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v i i  , 

SUMMARY 

There has  been c o n s i d e r a b l e  ev idence  i n  r e c e n t  y e a r s  

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

c o a s t a l  w a t e r s  a r e  t r a n s p o r t e d  ' by t h e  a tmosphere .  To b e t t e r  

unders tand  t h e  s i g n i f i c a n c e  o f  c o n t r i b u t i o n s . t o  c o a s t a l  

w a t e r s ,  much more s t u d y  i s  needed of trace m e t a l  concen- 

t r a ' t i o n s  i n  t h e  nea r sho re  atmosphere.  The, p r e s e n t  s t u d y  

had t h e  fo l lowing  t h r e e  purposes :  . . 

1. To a s s e s s  trace m e t a l  c o n c e n t r a t i o n s  and 

enr ichment  ' f a c t o r s  i n  t h e  n e a r s h o r e  atmosphere 

o v e r  t h e  Georgia B igh t  between C h a r l e s t o n ,  

South C a r o l i n a  and J a c k s o n v i l l e ,  F l o r i d a  

2 .  To de te rmine  t h e ,  s o u r c e s  o f  t h e  metals. 

3 .  To e v a l u a t e  t h e  s o l u b i l i t i e s  o f  some o f  t h e  

metals i n  s eawa te r .  
. . 

~ t m o s p h e r i c  t r a c e  m e t a l  c o n c e n t r a t i o n s  and enr ichment  

f a c t o r s  g e n e r a l l y  d e c r e a s e  from Char l e s ton '  t o  J a c k s o n v i l l e .  

F i v e  m e t a l s  ' (Cd,  Zn, CU,  N i ,  and Pb) , w e r e  found t o  be  

anomalously e n r i c h e d  o v e r  t h e  Georgia  B igh t .  

Obse rva t ions  from t h i s  s t u d y  s u g g e s t  t h a t  s e a w a t e r  

may i n f l u e n c e  Cu and Zn c o n c e n t r a t i o n s  i n  Georgia B igh t  

a i r .  

S o l u b i l i t i e s  o f  Zn and Cu i n  s eawa te r  a r e  sou rce  

dependent ,  a s  seen  'by c o r r e l a t i o n  w i t h  E F  c r u s t  ' No 



. s i g n i f i c a n t  s o l u b i l i t y  o f  N i  i n ,  s e a w a t e r  was o b s e r v e d .  

Y e a r l y  f l u x e s  o f  e i g h t  trace m e t a l s  f rom a tmosphere  

t o  s e a w a t e r  i n  t h e  Georg ia  B i g h t  w e r e  e s t i m a t e d .  These  

t r a c e  m e t a l  f l u x e s  a r e  comparab le  t o  f l u x e s  i n  o t h e r  a r e a s  

a l o n g  t h e  e a s t  c o a s t .  The f l u x e s  o f  Cu, C d ,  and  Zn make 

c o n s i d e r a b l e  c o n t r i b u t i o n s  t o  d i s s o l v e d  metal l e v e l s  i n  

G e o r g i a  R i g h t  w a t e r .  

An a t t e m p t  t o  u s e  t r a c e  m e t a l  c o n c e n t r a t i o n s  i n  

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

o v e r  t h e  Georg ia  B i g h t  w a s  i n c o n c l u s ~ i v e .  



CHAPTER I 

INTRODUCTION 

Purpose 

The o b j e c t i v e s  of  t h i s . s t u d y  w e r e  as  fo l lows :  

1. To de te rmine  c o n c e n t r a t i o n s  and enr ichment  

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

s h e l f  i n  t h e  v i c i n i t y  o f  f o u r  major s o u t h e a s t e r n  c i t i e s :  

C h a r l e s t o n ,  South C a r o l i n a ;  Savannah, Georgia ;  Brunswick, 
> 

Georgia;  and J a c k s o n v i l l e ,  F l o r i d a .  

2)' To de te rmine  a s  c l o s e l y  a s  p o s s i b l e  t h e  s o u r c e s  

o f  t h e  m e t a l s  ( e . g .  u rban-poin t  s o u r c e s ,  g e n e r a l  c o n t i n e n t a l  

s o u r c e s ,  s e a  s a l t )  . 
3 )  To e v a l u a t e  t h e  s o l u b i l i t i e s  o f  some o f  t h e  

m e t a l s  i n  seawater  t o  de te rmine  t h e i r  f a t e  upon e n t r y  i n t o  

t h e  wate r  column, and a l s o  t o  de t e rmine  i f  s o l u b i l i t y  i s  i n  

any way sou rce  r e l a t e d .  

The Problem 

Trace  m e t a l s  may r e a c h  c o n t i n e n t a l  s h e l f ' w a t e r s '  from 
\ .  

s e v e r a l  main s o u r c e s .  Among t h e s e  a r e . ' a t m o s p h e r i c  t r a n s p o r t ;  

i n t r u s i o n s  o f  o f f s h o r e  w a t e r s ,  and c o n t i n e n t a l  runo f f  

( r i v e r s , .  sewage o u t f a l l s ,  e t c . ) .  S t u d i e s  i n  r e c e n t  y e a r s  

I .  have suggested t h a t ,  f o r  some metals, a tmospher ic  i n p u t s  

may be as  important .  a s  c o n t i n e n t a l  r u n o f f ,  o r  , a t  l e a s t  may 



c o n s t i t u t e  a s i g n i f i c a n t  pe rcen tage  o f  c o n t i n e n t a l  runo f f  

(Windom and Smith ,  1978; ~ L c e ,  Wal lace ,  and Ray, 1976a) . 
I n v e s t i g a t i o n s  i n  t h e  South A t l a n t i c  B igh t  by Windo'm and 

Smith (1978) , sugges t ed  t h a t  a tmospher ic  i n p u t s  were abou t  

e q u a l  t o  r i v e r  i n p u t s  f o r  Cu, Zn, and N i .  The e s t i m a t e s  by. 

Duce, e t  a l . ,  (1976) ,  f o r  t h e  New York B i g h t ,  i n d i c a t e d  

smaller b u t  s t i l l  s i g n i f i c a n t  p e r c e n t a g e s  o f  a tmospher ic  

i n p u t s  compared t o  c o n t i n e n t a l  r u n o f f .  These s t u d i e s  

s u g g e s t  t h e  need f o r  more knowledge o f  t r a c e  me ta l  concen- 

t r a t i o n s  i n  t h e  n e a r s h o r e  marine  a tmosphere ,  p a r t i c u l a r l y  

n e a r  u rban  areas. 

Urban a r e a s  may be t h e  sou rce  o f  many o f  t h e  anomal- 

o u s l y  e n r i c h e d  a tmospher ic  e l emen t s  i n  t h e  marine  atmosphere 

due t o  t h e  i n f l u e n c e  o f  i n d u s t r i a l  e m i s s i o n s ,  burn ing  of  

' f o s s i l  f u e l s ,  and au tomobi le  e x h a u s t s  (Rahn, 1975; L e e  and 

von Lehmden, 1 9 7 3 ) .  There have been few s t u d i e s ,  however, 

of t r a c e  me ta l  c o n c e n t r a t i o n s  i n  t h e  marine  atmosphere nea r  

c o a s t a l  u rban  areas. B e s i d e s . t h e  s t u d ' i e s  mentioned above,  

Lazrus ,  e t  a l . ,  ( 1970) ,  ana lyzed  t r a c e  meta l  f l u x e s  due t o  

r a i n f a l l  a t  Nantucke t ,  Massachuse t t s .  The Lazrus  d a t a  

w i l l  be  d i s c u s s e d  l a t e r  i n  t h i s  r e p o r t .  C, C. P a t t e r s o n  

of  t h e  C a l i f o r n i a  I n s t i t u t e  o f  Technology h a s  s t u d i e d  t h e  

a tmospher ic  f l u x  o f  Pb t o  t h e  Southern  C a l i f o r n i a  B igh t  
. -. 

f o r  s e v e r a l  y e a r s .  Some o f  h i s  d a t a  are summarized by 

Ouce, e t  a l . ,  (1974) . 
The metals a n a 1 y z e d . h  t h i s  s t u d y  i n c l u d e  f i v e  of  t h e  



* 

. 'most common anomalous ly  e n r i c h e d  m e t a l s  i n  mar'ine a i r  

( C d ,  Cu, Zn, N i ,  P b ) ,  a s  w e l l  a s  t h r e e  m e t a l s  commonly 

a s s o c i a t e d  w i t h  c r u s t a l  m a t e r i a l  ( F e ,  A l ,  Mn), and Na, 

which h a s  a s e a w a t e r  o r i g i n .  Thus ,  t h e s e  metals are a l l  

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

E s t i m a t e s  w e r e  made i n  t h i s  s t u d y  o f  f l u x e s  of 

t r a c e  metals from a tmosphere  t o  w a t e r ,  i n  a d d i t i o n  t o  

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

e n t e r  t h e  w a t e r  column. An a t t e m p t  h a s  a l s o  b e e n  made t o  

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

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

areas. 



CHAPTER I1 

EXPERIMENTAL 

Sample C o l l e c t i o n  

Atmospheric samples w e r e  c o l l e c t e d  on f o u r  c r u i s e s  

aboard  t h e  r e s e a r c h  v e s s e l  R/V Blue F i n ,  i n  September,  

October ,  and December, 1977, and i n  J anua ry ,  1978. One 

g roup  o f  samples  w a s  a l s o  c o l l e c t e d  on a c r u i s e  aboard  t h e  

r e s e a r c h  v e s s e l  R/V Columbus-Isel in  i n  November, 1977. 

Exac t  d a t e s ,  t i m e s ,  and l ~ e a t i o n s  of samples are g iven  

i n  T a b l e s  1-5,  and shown l a t e r  i n  F i g u r e s  1 and 2 .  The 
. . 

f i l t e r s  uged t o  c o l l e c t  samples w e r e  acid-washed 20x25 c m  

doub le  Whatman # 4 1  f i l t e r ' s .  The f i l t e r s  w e r e  washed i n  

2 M - r e a g e n t  g r a d e  H C 1  acco rd ing  t o  t h e  procedure  d e s c r i b e d  

by  alla ace, e t  a l . ,  (1977) . ~ i r  w a s  vacuum pumped th rough  

3 t h e  f i l te rs  a t  a f l ow r a t e  of  approximatel.y 1.. m /min . ,  f o r  

app rox ima te ly  a  f o u r  hour p e r i o d .  F i l t e r s  were mounted i n  

. a PVC h o l d e r  which w a s  a t t a c h e d  t o  a p i p e  ex t end ing  forward 

f r6m: the  bow o f  t h e  s h i p .  The h e i g h t  o f  t h e  f i l t e r  h o l d e r  

was approx ima te ly  1 0  me te r s  above t h e  w a t e r  n n . b o t h  t h e  

Blue F in  and t h e  Columbus-Isel in .  The f i l t e r  h o l d e r  was 
0 

' connec ted  t o  t h e  a i r  sampling pump by neoprene c o a t e d  t u b i n g .  

a 
0 

F i l t e r s  w e r e  p l aced  i n  h o l d e r s  i n s i d e  t h e  c a b i n  o f  

t h e  s h i p ,  and w e r e  handled o n l y  w i t h  c l e a n  po lye thy lene  



Table 1. Locations and Times of Air Samples in vicinity of 
Charleston, South Carolina (September 19-2'0, 1977) 

Sample 
Sample Volume 

3 
Wind 

Number Latitude Longitude . Time m Direction Speed 

C1 Start SSE 10 mph 

Stop 32'36.8' 79'34.5' 2030-9/19 

C2 Start 32O36.8' 79'34.5' 2233-9/19 205 SSW 15 mph 

Stop .. 32053'. 0' 79'22.9' ' 0203-9/19 

C3 Start 32'55.5' 79'28.0' 0245-9/20 238 WSW' 15 mph . 

