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I N T R O D U C T I O N

T h e  ocean is  o n e  o f  th e  m a jo r  n a tu ra l sources o f  a tm o s p h e ric  p a r t ic u la te  m a tte r, o r 

’aerosols. H o w e v e r, the re  is co n s id e ra b le  evidence th a i the  che m ica l co m p o s itio n  

o f  a tm o s p h e ric  p a rtic le s  o ve r the ocean is o ften  s ig n if ic a n tly  d iffe re n t fro m  th a t o f 
b u lk  seawater. I t  has  o ften  been suggested tha t the  re la tiv e  d iffe ren ce  in  chem ica l 

c o m p o s it io n  o f  th e  a tm o s p h e ric  p a rtic le s  and seaw a te r m a y  be due  to  chem ica l and 

ph ys ica l processes o c c u rr in g  d u r in g  the p ro d u c t io n  o f  these p a rtic le s  a t the a ir  sea 

in te rface . T h e  o ccu rren ce , o r  no noccu rren ce , o f  th is  se lective  ch e m ica l fra c tio n a tio n  

o r e n ric h m e n t has been the sub jec t o f  co n s id e ra b le  research an d  c o n tro v e rs y  in  the 
f ic k i o f  a tm o s p h e r ic  ch e m is try  d u r in g  the past severa l decades. U n fo rtu n a te ly , 
in ad equ a te  a n a ly t ic a l techn iques and p o o r ly  designed fie ld  and  la b o ra to ry  studies 
have in  m a n y  cases led  to  the p o s tu la tio n  o f  n o ve l b u t u n lik e ly  th e o rie s  to  exp la in  

in a ccu ra te  d a ta .T h e  p r im a ry  in te n t o f  th is  rev iew  is to  eva lu a te  the d a ta  fo r  com m on 
trace substances present in  m a rin e  ae roso ls  in  an a tte m p t to  asce rta in  w he the r 

th e ir  sou rce  m a y  be the ocean o r  som e o th e r  n a tu ra l o r  a n th ro p o g e n ic  process.

A tm o s p h e r ic  S ea  S a lt  P a r t ic le s  a n d  th e  M a r in e  A e ro s o l

I t has been e s tim a te d  th a t the  ocean produces between IO 15 a n d  IO 10 g v r  o f  

a tm o s p h e ric  sea sa lt pa rtic les  w ith  ra d ii less th a n  a p p ro x im a te ly  20 pm  
¡E riksso n  1939. I96 0 , B la n ch a rd  1963). Estim ates o f  the  to ta l a n n u a l p ro d u c t io n  o f 

a tm o sp h e ric  p a rtic le s  fro m  a ll n a tu ra l sources, in c o rp o ra t in g  the  lo w e r va lue o f 

IO "  g v r fro m  the  soa. suggest th a t the ocean m ay c o n tr ib u te  30 75",, o f  the  to ta l 
p ro d u c t io n  (H id v  A  B ro ck  1970, R o b in so n  A  R o b b in s  1971, P eterson A  Junge 

19 7 11. E rik s s o n  ( 1939, I960) es tim ated  th a t a p p ro x im a te ly  9 ()"„ o f  the  a tm osph eric  

sea salt p a rtic le s  a rc  rem oved o ve r the ocean, w ith  IO",, be in g  d e pos ited  on land  as 

the c y c lic  sa lts  sub seque n tly  ca rried  by stream s a n d  g ro u n d w a te r . T h is  w ou ld  
result in  fro m  I 0 IJ to  I O "  g y r  o f  c o n tin e n ta l c y c lic  salts, a c c o rd in g  tv' these tw o  

p ro d u c t io n  es tim a tes . L iv in g s to n e  (1963) ca lcu la ted  th a t the  a n n u a l g lo b a l in p u t o f 
c yc lic  salt N a Iro m  r iv e r  ru n o f f  in to  the ocean is a p p ro x im a te ly  IO 14 g y r, w h ich  is 
eq u iva le n t to  a to ta l salt c o n te n t o f  a p p ro x im a te ly  3 • IO 14 g y r. A tm o s p h e r ic  sea
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sn it a p p a re n tly  p lays  a s ig n ifica n t ro le  in  a tm o s p h e ric  and te rre s tr ia l geochem ical 

cycles. S ig n ifica n t en richm e n t o f trace  substances on  these pa rtic les , com pare d  to  the 
sou rce  seawater, m ay be an  im p o r ta n t fa c to r in  the  o v e ra ll geochem ica l cycles o f  these 

substances.

M o s t o f  the sett sa lt p a rtic les  w ith  a tm o s p h e ric  residence tim es lo n g e r than  a few 
m in u te s  a re  be lieved to  be p ro d u ce d  b y  b u bb les  b re a k in g  at the  sea surface. 

B la n c h a rd  &  W o o d co ck  (1957) inve s tig a te d  va r io u s  m echanism s fo r b u bb le  
p ro d u c t io n  in  the  ocean, fo r  exa m p le , b re a k in g  w aves o r ra in d ro p s  and snow flakes 

s t r ik in g  the  w a te r surface. T h e y  suggested th a t, except un d e r loca l co n d itio n s , 
b re a k in g  waves, o r  w h itecaps, a re  by  fa r the  m o s t im p o r ta n t source o f  bubbles. 

B oyce  (1951) showed th a t re la t iv e ly  few  sa lt p a rtic le s  were p roduce d  b y  the 

m e ch a n ica l d is in te g ra tio n  o f  the w a te r in  a b re a k in g  wave, b u t th a t a co n s id e ra b ly  
g re a te r n u m b e r o f  p a rtic les  w ere p ro d u ce d  a few  seconds la te r w hen the a ir  bubb les 

re s u lt in g  fro m  w ave  a c tio n  bu rs t a t the sea surface. U s in g  h ig h  speed p h o to g ra p h y , 
K ie n tz le r  et a l (1954) showed th a t a b u b b le  at a seaw a te r surface fo rm s a je t,  w h ich  
e jects  tw o  to  five  d ro p le ts  in to  the  a ir. B la n c h a rd  (1963) fo u n d  th a t the d ia m e te r o f 

these  je t  d ro p le ts  was a p p ro x im a te ly  IO '1,, o f  the  d ia m e te r o f  the bubb les  fro m  w h ich  

th e y  w ere  fo rm ed . M a son  (1957) and  B la n ch a rd  (1963) a lso  fo u n d  th a t a s ig n ifica n t 
b u t v a r ia b le  n u m b e r o f  sm a lle r d ro p le ts , ca lled  f i lm  d ro p le ts , were a lso p roduced  

b y  th e  sh a tte r in g  b u b b le  f ilm  cap.
R e la tiv e ly  l i t t le  is kn o w n  o f  b u b b le  size a n d  n u m b e r d is tr ib u t io n  on the  open sea. 

B la n c h a rd  &  W o o d co ck  (1957) m easured the d is t r ib u t io n  o f  bubb les betw een a b o u t 

75 /m i a n d  750 //m  d ia m e te r in  waves b re a k in g  on  a beach. They p o in te d  o u t th a t
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F i i i i i i r  I A tm ospheric sea salt pa rtic le  d is tr ib u tio n  several hundred meters above the 
ocean suilace near H awaii aí various w ind Ibices. A fte r W oodcock 1972).
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th e ir  m e thod s  w ere b iased aga inst the  m illim e te r-s ize d  bubb les , w h ich  they ind ica ted  

w ere present, bu t in lo w  abundance . M e d  w in  (1970) investiga ted  the bubb le  

d is t r ib u t io n  in  the  ocean u n d e r re la tiv e ly  lig h t w in d  c o n d it io n s , b u t there has 
u n fo r tu n a te ly  been no  w o rk  on  the co m p le te  b u b b le  d is tr ib u t io n  a t va rio us  w ind  

speeds in  o ften  ocean arcas. B la n ch a rd  ( 1963) es tim a ted  th a t on  a g lo b a l basis, 3 4 " (i 

o f  the  ocean surface  is cove red  by  w h iteca ps  at a n y  tim e , re s u lt in g  in  an o ve ra ll 

ocean ic  p ro d u c t io n  ra te  o f  a p p ro x im a te ly  0.1 je t  d ro p le ts  cm  2 sec 1 and 0.07 film  

d ro p le ts  c m ' 2 sec '. These figu res  are based on  in d iv id u a l bubb les  b u rs tin g  a t the 
sea surface, u s ing  the b u b b le  d is t r ib u t io n  o f  B la n ch a rd  ¿i W o o d co ck  (1957). L it t le  

in fo rm a t io n  is a v a ila b le  on  the  p ro d u c t io n  o f  a tm o s p h e ric  p a rtic le s  by the b u rs tin g  

o f  b u b b le  c lus te rs  o r  foam s, a lth o u g h  th is  m ay be an im p o r ta n t source fo r  these 
pa rtic les .

W o o d c o c k  (1953) m ade n u m e ro u s  m easurem ents o f  the size and nu m b e r 
d is tr ib u t io n  o f  a tm o s p h e ric  sea sa lt p a rtic le s  w ith  salt masses between I 0 ' H g and 
10 12 y. F ig u re  ! illu s tra te s  a ty p ic a l p a rtic le  d is tr ib u t io n  several hundred  m eters 

ab o ve  the  ocean surface  near H a w a ii fo r fo rce  1, 4. and  7 w inds. W ood co ck  (1972) 
ex tended h is  e a r lie r  w o rk  d o w n  to  p a rtic les  w ith  a sa lt mass o f  10 15 g. and  these 

resu lts  are a lso sho w n  in  F ig u re  1 fo r  fo rce  4  w inds. W o o d c o c k  fo u n d  th a t the nu m ber 
o f  p a rtic le s  and  th e ir  mass m e d ian  d ia m e te r increased w ith  inc re as ing  w in d  speed 

and w ith  decreas ing  a lt itu d e  a b o ve  the  sea. H e  a ttr ib u te s  the d is c o n tin u ity  in  the 
d is t r ib u t io n  sho w n  in  F ig u re  1 fo r force 4 w in d s  to  a zone o f  tra n s it io n  fro m  a 

b u b b le  je t to  a b u b b le  f i lm  source  fo r  the  d ro p le ts  in  th is  size range.

