrations are 

approximately an order of magnitude l e s s . The pattern of arsenic 

d i s t r i b u t i o n has features s imi lar to those of the water mass d i s t r i b u t i o n 

(Figure 12) , suggesting that the arsenic concentrations are large ly 

control led by simple phys ica l mixing. Gulf Stream waters apparently 

contain the h ighest arsenic concentrat ions , and are d i luted by the low 

arsenic content of r iver - in f luenced coas ta l waters . Although somewhat 

d i f f erent here than in the temperature-contrast photo, p a r t i a l entrainment 

of inshore water in to the Gulf Stream, and the pronounced seaward 

deviat ion of the Gulf Stream are r e f l e c t e d . 

Ver t i ca l p r o f i l e s of arsenic concentrat ion were obtained by analyses 

of samples c o l l e c t e d at s e l e c t e d Gulf Stream and Sargasso Sea l o c a t i o n s . 

Samples were c o l l e c t e d from the surface (approximately 30 cm. depth) , from 

near the lower boundary of the mixed layer (as defined by a bathythermo­

graph t r a c e ) , and at one or two deeper p o s i t i o n s (200 m to 500 m). Due 

to the shoal nature of the she l f (average depth 30 m), and to the s i g n i f i ­

cant wave and current a c t i v i t y , she l f waters are only occas iona l ly 

s t r a t i f i e d . More commonly, as was the case for a l l sampling excursions 

during t h i s i n v e s t i g a t i o n , the Bight waters were v e r t i c a l l y homogeneous 

(ie. i so thermal ) , and hence the arsenic concentrat ions are constant with 

depth. 

5+ 
Concentration p r o f i l e s (Figure 15) ind ica te that As concentrations 
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T a b l e 7 . C o n c e n t r a t i o n s o f A r s e n i c S p e c i e s i n O c e a n i c W a t e r s 

S a m p l e # ^ a ) A r s e n a t e 

1 1 . 1 3 Cs) 
2 1 . 4 3 (&) 
3 1 . 1 3 ( s ) 

0 . 9 9 ( 2 5 0 m) 
1 . 1 3 ( 5 0 0 m) 

4 1 . 1 8 ( s ) 
5 1 . 2 7 ( s ) 
6 1 . 1 4 ( s ) 

1 . 1 7 ( 2 0 0 m) 
1 . 3 8 ( 5 0 0 m) 

7 1 . 2 8 ( s ) 
1 . 3 7 ( 5 0 0 m) 

8 1 , 1 1 ( s ) 
9 1 . 1 6 ( s ) 

10 1 . 0 5 ( s ) 
1 1 1 . 1 0 ( s ) 
12 1 . 3 2 ( s ) 

1 . 5 4 ( 2 5 0 m) 
1 . 5 5 ( 5 0 0 m) 

13 1 . 2 0 ( s ) 
14 1 . 1 8 ( s ) 
15 1 . 1 3 ( s ) 

1 . 5 9 ( 5 0 0 m) 
16 0 . 9 8 ( s ) 
17 0 . 6 2 ( s ) 
18 1 . 1 4 ( s ) 
19 1 . 1 3 ( s ) 

1 . 1 3 ( 4 0 m) 
1 . 0 6 ( 2 5 0 m) 
1 . 6 0 ( 5 0 0 m) 

20 1 . 2 3 ( s ) 
2 1 1 . 2 1 ( s ) 
22 1 . 0 6 ( s ) 

1 . 0 4 ( 4 0 m) 
23 1 . 2 9 ( s ) 

1 . 5 0 ( 5 0 0 m) 
24 1 . 2 0 ( s ) 

1 . 4 1 ( 4 0 m) 
1 . 7 9 ( 2 5 0 m) 

25 1 . 2 9 ( s ) 
26 0 . 7 0 ( s ) 
27 1 . 1 6 ( s ) 

0 . 9 7 ( 4 0 m) 

y g / 1 u g / 1 
A r s e n i t e D i m e t h y l a r s e n i c 

. 0 4 ( s ) n d ( b ) 

. 0 4 ( s ) nd 

. 1 4 ( s ) nd 

. 0 9 ( 2 5 0 m) nd 

. 0 9 ( 5 0 0 m) nd 

. 0 6 ( s ) . 0 5 ( s ) 

. 0 6 ( s ) . 0 5 ( s ) 

. 0 5 ( s ) . 1 9 ( s ) 

. 0 5 ( 2 0 0 m) . 0 8 ( 2 0 0 m) 