Stop * 32'36.9'' 79'40.0' 0645-9/20 

C4 Start 32'36.9' 79'40.0' '0650-9/20 217 WSW 15 mph 

Stop 32'29.5' . 79'59.2' 1050-9/20 

C5 Start 32'34.4' . 79'53.5' 1135-9.20 26.5 WSW 15 mph 

Stop 32O49.0' 79'37.0' 1535-9/20 



Tab le  2 .  L o c a t i o n s  and Times o f  A i r  Samples i n  V i c i n i t y  o f '  
Savannah, Georg ia  (December 3-9, 1977) 

Sample 
. , Sample Volume Wind 

Number L a t i t u d e  Lo rg i  t u d e  m3 speed  
. . Time , . 

: D i r e c t i o n  

S1  S t a r t  31'4.9.8' 80°50. 4 ' 1010-12:/B 262 NE 5-10 

S t o p  32'05.0.' 80035  . o '  1350-12/8 . . 

S2 S t a r t  

S t o p  

ENE 5-10 

S 3 S t a r t  

S t o p  .. 

ENE 

S 

SSW 

S4 S t a r t  

S t o p  

S5 S t a r t  

S t o p  

S6 . S t a r t  . 

S t o p  32'2.2' 8OG.52 - 2 '  1141-12/9 



T a b l e  3. L o c a t i o n s  and Times o f  A i r  Samples i n  V i c i n i t y  of 
Brunswick,  Georg ia  ( J a n u a r y  16-17,  1978)  

Sample . . 

s a m p l e ?  Volume Wind 
Number , . L a t i t u d e  . Longi tude  Time m 3 D i r e c t i o n  Speed 

pp -- - 

31 S t a r t  31°36.0 '  81'53.5' 1145-1/16 224 ESE 5 

S t o p  31'16.0' 80"57.2 '  1530-1/16 

52 S t a r t  

S t o p  

B3 S t a r t  

. S t o p  

B4 S t a r t  

S t o p  

B5 S t a r t  

S t o p  

248 ESE 

207 ESE-NE 



T a b l e  4.  L o c a t i o n s  and  T i n e s  o f  A i r  S a ~ . p l e s  i n  V i c i n i t y . o f  
J a c k s o n v i l l e ,  F l o r i d a  ( O c t o b e r  10-12,  1977)  

Sample 
Sample 

. Number La ti t u d e  Loncji tude , 

vo 1 ;me Wind 
Time rn 3 Dire:c t i o n  Speed 

- - 

30'52.3 '  . 81'9.1' 1 S t a r z  . . 1605-10/10 236 NE 5 
S t o p  30'33.3' 81'1.0 '  1933-10/10 

J 2  S t a r t  30'33.3' 81'1.0 ' 1940-10/10 238,  NE . . 5 
S t o p  30'13.5' 81'1.0 '  2316-10/10 

' S t o p  29'54.0' 81'5.6 '  0323-10/11 

J 4  . S t a r t  - . 29'54.4 '  81°11.2 '  0430-10/11 232 Calm 5 

S t o p  - 30013 .5 '  81'6.5' 0806-10/11 . . 
J 5 S t a r t  30'13. 5 '  81'6 . 5 '  0845-10/11 236 Calm 5 

S t o p  30'33.4 ' 81'6.5' 1213-10/11 , 

J 6 S t a r t  30'33.4 '  81'6.5 '  1235-10/11 213 NNE 10-15 

S t o p  30'53.2' 81°11.0 '  1610-10/11 

J 7 S t a r t  30'33.0' 8 1 ° i 7 .  0 '  1735-10/11 3 0 1  ElE 5-10 

. S t o p  30'23.4" 81012.2'.  2116-10/11 

J 8 S t a r t .  30023.4'  81'12.2 '  2300-10/11 328 NETSW 10-15 

S t o p  ' 30'04.4' 81"16.6'  0243-10/12 

J 9 S t a r t  30'13.5' 81'18.0 '  0405-10/12 339 W 10-15 

S t o p  30'33.6' 81'17.8 '  . 0755-10/12 



T a b l e  5.. L o c a t i o n s  a n d  T i m e s . o f  A i r  S a m p l e s . C o l l e c t e d  O v e r  t h e  
' . Georgia B i g k t  o n  C o l u m b u s - I s e l i n  C r u i s e  (Yovenber 5-8,  1 9 7 7 )  

- -  -- 

S a m p l e  
S a m p l e  Volume Wind 
Number L a t i t u d e  L o n g i t u d e  T i n e  .' m3 Direct ion S p e e d  

C I 1  S t a r t  31 '48 .2 '  80  2 0 . 0 '  0015-11/6 258 SE 1 0  

S t o p  . 3 1 ° 4 4 . 7 '  8 0  0 9 . 0 '  . 0355-11/6 

C12 S t a r t  31O32.8 '  7 3  3 0 . 6 '  1200-11/6  2 6 5  S W  

S t o p  31 '3 .0 '  79  4 6 . 0 '  1600-11/6  

C13 S t a r t  30'48.3' 79  5 4 . 5 '  1950-11/6  230 SW 

S t o p  3 0 ° 5 3 . 9 '  8 0  1 1 . 0 '  2330-11/6 

C14 S t a r t  30 '53 .9 '  8 0  1 1 . 0 '  2350-11/6 254 N 

S t o p  30 '59 .6 '  . 80 2 7 . 6 '  0340-11/7 

C15 S t a r t  . - 3 0 ° 1 5 . 0 ' .  . 80 55.1 ' '  2000-11/7 290 . SSE 

S t o p  3 0 ° 1 5 . 0 '  8 0  2 0 . 7 '  0030-11/8 







g l o v e s .  A f t e r  sample  c o l l e c t i o n ,  t h e  f i l t e r  h o l d e r  was 

d i smounted  and b r o u g h t  back t o  t h e  c a i n ,  where t h e  f i l t e r s  

w e r e  f o l d e d  i n  q u a r t e r s ,  w i t h  t h e  sample  s i d e  inward ,  and 

. p l a c e d  i n  p o l y e t h y l e n e  b a g s .  These  b a g s  w e r e  t h e n  k e p t  

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

t h e y  were b r o u g h t  back  t o  t h e  l a b o r a t o r y ,  where t h e y  w e r e  

then k e p t  i n  a c l e a n  room u n t i l  a n a l y s i s .  

D u r i n g  t h e  f o u r  B lue  F i n  C r u i s e s ,  samples  o f  s e a w a t e r  
. . 

were  c o l l e c t e d  i n  2 5 0  m l  a c i d - c l e a n e d  t e f l o n  b o t t l e s ,  f o r  

u s e  i n  t h e  s o l u b i l i t y  s t u d y .  The w a t e r  was c o l l e c t e d  by 

p e r i s t a l t i c  pumping t h r o u g h  p o l y p r o p y l e n e  t u b i n g .  The 

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

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

a n y  w a t e r  i n  t h e  b o t t l e s .  The i n l e t  o f  t h e  t u b i n g  t h r o u q h  

which  w a t e r  was pumped was a t t a c h e d  t o  K e v l a r  h y d r o w i r e ,  

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

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

t r a c e  metal s a m p l i n g  i n  m a r i n e  w a t e r s .  

S p a n i s h  mosses  w e r e  c o l l e c t e d  f r o m  C h a r l e s t o n  to  

. J a c k s o n v i l l e  on  t h e  f o l l o w i n g  b a s i s :  t h r e e  s a n p l e s  w e r e  

t a k e n  from e a c h  u r b a n  a r e a  on  t h e  seaward  s i d e  o f  t h e  c i t y .  
. . 

- L o c a t i o n s  a r e  s h o w n ' i n  a l a t e r  s e c t i o n  ( ~ i g u r e  8)'. Samples 

w e r e  s t o r e d  i n  p o l y e t h y l e n e  b a g s  and  w e r e .  k e p t  f r o z e n  . i n  t h e  

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



Sample A n a l y s i s  

T o t a l  T r a c e  M e t a l s  

A l l  sample  p r e p a r a t i o n  was c o n d u c t e d  i n ' a  c l e a n  room 

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

d o u b l e  f i l t e r  p a p e r  w e r e  d i g e s t e d  i n  30 m l  r e a g e n t  g r a d e  

H N 0 3  i n  t e f l o n  b e a k e r s .  5 m l  o f  r e a g e n t  g r a d e  HF w a s  

added t o  e a c h  sample  a f t e r  t h e  volume o f  H N 0 3  had  b e e n  

r e d u c e d  t o  a b o u t  1 0  m l .  A f t e r  a d d i n g  ' t h e  HF, t h e  s a m p l e s  

w e r e  a l l o w e d  t o  s t a n d  a t  room t e m p e r a t u r e  f o r  2  h o u r s ,  t h e n  

h-eated u n t i l  a l m o s t  d r y .  Each sample  was t h e n  t a k e n  up  i n  

5 m l  o f  10% U l t r e x  H N 0 3 ,  and  a n a l y z e d  by f l a m e l e s s  and  f l ame  

atomic a b s o r p t i o n  s p e c t r o p h o t o m e t r y .  Z i n c ,  A l ,  Fe ,  and  Na 

were  a n a l y z e d  by f l ame  a t o m i c  a b s o r p t i o n ,  and  t h e  r e m a i n d e r  

u s i n g  a HGA 2200 h e a t e d  g r a p h i t e  f u r n a c e .  Acid washed 

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

o f  samples  i n  t h e  same manner a s  t h e  sample  f i l t e r s .  Mean 

c o n c e n t r a t i o n s  o f  20 b l a n k  a n a l y s e s  are p r e s e n t e d  i n  

T a b l e  6 ,  w i t h  t h e  s t a n d a r d  d e v i a t i v a  o f  e a e h  mean. 

T a b l e . 6 .  F i l t e r  B lanks .  Mean o f  20 Double 
F i l t e r s .  ug p e r  Double. F i l t e r  



E x t r a c t e d  T r a c e  Meta l s  

Samples w e r e  s e l e c t e d  from each  Blue F i n  c r u i s e  f o r  

s o l u b i l i t y  a n a l y s i s .  Each w a s  ana lyzed  i n  d u p l i c a t e .  

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

250 m l  o f  seawater which had been c o l l e c t e d  f o r  t h i s  purpose.  

The b o t t l e s  w e r e  s o n i c a t e d  for .  2 minutes  and t h e n  p l aced  

on a mechanica l  shake r  and g e n t l y  shaken f o r  3 hours .  A f t e r  

t h e  shak ing  was comple te ,  t h e  f i l t e r s  w e r e  removed from t h e  

w a t e r ,  and t h e  w a t e r  was f i l t e r e d  th rough  0 .45  m i l l i p o r e  

f i l t e r s  which had been p r e v i o u s l y  acid-washed. A t e f l o n  

f i l t e , r i n g  a p p a r a t u s  was , u s e d  which u t i l i z e s  n i t r o g e n  g a s  

t o  f o r c e  t h e  w a t e r  th rough  t h e  f i l t e r .  The water was 

d i v i d e d  up i n t o  two 100 m l  p o r t i o n s  f o r  s e p a r a t e  a n a l y s i s  
. . 

by s o l v e n t  e x t r a c t i o n s .  One was used f o r  Cu a n a l y s i s  and 

t h e  o t h e r  f o r  Zn, C d ,  a n d  N i .  The e x t r a c t i o n  p rocedures  

used have been d e s c r i b e d  by Smith and Windom (3.978)., 

Acid washed f i l t e r  b l a n k s  w e r e  l e ached  i n  t r i p l i c a t e  i n  t h e  

same manner as  t h e  sample f i l t e r s .  S o l u b i l i t y  was c a l c u l a t e d  

a s  p e r  c e n t  o f  t o t a l  me ta l  on t h e  f i l t e r  paper  which was 

l e a c h a b l e  i n  s eawa te r .  