Junge (1972) su m m a rize d  o u r  u n d e rs ta n d in g  o f  the  d is tr ib u t io n  o f  a tm osph e ric  
p a rtic le s  in  m a rin e  a ir  and  p o in te d  o u t tha t, in  a d d it io n  to  sea sa lt pa rtic les , a n u m b e r 

o f  o th e r co m p o n e n ts  can be d is tin g u ish e d  in  the  u n d is tu rb e d  m a rin e  aerosol. These 

in c lu d e  la rg e , a p p a re n tly  o rg a n ic  p a rtic le s  w ith  ra d ii g rea te r tha n  20 /a n  : m in e ra l dust 

p a r tic le s ; p a rtic le s  w ith  ra d ii less th a n  0.03 /m i, po ss ib ly  the re su lt o f  trace  gas 
re a c tio n s  o r  the re ac tions  o f  sm a ll io n  c luste rs (V o h ra  et a l 1970, M o lm e n  1970); 

a n d  the  so -ca lled  tro p o s p h e ric  b a c k g ro u n d  ae roso l. T h e  la tte r  is a ra th e r h o m o ­
geneous ae roso l u n ifo rm ly  d is tr ib u te d  w ith in  the  tro p o sp h e re  o ve r the ocean (and 
c o n t in e n ts ja t  a b o u t 200 4 0 0  p a rtic le s  per c m 3 o f  a ir ,  w ith  a m a x im u m  in  the range o f  

~ 0 .1  /n n  ra d ius . S u lfa te  is a l ik e ly  m a jo r co m p o n e n t o f  the b a c kg ro u n d  aerosol. 

P erhaps the m ost im p o r ta n t p o in t made b y  Junge (1972) is th a t the m a rine  aeroso l 

is com posed  o f  m a n y  substances th a t have sources o th e r than  the sea. T h is  has o ften 
been ig n o re d  in  fie ld  an d  la b o ra to ry  s tud ies o f  che m ica l fra c t io n a tio n  o f  a tm osph e ric  
sea sa lt pa rtic les . D is t in g u is h in g  betw een chem ica l substances present on sea salt 

p a rtic le s  in jec te d  in to  the  m a rin e  a tm osph e re  d u r in g  the b u b b le -b re a k in g  process 

and those present ou  o th e r  co m p o n e n ts  o f  the m a rin e  ae roso l is ve ry  d i l l ic u lt ,  b u t is 
necessary in  o rd e r lo  p ro p e r ly  assess the presence and im p o rta n c e  o f  chem ica l 

fra c t io n a tio n  processes. W e sha ll re tu rn  to  th is  q u e s tio n  a n u m b e r o f  tim es d u rin g  
o u r  d iscussion .

S u n u la n l i : i ' ( l  C h e m in i i  I ' r a c t io ih ih t m  X i ' t a t h m

I lie  W o rk in g  S ym p o s iu m  ou  S e a -to -A irC h e m is t-  .h e ld a t  F o rt 1 aude tda le , F lo r id a , 
Ja n u a ry  30 F e b ru a ry  4, 1972, re com m ended  a s ta n d a rd ize d  n o m e n c la tu re  to
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q u a n t ita t iv c ly d e s c r ib e a p p a re n t che m ica l fra c t io n a tio n  at the a ir/sea  in te rface  (D ucc  
et al 1972a). th is  n o m e n c la tu re , used th ro u g h o u t th is  paper, is as fo llo w s :

F ra c t io n a t io n : J N (A ) =  -  ■ (1)
( A ' / N a U

íA 7 N a )alm
Enrichment : ENa(.Y) =  - -------1, (2)

I /  IN cl )sc:t

w here  (A’ N a i s  the mass ra t io  o f  substance A’ to  so d iu m  in  any a tm o sp h e ric  
sam ple, e.g. ra in , pa rtic les , etc, and  (A '/N a )SCJ is the  ra t io  o f  substance A' lo  so d iu m  
in b u lk  (subsurface) seawater.

O c c a s io n a lly  N a is n o t m easured in fie ld  and la b o ra to ry  s tud ies  and such e lem ents 
as C l o r  M g  are  used as seaw ater re ference e lem ents. T h e y  then replace N a  in  the 

n o ta t io n  above. S o d iu m  is p re fe rre d  as a re ference e lem ent o ve r ch lo r in e , p r im a r i ly  

because a va p o r phase o f  C l is present in  m a rin e  a ir  and  because the exchange o f  C l 
betw een the  va p o r and  p a r t ic le  phases m a y  con fuse  the in te rp re ta tio n  o f  e n richm e n ts  
based on  C l. I t  m ig h t be no ted  th a t f ra c t io n a tio n , F , is the same as the te rm  e n rich ­
m e n t fa c to r. E F . used a n u m b e r o f  papers in  th e  lite ra tu re . A  va lue  fo r  E Na(A') 

eq ua l to  0 ind ica tes  no e n r ic h m e n t, p o s it iv e  o r  n e g a tiv e ; w hereas values o f  F N |(.Y) 
equa! to  on e  in d ic a te  no  e n ric h m e n t fo r substance A’ .

T h e  c a lc u la tio n  o f  a p o s it iv e  e n ric h m e n t fo r  a n y  substance a cco rd in g  to  
E q u a tio n  2 does n o t in d ic a te  th a t th is  increased c o n c e n tra tio n  is caused b y  some 
process o c c u rr in g  d u r in g  sea sa lt p a r t ic le  p ro d u c t io n  at the  a ir  sea in te rface . E n r ic h -

Ca = 0 .0 37  Na +■ 0 .02  
a  slope = 0.001 
a  in t = 0 .0 0 4

+ cr

0.3

K)
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0 I 2 3 4 5 6 7 8 9  

N a, ¡ j.g / m 3

f  ii/u rc  7 Atmospheric Nn vs ( 'a  concentrations observed from  a 21) in high tower on the 
coast o f w indward Oahu. H awaii. A fter ( i .  H o llinan  A  Once (1972).
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m enl as de fined  ab ove  g ives no  in fo rm a t io n  as to  the source  o f  the  substance o f  
in te res t. T h is  re la t io n s h ip  s im p ly  p o in ts  o u t w h e th e r o r  no t the  substance is present in 

a re la tiv e  a b u n d a n ce  s im ila r  lo  th a i i i i  b u lk  seawater. Several in ve s tig a to rs  have 
a tte m p te d  to  d is tin g u is h  betw een the a p p a re n t e n rich m e n t o f’ som e substance due to 
the a d d it io n  of th a t substance to  the  sam ple  fro m  a non  sea sa lt sou rce  and  a tru e  

e n rich m e n t due  to  e ith e r phys ica l o r che m ica l processes o c c u rr in g  d u r in g  p a rtic le  
p ro d u c t io n  a t the sea surface. O ne  a p p ro a ch  ( I . a /n is  et al 1970. ( i .  L . H o ffm a n  &  

D uce  1972) is to  c a lcú la le  s im p le  lin e a r regression e q u a tio n s  to  describe  the  re la t io n ­

sh ip  between Na a n d  the  substance o f  in te res t. F o r  any substance A’ , the s lope o f  the 
regress ion lin e  s h o u ld  represent the A'.'N a  ra t io  associa ted w ith  the  sea salt 
co m p o n e n t o f  A’ , w h ile  the  in te rce p t o f  the regress ion lin e  represents the q u a n tity  o f  

the non  sea salt c o m p o n e n t. F o r  exam p le , co n s id e r F ig u re  2. w h ich  is a p lo t o f  110 

sam ples co llec te d  in  H a w a ii and  a n a ly /e d  fo r  C'a and N a  by  G . L. H o ffm a n  A: Duce 

( 1972). T h e  m ean to ta l ( 'a  N a  ra t io  fo r  these sam ples was 0.045 ±  0 .0 1 1. W ith  a sea­

w a te r C a N a  ra t io  o f  0.03X1. th is  resu lts  in  an ap pa re n t e n rich m e n t i.e. a va lue  fo r 
E Na(C'a) — o f  0.20 ± 0 .2 0 . H o w e ve r, fro m  the slope o f  the regression e q u a tio n  and  the 

s ta n d a rd  d e v ia tio n  o f  I h is s lope {0.037 ± 0 .0 0 1 ), the ca lcu la te d  va lue  fo r E N.,(Ca) 

becom es —0.03 ±  0.03. T h e  in te rce p t, 0 .0 2 1, suggests th a t 0 .0 2 1 f ig  n r 'o f  C'a has some 
source  o th e r  tha n  th a t associa ted  w ith  the  N a . It m ust be p o in te d  o u t th a t th is  

a p p ro a ch  assumes th a t the n o n m a r in e  in te rc e p t is co n s ta n t in  t im e  and space, w h ich  
is q u ite  u n lik e ly . In  a d d it io n ,  it assumes th a t the sett salt N a  o ve rw h e lm s  a n y  N a  
c o n tr ib u t io n  fro m  o th e r sources. T h e re fo re , th is  a p p ro a ch  m ust be used w ith  c a u tio n , 

b u t it is a t least a f irs t step in  d iffe re n tia t in g  betw een a sea sa lt and  no n -se a  salt 
sou rce  fo r va r io u s  substances.

S a m p lin g  lo c a t io n  is a c r it ic a l fa c to r in  a n y  fie ld  s tud ies o f  ch e m ica l fra c tio n a tio n  

at the a ir. sea in te rface . A tm o s p h e r ic  sam ples co llec te d  ne a r the  c o n tin e n ta l m a rg ins  
o b v io u s ly  have a h ig h  p ro b a b il ity  o f  c o n ta in in g  s ig n if ic a n t q u a n tit ie s  o f  p a rtic u la te  

m a tte r o f  n o n m a r in e  o r ig in . M id o c e a n .s a m p lin g  s ites a rc  less d is tu rb e d . A tm o s p h e r ic  

sa m p lin g  fro m  sh ips  is eas ily  sub jec t to  c o n ta m in a tio n  fro m  the  sh ip  its e lf un less great 
care  is take n . A irc ra f t  can o fte n  p ro v id e  su ita b le  sa m p lin g  p la tfo rm s , as can m id - 

ocean is lands. Even here, ho w e ve r, care m ust be take n  to  a v o id  c o lle c tio n  o f  loca l 
su rf-p ro d u ce d  pa rtic le s , w h ich  can be ch e m ic a lly  q u ite  d iffe re n t fro m  the bu bb le - 

p ro d u ce d  p a rtic le s  fo rm ed  on  the open sea (D u c c  A: W o o d co ck  1971). F in a lly , 
sam ples co llec te d  even a few  km  in la n d  fro m  the coast, o n  e ith e r is lands o r 

c o n tin e n ts , w il l a lm o s t c e r ta in ly  bo c o n ta m in a te d  w ith  s ig n ifica n t q u a n tit ie s  o f  land - 

p ro d u ce d  ae roso ls  n a tu ra l, a n th ro p o g e n ic , o r  b o th . These p re ca u tio n s  appear 

o b v io u s  to  m ost peop le  w o rk in g , in  the fie ld  to d a y , bu t it  is s u rp r is in g  an d  d is ­
c o u ra g in g  to  ic a l i /o  how m a n y  past in ve s tig a tio n s  (som e very  recen t) have produced 

da ta  th a t w ere ra th e r useless in  e v a lu a tin g  the  s ign ifica nce  o f  che m ica l fra c tio n a tio n  
because one o r  m o re  o f  these fac to rs  was ig n o re d .

