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ABSTRACT 

The d i s t r i b u t i o n  of e l e m e n t s  d i sso lved  i n  s e a  wate r  is 
reviewed wi th  s p e c i a l  emphasis on occur rence  i n  t h e  t r o p i c a l  
oceans  where p o t e n t i a l  OTEC (Ocean Thermal m e r g y  Conversion) 
S i t e s  a r e  most l i k e l y  t o  be found. The d i s t r i b u t i o n  of  e l e m e n t s  i n  
o r d e r  of  a tomic  number and by chemical  a f f i n i t y  is disCuSSed, 
examining b o t h  geographical  and d e p t h  v a r i a b i l i t y .  This s t u d y  
i d e n t i f i e s  major i n t e r r e l a t i o n s h i p s  among t h e  v a r i o u s  e lements ,  
which can be used f o r  p r e d i c t i v e  models t o  e s t i m a t e  c o n c e n t r a t i o n s  
o f  e l e m e n t s  i n  l i e u  of  expensive and d i f f i c u l t  multi- element 
chemical a n a l y s e s  of  wate r  samples  i n  reg ions  of  p o t e n t i a l  OTEC 
i n t e r e s t .  The i n p u t s  t o  t h e  model a l g o r i t h m s  a r e  t h e  
c o n c e n t r a t i o n s  of  oceanic c o n s t i t u e n t s ,  such a s  s a l i n i t y  
( c h l o r i n i t y ) ,  n u t r i e n t s  (phosphate,  n i t r a t e ,  s i l i c a t e ) ,  d i s so lved  
gases ,  and carbona te  a l k a l i n i t y ,  which a r e  e a s i l y  measured. 
Elements  r e l a t e d  t o  s a l i n i t y  have been des igna ted  a s  "conservative" 
and include: Li, B, F. Na, Mg. S a s  SO,, C 1 ,  K Ca. V, Br, Rb, Sr .  Mo, 
Sb. C s ,  and U. N u t r i e n t- r e l a t e d  e l e m e n t s  inc lude  C r ,  N i ,  Zn, Ce, 
Se, Cd, I as 10,, Ba and Hg. Other elements are non-conservative, 
non- react ive,  non- nutr ient  g a s e s  whose concent ra t ion  is r e l a t e d  
d i r e c t l y  t o  t h e i r  s o l u b i l i t y .  For some e l e m e n t s  (such a s  Pb o r  
Mn) whose chemis t ry  and d i s t r i b u t i o n  i n  s e a  wate r  is n o t  r e l a t e d  
t o  e a s i l y  measured c o n s t i t u e n t s  by s imple a l g o r i t h m s ,  numerical  
models have n o t  been proposed, a l t h o u g h  t h e  r e l a t i o n s h i p s  observed 
a r e  discussed.  Other e l e m e n t s  whose chemistry o r  d i s t r i b u t i o n  in 
t h e  ocean is poor ly  known a r e  n o t  ca tegor ized .  

These a l g o r i t h m s  have been appl ied  t o  t w o  p o t e n t i a l  OTEC 
s i t e s :  Kahe Point and Ke-ahole Point,  Hawaii, t o  model 
c o n c e n t r a t i o n s  in t h e  s u r f a c e ,  mixed l a y e r  and a t  t h e  proposed 
dep th  of  t h e  c o l d  wate r  in take .  L i t t l e  v a r i a t i o n  with depth is 
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predic ted  f o r  conserva t ive  e l emen t s  due t o  t h e  s m a l l  va r i a t i on  in  
S a l i n i t y  with depth.  However, n u t r i e n t- r e l a t e d  e l emen t s  show a 
marked i nc r ea se  wi th  depth  due t o  t h e  gene ra l  increase  in n u t r i e n t  
concen t r a t i ons  with depth. Thus, water from t h e  co ld  water  i n t ake  
w i l l  h a v e , s i g n i f i c a n t l y  increased  concent ra t ions  of Cr, N i ,  Zn, Ce, 
Se. Cd. I. Ba, and poss ib ly  Hg ( s ee  cavea t  in  t e x t )  over  t h a t  found 
in wate r  from warm water  i n t akes  s i t u a t e d  a t  sha l low depths.  Of 
concern f o r  any proposed use  o f  deep water  o r  s u r f a c e  mixed 
discharge a r e  t h e  t r a c e  me ta l s  N i  ( 2 x  t h e  concent ra t ion  a t  t h e  
su r f ace ) ,  and Zn, Se, Ge, Cd (10x o r  g r e a t e r  ove r  s u r f a c e  
concent ra t ions) .  Simple 1:1 d i l u t i o n  by s u r f a c e  wa t e r s  would s t i l l  
y i e ld  high c o n c e n t ~ a t i o n s  in  t h e  discharge. Appropriate d i scharge  
s t r a t e g i e s  should be considered t o  avoid t h i s  problem. Such high 
concen t r a t i ons  of  t r a c e  me ta l s  may be t h e  cause  of  inh ib i t ion  of 
Primary product iv i ty  no ted  in aquacu l t u r a l  s t u d i e s  of  t h e  u se  o f  
deep ocean water. 

INTRODUCTION ---- 
The d a t a  a v a i l a b l e  descr ib ing  t h e  chemical composition of  t h e  

oceans may provide a ba s i s  f o r  p red ic t ion  of composition a t  any 

depth  o r  l oca t i on  in  t h e  ox ic  open ocean oceans. Among o t h e r  

u se s ,  tNs  type  of information w i l l  be of a s s i s t a n c e  in  a s s e s s ing  

t h e  impact o f  pumping deep water  in  t h e  opera t ion  of  an  Ocean 

Thermal Energy Conversion (OTEC) p l a n t  o r  c e r t a i n  aquacu l t u r e  

f a c i l i t i e s .  Typical ly 5-1 0 m3sec" per  megawatt of e l e c t r i c a l  

capac i ty  o f  wa t e r  from about  1000 m depth w i l l  be pumped t o  t h e  

' s u r f a c e  f o r  OTEC opera t ions .  

Although OTEC p l a n t s  a r e  r e s t r i c t e d  t o  t r o p i c a l  reg ions  

gene ra l l y  (Chase g a&, 19861, t h e  deep water  masses a r e  

d i f f e r e n t  in  each  a rea .  Deep water i n  t h e  American Mediterranean 

(Caribbean and Gulf o f  Mexico), $or example, is d i f f e r e n t  from deep 

water  of t h e  North Pac i f ic  s o  f a r  a s  t h e  n u t r i e n t  e lements  a r e  

concerned. Thus a n  OTEC p l a n t  o f f  t h e  F lo r i da  Keys w i l l  be 
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process ing  deep w a t e r  lower  i n  phosphate, n i t r a t e  and s i l i c a t e  (any 

any o t h e r  e l e m e n t s  t h a t  have d i s t r i b u t i o n s  s i m i l a r  t o  t h e s e  

s p e c i e s )  t h a n  a p l a n t  o f f  Hawaii. 

The chemical  composition throughout  t h e  w a t e r  column must be 

known a t  each  p o t e n t i a l  OTEC s i t e .  For some c o n s t i t u e n t s ,  f o r  

example t h e  n u t r i e n t s ,  p rocedures  f o r  de te rmina t ion  have been 

s tandard ized  ( S t r i c k l a n d  and Parsons,  1972; Grasshof f ,  1976). For 

o t h e r s .  l i k e  t h e  t r a c e  m e t a l s ,  de te rmina t ion  can be an expensive 

and d i f f i c u l t  procedure,  r e q u i r i n g  s o p h i s t i c a t e d  sampling and 

a n a l y s i s  p rocedures  and h igh ly  s k i l l e d  personne l  ( P a t t e r s o n  and 

S e t t l e .  1976: Bruland a 2 ,  1979). 

This r e p o r t  s u g g e s t s  a method f o r  e s t i m a t i n g  c o n c e n t r a t i o n s  

o f  t r a c e  e l e m e n t s  i n  t h e  ox ic  open ocean (Quinby-Hunt and Turekian, 

1983) and a p p l i e s  it t o  two s i t e s  o f f  Hawaii. The method does n o t  

a d d r e s s  t h e  problem of e s t i m a t i n g  t h e  e f f e c t s  o f  l o c a l  r e l e a s e s  

from bottom sediments ,  o r  o f  human a c t i v i t y .  It a d d r e s s e s  t h e  

problems o f  e s t i m a t i n g  c o n c e n t r a t i o n s  when c o n t i n e n t a l  s o u r c e s ,  

upwel l ing  (see.  f o r  example. Boyle s.. 1982; Bruland and 

Franks. 1983) o r  f l u v i a l  i n p u t s  are impor tan t  (Hanor and Chan. 

1977; Boyle g., 1982; 1984). 

Method of Approach 

The s a l i n i t y  of  t h e  open ocean ranges  between 33@/,, and 38°/00 

(Sverdrup aA, 1942). Dit tmar (1884) showed t h a t  d e s p i t e  

v a r i a t i o n  i n  t o t a l  s a l t  c o n c e n t r a t i o n  t h e  propor t ions  o f  t h e  major 

i o n s  making up most of  t h e  s a l t  c o n t e n t  (* Na, K, Mg, Ca, C 1 ,  

Br, SO,) were c o n s t a n t  within a n a l y t i c a l  l i m i t a t i o n s .  l h e s e  ions 
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were termed conserva t ive ;  va r i a t i ons  in t h e i r  concent ra t ion  can be 

ascr ibed  t o  t h e  addi t ion  o r  sub t r ac t i on  of  pure water  t o  a 

so lu t i on  of  f ixed  e l emen ta l  proport ions.  Their concent ra t ions  

r e l a t i v e  t o  t o t a l  s a l i n i t y  o r  c h l o r i n i t y  a r e  well-known; from a 

s i ng l e  s a l i n i t y  measurement t h e y  can be ca l cu l a t ed .  The 

concen t r a t i ons  of some t r a c e  e lements  a l s o  c o r r e l a t e  with 

ch lo r i n i t y  within a n a l y t i c a l  l i m i t s  and t h e s e  t o o  can be c l a s s i f i e d  

a s  behaving conse rva t i ve ly  extending t h e  concept  beyond t h a t  of 

Dittmar. 

Oxidized spec i e s  o f  c e r t a i n  e lements ,  t h e  micronut r ien t  o r  

b io l imi t ing  e lements  (phosphorus, n i t rogen  and s i l i c o n ) ,  a r e  no t  

conservat ive:  gene ra l l y ,  concent ra t ions  of t h e s e  spec i e s  a ce  low in 

s u r f a c e  wa t e r s  and a r e  s i g n i f i c a n t l y  higher  in underlying deep 

water  (Riley, 1965a; Brandt , 191 6-1 920; Atkins and Harvey, 1925; 

Broecker and Peng, 1982). Any o t h e r  element  having a s i m i l a r  

v e r t i c a l  d i s t r i b u t i o n  could be descr ibed  a s  being a n u t r i e n t ,  

nu t r i en t- re l a t ed  , o r  b io l imi t ing  (Quinby-Hunt and Turekian, 1983). 

Analy t ica l  l im i t a t i ons  prevented demonstrat ion of c o r r e l a t i o n  

between t h e  concen t r a t i ons  o f  t r a c e  e lements  with n u t r i e n t s  u n t i l  

t h e  pa s t  decade because of a n a l y t i c a l  l im i t a t i ons ,  a l though t h e  

concept  had been sugges ted  (Schutz and Turekian. 1965a.b; Coldberg 

&, 1971). Once such a r e l a t i o n s h i p  was demonstrated f o r  Sr  

(Brass  and Turekian, 1974) and Cd (Knauer and Martin, 1973). 

simi lar r e l a t i o n s h i p s  were r epo r t ed  f o r  many t r a c e  cons t i t uen t s .  

Some e l emen t s  have been observed t o  be on ly  p a r t i a l l y  dep l e t ed  in  

t h e  s u r f a c e  waters .  Broecker and Peng (1982) r e f e r  t o  t h e s e  

e lements  a s  biointermediate .  
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Some e l e m e n t s  show complex d i s t r i b u t i o n s  t h a t  have n o t  been 

r e l a t e d  by s imple  mathematical  equa t ions  t o  e a s i l y  measured 

q u a n t i t i e s  (For a d d i t i o n a l  review a r t i c l e s  s e e  Bruland, 1983; 

Broecker and Peng, 1982). These lnc lude  t h e  biological ly- and 

chemica l ly- ac t ive  g a s e s  and t h o s e  involved in t h e  c a r b o n a t e  

system; e l e m e n t s  whose c o n c e n t r a t i o n s  are effected by p a r t i c l e  

scavenglng, bottom r e l e a s e  t e r m s ,  o r  by redox chemistry;  and 

e l e m e n t s  whose main s o u r c e  t e r m  is anthropogenic r e l e a s e s .  

Dis t r ibu t ions  of  g a s e s  i n i t i a l l y  a r e  determined by t h e  

s o l u b i l i t y  o f  a tmospher ic  g a s e s  i n  s u r f a c e  water :  i n  p r inc ip le .  t h e  

s u r f a c e  concent ra t ion  of  each  gaseous component could be 

determined by t h e  t e m p e r a t u r e  o f  t h e  w a t e r  i n  c o n t a c t  wi th  t h e  

atmosphere and t h e  measure r e l a t i v e  abundance of  t h e  g a s e s  in t h e  

atmosphere (Henry's Law), b u t  c o r r e c t i o n s  must be made f o r  bubble 

t r a p p i n g  and s u p e r s a t u r a t i o n  (Kester ,  1975). To a f i r s t  

approximation,  t h e  c o n c e n t r a t i o n s  o f  non- react ive g a s e s  can be 

pred ic ted  from Henry's L a w  (Kes te r ,  1975). Concentrat ions o f  

b io log ica l ly- ac t ive  o r  chemical ly r e a c t i v e  gases.  such a s  O,, N,, 

CO,, N&. H,S, Hz, and CO, can vary  wi th  consumption and metabolism, 

a s  w e l l  a s  changing redox condit ions.  Thus. oxygen is produced by 

photosynthes i s  and used up dur ing  r e s p i r a t i o n  and decay processes .  

Carbon dioxide p a r t i c i p a t e s  i n  t h e  ocean ic  b u f f e r i n g  system; its 

c o n c e n t r a t i o n  depends on complex e q u i l i b r i a  w i t h  t h a t  system. 

Fluxes of some s p e c i e s  from t h e  ocean boundaries modify t h e i r  

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

p a r t i c u l a r l y  s e n s i t i v e  t o  s o u r c e  t e r m s  (Orians and Bruland, 1986). 
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Mn may be  r e l e a s e d  from sed iments  due t o  changing redox  condi t ions  

i n  t h e  sed iments  (Landing and Bruland, 1980); Cu may be r e l e a s e d  a s  

c a r r i e r  p a r t i c l e s  decompose (Boyle g g., 1977). Pr imi t ive  'He is 

r e l e a s e d  from t h e  i n t e r i o r  a t  ocean ic  r i d g e  r i s e  sys tems  (Craig and 

Lupton, 1981 1. Mn c o r r e l a t e s  wi th  'He i n  such a r e a s  (Weiss. 1977). 

F l u v i a l  inputs ,  c o a s t a l  upwell ing,  t r a n s p o r t  from t h e  c o n t i n e n t a l  

s h e l f  e f f e c t  e l e m e n t a l  c o n c e n t r a t i o n s  - sometimes f o r  g r e a t  

d i s t a n c e s  from l a n d  (Hanor and Chan, 1977; Boyle g z., '1982, 

1984; Bruland and Franks,  1983). 

Removal p rocesses ,  such  a s  scavenging a t  var ious  dep ths  i n  

t h e  wate r  column o r  p a r t i c l e  resuspens ion  and p r e c i p i t a t i o n  a t  t h e  

sediment- water  i n t e r f a c e ,  a l s o  i n f l u e n c e  t h e  d i s t r i b u t i o n  p a t t e r n s  

o f  t h e  e l e m e n t s ,  a s  h a s  been shown f o r  z ' O ~ b  produced from t h e  

decay of  "'Ra i n  sediment  (Craig e t  a l . ,  1974; Nozaki e t  a l . ,  1980). 

Redox chemis t ry  c a n  a f  f a c t  d i s t r i b u t i o n  p a t t e r n s .  Under ox ic  

condi t ions ,  e l e m e n t s  such  a s  Mn and Fe a r e  highly i n s o l u b l e  and 

show complex d i s t r i b u t i o n s  r e l a t e d  t o  n u t r i e n t  c o n c e n t r a t i o n s ,  

p a r t i c l e  scavenging and o t h e r  f a c t o r s .  Under more reducing 

condi t ions ,  t h e i r  s o l u b i l i t y  i n c r e a s e s  d r a m a t i c a l l y .  Depending on 

t h e  e x t e n t  of t h e  reducing condi t ions ,  oceanic chemistry v a r i e s  

d r a m a t i c a l l y .  

The presence  o f  e l e m e n t s  whose oceanic d i s t r i b u t i o n  is due t o  

anthropogenic i n p u t s  is c l e a r l y  s e e n  by t h e  presence o f  atom bomb- 

Produced nuc l ides ,  such  a s  'OSr, 11'C3, 'H. '% (bomb), and plutonium 

and lead  genera ted  by i n t e r n a l  combustion engines.  The 

d i s t r i b u t i o n  o f  t h e s e  s p e c i e s  is c o n t r o l l e d  by a e o l i a n  and c o a s t a l  

s o u r c e s .  and t h e i r  c o n c e n t r a t i o n s  g e n e r a l l y  d e c r e a s e  w i t h  depth.  
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A s  the composition of sea water a t  a particular location and 

depth is a function of a l l  source and removal terms. [Species] = 

f (geology, biology, physics, chemistry, source), and practically, 

can be expressed as  a sum: 

[Species] - Z c[ci] + b[c1] + aCci] + r[c1] - s[ci] + .... 

where "cn represents the geological controls demonstrated by 

conservative elements, "bW biological controls, "an aeolian source 

terms, "rn redox chemistry, and "sW scavenging and other removal 

terms. If "bn or  "cW a re  much greater than the other factors  then 

the concentration of the  species w i l l  correlate  wi th  Salinity ("c" 

predominates), or  the nutrients ("bW predominates), or' some 

intermediate combination (Broecker and Peng's (1982) 

biointermediate). The distributions of such t race elements can be 

predicted using regression formulae. Elements whose 

multiplicative factors  representing boundary effects ,  scavenging 

components, aeolian or  anthropogenic source terms or  redox 

chemistry, and so on dominate the ser ies  require more extensive 

information before calculation is feasible.  

The l i t e ra ture  reporting elemental distributions in seawater 

and the correlations they exhibit was reviewed with the  idea of 

using those correlations t o  predict t race element concentrations 

a t  OTEC or aquaculture s i tes .  Table 1 and Figure 1 summarize the 

best available concentrations of the elements in seawater and the 

correlations they exhibit. Radionuclides were not considered. 



TABLE 1 

l t m ~ t  E l r u n t  C w r r l a t l o n  Eapress~om C o l c r n t r a t ~ o l  Lotat io l ,  I c fc rencr  
lnlbn 
. i i , . , l . i . . . . , . i L . i : ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ : ~ : : : ~ ~ : : ~ : : ~ ~ ~ ~ . ~ ~ z ~ ~ ~ : ~ ~ * 1 . 1 1 1 : 1 . 1 1 1 : i i i i i i i i i i i i i i i i i i i i i i . ~ ~ ~ ~ ~ ~ . * ~ ~ ~ = = ~ ~ ~ ~ = . = ~ ~ : * = ~ ~ ~ = = . * ~ ~ ~ ~ . = : ~ ~ * ~ ~ ~ .  

I Hydrqrn  Biaqrnlc o r  hydrothtraal  o r i q i n  
(as HZ01 

2 l k l i u r  Man-Yutr lmt 61s O q t h  la1 Conc l n a o l l k ~ l  1. P a i f i c  Clarke rt ,I. 119101 
2 1.74 2802P'I, 121oSB'Y 

208 i.es 
511 1.79 
917 1.81 

I955 1.00 

3 L l t h i u e  Conservatlvr 170 u q l t q  N. A t lan t i c  f r b r ~ c m d  rt ,I. 119bh, 
Ll lCL = 9.4 I IOE-6 IQSh'll, 49oJO'Y 19611 

--------------.--------------------------------------------------------------------------------------------------------.--------------------------- 
4 b r r y l l l u a  P a c l f ~ c :  nu t r l tn t - re la ted ,  Depth Irl Conc Ipg lLq l  1. P a c ~ f l c  lkarures and E d m d  

Cu-11te 40 36 SOON, 15EoY llPB2l; I lcasurrs and 
Atlantic: non- tonr r rva t~ re ,  110 36 Edaond (1983) 1 Nrasures 

not n u t r ~ e n t - r e l a t e d  206 45 @t a l ,  (19841 
336 54 
497 h3 
595 I(l0 
691 144 
789 I44 
906 126 

5 Bwon Conservat ~ v e  4.4 aglkq 6 u l l  04 I k r ~ r o  Noales and Hood 119bll 
l i n w q a n i c  boron1 BICL = 2.J x IOE-4 ( f l r o l l l e  ava1IabIe1 25027'1, 79056'11 

---------------------------------------------------------------------------------------------*-----------------.--.-.-----.------------------------ 



L t m i t  E l r ~ c n t  Corrclatrm f ~ p r e s s i o n  Concentration Location Relercnce 
Lda 
~*..*..iiEl..::i~:.Di.i.*iili.:....ii.iiii.i.iii*S.i.i.i..ii.~.~~~,~~~~~*ttttttttttttttttttt,,,~.CC.*~~~i..i.iii..~i=lli~~.S....=~~*~~=ii~iii.~=:~~ 

b Cubon Depth 1r1 tolc l u m l l k q l  S. h t i f i t  Brocctcr and Trkahnbi 
Itarbon d ioa idc l  1 2039 l4003'3, 12h16'W (19181 

83 204s 
191 2085 
U 3  2252 
114 2264 

1046 2334 
1916 2326 

1 l i t r g n  112 gas) Bun-L t r i rn t  6rs Y O  u r o l l t q  4022'5, 14902B'r Craig e t  11. I I P b l I  

L t l r n t i c i  7oSb.S. ZBol2'Y Pacif ic:  la inbridge llllkl 
Depth la) Cmr l u ~ l l t q l  L t l m t i t l  Bainbridqe IIP7Pbl 

31 0.0 
90 0.1 

110 15.1 
256 25.1 
349 28.7 
4SP 33.L 
A10 34.1 
111 34.9 
909 34.0 

8 O~rgrn Bloloqical Dr)mdrncr P a d f i t i  l9a52'11, lbSol5'Y l t l r n t i c r  A S ' S ,  ZOo12'Y P a c i f i c i  Bainbridqr 1197Pa) 
14s I l s m l v r d  021 Depth Contentration Depth Concentration I l t l m t i c :  k i n b r i d q r  IIPlPbI 

la1 I a I o l l k g I  l l l L  (# I  l u r o l l t q l  I L l L  
n 205 14.71 32 201 14.0) 
09 223 15.1) PO 210 14.81 

110 192 14.4) 110 124 12.01 
244 186 14.31 ?Sb 101 12.31 
347 181 14.21 149 141 13.21 
444 IS9 13.21 459 121 12.81 
596 52 11.21 A10 126 12.9) 
b92 37 10.81 711 141 13.21 
BPI 41 11.1) 9Ol 160 13.71 

(continued) 



(Table 1 cont . )  

I~MIC E l e ~ n t  C w r r l r t ~ o n  f r p r e ~ r ~ o n  Eoncrn t ra t~on Location RLfrrrncr 
l u b a  
. S , . . . . i i . . i . i . i i i . ~ ~ ~ ~ : . ~ ~ ~ ~ ~ = ~ : ~ ~ = ~ ~ : ~ : ~ = = : : ~ ~ ~ = ~ = ~ ~ . ~ ~ ~ ~ ~ ~ ~ . ~ ' E D D D D D D D D D D D D D D . : . D : D D D D D D D : D D D . D D . D D D D : . D D . : . D D D D D D D D . D : D : D D : D D : D D ~ ~ ~ : ~ ~ : ~ ~ ~ ~ ~ z ~ ~  

9 f l u w i n t  Conswvat ive 1.5 pQ/tg I. Atlan t i c  Dr r r rs  e t  11. 119731 
FIB = h.7 r IOE-S 

10 IIKIII N a n - h t r i e n t  6as Depth (01 Cnnc Inno l l kg l  Pac i f i c  C r a ~ q  rt rl. (19671 
10 7.0 9026'Y, t13olb'Y 

1115 7.b 
1066 8.0 
1876 8.3 ................................................................................................................................................... 