Span i sh  xnoss samples were ana lyzed  by d i . gcs t i ng  1 gm 

of moss i n  m l  r e a g e n t  g rade  FINOJ, and 5 m l  HE' i n  t h e  same - - 
manner as  d e s c r i b e d  f o r  f i l t e r  p a p e r s .  All moss samples 

. w e r e  ana lyzed  i n  d u p l i c a t e .  The r e s i d u e s  w e r e  t aken  up 

i n  10  m l  o f  10% U l t r e x  H N 0 3 ,  and ana lyzed  by f lame a tomic  . 
a b s o r p t i o n  w i t h  t h e . e x c e p t i o n  o f  Cd which was ana lyzed  by 



: flameless atomic absorption. A Perkin Elmer 403 atomic 

absorption spectrophotometer, equipped with a HGA 2200 

furnace and a deuterium background corrector, .was used for 

all of the analyses. 

Coefficients of variation for the heated graphite 

furnace analysis of Cd, Ni, Pbi and Mn were determined 

to,be + 28, on.the basis of replicate flameless atomic - 
absorption signals (n = 3) . Replicate vaiues are not 

available for metals analyzed by flame, because single 

readings of absorbance were taken for each sample. Repli- 

cate analyses of solubility samples gave' coefficients of 

variation of + 2% for Cd, Cu, and Ni. These also are on - .  

the basis of -replicate atomic absorption signals. Zinc 

solubility analyses were done by flame. 



CHAPTER I11 

RESULTS AND DISCUSSION 

C r u i s e  t r a c k s  o f  t h e  R/V Blue F i n  d u r i n g  t h e  f o u r  

ma.in sampling cruises, and c r u i s e  t r a c k s  .of t h e  R/V Columbus- 

I s e l i n  d u r i n g  sampling i n  November, 1977,  are shown i n  

F i g u r e s  1 and 2 ,  r e s p e c t i v e l y .  Loca t ions ,  t imes ,  and 

m e t e o r o l o g i c a l  c o n d i t i o n s  of a l l  a i r  samples were p r e s e n t e d  

p r e v i o u s l y  i n  T a b l e s  1-5. 

I n  a l l  of t h e  d i s c u s s i o n ~ w h i c h  fol lows,  t.he concep t  

o f  enr ichment  f a c t o r  w i l l  be  u s e d , e x t e n s i v e l y .  T h i s  concep t  

h a s  been i n  g e n e r a l  u se  f o r  s e v e r a l  y e a r s  (Duce, e t  a l . ,  

1975; Z o l l e r ,  e t  a l . ,  1 9 7 4 ) .  I t  i s  v e r y  u s e f u l  i n  e u a l u a t i n q  

p o s s i b l e  c r u s t a l ,  mar ine ,  o r  anomalous o r i g i n s  o f  t r a c e  

m e t a l s .  There  a r e  two commonly used enr ichment  f a c t o r s :  

(W11ere X 111etal 'of  i n t e r e s t )  
.. . 

L 
. . 

I n  e a c h  . case, . r e f e r e n c e  e l emen t s  a r e  us.ed, ( A 1  and Na) , 

which are  abundant  and r e l a t i v e l y  c o n s t a n t  i n  c r u s t a l  

m a t e r i a 1 , o r  s eawa te r .  Average c r u s t a l  and average  seawa te r  

abundances  o.f t h e  v a r i o u s  m e t a l s  a r e  a v a i l a b l e  i n  s e v e r a l  

p u b i i s h e d  s o u r c e s  (Brewer, 1974: Mason, 1 9 6 6 ) .  An enr ichment  



f a c t o r  o f  approximate ly  u n i t y  i n d i c a t e s  a  c r u s t a l  sou rce  

( E F c r u s t  = 1) o r  seawater  sou rce  (EFsea = 1) f o r  t h a t  me ta l .  

A v e r y  l a r g e  EF i n d i c a t e s  anomalous enr ichment  f o r  ' t h a t  

e lement ,  w i t h  r e s p e c t  t o  t h e  g iven  sou rce .  

The m e t a l s  t h a t  w e r e  found t o  be  anomalously e n r i c h e d  

o v e r  t h e  Georgia Bight  a r e  Cd, Zn, Cu, N i ,  and Pb. The 

m e t a l s  w i t h  a  c r u s t a l  o r i g i n  a r e  Fe,  Mn, and A l .  These 

p a t t e r n s  o f  enr ichment  a r e  d i s c u s s e d  l a t e r  and a r e  shown 

i n  Tab le  1 3  and F i g u r e  4 .  

.Atmospheric C o n c e n t r a t i o n s  

The r a t i o s  o f  m e t a l s  i n  samples t o  m e t a l s '  i n  b l a n k s  

ranged from abou t  2 : l  t o  g r e a t e r  t h a n  1 0 : l .  The lower r a t i o s  

occu r  i n  many c a s e s  because o f  t h e  r e l a t i v e l y  low volume o f  

a i r .  sampled. A i r  volumes g e n e r a l l y  ranged between 200-300 

3 m , and i n  t h e  c a s e  o f  m e t a l s  w i t h  low a tmospher ic  concen t r a -  

t i o n s ,  t h i s  i s  n o t  enough volume t o  produce a h igh  sample t o  

b lank  r a t i o .  The lower sample volumes e v i d e n t l y . . a l s o  produced 

some prohlems w i t h  agreement between d u p l i c a t e  q u a r t e r s  of  

t h e  s a m e  f i l t e r  pape r s  (Tab le s  7-11) . s i n c e  t h e  m e t a l s  

sampled i n  t h i s  s t u d y  are 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  

matter,  a l a r g e  volume o f  a i r  sample i s  needed t o  produce a  

uniform d i s t r i b u t i o n  o f  a l l  t y p e s  o f  p a r t i c l e s  on t h e  f i l t e r  
C' 

paper .  T h i s  e f f e c t  produced f a i r l y  large u n c e r t a i n t i e s  
,. 

f o r  some samples ,  b u t  t h e  c o n c e n t r a t i o n s  g e n e r a l l y  a r e  i n  

good agreement w i t h  p r e v i o u s ' v a l u e s  o b t a i n e d  by Windom and 

Smith (1978) o v e r  t h e  Georgia B igh t  f o r  much l a r g e r  sample 



,Table 7,. Trace Metal Concentratio~s and Enrichment Factors of Atmospheric samples 
Collected over the Contirental Shslf in Vicinity of Charleston, South 
Carolina (September 19-20, 1977) 

Mean 1.8 6440 23 248 10 212 2.9 41 31 16604.0. 3 7 4 1 192. 2940 

S.D. - - - +240 +1.:5 528 537 5922+2.4 +.5 5 7  5.5 565 51919 +2.1 +3895 +23 +lo3 58 - - - - 



Table 8. Trace Metal Concentrations and Enrichment Factors of 
Atmospheric Samples Collected over the Continental Shelf . .  . 
in Vicir-ity of Savannah, Georgia (December 8-9, 1977) 

. . 

Sample Cd Zn Cu Ni Pb Mn Fe A1 Na 
3 ~umher ng/m3 EF ng/m3 EF ng/m3 El? ng/m3 EF ng/m3 EF ng/m3 EF ng/m3 EF ng/m ng/n 3 

NDND 67. 2 110 
ND 130 97 

. '  
Mean 0 . 4  1103 15 128 4 . 3  42 11 85 25 1113 3.2 2 120 1 162 3390 



Table 9. Trace Metal Concentrations and Enrichment Factors cf Atmospheric 
Samples Collected over ~h,e. Continental Shelf in vicinity of 
Bruns-~ick, Georgia (Ja.nuary 16-17, 1978) 

Cd Zn Cu Ni Pb P.! r, Fe 
Sample 

A1 Na 
3 3 3 3 ng/m EF ng/m3 EF ng/m3 EF ng/m3 EF ng/m EF ng/mU EF ng/m3 EF ng/m ng/m3 

Mean 0.4 800 14 ' 88' 2.1 21 0.7 0.7 38' 1248 2.4 1 ' 81 1 175 1408 
S.D. - +0.1 - +4b0 . + 3  - 529 +0.3+11. +0'.8 +0.7 +10 +191 +0.8 +0.8 +27 50.2 +61+1122 - - - - - - - - - 



Table 10. Trace Metal Concentrations and Enrichment Factors of Atmospheric 
. Samples Collected over the Continental Shelf .in Vicinity of 
Jacksonville, Florida .(October 10-12, 1977) 

A 1 Cd . . Zn C u Ni . Pb Hn Fe N a 
Sample 3 Number ng/m3 EF ng/m EF ng/m3 EF ng/m3 EF ng/m3 E F  ng/m3 EF ng/m3 EF ng/m3 ncj/m3' 

5 6 .  A' . 0.1 400 7.0 63 3.0 18 ND' 8 31 18'00. --- 2.8 92 1.0 99 11000 
B 0.2 5 :O ND 2.0 3 4 3.9 5 8 130 7000 

Mean 0.2 500 7.0 53 3.0 20 2.2 14 28 1133 4.1 2.1 83 0.8 184 3833 

S.D. . +0.1+193 +2.0 231 23.3 +15 +2.7 4-18 +7.8 +530 +1.1 +0.7 +44+0.03 +64 +2012 - - - - - - - - - .  - - - - - 



T a b l e  11. ~race'~e,~l'~oncentrati,ons anc E n r i c h m e n t  F a c t o r s  of Atmospher ic  Samples  
. .  . Col1ec te .d  o v e r  t h e  G e o r g i a  B i c h t  o n  Colymbus- . I se l in  C r u i s e  (November 

5-8, 1977:) 

Cd Zn Cu N i Pb Mn . Fe A 1  N a  - 
Sample 3" Number ng/m3' El? n g i a  El? ng/m3 EF ng/n3 EF n g / i 3  EF n g / i 3  EF r c / m 3  EF ng/rn3 ng/n3 

Mean '0 .3  ' 1400  1 5  ' 240 11 270 . 4 . 6  68 22  1.650 2.0 1 . 8  1 3 5  4 95  2400 

- - - - - - - - - - +38 21315  S.D. + 0 . i  5980  + i . s  +110 +5.9 .+256 5 2 . 7  5 6 3  . + 4 . 3  r.574 +2.2 +1.9 +34 5 3  - 



3 .  volumes ( a b o u t  500 m 1 .  

Mean a t m o s p h e r i c  c o n c e n t r a t i o n s  o f  Cd, Zn, and C u . a r e  

g r e a t e r  i n  t h e  C h a r l e s t o n  samples  t h a n  i n  t h e  o t h e r  t h r e e  

n e a r s h o r e ' a r e a s  ( T a b l e s  7 - 1 0 ,  F i g u r e . 3 ) .  T h i s  p a t t e r n  i s  

most o b v i o u s  when . t h e  mean v a l u e s  f o r  samples  c o l l e c t e d  

d u r i n g  e a s t e r l y , a n d  w e s t e r l y  winds  a r e  used  ( T a b l e  1 2 ) .  

W e s t e r l y  w i n d s . b l o w i n g  o f f  C h a r l e s t o n  p roduce  n e a r s h o r e  

a t m o s p h e r i c  c o n c e n t r a t i o n s  o f  Cd, Zn, and  Cu t h a t  a r e  

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

m e t a l s .  I t  i s  n o t  p o s s i b l e  t o  t e l l  from t h e  l i m i t e d  amount 

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

t h e  s o u r c e  o f  g r e a t e r  amounts  o f  trace m e t a l s ,  t h a n  t h e  o t h e r  

c i t i e s .  However, t h e  d a t a  s t r o n g l y  i n d i c a t e  t h a t  C h a r l e s t o n  

c o u l d  be a  major  s o u r c e  o f  e n r i c h e d  Cd, Zn, and  Cu o v e r  t h e  

Georgia B i g h t ,  and Savannah and Brunswick c o u l d  be t h e  s o u r c e  

o f  a r e l a t i v e l y  l a r g e  amount o f  Zn. I t  a l s o  a p p e a r s  from 

T a b l e  1 2  and F i g u r e  3' t h a t  a  ma jo r  s o u r c e  o f  N i  o v e r  t h e  

Georg ia  B i g h t  i s  Savannah.. The mean N i  . c o n c e n t r a t i o n s  o b s e r v e d  

d u r i n g  w e s t e r l y  winds  o f f  savannah  a r e  s e v e r a l  t i m e s  

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

t r a t i o n s  a r e  g e n e r a l l y  un i fo rm i n  e a c h  s t u d y  a r e a ,  p e r h a p s  

r e f l e c t i n g  t h e  i n f l u e n c e  o f  a u t o m o b i l e  e x h a u s t s  in .  a l l  

areas. 