B U B B L E S  A N I )  T H F  S F  A  S U R F A C E  M I C R O L A Y E R

W hen b u b b le s  b reak  at the surface o f  the ocean they s k in i o f f  a ve ry  th in  laye r o f  the 
a ir  sea in te rla ce  to  p ro d u ce  the a tm o s p h e iic  f ilm  and je t  d ro p le ts . M a c In ty re  (1% S,
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1972) in ve s tig a te d  ¡h is m ic ro to m e  c lie c l fo r je t d ro p le ts  u s ing  a c o m b in a tio n  o f 

e xp e rim e n ta l and  th e o re tic a l approaches. F ig u re  3<i presents a s im u la te d  tim e  

sequence o l w hat occu rs  a fte r the  co llap se  o f  a dyed b u b b le  (M a c In ty re  1972). T h is  
sequence illu s tra te s  the  How o f  surface m a te ria l d o w n  the in te r io r  o l the  b u bb le  ca v ity , 

tra n s p o rte d  b y  an ir ro ta t io n a l s ing le  c a p il la ry  r ip p le , a n d  c o n c e n tra tio n  o f  th is  
m a te r ia l in to  the to p  o l the je t  b e fo re  the firs t je t  d ro p le t b reaks off. Subsequent je t 

d ro p le ts  are com posed  o f  m a te r ia l th a t was present in  co n se cu tive ly  deeper co n ­
ce n tr ic  she lls in  the  b u b b le  ca v ity , as sho w n  in  F ig u re  3h (M a c In ty re  1972). M a c In ty re  

c a lcu la te d  th a t the  m a te r ia l present in  the to p  je t d ro p le t was o r ig in a lly  spread ove r 
the  in te r io r  o f the  b u b b le  surface  at a th ickn ess  equa l to  a p p ro x im a te ly  0 .05‘’ „  o f  the 

b u b b le  d ia m e te r, an d  he assumes th is  re la tio n s h ip  is va lid  fo r  a ll b u b b le  sizes. T h us  
the  to p  je t  d ro p le t fro m  a 100 p m  d ia m e te r b u b b le  is com posed  o f  m a te ria l fro m  a 
surface  la ye r o n ly  0.05 p m  th ic k . T h e  second je t d ro p le t is p ro d u ce d  Iro n t the  next

0 .05 p m  laye r, etc. W ith  a b u b b le  size d is tr ib u t io n  in  the  sea ra n g in g  fro m  

~ 5 0  p m  to  pe rhaps 1500 p m  d ia m e te r, the  to p  je t  d ro p le ts  p ro d u ce d  fro m  these 

b u bb les  s tr ip  o f f  a p p ro x im a te ly  the  to p  0 .0 25-0 .75  p m  o f  the a irA v a tc r in terface. 
I r ib a rn e  &  M a so n  (1967) reached a s im ila r  c o n c lu s io n  in  th e ir  s tud ies  o f  charge 

tra n s fe r d u r in g  b u b b le  b u rs tin g . T h e  chem ica l c o m p o s it io n  o f  th is  ex trem e ly  th in  

s tr ip p e d  surface la ye r is d e te rm in e d  b o th  b y  the  c o m p o s it io n  o f  the  ocean surface 
la ye r be fo re  the  b u b b le  a rr ive s  a t the surface (the  surface  m ic ro la y e r) a n d  the 

c o m p o s it io n  o f  the b u b b le  sk in  itse lf.

I t  is in te re s tin g  to  no te  th a t w hen the  b u b b le  cap  o r  f ilm  sha tte rs to  p ro d u ce  film  

d ro p le ts , it  is p ro b a b ly  no  th in n e r  th a n  2 p m , since these b u b b le  caps show  no 

v is ib le  in te rfe re n ce  pa tte rn s  w h ic h  becom e a p p a re n t fo r th in n e r film s  (M a c In ty re  
1972). A s  M a c In ty re  (1974a) p o in ts  o u t, th is  suggests th a t the je t  d ro p le ts , w h ic h  are 
g e n e ra lly  la rg e r than  the f i lm  d ro p le ts , m ay be s a m p lin g , o r  m ay be com posed of. a 
m u ch  th in n e r laye r o f  the  w a te r surface  tha n  the  sm a lle r f i lm  d ro p le ts . T h e  sm a lle r 

je t  d ro p le ts  are a p p a re n tly  com posed  o f  m a te r ia l fro m  a th in n e r  laye r o f  the  surface

Q b )

i 'i iin rc  .l,i S imulated lim e  sequence o f jet drop le t form ation after the collapse o f a dyed 
bubble, f r o m  M acIn ty re  ( ! l)72), w ith  permission o f the au thor, b Source ol material 
present in the tirst three ¡el droplets produced from  a bursting bubble. I to u i M acIntyre 
( 1972). w ith  permission o f  the author.
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tha n  the la rg e r je t d ro p le ts . U n fo r tu n a te ly , a lth o u g h  we n o w  have a ra th e r good 

q u a lita t iv e  p ic tu re  o f  these processes o c c u rr in g  in  the  up p e r few h u n d re d  m ic rom ete rs  

o fth e o c e a n  surface, the d e ta iled  h yd ro d y n a m ic s  re m a in  la rg e ly  u n kn o w n . M a c In ty re  
( 1974a) presents an exce llent re v ie w  o f  o u r  present u n d e rs ta n d in g  o f these processes.

S ince the  b re a k in g  bubb les  province a tm o sp h e ric  sea salt p a rtic le s  fro m  such a th in  
la ye r o f  the  ocean surface, o u r a tte n t io n  sh o u ld  tu rn  b r ie lly  to  the chem ica l co m ­
p o s it io n  o f  the  th in n e s t surface laye r o f  the oceans, the surface m ic ro la ye r. The 
surface  m ic ro la y e r  th ickn ess  is o p e ra tio n a lly ' de fined  b y  the  typ e  o f  n u c ro la ye r c o l­
le c to r used. T h e  te rm  m ic ro la y e r its e lf  im p lie s  no p a r t ic u la r  th ickness, chem ica l 
c o m p o s it io n , o r  c o n c e n tra tio n , b u t s im p ly  re fers p h y s ic a lly  lo  th e  th in  surface layer 
b e in g  sam p led . A  v a r ie ty  o f  system s have been used to  sam p le  the m a rin e  surface 

m ic ro la y e r . These system s inc lud e , a m o n g  o th e rs , the use o f  p la s tic  o r  m e ta l screens 

(G a rre t t  1965). to  co lle c t the  to p  1(H) 300 //m  o f  the  w a te r su rface : glass plates 

(H a rv e y  &  B u rze ll 1972) fo r  the to p  3 0 -6 0  p m ; ro ta t in g  d ru m  co lle c to rs  m oun ted  

on  ra fts  (H a rv e y  1966) fo r  the  to p  50 60 /u n ;  g e rm a n iu m  p rism s  (B a ie r 1972) to  

sam p le  o rg a n ic  layers  as th in  as m o n o m o le c u la r fo r  subsequent analy sis b y  in te rn a l 

re fle c tio n  in fra re d  sp e c tro sco p y ; and the  b u rs tin g  b u b b le  its e lf  (F asch ing  et a l 1974) 
to  genera te  a tm o s p h e ric  sea sa lt p a rtic le s  fro m  b u rs tin g  b u bb les  p ro d u ce d  in  a closed 
system  at sea. H a tc h e r A  P a rke r (1974) have co m p a re d  the c o lle c tio n  cha rac te ris tics  

o f  several o f  these co llec to rs .

Because th e  v a r io u s  co lle c to rs  sam p le  d iffe re n t th icknesses o f  the  ocean surface, the 
p r in c ip le s  b y  w h ich  they co lle c t surface m a te r ia l o fte n  d iffe r, a rid  the  sea state 

c o n d it io n s  u n d e r w h ich  they can be used va ry  w id e ly , co m p a ris o n  o f  s tud ies  us ing  
d iffe re n t types o f  co lle c to rs  has been d if f ic u lt .  H o w e ve r, the che m ica l co m p o s itio n  o f  
the surface  m ic ro la y e r is e v id e n tly  s ig n if ic a n tly  d iffe re n t fro m  th a t o f  w a te r 10 -20 cm  

o r  m o re  b e lo w  the  surface. A m o n g  the substances s ig n ific a n tly  con cen tra ted  in  the 
surface  m ic ro la y e r  are a w id e  v a r ie ty  o f  o rg a n ic  substances, in c lu d in g  fa t ty  acids and 
a lco h o ls  (G a rre t t  1967, D u ce  et a l 1972b, W ade  &  Q u in n  1975. M ig e t et a l 1974. 

M a r ty  A  S a lio l 1974); h yd ro c a rb o n s  (G a rre tt 1967, B a ic r 1972, B a ier e t al 1974, 
L e d e l &  La se te r 1974, M o r r is  1974); g ly c o p ro te in s  and  p ro te o g lyca n s  (B a ie r et al 

1974); c h lo r in a te d  h y d ro ca rb o n s  such as P C B  (Seba &  C o rc o ra n  ¡969. D u c c  el al 

1972b. B id le m a n  A  O ln e y  1974): p a rtic u la te  a n d  d isso lved  o rg a n ic  ca rbon, n itrogen , 

a n d  ph osp h a te  (W ill ia m s  1967, N is h i/a w a  &  N a k a jim a  1971); and trace  m etals 

(D u ce  et al 1972b, P io tro w ic z  et a l 1972, S /e k ie ld a  et al 1972, B a rk e r A  Z e it l in  1972. 
G . H o ll in a n  et a l 1974). N u m e ro u s  m a rin e  o rg a n ism s  have a lso been (b u n ti c o n ­

ce n tra te d  in  the  surface  m ic ro la y e r (S ie b u rth  1971. H a rve y  1966. P a rke r A  B arsom  
1970, T s ib a n  | 9 ? | ,  M a ru m o e t al 1971. B e /de k  A  C a rlu c c i 1972) H u i»  the p o te n tia l 

c e r ta in ly  ex is ts  fo r  a tm o s p h e ric  sea salt p a rtic le s  p ro d u ce d  fro m  th is  th in  la ye r o f  the 

ocean lo  have a che m ica l c o m p o s it io n  s ig n if ic a n tly  d iffe re n t fro m  th a t o f  subsurface 
w a te r.