. 0 3 ( 5 0 0 m) nd 

. 0 2 ( s ) . 1 8 ( s ) 

. 0 2 ( 5 0 0 m) nd 

. 0 3 ( s ) . 2 9 ( s ) 

. 0 7 ( s ) . 0 6 ( s ) 

. 0 6 ( s ) . 0 6 ( s ) 

.05 ( s ) . 1 9 ( s ) 

. 0 5 ( s ) nd 

. 0 3 ( 2 5 0 m) nd 

. 0 3 ( 5 0 0 m) nd 

. 0 7 ( s ) . 0 6 ( s ) 

. 0 6 ( s ) . 0 5 ( s ) 

. 0 5 ( s ) . 2 3 ( s ) 

. 0 4 ( 5 0 0 m) . 1 3 ( 5 0 0 m) 

. 0 5 ( s ) . 0 5 ( s ) 

. 0 3 ( s ) . 1 5 ( s ) 

. 0 7 ( s ) . 0 6 ( s ) 

. 1 5 ( s ) . 0 4 ( s ) 

. 1 5 ( 4 0 m) nd ( 4 0 m) 

. 1 4 (2.50 m) nd ( 2 5 0 m) 

. 1 3 ( 5 0 0 m) n d ( 5 0 0 m) 

. 0 7 ( s ) . 0 6 ( s ) 

. 0 6 ( s ) . 0 5 ( s ) 

. 0 4 ( s ) nd ( s ) 

. 0 4 ( 4 0 m) nd ( 4 0 m) 

. 0 6 ( s ) . 2 9 ( s ) 

. 0 7 ( 5 0 0 m) . 2 4 ( 5 0 0 m) 

. 0 6 ( s ) nd ( s ) 

. 0 5 ( 4 0 m) nd ( 4 0 m) 

. 0 2 ( 2 5 0 m) nd ( 2 5 0 m) 

. 0 7 ( s ) . 0 5 ( s ) 

. 0 4 ( s ) . 0 6 ( s ) 

. 0 4 ( s ) nd ( s ) 

. 0 2 ( 4 0 m) nd ( 4 0 m) 

( c o n t i n u e d ) 
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T a b l e 7 . C o n c e n t r a t i o n s of A r s e n i c S p e c i e s ( c o n t i n u e d ) 

y g / i y g / i y g / 1 
S a m p l e // Ax_seria_te A r a & n i t e D i m e t h y l a r s e n i c 

28 1 . 1 2 ( s ) .0.7 (s) nd 
1 . 1 5 ( 4 0 m) . 0 6 ( 4 0 m) nd 
1 . 3 4 ( 2 5 0 m) . 0 4 ( 2 5 0 m) nd 
1 . 3 1 ( 5 0 0 m) . 0 4 ( 5 0 0 m) nd 

29 1 . 1 9 ( s ) . 0 7 ( s ) . 0 6 ( s ) 
30 1 . 1 3 ( s ) . 0 4 ( s ) nd 

1 . 3 3 ( 2 5 0 m) . 0 4 ( 2 5 0 m) nd 
1 . 3 4 ( 5 0 0 m) . 0 3 ( 5 0 0 m) nd 

3 1 0 . 8 2 ( s ) . 0 4 ( s ) . 0 5 ( s ) 
32 0 . 9 5 ( s ) . 0 4 ( s ) . 0 4 ( s ) 
33 1 . 1 2 ( s ) . 0 4 ( s ) . 0 4 ( s ) 
34 1 . 1 6 ( s ) . 0 5 ( s ) . 0 4 ( s ) 
35 1 . 2 7 ( s ) . 0 5 ( s ) . 0 4 ( s ) 
36 1 . 1 7 ( s ) . 0 7 ( s ) . 0 6 ( s ) 
37 1 . 1 8 ( s ) . 0 9 ( s ) nd 

1 . 1 5 ( 4 0 m) . 0 7 ( 4 0 m) nd 
1 . 1 4 ( 2 5 0 m) . 0 3 ( 2 5 0 m) nd 
0 . 9 7 ( 5 0 0 m) . 0 4 ( 5 0 0 m) nd 

38 1 . 2 6 ( s ) . 0 6 ( s ) nd 
1 . 6 5 ( 2 5 0 m) . 0 5 ( 2 5 0 m) nd 
1 . 5 5 ( 5 0 0 m) . 0 5 ( 5 0 0 m) nd 

39 0 . 8 5 ( s ) . 0 4 ( s ) . 0 5 ( s ) 