I 1  Sodiun Conruvr t i ve ,  IalCL = 0.55M 10.782 (Itq H i l l n o  and Leung 1197b1 ................................................................................................................................................... 
I 2  Hrqnn iua  C o n r u v r t ~ v r  1.284 ( l t p  Sar$asro Sea Carpenter m d  H m e l l a  119731 

k~/u * o.ohh26 320lb'N, bd08O'Y 

13 blu8inua Nan-consuvativr, P a t i f i c i  ?BolJ'N, ISSoO7'Y At lant ic:  about 26dl, 31dl P a t i f ~ c :  Orians m6 k u l m d  
depend, r t r o ~ q l y  on Dlpth 4s) Cant 1mrjlkqI Depth (8) Conc (nq l tg l  1198bl 
source t u n ,  md 15 110 23 785 Hydes 11905) - A t l a n t ~ c  
scavengirq SO 73 99 l5b  

12s 33 
1 M  23 
200 37 250 324 
300 34 352 216 
508 15 502 245 



Atomic Element Cor re l r l i nn  Erpresr~on Concentration Location Reference 
Number 
i i ~ ~ i i ~ i . i ~ i i i E ~ : ~ ~ : : ~ ~ x ~ ~ ~ ~ ~ ~ ~ ~ : : : : : : : : : : : : ~ : : : : : : ~ : i i : i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i : : * ~ : , : ~ ~ : ~ : ~ : ~ : ~ : ~ ~ : ~ ~ : ~ : : ~ : ~ : : : : ~ : : : ~ ~ : ~ : ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~  

750 0 7% I62 
1100 2 1002 162 
1300 12 1260 162 

----------------------------------*----*-------------------------------------------------------------------------------.--------------------------- 

I 4  S l l ~ c o n  Nutr ient Y r c l l i c l  IPo52'11, 14k115'Y t l t l an t l c :  7o5bSS, 28012'Y Y a c i l ~ c :  Ba~nbrldqe 11979rl 
I s i l ~ c a t ~ I  Depth Cont. Depth Cant. A t lan t i c :  Bainbridpe ll979b) 

(11 (umollbql (ml I u w l l k p l  
22 2.0 52 1.2 
89 2.0 90 1.2 

170 3.4 110 5.5 
244 7.0 256 10.9 
347 17.3 349 17.1 
444 38.7 459 21.8 
596 71.0 410 26.5 
692 87.1 711 29.2 
891 100.8 909 35.5 

................................................................................................................................................... 
15 Phosphorus Nut r ien t  P a c i f i c ~  l?o52'N, lb3015'Y I \ t lan I i c l  7oSb'S, 2Bol2'Y P a t l l i c :  Bainbridqr II97Pal 

Ias phosphatel Depth ( r l  Conc l u w l l k p l  Drpth Iml Conr lu ro l l kp l  A t l a n t ~ t :  Ba~nbr idqr  l I979b l  
22 0.08 52 0.10 
89 0.08 90 0.10 

170 0.27 170 1.09 
244 0.50 2% 1.64 
347 1.00 349 1.90 
144 1.78 4S9 2.18 
596 2.60 610 2.50 
692 2.80 711 2.30 
891 2.84 909 2.29 

(continued) 
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Atomic Element Corrslr l lon E~p re rs~on  Cmrmtr r t ion Location b f e r c n t c  
llulber 
i : : i i i ~ i i i ~ E ~ i i E i : E : : ~ : 5 i i i i I I I : i : i i , : ~ , : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ , ~ ~ : ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ * ~ ~ ~ , ~ . * , i i ~ , i i : . : 5 : , ~ ~ ~ : ~ : ~ : : ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , " ~ . ~ .  

I 6  Sulfur ISM) Conservrlive, W 4 I U  = 0.1400 2.112 qlkq l r i ~ h  E n  l b r r i s  md R i l q  (I9bbl 

17 Chlorine Consrrvrlive, CllCL = O.WBP6 19.35 q l t q  YIIMII (197s) 

18 Argon Yon-nutr~ent gas k p t h  ( n l  Cant lumollkql E s t u n  Y. Pacrfic ka18 et 11. llPb7) 
10 10.0 902b'H, IIJolb'Y 

51s 13.9 
1086 15.6 
1876 15.6 

----------.------------------------------------.----- ..................................................................................... 
19 Potrsslua Consnval~ve, klCL = 0.0206 399 q l k !  Evlkrn and Cw 119bhl 

-------------------------------------.--------------- ..................................................................................... 
20 Calcrum Correlatrs with carbonate k p t h  (11 Conc (mqlkgl Yestern S. P r i f r c  Horibe et 11. I19741 

a l t r l r n r t y  30 417.7 between Awr i cm  
Ca = 3bb.7 + 21.1, CR 99 422.b Samoa and lmpa 

298 410.4 15021'5, 170o05'Y 
498 400.9 

1st Rpprox.: Conservatlvr 649 408.0 
CalCL = 0.02126 800 408.0 

900 40P.2 
I000 410.4 
1391 411.5 
1709 412.3 
2015 412.1 



--------------------------------------------------------------------------------------.----------------------------.------------------------------- 
(Itomlc Element Cor re la t~on Expression Concentrr t~on Locallon Reference 
Wunber 
................................................... ..................... ---.~==~E~===i~=~.~~=m=~:~~~~:.=:i:ii:.ia:a=::=,:s.~:::,::~::=:=:::::=:::~:=:--- ---==z=z:===,======.== 

22 l i tan ium 0.9 nqlkq Puqet Sound 6 r i e l  and Robinson 11952) 

23 Vanadium Conswvative, near surface 
evidence of scavrnq~nq 
VlCL = 6 x IOE-8 

-------------------------------*----------------------------. 

24 Chromium Wutrient-correlated 
Cr = 210 * l . l I511 

= 1.01511 - 7.61P011 t 210 
= 1.01511 ?.47IW031 t 230 

1.2 uqlkq II. l l t l an t ic  Morris 119751, lhou rt al .  
119021, Huizmpa and Kester 
ll9021 -Loot up 

Depth (11 Conc Inqlkql 6uateu la  Basin Cranrtom (19791, Crtnston 
10 268 and Hurray (1978) 
00 22b 

150 259 
250 230 
400 222 
660 585 
800 202 

1000 296 

25 Mmpmese Complex, nutr ient-   pacific^ IM, lO0oY 
re la ted$ 02, n i t ra te ,  Depth la1 Conc (nqlkql 
deep water scavenging 0.5 I31  

100 148 
150 I92 
220 214 
295 275 
590 192 
185 82 
900 47 

I S 5  34 

l l t l a n t i c l  IlolS'W, bbol7'Y Pacif ic:  Martin and Knauer 
Depth (mI C n c  I n q l t q l  ll984l; M lamt i r :  t u l a n d  

0 137 and F r m h  (1903) 
100 71 
136 66 

(continued) 
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Ltomic E l e u a t  Correlation Erpresrion h c m t r d i o n  Location Reference 
Wulber 
l i l . i . i = = * i i i i i = i i E ~ S = ~ ~ = = = = = = = = ~ ~ ~ ~ ~ ~ ~ ~ ~ = = ~ = = : = ~ = = ~ = = = = = = : ~ = ~ ~ Z S = S ~ ~ = ' = = i i i i i i ~ ~ * i S ~ i i i 5 E i S S ~ S = S ~ = ~ = ~ . i ~ i . ~ S ~ ~ ~ ~ = = ~ = = = ~ = = : ~ = S Z ~ ~ ~ = ~ . ~ S i i i i ~ ~ ~ S ~ ~ ~ ~ = =  

--------------------------------------------------------------------------------------------------------------------------------------------------- 
26 I ron  Tentat ivr correlat ion u i t h  W. P a r i l i c  L t l m t i c r  340'58'1, bBoO3'Y Gordon e t  a1. (19821 

Oylh 111 Conc lng lkq l  Drpth f r l  Cmc lnglkq) L t l r n t i c r  Sym and 
oxygen and n u t r ~ r n t s  0 7.8 K e ~ t r r  119851 

30 35.1 
50 k0.U 54 95 
70 100.5 n loo 
90 145.2 

IS0 100.5 174 145 
295 55.8 
395 40.0 
590 42.4 519 95 
705 40.2 735 129 
980 44.7 944 225 

1955 S3.5 1043 212 
........................................................................................................... ---------------------------- 

27 Cobalt lluch l i b ~  Iln, surfarr Drpth ( r l  Conc ( n q l l q l  W. Pac i f i c  Knaun # t  11. I19021 
anthropogenlc lnput 0.2 6.8 36a50'1, 123, 05'Y 

100 5.6 
200 3.9 
SO0 3.8 
400 3.4 
520 2.8 
900 2.0 
PRO 1.8 

--------------------------------------------------------------------------------------------------------------------------.------------------------ 



Atomic Element Correlat ion Expression Cmcrntratiom Location Rclerence 
llunber --------------- --------*------ i : ~ i i : i i ~ i i ~ i i i ~ i , . . . i i * . l i i i ~ S i i i i i i i ~ , i i ~ : . ~ E i i . ~ . . . . E E . , . i ~ . ~ ~ * i i ~ ~ i i i . i C l i . i , i i i . i . i ~ ~ i . i . ~ . . S i i ~ i ~ i , i i i . i i i i ~ I ~ . . . i : ~ i i i . i ~ i , . . ~  

28 N i c t r l  Nut r i tn t - re la ted  both Pacific: 3204l'N, 14SfJO'Y Atlantic: 34olS'M, bbol l 'Y P a c ~ l i c :  Bruland lI9BOl; 
o c r m r i  A t l a n t i c  about Oepth Id Conc l n q l l p l  Depth (1) Conc Inp l tg l  At lant ic:  Brulmd and Franks 
801 be1011 t h a t  predicted 0 I4b 0 114, 126 11983) 
i n  equation 75 161, 180 100 114, I2b 

185 222, 223 
375 320, 298 375 169, 116 

Ni = l b l  b 561POII + 1.91Sil 595 440 597 174, 110 
180 541, 524 715 160, 255 
985 566 10Sd 335 

1505 575 1441 323 
2025 b33, 605 2030 359 

29 Copper Non-conrsvat ivt ,  P a c i l i c ~  3204l'W, I45oM)'Y I l t lant ic:  34olS'W, bboll'W PaclI ic:  l ru land l1980li 
rereabler n u t r i s l s ,  Depth lrl Conr I n q l t q l  Dcpth Id Conc I n q l t q l  Atlantic; Bruland and Frantr 
b u l  r i t h  relea$a at 0 34 0 77, 70 11983) 
s e d i m c n t w r t n  inter lace 15 SB, 49 
scavmqirq i n  i n l c r w l i r t e  185 bl, 55 136 80 
and dccp water.  375 01, 01 315 81 

595 121 597 14 
780 IZb, 121 115 85 
905 130 lOSb W, 95 

1 x 5  133 I!?! 183 
2025 212, 192 2030 I00 

----------------------.---------------------.-------a---------------------------------------.------------------.----------*------------------------ 

30 l inc  Yutrirnt-rclatcd, Paci l ic:  3204l'l, 145oOO'W Atlant ic:  34olS'Y, L b l l ' Y  P a c ~ l i c :  Bruland 119801; 
A t lan t ic  c o n c c n t r a t i ~ n s  Depth Iml Conc lnplhql Brpth lml Conc Inglkql Atlantic: Bruland and F r m t s  
are r b w t  2x t b ~ l  0 b, 7 0 3 (1981) 
prcdictcd by equation. 15 7, 12 I00 I1 