I lie  a it sea in te rfa ce  and  a ir  sea exchange processes in  genera! can a lso  be 

s ig n if ic a n tly  m o d ifie d  by h u m an  a c tiv itie s , p a r t ic u la r ly  in  nearshore  areas. O ü  sp ills  

a n d  m a n -m a d e  sea s licks  can a llee i ce rta in  phys ica l ch a ra c te ris tics  o f  the a ir  soa 
in te rlace . These s licks cause d a m p in g  o f  c a p il la ry  waves and re ta rd a tio n  o f  
e v a p o ra tio n , as w e ll as changes i i i  gas exchange ra les  and th e  nu m b e r and  size
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d is t r ib u t io n  o f the a tm o sp h e ric  sea sa lt p a rtic le s  p roduce d  fro m  these waters 

(B la n c h a rd  1963, G a r re tt  1972) H ig h  c o n c e n tra tio n s  o f  such p o te n tia l! )  h a rm fu l 

substance-, as pestic ides, p e tro le u m  h yd ro ca rb o n s , and heavy m e ta l, have been 

o b served  in  the m ic ro la se r. B acteria  can be tra n sp o rte d  to  the w a te r surface by i ¡sing 

hu bb ies  and then e jected in to  the a tm o sp h e re  (B la n ch a rd  A: S y /dek  1V72). T h e  

p o te n tia l hea lth  h a /a rd  fro m  th is  typ e  o f  exchange was p o in te d  o u t b )  A d a m s  &  
S p e n d lo ve  (1970). w h o  m easured co i ¡fo rm  b a c te ria  on ae roso ls  d o w n w in d  fro m  a 

sewage tre a tm e n t p la n t. O th e r p o llu ta n ts  co n ce n tra te d  in  the surface layers  o f  the 
w a te r m a y  be s im ila r ly  in jec te d  very c l l ic ie n t ly  in to  the a tm osphere .

The surface  o f  the ocean is g e n e ra lly  q u ite  tu rb u le n t, and  it is d i l f ie u lt  to  im ag ine  

the  surface  m ic ro la s e r as a n y th in g  b u t d yn a m ic . M a c In ty re  ( 1974a) p o in ts  o u t th a t 

sw e lls  an d  rip p le s  on  the ocean surface do  n o t d e s tro y  the en rich e d  surface laye r bu t 
o n ly  change its  th ickness. H o w e ve r, as w in d s  increase a n d  waves break there w ill be 

a c o n s ta n t m ix in g  o f  surface m a te ria l in to  subsurface  w a te r and  tra n s p o rt o f  surface 

m a te r ia l back up w a rd . G . M o flir ía n  c t a! ( 1974) have ca lcu la ted  th a t the average life ­
t im e  o f  p a rtic u la te  iro n  in  the  to p  100 300 m u  o f  the ocean surface under 5 X m sec 
w in d s  is o n ly  a few seconds be fo re  i t  is m ixed  back in to  subsurface waters. Even w ith  

th is  sh o rt surface residence tim e , ho w e ver, p a r t ic u la te  iro n  w as a lw ays s ig n if ic a n tly  
e n rich e d  in  the to p  100- 300 /un  c o m p a re d  to  w a te r 20 cm  b e lo w  the surface.

W h a t causes substances to  be en riched  at the  a ir/sea  in te rface '.’ Som e so lid  sub­

stances a re  present s im p ly  because o f  de n s ity  d iffe rences and som e lip o id s , such as 
h yd ro c a rb o n s , a re  present because th e y  a re  p ra c t ic a lly  in so lu b le  in  seawater, b u t m ost 

o f  the  m a te r ia l en riched  at the  surface is e ith e r surface a c tive  o r  associa ted in  som e 
w a y  w ith  surface-active  m a te ria l. S u rface -ac tive  substances a re  cha rac te rized  by a 

m o le c u la r  s tru c tu re  c o n ta in in g  b o th  h y d ro p h o b ic  and h y d ro p h ilic  p o rtio n s , hence 

th e ir  a ff in ity  fo r  an a ir  w a te r in te rface . T h e  ch e m ica l c o m p o s it io n  o f  those su rfac tan ts  
co n ce n tra te d  a t the  ocean surface has been the sub jec t o f  som e co n tro ve rsy . G a rre tt 

(1967). in ve s tig a tin g  c h lo ro fo rm  so lu b le  s u rfa c ta n ts  in  the  surface m ic ro la ye r, 
suggested the  su rfac tan ts  a rc  la rg e ly  l ip id  m a te ria l, such as fa t ty  esters, free fa tty  

ac ids, and  fa tly  a lcoh o ls . B a ie r et a l ( 1974), o n  the o th e r ha nd , re po rt tha t the m a jo r 
o rg a n ic  co m p o n e n ts  o f  the m a rin e  surface  m ic ro la y e r a re  g ly c o p ro te in s  and 
p ro tco g lvca n s . A c c o rd in g  lo  the la tte r  in ve s tig a to rs , th e ir  tech n ique  o f  in tc rn a l-  

re lle c tio n  in fra re d  spe c trosco py  is c a p a b le o fn o n d e s tru c liv e lv  d e te rm in in g  pe tro leu m , 

l ip id s , p ro te in s , and  po lysaccharides, and  they co n c lu d e  th a t lip id s  co n s titu te  o n ly  a 
s m a ll fra c tio n  o f  the o rg a n ic  m a tte r in  the m ic ro la y e r.

A lth o u g h  many o l the  en riched  substances in  the.surface m ic ro la y e r a ie  n o t surface- 

a c tive  them selves, they may be associa ted w ith  su rfac tan ts  and thus be tra n sp o rte d  
to  the  surface w ith  the su rla ce -a c tive  agent. E xam p le s  in c lu d e  m ine ra l p a rtic le s  and 

m a rin e  o rg a n ism s  sueli as ba c te ria  o r  p la n k to n  cove red  w ith  a surface-activ  e coa ting , 
an d  tra ce  m eta ls eom p lexed  w ith  fu n c tio n a l g ro u p s  in  p ro le ina ceous  surfactan ts. 

M o s t l ik e ly .u n d e r  b re a k in g  vvave co in h iio n s , the  p r im a ry  m echanism s o f  tra n s p o rt o f  
s u r fa c ta n ts  and then associa ted substances to  the ocean surface is hv bubbles. 

C o n s id e ra b le  evidence ind ica tes  tha t b u bb les  a re  q u ite  e ffec tive  in  tra n s p o rtin g  th is  

m a te r ia l m  scavi a le t ( rev icvved in  subsequent sections). Thus the  chem ica l co m p o s it io n  
o l the  ocean sui face n u c ió la  ver. the  surface o l b u b b le s  r is in g  th ro u g h  the vvate i. and
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the jet and li lm  d ro p le ts  a rc  c lose ly  in te rre la te d  and in te rd e p e n d e n t, a lth o u g h  the 

o v e ra ll geochem ica l im p o rta n c e  o f  these in te rre la tio n s h ip s  is n o t w e ll un ders tood  
in  m a n y  cases.

A  n u m b e r o f  o th e r  m echan ism s th a t w o u ld  cause h ig h e r co n ce n tra tio n s  o f  various 

io n ic  species a t the  a ir  sea in te rla ce  com p a re d  to  subsurface w a te r have been 

suggested. M a c In ty re  (1974a) has rev iew ed these m echanism s in  d e ta i l :  (<i) G ib h s  

surface a d s o rp tio n , w here  in o rg a n ic  io n s  th a t lo w e r the surface fiee energy arc 

co n ce n tra te d  and  those th a t ra ise the surface free energy are de p le ted  a t the surface 
(B lo ch  &  I.u e ckc  166,S): (/>) the  l.ud vv ig -S ore t effect, w here  ions  m ig ra te  to  d iffe ren t 

reg ions o f a th e rm a l g ra d ie n t fie ld  (K o m a b a ya s i 1962): (r) a lte ra t io n  o f  the surface 
w a te r s tru c tu re , w here  io n s  th a t d is ru p t th is  s tru c tu re  because o f  th e ir  s i/e  a n d  o r 

cha rge  are re jected  fro m  the a ir  w a te r in te rfa ce  whereas those th a t a lte r the s tru c tu re  
least a re  p re fe rred  (H o rn e  &  C o u ra n t 1970); and (//) e lec trica l d o u b le - la v e r effects, 
w here s i/e  and  cha rge  o f  io n s  m a y  be re la ted to  the degree o f  a tt ra c t io n  to  o r 

re p u ls io n  fro m  the surface d o u b le  laye r (G lass &  M a tte so n  1973). A lth o u g h  these 
processes can p ro b a b ly  cause increased c o n c e n tra tio n  o f  c e r ta in  io n s  a t an a ir  w ater 
in te rface , M a c In ty re  (1974a) p o in ts  o u t tha t these processes p ro b a b ly  on ly  affect 
io n ic  c o n c e n tra tio n s  to  a d e p th  o f  a few m o le cu la r layers. T h e ir  geochem ica l 

im p o rta n c e  in  cau s in g  the  la rg e  e n rich m e n ts  o ften  m easured e x p e rim e n ta lly  in  the 

surface  m ic ro la y e r and a tm o s p h e ric  sea salt pa rtic les, w h ic h  represent layers 

hu n d re d s  to  th o u sa n d s  o f  tim e s  th ic k e r, m ay the re fo re  be m a rg in a l.

E X P E R I M E N T A L  D A T A

M a r in e  O rg a n is m s  a n d  O r g a n ic  C a rb o n

I f  s ig n if ic a n t che m ica l fra c t io n a tio n  o f  trace  substances occu rs  d u r in g  the  p ro d u c tio n  
o f  a tm o s p h e ric  sea sa lt p a rtic le s  a t the a ir. sea in te rface , it ve ry  l ik e ly  resu lts fro m  the 
a sso c ia tion  o f  these substances w ith  o rg a n ic  m a tte r, l iv in g  o r  dead, in  the  ocean. 

O u r  a tte n t io n  sh o u ld  focus f irs t on  w h a t is kn o w n  a b o u t the  ocean a tm osphere  

exchange o f  o rg a n ic  m a te ria l. T h e  a tm o sp h e ric  tra n s p o rt o f  o rg a n ism s  has been 
in ves tig a ted  since the  1S50s, p r im a r i ly  because o f  in te rest in  the  spread o f  disease. 
A  n u m b e r o f  s tud ies  re p o rt the  presence o f  m a rine  o rg a n ism s  in  the  a tm osphere. 