1 0 . 7 9 ( s ) nd . 0 6 ( s ) 
2 0 . 6 8 ( s ) nd . 0 8 ( s ) 

0 . 9 9 (9 m) nd nd 
3 0 . 9 9 ( s ) . 0 6 ( s ) . 1 8 ( s ) 

0 . 9 6 ( 4 0 m) . 0 4 ( 4 0 m) . 2 0 ( 4 0 ra) 
1 . 2 2 ( 2 0 0 m) . 0 3 ( 2 0 0 m) . 0 9 ( 2 0 0 m) 

= R/V C o l u m b u s - I s e l i n c r u i s e s a m p l e s 

B . F . = R/V B l u e F i n c r u i s e s a m p l e s 

( b ) n ( j = n o t d e t e c t e d 

( s ) = s u r f a c e 
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jug As / liter 

Figure 15. Vertical Profiles of Concentrations of Arsenic Species 



F i g u r e 1 5 . ( c o n t i n u e d ) 
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increase with depth, whereas As concentrations decrease . This r e l a t i v e 

var ia t ion Is shown c l ear ly in a summary of the data (Figure 17) , where 

surface- and deep-water (250 to 500 m) sample concentrat ions are p lot ted 

for three water masses. 

Whereas Johnson and P i l son (1972) report that a r s e n i t e may comprise 

up to 20% of the t o t a l inorganic ar sen i c , the r e s u l t s of t h i s i n v e s t i g a t i o n 

indicate that ar sen i t e usual ly comprises l e s s than 10% of the t o t a l . 

Furthermore, the average arsenate concentration of Sargasso Sea waters 

reported by Johnson and P i l son to be 2.1 y g / 1 , here i s found to be 

l e s s than 1.5 y g / 1 . 

Thermodynamic cons iderat ions ind ica te that the r a t i o As :As 

should be about 20 orders of magnitude l e s s than that observed in t h i s 

i n v e s t i g a t i o n (Woolson, in press) . However, the observed p r o f i l e s are 

cons i s t en t with the d i s t r i b u t i o n of an element involved in the b i o l o g i c a l 

c y c l e , and hence suggests the fol lowing p o s s i b l e explanation for the 
5+ 

observed d i s t r i b u t i o n : ( i ) in the euphotic zone, As (oxidized) i s 

taken up by microorganisms (presumably phytoplankton), and during the 

process of metabolism, some unstable As (reduced) i s produced. In t h i s 
3+ 

way, a high concentration (by thermodynamic cons iderat ions) of As i s 
maintained in the mixed layer; ( i i ) at depth, product iv i ty rapidly 

3+ 
decreases , hence As concentrations d e c l i n e ; ( i i i ) upon i t s death, 

an organism sinks and undergoes b a c t e r i a l des truc t ion , such that oxidized 
5+ r_j_ 

As i s re leased to the water column, concentrating A s J + at depth. 

Johnson (1972) has shown that b a c t e r i a l reduction of arsenate 

to a r s e n i t e i s p o s s i b l e in seawater, but further work i s required before 

t h i s process can be confirmed. The d i s t r i b u t i o n of arsenic spec ies with 
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The d i s t r i b u t i o n of arsenic spec ies with depth in areas of high and of 

low production should be compared to determine the importance of the 

b i o l o g i c a l cyc l e , 

In order to est imate the arsenic f lux to the Bight via i n t r u s i o n s , 

an average value was required for the arsenic content of water at about 

100 meters depth adjacent to the cont inenta l s lope , whence the intrus ions 

are derived. For th i s purpose, the t o t a l arsenic concentrations at 

200 to 500 meters depth at s t a t i o n s adjacent to the s lope ( C . I . ' s 6, 7, 12, 

15, 19, 23, and 24) were averaged, y i e ld ing 1.58 ug /1 . The 100 meter 

arsenic concentration would be l e s s than t h i s , yet higher than the surface 

concentration (average 1.41 y g / 1 ) , or approximately 1.5 u g / 1 . 