Columbus- I se l in  samples  were c o l l e c t e d  a t  f i v e  

d i f f e r e n t  l o c a t i o n s  o v e r  t h e  Georg ia  B i g h t ,  r a q g i n g  from 

a b o u t  50 t o  100 km o f f s h o r e  ( F i g u r e  2 ) .  I t  i s  i n t e r e s t i n g  



t o  n o t e  t h a t  mean c o n c e n t r a t i o n s  of  Cd, and 

t h e  Columbus-Isel in  samples a r e  g e n e r a l l y  w i t h i n  t h e  range  

o f  t h e  mean n e a r s h o r e  v a l u e s  and i n  many c a s e s  a r e  a c t u a l l y  

h i g h e r  (Table  1 2  and F igu re  3 ) .  T h i s  s u g g e s t s  t h a t  con t inen -  

t a l  i n f lu . ences  ex t end  o u t  a t  l eas t  t o  t h e  edge o f  t h e  c o n t i -  

men ta l  s h e l f  and probab ly  f a r t h e r .  I t  i s  a l s o  i n t e r e s t i n g  

t o  n o t e  t h a t  i n  many c a s e s ,  t r a c e  m e t a l  concentrations 

r e s u l t i n g  from e a s t e r l y  winds are g r e a t e r  t han  t h o s e  r e s u l t i n g  

from w e s t e r l i e s .  T h i s  i s  r e f l e c t e d  i n  t h e  Bruns.wick, Jackson-  

v i l l e ,  and Columbus-Isel in  mean v a l u e s .  T h i s  i s  n o t  s u r p r i s -  

i n g ,  e o n s l d e r i n g  t h e  above o b s e r v a t i o n  t h a t  Columbus-Isel in  

samples  f r e q u e n t l y  have h i g h e r  trace me ta l  c o n c e n t r a t i o n s  

t h a t  nea r sho re  samples .  

The a tmosphe r i c  - c o n c e n t r a t i o n s  of  trace metals ob- 

s e r v e d  o v e r  t h e  Georgia  s i g h t  g e n e r a l l y  f a l l  w i t h i n  t h e  

range of v a l u e s  found by Duce (1976) i n  Bermuda, b u t  most of  

t h e  c o n c e n t r a t i o n s  o f  C d ,  Zn, Cu, N i ,  and Pb o v e r  t h e  

Georgia  B i g h t  a r e  s i m i l a r  t o  t h e  h i g h e s t  c o n c e n t r a t i o n s  

oT t h e s e  m e t a l s  observed  i n  Bermuda. I n  g e n e r a l ,  t h e  

Georgia  B igh t  mean c o n c e n t r a t i o n s  o f  t h e s e  f i v e  metals a r e  

much h i g h e r  t h a n  t h e  mean c o n c e n t r a t i o n s  observed i n  Bermuda. 

These  o b s e r v a t i o n s  . sugges t  t h a t  c o n t i n e n t a l  i n f l u e n c e s  cove r  

o t h e  Georgia  B igh t  and may r e a c h  Bermuda. 

Enrichment F a c t o r s  

,I . . A comparison o f  mean E F  v a l u e s  i n  t h e  f o u r  
c r u s t  

n e a r s h o r e  areas w i t h  Columbus-Isel in  and Bermuda samples 



T a b l e  1 2 .  Mean A t m o s p h e r i c  T r a c e  Metal 
C o n c e n t r a t i o n s  v s  Wind D i r e c t i o n  

Cd Zn Cu N i  Pb  bln Fe A1 N a  

ng/m3 ' 

. C h a r l e s t o n  
. . 

W e s t e r l y  2 . 1  27 7 .8  3 .2  3 5  4 . 5  8 0  1 1 6  2900  

E a s t e r l y  0 .95  9 .0  1 9  1 . 4  1 4 .  1 . 6  54 45  2900 

S a v a n n a h  

W e s t e r l y  0 . 3 8  1 9  3 .6  2 1  32 4 . 1  1 0 9  1 2 1  4500 

E a s t e r l y  0 . 4 5  11 4 .9  6 . 8  1 8  - 2 .3  1 2 0  1 0 2  . 2200 

B r u n s w i c k  

W e s t e r l y  . 0 .22  1 5  9 . 3  . 6 . 5  2 3  0 . 5 .  l i 8  8 6 .  4303  

E a s t e r l y  0 . 4 0  1 4  2 . 1  0 . 7  38 3 .5  8 1  1 9 0  1 4 0 0  

J a c k s o n v i l l e .  

W e s t e r l y .  0 . 1 8  6 . 0  1 . 6  2 .9  2 3  3 . 1  5 7  1 2 0  2400 

E a s t e r l y  0 . 2 8 6 . 9  3 .4  2 .0  29 4 .4  9 1  203  4200 

C o l u m b u s - I s e l i n  

W e s t e r l y 0 . 2 4 1 4 .  8 , 2  4;0 3.5 0 . 9  214 1 1 4  3160 - 
E a s t e r l y  0 .32  1 6  1 9  5 .7  1 8  3 .3  1 6 7  72  1 3 6 0  . 

Bermuda S a m p l e s  (Duce ,  1 9 7 6 )  

. * 

A l l  Wind 
D i r e c t i o n .  0 .19  3 .2  0 .9  0 . 0 8  3 . 5 .  . 1 . 2  94 1 4 0  , 1 5 0 0  



Cadmium 

0 )  ' .  - 1  1. L 2 . 
C +  S*. B *  J* CI* 

Sarnpl lng Area  

Coppe r  N i c k o  1 

+ C = Charleston,  S = Savannah, B = Erunswick, . 

J = J a c k s o n v i l l e ,  CI = C o l u m b u s - I s e l i n  
.... 

Figure 3 .  Mean Atmospheric Trace Metal Concent ra t ions  
by Area . 



s u p p o r t s  t h e  c o n c l u s i o n s ~ b a s e d  on o b s e r v a t i o n s  o f  trace me ta l  

c o n c e n t r a t i o n s  i n  a i r  samples .  Once a g a i n ,  d i s c r e e t  

p a t t e r n s  can be s een  i n  t h e  f o u r  nea r sho re  a r e a s  (Table  13  

ind F igu re  4 ) .  The C h a r l e s t o n  and Savannah samples have 

t h e  h i g h e s t  EFcrust v a l u e s  f o r  Cd, Zn, Cu, .and N i ,  w h i l e  

J a c k s o n v i l l e  samples have t h e  l owes t  v a l u e s .  Lead EFcrust 

v a l u e s  a r e  f a i r l y  uniform throughout  t h e  n e a r s h o r e  samples.  

The Columbus-Isel in mean EFcrust v a l u e s  f o r  Cd', Zn, Cu, and 

N i  compare r ea sonab ly  w e l l  w i t h ' , C h a r l e s t o n  and Savannah, 

b u t  a re .  g e n e r a l l y  g r e a t e r  t h a n  ' ~ r u n s ~ i c k  and J a c k s o n v i l l e .  

T h i s  i s  t h e  same p a t t e r n  observed  f o r  a tmospher ic  concen- 

t r a t i o n s  of  t h e s e  f o u r  m e t a l s .  The Bermuda EFcrust v a l u e s  

are s u b s t a n t i a l l y  lower t h a n  observed  o v e r  t h e  Georgia  

Bight  f o r  a l l  m e t a l s  e x c e p t  Mn and Fe. I n  g e n e r a l ,  t h e  

mean E F c r u s t  d a t a  i n  Table  1 3  i n d i c a t e  t h a t  Cd, Zn, Cu, N i  

and Pb a r e  anomalously e n r i c h e d  o v e r  t h e  Georgia  B i g h t ,  

w h i l e  Mn and Fe a r e  p redominant ly  of  c r u s t a l  o r i g i n .  

In t e r - e l emen t  C o r r e l a t i o n  C o e f f i c i e n t s  

In t e r - e l emen t  c o r r e l a t i o n  c o e f f i c i e n t s  a f o r  a l l  m e t a l s  

i n  t h e  f o u r  nea r sho re  a r e a s  a r e  p r e s e n t e d  i n  T a b l e s  14-17. 

The number o f  samples i nvo lved  i n ,  t h e  c a l c u l a t i o n s  and 

l e v e l s  o f  con f idence  a r e  a l s o  given.  i n  t h e  t a b l e s .  The 

C h a r l e s t o n  c o r r e l a t i o n  c o e f f i c i e n t s  are t h e  most i n t e r e s t i n g  

t o  a n a l y z e  f o r  purposes  of  t h i s  s t u d y  because  t h e  a r e a  was 

under  t h e  i n f l u e n c e  o f  s t r o n g  w e s t e r l y  winds f o r  v i r t u a l l y  

t h e  e n t i r e  s a m p l i n g ' p e r i o d .  A s  a r e s u l t ,  t h e  t r a c e  m e t a l s  



T a b l e  1 3 .  Mean EFcrust V a l u e s  vs  Wind 

- D i r e c t i o n  

Cd Zn. Cu.  N i  .. Pb  Ym F e  A1 N a  

C h a r l e s t o n  - 

W e s t e r l y  5850 252 - 110 4 3  , 1 5 8  3 2 --- --- 
E a s t e r l y  8 8 0 0  230 620  3 3  1 9 0 0  . 3  2  --- --- 

S a v a n n a h  

W e s t e r l y  1 2 0 0  1 8 0  4 3  1 2 9  1 6 0 0  3  2  --- --- 
E a s t e r l y  980  74 42  4 1  5 9 0  1 1 --- --- 

, .  Brunswick 

W e s t e r l y  1 0 4 0  200 1 6 0  8 3  1 7 0 0  0 . 5  2  --- --- 
E a s t e r l y  800  88  2 1  1.1 37 1 .  1 --- --- 

W e s t e r l y  . 5 7 0  60 ' 1 8  2 8  1 3 0 0  2 1 .--- --- 
E a s t e r l y  480  51 19 1 0  1 1 0 0  . 2  1 --- --- 

C o l u m b u s - I s e l i n  

W e s t e r l y  930 1 7 0  1 3 0  42 1 6 0 0  '1 3 --- --- 
E a s t e r l y  2100 . 2 9 0 .  460  1 0 7  1 8 0 0  3  5 --- --- 

A 1 . I  Pl i  nd 5'70 2 4  9 . 6 '  l e i  1 7 0 .  1 1 .-i- --- 
D i r e c t i o n s  ... . . . 

a - I . .  . 
. - .  



