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Enrichment of 2I,)Pb and 210Po  
in the sea-surface microlayer

M i c h a e l  P .  B a c o n  & A 8 a n  W .  E l z e r m a n *

W o o d s  H o l e  O c e a n o g r a p h i c  I n s t i t u t i o n ,  W o o d s  H o l e ,  
M a s s a c h u s e t t s  0 2 5 4 3

C h em ica l  f r a c t ion at ion  at t h e  a i r - s e a  in terface  is freq u en tly  
s u g g e s t e d 1-5 a s  a  p o s s ib le  m e c h a n is m  con tr ib ut in g  to  the  
en r ich m en t  of  a n u m b e r  o f  trace m e ta l s  in the  m ar in e  a t m o s ­
p h ere6'7. T h e  orig in  o f  th e  l o n g - l iv e d  radon  d a u g h ters  (2l,,P b,  
2l0Bi and 2l0P o )  in the  a tm o s p h e r e  is o f  sp ec ia l  in terest  b eca u se  
o f  their u se  in the  e s t im a t io n  o f  t r o p o s p h e r ic  a ero so l  re s id en ce  
t im es8. It has b e e n  prop osed "  that in je c t io n  o f  a fract ionated  
m arine c o m p o n e n t  by  b u b b le s  burst ing  at  the  se a  su r fa ce  might  
be  resp o n s ib le  for  the  o c c u r r e n c e  o f  a n o m a lo u s ly  h igh a t m o s ­
pher ic  2l" P o /2l<,P b  rat ios  in A n t a r c t i c a 1" and H a w a i i" .  H e r e  we  
report the  first m e a s u r e m e n t s  o f  2l0P b  ( t V2 =  2 2 .3  yr)  and  2l"Po  
( f , /2 = 1 3 8 d )  in th e  se a - s u r fa c e  m icro la y er .  T h e s e  m e a s u r e ­
m en ts  w e r e  m a d e  to d e te r m in e  w h e t h e r  or n o t  a s ignif icant flux 
o f  these  r a d io n u c l id e s  from  th e  s e a  su r fa ce  to th e  a tm o s p h e r e  
cou ld  occu r .  W e  a lso  in tr o d u ce  a m e t h o d  for treat ing  ch em ica l  
data  that w e  b e l i e v e  m a y  be  usefu l  in d e te r m in in g  the  orig in  of  
th e  tra ce -m eta l  e n r ic h m e n ts  o f t e n  o b s e r v e d 1,2 in th e  m icro layer .

The  sea -su rface  m ic ro layer  is the  u p p e rm o s t  th in  sk in  of the 
ocean ic  w a te r  co lum n.  It is o f t e n  c h a ra c te r i s ed  by a n o m a lo u s ly  
high c o n cen tra t io n s  o f  heavy  m eta ls  a n d  o th e r  t race  subs tances  
th o u g h t  to be a ssoc ia ted  w ith  p a r t icu la te  m a t te r  and  surface -  
active o rg an ic  m a t e r i a l 1'2. T h e  th ick n ess  of the  m ic ro layer  is 
defined by the  m e th o d  used to sa m p le  it. W e used a plastic 
screen in a m odif icat ion  of the  t e c h n iq u e  o f  G a r r e t t  which 
sam ples  the  u p p e r  3 0 0 ± 5 0  p.m (refs 12, 13). B ecause  this  was 
an  initial a t t e m p t  to d e te c t  e n r ic h m e n ts  of 2l"Pb a n d  2" ’Po in the 
m icro layer ,  we  d e lib e ra te ly  chose  to  collect o u r  sc reen  sam ples  
in calm sea  co n d it io n s  w h e n  visible surface  slicks w ere  p resen t .  
Bulk su r fa c e -w a te r  sam p le s  w ere  co llec ted  by im m ers in g  po ly ­
e th y len e  jugs to  a d e p th  o f  a b o u t  20  cm  a n d  a llowing th em  to fill. 
W e  also ana lysed  a s ingle  sa m p le  o f  fo a m  collected  a lo n g  the 
shore  of a coas ta l  p o n d .  T h is  m ate r ia l  is be lieved  to  re p re se n t  a 
m ore  c o n c e n t r a te d  e x am p le  o f  th e  a n o m a lo u s ly  en r ic h ed  layer 
than  sam ples  p ro v id e d  by th e  s c ree n  t e c h n i q u e "  ' \  Detai ls  of 
the analytical p ro c e d u re s  a re  given e l s e w h e r e 16.