Z o b c II &  M a th e w s  (1936) fo u n d  th a t the type  o f  bacte ria  in  a ir  o ve r coasta l loca tio ns  
w as a fu n c tio n  o f w in d  d ire c t io n . M a r in e  fo rm s d o m in a te d  d u r in g  onsho re  w in d  
c o n d it io n s . W o o d co ck  (1948) suggested th a t the  red tid e  to x in , p roduce d  by the 

d in o lla g e lla te  ( iy iw io J i i t i im  h ir e r ,  was tra ns fe rred  fro m  the G u l f  o f  M e x ic o  lo  the 
a tm o sp h e re  as a co m p o n e n t o l sea spray d ro p le ts  p roduced  d m  in g  the b u rs tin g  o f  a ir  

b u bb les  in  the  w ate r. H ie  presence o f  th is  m a te ria l, ap p a re n tly  associa ted w ith  the 
a tm o sp h e ric  p a rtic le s , resu lted  iii h u m a n  re sp ira to ry  i r r i ta t io n  a lo n g  the F lo r id a  coast 

and in la n d  dm  ing  red  t i l le  b loo m s. S tevenson A- (. o il ie r  ( l% 2 )  id e n tifie d  th ree  species 
i>l d ia to m s a iu !  lo u r  flage lla tes  in  the  a tm osphere , a ll in  the n a n n o p la n k to n  s i/e  range 

( -. 5 //m ). and  M a y n a rd  I l% ,X) fo u n d  several species o f  d in o lla g e lla le s  in  sh ip b o a rd  

a tm o sp h e ric  sam ples and several d ia to m s  in  a tm o sp h e ric  sam ples fro m  h igher 
a ltitu d e s . A u b e r i ( l'> 74 | id e n tifie d  te rre s tr ia l bacte ria  in  coasta l lo ca tio n s  o f  the 
M e d ite rra n e a n  sea and m a rin e  bacte ria  ove t open ocean areas. The m e ta b o lic  and
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p h ys io lo g ica l cha rac te ris tics  o f  the b a c te ria  d iffe re d  depend ing  on  w h e th e r the 
sample-, were co llec ted  over the M e d ite rra n e a n  Sea o r  th e  A t la n t ic  O cean.

C a riu c c i A  W illia m s  ( 1965) investiga ted  the  tra n s p o rt o f  bacte ria  to  the seawater 
surface in  a la b o ra to ry  foam  c o lu m n . T h e y  fo u n d  th a t the presence o f  pa rticu la te s  
enhanced the tra n s p o rt o f  ba c te ria  and the e ff ic ie n cy  o f b u b b le  tra n s p o rt varied  fro m  
species to  species. A lso  us ing  a la b o ra to ry  foa m  c o lu m n , W a llace  et al (1972) 

d e m o n s tra te d  th a t r is in g  bubb les  a rc  cap ab le  o f  t ra n s p o rt in g  a sub s tan tia l p o rtio n  

o f  the p a rtic u la te  m a tte r fo u n d  in  surface seaw ater sam ples to  the  a ir  sea interface. 

These a u th o rs  suggested th a t p h v to p la n k to n  in  s ta t io n a ry  and  p o s t-s ta tio n a ry  
phases o f  g ro w th  are a p p a re n tly  m o re  sub jec t to  d o ta t io n  than  ce lls  in  the log  phase o f  

g ro w th . In  a subsequent s tud y , W a lla ce  A' D u ce  (1975) fo u n d  th a t 3 0 -5 9 ",, o f  the 

p a rt ic u la te  o rg a n ic  ca rbon  (P O C ) c o u ld  be scavenged fro m  sam ples o f  surface w ate r 
fro m  N a rraga nxe tt Bay b y  r is in g  bubb les  in  the  fo a m  c o lu m n .

S u tc liffe  et a l (1963) re p o rte d  th a t P haeodacty lum  trico rn a tu m  were en riched  in  

d ro p le ts  p roduced  by b u rs tin g  b u bb les  in  the  la b o ra to ry  by o ve r an o rd e r o f 

m a g n itu d e  com p a re d  to  b u lk  seawater. In  subsequent s tud ies. B la n ch a rd  A  S y /dek  

(1970. 1972) showed th a t the fre shw a te r b a c te riu m  S e rra tia  marcescens co u ld  be 
co n ce n tra te d  on  je t  d ro p le ts  b y  u p  to  a fa c to r o f  IO4 re la tiv e  to  the w a te r fro m  w h ich  
the d ro p le ts  w ere  produced. T h e  m a g n itu d e  o f  th is  c o n c e n tra tio n  fa c to r was a 

fu n c tio n  o f  je t d ro p le t (and thus b u b b le ) s i/e . ba c te ria  c o n c e n tra tio n  in the  bu lk  
s o lu t io n , and  b u b b le  age. i.e. the  leng th  o f  t im e  a v a ila b le  fo r  the  b u b b le  to  scavenge 
ba c te ria . Increas ing  b u b b le  age. up  lo  a b o u t 20 sec. resu lted  in  s ig n ifica n tly  

h ig h e rc o n c e n tra t io n s o fb a c te r ia o n  the  je t  d ro p le ts , b u t the b u b b le  surface a p p a re n tly  

becam e sa tu ra ted  a fte r th is  tim e , as n o  fu r th e r  c o n c e n tra tio n  was observed. 
B la n ch a rd  &  S y /d e k  (1974) ca lcu la ted  th a t the  b u b b le  c o lle c tio n  e ffic iency (i.e. the 

n u m b e r o f  bacte ria  scavenged b y  a b u b b le  r is in g  th ro u g h  the w a te r d iv id e d  b y  the 

n u m b e r o f  ba c te ria  present in  the  v o lu m e  o f  w a te r sw ept o u t by the r is in g  bu bb le ) fo r 

t ra n s p o rt in g  these bacte ria  to  th e  surface  was ~ 0 .1 2 " (). T h e  e ff ic ie n cy  o f  the transfe r 

o f  these ba c te ria  fro m  the  w a te r surface  lo  the  je t  d ro p le ts  was es tim a ted  b y  B lancha rd  

A  S y /d e k  (1974) to  va ry  betw een !4 " (1 and 85",,, d e p e n d in g  on  the age o f  the bubbles.
B e /d e k  A  C a riu c c i (1972) fo u n d  th a t the c o n c e n tra tio n  fac to rs  fo r  the  m a rine  

b a c te riu m  S erra tia  m a rino ruh ra  on la b o ra to ry -p ro d u c e d  je t d ro p le ts  va rie d  as a 
fu n c tio n  o f  d ro p le t s i/e . w ith  the  greatest c o n c e n tra tio n  fa c to r g e n e ra lly  fo u n d  on 

in te rm e d ia te  s i/e  d ro p le ts . C o n c e n tra tio n  fac to rs  u s ing  n a tu ra lly  o c c u rr in g  bacteria  

in  seaw ater ranged fro m  33 to  250 and appeared  lo  depend on  the typ e  o f  bacteria. 

C a riu c c i A  B c /dek  (1972) suggest th a t the scaveng ing  o f  bacte ria  by bubb les  is no t 
the  c r it ic a l step in  je t d ro p le t e n rich m e n t o f  these o rgan ism s bu t tha t the  bacte ria  are 
en rich e d  in  the sea surface m ic ro la y e r be fo re  the  bubb les  a rrive . T h u s  they believe 

the ba c te ria  fou nd  on the je t d ro p le ts  a re  la rg e ly  fro m  the m ic ro la ye r.

T h e re  lu t \e  been re la tiv e ly  few  s tud ies  o f  o rg a n ic  ca rbon  (O C ) in  the  m arine  

a tm o sp h e re  co n s id e rin g  the p o te n tia l im p o rta n c e  o f  o rg a n ic  ca rb o n  to  chem ica l 

Ira c t io n u tio u  in  genera l, in  a d d iiio n .  d i lie re n  I fra c tio n s  o r classes o f  o rg a n ic  m a te ria l 
w ere  m easured in  these in ve s tig a tio n s , m a k in g  in te rc o m p a ris o n  o f  the resu lts very 
d i l l ic u lt .  I odge et a l ( 19(g)) re p o rte d  a mean c o n c e n tra tio n  o f  1.6 / ig  n r '  o f  be ii/e ne- 

so lu b le  o rg a n ic  m a te ria l in  sam ples co lle c te d  o v e r the P ac ific  O cean. T he ben /enc-
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e x tra c ta d le  o rg a n ic  m a te r ia l's a lt mass ra tio  o f  0.29 was e q u iv a le n t to  an en richm ent 
o f  o ve r I(XX). B la n ch a rd  (1964) re p o rte d  the  presence o f  su rface -active  o rgan ic  
m a te r ia l on  sea salt p a rtic le s  co llec te d  on th in  p la t in u m  w ires  on  the  coast o f 
H a w a ii Is lan d . In  a la te r s tud y , B la n ch a rd  ( 196Xi es tim a ted  tha t the su rlace-active  

o rg a n ic  m a te r ia l sa lt mass ra t io  va rie d  fro m  0.3 to  0.7 on  these pa rtic les . In  a s tudy 

fro m  a coasta l to w e r on  (T a llii, 1 la w a ii, B arger A  G a r re tt  ( 1970) fo u n d  the c h lo ro fo rm  

e x te n d a b le  o rg a n ic  ( l ip o id )  m a te r ia l i i i a tm o sp h e ric  p a rtic le s  co llec te d  on  glass fibe r 

filte rs , as m easured by w e ig h in g  the m a te ria l re m a in in g  a fte r the c h lo ro fo rm  was 
eva p o ra te d , ranged  fro m  0.7 / ig  m  ' to  6 .3 //g  ín ' ,  w ith  a l ip o id  salt mass ra t io  o f  0.07 

to  0.14. T h e y  fo u n d  th a t the lip o id  co n te n t increased w ith  inc re as ing  sa lt con ten t. 
F:. H o ffm a n  A  D u c c  (1974) d e te rm in e d  the to ta l o rg a n ic  ca rb o n  co n te n t o f  sea salt 

p a rtic le s  co llec te d  on  glass f ib e r filte rs  fro m  a coasta l to w e r in  B erm uda , us ing the 

wet o x id a tio n  a n a ly tic a l te ch n iq u e  o f  M e nze l A  V a cca ro  (1964) T h e  to ta l o rgan ic  

ca rb o n  c o n te n t va rie d  fro m  0.15 /< g n r ' to  0.47 //g  n r '  and  the o rg a n ic  ca rb o n /sa lt 

mass ra t io  va rie d  fro m  0.01 to  0.19, e q u iva le n t to  E nh(O C ) va lues o f  ~ 3 0 0  to  6000. 
In  c o n tra s t to  the  s tu d y  o f  B a rg e r A  G a r re tt  (1970), E. I (o ilm a n  A  D u ce  fo u n d  th a t the 
o rg a n ic  ca rb o n  c o n c e n tra tio n  was re la tiv e ly  co n s ta n t, re s u lt in g  in  an inverse 

re la t io n s h ip  Between the  o rg a n ic  c a rb o n  sa lt ra t io  and the  salt co n te n t. T h is  inverse 

re la t io n s h ip  has a lso been c o n firm e d  by  R. Chesselet (p e rson a l c o m m u n ic a tio n ) fo r 
sam ples co lle c te d  fro m  sh ips o v e r the n o r th  A t la n t ic  O cean.