O -***!.* 
Sampling Area Sampling Area 

N i c k e l  

C Sampling S B Area J CI 

C ' =  Charleston, S = Savannah, B = Brunswick, 
'. . J = Jacksonville, CT = Columbus-Iselin 

F i g u r e  4. Mean Atmospheric ' EFcrust Values  by Area  



~ a ~ l e  14.: Interelement Trace Metal Correlation 
.Coefficients-Charleston 

n = 5  

- At 95% level of confi.dence, r = 0.81 

At 99% level of confidence, r = 0.92 



Table 15. Interelement Trace Metal Correlation 
coefficients - Savannah 

Zn Cu Ni 'Pb Mn Fe A1 . Ma 

Cd +0.63 +0.60 +0.87 +0.23 +0.80 -0.39 0.00 -0.34 

At 95% level of confidence, r = 0.75 

At 99% level of condifence, r = 0.87 



T a b l e  1 6 .  I n t e r e l e m e n t  T r a c e  M e t a l  C o r r e l a t i o n  
Coe'ff l c i e n t s  - Brunswick  

~ . t  95% l e v e l  ' o f  c o n d i d e n c e ,  r = 0 . 8 1  

~t 99% l e v e l  o f  c o n f i d e n c e ,  r = 0 .92  



Table 17. Interelement Trace Metal Correlation 
Coefficients - Jacksonville 

= g 
. . 

At 95% level of confidence, r = 0.63. 

At 99% level of confidence, r = 0.77 



e 

sampled w e r e  r e l a t i v e l y  f r e s h  from. t h e  sou rce  area and 

r e 1 , a t i o n s h i p s  between m e t a l s  should  b e t t e r  r e f l e c t  s o u r c e s .  

Also,  winds w e r e  much s t r o n g e r  d u r i n g  t h e  C h a r l e s t o n  

sampl ing  t h a n  d u r i n g  any o f  t h e  o t h e r  t h r e e  sampling p e r i o d s  

(Tab le s  1 - 4 ) .  With s t r o n g e r  winds ,  t h e r e  i s  i n c r e a s e d  

" . . p r o d u c t i o n  o f  w h i t e c a p s i  and i n c r e a s e d  i n j e c t i o n  of sea 

s a l t  i n t o  t h e  atmosphere from seawa te r  (Woodcock, 1953) . 
Among . t h e  metals .which are t r a n s f e r r e d  f r o m  . . sea t o  a i r ,  

, N a  would be e x p e c t e d  t o  have t h e  g r e a t e s t  f l u x  because  o f  

i t s  l a r g e  c o n c e n t r a t i o n  i n  s eawa te r .  Thus, i f  any trace 

m e t a l s  c o r r e l a t e  s t r o n g l y  wi th .Na ,  seawater can  be suspec t ed  

as  a s i g n i f i c a n t  sou rce .  

I t ' i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  Cha r l e s ton , .  Fe 

and A 1  are p e r f e c t l y  c o r r e l a t e d  ( r  = 1 . 0 ) .  . T h i s  is n o t  

s u r p r i s i n g  s i n c e  stronger winds might. he expec ted  t o  t r a n s -  

p o r t  s i g n i f i c a n t  c r u s t a l  material .  Cadmium and Zn a r e ' b o t h  

s t r o n g l y  c o r r e l a t e d  w i t h  A 1  and Fe,  i n d i c a t i n g  t h a t  s t r o n g  

w e s t e r l y  winds o f f  C h a r l e s t o n  are t r a n s p o r t i n g  a n n r n a l ~ ~ ~ s l y  - 
. . 

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

An aspect of t h e  i n t e r - e l e m e n t  r e l a t i o n s h i p s  i n  t h e  

~ h a r l e s t o n  samples which i s  p o t e n t i a l l y  ve ry  s i g n i f i c a n t  i s  

t h e  c o r r e l a t i o n  o f  Zn and Cu w i t h  Na, s u g g e s t i n g  a seawater  
. . 

s o u r c e .  There  i s  some evidence ' t h a t  seawater  cou ld  i n  f a c t  

b e  a s i g n i f i c a n t  s o u r c e  o f  Zn and Cu. The s e a  s u r f a c e  

mic ro l aye r '  i s - e n r i c h e d  i n  - .  t r a c e  m e t a l s  compared t o  sub- 

*su r face  w a t e r  (Duce, e t  a l . ,  1972; P io t rowicz ,  e t  a l . ,  1972; 



Hoffman, e t ' a l . ,  1972) a n d . t h i s  e n r i c h m e n t  s h o u l d  be  r e f l e c t e d  

i n  t h e  s e a  s a l t  p a r t i c l e s  p roduced  when b u b b l e s  b r e a k  

t h r o u g h  t h i s  m i c r o l a y e r  (Hoffman and  Duce, 1974;  P i o t r o w i c z ,  

1 9 7 2 ) .  Duce e t  a l . ,  (1976) found s i g n i f i c a n t  e n r i c h m e n t  

o f  Zn, Cu, and  Fe on  sea s a l t  p a r t i c l e s  i n  N a r r a g a n s e t t  

Bay g e n e r a t e d  by  a d e v i c e  known a s  a  Bubble I n t e r f a c i a l  

M i c r o l a y e r  s a m p l e r  (BIMS) , ( F a s c h i n g ,  e t  a l . ,  1974) . Duce, 

e t  a l . ,  (1976)  c a l c u l a t e d  t h a t  t h e  f l u x  o f  Zn and Cu t o  

t h e  a tmosphere  from m a r i n e  w a t e r s  c o u l d  b e  a s  g r e a t  as  c r u s t a l  

and a n t h r o p o g e n i c  s o u r c e s .  The f l u x '  o f  F e ,  a c c o r d i n g  t o  

t h e s e  c a l c u l a t i o n s ,  w a s  o f  t h e -  same o r d e r  o f  magni tude  a s  

Zn and  Cu, b u t  was swamped by c r u s t a l  and a n t h r o p o g e n i c  

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

Georg ia  B i g h t  w a t e r s  i s  s i m i l a r  t o  t h e  waters s t u d i e d  by 

Duce (1976.) , t h e n  t h e  c o r r e l a t i o n  o f  Zn and  Cu w i t h  Na. i n  

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

m e t a l s  from w a t e r  t o  air. U n f o r t u n a t e l y ,  t h e r e  i s  no  way 

t o  q u a n t i f y  t h e  s e a w a t e r  c o n t r i b u t i o n s  t o  t h e  ~n and  Cu 

c o & e n t r a t i o r i ~  i n  Georgia  B i g h t  a i r  w i t h  e x i s t i n g  d a t a .  

The a d v a n t a g e  o f  t h e  BIMS d e v i c e  i s  t h a t  it samples  t r a c e  

m e t a l s  v e r y  close t o  t h e  s u r f a c e  o f  t h e  w a t e r ,  t h u s  making 

it p o s s i b l e  t o  s e p a r a t e  s e a w a t e r  c o n t r i b u t i o n s  from c o n t i n e n -  

t a l  c o n t r i b u t i o n s .  However, t h e  i n d i c a t i o n  i s  t h a t  t h i s  

problem would be w e l l  wor th  f u r t h e r  i n v e s t i g a t i o n  i n  t h e  

f u t u r e .  

Dur ing  sampl ing  i n  t h e  v i c i n i t y  o f  Savannah,  Brunswick,  



a n d  J a c k s o n v i l l e ,  t h e  a r e a s  w e r e  u n d e r  t h e  i n f l u e n c e  o f  weak 

e a s t e r l y  winds  most  o f . t h e  t i m e .  I n t e r - e l e m e n t  c o r r e l a t i o n s  

f o r  s a m p l e s  f rom t h e s e  a r e a s  a r e  t h u s  n o t  a s  mean ingfu l  as 
. . 

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

I t  i s  t r u e  t h a t  t h e r e  a r e  a  c o n s i d e r a b l e  number o f  s i g n i f i c a n t  

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

n o t  re f lec t  a n y t h i n g  s i g n i f i c a n t  about J a c k s o n v i l - l e  air 

due t o  t h e  p redominan t  e a s t e r l y  winds .  

T r a c e  M e t a l  S o l u b i l i t i e s  i n  S e a w a t e r  

S i n c e  t h e  m e t a l s  a n a l y z e d  i n  t h i s  s t u d y  are a s s o c i a t e d  

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

r e l a t i v e l y  n o n r e a c t i v e  i n  t h e  w a t e r  column. .To e v a l u a t e  t h e .  

f a t e  of  t h e  m e t a l s  a f t e r  e n t e r i n g  t h e  w a t e r ,  t .he sol ,.,hi l i  t i  P S  

o f  Cd, Zn; Cu, and N i  i n  s e a w a t e r  w e r e  d e t e r m i n e d  for 
. . 

s e l e c t e d  s a m p l e s  i n  e a c h  a r e a .  The s o l u b i l i t i e s  ' w e r e  

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

which  was s o l u b l e  i n  s e a w a t e r .  .. . 

The p e r  c e n t  s o l u b i l i t i e s ,  t o g e t h e r  w i t h  EFCruSt, 

wind d i r e c t i o n  and s p e e d  a r e  p r e s e n t e d  i n  T a b l e  1 8  . fo r  

t h e  f o u r  main  a r e a s .  The s o l u b i l i t i e s  o f  m e t a l s  i n  f i v e  

s a m p l e s  which  w e r e  coliected a t  t h e  Skidaway I n s t i t u t e  

Dock d u r i n g  a  d u s t  s t o r m  i n  F e b r u a r y  1977 (Windom and 

C h a m b e r l a i n ,  1 9 7 8 ) ,  a r e  a l so  d i s c u s s e d .  The  u n c e r t a i n t i e s  

i n  -many o f  t h e  s o l u b i l i t y  f i g u r e s  i n  T a b l e  3.9 a r e  quite 

h i g h .  T h i s  is- b e c a u s e  t h e  u n c e r t a i n t i e s  i n  t h e  b lank-  v a l u e s  

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

o f  sample  v a l u e s .  A s  a  r e s u 1 t ; t h e  s a m p l e s  which  have  t h e  



T a b l e  1 8 .  T r a c e  Metal S o l u b i l i t i e s  Compared A g a i n s t  

E F c r u s t  Kind D i r e c t i o n ,  a n d - s p e e d  

Sample . Cd Cu Zn N i  . Wind. 
Number % Sol .*EF % Sol .*EF % Sol .*EF 8 S o l f E F  D i r .  Speed  

C h a r l e s t o n  

C 2  28+1 - 8800 61+5 - 620 90 230 1 0  33  SSE 1 0  

C3 1 0  7600 65+4 - 220 90 320 1 0  87 SSW 1 5  

1 0  11 WSW 1 5  ' C4 .83+8  - 11000 494-5 130  80+4 - 380 

C6 . 24,,+2 2800 --- --- , - 90 1 9 0  --- --- WSW 10-15 

Savannah  

S 5  36+18 - 720 1 0  3 1  1 0  1 1 0  1 0  67 SSW 5 

S6 1 0  2000 1 0  5 3  16+12 - 240 1 0  290 SW 5-10 

(r = -0 .28)  ( r  = -0 .78)  

Brunswick  

B2 --- --- --- --- 44+'16 93 - 1 0  1 ESE 5 

. B4 90 800. --- --- 59+24 - 81. 1 0  ND FSE 5 

* S o l . u b i l i t i e s  above  90% or be low 1 0 %  a r e  e x p r e s s e d  as 
g r e a t e r  t h a n  or less t h a n  v a l u e s  d u e  t o  u n c e r t a i n t i e s  
i n  s o l u b i l i t y  c a l c u l a t i o n s .  - 



Table 18 (continued) 

Sample Cd Cu Zn Ni Wind 
Number % Sol.*EF %'sol.*EF % Sol.*EF % Sol.*EF Dir. Speed 

Jacksonville . 

70+28 21 . g o  31 --- - NE 5-10 
1'0 10 89+3.3 43 --- --- - Calm. 
10 . 10 go 40. --- --- SW 10-15 

Skidaway Dock (Dust Storm) 
C 

DS1 24+2 - 32 29+6 - 0.5 10+1 - 2 10 1 

DS2 30+3 - 20 19+5 - 0.5 12+1 - 2 10 1 

DS3 10 ND 10 1.4 13+.4 - 2 10 2 

DS4 3U+2  2.30 10 162 11+0 - 4 4  20+.1 - 2 

DS5 77111 - 4.0 17+3 - 3.7 15+.5 - 2 26+.L - L 



l owes t  amounts o f  m e t a l s  on t h e  f i l t e r  p a p e r s  have h i g h e r  

u n c e r t a i n t i e s .  T h i s  means, however, t h a t  t h e  h i g h  u n c e r t a i n -  

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

o f .  m e t a l s .  