I85 24, 21 
315 123, 121 375 20 
595 32s 597 11 

1n 8 1.3 5.5I511 180 381, 400 115 84 
985 418 i05( 122 

1505 529 1441 I30 
2025 542, 528 2030 99 

(continued) 
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Itomic Element Cwrelat ion Exprerrion C ~ c m t r r t l o a  Location Reference 
lluaber 
~~~.~.~~:~:::~~~:'~:~~:*~~~~,~,,s~~~:~::.:~~:~~~~s~~~:,~.~:~m~,~~~,.~~~~~~~,,~~~,~~~~,~~,~,~~~~s~~*~~~~..~~.,~~,~~~:,~:~~~~.~~..,.~~~~~*~......*. 

SI 61111ue 15-30 nqlkg Burton et  01. I19591 
Isl ibashi r t  11. I19LI) --------------------------------.-------.---------------------------------------------------------------------------.--.-------------------------- 

52 Gnwnium Nutr ient -corr r l r t lm 0.5-1.5 nq l t t  25000'1, 11VoOS'E f r m l i r h  and h d r e r r  I19811 
6r 5 r IN-5 IS i  1 l k t r  not q ivm i n  p r o l i l e l  

53 Arsrnir Y u t r ~ m t - r r l r t r d  I-? rqlkl I. h t i f i r  k k e a r  11919), k d r e r r  
Iar L lV1)  (data mot q i vm i a  ) r o f i l r l  3004b'l, I&b#'M 119031 

54 SIlrnlur nut r ient - re l~ ted Orpth Id Con( laplk9l I. Ltlbnt ic  Cruises 19 m d  881 
11s S r l t o t l )  t 27 25006'1, 27oS2'M )Irtrurer and Burton 11W01; 

t r u i w  79 k l t l  = 27.2 t0.766511 t1sO041 91 ZQ 6tOSECS 11 
C r u ~ r r  88 = 42 4 0.54IS11 4 SJtPMI 235 56 k a r u r r s  et al. ll9BOl 
6EOSICS I = 42 9 O.JBISII t l4(P041 404 54 

732 95 
IbS2 EO 
2091 10 

35 Broa~ns C~ns r r va t~v r ,  Br ICL - 0.003413 (7 q / k (  Morris u d  R i l r y  I l 9 M i  
--------------.--------------------------.-------------------------------------------------------------------------------------------------------- 

Jb aryptm Yon-nutrimt 91s 010th 11) t o m ~  InaoI/kgl I. ltlantls B i a i  et rl. l I 9 U l  
10 1.0 5ml$'l, 1bY'Y 
00 2.9 
98 2 .1  



Rloalc t l e w n t  C o r r e l r l l o n  Erp~er r ton  toncentrr t  ion Loctt lon fielerente 
Numbrr 
------------ ------------S.iii=i~=~~::=::z;:=:::=~~~:=~~:=:::::::::::~:::~~:=:,~::::==::::,::::::::::~::~::~:::::::::,:~::.::=:=z=::=:~::::~~:~=~=:==:~=~z=:~::: 

I90 5.0 
190 3 . 2  
4Eb 3.S 
b9E 1.6 
El0 5.1 

1010 3.1 
----------------.--------------------------------------------------.-----------------------.---------------.--.----------.---------.--------------- 

31 Rubldlun Consrrvr l~ve I24 uq!tq II. f'tc111c Spencer r t  tl. !I9701 
R b l t l  6.41 r I # - 6  ZBoZP'N, l ? l o l 0 ' M  

% Strontlua h t r ~ c n t - c o r r r l t l ~ o n  Drplh fa1 tonr I q l L q l  ll. PLCIIIC Rrtrs m d  Turek~tn  I19741 
Sr1S = 0.2104 I O.OSl0IPP4IIS 10 1.404 28019'1, I:Io!U'Y 

100 1.720 
1st tppror.: conserv t t~vr  2000 1.115 
Sr/CL = 3.99 I lot -4  

39 Vttrlum I1 nqlkq II. R l l m t ~ c  deep Hopdahl e l  d l .  IIPbUI 
................................................................................................................................................... 

40 l ~ r r o n ~ u m  0.4-1.4 uqlbq Indlan Ocrtn Sastry e l  11. l l9bVl 
19045l, 1203b'E 

(5 np l tq  I. R i i m i i c ,  C a r l ~ s l e  and 6ursersione 
SY of P l y w u l h  Sound (19%) 

42 lollbdrnum Con ser #a1 ~ v r  10 uqlkq I. A t l r l ~ c  I l o r r ~ s  119151 
I c o l t l  * 5.0 I IOf.1 II. F r c ~ l ~ r  C o l l ~ e r  119851 

--------..---------.-..-..-..-.--...---.--...-..---..-.-.----..-.-------.-------.-.-----------.*---------.----------------.------------------------ 
43 lrchnwlum 

(continued) 
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l t o r l c  t l e w n l  Correld\lon E~p r r r% ton  Coat rn t r r t~oa L o r r t ~ o n  Rcfecncc 
Nuder 
-=--- - --~Li.i.~.i.iiiiiii,iiiiiiiiiiiiii5::::55555555.5:555:5::5~~:ii.:,:::~~~~~~~~~~IIII,sEEEEE:iiiii*~~.~~*Ciii.iiiiiiiiiiiii:iiiiiiiii,:,II.~=~~~~~~ 

I 4  Ruthcniur Depth In1 tonc Inglkpl k r t n n  8ulf  01 Dixoa c t  11. (19W 
10 0.7 I l rx ico,  

670 0.6 ZSaOS'N, W9'U 
880 0.5 

1800 0.6 

I 5  Rhodium 1111 

4b Palladium Uutrirnt-related Depth In1 CMC I p p l k ~ l  29042'n, IIBoM'Y Hdqe rt rl. IIPBS) 
5 21 Lee (11831 

200 30 
300 a 
800 38 

1200 17 
1800 53, 40 

--------------------------------------.------------------------------------------------------------------------------------------------------------ 
I 7  S ~ l v w  Wutrirnt-rrlrtcd, Cu-like Depth Irl Conc Inqlk)l h c i f i c ,  o l l  I(erico Martin c t  rl. IIWSly 

0 0.15 IbN,  lOBdl 
60 0.04 

100 0.22 
150 0.15 
210 0.11 
295 0.01 
490 O.lb 
690 0.60 
880 1.00 
900 1.17 

2440 2.46 
-------------.--.----------------------.------------------------*-----------------------------------------------------------------*---------------- 



Atorlc t l e n n t  Cwrelat~on f i p r e ~ r ~ o n  Concentrat~on Locrt ion Referencr 
Wunber 
----------,S~~iiiii~:~~:~~::~~~:x::~:::::~::~::~:~:::~,~~::~,,~:~,~~::~:::s~:~::,*~,~~~~~:,~,*::~~**~~,,,~z~~.s~*~s~~~~~:~:::~::::::~,~~:,~~~::*~~~ - - - - - - - - - - 

4B Cadriur Nutrient .correlation, co9acific: 32041'1, 14St100'Y It lantic: 54015'1, bbo11'U Pacific: Brulrnd 11980)i 
t ions i n  the Allantic abwt Depth In1 EMlc 1npIkql Depth 11) Conc lnqlkq) l t l i n t i c :  tu land and franks 
I 5 1  l o r r  than predicted by 0 0.2b 0 0.22 119831) O l r f f rm  ll9BSl 
equation: 15 0.3 100 0.9 6ulf of I k ~ i c o t  BOyle @t aI. 

Pacific: Cd = 39 IPO41 - 1.6 r = 0.991 l l S  19, IB 136 1 11981) 
Atlantic: 29.llP041 + 1.0 r = 0.958 315 5b 315 2 

6ulf of I ler ico~ a SO.3IW4l + 7.9 595 93 S91 10 
180 110, 111 115 19 
985 Ill 1036 31 

I505 113 1441 31, 30 
2025 104, 102 1030 31 

Dq th  1r1 Coac Inplkyl I. htlant i r  off l t t h w s  md Riley IIPIOaI 
2 0.30 Y coast of hfr icr, 
W 0.12 23000'1, 10042'Y 

I000 0.10 
2090 0.11 

I l i n  (at SnItotl) Mon-conruvative, Depth Irl Conc Inplkgl 61111 Strran Byrd md Andrrar (1982) 
mthropopenic; bo t tw  0 2.b 2hS0'11, 70oO0'Y 
re le r r r  tern BOO 2.1 

tho0 0.6 
2800 0.0 
3600 0.2 

----------------------------------------------------------*---------------------------------------------------------------------------------------- 

51 A n t i ~ ~  Conrnval i vr 0.21 uqllq I. Y l m t l c  B r w u  et rl. ll9121 

(continued) 
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Rtonlr E l e u n t  C o r r e l r t i m  Expresr~on Concentration Location Refrrence 
Wuabrr 
/ i i i i i i ~ i i i x i ~ i m i i i = : = ~ ~ = s ~ = ~ : = ~ : : : ~ ~ = = - - - -  ----~=ZiiiiziEliSE~i.SSE.Eii~~===EiiStSiii~ii~iXI~==.Si~~X=.Z=li.iiS~ii=~iii.iiiZi=~==..l~.Xl~S~=ii~5iiSSS 

I l C L  = 1.1 I IOE-8 Sarqrsro Su 
3%44'I, MoOC'Y 

--------------------------------------------------------------------------------------------------------------------------------------------------- 
52 l e l l u r i u ~  ?Seleniu&- or Y a c i i i c ~  07000'1, 7k4O'Y I t l a n t i c :  I~oSP'S, Olo00'E Lee and Edwnd (19151 

polonlua-l ike Depth Is )  Cnnc (nqlkql Depth (11 Cmc ln# l tq )  
Slronq tvldeace of rca- Surfbcr 0.22 Surface 0.16 
r e n q l n ~  by par t l c le r  2500 O.Ob 2500 0.07 

53 lodlne, as iodate Wutrlent -correlr ted Depth (4 Conc lmplkgl Y c r t n n  5. At lan t ic  Yon9 and Brewr  I19741 
105 = 0.35 IN051 4 SO 2 4B 32031'S, 42o(lO0Y 

= 5.4b IPO41 + 40 126 55 
353 55 

rr I I t o t )  533 57 
729 60 

I036 60 
----------------------------------------..--.-------.---------------------------------------------------------------.-------------------.---------- 

54 Kmon Yan-nutrlent gas Depth (01 Conc ( n r o l l t q l  Pacific Maror e t  11. (1964) 
MA 10 0.26 

5010 U.52 
5329 0.44 

55 Ces~ua Conservat~ve 0.29 uqlkq HE Pacif ic Spencer e t  dl. (19701 
CsiCL : 1.54 a IOE-8 

56 Barlus Nutrient-cwrelate4, but Oepth (BI Cnnc (uqlkgl ME Pacif ic Chan e t  11. (1976, 19771 
dependeat upon rater n r rs  13 4.81 o f f  l la ra i i  

55 4.96 31023'1, 15002'Y 
I B r l  = (l.Ob;lS~l t 4.8 154 5.22 

304 5.13 
430 6.59 
566 8.52 
776 11.06 
997 11.32 

Ll9b 14.97 
-.---------------.-----*----------------------------.---------------------------------------------------------------------------------------------- 



Aloalc Element Correlalron Eaprers~on Concrntration Locat i m  Relerence 
Nuaber 
~:~=~=~i=::=~iiE=ii~:::::::::::~~:::~:~::::::~:::::::::~::~:::~.:~:~~:~~::::~~~:~:~:~~:~~~~~i~z~:~~:.:iii*::~~~~s~~::~::~~::~:~*~~~.mz~~~:,:*:*~~~~ 

51 Lanthrnua Nutrrent-relatrd, Y a c i f i o  IEoN, lOBd b t lmt ic i20oOl ' l ,  25oSP'Y E l d c r l i c l d  m d  Grcavrs (I9821 
particle and possrbly Depth (el Conc (nqlkql Depth I r )  Conc Inglhql Dekaar e l  al. 119851 
boundary scrvenqinq 15 2.64 0 5.10 

100 4.44 100 1.80 
150 6.53 
200 2.36 200 2.lb 
500 2.70 b00 3.12 
750 4.72 700 J.50 

1000 4.06 900 2.09 
1250 4.50 IS00 1.17 

................................................................................................................................................... 
50 Cerium Redor control l rd P a c r f ~ c ~  LBO~~, lO8oY Rtlantic128oOI'N, 2So59'Y E lder f ie ld  and Greavrs 11982) 

Depth 111 Conc lnqlkpl Orpth (a1 Conc Inq lkq l  Oearar c t  ,I. (198SI 
15 1.54 0 9.29 

100 1.40 100 2.35 
150 3.50 
200 2.58 200 3.12 
500 1.02 600 2.56 
750 1.18 700 3.46 

900 1.35 
1000 1.04 1000 2.91 
1250 0.59 1500 1.36 

59 Prreseodyriua Mutirent-related, Depth (01 Conc I n q l t q l  Pacific: IBoI, Debar e t  11. (19951 
particle and p o r s ~ b l y  IS  0.45 l O 0 d  
boundary scavmqrnq 100 0.46 

I50 0.61 
200 0.35 
SO0 0.44 
750 0.59 

IOU0 1.07 
1250 0.01 

---------------------------------------*----------------------------------------------------------------------------------------------------------- 

(continued)  



(Table 1 c o n t . )  

11oa1c Elenent Cor re l r l ion  Expression C o r m t r a t i o a  Locat im Ref crence 
Wunber 
iiii~i:i:.iiiiiiiii~:~~~~~:~~~~~~~~~~~*E:iiiiiiiiiiiiiiiiiiiiiiiiii,~,~~*tiiiiiiiiiiiiiiiiiii,~:iiiiDiiii,~~~~~~~*i*~.~:iiiiii*~iiiiiiiiiiiiiiiii.~ 

60 Nrodyr~ua Nutrient-related, Y v l l l t :  IBoW, lOBoY Atlut1t12BoOl'I, no59'Y f l d r r f  i e l d  m d  Greave5 IIPB1) 
p a r t ~ c l e  and possibly Depth In1 Cont Inqlkql Depth Irl Cont (nqlkql Delaar e l  (1. llP851 
boundary r trrenqlnq 15 1.88 0 4.n 

100 2.1) 100 1.85 
150 3.4b 200 2.28 
2tlb I. BE bOO 1.81 
0 ?.I6 700 1. I 6  
750 2.45 PO0 1.04 

1000 4.90 10011 3.29 
1250 5.61 15M 2.74 

b2 Saaarlur r n t - r e  f ' a c i l i t :  IBoN, lO8oY I\tlrnl1t1:8oOl'N, 2505P'Y t l d e r l i c l d  md Greaves IIPB21 
p a r t l r l e  m d  poss ib l f  Depth Is1 Cant lnqlkpl Depth Ia I  Cont Inp l tp )  DeBaar e l  11. 119051 
boundary scavemq~nq IS  (1.41 0 0.90 

100 0.39 100 0.40 
150 6.60 200 0.M 



I t o a i c  Eleaent Correlat ion Express~on ' Concentration Locat im Relerence 
Wuaber 
--------------------*----------------------------------------------------------------===------ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - - - - - - -  ------ i..i.i...*i.i.=sz~=~:::::,=:=:====:=~~====~===~=====~ 

200 0.39 600 0.58 
500 0.58 700 0.68 
150 0.47 900 0.65 

I000 0.96 1000 0.68 
1250 0.68 1500 0.56 

b3 Europ~ua l u t r ~ m t - r e l a t e d ,  Pat i t i c :  I L Y ,  lO8dl 
p a r t i c l e  and p o ~ s l b l v  Depth ( @ I  Conc Inglkql 
boundary scavmq~nq IS  0.11 

1 0 0  0.12 
150 0.19 
200 0.11 
5no 0.11 
750 0.12 

1000 0.24 
1250 6.19 

Atlmtir:10oOI'N, tSo59'Y t l d r r f i e l d  and 6reaves (I982I 
Depth 111 Conc Inq l tq )  DeBaar e t  al. ll9851 

0 0.073 
100 0.091 
200 0.129 
600 0.I2O 
100 0.115 
900 0.125 

1000 0.155 
1500 0.145 

64 6adol lniur Wutr~rnt-related, Pac i l i c t  I L N ,  lO8oY Atlantic:2800I'I, 25059'Y E lder f ie ld  md Greaves (19821 
p a r t i c l e  and porr lbly Depth ( @ I  Conc (nq l lq l  Depth la1 Conc Ing l tq )  DePaar e t  al. II9851 
boundary rcavesq~ng IS  0.61 0 0.819 

100 0.63 100 0.51b 
I50 0.99 
200 0.58 600 0. 162 
500 O.6b 100 0.822 
750 0.64 900 0.BIB 

1000 1.35 
I250 1.12 1500 0.855 

----------------------------------------------------------------*------------------------------------------*--------------------------------------- 

(continued) 



(Table 1 con t .  ) 

Atomic E lewnt  C o r r r l t l i p n  t r p r e s r ~ o n  Concrntrat im L o c t t i m  Relerence 
Wwbu 
i i i i i i i i i i l i i i i i i ~ i . i i * * i ~ ~ ~ ~ ~ ~ ~ ~ i . 3 s ~ i ~ : ~ : i i i ~ i i i i i ~ ~ i ~ ~ : i l i : i i : I I I . . i i l i ~ i . i i i i i i i i : ~ ~ ~ ~ ~ i i i : i i i ~ ~ i i ~ ~ i I I I I I I I . I I I i * i i ~ S i i S i i i i ~ ~ i . i I , . , I I . ' ~ ~ ~ ~ ~ ~  

65 Iwbium Nutr ient-rcl t ted, k p t h  I&) Conc l n q l l q l  Pacif ic:  IBoN, OeBttr e l  tl. llP85) 
p a r t i c l e  and possibly 15 0.09 1080Y 
boundary s r rvenq in~ 100 0.09 

150 U.14 
200 0.09 
500 O.?? 
750 0.11 

1000 0.12 
1250 0.10 

66 Oysprosiu~ Nutr ient- rr lated, k p l h  111 Conc 1nqlkpl L t l m t l r :  E l d c r f i c l l  md Grraver 11982) 
p t r t ~ c l e  and p o s s ~ b l l  0 0.01 2BpOl'I, 2SoSP'M DeBaar e l  11. ll9ESI 
boundary stavenqinp 160 0.78 

200 0.86 
boo 0.88 
7SO 0.88 
900 0.91 

1000 0.98 
1500 0.98 

--------------------------------------------------------------------------------------------------------------------------------.------------------ 

67 H o l r ~ u n  Nut r~ent -~p la ted ,  Depth 1m1 Conc (nglkql Pacific: ~BOW, Debar e t  dl .  119851 
p a r t i c l e  and possibly 15 0.16 108dl 
boundary sraveng~nq 100 0.12 

150 0.25 
200 0.18 
500 0.25 
150 0.23 

1000 0.58 
1250 0.39 



Atomic Element Cor r r la l ion  Erpresr~on Concmtration L o t a t i m  Heierence 
Number 
i===:=i.iiiiiiiiii=======:~:==~======:=:=:~=~=-- --==.aI=ii=..=Ei.=S::=*===~::=::=:~:~=:=z==:iiiiiiiiiiiii~- - . i . i S i . i i i i i i i , i i i ~ = ~ , ~ : : z , = = ~ ~ * , ~ = * ~ ~ i i i i  

68 t r b ~ u m  Nutrient-related, Depth Iml Conc lnplk( l  ZOoOt'N, 25o59'Y f l d r r f i ~ l d  and Greavrs 119821 
p a r t i c l e  and possibly 0 0.61 
boundary advenqinp 100 0.68 

200 0.71 
600 0.17 
100 0.71 
900 0.0s 

I500 0.89 
................................................................................................................................................... 

69 lhul ium Nutrient-related, Depth (mI Conc I n q l t q l  P a c i f i r t  IBdl, DeBatr @t al. (19651 
p a r t i c l e  and possibly 15 0.06 1WoY 
boundary scavenpinq 100 0.09 

150 0.13 
200 0.10 
500 0.11 
750 0.13 

1000 0.31 
1250 0.25 

------------------------------------------------------------------------------------------------------------------*-------------------------------- 

10 Vttrrbium Nutrient-related, Pacific: ~DOH, l O 8 d  AtlrnticrZ8oOl'll, 25059'M E lder f ie ld  and Greves (1982) 
p a r t i c l e  and possibly Depth (mI Conc Inqlkpl L p t h  ImI Conc I n p l l q l  LBaar ct al. llPB5l 
boundary scarenpin) i5  0.38 0 0.545 

100 0.46 100 0.614 
150 5.15 
200 0.61 100 0.104 
SO0 0.69 600 0.111 
750 0.95 100 0.104 

1000 2.28 900 0.606 

(continued)  



(Table 1 cont . )  

Atomic Element Correlation Erpress~m Concentration Location Relerente 
Number 
---------------------------==,,===*1- ........................... -iii~i=ii~ii=ii=lii=~.::=:~mie~,s~.EEEEEEEEEEEEE==.=~=:=::=~==:=s==~.==:::==~~:.=~:::=:=====~====:=~=======~~= 

t n o  1.57 ISM) 0.163 --------------------------------------------------------------------------------------------------------------------------------------------------- . 

71 L u t e t ~ u a  Nutr lmt-related, Depth (ml Conc 111~1kgI P c i f ~ c i  IEoW, DcBau e l  al. 119851 
p a r t ~ r l e  md possibly 15 6.06 lMdl 
boundary ccarenglnq 100 0.oU 

150 0.11 
290 0.10 
500 0.12 
150 0.17 

IOU0 0.13 
I n 0  0.29 

72 Hafn~um NR t.0 aglkq Var I w s  Schutz and lurekian (I965a1 

73 l a n t r l u a  RR (2.5 nqlkq Var iour  ScLutz md l w t l i a n  l l9b5al 

74 Ibngcten N A 0.1 up119 Japanese coastal I rhibashl 119531; 
l r l s h  Sea, surface than and R i ley  11967) 

---------------------------------------------.----------------------------------------------------------------------------------------------------- 
7: Rhenrua HA Depth (ml Conc lnp/Lp) N. At lan t ic  Olrfsson and Riley (19721 

0 5.6 b2o58'1, I9051 ' Y  
900 4.3 

1310 4.2 

76 Olrlua RA 111 
-----.------.---.--.-------------------..---------------------------------------------------------------------------------------------------------- 

77 l r ~ d i u s  R A 10 ~ 9 l h  Coastal P a c ~ f i c  fresco e l  dl .  119851 
--------------------------------.------.--------.------------------------------------------------------------------------.------------------.------ 



Rtomic Eleaent Cor re l r t ion  Erpress~on Concentration Locallon Reference 
Number 
iiliilii:ii:iiiiiii:~~~~::::~:~~~~:~~~~~:~~~::~:::~~~~~~:,::~~:::::::~:~~~~::~::::::,:~:~~:~~::~~:~::~:::*~~~~~~~~~~~~::~~~:~~~~~~~~~~~~,::~*s~~~~~ 

7B P l r t inue W u t r ~ m t - l i k e  profile Dcpth 11) Conc (pg l tq l  . 19042'W, IIBoO4'Y Hodqe et al.  11985) 
Surlrce 106 

10 105 
50 130 

SO0 119 
109 160 
800 170 

I000 70 
12!10 150 
2000 3?0 

--------------.--------------.-------------*--.------------------*----------------------------------------*-----.------------.--------------------- 

79 601d NA 4-26 nqlb) At lant ic Sthutz and T u r d ~ ~  (I91Sdl 

80 Mercury Nutr ient- torrelaled Depth (11 Conc (nqlkpl #. A t lan t ic  b t h e r ~ i  and Kerter (19791 
ibut r i t h  c a ~ ~ a t s 1  250 3 3VolO'W, bSoSO'Y 

Hq = 2.26 t 0.2: ISI l 500 4 
100 4 

I900 4.5 

81 I h r l l l u e  ?Conscrvrl~vc Depth (mi Conc InqlLpl 14olJ ' I ,  bbol l 'Y Fleqal and Patterron 1198% 
0 12.4 

400 16.4 
1000 13.6 
2070 12.1 
3470 12.1 

.---------------------------------------------------.-----------------.-----------------------------------------.---------------------------------- 

(continued) 
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Rtanic Eleaent C w r e l a t ~ o n  Expression Concentration Locat ion Relerentr 
Wuaber 
~ ~ = i i i i ~ i i * i i i i i i i i : : ~ ~ : i i i i i i i i i i i i i i : i z : ~ : ~ ~ z : ~ ~ : ~ : ~ ~ : ~ s : : ~ s ~ s : ~ : , ~ ~ : ~ : ~ ~ ~ : ~ : z ~ : : ~ , ~ ~ . ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ , ~ . : : ~ ~ : : ~ , ~ : : ~ : , : ~ ~ ~ ~ ~ * * ~ ~ : ~ ~ , ~ ~ ~ , ~ ~ ~ ~ ~ ~  

82 Lead Non-ronsnvat~ve, anthroPtr i f ic:  32041'1, 14hOO'Y P l m t i r :  34015'1, b b o l l ' l  Pacif ic:  
Depth (1) Conc lnqlkql Depth (61 Conc ln9lkql Scldule m d  Patterson I19811 

0.2 13.b 0.2 53.2 
15 12.2 35 51.1 At lant ic:  

200 1J.I IS0 53,2 Scbrule and Patterson 119831 
400 14.0 400 35.2 
600 0.9 600 51.1 
860 5.1 750 26.9 

lO(l0 4.5 1000 16.0 
2000 2.0 2010 8.9  

-----------------------------.--------------------------------------------------------------------------------------------------------------------- 
83 Disnuth Non-ronrwvat~ve, aeo l l tn  source Dcpth In )  Conc l)qlkql  VERIEI IV, Y. o l  Let e t  al. I190516i 

p o r s ~ b l e  c o r r e l a t ~ o n  with Lead; 25 36 Hawdl i Lee l I9821 
At lant ic hlqher thatn Pac i l i c  60 35 

7s 35 
100 34 
200 5s 
400 73 
600 10s 
150 79 
900 b4 

1100 56 
2000 28 

92 Uran~ua Conservrt  re 
U = 1.1 K 101-1 



DISSOLVED ELEMENTS IN SEA WATER 

DISTRIBUTION OF THE ELEMENTS IN SEAWATER 
I I1 1 IIIA 1 I t *  1 \ A  1 $I& 1 VIIA 1 V l l l  I 1. 1 11. 1 111 1 I V  I I I Y I  1 Vll O 

I H 1 He ...... 
.....a ...... ......'.'... ...... ...... 

Conservative 
Nutrlent - related 
(Correlated ex~reaaion available)  on-nutrlent game# 

Conaervatlve 
(withln rough rn Nutrient-related 
experimental l lmltation~) 

* Measure R Scavenging tmrm H Antkropogenlc 

Fig. 1 .  Concent ra t ions  and c o r r e l a t i o n s  o f  t h e  e l e m e n t s  in  
seawater .  

Although d a t a  have been published i n  a number o f  u n i t s ,  e l e m e n t a l  

d a t a  ( f o r  o t h e r  t h a n  n u t r i e n t s  and g a s e s  are  expressed in g/kg and 

m u l t i p l e s  t h e r e o f .  The n u t r i e n t s  and g a s e s  a r e  given in vm/kg ( f o r  

d i s s o l v e d  O,, t h e  commonly used mL/L is in paren theses ) .  We w i l l  

g e n e r a l l y  r e f e r  t o  t o t a l  e l e m e n t a l  concent ra t ion .  If s e v e r a l  

s p e c i e s  were addressed ,  t h e y  a r e  i d e n t i f i e d .  For conserva t ive  

e lements ,  t h e  average  concent ra t ion  in  s e a w a t e r ,  normalized t o  
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35°/0e. and t h e  r e l a t i o n  t o  c h l o r i n i t y  (CL) is repor ted .  For 