T h e  inverse  re la tio n s h ip  be tw een the  o rg a n ic  c a rb o n /s a lt ra t io  and  sea salt 
c o n c e n tra t io n  in  the  a tm osph e re  m a y  be exp la in e d  i f  the  o rg a n ic  c a rb o n  is present 

p r im a r i ly  on  the sm a lle r p a rtic le s  w ith  long e r a tm o s p h e ric  residence tim es and thus 

m o re  u n ifo rm  spac ia l and te m p o ra l c o n c e n tra tio n  p a tte rn s . Indeed, B a rke r A  

Z e it l in  ( 1972) show ed q u a lita t iv e ly  th a t the re la tiv e  c o n c e n tra tio n  o f  o rg a n ic  carbon 
increases w ith  decreas ing  p a rt ic le  size. T h e  source fo r  the  p ropose d  sm a ll p a rtic le  

ca rb o n  m a y  be the  ocean o r  it m a y  be gas phase re a c tio n s  o f  n a tu ra l o r  a n th ro p o g e n ic  

h y d ro c a rb o n s  o r  a d s o rp tio n  o f  these substances on o th e r p a rtic le s  present in  the 

a tm o sp h e re (G o e tz  A  K le jn o t 1972, H o p p e i A  D in g e r 1973, L o v e lo c k  A  P e n ke tl 1974). 
A b o u t 50",, o f  th e  b a ckg ro u n d  ae roso l is v o la t ile  a t 320 C  (Tvvom ey 1971). A lth o u g h  

T w o m e y  (1971) and Rosen (1 9 7 !)  a tt r ib u te d  the v o la t i l i t y  to  loss o f ( N H 4)2S Ü 4 o r 
H jS O j.  severa l a u th o rs  (B la n c h a rd  1971, Pueschcl et a l 1973) have suggested the 

v o la t ile  substances co u ld  be o rg a n ic  co m p o u n d s . C le a r ly  the d e te rm in a tio n  o f  the 
s ig n ifica nce  o f  non  sea salt co m p o n e n ts  o f  o rg a n ic  ca rb o n  in  the  m a rin e  a tm osphere  

is c r it ic a l be fo re  w e can assess the  im p o rta n ce  o f  ch e m ica l fra c t io n a tio n  o f  o rgan ic  

ca rb o n  at the a ir  sea in te rface . W e can, how ever, es tim a te  a m a x im u m  in p u t o f 
o rg a n ic  ca rb o n  fro m  the  ocean to  the a tm osph e re  on sea sa lt pa rtic les . I f  we assume 

the m ean o rg a n ic  c a rb o n  salt ra t io  o f  0.05 observed in  B e rm uda  by !.. H o llin a n  
A  D uce  ( 1974) is a reasonab le  es tim a te  lo t the m a rin e  a tm o sp h e re  as a w h o le  and 

represents the  o rg a n ic  c a rb o n  salt ra tio  on  sea salt p a rtic le s  and i f  we use the 
a tm o s p h e ric  sea sail p ro d u c t io n  estim ates o f  IO 1'  g. y r  (E rik sso n  1959, 1961)) to  

1 0 " ' g y r  (B la n ch a rd  |9o5). the o rg a n ic  c a rb o n  tra n s p o rt fro m  ocean to  a tm osphere  
ranges l io tn  5 \  IO ' ' 1 g y r  t o '5  \  IO ' 4 g yr. l it is  is fro m  0 .25",, to  2.5",, o f  the 

e s tim a ted  to ta l o rg a n ic  c a rb o n  p ro d u c t iv ity  o f  the oceans, w h ich  is 2 x  10*° g  yr 
( Ry t he r | 9 (>9 ). In  the  same range is Rasmussen A  W e n t’s (1965) es tim a te  o f  the
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n a tu ra l a tm o s p h e ric  p ro d u c t io n  o f  h y d ro c a rb o n s  fro m  te rre s tr ia l v e g e ta tio n : 
4 .4 y  IO 14 g yr.

ih e re  have been several la b o ra to ry  in ve s tig a tio n s  o f  the tra n s p o rt o f  o rg a n ic  
m a te r ia l fro m  the  ocean to  the  a tm osphere . B c /d e k  A  C a riu c c i (1974) s tud ied  the 
tra n s p o rt o f  in so lu b le  m o n o m o le c u la r film s  to  the a tm osph e re  b y  b u rs tin g  bubbles. 

I hey fo u n d  th a t l4 C  s tea ric  ac id  w as in c o rp o ra te d  in to  the je t d ro p le ts  and th a t the 
s m a lle r d ro p le ts  w ere m o re  en rich e d  in  th is  m a te r ia l tha n  la rg e r d rop le ts .

F. H o ffm a n  A  D uce  (1976) inves tig a ted  several fac to rs  in  the la b o ra to ry  tha t 
in llu e n c c  the  q u a n t ity  and  e n rich m e n t o f  o rg a n ic  m a te ria l tra n sp o rte d  in to  the 
a tm o sp h e re  by b u rs tin g  bubb les. i i Vi (O C ) was fo u n d  to  be a fu n c tio n  o f  b u b b le  path 

le n g th  a n d  the p a r t ic u la r  seawater used as a source. W a te r fro m  N a rra g a n se tt Bay. 

w h ic h  is re la t iv e ly  s h a llo w  a n d  ch a ra c te rize d  b y  a h igh  d isso lved  and p a rtic u la te  

o rg a n ic  c a rb o n  c o n te n t, a h ig h  suspended lo a d , and  a large p h y to p la n k to n  
p o p u la t io n , p roduce d  sea sa lt p a rtic le s  w ith  O C /N a  ra tio s  ave rag ing  0 .0 9 8 ± 0 .0 5 3 . 

W a te r fro m  the Sargasso Sea, w h ich  is ch a ra c te rize d  by lo w e r levels o f  o rg a n ic  

ca rb o n , a lo w e r suspended load , and a lo w  p h y to p la n k to n  p o p u la tio n , p roduced  
sea sa lt p a rtic le s  w ith  O C /N a  ra tio s  o f  0.008 +  0.005. T h e  d iffe rence betw een 
th e  o rg a n ic  c a rb o n  c o n c e n tra tio n  o f  these tw o  bod ies o r  w a te r is one cause o f  the 

m a rk e d  d iffe rences in  the  ae roso l O C  N a  ra tio s . H o w e ve r, w hen the O C  N a  ra tio s  
o f  the  ae roso ls  a re  d iv id e d  by  the O O  N a ra t io  in  the  d iffe re n t seawaters to  ca lcu la te  

E N j(O C ) va lues, these va lues are 250 ±  145 fo r  N a rra g a n se tt Bay ae roso ls  and 
73 ±  27 fo r  Sargasso Sea aerosols. T h e  s ig n if ic a n tly  d iffe re n t e n rich m e n t fa c to rs  fo r 
ae ro so ls  fro m  these tw o  d iffe re n t w a te r masses suggest th a t n o t o n ly  is the q u a n t ity  o f  

o rg a n ic  m a te r ia l in  the  seaw ater im p o r ta n t, b u t a lso  the che m ica l fo rm  o f  the  o rg a n ic  
m a te r ia l is perhaps even m o re  c r it ic a l in  d e te rm in in g  the a m o u n t o f  o rg a n ic  c a rb o n  
on  th e  sea sa lt pa rtic les.

T h e  effect o f  b u b b le  age n o te d  b y  B lancha rd  A  S yzdek (1972, 1974) fo r  b a c te ria  w as 
a lso  c o n firm e d  fo r  to ta l o rg a n ic  c a rb o n  in  the  exp e rim e n ts  o f  F. H o ffm a n  A  D uce 

( I 97m . A n  increase o f  b u b b le  pa th  leng th  b y  a fa c to r  o f  th ree  be fore  b u b b le  b u rs tin g  
increased E V l(O C ) by  a fa c to r o f  a p p ro x im a te ly  tw o . G e n e ra lly  the re  w as no  d iffe r­

ence in  f ;N j(O C ) us ing  e ith e r filte re d  o r  u n tille re d  seawater, suggesting th a t the  d is ­
so lved  o r  c o llo id a l fra c tio n  o f  th e  o rg a n ic  m a te r ia l was p r im a r ily  respons ib le  fo r  the 
b u lk  o f  th e  o rg a n ic  ca rb o n  in  the  sea salt p a rtic le s  p ro d u ce d  in  th is  in ve s tig a tio n . 

S ince  th e  poss ib le  e n ric h m e n t o f  v ir tu a l ly  a ll substances d u r in g  b u bb le  b re a k in g  at 
the  ocean surface depends o n  a sso c ia tion  w ith  o rg a n ic  ca rb o n , fu r th e r  s tud ies o f  the 
c h a ra c te r an d  source o f  th is  m a te r ia l are u rg e n tly  needed.

A lk a l i  a n d  A lk a l in e  H a r t i i  M e ta ls

O n e  o f  the  m ost c o n fu s in g  and c o n tro v e rs ia l qu es tions  in  the a ir  sea chem ica l 
exchange lite ra tu re  o ve r the past few  decades has been the presence o r  absence o f  

s ig n if ic a n t che m ica l I ra c iio n a iio n  o f  the  a lk a li a lk a lin e  e a rth  e lem ents M e . ( 'a . K . and 
Nr A n u m b e r o f  early papers in d ica te d  th a t m any o i a ll o f  these e lem ents were 

s ig n if ic a n tly  fra c tio n a te d  in  m a rin e  ae roso ls  c o m p a re d  to  seaw a te r (e g  see Suga w arn  
et a l | 94o. K o ya m a  A  S ugaw ara  1953. O d d ie  I960 , k o m a b u y n s i 1962). E n rich m e n ts  

o l g re a te r tha n  ten w ere n o t u n co m m o n . M o s t o f  these c o ll ie i fie ld  s tud ies were
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co n d u c te d  in  arcas w ith  p o te n tia lly  s ig n ifica n t c o n tr ib u t io n s  fro m  n o n m a r in c  sources 
lo  the m a rin e  ae roso l. Indeed, the da ta  in  several o l the Japanese papers above show 

th a t the  e n rich m e n t o f  these e lem ents increased as the sa m p lin g  sites were m oved 

p ro g re ss ive ly  fu r th e r  in la n d . H ow eve r, re la tiv e ly  l i t t le  co n s id e ra tio n  was g iven at the 
tim e  to  the p o s s ib il ity  tha t the h igh  e n rich m e n ts  observed fo r these elem ents m igh t 

be due to  n o n  sea salt p a rtic le s  in  the sam ples co llec te d .
In m o re  recent fie ld  s tud ies in v o lv in g  these e lem ents  in  m a rin e  aeroso ls, awareness 

o f  the  im p o rta n c e  o f  the a tm o sp h e ric  sa m p lin g  s ite  has g row n . A tm o s p h e r ic  sam ples 
have been co lle c te d  at several m idocean lo c a tio n s  by  a nu m b e r o f  g roups  d u r in g  the 
past few  years and a d iffe re n t p ic tu re  is b e g in n in g  lo  em erge re la tiv e  to  chem ica l 

fra c t io n a tio n  o f  these elem ents. E n rich m e n t v a lues o b ta in e d  lo r  M g . ( a, K . and  Sr in 
som e o f  these recent stud ies are presented in  Table 1. 'I here is no  s ig n ifica n t e n rich ­

m ent o f  M g  o r  S r re p o rte d  in  any o f  these recent s tud ies, n o r. in  m ost cases, any e n rich ­
m e n t o f  C a o r  K . W h e re  ap pa re n t e n rich m e n t has been observed it  has ge nera lly  been 

e xp la in e d  b y  the presence o f  c ru s ta l m a te r ia l in  the  sam ples. Several d iffe ren t 

ap p roa ches  have been used in  these papers to  id e n tify  and  c o r re c t fo r a no n  -sea salt 

c o m p o n e n t fo r  these elem ents. In s tud ies in  H a w a ii and  o ve r the N o rth  A tla n tic , 