Results a re  show n  in T ab le  1. In all cases bo th  2" ’Pb  an d  2l"Po 
show ed  e n r ic h m e n ts  in the  s e a -su r fac e  m ic ro layer  sam ples  in 
c om par ison  with bulk s u r f a c e -w a te r  sam ples .  T h e  d e g re e  of 
e n r ic h m e n t  s e e m e d  to  co rre la te  with film p ressu re  (depress ion  
o f  surface tens ion)  e s t im a te d  by the  o i l-d ro p  m e t h o d 11' 17, 
a l though  film p re ssu re s  w e re  a lw ays n e a r  the limit of de tec t ion .  
T h e  g rea tes t  e n r ic h m e n ts  o c cu r re d  in th e  foam  sam ple  f rom  
O y s te r  Pond .  T h u s  a c o r re la t io n  exists  b e tw ee n  e n r ic h m e n ts  of 
the  rad ionuc lides  a n d  th e  p re sen ce  o f  su rface -ac t ive  m ateria l .

T o  assess the  ro le  o f  th e  sea  su r face  in supp ly ing  m eta l- r ich  
aerosols ,  o n e  m u st  d e te r m in e  w h e th e r  the  e n r ic h m e n ts  in the 
m ic ro layer  a re  m a in ta in e d  by d e p o s i t io n  of a tm o sp h e r ic  
m ate r ia l  o r  by c o n ce n tra t io n  of th e  m e ta ls  from se a w a te r .  Only 
in the la t te r  case can th e  sea  act as a source .  T h e  2l" P o / 2l"Pb 
activity ra t io  m a y  p ro v id e  an  im p o r ta n t  clue. T a b le  2 lists 
rep re se n ta t iv e  va lues of the  2l" P o / 2l"Pb ra tio  in a tm o sp h e r ic  
fa llout a n d  in s e a w a te r  a n d  m ar in e  p a r t icu la te  m a t te r  f ro m  both  
coasta l  and  o p e n - o c e a n  e n v i ro n m e n ts .  T h e  a tm o sp h e r ic  ra tio  is 
m u ch  low er  than  the  ra t io s  in bu lk  su rface  s e a w a te r  m e a su re d  in 
this  s tudy,  ye t  th e  2l" P o / 2l"Pb ra t io s  in the  m ic ro layer  sam ples  
show  only  small  d e p a r tu r e s  f ro m  th e  bu lk  s e a w a te r  values.  Th is  
c o m p ar iso n  suggests  th a t  th e  o c ea n  m ay  be an im p o r ta n t  source  
of the  e n r ic h m e n ts  f o u n d  in the  m ic ro layer .

A  m ore  q u a n t i ta t iv e  t r e a tm e n t  o f  th is  qu es t io n  can be m ad e

by c o n s id e ra t io n  o f  a s imple  m o d e l  in which the  su rface -m ic ro -  
laye r  e n r ic h m e n t  consists of two co m p o n e n ts :  an  a tm o sp h e r ic  
c o m p o n e n t  a n d  a n  o cean ic  c o m p o n e n t  supp l ied  by c o n c e n ­
t r a t io n  f ro m  se a w a te r  a n d  u p w a rd  t r an sp o r t  to the  a i r -w a te r  
in te rface .  T h is  la t te r  supp ly  p ro cess  m ay  involve chem ica l  f rac ­
t io n a t io n .  It is a s su m e d  tha t  p ro cesses  r em o v in g  m ate r ia l  from 
the  m ic ro layer ,  e i th e r  physical in jec t ion  into the  a tm o sp h e re  or 
m ix ing  d o w n w a rd  in the w a te r  c o lu m n ,  involve no chem ica l  
f rac t io n a t io n .  W ith  this  a s su m p t io n  we can write  for 2l"Pb:

A,.„ =  P b m -  Pb,, =  f  ..„Pb., +  Ph., 111

w h e re  the 2" ’Pb e n r ic h m e n t ,  A,.h, is the  d ifference  b e tw ee n  the 
2l"Pb c o n c e n tra t io n  in the  m ic ro lay e r ,  Pb,„. an d  the c o n c e n ­
t ra t io n  in bulk surface  se a w a te r ,  Pb„. This  c o n ce n tra t io n  
d iffe rence  consists of an e n r ic h ed  o c ea n ic  c o m p o n e n t ,  f,.,,Pb,„ 
an d  an a tm o sp h e r ic  c o m p o n e n t ,  Pb.,. A similar  e q u a t io n  can be 
w r i t te n  fo r  2l"Po:

A,.„ = P o m— Po„ =  f ,.„Po , ,+ Po., (2)

Finally  we assum e tha t  the  a tm o sp h e r ic  : i " P o / 2l"P b  ra t io ,  R.,. is 
k now n:

R it = Po ;, /P lr , (3)

E q u a t io n s  ( 1 )—(3) c o n ta in  fo u r  u n k n o w n  q u an ti t ie s ,  so it is not 
poss ib le  to solve th em  uniquely .  It is poss ib le ,  ho w ev er ,  to  de r ive  
a re la t io n sh ip  b e tw ee n  two im p o r ta n t  quan ti t ie s .  Let <» d e n o te  
the  f rac t io n a t io n  b e tw ee n  ’" 'Pb  a n d  2l"P o  d u r in g  the ir  t r an sp o r t  
f rom  bulk s e a w a te r  to the m ic ro layer .  Th is  f rac t io n a t io n  is given 
by

or =  c i, ( 4 1

so if a  >  1, then  2" 'P o  is p re fe ren tia l ly  (rela tive  to 2l"Pb) t r a n s ­
p o r te d  to the  m ic ro layer .  Th is  cond it ion  is p ro b a b ly  necessa ry  if 
the  sea  su rface  is to ac t  as a so u rc e  for the  a n o m a lo u s ly  high 
2l" P o / 2l"Pb ra tios in A n ta rc t ic  a e ro so ls '" ,  b ecause  2," P o /  ' " 'P b  
<  1 in m ost ocean  su rface  w a te r .  (C oasta l  w a ters  in V ineyard  
S o u n d  (Table  1 ) a n d  o t h e r  lo c a t io n s111' 1'' a re  o f ten  the  excep tio n  
with 2l" P o / 2l" P b >  1. T h e  orig in  of the  u n su p p o r te d  2l"P o  in 
th ese  w a te rs  is not u n d e rs to o d .  O v e r  m ost  o f  the  o c ea n  surface .
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1 P r e s e n !  a d d r e s s :  C l e m s o n  U n i v e r s i t y .  O e m s o n .  S o u l h  C a r o l i n a  2 9 6 3 1 .

F ig .  1 R e s u l t s  o f  t h e  m o d e l  c a l c u l a t i o n s  f o r  /ri, -  0 . 1 . E a c h  s c r e e n  
s a m p l e  is r e p r e s e n t e d  b y  a c u r v e .  In  t h o s e  c a s e s  f o r  w h i c h  m o r e  
t h a n  o n e  b u l k  s u r f a c e - w a t e r  s a m p l e  w a s  c o l l e c t e d  o n  t h e  s a m e  d a t e  
a n d  in t h e  s a m e  l o c a t i o n ,  t h e  r e s u l t s  f r o m  T a b l e  1 w e r e  a v e r a g e d .  
F o r  «  =  1 t h e r e  is n o  c h e m i c a l  f r a c t i o n a t i o n .  F o r  ƒ  =■ I all  o f  t h e  
e n r i c h m e n t  o f  ! " ' P b  in t h e  m i c r o l a y e r  is c o n t r i b u t e d  f r o m  ihe  
a t m o s p h e r e .  T h e  c u r v e s  a r e  f a i r ly  i n s e n s i t i v e  t o  v a r i a t i o n s  o f  R . : in 

t h e  r a n g e  0 - 0 . 2 .
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T a b le  1 A n a l y t i c a l  r e s u l t s *

D e s c r i p t i o n  o f
F i lm  

p r e s s u r e  t 2 " ’P b 2  U J r,P o A c t i v i t y  r a t io
S a m p l e  T y p e s a m p l i n g  c o n d i t i o n s ( d y n  c m  ’ ) ( d . p . m . p e r  1 0 0  k g) P o /  P h A P o / A P b

V i n e y a r d  S o u n d ,  M a s s a c h u s e t t s  
( 1 4  J u l y  1 9 7 7 )