S o l u b i l i t i e s  w e r e  compared -wi th  EFcrust and wind 

d i r e c t i o n  t o  de te rmine  i f  t h e y  v a r y  i n  any s i g n i f i c a n t  way 

w i t h  sou rce .  R e s u l t s  o f  r e g r e s s i o n  a n a l y s i s  o f  .EFcrust on 

p e r  c e n t  s o l u b i l i t y  a r e  a l s o  p r e s e n t e d  i n  Tab le  19 .  

C o e f f i c i e n t s  f o r  t h e s e  a n a l y s e s  a r e  o n l y  ' c a l c u l a t e d  w i t h i n  

. . 
e a c h  a r e a .  .None o f  t h e  c o r r e l a t i o n s  w i t h i n  a r e a s . a r e  

s i g n i f i c a n t  a t  t h e  95% l e v e l  of con f idence .  ' T h i s  s u g g e s t s  

t h a t  s o l u b i l i t y  does  n o t  v a r y  d i r e c t l y  w i t h  EFcrust. T h e r e  

are probably  n o t  enough samples ,  however, w i t h i n  e a c h  group 

f o r ' t h i s  t o  be  s i g n i f i c a n t ,  c o n s i d e r i n g  t h e  u n c e r t a i n t i e s  
. . 

i n  b o t h  EFcrUstand s o l u b i l i t y .  

To f u r t h e r . i n v e s t i g a t e  t h e  r e l a t i o n s h i p s  between 

E F c r u s t  and s o l u b i l i t i e s  i n  each  a r e a , .  t h e y  were p l o t t e d  

a g a i n s t  each  other  f o r  e a c h a r e a  ( ~ i ~ u r e s  5 - 7 )  . Nicke l  

was n o t  e v a l u a t e d  i n  t h i s  way because it showed n e g l i g i b l e  

s o l . u b i l i t y  f o r  a l l  samples (Table  1 8 ) .  

Some i n t e r e s t i n g  p a t t e r n s  can b e  s e e n  i n  t h e s e  p l o t s ,  

e s p e c i a l l y  t h o s e  f o r  Zn and Cu. I t  i s  c l e a r  t h a t  Zn 

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

g roupings  . (F igure  5 . ) .  With t h e  excep t ion  o f  t h e  C h a r l e s t o n  

d a t a ,  h i g h e r  EFcrust v a l u e s  of  Zn t e n d  t o  be a s s o c i a t e d  w i t h  

lower s o l u b i l i t i e s .  When a  c o r r e l a t i c n  c q e f f i c i e n t  r e l a t i n g  



- = C h a r l e s t o n  

= Savannah 

g =  Brunswick 

A = J a c k s o n v i l l e  

5. S o l u b i l i ' t y  

Figure 5. Plot of 5 Solubility of Zinc vs. EFcrust 



% S o l u b i l i t y  
. . 

103, - 
- 
- 
- 
- 
- 

- 

- 

v 
1o2- 

k - 
U 

L - 
W - 

- 
- 
- 

Figure 6. P l o t  of :! S o l u b i l i t y  of  Copper vs. EFc,,lst 
, I ,  

= C h a r l e s t o n  

I = S a v a n n a h  

No Brunswick  Da'ta 

A = J a c k s o n v i l l e  

8 

8 

IB A 

II 

\ 

- 

lo1, 

A 
H 

A 
A I I I I I I I L I 

10 20  30 40 50 6'0 70 80 ' 9 0  1b0 



= Savannah 

Figure 7. Plot of % S o l u b i l i t y  of Cadmium vs .  EFcrUst 



solubility and EFcrust is calculated for Savannah, Brunswick, 

and Jacksonville samples, excluding Charleston samples, a 

coefficient of r = - . 6 4  (n = 18) , .is .obtained.   his is a 

significant negative correlation at the 99% level of confi- 

dence. There is a possible.explanation for the sen~mingly 

anomalous Charleston data in Figure 5. As pointed out 

earlier, Zn is strongly correlated with Na in the Charleston 

samples, thus it is possible that EFcrust and solubility 

data for Zn are significantly affected by seawater contribu- 

tions. Whether or not this is true, there is a strong 

indication that Zn solubility is negatively correlated with 

EFcrust . It is also clear that Zn solubility varies over 

a considerable range. 

Copper solubilities also tend to be grouped together 

'by area, although the groupings are not as .pronounced as 

. '  with Zn. (~igure 6). Once again, there seems to be a relation 

between EFcrust.. and solubility., although, in this case, 

hiqher Cu enrichment factors are associated with higher 

solubilities. The correlation coefficient for data plotted 

in Figure 6 is r = + 0 . 5 4  (n = 13), and is significant at 

the 95% level of confidence. Copper solubility, then, 

also appears to be source related as was Zn. Savannah Cu 

solubilities are lowest as they were for Zn, while Charleston 
. - 

Cu solubilities are highest and Jacksonville are intermediate. 

Brunswick Cu solubilities were not used due to excessively 

large differences in duplicate analyses. 



There  are no c l e a r  p a t t e r n s  i n  t h e  Cd s o l u b i l i t y  d a t a  

( F i g u r e  7 )  . The o n l y  t r e n d  t h a t  can  b e  s e e n  i s  t h a t  most 

s o l u b i l i t i e s  c l u s t e r  below a b o u t  30%. Source .dependence  i s  

n o t  e v i d e n t  f o r  Cd a s  it i s  f o r  Zn and CU. 

An i n t e r e s t i n g  a s p e c t  o f  s o l u b i l i t y  i s  t h a t  it 

f r e q u e n t l y  changes  r a d i c a l l y  w i t h  d r a s t i c  changes  i n  wind 

d i r e c t i o n  (Table  1 8 )  . s p e c i f i c  examples ' o f  t h i s '  are t h e  

Cd and Zn r e s u l t s  o f  samples S1 and S4 when wind d i r e c t i o n  

changed from NE t o  S. The Cd s o l u b i l i t y  i n c r e a s e d  about  

70% w h i l e  Zn s o l u b i l i t y  dec reased  about  80%. Again,  between 

sampl'es B4 and B 5 ,  wind d i r e c t i o n  w h i f t e d  from ESE t o  NE, and 

t h e  Cd s o l u b i l i t y  dropped b y - a b o u t  7 0 % .  Another example 

was i n  t h e  i n t e r v a l ' b e t w e e n  samples J4-J5-J9. Wind d i r e c t i o n  

s h i f t e d  from NE t o  calm t o  S W .  Both Cd and Cu s o l u b i l i t i e s  

changed d u r i n g  t h e s e  s h i f t s .  I t  i s  n o t  s u r p r i s i n g  t h a t  

s o l u b i l i t y  shou ld  change  w i t h  wind d i r e c t i o n ,  c o n s i d e r i n g  

t h e  above o b s e r v a t i o n s  abou t  dependence o f  s o l u b i l i t y  on 

s o u r c e .  ' 

There  s e e m  t o  be  no obvious  r e l a t i o n s h i p s  between 

enr ichnient  f a c t o r  and s o l u b i l i t y  i n  t h e ' d u s t  s to rm d a t a .  

Thc EFcrust v a l u e s  f o r  t h c s c  samplcs arc qui . t c  low' w i t h  t h c  

except io r l  o f  .sample ' DS 4 . .  T h i s  i n d i c a ' t e s  a  domi'nant c r u s t a l  

s o u r c e  f o r  t h e  ma te r i a l . .  c o r r e l a t i o n s  between EF and 
c r u s t  

. .. 
' . s o l u b i l i t y  which w e r e  o b s e r v e d ' p r e v i o u s l y  f o r  Zn and Cu do 

n o t  ho ld  h e r e .  Zinc h a s  low EFciust v a l u e s  and low s o l u b i l i -  

t y ,  which i s  t h e .  r e v e r s e '  o f  t h e  p a t t e r n  p r e v i o u s l y  observed .  



Copper h a s  g e n e r a l l y  .low EF c r u s t  and low s o l u b i l i t y  v a l u e s ,  

b u t  sample DS4 h a s  a  v e r y  'high en r i chmen t  f a c t o r  and low 

s o l u b i l i t y . .  T h i s  a l s o  does  n o t  ho ld  .w i th  t h e  p r e v i o u s  

p a t t e r n .  Cadmium shows t h e  same g e n e r a l  r a n g e  o f  s o l u b i l i -  

t i e s  as  seen  p r e v i o u s l y .  N icke l  s o l u b i l i t i e s . a r e  g e n e r a l l y  

low, a s  t h e y  w e r e  w i t h  t h e ' o t h e r  samples .  I t  i s  n o t  e v i d e n t  

why t h e r e  shou ld  be  d i f f e r e n c e s  i n  s o l u b i l i t y  b e h a v i o r  f o r  

Zn and Cut from t h a t  obse rved  f o r  c o n t i n e n t a l  s h e l f  samples ,  

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

b i l i t i e s  would be  w e l l  wor thwhi le .  

. I n  g e n e r a l ,  s e v e r a l  c o n c ~ u s i o n s  s e e m  obv ious  from 

t h e  s o l u b i l i t y  s t u d y .  Zinc and Cu s o l u b i ' l i t i e s  a r e  c l e a r l y  

s o u r c e  dependen t .  Cadmium s o l u b i l i t y  may a l s o  be  s o u r c e  

dependen t ,  b u t  it i s  n o t  e v i d e n t ' f r o m  t h i s  s t u d y .  The o n l y  

i n d i c a t i o n  o f  s o u r c e  dependence f o r  Cd i s  t h e  change i n  

s o l u b i l i t y  w i t h  wind d i r e c t i o n .  Zinc  s o l u b i l i t y  i n  t h e  
. . 

Savannah,. Brunswick,  and ~ a c k s o n v i l l e  samples  i s  n e g a t i v e l y  

c o r f e l a t e d  w i t h  EFcrustt w h i l e  Cu s o l u b i l i t y  o f  a l l  samples  

i s  p o s i t i v e l y  c o r r e l a t e d  w i t h  EFcrust. These p a t t e r n s  do 

n o t  ho ld  f o r  t h e  d u s t  storm samples .  I n  a t m o s p h e r i c  

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

o f  a tmospher ice  Cu and Zn i n  seawater i s  a p p a r e n t l y  a  

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

trace me ta l  s o l u b i l i t y  i n . s e a w a t e r  i s  obv ious  from t h i s  

s t u d y .  T h i s  f a c t  emphasizes  t h e  need f o r  long t e r m ?  

sampli.ng i f  one  w i shes  t o  a c c u r a t e l y  e v a l u a t e  m e t a l  i n p u t s  

t o  mar ine  waters. 



Atmospheric F luxes  o f  Trace  Meta l s  t o  Georgia Bight  Waters . 
Some rough e s t i m a t e s  of a tmospher ic  i n p u t  o f  t r a c e  

metals t o  t h e  Georgia  B igh t  can  be  made u s i n g  t h e  a tmospher ic  

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

o f  v a r i o u s  s i z e d  p a r t i c l e s  t o  t h e  wa te r .  The f l u x  model used 

h e r e  is  t h e  same used  by Duce (1975) , and Duce and Hoffman 

(1976), t o  estimate f l u x e s  o f  metals t o  t h e  ocean i n  the  

Bermuda a r e a .  These a u t h o r s  made use  o f  t h r e e  d i f f e r e n t  

models,  b u t . t h e i r  model # 3  w i l l  b e  u s e d . h e r e  because it 

y i e l d e d  r e s u l t s . i n t e r m e d i a t e  between. t h e  o t h e r  two. B r i e f l y ,  

t h i s  model u s e s  mean d r y  d e p o s i t i o n  v e l o c i t i e s  (Vd) ob- 

t a i n e d  a t  f o u r  s t a t i o n s  i n  t h e  North  Sea by Cambray, e t  a l . ,  
. . 

b 

. . (1975) .  The mean d r y  d e p o s i t i o n  v e l o c i t y  f o r  each  meta l  

i s  t h e n  m u l t + p l i e d  by t h e  mean a tmospher ic  c o n c e n t r a t i o n  

f o r  t h a t  m e t a l  t o  o b t a i n  a f l u x ' t o  t h e  wa te r .  To account  

f o r  p r e c i p i t a t i o n  removal o f  p a r t i c l e s ,  t h e  assumption i s  

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

f a l l o u t ,  and t h e  t o t a l  . f l u x  i s  t h r e e  t i m e s  ' t h e  d r y  f a l l o u t .  