G . H o ffm a n  A  D u ce  (1972) a n d  E. H o ffm a n  et a l (1974) ca lcu la te d  en richm en ts  
fro m  c o n s id e ra tio n s  o f  the  s lope  o l the lin e a r  least squares regress ion lin e  ca lcu la ted  

fro m  p lo ts  o f  M g . K . C a. and S r vs N a . as described  p re v io u s ly . As seen in  T a b le  1, 
e n rich m e n ts  c a lcu la te d  in th is  m a n n e r are very  close to  zero , in d ic a tin g  th a t the sea 

sa lt associa ted  co m p o n e n ts  o f  these e lem ents are p resent on  the  p a rtic le s  in  seawater 
c o m p o s it io n , w ith in  a very  few percent. T h is  s tro n g ly  suggests l i t t le  o r  no chem ica l 

f ra c t io n a t io n  in  the  areas sam pled.
In  a d iffe re n t a p p ro a ch  lo  the same p ro b le m , several w o rk e rs  (T sunoga i et al 

1972: W ilk n is s A  Bressan l9 7 2 .W a d a A  K o k u b u  1973. B u a t-M e n a rd e ta l 1974) have 
c ith e r  an a lyzed  o n ly  th e w a te r-s o lu b le e o m p o n e n t o f th c  sam ples they co llec te d  o r  the 

w a te r-s o lu b le  and w a te r- in s o lu b le  fra c tio n  separa te ly . T h e  basic  assu m p tion  is tha t 
th e  k ,  C a, M g , and N a  in  the  sea sa lt p a rtic le s  are w a te r so lu b le  bu t the k ,  Ca, etc, in 

o th e r  c o m p o n e n ts  o f  the  m a rin e  ae roso l, p a r t ic u la r ly  m in e ra l du s t, are not. H ow eve r, 

T su n o g a i et a l (1972) fo l in i i  s ig n ifica n t e n rich m e n t o f K and C a m  the w a te r-so lu b le  
fra c tio n , w h ic h  w as a ttr ib u te d  lo  a w a te r-so lu b le  co m p o n e n t o f  land -d e rive d  Ca and 

K . W’ada A  k o k u b u  (1973) a lso be lieved tha t the  c o n tr ib u t io n  o f  w a te r-so lu b le  
C a a n d  k  fro m  la n d  sources had to  be eva lu a ted  be fo re  d ra w in g  co n c lu s ions  abou t 

the  ch e m ica l c o m p o s it io n  o f  sea salt pa rtic les . T hese co n c lu s io n s  are no t su rp ris ing . 
F a r fro m  land , it is u n lik e ly  th a t a tm o s p h e ric  sea salt and  m in e ra l dust p a rtic le s  exist 

as d isc re te  p a r t ic le  p o p u la tio n s . C o a g u la tio n  processes, such as c lo u d  and  ra in d ro p  

fo rm a t io n  an d  e v a p o ra tio n , etc, w il l d e s tro y  these d iscre te  d is tr ib u t io n s  re la tive ly  
q u ic k ly . The e x te n t and  ra te  o f  leach ing  o f  the va r io u s  a lk a li a lk a lin e  ea rth  metals 

fro m  the dust p a rtic le s  in  the  saline d ro p le ts  has no t been m easured, b u t a t the 
expected  p H  o f  5 6 in  these pa rtic les , it may be ra th e r s ig n ifica n t.

F o r sam ples co llec te d  o ve r the N o rth  A tla n tic . B u a l-M e n a rd  e l al (1974) loun d  

th a t T V l(M g )  m the  w a te r-so lu b le  fra c tio n  o f  the  ae roso l w as genera lly near zero and 
th a t i : V l( (  a), w h ich  ranged fro m  zero to  ten. was re la ted  to  the q u a n tity  o f  the w ater- 
in s o lu b le  fra c tio n  (see the section  on sulfate). A lth o u g h  som e o f  the h igh  k  en rich -
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in cu ts  a lso appeared  re la ted  to  the  a m o u n t o f  w a te r- in s o lu b le  m a te ria l in  the ir 

sam ples, the largest values fo r  F V,(K )  were fo u n d  in  sam ples co llected  ove r the m ore  

b io lo g ic a lly  p ro d u c t iv e a re a s o ll the W est A fr ic a n  coast, especially ove r the u p w e llin g  
re g io n  in  the (  ¡ l i l l  o iG u in e a . B u a l-M c n a rd  et a l ( 1974) specula ted tha t the K  e n r ic h ­
m ent in  th is  area was due to  tru e  ch e m ica l fra c t io n a tio n  at the a ir  sea inte rface 

re s u lt in g  fro m  the asso c ia tion  o f  K  w ith  h ig h  c o n c c n tia tio n s  o f  surface-active  

m a te r ia l in  these b io lo g ic a lly  r ich  waters.
'[ ' l ie  e ffect o f  dust on  f v , (K )  fo r  p a rtic le s  co llec te d  d u r in g  onsho re  w in d  c o n d it io n s  

in  B e rm u d a  is sho w n  in  F ig u re  4 (H o ffm a n  1475). N o te  th a t l -S l lK )  is used in  th is  
f ig u re  ra th e r  F \ , , (K ) .  because it  is im p o ss ib le  to  p lo t  /o ro  and negative  values on 
lo g - lo g  p lo ts . U s in g  a tm o sp h e ric  Fe as an in d ic a to r  o f  dust, th is  lig u re  c le a r ly  shows 
the  dependence o f  l \ d(K )  on  the  I e 'N a  ra t io . W hen the dust c o n tr ib u t io n  is 

re la t iv e ly  in s ig n if ic a n t (i.e. l e N a  a p p roa ches  zero), F N:1(K.) approaches one. I f  th is  
d a ta  is re p lo tte d  as K  N a vs F c  N a. the  s lope o f  the  re su ltin g  regression eq u a tio n  

(excess K /F e )  is 0 .326 ±  Ü.005. T h is  suggests a c ru s ta l source fo r the  excess K . since 
the  m ean K /F e  ra t io  in  so il is ~ 0 .3 6  (V in o g ra d o v  1459). A ir  mass tra jec to rie s  
c a lcu la te d  fo r  these B erm uda  sam ples in d ica te  th a t the  dust co llec te d  can o r ig in a te  
fro m  the S aha ra  desert and  the  east coast o f  N o r th  A m erica . N o tic e  the  m agn itud e  

o f  the  e ffect o f  du s t on  F V l(K )  in  F ig u re  4. D u r in g  on sh o re  w in d  co n d itio n s , ap pa re n t 
fra c t io n a tio n  u p  lo  ten is fo u n d , even at th is  coa s ta l lo c a tio n  o ve r 11)00 k m  fro m  

the  nearest m a jo r  la n d  mass. T h is  appears  to  be e n tire ly  the resu lt o l the a d d it io n a l 

K  c o m p o n e n t present in  c o n tin e n ta l dust th a t has been tra n sp o rte d  fro m  1000 to  

5000 k m  across the  ocean.
I t  has been suggested th a t the  e n r ic h m e n t o f  a lk a li and  a lk a lin e  ea rth  m e ta ls  in
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soa sa li p a rtic le s  is a  fu n c tio n  o f  p a r t ic le  s i/e , w ith  on ly  the sm allest p a rtic les  be ing 

s ig n if ic a n t ly  enriched. Indeed, i f  the sm a lle r p a rtic le s  are m o re  en riched than the 
la rg e r pa rtic le s , th is  w o u ld  e xp la in  a p p a re n t e n rich m e n ts  o f these elem ents in 
p a r t ie le s a l h igh  a lt itu d e s  |(  hesselet el a l 1971 ) and  i i i  pa rtic les  and snow co llec ted  at 
th e  S o u th  Fo ie  (( 'hesse le t c l a l 1972a). T h e  cascade im p u d o r  da ta  o f B a rke r «Sc 

Z e it l in  (1972) fro m  a coa s ta l lo w e r  on  O a h u , H a w a ii, ind ica te  th a t e n richm e n t o f 

K . ( 'a .  a n d  M g  on the sm a ll p a rtic le s  ca n n o t be ru le d  o u t. H ow eve r, the ir re po rted  
a n a ly t ic a l un ce rta in tie s  are so la rge  th a t th e ir  da ta  ca rm o i c o n firm  th is  e ith e r. 
C hesse le t et a l ( l9 7 2 b )a ls o  inves tig a ted  the  p a r t ic le s i/e d is t r ib u t io n  o f  K and C a over 

the  N o rw e g ia n  Sea. bu t aga in  the re p o rte d  analy tica l u n ce rta in tie s  in  the da ta  m ake 
a d e f in it iv e  in te rp re ta t io n  in i|>ossib le. A n d re n  &  H a rr is s  ( 1971 ) fo u n d  e n rich m e n t o f  

C a and d e p le tio n  o f  M g  on  a ll the  p a rtic le  s i/e  ranges investiga ted  IO km  in la n d  in 

P u e rto  R ic o  and on  b o a rd  a sh ip  in  the C a rr ib b c a n . T h ey  fou nd  the sm a lle r pa rtic les  
w ere  less en rich e d  in  C a tha n  th e  la rg e r p a rtic le s . M in e ra l dust m a y  ag a in  be in v o lv e d  

s ince se ve ra  I o f  th e ir  sam  pics w ere  co lle c te d  in la n d ,a n d  the genera l area is o fte n  under 

th e  in flu e n c e  o f  the Sahara dust p lum e . W in k le r  (1975) fo u n d  th a t the mass ra t io  o f  the 
e lem en ts  C l : K : C u  is s ig n if ic a n tly  d iffe re n t f ro m  seaw a te r o n  p a rtic le s  ¿;0.2 /u n  

ra d iu s  o v e r the A t la n t ic  O cean. W in k le r  is u n c e rta in  as to  the cause o f  the re la tive ly  
h ig h  K  a n d  Ca c o n c e n tra tio n s  on  these s m a ll p a rtic le s  and no tes tha t chem ica l 
f ra c t io n a t io n  is  a p o s s ib ility . H e  p o in ts  o u t  th a t m in e ra l d u s t an d  a n th ro p o g e n ic  
sources m a y  a lso be s ign ifica n t.