V S - 1  B u lk — — 3 .5  ± 0 . 1 9 . 6  ±  0 . 4 2 . 8  ± 0 . 2 —

V S - 2  B u l k — — 1 . 8 ± 0 . 1 6 .8  ± 0 . 3 3 . 8  ±  0 .3 —

V S - 3  S c r e e n V is ib l e  s u r f a c e  s l ic k s . > 1 1 2 .5  ± 0 . 3 2 9 . 6  ± 0 . 9 2 . 4  ± 0 . 1 2 .2

V S - 4  S c r e e n
d e l i b e r a t e l y  s a m p l e d  

S l i c k s  p r e s e n t  b u t  a v o i d e d - 1 6 . 6  ± 0 . 3 1 8 .3  ± 0 . 6 2 . 8  ±  0 .1 2 .6
V i n e y a r d  S o u n d ,  M a s s a c h u s e t t s  
(5  S e p t e m b e r  1 9 7 7 )

V S - 5  B u l k — — 5 . 0  ± 0 . 2 7 . 0  ± 0 . 4 1.41  ± 0 . 0 9 —

V S - 6  S c r e e n V i s i b l e  s l i c k ,  s o m e  q u a n t i t i e s > 1 4 1 . 3  ±  1.6 5 1 . 5  ±  1 .9 1 .2 5  ± 0 . 0 6 1.2

V S - 7  B u l k
o f  f o a m  s a m p l e d

3 . 2  ±  0.1 7 . 0 ±  0 . 7 2 . 2  ± 0 . 2
V S - 8  S c r e e n P a t c h e s  o f  s l ick  p r e s e n t < 1 6 . 0 ±  0 . 2 1 0 . 0 ±  0 . 5 1 .7  ± 0 . 1 1.6

h u t  a v o i d e d  
O y s t e r  P o n d ,  F a l m o u t h ,  M a s s a c h u s e t t s
( 2 9  S e p t e m b e r  1 9 7 7 )

O P - 1  F o a m — — 1 , 3 6 0  ± 3 0 4 3 0  ± 5 0 0 . 3 1  ± 0 . 0 4 0 . 3 2
O P - 2  B u l k — — 3 6 . 8  ±  1.0 9 . 6  ±  0 . 7 0 . 2 6  ± 0 . 0 2 —

N o r t h  A t l a n t i c  O c e a n
4 5 ° 5 0 ' N ,  6 4 ° 1 0 ' W  ( 1 6  S e p t e m b e r  1 9 7 7 )

N A - 1  S c r e e n  P a t c h e s  o f  s l i c k  p r e s e n t ,  s a m p l e - 1 1 6 .4  ± 0 . 3 1 5 .0  ± 0 . 7 0 . 9 1  ± 0 . 0 5 2 .6

N A - 2  S c r e e n
g a t h e r e d  b o t h  in a n d  o u t  o f  sl ic k  

P a t c h e s  o f  s l i c k  p r e s e n t ,  s a m p l e - 1 2 1.3  ±  0 . 7 2 1 . 7 ±  1.2 1 .0 2  ± 0 . 0 6 1.7

N A - 3  B u l k
g a t h e r e d  b o t h  in a n d  o u t  o f  sl ic k

— 14 . 7  ± 0 . 5 1 0 .5  ± 0 . 6 0 .7 1  ± 0 . 0 5 —

* U n c e r t a i n t i e s  l i s t e d  a r e  s t a n d a r d  e r r o r s  b a s e d  o n  c o u n t i n g  s ta t i s t i c s .
t  T h e s e  a r e  a p p r o x i m a t e  v a l u e s .  A l l  m e a s u r e m e n t s  w e r e  n e a r  t h e  d e t e c t i o n  l i m i t ,  a n d  t h e r e  w a s  o f t e n  s o m e  v a r i a t i o n  in  f ilm  p r e s s u r e  d u r i n g  e a c h  

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

how ever ,  2l" P o / 2" ’P b <  1 b e cau se  of biological u p ta k e  and  
t ran sp o r t  of 2" 'P o  to d e e p e r  w a t e r ’“.) W e now let ƒ  d e n o te  the 
f rac t ion  of the  m ic ro layer  2l"Pb e n r ic h m e n t  th a t  is co n tr ib u ted  
f rom  the a tm o sp h e re ,  a n d  we can write

f  -  P h ;1/(F,.,.Ph,. +Pb . ,)  (5)