Dimethyl arsenic i s not everywhere d e t e c t a b l e . However, when 

present i t occurs usual ly at concentrations near the de tec t ion l imi t 

(approximately 0.04 y g / l i t e r ) and hence i t i s d i f f i c u l t in most cases to 

make meaningful in terpre ta t ions concerning i t s d i s t r i b u t i o n . However, 

dimethylarsenic concentrations of up to 0.30 y g / l i t e r are observed 

occas ional ly in surface waters , with lower concentrations in corresponding 

deep waters . Hence the methylated arsen ica l behaves s imi lar l y to 

3+ 

As , being more highly concentrated in the productive euphotic zone than 

at depth. Again the inf luence of the b i o l o g i c a l cyc le i s suggested. 
Arsenic Residence Time in the Georgia Bight 

I t i s now poss ib l e to determine the approximate res idence time 

for arsenic in the Georgia Bight, waters , and to describe the q u a n t i t a t i v e l y 

most important transfer mechanisms. The res idence time, T , of arsenic 

i s given by the equation: 
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t o t a l m a s s o f a r s e n i c i n Blgj . i t w a i t e r s 
T = r a t e of a r s e n i c i n p u t t o t h e B i g h t 

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

t h e l e s s . 

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

3 

t h e a v e r a g e a r s e n i c c o n c e n t r a t i o n b y t h e v o l u m e ( 1 9 1 5 Ion ) . T h e a v e r a g e 

B i g h t a r s e n i c c o n c e n t r a t i o n i s o b t a i n e d s i m p l y b y a v e r a g i n g t h e 14 

( p r e s u m a b l y t y p i c a l ) s u r f a c e t o t a l - a r s e n i c c o n c e n t r a t i o n s ( 1 . 0 4 y g / 1 ) 

m e a s u r e d f o r t h e s h e l f w a t e r s d u r i n g t h e R/V C o l u m b u s - I s e l i n c r u i s e 

( s a m p l e s C . I . 7 , 8 , 9 , 1 0 , 1 1 , 1 6 , 1 7 , 1 8 , 2 2 , 2 6 , 2 7 , 3 1 , 3 2 , a n d 3 9 ) . 

H e n c e , t h e t o t a l m a s s o f a r s e n i c r e s i d i n g i n t h e s h e l f w a t e r s i s a p p r o x ­

i m a t e l y 2 x 1 0 1 5 y g . 

T h e r a t e o f a r s e n i c i n p u t i s o b t a i n e d b y s u m m i n g t h e r i v e r i n e , 

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

20 x l O " ^ 2 y g / y e a r , 24 x 10"*"2 y g / y e a r , a n d 7 . 5 x 10"*""* y g / y e a r . I t b e c o m e s 

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

t h e r a t e o f a r s e n i c i n p u t i s t h e r e f o r e o n t h e o r d e r o f 7 . 5 x 10^"* y g / y e a r . 

H e n c e , t h e r e s i d e n c e t i m e of a r s e n i c i n t h e B i g h t w a t e r s i s T = 0 . 2 7 y e a r . 

P r e l i m i n a r y c a l c u l a t i o n s f o r c o p p e r , m e r c u r y , n i c k l e , a n d z i n c , 

b a s e d o n a s y e t i n c o m p l e t e d a t a f r o m o n g o i n g r e s e a r c h b y H . L . Windom, 

y i e l d r e s i d e n c e t i m e s o f 0 . 2 2 , 0 . 3 1 , 0 . 2 9 , a n d 0 . 2 8 y e a r s , r e s p e c t i v e l y . 

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

t i m e c a l c u l a t i o n . 

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

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

of t h e r e a c t i v i t y o f a r s e n i c i n c o n t i n e n t a l - s h e l f w a t e r s . W a t e r i n p u t s 

http://Blgj.it
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a r e r i v e r s , r a i n , a n d i n t r u s i o n s , T o t a l r i v e r i n e w a t e r i n p u t ( T a b l e 2) 

i s 72 k m ^ / y e a r ; t o t a l r a i n f a l l i s 90 kin" / y e a r , b a s e d on a n a v e r a g e y e a r l y 

r a i n f a l l o f 1 3 6 cm ( f r o m U . S . W e a t h e r B u r e a u S t a t i s t i c s ) o v e r t h e B i g h t 

a r e a ; a n d t h e t o t a l v o l u m e o f i n t r u d e d w a t e r i s 4 9 8 0 km / y e a r . T h i s g i v e s 

3 

a t o t a l w a t e r - m a s s i n p u t o f 5 1 4 2 km / y e a r . A g a i n , t h e p r e d o m i n a n c e of 

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

t i m e i s t h e r e f o r e 0 . 3 7 y e a r , w h i c h i s i n f a i r a g r e e m e n t w i t h t h e a r s e n i c 

r e s i d e n c e t i m e . T h i s s u g g e s t s t h a t a r s e n i c i s l a r g e l y u n r e a c t i v e i n s h e l f 

w a t e r s . H o w e v e r , t h e a p p r o x i m a t e 40% d e v i a t i o n b e t w e e n t h e t r a c e - e l e m e n t 

r e s i d e n c e t i m e s a n d t h e w a t e r - m a s s r e s i d e n c e t i m e may i n d i c a t e t h a t a 

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

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

m i n e t h e i m p o r t a n c e o f u p t a k e p r o c e s s e s . 