e l e m e n t s  c o r r e l a t e d  t o  t h e  n u t r i e n t s ,  a prof  i l e ,  t h e  c o r r e l a t i o n ,  

c o r r e l a t i o n  express ion  and c o e f f i c i e n t s  a r e  given a s  a v a i l a b l e .  

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

e l e m e n t a l  c o n c e n t r a t i o n  in "xng/kg cor responds  t o  t h e  observed  

c o n c e n t r a t i o n s  In seawater .  To c o n v e r t  t o  approximate kg-' from 

L ,  w e  have divided by 1.025 a s  sugges ted  by Bainbridge 

(1979a1b,c). 

CONCENTRATIONS AND CORRELATIONS OF THE ELEMENTS I N  SEAHATER 

The d i scuss ion  of t h e  e l e m e n t a l  abundance p a t t e r n s  i n  t h e  

oceans  f o l l o w s  t h e  per iod ic  t a b l e .  The Main Croup Elements  are 

d i scussed  first, by group and t h e n  t h e  Trans i t ion  Elements ,  

Lanthanides and Actinides a r e  d i scussed  by row. 

G r o u p  & Teh Alka l i  Meta l s ,  Lithium. Sodium, Potassium, Rubidium 

and Cesium 

Evidence i n d i c a t e s  t h a t  a l l  t h e  a l k a l i  m e t a l s  a r e  

c o n s e r v a t i v e  t o  t h e  p rec i s ion  o f  c u r r e n t  a n a l y t i c a l  methods 

(Wilson. 1975) and t h e i r  c o n c e n t r a t i o n s  can be pred ic ted  everywhere 

i n  t h e  open ocean from s a l i n i t y  ( c h l o r i n i t y ,  CL). 

Li c o n c e n t r a t i o n s  a r e  about  180 m / k g  i n  s e a w a t e r  normalized 

t o  3s0/, s a l i n i t y  and is c o n s e r v a t i v e  (Table 1 ;  Fabricand e t  a l . ,  

1966, 1967; Chow and Coldberg, 1962; Riley and Tongudai, 1964). 

Although t h e r e  is some evidence of s p a t i a l  v a r i a b i l i t y  in  t h e  

t r o p i c a l  oceans  (Riley and Tongudai, 1967; Angino and B i l l i n g s ,  

1966: Fabricand g a&, 19671, t h e  d i f f e r e n c e s  were n o t  

s t a t i s t i c a l l y  s i g n i f i c a n t .  
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Sodium and potassium a r e  major c o n s t i t u e n t s  of  s e a  wate r ,  

h i s t o r i c a l l y ,  thought  t o  be conserva t ive  (Dit tmar,  1884; 

Forchhammer, 1865; Cox, 1965; Culkin, 1965). a f ind ing  s t i l l  

suppor ted  (Culkin and Cox, 1966; Mangelsdorf and Wilson, 1972; 

M i l l e r o  and Leung, 1976). No s i g n i f i c a n t  v a r i a t i o n  wi th  d e p t h  h a s  

been r e p o r t e d  f o r  t h e  c a t i o n  t o  c h l o r i n i t y  r a t i o s  (Table 1).  

Concent ra t ions  of  t h e s e  e l e m e n t s  can be pred ic ted  r e l i a b l y  from 

s a l i n i t y  measurements. The c o n c e n t r a t i o n s  r e p o r t e d  i n  t h e  few 

papers  a v a i l a b l e  wi th  d a t a  from t r o p i c a l  s i t e s  (Fabricand 5 a k ,  

1966; Barker and Z e i t l i n ,  1972; F r o e l i c h  5 a k ,  1978) are i n  

agreement  w i t h  t h e  above f indings.  

Seawater  c o n t a i n s  about  124 pg/kg rubidium ( a t  35°/00 

s a l i n i t y ) .  It is c o n s e r v a t i v e  and its concent ra t ion  may be 

c a l c u l a t e d  using t h e  express ion  appear ing  i n  Table 1 (derived from 

Spencer s.. 1970). Most r e s e a r c h e r s  (Bol te r  g a&, 1.964; 

Spencer a L ,  1970; Brewer g a&, 1972) have r e p o r t e d  cesium 

c o n c e n t r a t i o n s  of 0.3 pg/kg a t  35 O/,, s a l i n i t y  and no s i g n i f i c a n t  

v a r i a t i o n  with depth. About 1 % v a r i a t i o n  between s u r f a c e  samples 

t aken  a t  s i t e s  in  t h e  North Pac i f ic  Ocean and f o r  s u b s u r f a c e  

samples  h a s  been r e p o r t e d  (Folsom, 1974). Even i f  t h i s  v a r i a t i o n  

is r e a l ,  t o  a f i r s t  approximation C s  can be considered conserva t ive  

(Table 1). 

me Csoup IIA Elements: the Alkal ine Earths Beryllium, 

Magnesium Calcium, Stront ium. Barium, and Radium ---A - 
The d i s t r i b u t i o n  of  bery l l ium i n  t h e  P a c i f i c  r e s e m b l e s  copper ,  

t h a t  is, it shows n u t r i e n t- l i k e  behavior excep t  t h a t  high v a l u e s  
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a r e  found near  t h e  sediment-water i n t e r f ace  and near  r idge- rise 

systems ( ~ e a s u r e s  and Edmond, 1982, 1983). There is some 

scavenging in intermediate and deep water. f i e  d is t r ibut ion  of Be 

in t h e  At lant ic  nea r  t h e  equator is no t  l i k e  any of t h e  n u t r i e n t s  

o r  t r a c e  elements. In  t he  At lant ic ,  its concent ra t ion  is enriched 

r e l a t i v e  t o  t h e  Pacif ic  (Measures e t  a l . ,  1984). 

Magnesium, a major cons t i t uen t ,  is conservative within 

a n a l y t i c a l  l im i t a t i ons  (Dittmag, 1884; Forchhammer, 1865; Cox, 

1965; Culkin, 1965; Culkin and Cox, 1966; Carpenter  and Manella, 

1973). Data f o r  t h e  t r o p i c a l  oceans is s imi l a r  (Atwood e t  al., 

1973; Barker and Zei t l in ,  1972; Bi l l ings  and Harr i s ,  1965: 

Carpenter. 1972; Sen Gupta e t  al . .  1978). 

Calcium carbonate  is removed from surface  water  by t h e  

biological  deposit ion of ca lcareous  tests. Accordingly, s ince  

Dittmar (1 884). r e sea rche r s  have predicted t h a t  calcium should no t  

behave conservat ive ly  (Culkin and Cox, 1966; Riley and Tongudai, 

1967; Mangelsdorf and Wilson, 1972). To a f i r s t  approximation, 

calcium concentrat ions can be predicted using t h e  conservancy 

r e l a t i o n  r epo r t ed  in Table 1. In  1974, (and l a t e r  S h i l l e r  and 

Gieskes, 1980) 'var ia t ion  of calcium concentrat ion with depth was 

observed (Horibe e t  al. ,  1974: S h i l l e r  and Cieskes. 1980): about 1 % 

var ia t ion  over 5000 m (Table 1 )  and a d i r e c t  c o r r e l a t i o n  of calcium 

concentrat ion with carbonate  a lka l in i t y .  

Strontium exhib i t s  a c o r r e l a t i o n  (r = 0.88) with phosphate 

(Figure 2) (Brass and Turekian, 1974). Using t h e i r  d a t a  and t h a t  of 

Bainbridge (1979b) f o r  PO, and s a l i n i t y  a t  t h e  same s t a t i o n ,  t h e  



5 

DISSOLVED ELEMENTS IN SEA WATER 

Fig. 2. Stront ium c o n c e n t r a t i o n  v s  phosphate c o n c e n t r a t i o n  ( d a t a  
from Brass  and Turekian, 1974). o r e p r e s e n t s  d a t a  from S t a t i o n  3 
a t  5 1 ° 0 1 * ~ ,  43°071W. x r e p r e s e n t s  d a t a  from S t a t i o n  68 a t  48O39*S, 
45O09'~. 

c o r r e l a t i o n  express ion  in  Table 1 may be derived. The v a r i a t i o n  of 

[Sr ]  wi th  dep th  d e v i a t e s  by l e s s  than  0.3% over  4000 m from t h a t  

p r e d i c t e d  by Sr/CL - 3.99 x lo'* (based on d a t a  i n  Brass  and 

Turekian, 1974). 

S e v e r a l  p r o f i l e s  of  barium have been r e p o r t e d  (Wolgemuth, 

1970; Bacon and Edmond. 1972; Bender 5 a L ,  1972; Bernat  e t  al.. 

1972). The e x t e n s i v e  and r e l i a b l e  d a t a  of  Chan e t  a l .  (1976, 1977) 

shows a n u t r i e n t - l i k e  distribution (Figure 3). They r e p o r t  a 
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Barium Concentration ((rg/kg) 

Fig. 3. Barium concentration in seawater vs depth (data  from Chan 
e t  al . ,  1976, Station 204, 3I023*N, 150°02'W. - -- 

l inear  relationship between barium and s i l i c a t e ,  however the  r a t i o  

varies with water mass (Figure 4 ) .  Using t he  [Ba] reported by 

Chan (Chan a k ,  1976) and the  CSII of Bainbridge (1979a) f o r  

GEOSECS s t a t ion  204, a corre la t ion expression may be derived (Table 

1). 

Although radium e x i s t s  in a number of isotopes, only '''Ra 

w i l l  be considered. ~adium-226 has been determined in seawater by 

a number of researchers (Broecker 51:. 1970; Ku all2. 1970; 
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Silicate Concentration (pmoilkg) 

Fig. 4. Barium concentration v s  s i l i c a t e  concentration (data from 
GEOSECS Station 204,  31°23*N, 150°02'W). Ba data:  Chan e g. (1976); 
Si data:  Bainbridge (1979~1) .  Chan a k  demonstrated t h a t  t h e  
r a t i o  of [Ba]/[Si] va r i e s  with water mass. 

Chung and Craig. 1973; Bruland &, 1974; Chung, 1974. 1976. 

1980; Chan al,, 1976; Bacon al,, 1976; Broecker al,, 1976; 

Ku and Lin, 1976; Knauss al,, 1978).  Broecker al, (1976) 

r epor t  a p o f i l e  9.1 dpm/lOOkg a t  149 m increasing t o  15.0 

dpm/lOOkg a t  4170 m a t  a s t a t ion  in  the  western t rop ica l  North 
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A t l a n t i c .  Chan &. (1976) u s i n g  d a t a  from t h e  same s i t e  (and 

o t h e r s  i n  t h e  North A t l a n t i c )  r e p o r t  a l i n e a r  c o r r e l a t i o n  between 

radium and barium c o n c e n t r a t i o n s  and,  t h e r e f o r e ,  a l s o  t o  s i l i c a t e ,  

conf i rming  a n  e a r l i e r  r e p o r t  of L i  al, (1973). However, t h e y  

f u r t h e r  r e p o r t  t h a t  a t  some s t a t i o n ,  n o t a b l y  o n e  i n  t h e  North 

Pac i f ic .  n o r t h w e s t  of Hawaii, t h a t  t h e  r e l a t i o n s h i p  does not  ho ld  

a t  g r e a t  dep ths .  

The Group Elements 1 Boron, Aluminum, Gallium, Indium _and 

Thallium -- 
Boron is conserva t ive  and its concent ra t ion  i n  s e a w a t e r  a s  

approximately 4.4 mg/kg a t  s a l i n i t y  O/,, (Table  1: Culkin, 1965; 

Cas t  and Thompson, 1958; Noakes and Hood, 1961; Williams and 

S t r a c k  (1966); Gassaway, 1967). 

The ocean ic  d i s t r i b u t i o n  of aluminum is complex and  d a t a  has 

been seemingly c o n t r a d i c t o r y  (Measures 5 &.. 1986). S a c k t t  and 

A r r b n i u s  (1962) r e p o r t e d  s e a w a t e r  has an C A I ]  o f  about  1 %/kg. 

Moore (1981) r e p o r t e d  no c o r r e l a t i o n  of aluminum with n u t r i e n t s  in  

the  Arc t ic .  Hydes (1979) r e p o r t e d  open ocean p r o f i l e s  of d i sso lved  

aluminum wi th  c o n c e n t r a t i o n s  ranging from 1.0 a / k g  a t  t h e  

s u r f a c e ,  a minimum of 0.5 ug/kg a t  about 1000 m ,  i n c r e a s i n g  wi th  . 

d e p t h  t o  about  0.9 &kg. He s u g g e s t e d  a nega t ive  c o r r e l a t i o n  w i t h  

s i l i c a ,  but did no t  r e s e n t  a r e r e s s i o n  formula  o r  c o r r e l a t i o n  

c o n s t a n t .  In t h e  A t l a n t i c ,  Hydes (1983) r e p o r t e d  t h a t  A 1  is non- 

conserva t ive ,  w i t h  a s u r f a c e  maximum (0.9 &kg) ,  minimum i n  

i n t e r m e d i a t e  w a t e r s  (0.2 ug/kg), i n c r e a s i n g  toward  t h e  sediment-  

w a t e r  i n t e r f a c e  o r  t h e  con t inen t .  In  t h e  Mediterranean is 
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cons iderab ly  higher  than  i n  t h e  A t l a n t i c  and  c o r r e l a t e s  with 

s i l i c a t e  a t  l e a s t  i n  t h e  upper 1500 m (Macknzie  2.. 1978; 

S tof fyn  and Mackenzie. 1982; Casche t to  and Wollast ,  1979) perhaps 

due t o  uptake by s i l i c eous  organisms. m e  r e s u l t s  from the  

Mediterranean may not  be a p p l i c a b l e  t o  t h e  open ocean (Hydes, 

1983). 

Recently,  t h e  oceanic d i s t r i b u t i o n  of A 1  has been described i n  

t e r m s  of e x t e r n a l ,  aeo l ian  and f l u v i a l  s o l r c e  t e rms  and ex tens ive  

scavenging by p a r t i c l e s  (Orians and Bruland, 1986; Measures &., 

1986). Concentrat ions can vary from 1 &kg t o  1 3  pg/ kg depending 

season  and loca t ion .  The deep Pac i f ic  conta ins  50 t imes  l e s s  A 1  

than does the  deep At lan t ic .  It appears  un l ike ly  t h a t  any simple 

c o r r e l a t i o n s  w i l l  be derived t h a t  permit c a l c u l a t i o n  of aluminum 

concent ra t ions  from simply measured oceanic cons t i t uen t s .  

A 1  d a t a  from t h e  Tongue of t h e  Ocea'n i n  t h e  Bahamas, a r e  in 

genera l  agreement wi th  Hydes, a l though wi th  cons iderab ly  g r e a t e r  

s c a t t e r  (Alber t s  g z., 1976). A s  aluminum concent ra t ions  a r s  

p o t e n t i a l l y  impor tan t  is OTEC ope ra t i ons ,  t h i s  element and its 

r e l a t i o n  t o  b io log ica l  a c t i v i t y  should  be examined f u r t h e r  i n  

conjunct ion with measurements a t  p o t e n t i a l  OTEC s i t e s .  

Gallium has been determined in  seawater  (Table 1). but no 

p r o f i l e s  a r e  ava i l ab l e .  In  t h e  n o r t h  A t l an t i c ,  nea r  t h e  Br i t i sh  

I s l e s ,  concent ra t ions  of  about  30 ng/kg have been r epo r t ed  (Culkin 

and Riley. 1958; Burton e t  a l . ,  1959). In t h e  Pac i f ic  o f f  Japan, 

c onc e n t r a t i ons  of 15-20 ng/kg were r epo r t ed  (Ishibashi  5 g., 

1961). 
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Matthews and Riley (1970a) r e p o r t  indium c o n c e n t r a t i o n s  

rang ing  from 0.3 ng/kg a t  t h e  s u r f a c e  t o  0.1 ng/kg a t  2000 m f o r  a 

s t a t i o n  in t h e  n o r t h  A t l a n t i c  o f f  t h e  c o a s t  o f  Af r ica ,  

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

same coworkers  for i n s h o r e  waters (Matthews and Riley. 1970b). 

More d e t a i l e d  s t u d i e s  a r e  needed t o  de te rmine  i f  t h e  s u r f a c e  

enr ichment  which they  observed  in  open ocean w a t e r s  is r e a l .  The 

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

Thal l ium d e t e r m i n a t i o n s ,  l i k e  t h o s e  o f  indium and g a l l i u m ,  a r e  

r a r e .  Matthews and Ri ley  (1970d) r e p o r t e d  a p r o f i l e  from t h e  Bay 

o f  Biscaye giving an  a v e r a g e  c o n c e n t r a t i o n  o f  10 ng/kg, which was 

somewhat l e s s  t h a t  t h e  19 ng/kg r e p o r t e d  f o r  t h e  I r i s h  Sea 

(Matthews and Riley,  1969). More r e c e n t  t h a l l i u m  d e t e r m i n a t i o n s  

a t  v a r i o u s  d e p t h s  in t h e  P a c i f i c  and A t l a n t i c  r e p o r t  measuring 

similar c o n c e n t r a t i o n s  (Table  1 )  and s u g g e s t  t h a t  it is 

c o n s e r v a t i v e  wi th in  a n a l y t i c a l  l i m i t a t i o n s   legal and P a t t e r s o n ,  

1985). More d e t a i l e d  o b s e r v a t i o n s  may r e v e a l  a more complex 

d i s t r i b u t i o n  wi th  a dependence on r e d o x  spec ies .  

The Croup NA Elements  - Carbon, S i l i c o n ,  Germanium, Tin, and Lead 

Carbon and its compounds make up many of  t h e  i m p o r t a n t  

b i o l o g i c a l ,  o r g a n i c  and inorgan ic  s p e c i e s  i n  s e a  wate r .  Carbon 

t i e d  i n t o  t h e  biochemical  c y c l e  c a n  be p r e d i c t e d  r o u g h l y  from t h e  

Redfield-Richards equa t ion  (Redfield g., 1963; Richards,  1965): 

106C:16N: 1P. Carbon d iox ide  and t h e  c a r b o n a t e  sys tem p a r t i c i p a t e  

ln t h e  ocean ic  b u f f e r i n g  sys tem.  In c o n s i d e r i n g  t h e  p o t e n t i a l  

env i ronmenta l  e f f e c t s  o f  OTEC p l a n t s ,  t h e  p o s s i b i l i t y  o f  r e l e a s i n g  
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Concentration of Total GO2 (pmole/kg) 

Fig. 5. CO, d i s s o l v e d  i n  s e a  w a t e r  v s  dep th  ( d a t a  from Rroecker 
and Takahashi 1978, GEOPAC 10, S t a t i o n  326, 14'03'S. 126'1 5'W).  

e x c e s s  COz i n t o  t h e  atmosphere must be considered. Thus, a 

r e l i a b l e  e s t i m a t e  of  [CO,] a t  OTEC s i t e s  is requi red .  T o t a l  CO, 

p r o f i l e s  (Table 1, Figure 5)  have been determined i n  t h e  oceans  (Li 

e t  G., 1969; Takahashi g +., 1970; Edmond, 1974) and w i l l  be - 
published as p a r t  of t h e  GEOSECS a t l a s .  Bradshaw g. (1981) 

r e p o r t  t h a t  t h e  o r i g i n a l  GEOSECS c a l c u l a t i o n s  should be c o r r e c t e d  

by about  +12 umol/kg f o r  t h e  Pacific- Indian Ocean d a t a  and +5 

umol/kg f o r  t h e  At lan t ic .  In addi t ion  t o  t h e  GEOSECS d a t a  

(Bainbridge, 1979a,b,c), much d a t a  is a v a i l a b l e  f o r  t h e  t r o p i c a l  
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oceans  (e.g. Broecker and Takahashi,  1978; Edmond. 1974; Skirrow, 

1975). 

Vast q u a n t i t i e s  o f  d a t a  a r e  a v a i l a b l e  f o r  s i l i c a t e  in  w a t e r  

(Crasshof f ,  1964; Brewer and Bradshaw, 1975; Bainbridge, 1979a,b,c). 

Table 1 and Figure 6 show t h e  t y p i c a l l y  low c o n c e n t r a t i o n s  found 

i n  s u r f a c e  w a t e r s  wi th  i n c r e a s i n g l y  higher  v a l u e s  a t  g r e a t e r  

dep ths .  As can be seen  in Figure 6, s i l i c a t e  c o n c e n t r a t i o n s  in 

P a c i f i c  deep w a t e r  a r e  d i s t i n c t i v e l y  higher  t h a n  t h o s e  in A t l a n t i c  

deep w a t e r  (Sverdrup g., 1942; Bainbridge, 1979a.b). P r o f i l e s  

determined in t h e  t r o p i c a l  oceans  a r e  r e p o r t e d  in Bainbrfdge and 

many o t h e r  sources .  

Germanium r a r e l y  h a s  been d e t e c t e d  i n  s e a  water .  Germanium 

co- var ies  wi th  s i l i c a t e  (Froe l ich .  and Andreae, 1981 ; Andreae, 1983) 

t y p i c a l l y  ranging from C0.5-9 ng/kg from n e a r  t h e  s u r f a c e  t o  about  

2800 m (Table 1). Germanium h a s  n o t  been r e p o r t e d  f o r  t h e  

t r o p i c a l  oceans ,  a l t h o u g h  Braman and Tompkins (1978) r e p o r t e d  t h a t  

i n  samples  t a k e n  i n  t h e  Gulf o f  Mexico o f f  Tarpon Springs F l o r i d a ,  

germanium was unde tec ted  us ing  a technique wi th  a minimum 

d e t e c t i o n  l i m i t  of 4 ng/kg. It is poss ib le ,  however, t o  p r e d i c t  

t h e  Ge c o n c e n t r a t i o n  from t h e  S i  c o n c e n t r a t i o n  on t h e  b a s i s  o f  

F r o e l i c h  and Andreae's work. 

Only few d a t a  a r e  a v a i l a b l e  f o r  t h e  concent ra t ion  o f  t i n  i n  

s e a w a t e r ,  r e c e n t  papers  i n d i c a t e  t h a t  t h e  c o n c e n t r a t i o n  in  t h e  

open oceans  a r e  very low, non- conservat ive,  wi th  s t r o n g  

anthropogenic i n p u t s  (Byrd and Andreae, 1982). Riverlne i n p u t s  

were found t o  be s m a l l  r e l a t i v e  t o  i n p u t s  from a e o l i a n  s o u r c e s .  
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Fig. 6. S i l i c a t e  c o n c e n t r a t i o n s  v s  d e p t h  in  t h e  A t l a n t i c  and 
P a c i f i c  oceans.  Data observed by GEOSECS (Bainbridge, 1979a. b) .  
A t l a n t i c  s t a t i o n s :  48 (4°00fS, 2 g 0 0 0 q ~ ) ,  49 (T056'S, 28O12'W), and 5 3  
(12°00'S, 28O01 'W) .  Pac i f ic  s t a t i o n s :  234 (19°52 '~ ,  163'1 4 ' ~ ) .  235 
(1 b045*N, 1 61 O231W), and 206 (22°09'N 153O50'W). 

I n  t h e  Gulf Stream and Sargasso  Sea, Andreae (Byrd and Andreae, 

1982; Andreae, 1983) r e p o r t s  c o n c e n t r a t i o n s  rang ing  from a maximum 

a t  t h e  s u r f a c e  of 2.5 ng/kg d e c r e a s i n g  t o  a minimum (below t h e  

d e t e c t i o n  l i m i t ,  < 0.1 ng/kg) a t  about  3000 m, i n c r e a s i n g  t o  0.6 

ng/kg a few hundred m e t e r s  o f f  t h e  bottom. They observed 

s i g n i f i c a n t  c o n c e n t r a t i o n s  of organotin compounds, which have 

t o x i c i t i e s  comparable t o  t h a t  f o r  organomercury compounds. Hodge 

e t  z. (1979) r e p o r t  0.3-0.8 ng/kg of [Sn(IV)] i n  s u b s u r f a c e  - 
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samples  (12-17 m) t a k e n  o f f  San Francisco.  Other  s p e c i e s  such a s  

o rganot in  compounds were undetected.  Braman and Tompkins (1979) 

have r e p o r t e d  higher  c o n c e n t r a t i o n s  of S n ( t o t )  i n  t h e  Gulf of 

Mexico (3.5 ng/kg). 

Lead h a s  been s t u d i e d  ex tens ive ly .  However, most o f  t h e  

a n a l y s e s  p r i o r  t o  1974 were contaminated ( P a t t e r s o n .  19741, 

p r imar i ly  due t o  anthropogenic l e a d  from t h e  atmosphere.  Schaule 

and P a t t e r s o n  (1978, 1981,1983) have found l e a d  c o n c e n t r a t i o n  i n  

t h e  ng/kg range. P r o f i l e s  (Figure 7 )  f rom t h e  c e n t r a l  n o r t h  