W ith  these  defin i t ions and  with e q u a t io n s  ( 1 )-(3),  we de r ive  the 
fo l lowing e q u a t io n :

a  = (A IV/A,.1, —/ R , ) / (  1-ƒ ) /? „  (6)

w h ere  R u -  Po,,/Pb,,.  T h u s  for any  m ic ro la y e r /b u lk - s e a w a te r  
sam ple  pa ir  we can define a re la t io n sh ip  b e tw ee n  <r and  /'. Note  
th a t  this re la t ionsh ip  is i n d e p e n d e n t  o f  the  d e g ree  o f  d i lu t ion  of 
the  m ic ro layer  sam ple  by bu lk  seaw ate r .

Figure  1 show s curves based  on  e q u a t io n  (6) an d  the da ta  in 
T ab le  1. A l th o u g h  our  d a ta  do  n o t  allow a un ique  so lu t ion ,  the 
curves  in Fig. 1 allow som e l im ita t ions  to  be  p laced  on their
in te rp re ta t io n .  W e note  th a t  as ƒ  a p p ro a c h e s  a value of 1.0 (no
o c ea n ic  co n tr ib u t io n ) ,  a  increases  ve ry  rapid ly .  In o th e r  words ,  
the  m ore  d o m in a n t  the a tm o sp h e r ic  co n tr ib u t io n  to the  m ic ro ­
layer en r ic h m e n t  of ’" 'P b  b eco m es ,  the  m o re  s trongly  f rac­
t iona ted  the  o cean ic  c o n t r ib u t io n  m ust  be to c o m p e n sa te  fo r  the 
low 2l" P o / 2'"P b  ra tio  in the  a tm o sp h e r ic  c o m p o n e n t .  W e believe 
tha t  a reasonab le  in te rp re ta t io n  o f  the  d a ta  requ ire s  tha t  at  least 
p a r t  of the  m ic ro layer  e n r ic h m e n ts  be su p p l ied  by c o n ce n tra t io n  
of  ’" 'Pb  and  '’" ’Po from the  bu lk  seaw ate r .

A t  the o th e r  e x tr e m e ,  by se t t in g  ƒ =  0  (no  co n tr ib u t io n  from 
the  a tm o sp h e re ) ,  we o b ta in  the  m in im u m  poss ib le  va lue  for a. 
T o  explain  o u r  o p e n -o c e a n  resu lts  (sam ples  N A -1  and  N A -2 ) ,  
we  re q u ire  «  >  1 no m a t te r  ho w  small  a va lue  is a ssu m ed  for ƒ; 
tha t  is, c o n ce n tra t io n  of ’ " 'Pb  a n d  ' " 'P o  from  the  bulk seaw ate r  
m ust  involve chemical f rac t io n a t io n  such tha t  ’ " ’Po is p re f ­
e ren t ia l ly  t r an sp o r te d  to the  in te rface .  F o r  the  coasta l  w a ter  
sam ples  (sam ple  OP-1 an d  the  VS sam ples ) ,  a  — I (little o r  no 
f rac t iona t ion )  if no a tm o sp h e r ic  c o n t r ib u t io n  is a ssum ed .  This 
reflects the  similarity  o f  2" ' P o / 2l"Pb ra tios  in m ic ro layer  and 
bulk su r fa ce -w a te r  sam p le s  at  the  coas ta l  sam p lin g  sites. Only  
fo r  ƒ > 0 . 4  m ust  significant f rac t io n a t io n  be postu la ted .

E x p e r im e n ts  in wh ich  c o lu m n s  o f  s e a w a te r  a re  b u b b led  w ith  
a ir  suggest th a t  t r ac e -m e ta l  e n r ic h m e n ts  in the m icrolayer  m ay  
be m a in ta in ed  by t r a n s p o r t  o f  p a r t icu la te  m a t te r  to the i n t e r ­
fa ce ’. If this  w ere  the  p r e d o m in a n t  m ech an ism  for 2" ’Pb a n d  
"’ " 'Po ,  an d  if it a c ted  ind iscr im ina te ly  for all types  of p a r t icu la te  
m a t te r ,  th en  it w o u ld  be  poss ib le  to e s t im a te  a  from the k n o w n  
d is t r ibu t ion  of 2" ’Pb and  2l"Po b e tw ee n  dissolved and p a r ­
t iculate  fo rm s  in su rface  s e a w a te r  by using the  express ion