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

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

c o n t r a s t , Windora et ai. ( 1 9 7 5 ) f o u n d t h a t a t m o s p h e r i c m e r c u r y t r a n s p o r t 

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

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

of c o n t i n e n t a l - s h e l f w a t e r s c a n b e e x p l a i n e d b y s e a s o n a l v a r i a t i o n s i n 

a t m o s p h e r i c i n p u t f r o m c o n t i n e n t a l s o u r c e s . A l t h o u g h a r s e n i c h a s , l i k e 

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

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

t h e c o m p o s i t i o n of t h e B i g h t w a t e r . T h i s i s s o , b e c a u s e a q u e o u s - a r s e n i c 

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

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

a t r a c e e l e m e n t w i l l b e i m p o r t a n t o n l y i f t h e r a t i o o f a t m o s p h e r i c 
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concentration to aqueous concentration is high, as is the case for H g , 

but not for arsenic, 
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CHAPTER IV 

CONCLUSIONS 

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

by a r s e n i c a v a i l a b i l i t y a n d b y c o m p l e x a t i o n w i t h d i s s o l v e d o r g a n i c m a t t e r 

o f l o w m o l e c u l a r w e i g h t . I n t h e s o u t h e a s t e r n U n i t e d S t a t e s , P i e d m o n t 

P l a t e a u r i v e r s g e n e r a l l y c o n t a i n l e s s a r s e n i c ( a v e r a g e 0 . 2 3 u g a r s e n a t e - A s 

p e r l i t e r ) t h a n do C o a s t a l P l a i n r i v e r s ( a v e r a g e 0 . 4 1 u g / 1 ) • T h e 

o c c u r r e n c e o f c o m p l e x e s b e t w e e n d i s s o l v e d o r g a n i c m a t t e r a n d a r s e n a t e , 

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

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

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

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

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

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

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

f r o m c o p r e c i p i t a t i n g w i t h f l o c c u l a t i n g i r o n h y d r o x i d e b y ( i ) t h e r e d u c t i o n 

of f e r r i c - h y d r o x i d e i o n i c a c t i v i t y b y i n t e r f e r i n g c o l l o i d a l - o r g a n i c m a t t e r , 

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

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

W h e r e a s t h e l a r g e r d i s s o l v e d - o r g a n i c f r a c t i o n s a r e l o s t t o t h e 

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

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

w i t h t h e c o m p l e x e d a r s e n i c . B i o l o g i c a l i n t e r a c t i o n w i t h a r s e n i c may 
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o c c u r i n t h e e s t u a r y , b u t i t i s u n i m p o r t a n t f r o m a m a s s b a l a n c e p o i n t of 

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

t h e s e d i m e n t s a s t h e s u s p e n d e d m a t t e r s e t t l e s , b u t l i t t l e o r no e x c h a n g e 

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

A r s e n i c c o n c e n t r a t i o n s i n t h e m a r i t i m e a t m o s p h e r e o f t h e G e o r g i a 

B i g h t a r e s i m i l a r t o t h o s e i n n o n - u r b a n c o a s t a l a r e a s o f F l o r i d a , b u t a r e 

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

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

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

t a n t , c o m p a r e d t o t h e i n f l u e n c e o f G u l f S t r e a m i n t r u s i o n s . 

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

s h e l f w a t e r s i s y i a m i x i n g w i t h i n t r u d e d d e e p G u l f S t r e a m w a t e r , o r i g i n ­

a t i n g f r o m s e a w a r d o f t h e c o n t i n e n t a l s l o p e . I t i s e v i d e n t by t h i s t h a t 

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

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

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

o f t h e w a t e r m a s s i t s e l f , a s w e l l a s s i m i l a r i t i e s b e t w e e n m a j o r f e a t u r e s 

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

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

B i g h t . C o n c e n t r a t i o n s a r e c o n t r o l l e d by s i m p l e p h y s i c a l m i x i n g , w i t h a 

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

The r e l a t i o n s h i p s among t h e o c e a n i c a r s e n i c s p e c i e s a r e c o n s i s t e n t 

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

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

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

o r g a n i c d e t r i t u s p r o d u c e s a d e e p - w a t e r a r s e n a t e c o n c e n t r a t i o n m a x i m u m . 
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