P a c i f i c  show higher  c o n c e n t r a t i o n s  i n  s u r f a c e  w a t e r s  ( f o r  example 

13.6 ng/kg) decreas ing  t o  1.2 ng/kg a t  depth.  Lower s u r f a c e  

c o n c e n t r a t i o n s  a r e  r e p o r t e d  i n  a r e a s  l e s s  exposed t o  anthropogenic 

P O l l U t i ~ n .  Var ia t ions  i n  c o n c e n t r a t i o n  appear  t o  be due t o  

t r a n s p o r t  o f  anthropogenic l e a d  th rough  t h e  w a t e r  column. A t  

d e p t h s  g r e a t e r  t h a n  2500 a a c o n s t a n t  c o n c e n t r a t i o n  o f  1 ng/kg is 

observed;  presumably t h e  pre- pol lu t ion  v a l u e ,  a l though  Schaule and 

P a t t e r s o n  a r g u e  t h a t  t h e  Pb c o n c e n t r a t i o n  would have been a f a c t o r  

o.f two t o  f i v e  lower. In  t h e  upper 2000 m c o n c e n t r a t i o n s  r e p o r t e d  

in t h e  A t l a n t i c  a r e  a l m o s t  a f a c t o r  o f  t h r e e  t imes  t h o s e  observed  

i n  t h e  Pac i f ic  (Schaule and P a t t e r s o n ,  1983). 

The Croup Elements  1 Nitrogen, Phosphorus, Arsenic, Antimony, 

and Bismuth 

Nitrogen, l i k e  carbon,  oxygen, and hydrogen, a p p e a r s  i n  s e a  

w a t e r  i n  a wide v a r i e t y  o f  compgunds: a s  a d i sso lved  gas ,  in  t h e  

n u t r i e n t s ,  n i t r a t e ,  n i t r i t e ,  ammonia, u r e a  and in numerous organ ic  

compounds. Table 1 g i v e s  p r o f i l e s  of t w o  of t h e  more important 

s p e c i e s  - d i s s o l v e d  N, and n i t r a t e .  
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Lead Concentration (nglkg) 

Fig. 7. Lead c o n c e n t r a t i o n s  v s  dep th  from t h e  c e n t r a l  n o r t h e a s t  
Pac i f ic  ( d a t a  from Schaule and P a t t e r s o n .  1981. 32041qN. 145°00'W. 

The d i s t r i b u t i o n  o f  d i sso lved  N, (Craig g., 1967) is 

t y p i c a l  o f  t h e  p r o f i l e s  exh ib i ted  by t h e  non- react ive g a s e s  i n  

s e a w a t e r  (Kes te r ,  1975; Konig s., 1964). Its concent ra t ion  can 

be p r e d i c t e d  from known s o l u b i l i t i e s  (Weiss. 1970) and bubble 

formation.  Modif icat ions l o c a l l y  can  occur  due t o  b io log ica l  

e f f e c t s .  

N i t r a t e  is t h e  dominant ni t rogen- containing n u t r i e n t  s p e c i e s  

i n  s e a w a t e r  (Vaccaro, 1965). It h a s  been determined e x t e n s i v e l y  

and v i r t u a l l y  hundreds of  p a p e r s  r e p o r t  da ta .  ?he p r o f i l e s  given 
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in Table  1 are t y p i c a l  o f  t h e  t r o p i c a l  A t l a n t i c  and Pac i f ic  Oceans. 

Concent ra t ions  a t  great d e p t h s  in t h e  A t l a n t i c  a r e  u s u a l l y  less 

t h a t  In t h e  Pac i f ic  (Figure 8). N i t r a t e  c o n c e n t r a t i o n s  a r e  

c o r r e l a t e d  w i t h  t h e  c o n c e n t r a t i o n s  o f  chromium, i o d a t e  and (away 

from t h e  c o n t i n e n t a l  s h e l f  manganese, chromium and i o d a t e  (Wong 

and Brewer, 1974; Cranston,  1979; Klinkhammer and Bender, 1980). 

The a t l a s  by Bainbridge (1979a.b.c) i n c l u d e s  numerous p r o f i l e s  

from t h e  At lan t ic .  Pac i f ic ,  and Indian Oceans, Including t h e  

t r o p i c s .  Addit ional  d a t a  is a v a i l a b l e  f o r  Hawaii ( e ~ .  Gunderson g 

a&, 1972; Gunderson and Palmer, 1972; Cunderson and Mountain, 

1973). Gulf o f  Mexico (Cummings a&, 1977; Nowlin and McClel lan,  

1967; Morrison and Nowlin, 1977; El-Sayed g s.. 19721, t h e  

Caribbean (Lee e t  a l . .  1978) and o f f  t h e  c o a s t  o f  Morocco ( P e g u e r  

and Le Corre,  1979). Many of t h e  papers  p r e s e n t i n g  t r a c e  m e t a l  

d a t a  a l s o  give n u t r i e n t  da ta .  

Phosphorus a l s o  e x i s t s  i n  a v a r i e t y  o f  compounds i n  t h e  

ocean;  its dominant form is r e a c t i v e  phosphate (Brewer, 1975). 

P r o f i l e s  t y p i c a l  o f  t h e  Pac i f ic  and A t l a n t i c  Oceans a r e  found in  

Table 1. Figure 9 compares d i s t r i b u t i o n s  t y p i c a l  o f  t h e  t r o p i c a l  

A t l a n t i c  and Pac i f ic  Oceans. Phosphate is r e l a t i v e l y  e a s y  t o  

de te rmine  and  is c o r r e l a t e d  wi th  a r s e n i c ,  cadmium and n i c k e l  

(Johnson and Pi lson,  1972: Andreae, 1977. 1978. 1979; Bruland g 

al . ,  197th. 1979; Bruland, 1980). - 
Vast q u a n t i t i e s  o f  phosphate d a t a  a r e  i n  t h e  l i t e r a t u r e .  Data 

f o r  t h e  t r o p i c s  c a n  be found i n  most  o f  t h e  s o u r c e s  suggested f o r  

n i t r a t e ,  e s p e c i a l l y  t h e  CEOSECS r e p o r t s  (Bainbridge, 1979a.b.c) and 
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Fig. 8. Ni trate  concentrations v s  depth in t h e  ~ t l a n t i d  and 
Pacif ic  oceans.  Data observed by GEOSECS (Bainbridge, 1979a. b) .  
Atlantic  s t a t i o n s :  48 (4'00tS, 2 9 ° 0 0 1 ~ ) ,  49 (7'56'~,  28O12'~), and 53  
( 12°001S. 28O01 'W). Pac i f i c  s t a t i o n s :  234 (19 '52 '~ ,  163'1 4'~). 235 
( 1  6'45'N, 1 61°23'W), and 206 (2200g1N 1 53'5O9W). 
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Phosphate Concentration (pmollkg) 

Fig. 9. Phosphate concentrations vs depth in the Atlantic and 
Pacific oceans. Data observed by GEOSECS (Bainbridge, 1979a. b) . 
Atlantic stations: 48 ( 4 ° 0 0 ' ~ ,  2 9 ° 0 0 ' ~ ) ,  49 (7O56'~.  28'1Ztw), and 53  
( 1 2 ° 0 0 ' ~ ,  28O01 'W). Pacific stations: 234 ( 1 9 " 5 2 ' ~ ,  163'1 4'W), 235 
(16O45'~, 161°23'W), and 206 (22O09.N 153°50W). 
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in Richards (19581, Churgin and Halminski (19741, Culbersan and 

~ y t k o w i c z  (19751, Halminski ( 1975), and Voitur iez and Herbland 

(1979). 

Arsenic e x i s t s  a s  As(V), As(II1) and a s  s e v e r a l  o rganoarsen ic  

s p e c i e s ,  which a r e  o f  importance due  t o  vary ing  t o x i c i t y  and 

carc inogenic i ty  (EPA, 1976; NRC, 1977). Johnson and P i l son  (1972) 

r e p o r t e d  a r s e n i c  c o n c e n t r a t i o n s  in  t h e  Caribbean. Gulf o f  Mexico 

and n o r t h w e s t  A t l a n t i c  which range  from 2.0 pg/kg ( s u r f a c e )  t o  3.2 

&kg ( a t  dep th) .  They r e p o r t e d  t h a t  a r s e n a t e  maxima occur  a t  t h e  

same dep th  as phosphate maxima. Andreae (1977, 1978, 1979) 

r e p o r t e d  determined p r o f i l e s  o f  s e v e r a l  a r s e n i c  s p e c i e s  !Figure 

10). In  t h e  Pacif ic  Ocean, h e  observed a p a r t i a l  c o r r e l a t i o n  

between a r s e n a t e  and phosphate concent ra t ion .  Concent ra t lons ,  1 

&kg ( s u r f a c e )  t o  2 w / k g  (>I000  m)  were about  a f a c t o r  o f  two 

lower  t h a n  t h o s e  r e p o r t e d  by Johnson and Pi lson.  The methylated 

s p e c i e s ,  d imethy la rsena te  (DMA) c o r r e l a t e d  t o  'C uptake o r  

c h l o r o p h y l l  5. Analy t ica l  v a r i a b i l i t y  prevented t h e  d e r i v a t i o n  of  

c o r r e l a t i o n  express ions .  

Antimony r a r e l y  h a s  been determined in seawater .  Genera l ly ,  

r e s e a r c h e r s  have found antimony t o  be conservative within 

a n a l y t i c a l  l i m i t a t i o n s  (Schutz and Turekian. 1965a; Portman and 

Riley, 1966a; Spencer e t  a l . ,  1970; Brewer g g., 1972; G i l b e r t  

and Hume, 1973; Godha, 1975). The c o r r e l a t i o n  express ion  (Table 1 )  

is based on t h e  l i m i t e d  d a t a  i n  Brewer g g. (1972). More 

r e c e n t l y ,  f o u r  s p e c i e s  of  Sb - Sb(V), Sb(III1, monometh~lant imony 

and dimethylantimony have been d e t e c t e d  in  seawater .  A p r o f i l e  of  
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Fig. 10. Arsen'ate, a r s e n t i e ,  and d i m e t h y l a r s e n a t e  c o n c e n t r a t i o n s  
v s  d e p t h  ( d a t a  from Andreae, 1979, 30°46 '~ ,  163"30'~) .  
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Sb(V), t h e  dominant form, measured i n  t h e  Pac i f ic  Ocean showed 

c o n c e n t r a t i o n s  rang ing  from 0.09-0.14 ug/kg w i t h  no t r e n d  in t h e  

v e r t i c a l  d i s t r i b u t i o n ;  t h e  a u t h o r s  r e p o r t  poss ib le  s t o r a g e  problems 

(Andreae, 1983). The d i sc repancy  with e a r l i e r  r e s u l t s  is n o t  a s  

l a r g e  as might be expected,  bu t  i t  is c l e a r  t h a t  a n a l y t i c a l  

problems need t o  be r e s o l v e d ,  b e f o r e  t h e  v e r t i c a l  d i s t r i b u t i o n  of  

Sb i n  t h e  ocean is understood.  

Recent a n a l y s e s  of  bismuth in t h e  A t l a n t i c  and Pac i f ic  

sugges t  t h a t  its d i s t r i b u t i o n  r e s e m b l e s  t h a t  o f  l ead :  i t  is non- 

c o n s e r v a t i v e  with a poss ib le  a e o l i a n  anthropogenic s o u r c e  term 

m .  

- 

- 

I I I 

MMA (pglkg As) 0 0.02 O -  
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(Lee, 1982; Lee e t  a l . ,  1985/6). A s  w i t h  l ead .  c o n c e n t r a t i o n s  a r e  

h igher  i n  t h e  A t l a n t i c  t h a n  i n  t h e  Pacif ic .  

m e  Group V I A  Elements  - Oxygen,, S u l f u r .  Selenium, and Tel lur ium 

Oxygen is found as t h e  d i sso lved  g a s  and i n  many o t h e r  

compounds i n  t h e  ocean. The c o n c e n t r a t i o n  o f  t h e  d i s s o l v e d  gas  is 

e a s i l y  measured and o f t e n  repor ted .  Figure 11 compares t h e  

d i s t r i b u t i o n s  commonly observed in t h e  A t l a n t i c  and Pac i f ic  Oceans. 

In  t h e  t r o p i c a l  Pac i f ic ,  oxygen shows a deep minimum o f  about  40 

pmol/kg (0.8 mL/L) a t  about  700 m. In  t h e  A t l a n t i c ,  Caribbean, and 

Gulf o f  Mexico, t h e  minimum g e n e r a l l y  is n o t  s o  p'onounced and is 

s h a l l o w e r ,  a l t h o ug h  t h e r e  a r e  anoxic bas ins  which a r e  except ions.  

T r o p i c a l  d a t a  can  be found in Bainbridge. (1979a.b.c) and  i n  many 

o f  t h e  papers  r e f e r e n c e d  i n  this r e p o r t .  Dissolved oxygen may be 

a n  i m p o r t a n t  c o n t r o l  o n  t h e  c o n c e n t r a t i o n  o f  d i sso lved  manganese, 

i r o n ,  c o b a l t ,  cerium and europium (Klinkhammer and Bender, 1980; 

Bacon g., 1980; Knauer z., 1982; Klinkhammer and 

Elder f  i e l d .  1982). 

S u l f u r  a s  s u l f a t e  is a major anion i n  t h e  ocean,  h i s t o r i c a l l y  

r e g a r d e d  a s  c o n s e r v a t i v e  (Dit tmar.  1884; Forchhammer, 1865; Bather  

and Riley, 1954). A more r e c e n t  r e p o r t  conf i rms  t h e  c o n c e n t r a t i o n  

a s  2.712 g/kg and t h e  SO JCL r a t i o  a s  0.1400 (Morris  and Riley. 

1966). In  t h e  oxic  oceans. Sr o c c u r s  i n  very  low c o n c e n t r a t i o n s ,  

however, i n  anoxic bas ins  its c o n c e n t r a t i o n  i n c r e a s e s  cons iderab ly .  

For example, H2S in  t h e  Cariaco Trench is v i r t u a l l y  u n d e t e c t e d  

u n t i l  a d e p t h  of  about  250 m. A s  t h e  w a t e r s  become anoxic with 

depth.  Hs i n c r e a s e s  t o  about  1.3 g/kg (Scran ton  s., i n  p r e s s ) .  
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Fig. 11. Dissoved oxygen profiles in the Atlantic and Pacific 
oceans. Data observed by GEOSECS (Bainbridge, 1979a, b). Atlantic 
stations: 48 (4'00*S, 29°00'W), 49 (7'56's. 2 8 ° 1 2 r ~ ) ,  and 53 (12'00rS, 
28°01 '~ ) .  Pacific stations: 234 ( 1 g 0 5 2 ' ~ ,  163'1 4'W). 235 (1 604StN, 
161 O23'~) ,  and 206 (22'09'N 1 53°50pW). 



DISSOLVED ELEMENTS IN SEA WATER 203 

Under anoxic condit ions,  s u l f a t e  cannot  be considered conservat ive.  

Clear ly ,  t h e  presence of  anoxic wa te r s  containing high 

concent ra t ions  of  S' would be a s e r ious  concern f o r  many a s p e c t s  

of  opera t ions  involved i n  pumping deep ocean waters  t o  t h e  

sur face .  

Both s e l e n a t e  and s e l e n i t e  have been determined (Cut te r ,  

1978; Measures and Burton, 1980; Measures e t  s., 1980, 1983). 

Tota l  Se concent ra t ions  a r e  a t  ng/kg l e v e l s  increas ing  with depth  

with a nu t r i en t- l ike  d i s t r i bu t i on  (Figure 12). Concentrat ions of  - .  

S e ( t o t )  in t h e  North Pacif ic  vary from 27-85 ng/kg. In t h e  n o r t h  

Pac i f ic ,  v e r t i c a l  d i s t r i bu t i ons  of Se(VI) can range  f'rom 40-110 

ng/kg and Se(1V) from 4-62 ng/kg; concent ra t ions  a r e  about 30-40s 

higher t h a n  i n  t h e  Atlantic .  Surface [Se( to t ) ]  vary  from 15-60 

ng/kg i n  t h e  Pacific. Corre la t ion  express ions  have been derived, 

however, t h e y  vary  cons iderably  wi th  site ( ~ e a s w e s  and Burton, 

1980: Measures 2.. 1980, 1983) a s  can be seen from t h e  

express ions  given in Table 1. A t  t h e  s u r f a c e  anomalies have been 

r epo r t ed  t h a t  can been understood in terms of hydrographic 

f ea tu re s .  

Tellurium has  been measured only r e c e n t l y  in seawater  by Lee 

and Edmond (1985). Its p r o f i l e  appears  t o  be l i k e  t h a t  of  selenium 

.(Table 11, t h a t  is nu t r i en t- l ike  wi th  s t r o n g  evidence of  scavenging 

by pa r t i c l e s .  No c o r r e l a t i o n  e x p e s s i o n s  have been derived. 

m e  Halogens 1 Fluorine, Chlorine, Bromine, and Iodine --- -------- 
The halogens, pr imar i ly  a s  ha l i de s ,  c o n s t i t u t e  a majori ty o f  

t h e  anions in seawater .  Sa l i n i t y  is s t r o n g l y  r e l a t e d  t o  the  
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Selenium Concentration (pg/kg) 

Fig. 12. P r o f i l e s  o f  t h e  c o n c e n t r a t i o n s  o f  s e v e r a l  se len ium 
s p e c i e s  vs depth  ( d a t a  from Measures and Burton. 1980, 230°86'N. 
27'52'W). 

c o n c e n t r a t i o n  o f  t h e  ha l ides .  S a l i n i t y  is defined as  " the  weight 

in grammes [ s i c ]  i n  1 kg of s e a w a t e r ,  a f t e r  a l l  bromide and iod ide  

have been r e p l a c e d  by c h l o r i d e ,  and a l l  c a r b o n a t e  conver ted  t o  

oxiden (Cox, 1965 quot ing  Knudsen, 1901). The median s a l i n i t y  o f  

t h e  ocean is 34.69 '/, (Knauss, 1978). 

F luor ide  o c c u r s  a t  about  1.3 mg/kg and is g e n e r a l l y  thought  

t o  be conserva t ive  (Riley,  1965b; Wilkniss and Linnenbom, 1968; 
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Kester ,  1971; Bewers. 1971; Warner, 1971; Bewers g 9.. 1973; 

Greenhalgh and Riley, 1973; Kullenberg and Sen Gupta, 1973; Sen 

Gupta 2 g., 1978). h e  r e l a t i onsh ip  has been questioned a t  

c e r t a i n  s i t e s  (Riley, 1965b; Brewer g g., 1970; Kester ,  1971). 

al though t h e r e  is some disagreement (Bewers, 1971; Bewers e t  al.. 

1973). In any case.  t h e  non-conservative condition is considered 

an anomaly. 

Chloride. Cl', t h e  most abundant anion in  t h e  oceans, is 

conservative (Table 1). A s a l i n i t y  of 35 O/oo inc ludes  a ch lor ide  

concent ra t ion  of 19.353 g/kg (Millero and Leung, 1976). 

Inves t iga to r s  a r e  a l s o  in general  agreement t h a t  bromide, Br' is 

conservative,  and t h a t  t h e  Br/CL r a t i o  is 0.003473 (Morris and 

Riley, 1966). 

Iodate (10,)' is the more abundant and thermodynamically 

s t a b l e  spec ies  of iodine in seawater ,  al though sma l l  but  

s ignlf  i c an t  quan t i t i e s  of iodide have a l s o  been de t ec t ed  (Wong, 

1980). The species balance may be l inked t o  t h e  productivi ty o f  a 

region, al though t h e  co r r e l a t i on  of iodide w i t h  productivi ty is not  

quant i ta t ive  (Wong, 1980). Iodate has  been found t o  increase with 

depth from a level of about 48 w I/kg a t  the  surface t o  58 %/kg 

a t  approximately 4000 m (Figure 13. Tsunogai. 1971; Tsunogai and 

Hemni, 1971; Wong, 1977; Wong and Brewer, 1974, 1976, 1977; Liss 

G.,  1973). Wong and B r e w e r  e s t ab l i shed  the  co r r e l a t i on  between 

iodate  with r e a c t i v e  phosphate and n i t r a t e .  Using t h e  mole r a t i o s  

presented by Wong and Brewer we have determined co r r e l a t i on  

equations (Table 1). L a t e r  s t ud i e s  confirmed t h e  co r r e l a t i on  (W0ng 
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pronounced increase  with depth  (Wong and Brewer, 1977). 

The Rare Gases - Helium Neon, Argon, Kryption, Xenon and R_aadzn 

The rare gases  a l l  have been de t ec t ed  in seawater  (Bieri 
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shows a l a c k  o f  a n a l y t i c a l  precis ion,  however, t h e  more r e c e n t  

work g ives  d a t a  which is reproduc ib le .  Table 1 and Figure 1 4  give 

sample  p r o f i l e s .  With t h e  except ion o f  radon,  t h e  c o n c e n t r a t i o n s  

of  t h e  r a r e  g a s e s  in  s e a  w a t e r  depend upon t h e i r  s o l u b i l i t y  and 

en t rapment  by bubble formation. The degree  t o  which t h e y  d e v i a t e  

from t h e i r  s o l u b i l i t y  depends l a r g e l y  on physical  p rocesses ,  f o r  

i n s t a n c e ,  t h e  p a r t i a l  d i s s o l u t i o n  o f  a i r  bubbles ,  o r  mixing of  

w a t e r s  of  d i f f e r e n t  t e m p e r a t u r e s  ( see ,  f o r  example, Kes te r ,  1975). 

r a t h e r  t h a n  on chemical  and b i o l o g i c a l  i n t e r a c t i o n .  

The p r o f i l e  o f  radon throughout  most o f  t h e  w a t e r  column is 

d i r e c t l y  r e l a t e d  t o  its p a r e n t  i s o t o p e ,  226Ra. Re la t ive  t o  '%, Rn 

shows a def ic iency  in t h e  t o p  100 m and an e x c e s s  i n  n e a r  bottom 

w a t e r s  (Broecker. 1966; Broecker g.. 1967: Broecker and 

Kaufman, 1970; Broecker and Peng, 1971; Wilkening and Clements ,  

1975; Sarmiento g, 1978). Reported c o n c e n t r a t i o n s  range from 

5.6 dpm/100kg (normalized t o  35O/,, s a l i n i t y )  n e a r  t h e  s u r f a c e  t o  

17.05 dpm/lOOkg ( a t  35°/00 s a l i n i t y )  n e a r  4000 m (Broecker and 

Peng, 1971). These e x c e s s e s  and d e f i c i e n c i e s  have been used t o  

determine eddy d i f f u s i o n  c o n s t a n t s  f o r  bottom w a t e r  and s u r f a c e  

wate r .  Throughout t h e  r e s t  of  t h e  w a t e r  column, radon 

c o n c e n t r a t i o n s  can be pred ic ted  from known '"Ra, Ba, o r  S i  

concent ra t ions .  

The F i r s t  Trans i t ion  S e r i e s  - Scandium, Titanium, Vanadium, Chromiur., 
Manganese, I ron,  Cobal t ,  Nickel, Copper a s  2 

Concent ra t ions  of t h e  f i r s t  t h r e e  e l e m e n t s  of  t h e  f i r s t  

t r a n s i t i o n  s e r i e s .  Sc. Ti and V r a r e l y  have been r e p o r t e d  in  ocean 
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Concentration (nmoleslkg) 

Fig. 14. Neon. a rgon  and krypton c o n c e n t r a t i o n s  v s  depth. Data 
from Ne and A r  is from Craig 2 a l .  (19671, g026'N, 113'1 6'W. K r  
d a t a  a r e  from Bieri  e t  a l .  (1968). f i 5 ' ~ ,  23030fw. 

water. Scandium concentrations reportedly vary from 0.4-1 ng/ kg 

in t h e  A t l a n t i c  (Spencer g., 1970; Brewer G.. 1972; 

Robertson 5 2.. 1968). No p r e d i c t i o n  o f  its c o r r e l a t i o n  ca tegory  

h a s  been made. In Puget Sound. 0.9 - 1.9  kg T i  were measured 

(Gr ie l  and Robinson, 1952), b u t  no open ocean c o n c e n t r a t i o n s  have 

been published. No c o r r e l a t i o n  c a t e g o r y  h a s  been assigned.  Morris  

(1975) reported a p r o f i l e  of  V i n  t h e  n o r t h e a s t  A t l a n t i c  Ocean, in  
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which V var ies  from 1.0-1.2 w/kg. No consis tent  variat ion with 

depth was apparent .  t h e r e f o r e  within t h i s  degree of precision, V is 

conservative and using Morris' da ta ,  a V/CL is 6 x 10'". Recent 

examinations of V have shown scavenging in surface  water and 

somewhat higher average concentrat ion,  about 2 m/kg (Zhou g., 
1982; Huizenga and Kester. 1982). 