T h i s  model # 3  does  n ~ t  give f l u x e s  for  CI I ,  CA, nr Ni s i n r e  

t h e  d a t a  by cambray (1975) d i d  n o t  i n c l u d e  t h e s e  m e t d l  s -  

For Llsese ~ ~ ~ e t a l s ,  model #1 (Duce, 1975) w a s  used.  T h i s  

model assumes t h a t  a tmospher ic  p a r t i c l e s  are d i s t r i b u t e d  

u? i formly  t o  a h e i g h t  of  5000 me te r s  and t h e r e  a r e  4 0  
0 

r a i n f a l l s / y e a r  which remove t h e s e  p a r t i c l e s .  
- .  

. 
. . The d e p o s i t i o n  v e l o c i t i e s  used i n  t h i s  s t u d y ,  a d j u s t e d  

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



Table 19. Estimated Trace Metal Fluxes from Atmosphere to Georgia Bight 

Metal Vd Charleston Savannah ~runswick Jacksonville Columbus-Iselin 
cm/sec ......................... .3 ng/m ............................. 

Weighted Averages* 

Cd 0.6. 1.7 0.41 0.31 0.24 

Fluxes '(kg/yr) * * * .  
Total **  

Met,al Flux , Charleston Savannah Brunswick Jacksonville Rest of Bight 

2 2 
Cd 2.0~10 8.7~10 2.0~10 1.4~10 1 . 1 ~ 1 0  

2 7. ox102 





Tab le  19 ,  t o g e t h e r  w i t h  t h e  c a l c u l a t e d  f l u x e s  i n  kg/yr  

t o  e a c h  o f  t h e  s t u d y  a r e a s ,  as  w e l l  a s  t o  t h e  e n t i r e  3x10 4 

2 km Georgia  B igh t .  Each i n d i v i d u a l  s t u d y  area w a s  t a k e n  

t o  be  2500 km2 (50 km x 50 km). The weigh ted  a v e r a g e  

a tmosphe r i c  c o n c e n t r a t i o n s  used  i n  t h e  f l u x  c a l c u l a t i o n s  

(Tab le  1 9 ) ,  were c a l c u l a t e d  from i n f o r m a t i o n  i n  T a b l e  1 2  

i n  which wind d a t a  w e r e  s e p a r a t e d  i n t o  e a s t e r l y  and w e s t e r l y  

components.  The p a r t  o f  t h e  y e a r  t h a t  t h e  p a r t i c u l a r  wind 

d i r e c t i o n  p r e v a i l e d  was o b t a i n e d  from l o c a l  NOAA c l i m a t o - '  

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

f l u x  c a l c u l a t i o n s  a r e  weigh ted  f o r  d r y  d e p o s i t i o n ,  r a i n f a l l  

i n p u t ,  wlnd d i r e c t i o n ,  a n d , a t m o s p h e r i c  c o n c e n t r a t i o n  by 

a r e a .  I t . m u s t  be  k e p t  i n  mind,' o f  c o u r s e ,  t h a t  t h e s e  a r e  

o r d e r  o f  magnitude e s t i m a t e s .  A c t u a l  measurement o f  depos i -  

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

Georg ia  B igh t  would remove a c o n s i d e r a b l e  amount o f  uncer-  

t a i n t y  from t h e  c a l c u l a t i o n s .  There  i s ,  however, good 

r e a s o n  t o  t h i n k  t h a t  d r y  d e p o s i t i o n  v e l o c i t y  shou ld  not. 

v a r y  g r e a t l y  from a r e a  t o  a r e a .  D i f f e r e n t  m e t a l s  t e n d  t o  

a lways  be a s s o c i a t e d  w i t h  p a r t i c u l a r . p a r t i c l e  s i z e s  (Lee and 

Von Lehmden, 1973; Rahn, e t  a l . ,  1971; Gladney,  e t  a l . ,  

1 9 7 4 ) ,  and t h e  d e p o s i t i o n  v e l o c i t y  o f  any p a r t i c u l a r  p a r t i c l e  

s i z e  shou ld  be a b o u t  t h e  same i n  any a r e a .  . R a i n f a l l  i n p u t ,  

o f  c o u r s e ,  cou ld  be q u i t e  v a r i a b l e ,  b u t  t h e  e s t i m a t e  used. 

h e r e  i s  an  in te r r r i ed ia te  v a l u e  between e s t i m a t e s  made by 

s e v e r a l  o b s e r v e r s  of r a i n f a l l  i n p u t s  t o  mar ine  w a t e r s  



. . 
, (Duce, e t  a l . ,  1976) . 

There  have been few s t u d i e s  o f  a tmospher ic  t r a c e  

m e t a l - f l u x e s  t o  nea r sho re  marine  w a t e r s  w i t h  which t o  

compare t h e s e  d a t a .  Some o f  t h e  a v a i l a b l e  d a t a  a r e  l i s t e d  

i n  Tab le  20. The d a t a  o f  Windom and Smith (1978) a r e  most 

r e l e v a n t  h e r e ,  because t h e y  a r e  from t h e  same s t u d y  a r e a .  

T h e i r  e s t i m a t e s  w e r e  f o r  t h e  e n t i r e  South A t l a n t i c  B i g h t  

4 2  (6 x 10 km ) ,  based on ear l ier  d a t a  g a t h e r e d  from t h e  

same g e n e r a l  sampling a r e a .  The e s t i m a t e s  i n  t h i s  s t u d y  

c o v e r  an  a r e a  h a l f  a s  l a r g e ,  b u t  t h e r e  i s  good agreement 

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

O the r  r e s u l t s  i n  Table  2 1  a r e  from t h e  N e w  York B i g h t ,  

(Uuce, e t  a l . ,  1976a) , ,  and ~ a n t u c k e t ,  Massachuse t t s  

(Laz rus , ,  e t  a l .  ; 1970) . T h e  ,New York and Nantucket  d a t a  

2  have been normal ized  t o  a l o 4  km a r e a  by Duce, e t  a l .  , 
(1976a ) .  These o t h e r  s t u d i e s  d i d  n o t  r e p o r t  a s  many m e t a l  

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

comparison show good o r d e r  o f  magnitude agreement ,  con- 

s i d e r i n g  a l l  t h e  assumpt ions  made and t h e  d i f f e r e n t  approaches  

t o  t h e  problem i n  e a c h  s t u d y .  The New York B igh t  f l u x e s  f o r  

t h r e e  anomalously e n r i c h e d  m e t a l s  (Zn, Cd, and Ph) are 

s e v e r a l .  t i m e s  g r e a t e r  t h a n  i n  t h i s  s t u d y .  The Nantucket  

f l u x e s  f o r  Zn and Pb a r e  a l s o  s e v e r a l  t i m e s  g r e a t e r  t h a n  
a . - .  

t h i s  s t u d y .  I f  t h e s e  d i f f e r e n c e s  a r e  r e a l ,  t h e y  p robab ly  

r e f l e c t  t h e  g e n e r a l l y  g r e a t e r  an th ropogen ic  i n p u t s  t o  0 

t h e  atmosphere i n  t h e  n o r t h e a s t  Uni ted S t a t e s .  



T a b l e  20. Comparison of Atmospher ic   race l l e t a l  
F l u x e s  t o  V a r i o u s  Nearshore  Marine Wate r s  

S o u t h  A t l a n t i c  
B i g h t  

Windom, e t  a l .  

N e w  York ' ~ i g h t  

Duce, e t  a l .  

Nan tucke t ,  Mass. 

L a z r u s ,  e t  a l .  
( 1 9 x 0 )  
(10  krn ) 

T h i s  S t u d y  
( 3  x 1 0 4 . k m )  



The c o n t r i b u t i o n s  t h a t  t h e  f l u x e s  o f  C d ,  Cu, and Zn 

make t o  t h e  d i s s o l v e d  c o n t e n t  o f  Georgia B.ight w a t e r s  were' 

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

metals as  r e p o r t e d  e a r l i e r  (Table  1 8 ) ,  and t h e  f l u x e s  f o r  

e a c h  metal (Tab le  1 9 ) .  P e r ,  c e n t  . s o l u b i l i t y  w a s  m u l t i p l i e d  

by y e a r l y  f l u x e s  t o  o b t a i n  t h e  c o n t r i b u t i o n  t o  t h e  s o l u b l e  

f r a c t i o n .  T h i s , ' c a l c u l a t i o n  was made f o r  each  sampling a r e a ,  

as w e l l  as  f o r  t h e  o v e r a l l  b i g h t  (Table  2 1 ) .  The volume of 

w a t e r  i n  t h e  v i c i n i t y  around each  c i t y  was c a l c u l a t e d  on 

t h e  b a s i s  o f  a 50 km by 50 km a r e a ,  and an  average  dep th  

o f  10  m. The o v e r a l l  b i g h t  w a s  t a k e n  t o  be 3  x  l o 4  km 2 

i n  a r e a  hav ing  an  average  dep th  o f  30 m. Disso lved  seawa te r  

c o n c e n t r a t i o n s  o f  Cd, Cu, and Zn w e r e  ana lyzed  i n  each  o f  

t h e  f o u r  urban a r e a s  as  a  p a r t  o f  t h e  s o l u b i l i t y  s t u d y  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  most c a s e s ,  seawater  

c o n c e n t r a t i o n s  a r e  s e v e r a l  t i m e s  g r e a t e r  t h a n  t h e  annua l  

s o l u b l e  m e t a l  c o n t r i b u t i o n .  . In  t h e  c a s e  o f  Cu and Zn f o r  

t h e  C h a r l e s t o n  d a t a ,  however, c o n t r i b u t i o n s  are d i s p r o p o r -  

t i o n a t e l y  h igh  compared t o  seawater  c o n c e n t r a t i o n s .  T h i s  

, c o u l d  a g a i n  i n d i c a t e  that .  mi.grat ion o f  Cu and Zn from sea -  

w a t e r  t o  a i r  i s  s i g n i f i c a n t l y  a f f e c t i n g  f l u x  v a l u e s . .  One 

o t h e r  a p p a r e n t  d i s c r e p a n c y  i n  t h e  d a t a  i n  Table  22 is  i n  

t h e  Zn d g t a  f o r  - ~ a c k s o n v i l l e .  The annua l  c o n t r i b u t i o n  

c. a p p e a r s  h igh  c o  a r e d  ' to  ambient  c o n c e n t r a t i o n .  The P ' 
c o n c e n t r a t i o n  v a l u e  used i s  v e r y  l i k e l y  low. I n  a  series 



.Table 21. Atmospheric Contributions to D.issolved 
Cu, Cd, and Zn in the Georgia Bight 

Amount Ambient 
Study. ~ e a n ~  Flux Dissolved Seawqter Conc. 
Area % Sol. (.kg/yr) ' (ug/l/yr) ' (ug/l)* 

Cadmium . 