«  =  (2l" P o / 2" 'P b ) l>arlil.   21 " P o / 21 "Pb ) 1)uli. (7)

In o p e n - o c e a n  su rface  w a t e r 21,22 this  q u a n t i ty  is in the ra n g e  
2 .4 -8 .8  (m ed ian  6.7).  C oasta l  su rface  w a te rs  (ref. IS a n d  
u n p u b l ish ed  da ta )  a re  ch arac te r ised  by values c loser to 1.0, 
p ro b a b ly  b e cau se  of the  c o n tr ib u t io n  o f  re su sp e n d ed  b o t to m  
se d im e n t  to th e  p a r t icu la te  m a t te r .  T h is  d i ffe rence  may a cc o u n t  
fo r  the  seg reg a t io n  o f  o u r  o p e n - o c e a n  sam p le s  f rom  o u r  coas ta l  
sam ples  (Fig. 1), b u t  fu r th e r  tes ting  of this  hypo thes is  is 
req u ire d .

W e have show n  tha t  the  sea -su rface  m ic ro lay e r  is en r iched  in 
2" 'Pb  a n d  2l"Po. O u r  in te rp re ta t io n  o f  the  d a ta  suggests th a t  a 
significant f rac t ion  of the  e n r ic h m e n t  is m a in ta in ed  by c o n c e n ­
tra t ion  f ro m  the  bulk surface  se a w a te r .  In the  o p e n  ocean  th is  
c o n c e n tr a t io n  p rocess  results  in p re fe ren t ia l  t ranspor t  of 2l"P o  
to the  a i r - s e a  in te rface .  In coas ta l  e n v i ro n m e n ts  there  may b e  a

T a b le  2 R e p r e s e n t a t i v e  v a l u e s  o f  t h e  2 " ' P o / ’ " ' P b  a c t iv i t y  r a t i o  in 
s e a w a t e r ,  m a r i n e  p a r t i c u l a t e  m a t t e r  a n d  a t m o s p h e r i c  f a l l o u t

M a t e r i a l M e d i a n R a n g e R e f s

S u r f a c e  N o r t h  A t l a n t i c  
S e a w a t e r 0 . 5 2 0 . 0 8 - 1 . 0 9

2 1 . 2 2

P a r t i c u l a t e  m a t t e r 4 .6 0 . 9 - 5 . 3
L o n g  I s l a n d  S o u n d .  U S  

W a t e r  ( t o t a l ) 0 . 8 9 0 . 8 0 - 1 . 4 4
18

3 5  |xm  S e s t o n 1.3 1 . 2 - 2 . 4
3 3 3  p m  S e s t o n 12 1 . 4 - 6 2

A t m o s p h e r i c  f a l l o u t 0 . 0 3 - 0 - 0 . 1 6 18
N e w  H a v e n .  C o n n e c t i c u t
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lesser  d e g ree  o f  chemical frac t iona t ion .  Because  coas ta l  w aters  
o f t e n  have ’" ’P o / ;!l"Pb activity r a t i o s >  1, the  sea  surface  is, in 
e i th e r  case, a p o ten t ia l  source  o f  aeroso ls  with ' l" P o / " " ’P b  >  1 as 
su g g es ted  by T u re k ia n  et al.'1. T h e  na tura l  flux o f  m ic ro lay e r  
m ate r ia l  f rom  the  sea  to the a tm o sp h e re ,  how ev er ,  is not  know n.

N o te  finally th a t  o u r  analytical t r e a tm e n t  o f  the  m ic ro layer  
e n r ic h m e n ts  was l imited because  only two e le m e n ts  w e re  used. 
F u r th e r  analysis by a m u l t i -e lem e n t  a p p ro a c h  is suggested .

W e  th an k  K. K. T u re k ia n  a n d  O . C. Z afir iou  fo r  helpful 
c o m m e n ts .  Th is  re sea rch  was su p p o r te d  by U S D e p a r t m e n t  of 
E n e rg y  C o n t ra c t  A T ( 1 1-1)3566  and  by a P o s td o c to ra l  Scho lar  
A w a rd  to A .  W. E lz e rm a n  f ro m  the  W o o d s  H ole  Océanographie-  
In s t i tu t ion .
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