Dissolved chromium e x i s t s  in two oxidation s t a t e s  in 

seawater:  Cr(II1) and C r ( V 1 ) .  In a s tudy of northwest  At lant ic  

waters. Campbell and Yeats (1979, 1981) found chromium 

concentrat ions slowly increased with depth and then leveled  off .  

They repor ted  a posit ive co r re l a t ion  with s i l i c a t e  but with a 

co r re l a t ion  coe f f i c i en t  of 0.66. Cranston (1979) determined 

p ro f i l e s  of Cr(VI), Cr(II1) and C r ( t o t )  in t h e  Guatemala Basin 

(Figure 15). Concentrations average 297 ng/kg ~ r ( t o t ) ,  44 ng/kg 

Cr(III), and 9 ng/kg pa r t i cu la t e  C r .  The [ t o t a l  C r ]  co r r e l a t ed  

with Si. o r  Si  and PO. o r  NO,. ?Cr(III) may c o r r e l a t e  with 

biological  production and regeneration of biogenic debris. 

Manganese p ro f i l e s  have been repor ted  from t h e  Atlantic and 

Pacific Oceans (Bender e t  al.. 1977; Klinkham.mer and Bender. 1980; 

Landing and Bruland, 1980; Martin and Knauer, 1980, 1982, 1984 

1985). Mn c o r r e l a t e s  with t h e  l a b i l e  nu t r i en t s  and inversely with 

oxygen (Landing and Bruland, 1980). [ ~ n ]  is a t  a maximum a t  the  

su r face  (about 140 nglkg), declining t o  minimum a t  t h e  top of the  

thermocline (Figure 16) then increasing. I f  the  dissolved oxygen 

concentrat ion drops below 2.3 mL/L, then Mn apparently is re leased 

as p a r t i c l e s  pass through the  oxygen minimum and  a maximum may be 
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Fig. 15. Chromium c o n c e n t r a t i o n  v s  dep th  ( d a t a  is from Crans ton ,  
1979, Guatemala Basin). 
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observed  n e a r  t h e  oxygen minimum (Knauer and Martin, 1984). In 

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

(Bruland and Franks. 1983). In anoxic bas ins ,  Mn c o n c e n t r a t i o n s  

c a n  i n c r e a s e  d r a m a t i c a l l y  a s  is observed  i n  t h e  Cariaco Trench 

(Figure 16: Bacon e t  al.. 1980). The d a t a  from t h e  Cariaco Tpench 

show c o n s i d e r a b l e  s c a t t e r  and t h e  s u r f a c e  d a t a  a r e  ques t ionable ,  

however s i m i l a r  condi t ions  have been r e p o r t e d  f o r  t h e  Black Sea. 
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Fig. 16. Manganese c o n c e n t r a t i o n  v s  depth. Concent ra t ions  observed 
i n  t h e  oxic  e a s t e r n  P a c i f i c  (32'41 'N, 1 45°001W, Landing and Bruland, 
1980) a r e  compared wi th  c o n c e n t r a t i o n s  observed i n  t h e  Cariaco 
Trench, and anoxic basin (Bacon s., 1980). 
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A s  t h e  Ca l i fo rn ia  c o a s t  is a p r o a c h e d ,  s u r f a c e  v a l u e s  i n c r e a s e  

i n d i c a t i n g  a c o a s t a l  s o u r c e  f o r  t h e  s u r f a c e  Mn (Landing and 

Bruland, 1980). A s i g n i f i c a n t  Mn f l u x  is a s s o c i a t e d  with t h e  

hydrothermal  v e n t s  of  r idge  r i s e  sys tems  (Xlinkhammer g., 

2000 'f/ 10 30 10,000 20,000 30,000 y 3000 



1977). t h e r e f o r e  Mn concent ra t ions  depend s t r o n g l y  on location.  

No c o r r e l a t i o n  expressions have been proposed f o r  Mn. 

A c o r r e l a t i o n  between manganese and oxygen could have se r ious  

implicat ions f o r  OTEC o r  o the r  opera t ions  requi r ing  pumping of 

water  from g r e a t  depth. If wa te r s  r i c h  in  dissolved manganese 

were r e l ea sed  i n t o  a water  mass with high oxygen concentrat ion,  

t h e  d i s so lved /pa r t i cu l a t e  equilibrium might be disrupted,  causing 

t h e  prec ip i ta t ion  of  a l a r g e  number of  f i n e  MnOz pa r t i c l e s .  

I ron  is e s s e n t i a l  t o  many forms of l i f e ,  and might be 

expected t o  show a c o r r e l a t i o n  wi th  t h e  n u t r i e n t s  o r  biochemical 

spec ies  (Corcoran. 1967). Only a prel iminary c o r r e l a t i o n ,  however, 

can be suggested. Iron is extremely d i f f i c u l t  t o  determine. It is 

an  al l- pervasive contaminant making u l t r a- c l ean  techniques 

mandatory. Under normal oceanic condit ions,  i ron  oxides can e x i s t  

a s  extremely f ine p a r t i c l e s ,  which render  normal f i l t r a t i o n  

techniques u se l e s s  and s tandard  methods of de t ec t ion  meaningless. 

Concentrat ions of 8-400 ng/kg (g rea t e r  near t h e  con t inen ta l  she l f  

and bottom) have been r epo r t ed  and an  apparent  co r r e l a t i on  between 

dissolved i ron  and t h e  nu t r i en t s .  inverse t o  dissolved oxygen noted 

(Gordon s., 1982; Symes and Kester ,  1985). In anoxic basins,  

i ron  concent ra t ions  increase  d rama t i ca l ly ,  s imi l a r  t o  manganese 

increases  (Bacon e t  al.. 1980). Some evidence of an associa t ion  of 

i ron  maxima with an  excess  of primordial %e has been r epo r t ed ,  

but  not  confirmed (Brewer et s., 1972; Spencer et g., 1970). 

The c o b a l t  d i s t r i bu t ion  in t h e  e a s t e r n  North Pacif ic  is 

similar t o  t h a t  of manganese (Knauer g.. 1982). From t h e  

su r f ace  maximum (6.8 ng/kg) concent ra t ions  decrease  t o  1.4 ng/ kg  
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a t  2350 m. No i n c r e a s e  in  c o n c e n t r a t i o n  was found a t  t h e  oxygen 

minimum, a l t h o u g h  in anoxic bas ins  t h e  Co c o n c e n t r a t i o n  h a s  been 

r e p o r t e d  t o  i n c r e a s e  d r a m a t i c a l l y  (Kremling, 1983). The p r o f i l e s ,  

t a k e n  o f f  t h e  C a l i f o r n i a  c o a s t ,  showed a n  i n v e r s e  r e l a t i o n s h i p  

between [Co] and s a l i n i t y  which i n d i c a t e s  a f r e s h  w a t e r  s o u r c e  f o r  

t h e  high Co, probably San Francisco Bay, r e s u l t i n g  a t  l e a s t  i n  p a r t  

from anthropogenic r e l e a s e s .  

Nickel -d i s t r i b u t i o n s  ranging from 140-340 ng/kg a t  t h e  

supface  increas ing  t o  600-700 ng/kg a t  dep th  (Figure'  17)  have been 
.7 

r e p o r t e d  (Bender and Gagner, 19?6; S c l a t e r  g., 1976; Bruland 

al . .  1979; Bruland. 1980). Bruland (1980) h a s  shown a c o r r e l a t i o n  - 
with  r e a c t i v e  phosphate and s i l i c a t e  (Table 1). Nic ke 1 

c o n c e n t r a t i o n s  i n  t h e  A t l a n t i c  a r e  n u t r i e n t- l i k e  and a r e  lower  

t h a n  a r e  observed i n  t h e  Pacif ic .  Concent ra t ions  p red ic ted  using 

t h e  above express ion  f o r  t h e  A t l a n t i c  a r e  a c t u a l l y  lower  t h a n  

t h o s e  observed f o r  t h a t  ocean. In  t h e  A t l a n t i c ,  s h e l f  

c o n c e n t r a t i o n s  t h a t  a r e  s i g n i f i c a n t l y  h igher  than  open ocean v a l u e s  

have been i n t e r p r e t e d  t o  i n d i c a t e  a c o n t i n e n t a l  s o u r c e ,  whereas in 

t h e  Pac i f ic ,  enhanced c o n c e n t r a t i o n s  have been a s s o c i a t e d  wi th  

upwel l ing  (Bruland and Franks,  1983). Nickel c o n c e n t r a t i o n s  in  t h e  

Gulf of  Mexico a r e  s i m i l a r  t o  t h o s e  i n  t h e  open A t l a n t i c  ocean 

(Boyle g., 1984). 

Copper h a s  been determined s u c c e s s f u l l y  i n  s e a w a t e r  (Boyle 

and Edmond, 1975: Moore and Burton. 1976; Bayle s., 1977; 

Bruland 5 g., 1977; Moore, 1978; Bruland, 1980; Boyle g., 

1981: Bruland and Franks. 1983: Boyle &. 1984). Bruland (1980) 
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Fig. 17. Nickel  c o n c e n t r a t i o n  v s  d e p t h  ( d a t a  from Bruland,  1980, 
32'41 'N, 1 45'OO1W). 

r e p o r t s  l e v e l s  of  Cu a t  t h e  s u r f a c e  o f  abou t  35-100 ng/kg 

i n c r e a s i n g  t o  g r e a t e r  t h a n  300 ng /kg  n e a r  4000 m (F igure  18). 

Copper is d e p l e t e d  a t  t h e  s u r f a c e ,  r e p l e n i s h e d  in t h e  bot tom water 

by supp ly  f rom s e d i m e n t s  (Bruland. 1980; Boyle e t  a l . ,  1977) w i t h  

scavenging in  t h e  i n t e r m e d i a t e  and  d e e p  wa te r .  No c o r r e l a t i o n  

e x p r e s s i o n  h a s  been f o r m u l a t e d  r e l a t i n g  [Cu] t o  s a l i n i t y ,  t h e  

n u t r i e n t s  o r  e a s i l y  de te rmined  b i o l o g i c a l  p a r a m e t e r s ,  a l t h o u g h  i t  
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Fig. 18. Copper c o n c e n t r a t i o n  v s  dep th  ( d a t a  from Bruland, 1980, 
32"4l9N, 145OOO'W). 

most c l o s e l y  behaves l i k e  phosphate. In t h e  Gulf of  Mexico, t h e  

importance o f  r i v e r l n e  and c o n t i n e n t a l  s o u r c e s  o f  copper  h a s  been 

demons t ra ted  (Boyle g 2.. 1982; 1984). 

Zinc c o n c e n t r a t i o n s  in  t h e  P a c i f i c  Ocean a r e  c o r r e l a t e d  

l i n e a r l y  wi th  s i l i c a t e  (Table 1) (Bruland, 1980; Bruland a k ,  

1978b). Approximately 6-10 ng/kg Zn i n  s u r f a c e  waters i n c r e a s e s  

t o  about  600 ng/kg a t  d e p t h s  g r e a t e r  t h a n  2000 m f o r  t h e  

nor thwes t  Pac i f ic  LFigure 19). 
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Zinc Concentration (nglkg) 

Fig. 19. Zinc c o n c e n t r a t i o n  v s  d e p t h  ( d a t a  from Bruland, 1980, 
320411N, 1 45OOO1W).  

The Second Trans i t ion  S e r i e s  - Yttr ium, Zirconium, Niobium, 
Molybdenum, Ruthenium, Rhodium. ~ a i l a d i u m ,  S i l v e r ,  and Cadmium 

Of t h e  second t r a n s i t i o n  s e r i e s ,  o n l y  cadmium h a s  been 

s t u d i e d  e x t e n s i v e l y  i n  seawater .  For t h e  r e s t  o f  t h e  m e t a l s  in 

t h i s  s e r i e s  o n l y  minimal in format ion  is a v a i l a b l e .  No d a t a  a r e  

a v a i l a b l e  f o r  rhodium. The o n l y  d a t a  f o r  y t t r i u m  a v a i l a b l e  r e p o r t  

c o n c e n t r a t i o n s  of 12-13 n g / k g  in  t h e  Gulf o f  Mexico and t r o p i c a l  
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North Atlantic (Hogdahl a k ,  1968; Hayes 2.. 1966). No 

s ignif icant  var ia t ions  with depth were oberved.  Concentrations of 

zirconium ranging from 0.4-1.4 a / k g  have been repor ted  in Indian 

coas ta l  waters (Sastry g.. 1969) and 0.01-0.04 a / k g  in open 

ocean water (Shigematsu g., 1964). Neither da ta  s e t  is 

su f f i c i en t  t o  define a prof i le  much l e s s  a correlat ion.  The only 

concentration reported fo r  niobium is 5 ng/kg in Plymouth Bay 

(Car l i s le  and Hummerstone (1958). In open ocean water southwest 

of Plymouth Bay, none was detected.  No co r re l a t ion  has been 

predicted f o r  t N s  element. 

Molybdenum concentrations vary from 8.6-1 2.7 ug/kg, averaging 

10.4 a / k g  and show no s igni f icant  variat ion s p a t i a l l y  o r  t o  a 

depth of 1000 m (Morris, 1975). Although t h e  s c a t t e r  is not 

insignificant,  t o  t h i s  l e v e l  of precision molybdenum is 

conservative. Using Morris1 d a t a ,  a co r re l a t ion  expression may be 

derived: Mo/CL - 5.8 x 10". Recent da ta  from t h e  nor theas t  

Pacific, confirm t h a t  molybdenum is conservative with a 

concentration of 10 ug/kg (Col l ier ,  1985). 

Ru concentrations in seawater a r e  reported f o r  t h e  Gulf of 

Mexico (Dixon g g., 1966). In severa l  p ro f i l e s ,  surface  

concentrations vary from 0.1-1.4 ng/kg; a t  depth concentrations 

vary from 0.5-0.9 ng/kg. These concentrations a r e  of t h e  same 

order a8 those  repor ted  by Bekov 5 s., 1984. No consis tent  

var ia t ion  with depth was observed and no co r re l a t ion  category has 

been assigned. 

Palladium exhibi ts  a nutr ient- l ike  prof i le  w i t h  concentrations 

varying from 21-53 pg/kg (Lee, 1983; Hodge 5 g., 1985). 
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Prel iminary r e s u l t s  sugges t  t h a t  t h e  p r o f i l e  is s i m i l a r  t o  t h a t  

f o r  N i  and Pt  which occur j u s t  above and below Pd in t h e  periodic 

t a b l e .  

Recent de te rmina t ions  o f  Ag sugges t  t h a t  it behaves much l i k e  

Cu in  s eawa te r ;  it is non- conservative, resembl ing  t h e  n u t r i e n t s  

wi th  a r e l e a s e  term a t  t h e  sediment-water  i n t e r f a c e  and scavenging 

in in te rmedia te  wa t e r s  (Martin 2 z., 1983). Concentrat ions vary 

from 0.1 t o  2.5 ng/kg.. 

Cadmium has  been determined with accuracy  a t  ex t remely  low 

l e v e l s ,  ranging  from 0.2 ng/kg in subsur face  w a t e r s  of  t h e  n o r t h  

A t l an t i c  t o  around 100 ng/kg below 600 m (Boyle G.. 1976; 

Bruland g., 1978a; Bruland, 1980; Bruland and Franks, 1983 

Olafsson,  1983; Boyle g., 1984). It d i sp l ays  a nu t r i en t- l i ke  

p r o f i l e  (rigure 2P). A number of  c o r r e l a t i o n  e x r e s s i o n s  have been 

derived (Table 1). The expresnion p r e d i c t s  concent ra t ions  about  

1 5 5  higher  t han  a r e  observed i n  t h e  At lan t ic .  m e s e  c o r r e l a t i o n s  

a r e  nor  va l id  a t  subnanogram l e v e l s  o f  Cd. Concentrat ions of  Cd 

can change r a d i c a l l y  during upwel l ing  season ,  no t ab ly  in t h e  

t r o p i c a l  Pac i f ic  when s u r f a c e  concen t r a t i ons  can i nc r ea se  from < I  

ng/kg t o  9 ng/kg. C l e a r l y ,  under t h e s e  condit ions,  t h e  c o r r e l a t i o n  

express ions  (Table 1 )  a r e  n o t  val id.  

The Third Trans i t ion  Se r i e s  - Hafnium, Tantalum, Tungsten, Rhenium, 
Osmium. Iridium, Platinum, Gold and Mercury -- --- --- - -- 

In t h e  t h i r d  t r a n s i t i o n  s e r i e s ,  no e lements  can be assigned a 

c o r r e l a t i o n  ca tegory  wi th  c e r t a i n t y ,  a l t hough  Mukherji and Kes te r  

(1979) and Hodge e t  a l .  (1985) have suggested poss ib le  c o r r e l a t i o n s  

f o r  Hg and Pt. Three e l emen t s  remain unde tec ted  in seawater :  H f ,  
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Cadmium Concentration (Wkg) 

Fig. 20. Cadmium c o n c e n t r a t i o n  v s  d e p t h  ( d a t a  from Eiruland, 1980, 
32°41'N. 145°00'W). 

Ta, and 0s. Schutz  and Turekian (1965b) did n o t  d e t e c t  Hf and Ta 

us ing  neu t ron  a c t i v a t i o n  a n a l y s i s  us ing  a procedure which had a 

minimum d e t e c t i o n  l i m i t  for t h e s e  e l e m e n t s  o f  8 and 2.5 ng/kg, 

r e s p e c t i v e l y .  

Tungsten c o n c e n t r a t i o n  of 0.1 =/kg have been r e p o r t e d  

(Ishibashi ,  1953; Chan and Riley, 1967; Kawabuchi and KurOda, 1969). 

No p r o f i l e s  a r e  a v a i l a b l e  and no c o r r e l a t i o n  c a t e e p r y  h a s  been 
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assigned.  Rhenium c o n c e n t r a t i o n s  of 4-8 ng/kg have been r e p o r t e d  

(Scadden, 1969; Matthews and Riley, 1970c: Olafsson  and Riley,  

1972). No s i g n i f i c a n t  v a r i a t i o n  with d e p t h  h a s  been r e p o r t e d  and 

no c o r r e l a t i o n  c a t e g o r y  h a s  been assigned.  Iridium c o n c e n t r a t i o n s  

o f  10 pg/kg have been r e p o r t e d  f o r  c o a s t a l  Pac i f ic  w a t e r  (Fresco  

e t  s., 1985). No open ocean d a t a  is a v a i l a b l e .  Platinum is - 
n u t r i e n t- l i k e ,  rang ing  from 106 pg/kg n e a r  t h e  s u r f a c e  t o  320 

pg/kg a t  2000 m (Hodge e t  a l . ,  1985). No c o r r e l a t i o n  express ion  

was repor ted .  

The most probable  c o n c e n t r a t i o n  o f  gold in  s e a w a t e r  is about  

4 ng/kg, f l r s t  r e p o r t e d  by Haber (1927) and confirmed l a t e r  by 

Schutz and Turekian (1965b). A number of  r e s e a r c h e r s  a t t e m p t e d  t o  

de te rmine  Au i n  t h e  in te r im wi th  vary ing  r e s u l t s  (Brewer, 1975). 

No t r e n d s  w i t h  d e p t h  a r e  e v i d e n t  a t  t h e  l e v e l s  o f  p rec i s ion  

r e p o r t e d .  

Mercury and mercury complexes a r e  impor tan t  due t o  t h e i r  

ex t reme t o x i c i t y  when c o n c e n t r a t e d  i n  marine systems.  Mercury h a s  

been s t u d i e d  ex tens ive ly .  Since Brewer 's  review (19751, a number 

o f  a n a l y s t s  have r e p o r t e d  mercury i n  seawater :  about  5 ng/kg in  

t h e  open ocean o f f  Japan (Matsunaga 2.. 1979). and s i m i l a r  

c o n c e n t r a t i o n s  f o r  t h e  n o r t h w e s t  A t l a n t i c  Ocean ( F i t z g e r a l d  and 

Hunt, 1974; F i t z g e r a l d  and Lyons, 1975; F i t z g e r a l d ,  1976). One 

p r o f i l e  showed an average  oceanic c o n c e n t r a t i o n  o f  4 ng/kg: 3 

ng/kg in A t l a n t i c  s u b s u r f a c e  wate r  (about  25 m )  i n c r e a s i n g  t o  5 

ng/kg a t  g r e a t e r  dep th  (Mukherji and Kes te r ,  1979) and a 

c o r r e l a t i o n  between mercury and s i l i c a t e  (Table 1) .  



DISSOLVED ELEMENTS I N  SEA WATER 

A t  d e p t h s  g r e a t e r  than  2200 m ,  t h e  c o r r e l a t i o n  o f  mercmy 

wi th  s i l i c a t e  did n o t  hold. The c o r r e l a t i o n  was derived using d a t a  

from t h e  A t l a n t i c ,  where s i l i c a t e  c o n c e n t r a t i o n s  in  t h e  upper  2000 

m a r e  g e n e r a l l y  <20 umol/kg. A s  t h e  c o r r e l a t i o n  may n o t  e x i s t  a t  

d e p t h s  g r e a t e r  t h a n  2200 m o r  when s i l i c a t e  c o n c e n t r a t i o n s  a r e  >20 

pmol/kg, its a p p l i c a t i o n  on a world-wide s c a l e  may n o t  be 

j u s t i f i e d .  Olafsson (1983) h a s  inves t iga ted  Hg c o n c e n t r a t i o n s  a t  

more n o r t h e r l y  l a t i t u d e s  in  t h e  A t l a n t i c  and r e p o r t s  

c o n c e n t r a t i o n s  of  t h e  same o r d e r  of  magnitude b u t  higher. He did 

n o t  observe  a c o r r e l a t i o n  between [Hgl and any of  t h e  n u t r i e n t s .  

This  r e p o r t  s u p p o r t s  t h e  view t h a t  use  o f  a c o r r e l a t i o n  express ion  

t o  p r e d i c t  C ~ g l  would n o t  be j u s t i f i e d  u n t i l  its d i s t r i b u t i o n  i n  

t h e  ocean is b e t t e r  understood.  

Lanthanum and t h e  Lanthanides ---- - - ------ 
In a d d i t i o n  t o  lanthanum, t h e  l a n t h a n i d e s  o r  r a r e  e a r t h  

e l e m e n t s  (REEs) a r e  cer ium, praeseodymium, neodymium. promethium 9 

samarium, europium, gadolinium, te rb ium,  dysprosium, holmium, 

erbium, thul ium, y t te rb ium,  and lu te t ium.  The chemical  p r o p e r t i e s  

of t h e  s e r i e s  a r e  s i m i l a r  wi th  t h e  excep t ion  of  Ce and Eu. A l l  

t h e  o t h e r s  a r e  found i n  t h e  + 3  oxida t ion  s ta te  in s e a  water .  Ce 

can occur  a s  Ce(II1) and Ce(1V); Eu a s  Eu(I1) and Eu(II1). Because 

of t h e i r  chemical  s i m i l a r i t i e s ,  REEs a r e  g e n e r a l l y  considered a s  a 

group. The c o n c e n t r a t i o n s  o f  REEs a s  a s e r i e s  o f t e n  a r e  examined 

r e l a t i v e  t o  c h o n d r i t e  (Haskin 6 a h ,  1966) o r  s h a l e  (Haskin and 

Haskin, 1966) concent ra t ions .  P r o f i l e s  o f  most have determined in 

t h e  A t l a n t i c  and t h e  Pacif ic .  Example p r o f i l e s  a r e  i n  Table 1 ;  

Figure 21 g i v e s  d a t a  f o r  t h e  A t l a n t i c  and Pac i f ic  n e a r  t h e  s u r f a c e  
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Fig. 21. Concentrat ions o f  t h e  r a r e  e a r t h  e l emen t s  nea r  t h e  ' 
s u r f a c e  and a t  dep th  (Data from E lde r f i e l d  and Greaves, 1982, 
2 8 ° 0 1 p ~ ,  25°59qW; DeBaar e t  a l . ,  18'N. 108'W). Absolute 
concen t r a t i ons  and c o n c e n t r a t i o n s ~ e l a t i v e  t o  chondr l te  (Haskin 5 
&.. 1966) a r e  shown. 
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and a t  depth (both absolute concentrations and relat ive t o  

chondrite). 

Concentrations of a l l  the REEs except Ce increase w i t h  depth 

in both the Atlantic and Pacific, the  more for the heavy REEs than 

the light.  h e  distribution of the REEs is nutrient- like with  