Charleston 35 8.7 x'10 , 0.012 0.045 2 

38 2.0 x 10 0.003 0.005 2 Savannah 
2 Brunswick 58 1.4. x 10 0.003 0.005 

Jacksonville 26 1.1 x 10 0.001, 0.004 2' 

Total Bight 39**, 2.0 x. 10 0 .,001 --- 3 

(r 

Copper 

Charleston 58 5.8 x 10 .0.13 0.36 3 

Savannah 5 2.0 x 10 0.004 0.32 3 

Brunswick 30** 3.4 x 10 0.04 0.37 

Jacksonville 26 * :  1.2 x 10 0.01 0.28 3 

Total Bight . 30** 5.9 x 10 0.02 0.16.** 4 

. . . . . - 

Zinc 

Charles ton 91 3.1 lo4 1.1. 

Savannah 30 2.4 x 10 0.29 1.0 4 

Brunswick 59 1.8 x 10 0.42 1.1 4 

Jacksonville 91 0.9 x 10 0.32 0.44 4 

Total Bight 68** 2.4 x 10 0.18 . 1.4*** 5 

Volume of water used in calculations of individual areas = 
2.5 x 1013 liters.. 

~olumefof water in total bight = 9 x 1014 liters. 

* = Measured in this study. 

**  = k a n  of all calculated solubilities for that .'metal 
. , - in that area. 



T a b l e  2 1  ( c o n t i n u e d )  

*** .= Mean o f  1 2  v a l u e s  f rom Windom 'and Smi th  (1978') 

a = Mean o f  a l l  s o l u b i l i t i e s  f o r  t h a t  m e t a l  f o r  t h a t  
area. S o l u b i l i t i e s  g r e a t e r  t h a n  90% were t a k e n  t o  
b e  9 5 % ,  and  t h o s e  less t h a n  10% were t a k e n - t o  b e  5%.  



of 1 6  s e a w a t e r  samples  t a k e n  t h r o u g h o u t  t h e  G e o r g i a  B i g h t ,  Q 

Windom and  Smith  ( 1 9 7 8 ) ,  d i d  n o t  f i n d  a n y  Zn c o n c e n t r a t i o n  

below l . O , u g / l .  A l s o ,  t h e  o t h e r  ambien t  c o n c e n t r a t i o n s  o f  

Zn f o r  o t h e r  areas a r e  above  1 . 0  u g / l ,  s u g g e s t i n g .  t h e  g i v e n  

v a l u e  of 0.44 u g / l  i n  T a b l e  22  may b e  e r r o n e o u s .  

Trac ,e  M e t a l s  i n  S p a n i s h  Mosses 

. An a t t e m p t  was made t o  u s e  S p a n i s h  mosses as a n  

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

s e v e r a l  y e a r s ,  many i n v e s t i g a t o r s  have  r e p o r t e d  u s i n g  

mosses o f  v a r i o u s  k i n d s  as i n d i c a t o r s  o f  heavy m e t a l  d e p o s i -  

. . ' . t i o n  (Goodman a n d  Roberts ; l971;  L i t t l e  and  M a r t i n ,  1974;  
c 

Ruhl ing  and T y l e r ,  1973;  M a r t i n e z ,  e t  a l . ,  1 9 7 1 ) .  Mosses 

= . e v i d e n t l y  p o s s e s s  c o n s i d e r a b l e  ion-exchange p r o p e r t i e s  

( K n i g h t ,  e t  a l . ,  1961;  Clymo, 1 9 6 3 ) .  Moss s h o o t s  r e a d i l y  

r e t a i n  p a r t i c u l a r  m a t t e r  . from t h e  a i r ,  and t h e n  p r o v i d e  

a l a r g e  s u r f a c e  a r e a  f o r  i o n  exchange phenomena t o  p r o c e e d .  

The above i n v e s t i g a t o r s  have  d i s c o v e r e d  r e l a t i v e l y  g r e a t e r  

c o n c e n t r a t i o n s  o f  heavy m e t a l s  i n  mosses n e a r  i n d u s t r i e s  

and a round  u rban  a s  compared t o  non-urban areas. I t  was 

t h e r e f o r e  f e l t  t h a t  a n a l y s i s  o f  metals i n  mosses i n  t h i s  
)" 

s t u d y  m i g h t  be  h e l p f u l .  i n  t r a c i n g  s o u r c e s .  S p a n i s h  moss 

samples  were c o l l e c t e d  on t h e  seaward  s i d e  o f  e a c h  o f  t h e  

f o u r  c i t i e s .  The seaward  s i d e  o f  t h e  c i t i e s  was c h o s e n  

s p e c i f i c a l l y  b e c a u s e  it was f e l t  t h a t  mosses t h e r e  would be 

more l i k e l y  t o  re f lec t  t r a c e  m e t a l  c o n c e n t r a t i o n s  o f  a i r  

moving o u t  o v c r . t h e  c o n t i n e n t , a l  s h e l f .  L o c a t i o n s  are shown 



i n  ~ i ~ u r e  8 .  Mean c o n c e n t r a t i o n s  o f  metals i n  mosses 

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

mean a r e  g i v e n  i n  Tab le  2 2 .  
Mean E F c r u s t  v a l u e s  f o r  each  

set o f  samples  a r e  a l s o  g i v e n  i n  Tab le  2 2 .  P l o t s  of  t h e  

c o n c e n t r a t i o n s  and EFcrust d a t a  f o r  Cd, C u , . N i ,  and Zn by 

area a r e  p r e s e n t e d  i n  F i g u r e s  9 and 10 .  These f o u r  m e t a l s  

w e r e  p l o t t e d  f o r  a compar i son 'wi th  t h e  p l o t s  f o r  a tmospher ic  

data ( F i g u r e s  3 and 4 ) .  

R e s u l t s  from t h e s e  a n a l y s e s  do n o t  cor respond  w i t h  

t h e  a tmosphe r i c  d a t a .  I n  f a c t ,  t h e  moss d a t a  do n o t  v a r y  

from a r e a  t o  a r e a .  Cons ider ing  t h e  u n c e r t a i n t i e s ,  a l l  f o u r  

a r e a s  are i d e n t i c a l  w i t h  r e g a r d  t o  EF c r u s t '  C o n c e n t r a t i o n s  

change s l i g h t l y  from a r e a  t o  a r e a ,  b u t  n o t  t o  t h e  deg ree  

t h a t  t h e  a tmosphe r i c  samples changed. Fnr  example, by f a r  

t h e  h i g h e s t  N i  c o n c e n t r a t i o n s  occu r red  i n  Savannah a i r  

samples, but. Ni i s  lowest i n  Savannah mosses. 

I n  o r d e r  t o  f u r t h e r  e x p l o r e  any p o s s i b l e  r e l a t i o n s h i p s  

between c o n t i n e n t a l  s h e l f  a i r  and moss samples ,  i n t e r -  

e lement  c o r r e l a t i o n s  w e r e  performed f o r  t h e  C h a r l e s t o n  

mosses.  The .C 'har les ton  mosses w e r e  s e l e c t e d  f o r  t h e  same 

p r e v a i l e d  d u r i n g  t h e  sampling p e r i o d )  . I n  comparing. ~ h a r l e s -  

t o n  m o s s  and a i r  c o r r e l a t i o n  c o e f f i c i e n t s  (Tab le s  1 4  and 231, 
e 

a  f e w  i n t e r e s t i n g  p a t t e r n s  c a n  be s een .  Cadmium i s  c o r r e l a t e d  

a. . - w i t h  Fe and A 1  i n  bo th-  c a s e s .  I r o n  .and. A 1  a r e  a l s o  c o r r e l a t e d  

d w i t h  each  o t h e r  i b o t h  c a s e s .  For  t h e  most p a r t ,  however, 





Tab le  22. Mean Trace  Metal C o n c e n t r a t i o n s  and Enrichment  F a c t o r s  i n  
S p a n i s h  Mosses by Area 

Sample 
Area Cd Z n Cu Ni Pb Mn Fe A1 

C h a r l e s t o n  

Mean E F c r u s t  3 7 8 7 1 5  16  1869 8.5 1 --- 
Mean ug/g 0.838 21  2.8 4.2 89 37 200 310 

S tanda rd  
Dev ia t ion  +O. 01  - - +11 - +0.9 - +1.2 - +6 8 +18 - - +69 - +87 

Savannah 

Mean E F c r u s t  1 2 1  92 1 3  7.5 1767 8.9 1 --- 
Mean US!~ 0.08 22 2.4 1.6 128 25 242 274 
S tanda rd  
Dev ia t ion  +O. 8 1  +12 - - -1.2 - +1,3 +134 - +11 - +98 - +97 

Brunswick 

Mean E F c r u s t  103  1 3  4 14 10 3041 7.4 
Mean u g j g  0.06 2 3 2.4 2.2 1 2 1  22 165 246 

S t a n d a r d  
D e v i a t i o n  +O.  03 - +17 5 . 0  - - +1.0 - - +20 +62 +3.5 - - +2 3 

J a c k s o n v i l l e  

Mean EFcrust 102 LO6 1 3  17 2372 8.6 1 --- 
Mean ug/g 0.G7 2 7 3.3 3. f 107 25 221 279 
S tanda rd  
Devia t i o n  +O.C5 - +20 21.9 - - + O . S  - +6 5 - +14 8 +10 5 4 5  - 
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. the coefficients in the two tables are so greatly different 

that this comparison does not really help. 

On the basis of the limited amount of air data 

available in this study, it does not seem that the mosses are 

of much'value in tracing sources. It may be, however, that 

concentrations of metals in mosses represent long term 

average atmospheric concentrations, while the samples in 

this study are single points in the annual cycle. If the 

mosses are in fact better, long term indicators of trace 

metal concentrations. in the atmosphere, then,the indication 

is that -the four urban areas studied'do not vary much in 

their contributions to Georgia Bight air. 



Table 23. Interelement Trace Metal'Correlation 
Coefficients Charleston-Spanish Mosses 

At 958 level of Confidence, r = 0.95 

A t .  99% level of Confidence, r = 0.99 



CHAPTER I V  

CONCLUSIONS 

T h i s ' s t u d y  h a s  e v a l u a t e d  a t m o s p h e r i c  t r a c e  m e t a l  

c o n c e n t r a t i o n s  and e n r i c h m e n t  f a c t o r s  o v e r  t h e  G e o r g i a  

B i g h t .  Both g e n e r a l l y  d e c r e a s e . s o u t h w a r d  f rom C h a r l e s t o n  . 

t o  J a c k s o n v i l l e .  Anomalously e n r i c h e d  m e t a l s  o v e r  t h e  

Georg ia  B i g h t  a r e  Cd, Zn, Cu, N i ,  and  Pb. 

Atmospher ic  t r a c e  m e t a l  c o n c e n t r a t i o n  p a t t e r n s  c a n  b e  

s e e n  a round  e a c h  n e a r s h o r e  u r b a n  a r e a ,  w h i l e  f u r t h e r  o f f -  

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

are s t i l l  e v i d e n t  t h r o u g h o u t  t h e  B i g h t .  

O b s e r v a t i o n s  from t h i s  s t u d y  s u g g e s t  t h a t  s e a w a t e r  

may i n f l u e n c e  Cu and Zn c o n c e n t r a t i o n s  i n  Georg ia  

~ i g h t '  a i r .  
. . 

S o l u b i l i t i e s  o f  Zn and Cu i n  a i r  samples  a r e , s o u r c e  

dependen t .  N i c k e l  shows n e g l i g i b l e  s o l u b i l i t y  i n  a l l  

.samples c o l l e c t e d '  i n  t h i s  s t u d y .  

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

i n  t h e  Georg ia  B i g h t  a r e  comparab le  t o  o t h e r  a r e a s  a l o n g  

t h e  e a s t  c o a s t .  These  f l u x e s  make c o n s i d e r a b l e  c o n t r i b u t i o n s  

t o  d i s s o l v e d  m e t a l  l e v e l s  i n  Georg ia  B i g h t  w a t e r .  

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

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

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

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