evidence of scavenging by part ic les  in deep water (DeBaar g., 

1985a). The heavy REEs follow a typical s i l i ca te  distribution, 

whereas the light REEs a r e  l e s s  systematic (Klinkhammer and 

Elderfield. 1982). In North Atlantic Deep Water (NADW) and Pacific 

Equatorial Deep Waters, a correlation between Lu and Si has been 

demonstrated (DeBaar 5 g.,  1985a): 

Atlantic: [ L U ]  = 5.36CsiI + 76 r - 0.99 

Pacific: [Lu] = 4.72LSiI - 372 r = 0.8 

Units: [Lu], pg/kg (original expession in 

pmol/kg) 

[Si], mol/kg 

A similar expression can be derived using alkalinity that  has been 

corrected for  n i t ra te  formation (DeBaar FJ s., 1985a): 

Atlantic: [Lu] = 4.02 Alkcorr. - 9210 r = 0.98 

pacific: [ L U ]  = 3.85 A l k o r , .  - 9030 r = 0.8 

The correlation expression is valid only for  the deep waters. 

No expressions have been reported for the other REEs. The 

qualitative correlation with alkalinity or s i l i ca te  indicates 

mechanisms associated with the biogeochemical cycle of skeletal  

material, such as  actual incorporation into the l a t t i c e s  or  

adsorption. 
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?he d i s t r i b u t i o n  of  Ce is dominated by its redox chemistry a s  

is t h e  d i s t r i b u t i o n  of  Fe and Mn. In  a r e a s  of  low pE, its 

concent ra t ion  is g r e a t l y  enhanced (DeBaar s., 1985a 1985b). 

l& Actinides - Uranium 

Only Uranium w i l l  be discussed.  Plutonium and americium e x i s t  

o n l y  a s  t h e  r e s u l t  o f  man's a c t i v i t i e s .  Most r e s e a r c h e r s  ag r ee  

t h a t  uranium is conserva t ive  in  s e a  water  and t h a t  Its 

concen t r a t i on  is about  3.2 ug/kg normalized t o  3S0/,, s a l i n i t y ,  

(Rona g., 1956; Moore and Sacke t t ,  1964; Somyajulu and 

Goldberg, 1966; Noakes ;L., 1967; S a c k e t t  and Cook, 1969; 

Turekian and Chan, 1971; Brewer g 2.. 1972; Ku G..  1977). 

Using t h e  d a t a  of  Turekian and Chan (19711, a c o r r e l a t i o n  

expression,  U/CL = 1.7 x lo", was derived. Sacke t t  and Cook 

(1969) r e p o r t  g r e a t e r  f l u c t u a t i o n s  in c o a s t a l  mnes .  I n  open ocean 

Water, however, t h e  conserva t ive  r e l a t i o n s h i p  has proven r e l i a b l e  

and can  be used t o  p r ed i c t  u ran ium,concent ra t ions .  

CONCENTRATIONS PREDICTED AT PROPOSED OTEC SITES 

It has  been shown t h a t  f o r  a number o f  e lements  c o r r e l a t i o n s  

between t h e  e l emen ta l  concent ra t ion  and o t h e r  chemical 

oceanographic parameters  e x i s t  (Table 1 ,  Figure 1 1. We conclude 

t h a t  us ing  chemical oceanographic d a t a  measured a t  a spec i f i c  s i t e  

and known c o r r e l a t i o n s  between t h o s e  parameters  and o t h e r  spec i e s ,  

t h e  concent ra t ion  of  many e l emen t s  can be pred ic ted  f o r  any t ime 

o r  loca t ion .  

To t e s t  t h e  v i a b i l i t y  of  t h i s  conclusion,  e l emen ta l  

concent ra t ion  have been predicted f o r  t he  p r o p s e d  OTEC s i t e s  in  
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Hawaii a t  (I) Kahe P o i n t  o f f  t h e  s o u t h w e s t  c o a s t  o f  Oahu (Tab le  2 )  

and (II) Ke-ahole P o i n t  off the Kona C o a s t  o f  t h e  I s l a n d  o f  H a w a i i  

(Table  3). C a l c u l a t i o n s  were made us ing  n u t r i e n t  and s a l i n i t y  

measurement s  made a t  Kahe P o i n t  by Noda g. (1981, 1982).  For  

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

c o n c e n t r a t i o n s  have been c a l c u l a t e d  a t  t h e  s u r f a c e  i n  t h e  mixed 

l a y e r  and a t  680 m ,  approx imat ing  d e p t h s  o f  w a r m  a n d  c o l d  w a t e r  

i n t a k e s  f o r  OTEC. The r a n g e  o f  c o n c e n t r a t i o n  f o r  o t h e r  d e p t h s  c a n  

b e  made by s u b s t i t u t i n g  t h e  a p p r o p r i a t e  s a l i n i t y  and  n u t r i e n t  

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

V a r i a t i o n s  i n  t h e  c o n c e n t r a t i o n s  a t  t h e  same d e p t h  o f  s a l i n i t y  and  

t h e  n u t r i e n t s  a r e  i n d i c a t e d  i n  t h e  t a b l e s  a s  a v e r a g e ,  maximum, a n d  

minimum v a l u e s .  Such v a r i a t i o n s ,  i n  e x c e s s  o f  i n s t r u m e n t  O r  

a n a l y t i c a l  e r r o r  are l i k e  due  t o  s e a s o n a l  v a r i a t i o n s  i n  n u t r i e n t  

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

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

As T a b l e s  2 and  3 i n d i c a t e ,  b o t h  s i t e s  have similar s a l i n l t y -  

n u t r i e n t  d e p t h  d i s t r i b u t i o n  r e f l e c t i n g  t h e i r  c l o s e  p rox imi ty  and  

t h e  r e l a t i v e  homogeneity o f  t h e  open o l i g o t r o p h i c  ocean. 

Conse rva t ive  e l e m e n t s  do  n o t  v a r y  a p p r e c i a b l y  w i t h  d e p t h  

r e f l e c t i n g  t h e  uniform s a l i n i t y  of t h e  ocean  i n  t h i s  area. There  

is a s l i g h t  s e a s o n a l  s a l i n i t y  maximum a t  d e p t h  d u e  t o  changes  in 

w a t e r  masses .  However. s u c h  s m a l l  changes  d o  n o t  i n f l u e n c e  t h e  

model  c a l c u l a t i o n s .  The n u t r i e n t - r e l a t e d  e l e m e n t s  d o  show 

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

w i t h  d e p t h  t o  a b o u t  1000 m. As t h e  n u t r i e n t  i n c r e a s e  is w i t h i n  



TABLE 2 

Ator ic  
llurber 

Observed Concentrations a t  Kahe Point 
Ch lor in i ty  lpp thousand1 Average Phosphate IuH) Avaagr Ni t r a te  IuH) S i l i c a t e  lull) 

Hix.Layer CHI l l i r . layer CHI H i x . l qe r  . CHI Hix.Layer CHI 
Average 19.26 18,99 0.2 2.8 0.01 36 2 90 
H in i ru r  19.10 18.90 0.01 1.8 0 20 0 75 
Haxi run 19.50 19.10 0.5 3.8 3 40 8 120 

Predicted concentrations (Beware caveats, see t e x t  
Element - - - - - - - - - Hired Layer ..................... --------- CY[ ---------------------- 

Average Hin i ru r  Haxirur Uni tr Average f l ln i ru r  Haxirur 

L i  t h i u r  
Boron 
Fluor ine 
Sodiur 
Hagnesiur 
Sulfur ISO4) 
Chlorine 
Potassium 
Calciur 

based on carb. a l k  
based on conserv. 

Vanadium 

183 uqlkg 
4.5 r q l kg  
1.3 rq l kg  

10.849 g lkg  
1.292 g lkg  
2.729 glkg 

19.475 qlkg 
402 rq l kg  

2.28 seq l tg  r g l kg  
414.5 aglkg 

S.2 uglkq 

180 ug/kg 
4.5 rq lkg  
1.3 rq lkg  

10.628 91kq 
1.27 glkq 

2.674 plkq 
19.077 glkq 

393 rg lkq  

415.2 [ark al k ,  '2.3 reqlkq rg l kg  
403.7 401.9 406.0 rg lkg  

!.a 1.1 1.1 sg l tq  



Atomic Predicted Concentrations (Beware caveats, see t ex t  
Number Eleaent - - - - - - - - - Nixed Layer ..................... --------- 

Aver ape Mini mum Aaximua Units lveraqe 

24 Chroaium 
s i l i c a t e  r e l .  212 210 219 uqikq 309 
s i l i ca te ,  PO4 r e l .  240 240 244 uqlkq 309 
5i l icate,  NO3 re l .  232 230 239 uqlkq 337 

28 Nickel 176 162 204 nqlkq 489 
30 Zinc 8.3 1.3 29.3 nglkq 316.3 
32 Germanium 0.1 0 0.4 nplkq 4.5 
34 Selenium S i t e  1 34.3 27.5 47.3 nqlkq 174.0 

S i t e  2 49.7 42.3 62.8 nqlkq 183.0 
GEOSECS I 46.0 42.1 53.6 nqlkq 133.4 

35 Bromine 66.9 66.3 67.7 ~ q l k q  65.9 
37 Rubidium 123.5 122.4 125.0 uqlkg 121.7 
38 Strontium Phosphate 7.6 7.5 7.7 mqlkg 7.7 

Conservat 7.7 7.6 7.8 mqlkg 7.6 
42 Molybdenum 11.2 11.1 11.3 uqlkg 11.0 
48 Cadmium Pac i f i c  0.2 11.9 nqlkq 101.6 
51 Antimony 0.21 0.21 0.21 uqlkg 0.21 
53 lodine N i t r a t e  50 50 51 nglkq 63 

Phosphate 49 48 51 nqlkq 63 
55 Cesium 0.30 0.29 0.30 uqlkq 0.29 
56 Barium 4.7 4.8 5.3 uqlkq 10.5 
80 Hercury 2.70 2.3 4;0 nqlkq 22.1 
92 Uranium 3.3 3.2 3.3 uqlkq 3.2 

cy[ ...................... 
Minimum Maximum 

342 uqlkq 
331 uglkg 
373 uqlkq 
602 nqlkq 

421.3 nglkq 
6 nqlkq 

224.8 nqlkq 
232.2 nqlkq 
164.8 nqlkq 
66.3 mqlkg 

122.4 uqlkq 
7.8 ~ q l k g  
7.6 mglkq 

11.1 uqlkq 
140.6 nqlkq 
0.21 uqlkq 

67 nglkq 
69 nglkq 

0.29 uq l t q  
12.1 uqlkg 
28.7 nqlkg 
3.2 uqlkq 



TABLE 3 

Rtor ic 
Nurber 

Observed Concentratims a t  Kahe Point 
Ch lw in i t y  (pp thwsand) Avnage Phosphate ( u l l  Average N i t r a te  l u l l  S i l i c a t e  l u l l  

l ix.Layer CYI l i r . l a ye r  CHI l i x . layer  CYI l i x . layer  CHI 
Average 19.18 19.01 0.2 2.9 0.01 30 2 85 
H i n i w r  18.91 18.99 0.01 2.5 0 32 0 50 
l a x i r u r  19.50 19.04 0.4 3.2 3 43 8 100 

Predicted Concentrations (Beware caveats, see t e x t  
Element - - - - - - - - - mired Lays ..................... --------- CYI ...................... 

Average l i n i r u r  l laxirur Units Average l l i n i r u r  Waxiwr 

L i t h i u r  
Bwon 
Fluor ine 
Sodium 
lagnesiur 
Sulfur IS041 
Chlorine 
Potassium 
Calciur 

based on carb. a l k  
Cased on conserv. 

Vanadi ur 

183 uglkg 
4.5 q l k g  
1.3 r g l kg  

10.849 91kq 
1.292 g lkg  
2.729 glkg 

19.475 glkg 
402 rg l kg  

413.3 carb alk, 2.29 meqlkg r g l kg  
407.8 402.0 411.5 r g l kq  

1.2 1.6 1.2 uqlkg 

179 uglkg 
4.5 q l k q  
1.3 rq lkq  

10.596 g l l q  
1.26 glkg 

2.666 glkg 
19.020 glkg 

392 rq lkg  

415.2 carh alk, 2.3 req lkp  rg lkg  
404.2 403.7 404.8 aglkg 

I . !  1.1 1.1 uglkq 



Atomic 
Number Element - - - - - - - - - 

Average 

Chrori u r  
s i l i c a t e  re l .  
s i l i c a t e ,  POI r e l .  
s i l i c a t e ,  NO3 r e l .  

Nickel 
Zinc 
Germanium 
Selenium 

Bror ine 
Rubidiun 
Strontium 

Molybdenum 
Cadmium 
llntimony 
!odlne 

Cesium 
Barium 
Mercury 
Uranium 

S i t e  1 
S i t e  2 
GEOSECS I 

Phosphate 
Conservat 

P a c i f i c  

N i t r a t e  
Phosphate 

Predicted Concentrations (Beware caveats, see tex t  
Mixed Layer ..................... --------- 
Hinimum Maxirum Un i ts  Aver age 

219 uqlkg 
245 uqlkg 
239 uglkq 
199 nglkg 

29.3 nglkq 
0.4 nglkg 

44.5 nglkg 
59.5 nglkg 
52.2 nglkg 
67.7 r g l k g  

125.0 uglkg 
7.7 mqlkg 
7.0 r g l k g  

11.3 uglkg 
0.0 nglkg 

0.21 uglkg 
51 nolkq 
50 nglkg 

0.30 uglkg 
5.3 uqlkg 
4.0 nglkg 
5.3 uglkq 

...................... 
Min i ru r  Maximum 

320 uqlkg 
316 uglkq 
350 uglkg 
530 nglkq 

351.3 nglkg 
5 ng l lp  

192.0 nglkg 
201.6 nglkq 
144.8 ngikg 
b6. I mgikg 

122.0 uglkg 
7 .7  mqlkq 
7.6 mglkq 

11.0 uqlkg 
117.2 nglkp 
0.21 uglkg 

65 nglkg 
65 nglkq 

0.29 uylkp 
11.1 ugikq 
24.3 nqlkg 

3.2 uglkq 
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the range of depths required for  cold water withdrawal, changes in 

depth of the  cold water pipe intake w i l l  a lso change the 

concentration of nutrients and nutrient- related elements used by 

the OTEC plant. For engineering and economic reasons the depth of 

the cold-water intake is kept as  shallow as  possible t o  produce 

the required thermal difference t o  operate the OTEC heat 

exchangers. Thus any increase in depth t o  gain bet ter  thermal 

efficiency a l so  produces an Increase in nutrient-related metal 

concentrations in the intake water. 

Of  particular concern a re  the nutrient-related t race metal 

which have potential environmental e f fec t s  i f  released in the 

metal-depleted surface water. The very fact  that  such metals a re  

related t o  nutrient concentration indicates they a r e  readily taken 

up by organism in the near surface waters. This i s  emphasized in 

the nomenclature t ha t  Woecker and Peng (1982) use t o  describe 

those elements that they identified as  biolimiting or  

biointermediate. Their increase w i t h  depth show their  release 

from organic matter through oceanic decay processes. Natural 

processes such as  upwelling bring up water from depth into the 

photic zone. However, the depth of the source of naturally- 

upwelled water is on the order of 10's of meters rather  than the 

nearly 1000 meters required for  OTEC operations. Thus, natural 

marine populations do not see metal concentrations of the values 

predicted for cold water intakes for OTEC plants. Based on the 

model in Tables 2 and 3, nutrient- related elements such as  N i  (a 

surface) and Zn, Se, Ge, and Cd (lox surface or greater)  show 
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s i g n i f i c a n t  i n c r e a s e  i n  c o n c e n t r a t i o n  o v e r  s u r f a c e  va lues .  

Accordingly, t h e  e f f e c t s  o f  a d i scharge  o f  t h i s  deep  w a t e r  i n t o  

t h e  phot ic  zone or u s e  o f  such  w a t e r  i n  b i o l o g i c a l l y  s e n s i t i v e  

p rocesses ,  such a s  a q u a c u l t u r e ,  must be examined. The t o x i c  

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

known. Mit igat ion t o  a c c e p t a b l e  c o n c e n t r a t i o n s  might be e f f e c t e d  

by u s e  o f  mixed d i scharge  w i t h  t h e  s p e n t  w a t e r  from t h e  warm 

water ( n e a r  s u r f a c e )  i n t a k e  used a s  a d i l u a n t .  A 1:l mixture 

w o u l d  o n l y  h a l f  t h e  m e t a l  concent ra t ion .  However, by proper  

design,  minimizing mixing and proper  d e p t h  l o c a t i o n  o f  t h e  combined 

discharge.  t h e  increased  d e n s i t y  of  t h e  mixed d i scharge  could be 

made t o  descend t o  below t h e  p h o t i c  zone b e f o r e  mixing wi th  t h e  

ambient s e a  watep. 

CONCLUSIONS 

It should be p o s s i b l e  in t h e  f u t u r e  t o  p r e d i c t  t h e  

c o n c e n t r a t i o n s  o f  many t r a c e  e l e m e n t s  i n  t h e  wor ld ' s  oceans  using 

c o r r e l a t i o n  express ions  der ived  by e x p e r t s  in t h e  f i e l d .  It is now 

impor tan t  t o  t e s t  t h e s e  hypotheses i n  o r d e r  t o  g e t  a good 

approximation of t h e  chemis t ry  of t h e  s e a w a t e r  involved i n  an OTEC 

opera t ion .  Appropriate  u s e  of  such model c o n c e n t r a t i o n s  w i t h  

dep th  would focus  d i r e c t  and c o s t l y  a n a l y t i c a l  s t u d i e s  on 

s i g n i f i c a n t  e l e m e n t s  while  e l i m i n a t i n g  t h e  need f o r  expensive 

s t u d i e s  on o t h e r  e lements .  More r e f i n e d  a n a l y s e s  and techniques  

a r e  r e q u i r e d  i f  t h e  bottom e f f e c t s  prove t o  be s i g n i f i c a n t  a s  

t h e s e  models are based o n  open ocean condit ions.  Any a d d i t i o n a l  

chemical s t u d i e s  should  be r e l a t e d  t o  p a r a l l e l  b io log ica l  and 
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biochemical s t u d i e s  on  t h e  e f f e c t  of deep  wa t e r  concent ra t ions  on 

s u r f a c e  and near- surf  ace  b io t a  nea r  proposed OTEC s i t e s .  Without 

a ccep t ed  t o x i c  and chronic  exposure s t u d i e s  using deep wa t e r .  a 

prudent  mi t iga t ing  s t r a t e g y  f o r  discharge of water  from t h e  co ld  

water i n t a k e  is t o  i n su re  its r e t u r n  t o  depths  below t h e  phot ic  

zone. 
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North Atlantic (Hogdahl a k ,  1968; Hayes 2.. 1966). No 


s ignif icant  var ia t ions  with depth were oberved.  Concentrations of 


zirconium ranging from 0.4-1.4 a / k g  have been repor ted  in Indian 


coas ta l  waters (Sastry g.. 1969) and 0.01-0.04 a / k g  in open 


ocean water (Shigematsu g., 1964). Neither da ta  s e t  is 


su f f i c i en t  t o  define a prof i le  much l e s s  a correlat ion.  The only 


concentration reported fo r  niobium is 5 ng/kg in Plymouth Bay 


(Car l i s le  and Hummerstone (1958). In open ocean water southwest 


of Plymouth Bay, none was detected.  No co r re l a t ion  has been 


predicted f o r  t N s  element. 


Molybdenum concentrations vary from 8.6-1 2.7 ug/kg, averaging 


10.4 a / k g  and show no s igni f icant  variat ion s p a t i a l l y  o r  t o  a 


depth of 1000 m (Morris, 1975). Although t h e  s c a t t e r  is not 


insignificant,  t o  t h i s  l e v e l  of precision molybdenum is 


conservative. Using Morris1 d a t a ,  a co r re l a t ion  expression may be 


derived: Mo/CL - 5.8 x 10". Recent da ta  from t h e  nor theas t  


Pacific, confirm t h a t  molybdenum is conservative with a 


concentration of 10 ug/kg (Col l ier ,  1985). 


Ru concentrations in seawater a r e  reported f o r  t h e  Gulf of 


Mexico (Dixon g g., 1966). In severa l  p ro f i l e s ,  surface  


concentrations vary from 0.1-1.4 ng/kg; a t  depth concentrations 


vary from 0.5-0.9 ng/kg. These concentrations a r e  of t h e  same 


order a8 those  repor ted  by Bekov 5 s., 1984. No consis tent  


var ia t ion  with depth was observed and no co r re l a t ion  category has 


been assigned. 


Palladium exhibi ts  a nutr ient- l ike  prof i le  w i t h  concentrations 


varying from 21-53 pg/kg (Lee, 1983; Hodge 5 g., 1985). 
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Cadmium Concentration (Wkg) 


Fig. 20. Cadmium c o n c e n t r a t i o n  v s  d e p t h  ( d a t a  from Eiruland, 1980, 
32°41'N. 145°00'W). 


Ta, and 0s. Schutz  and Turekian (1965b) did n o t  d e t e c t  Hf and Ta 


us ing  neu t ron  a c t i v a t i o n  a n a l y s i s  us ing  a procedure which had a 


minimum d e t e c t i o n  l i m i t  for t h e s e  e l e m e n t s  o f  8 and 2.5 ng/kg, 


r e s p e c t i v e l y .  


Tungsten c o n c e n t r a t i o n  of 0.1 =/kg have been r e p o r t e d  


(Ishibashi ,  1953; Chan and Riley, 1967; Kawabuchi and KurOda, 1969). 


No p r o f i l e s  a r e  a v a i l a b l e  and no c o r r e l a t i o n  c a t e e p r y  h a s  been 
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Prel iminary r e s u l t s  sugges t  t h a t  t h e  p r o f i l e  is s i m i l a r  t o  t h a t  


f o r  N i  and Pt  which occur j u s t  above and below Pd in t h e  periodic 


t a b l e .  


Recent de te rmina t ions  o f  Ag sugges t  t h a t  it behaves much l i k e  


Cu in  s eawa te r ;  it is non- conservative, resembl ing  t h e  n u t r i e n t s  


wi th  a r e l e a s e  term a t  t h e  sediment-water  i n t e r f a c e  and scavenging 


in in te rmedia te  wa t e r s  (Martin 2 z., 1983). Concentrat ions vary 


from 0.1 t o  2.5 ng/kg.. 


Cadmium has  been determined with accuracy  a t  ex t remely  low 


l e v e l s ,  ranging  from 0.2 ng/kg in subsur face  w a t e r s  of  t h e  n o r t h  


A t l an t i c  t o  around 100 ng/kg below 600 m (Boyle G.. 1976; 


Bruland g., 1978a; Bruland, 1980; Bruland and Franks, 1983 


Olafsson,  1983; Boyle g., 1984). It d i sp l ays  a nu t r i en t- l i ke  


p r o f i l e  (rigure 2P). A number of  c o r r e l a t i o n  e x r e s s i o n s  have been 


derived (Table 1). The expresnion p r e d i c t s  concent ra t ions  about  


1 5 5  higher  t han  a r e  observed i n  t h e  At lan t ic .  m e s e  c o r r e l a t i o n s  


a r e  nor  va l id  a t  subnanogram l e v e l s  o f  Cd. Concentrat ions of  Cd 


can change r a d i c a l l y  during upwel l ing  season ,  no t ab ly  in t h e  


t r o p i c a l  Pac i f ic  when s u r f a c e  concen t r a t i ons  can i nc r ea se  from < I  


ng/kg t o  9 ng/kg. C l e a r l y ,  under t h e s e  condit ions,  t h e  c o r r e l a t i o n  


express ions  (Table 1 )  a r e  n o t  val id.  


The Third Trans i t ion  Se r i e s  - Hafnium, Tantalum, Tungsten, Rhenium, 
Osmium. Iridium, Platinum, Gold and Mercury -- --- --- - -- 


In t h e  t h i r d  t r a n s i t i o n  s e r i e s ,  no e lements  can be assigned a 


c o r r e l a t i o n  ca tegory  wi th  c e r t a i n t y ,  a l t hough  Mukherji and Kes te r  


(1979) and Hodge e t  a l .  (1985) have suggested poss ib le  c o r r e l a t i o n s  


f o r  Hg and Pt. Three e l emen t s  remain unde tec ted  in seawater :  H f ,  
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A t  d e p t h s  g r e a t e r  than  2200 m ,  t h e  c o r r e l a t i o n  o f  mercmy 


wi th  s i l i c a t e  did n o t  hold. The c o r r e l a t i o n  was derived using d a t a  


from t h e  A t l a n t i c ,  where s i l i c a t e  c o n c e n t r a t i o n s  in  t h e  upper  2000 


m a r e  g e n e r a l l y  <20 umol/kg. A s  t h e  c o r r e l a t i o n  may n o t  e x i s t  a t  


d e p t h s  g r e a t e r  t h a n  2200 m o r  when s i l i c a t e  c o n c e n t r a t i o n s  a r e  >20 


pmol/kg, its a p p l i c a t i o n  on a world-wide s c a l e  may n o t  be 


j u s t i f i e d .  Olafsson (1983) h a s  inves t iga ted  Hg c o n c e n t r a t i o n s  a t  


more n o r t h e r l y  l a t i t u d e s  in  t h e  A t l a n t i c  and r e p o r t s  


c o n c e n t r a t i o n s  of  t h e  same o r d e r  of  magnitude b u t  higher. He did 


n o t  observe  a c o r r e l a t i o n  between [Hgl and any of  t h e  n u t r i e n t s .  


This  r e p o r t  s u p p o r t s  t h e  view t h a t  use  o f  a c o r r e l a t i o n  express ion  


t o  p r e d i c t  C ~ g l  would n o t  be j u s t i f i e d  u n t i l  its d i s t r i b u t i o n  i n  


t h e  ocean is b e t t e r  understood.  


Lanthanum and t h e  Lanthanides ---- - - ------ 
In a d d i t i o n  t o  lanthanum, t h e  l a n t h a n i d e s  o r  r a r e  e a r t h  


e l e m e n t s  (REEs) a r e  cer ium, praeseodymium, neodymium. promethium 9 


samarium, europium, gadolinium, te rb ium,  dysprosium, holmium, 


erbium, thul ium, y t te rb ium,  and lu te t ium.  The chemical  p r o p e r t i e s  


of t h e  s e r i e s  a r e  s i m i l a r  wi th  t h e  excep t ion  of  Ce and Eu. A l l  


t h e  o t h e r s  a r e  found i n  t h e  + 3  oxida t ion  s ta te  in s e a  water .  Ce 


can occur  a s  Ce(II1) and Ce(1V); Eu a s  Eu(I1) and Eu(II1). Because 


of t h e i r  chemical  s i m i l a r i t i e s ,  REEs a r e  g e n e r a l l y  considered a s  a 


group. The c o n c e n t r a t i o n s  o f  REEs a s  a s e r i e s  o f t e n  a r e  examined 


r e l a t i v e  t o  c h o n d r i t e  (Haskin 6 a h ,  1966) o r  s h a l e  (Haskin and 


Haskin, 1966) concent ra t ions .  P r o f i l e s  o f  most have determined in 


t h e  A t l a n t i c  and t h e  Pacif ic .  Example p r o f i l e s  a r e  i n  Table 1 ;  


Figure 21 g i v e s  d a t a  f o r  t h e  A t l a n t i c  and Pac i f ic  n e a r  t h e  s u r f a c e  
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assigned.  Rhenium c o n c e n t r a t i o n s  of 4-8 ng/kg have been r e p o r t e d  


(Scadden, 1969; Matthews and Riley, 1970c: Olafsson  and Riley,  


1972). No s i g n i f i c a n t  v a r i a t i o n  with d e p t h  h a s  been r e p o r t e d  and 


no c o r r e l a t i o n  c a t e g o r y  h a s  been assigned.  Iridium c o n c e n t r a t i o n s  


o f  10 pg/kg have been r e p o r t e d  f o r  c o a s t a l  Pac i f ic  w a t e r  (Fresco  


e t  s., 1985). No open ocean d a t a  is a v a i l a b l e .  Platinum is - 
n u t r i e n t- l i k e ,  rang ing  from 106 pg/kg n e a r  t h e  s u r f a c e  t o  320 


pg/kg a t  2000 m (Hodge e t  a l . ,  1985). No c o r r e l a t i o n  express ion  


was repor ted .  


The most probable  c o n c e n t r a t i o n  o f  gold in  s e a w a t e r  is about  


4 ng/kg, f l r s t  r e p o r t e d  by Haber (1927) and confirmed l a t e r  by 


Schutz and Turekian (1965b). A number of  r e s e a r c h e r s  a t t e m p t e d  t o  


de te rmine  Au i n  t h e  in te r im wi th  vary ing  r e s u l t s  (Brewer, 1975). 


No t r e n d s  w i t h  d e p t h  a r e  e v i d e n t  a t  t h e  l e v e l s  o f  p rec i s ion  


r e p o r t e d .  


Mercury and mercury complexes a r e  impor tan t  due t o  t h e i r  


ex t reme t o x i c i t y  when c o n c e n t r a t e d  i n  marine systems.  Mercury h a s  


been s t u d i e d  ex tens ive ly .  Since Brewer 's  review (19751, a number 


o f  a n a l y s t s  have r e p o r t e d  mercury i n  seawater :  about  5 ng/kg in  


t h e  open ocean o f f  Japan (Matsunaga 2.. 1979). and s i m i l a r  


c o n c e n t r a t i o n s  f o r  t h e  n o r t h w e s t  A t l a n t i c  Ocean ( F i t z g e r a l d  and 


Hunt, 1974; F i t z g e r a l d  and Lyons, 1975; F i t z g e r a l d ,  1976). One 


p r o f i l e  showed an average  oceanic c o n c e n t r a t i o n  o f  4 ng/kg: 3 


ng/kg in A t l a n t i c  s u b s u r f a c e  wate r  (about  25 m )  i n c r e a s i n g  t o  5 


ng/kg a t  g r e a t e r  dep th  (Mukherji and Kes te r ,  1979) and a 


c o r r e l a t i o n  between mercury and s i l i c a t e  (Table 1) .  
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and a t  depth (both absolute concentrations and relat ive t o  


chondrite). 


Concentrations of a l l  the REEs except Ce increase w i t h  depth 


in both the Atlantic and Pacific, the  more for the heavy REEs than 


the light.  h e  distribution of the REEs is nutrient- like with  


evidence of scavenging by part ic les  in deep water (DeBaar g., 


1985a). The heavy REEs follow a typical s i l i ca te  distribution, 


whereas the light REEs a r e  l e s s  systematic (Klinkhammer and 


Elderfield. 1982). In North Atlantic Deep Water (NADW) and Pacific 


Equatorial Deep Waters, a correlation between Lu and Si has been 


demonstrated (DeBaar 5 g.,  1985a): 


Atlantic: [ L U ]  = 5.36CsiI + 76 r - 0.99 


Pacific: [Lu] = 4.72LSiI - 372 r = 0.8 


Units: [Lu], pg/kg (original expession in 


pmol/kg) 


[Si], mol/kg 


A similar expression can be derived using alkalinity that  has been 


corrected for  n i t ra te  formation (DeBaar FJ s., 1985a): 


Atlantic: [Lu] = 4.02 Alkcorr. - 9210 r = 0.98 


pacific: [ L U ]  = 3.85 A l k o r , .  - 9030 r = 0.8 


The correlation expression is valid only for  the deep waters. 


No expressions have been reported for the other REEs. The 


qualitative correlation with alkalinity or s i l i ca te  indicates 


mechanisms associated with the biogeochemical cycle of skeletal  


material, such as  actual incorporation into the l a t t i c e s  or  


adsorption. 







'La de r P;, dm ~ ' r n  ;u dd t b  iy C;o t ;m {b L? 
Rare Earth Elements 


Fig. 21. Concentrat ions o f  t h e  r a r e  e a r t h  e l emen t s  nea r  t h e  ' 
s u r f a c e  and a t  dep th  (Data from E lde r f i e l d  and Greaves, 1982, 
2 8 ° 0 1 p ~ ,  25°59qW; DeBaar e t  a l . ,  18'N. 108'W). Absolute 
concen t r a t i ons  and c o n c e n t r a t i o n s ~ e l a t i v e  t o  chondr l te  (Haskin 5 
&.. 1966) a r e  shown. 
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Hawaii a t  (I) Kahe P o i n t  o f f  t h e  s o u t h w e s t  c o a s t  o f  Oahu (Tab le  2 )  


and (II) Ke-ahole P o i n t  off the Kona C o a s t  o f  t h e  I s l a n d  o f  H a w a i i  


(Table  3). C a l c u l a t i o n s  were made us ing  n u t r i e n t  and s a l i n i t y  


measurement s  made a t  Kahe P o i n t  by Noda g. (1981, 1982).  For  


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


c o n c e n t r a t i o n s  have been c a l c u l a t e d  a t  t h e  s u r f a c e  i n  t h e  mixed 


l a y e r  and a t  680 m ,  approx imat ing  d e p t h s  o f  w a r m  a n d  c o l d  w a t e r  


i n t a k e s  f o r  OTEC. The r a n g e  o f  c o n c e n t r a t i o n  f o r  o t h e r  d e p t h s  c a n  


b e  made by s u b s t i t u t i n g  t h e  a p p r o p r i a t e  s a l i n i t y  and  n u t r i e n t  


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


V a r i a t i o n s  i n  t h e  c o n c e n t r a t i o n s  a t  t h e  same d e p t h  o f  s a l i n i t y  and  


t h e  n u t r i e n t s  a r e  i n d i c a t e d  i n  t h e  t a b l e s  a s  a v e r a g e ,  maximum, a n d  


minimum v a l u e s .  Such v a r i a t i o n s ,  i n  e x c e s s  o f  i n s t r u m e n t  O r  


a n a l y t i c a l  e r r o r  are l i k e  due  t o  s e a s o n a l  v a r i a t i o n s  i n  n u t r i e n t  


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


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


As T a b l e s  2 and  3 i n d i c a t e ,  b o t h  s i t e s  have similar s a l i n l t y -  


n u t r i e n t  d e p t h  d i s t r i b u t i o n  r e f l e c t i n g  t h e i r  c l o s e  p rox imi ty  and  


t h e  r e l a t i v e  homogeneity o f  t h e  open o l i g o t r o p h i c  ocean. 


Conse rva t ive  e l e m e n t s  do  n o t  v a r y  a p p r e c i a b l y  w i t h  d e p t h  


r e f l e c t i n g  t h e  uniform s a l i n i t y  of t h e  ocean  i n  t h i s  area. There  


is a s l i g h t  s e a s o n a l  s a l i n i t y  maximum a t  d e p t h  d u e  t o  changes  in 


w a t e r  masses .  However. s u c h  s m a l l  changes  d o  n o t  i n f l u e n c e  t h e  


model  c a l c u l a t i o n s .  The n u t r i e n t - r e l a t e d  e l e m e n t s  d o  show 


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


w i t h  d e p t h  t o  a b o u t  1000 m. As t h e  n u t r i e n t  i n c r e a s e  is w i t h i n  
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?he d i s t r i b u t i o n  of  Ce is dominated by its redox chemistry a s  


is t h e  d i s t r i b u t i o n  of  Fe and Mn. In  a r e a s  of  low pE, its 


concent ra t ion  is g r e a t l y  enhanced (DeBaar s., 1985a 1985b). 


l& Actinides - Uranium 


Only Uranium w i l l  be discussed.  Plutonium and americium e x i s t  


o n l y  a s  t h e  r e s u l t  o f  man's a c t i v i t i e s .  Most r e s e a r c h e r s  ag r ee  


t h a t  uranium is conserva t ive  in  s e a  water  and t h a t  Its 


concen t r a t i on  is about  3.2 ug/kg normalized t o  3S0/,, s a l i n i t y ,  


(Rona g., 1956; Moore and Sacke t t ,  1964; Somyajulu and 


Goldberg, 1966; Noakes ;L., 1967; S a c k e t t  and Cook, 1969; 


Turekian and Chan, 1971; Brewer g 2.. 1972; Ku G..  1977). 


Using t h e  d a t a  of  Turekian and Chan (19711, a c o r r e l a t i o n  


expression,  U/CL = 1.7 x lo", was derived. Sacke t t  and Cook 


(1969) r e p o r t  g r e a t e r  f l u c t u a t i o n s  in c o a s t a l  mnes .  I n  open ocean 


Water, however, t h e  conserva t ive  r e l a t i o n s h i p  has proven r e l i a b l e  


and can  be used t o  p r ed i c t  u ran ium,concent ra t ions .  


CONCENTRATIONS PREDICTED AT PROPOSED OTEC SITES 


It has  been shown t h a t  f o r  a number o f  e lements  c o r r e l a t i o n s  


between t h e  e l emen ta l  concent ra t ion  and o t h e r  chemical 


oceanographic parameters  e x i s t  (Table 1 ,  Figure 1 1. We conclude 


t h a t  us ing  chemical oceanographic d a t a  measured a t  a spec i f i c  s i t e  


and known c o r r e l a t i o n s  between t h o s e  parameters  and o t h e r  spec i e s ,  


t h e  concent ra t ion  of  many e l emen t s  can be pred ic ted  f o r  any t ime 


o r  loca t ion .  


To t e s t  t h e  v i a b i l i t y  of  t h i s  conclusion,  e l emen ta l  


concent ra t ion  have been predicted f o r  t he  p r o p s e d  OTEC s i t e s  in  







Atomic Predicted Concentrations (Beware caveats, see t ex t  
Number Eleaent - - - - - - - - - Nixed Layer ..................... --------- 


Aver ape Mini mum Aaximua Units lveraqe 


24 Chroaium 
s i l i c a t e  r e l .  212 210 219 uqikq 309 
s i l i ca te ,  PO4 r e l .  240 240 244 uqlkq 309 
5i l icate,  NO3 re l .  232 230 239 uqlkq 337 


28 Nickel 176 162 204 nqlkq 489 
30 Zinc 8.3 1.3 29.3 nglkq 316.3 
32 Germanium 0.1 0 0.4 nplkq 4.5 
34 Selenium S i t e  1 34.3 27.5 47.3 nqlkq 174.0 


S i t e  2 49.7 42.3 62.8 nqlkq 183.0 
GEOSECS I 46.0 42.1 53.6 nqlkq 133.4 


35 Bromine 66.9 66.3 67.7 ~ q l k q  65.9 
37 Rubidium 123.5 122.4 125.0 uqlkg 121.7 
38 Strontium Phosphate 7.6 7.5 7.7 mqlkg 7.7 


Conservat 7.7 7.6 7.8 mqlkg 7.6 
42 Molybdenum 11.2 11.1 11.3 uqlkg 11.0 
48 Cadmium Pac i f i c  0.2 11.9 nqlkq 101.6 
51 Antimony 0.21 0.21 0.21 uqlkg 0.21 
53 lodine N i t r a t e  50 50 51 nglkq 63 


Phosphate 49 48 51 nqlkq 63 
55 Cesium 0.30 0.29 0.30 uqlkq 0.29 
56 Barium 4.7 4.8 5.3 uqlkq 10.5 
80 Hercury 2.70 2.3 4;0 nqlkq 22.1 
92 Uranium 3.3 3.2 3.3 uqlkq 3.2 


cy[ ...................... 
Minimum Maximum 


342 uqlkq 
331 uglkg 
373 uqlkq 
602 nqlkq 


421.3 nglkq 
6 nqlkq 


224.8 nqlkq 
232.2 nqlkq 
164.8 nqlkq 
66.3 mqlkg 


122.4 uqlkq 
7.8 ~ q l k g  
7.6 mglkq 


11.1 uqlkq 
140.6 nqlkq 
0.21 uqlkq 


67 nglkq 
69 nglkq 


0.29 uq l t q  
12.1 uqlkg 
28.7 nqlkg 
3.2 uqlkq 







TABLE 2 


Ator ic  
llurber 


Observed Concentrations a t  Kahe Point 
Ch lor in i ty  lpp thousand1 Average Phosphate IuH) Avaagr Ni t r a te  IuH) S i l i c a t e  lull) 


Hix.Layer CHI l l i r . layer CHI H i x . l qe r  . CHI Hix.Layer CHI 
Average 19.26 18,99 0.2 2.8 0.01 36 2 90 
H in i ru r  19.10 18.90 0.01 1.8 0 20 0 75 
Haxi run 19.50 19.10 0.5 3.8 3 40 8 120 


Predicted concentrations (Beware caveats, see t e x t  
Element - - - - - - - - - Hired Layer ..................... --------- CY[ ---------------------- 


Average Hin i ru r  Haxirur Uni tr Average f l ln i ru r  Haxirur 


L i  t h i u r  
Boron 
Fluor ine 
Sodiur 
Hagnesiur 
Sulfur ISO4) 
Chlorine 
Potassium 
Calciur 


based on carb. a l k  
based on conserv. 


Vanadium 


183 uqlkg 
4.5 r q l kg  
1.3 rq l kg  


10.849 g lkg  
1.292 g lkg  
2.729 glkg 


19.475 qlkg 
402 rq l kg  


2.28 seq l tg  r g l kg  
414.5 aglkg 


S.2 uglkq 


180 ug/kg 
4.5 rq lkg  
1.3 rq lkg  


10.628 91kq 
1.27 glkq 


2.674 plkq 
19.077 glkq 


393 rg lkq  


415.2 [ark al k ,  '2.3 reqlkq rg l kg  
403.7 401.9 406.0 rg lkg  


!.a 1.1 1.1 sg l tq  







Atomic 
Number Element - - - - - - - - - 


Average 


Chrori u r  
s i l i c a t e  re l .  
s i l i c a t e ,  POI r e l .  
s i l i c a t e ,  NO3 r e l .  


Nickel 
Zinc 
Germanium 
Selenium 


Bror ine 
Rubidiun 
Strontium 


Molybdenum 
Cadmium 
llntimony 
!odlne 


Cesium 
Barium 
Mercury 
Uranium 


S i t e  1 
S i t e  2 
GEOSECS I 


Phosphate 
Conservat 


P a c i f i c  


N i t r a t e  
Phosphate 


Predicted Concentrations (Beware caveats, see tex t  
Mixed Layer ..................... --------- 
Hinimum Maxirum Un i ts  Aver age 


219 uqlkg 
245 uqlkg 
239 uglkq 
199 nglkg 


29.3 nglkq 
0.4 nglkg 


44.5 nglkg 
59.5 nglkg 
52.2 nglkg 
67.7 r g l k g  


125.0 uglkg 
7.7 mqlkg 
7.0 r g l k g  


11.3 uglkg 
0.0 nglkg 


0.21 uglkg 
51 nolkq 
50 nglkg 


0.30 uglkg 
5.3 uqlkg 
4.0 nglkg 
5.3 uglkq 


...................... 
Min i ru r  Maximum 


320 uqlkg 
316 uglkq 
350 uglkg 
530 nglkq 


351.3 nglkg 
5 ng l lp  


192.0 nglkg 
201.6 nglkq 
144.8 ngikg 
b6. I mgikg 


122.0 uglkg 
7 .7  mqlkq 
7.6 mglkq 


11.0 uqlkg 
117.2 nglkp 
0.21 uglkg 


65 nglkg 
65 nglkq 


0.29 uylkp 
11.1 ugikq 
24.3 nqlkg 


3.2 uglkq 







TABLE 3 


Rtor ic 
Nurber 


Observed Concentratims a t  Kahe Point 
Ch lw in i t y  (pp thwsand) Avnage Phosphate ( u l l  Average N i t r a te  l u l l  S i l i c a t e  l u l l  


l ix.Layer CYI l i r . l a ye r  CHI l i x . layer  CYI l i x . layer  CHI 
Average 19.18 19.01 0.2 2.9 0.01 30 2 85 
H i n i w r  18.91 18.99 0.01 2.5 0 32 0 50 
l a x i r u r  19.50 19.04 0.4 3.2 3 43 8 100 


Predicted Concentrations (Beware caveats, see t e x t  
Element - - - - - - - - - mired Lays ..................... --------- CYI ...................... 


Average l i n i r u r  l laxirur Units Average l l i n i r u r  Waxiwr 


L i t h i u r  
Bwon 
Fluor ine 
Sodium 
lagnesiur 
Sulfur IS041 
Chlorine 
Potassium 
Calciur 


based on carb. a l k  
Cased on conserv. 


Vanadi ur 


183 uglkg 
4.5 q l k g  
1.3 r g l kg  


10.849 91kq 
1.292 g lkg  
2.729 glkg 


19.475 glkg 
402 rg l kg  


413.3 carb alk, 2.29 meqlkg r g l kg  
407.8 402.0 411.5 r g l kq  


1.2 1.6 1.2 uqlkg 


179 uglkg 
4.5 q l k q  
1.3 rq lkq  


10.596 g l l q  
1.26 glkg 


2.666 glkg 
19.020 glkg 


392 rq lkg  


415.2 carh alk, 2.3 req lkp  rg lkg  
404.2 403.7 404.8 aglkg 


I . !  1.1 1.1 uglkq 
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s i g n i f i c a n t  i n c r e a s e  i n  c o n c e n t r a t i o n  o v e r  s u r f a c e  va lues .  


Accordingly, t h e  e f f e c t s  o f  a d i scharge  o f  t h i s  deep  w a t e r  i n t o  


t h e  phot ic  zone or u s e  o f  such  w a t e r  i n  b i o l o g i c a l l y  s e n s i t i v e  


p rocesses ,  such a s  a q u a c u l t u r e ,  must be examined. The t o x i c  


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


known. Mit igat ion t o  a c c e p t a b l e  c o n c e n t r a t i o n s  might be e f f e c t e d  


by u s e  o f  mixed d i scharge  w i t h  t h e  s p e n t  w a t e r  from t h e  warm 


water ( n e a r  s u r f a c e )  i n t a k e  used a s  a d i l u a n t .  A 1:l mixture 


w o u l d  o n l y  h a l f  t h e  m e t a l  concent ra t ion .  However, by proper  


design,  minimizing mixing and proper  d e p t h  l o c a t i o n  o f  t h e  combined 


discharge.  t h e  increased  d e n s i t y  of  t h e  mixed d i scharge  could be 


made t o  descend t o  below t h e  p h o t i c  zone b e f o r e  mixing wi th  t h e  


ambient s e a  watep. 


CONCLUSIONS 


It should be p o s s i b l e  in t h e  f u t u r e  t o  p r e d i c t  t h e  


c o n c e n t r a t i o n s  o f  many t r a c e  e l e m e n t s  i n  t h e  wor ld ' s  oceans  using 


c o r r e l a t i o n  express ions  der ived  by e x p e r t s  in t h e  f i e l d .  It is now 


impor tan t  t o  t e s t  t h e s e  hypotheses i n  o r d e r  t o  g e t  a good 


approximation of t h e  chemis t ry  of t h e  s e a w a t e r  involved i n  an OTEC 


opera t ion .  Appropriate  u s e  of  such model c o n c e n t r a t i o n s  w i t h  


dep th  would focus  d i r e c t  and c o s t l y  a n a l y t i c a l  s t u d i e s  on 


s i g n i f i c a n t  e l e m e n t s  while  e l i m i n a t i n g  t h e  need f o r  expensive 


s t u d i e s  on o t h e r  e lements .  More r e f i n e d  a n a l y s e s  and techniques  


a r e  r e q u i r e d  i f  t h e  bottom e f f e c t s  prove t o  be s i g n i f i c a n t  a s  


t h e s e  models are based o n  open ocean condit ions.  Any a d d i t i o n a l  


chemical s t u d i e s  should  be r e l a t e d  t o  p a r a l l e l  b io log ica l  and 
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the range of depths required for  cold water withdrawal, changes in 


depth of the  cold water pipe intake w i l l  a lso change the 


concentration of nutrients and nutrient- related elements used by 


the OTEC plant. For engineering and economic reasons the depth of 


the cold-water intake is kept as  shallow as  possible t o  produce 


the required thermal difference t o  operate the OTEC heat 


exchangers. Thus any increase in depth t o  gain bet ter  thermal 


efficiency a l so  produces an Increase in nutrient-related metal 


concentrations in the intake water. 


Of  particular concern a re  the nutrient-related t race metal 


which have potential environmental e f fec t s  i f  released in the 


metal-depleted surface water. The very fact  that  such metals a re  


related t o  nutrient concentration indicates they a r e  readily taken 


up by organism in the near surface waters. This i s  emphasized in 


the nomenclature t ha t  Woecker and Peng (1982) use t o  describe 


those elements that they identified as  biolimiting or  


biointermediate. Their increase w i t h  depth show their  release 


from organic matter through oceanic decay processes. Natural 


processes such as  upwelling bring up water from depth into the 


photic zone. However, the depth of the source of naturally- 


upwelled water is on the order of 10's of meters rather  than the 


nearly 1000 meters required for  OTEC operations. Thus, natural 


marine populations do not see metal concentrations of the values 


predicted for cold water intakes for OTEC plants. Based on the 


model in Tables 2 and 3, nutrient- related elements such as  N i  (a 


surface) and Zn, Se, Ge, and Cd (lox surface or greater)  show 
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biochemical s t u d i e s  on  t h e  e f f e c t  of deep  wa t e r  concent ra t ions  on 


s u r f a c e  and near- surf  ace  b io t a  nea r  proposed OTEC s i t e s .  Without 


a ccep t ed  t o x i c  and chronic  exposure s t u d i e s  using deep wa t e r .  a 


prudent  mi t iga t ing  s t r a t e g y  f o r  discharge of water  from t h e  co ld  


water i n t a k e  is t o  i n su re  its r e t u r n  t o  depths  below t h e  phot ic  


zone. 
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