A  vast lite ra tu re  o n  the  c o m p o s it io n  o f  ra in  in  coasta l lo ca tio n s  ro u tin e ly  shows 

e n r ic h m e n t o f  th e  a lk a li a lk a lin e  e a rth  e lem ents  re la tiv e  to  seawater, bu t i t  has been 

sh o w n  th a t p a rtic u la te  m a tte r ab o ve  tw o  k m  in  he ig h t is fa ir ly  u n ifo rm  in 
c o m p o s it io n , w h e th e r co lle c te d  o ve r c o n tin e n ta l o r  m a rin e  areas (B lif fo rd  &  

G il le t te  1972. D e la n y  et a l 1973). A s  m e n tio n e d  p re v io u s ly , th is  b a ckg ro u n d  ae roso l 

has a m a x im u m  n u m b e r d is t r ib u t io n  a t -'-0.1 /m i ra tlin s  (Junge 1963. 1972) and 
a ra th e r  lo n g  residence tim e  in th e a tm o sp h e re . T h u s  its  o r ig in  re la tive  to a c o n tin e n ta l 

o r  m a r in e  source  is  obscured . S ince  th e  c o n tr ib u t io n  o f  th is  b a ckg ro u n d  ae roso l 

becom es m o re  and m o re  im p o r ta n t w ith  in c re a s in g  a lt itu d e , the  use o f  h igh  a lt itu d e  
ae roso ls , oce an ic  c lo u d  w a te r, o r  oce an ic  ra in  w a te r (e.g. B loch  et a l 1966) to  ind ica te  
c h e m ic a l fra c t io n a tio n  a t the a ir  sea in te rfa ce  is o fte n  m is lea d ing  and  ce rta in ly  
c o m p lic a te s  the  question .

In  c o n c lu s io n , the  o ften -o bse rved  a p p a re n t e n rich m e n t o f  the a lk a li and a lk a lin e  

e a r l l i  m e ta ls  re la tiv e  to  N a p ro b a b ly  re su lts  in  m ost cases fro m  the  in c lu s io n  o f  non  
sea sa lt pa rtic les , p a rtic u la r ly  c o n tin e n ta l d u s t, in  the e n v iro n m e n ta l samples. 
F ra c t io n a t io n  o f'thesee lem en ts  in  th e e n v  iro n m e n t ín like ly  re s tric ted  to  a few percent 

in  m o s t a rcas  o f  the w o r ld  ocean. T h e  p o s s ib il ity  th a t k  m ay be fra c tio n a te d  a t the 
a ir  sea ¡n ie i lace i i i  b io lo g ic a lly  p ro d u c t iv e  areas rem ains, bu t the g lob a ! geochem ica l 
im p o rta n c e  o f  th is  is u n kn o w  n.

T h e re  have been a n u m b e r o f  la b o ra to ry  s tud ies  o f  the possib le  chem ica l fra c tio n a ­
t io n  o f  these elem ents. Several have sho w n  s ig n if ic a n t e n rich m e n t, pai t ic i i la i ly  o f  k  

and ( 'a . w hereas o th e rs  have show n l i t t le  o r  n o  e n rich m e n t (e.g. see k o m a b a ya s t I ‘>0-1 ; 

B lo c h  A  l.u c c k e  |9nS. |9 7 3 ; B ru y e v ic h  A  k o r / h  1970; G lass A  M a ttcso n  197 3 ; 
M o re l i i  et a l I '>7-4 ; I . H o llin a n  1975). M a n y  e a r lie r  s tud ies have been review ed by

( I I I  M ii  A l. 1R A Í I IONA I IOS' 2 0 3

M a c In ty re  (1974a). These la b o ra to ry  m ode l s tud ies d iffe r fro m  each o th e r and fro m  
the  n a tu ra l e n v iro n m e n t i i i  so m a n y  w ays th a i it is extrem e ly d if f ic u lt  to  eva lua te  them  
in te rm s o l n a tu ra l processes o c c u rr in g  at the ocean surface, and we m ake no  a tte m p t 

to  d o  so. Su llic c  it to  say th a t the re  is no  real tea son lo  d o u b t the rem it-, i i i  a n y  o f  these 
stud ies, bu t on the basis o l the m ost recent fie ld  v lala ahove. w hatever m echanism  

o r  m echanism s caused the  observed la b o ra to ry  e n rich m e n ts  o l these elem ents 

appears  to  be o f  l im ite d  im p o rta n c e  in  the e n v iro n m e n t.

P h o s p h a te

In  the  la b o ra to ry  s tu d y  pe rhaps m ost respons ib le  fo r  the recent in te rest in  b u bb le  

scaveng ing  o f  su rfac tan ts  and associa ted substances and th e ir in je c tio n  in to  the 

a tm osph e re . B a y lo r et a l (1962) fo u n d  th a t th e  in o rg a n ic  d isso lved  phospha te  in  
f ilte re d  seawater co u ld  be e ff ic ie n tly  s trip p e d  fro m  the seaw ater by b u b b lin g . In  th e ir 

in v e s tig a tio n , the  c o n c e n tra tio n  o fp h o s p h a lc  in  seaw ater a t any lim e . C , was g iven  by

C , =  C „ c K'. (3)

w here  C „  =  in it ia l P ( )4 ?' co n c e n tra tio n , t =  t im e  a fte r in it ia t io n  o f  exp erim e n t, and 

K  =  v e lo c ity  o r  re m ova l con s tan t. K  was a fu n c tio n  o f  b u b b lin g  ra le  and the to ta l 

surface  arca o f  the  bubbles. B a y lo r et ai ( 1962) believ ed th a t the phospha te  rem oved 
fro m  the  w a te r c o lu m n  was la rg e ly  tra ns fe rred  in to  the a tm osphere . T h e  phosphate 
re m a in in g  in  the seawater a fte r b u b b lin g  w as p r im a r ily  associated w ith  o rg a n ic  

m a te r ia l and  was filte ra b le , th a t is. it  no  lo n g e r passed th ro u g h  a 0.45 /im  po re  s i/e  

f i l le r .  In  a subsequent s tud y . S u tc liffe  et al (1963) fo u n d  th a t the a tm o sp h e ric  pa rtic les  
p ro d u ce d  by la b o ra to ry  b u b b lin g  o f  filte re d  seawater were indeed h ig h ly  en rich e d  in  
phospha te  and tha t m ost o f  the phospha te  in  the  ae roso l was p a rtic u la te  ra th e r than 

d isso lved  and was o rg a n ic a lly  associated. There  w as co n s id e ra b le  in te rest in  w he ther 

c o lla p s in g  bubb les  co u ld  genera te  o rg a n ic  aggregates in  the  sea. as the im p lic a tio n s  

to  the  m a rin e  food  cha in  w ere o b v io u s  I t  is now  re a li/e d . how ever, th a t ve ry  sm a ll 
p a rtic le s  are necessary fo r  the  n u c lé a tio n  o f  the la rg e r aggregates in  sea w a te r; these 
sm a ll p a rtic les  a re  m ost l ik e ly  c o llo id a l in  n a tu re  and the re fo re  were no t tra p p e d  by 
the  0.45 /tm  po re  s i/e  f ilte rs  used (B a to o s in g h  et al | 9o9 ). N everthe less, these 

e xp e rim e n ts  c learly  show ed th a t b u b b le  scaveng ing  o f  ce rta in  d isso lved a n d /o r 

c o llo id a l o rg a n ic  m a te ria ls  and o th e r  associa ted substances, sue li as P 0 4 , 
s ig n ific a n tly  e n rich  these o th e r  substances in  a tm o s p h e ric  pa rtic les .

B ru ye v ich  A  k i i l i k  ( |9 ( i7 a )a ls o  fo u n d  s ig n ifica n t e n rich m e n t o f  P ( ) 4 in  aeroso ls 
p ro d u ce d  by b u b b lin g  seawater in  the la b o ra to ry . M a c In ty re  A  W inches te r ( ! 9(>9 ) 

a n d  M a c In ty re  ( l ‘ >70) fo llo w e d  u p  these in i t ia l  s tud ies  w ith  a d e ta ile d  la b o ra to ry  

in v e s t ig a tio n  o l phospha te  e n rich m e n t on  the  a tm o sp h e ric  soa salt pa rtic les. U s ing  
ra d io a c tiv e  'P O . ,  and  ’ - 'N a ' tracers am i a varie ty  o f  aqueous b u b b lin g  so lu tio n s . 
M a c In ty re  ( I 9 7 0 ) a lw a ys  fo u n d  excess p h o sp h a te  in  the  ae roso l I N , l l ’ 0 . | )  ranged 

Iro m O O i io  l i l l o i  jet d io p le ls  an d  as h igh  as llH K U o rvvh .it he believed w ere d ro p le ts  
Iro n i a w e ll d ra in e d  f ilm  cap f  igu re  5 show s the  resu lts  o l three  runs using filte red  

seaw ater, d is t i l le d  vvatei. and d is tille d  vvalei w ith  a negative ly  charged su rfac tan t 

(-.od ium  lu t in i  su lla tc ) added, f l i c  h ighest e m ic h m e til was observed fo r the in te r­
m e d ía le  s i/e  a tm o sp h e ric  pa rtic les , a p p ro x im a te ly  I 6 /u i i  rad ius , w h ich  M a c In ty re
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F ilia re  5 Enrichm ent o f phosphate as a function  o f  partic le  si/e for atmospheric particles 
produced in  the labo ra to ry by bubbles bu rsting in various "ocean" solutions. A fter 
M a c In ty re  ( 1970).

be lie ved  w ere  the f ilm  d ro p le ts  because they w ere  p roduce d  fro m  ve ry  large bubb les  
w ith  a la rg e  film  cap  area. S im ila r  s tud ies  w ith  num ero us  sm a lle r bubb les, w h ich  

p ro d u c e d  p r im a r ily  je t d ro p le ts , show ed l i t t le  p a r t ic le  s i/e  dependence o f  l : V l(PC)4). 
T h e  use o f  seawater resu lted  in  h ig h e r values fo r  E Nj(P Q 4) than  d is tille d  w ate r, 

p ro b a b ly  because o rg a n ic  su rfa c ta n ts  have a h ig h e r c o n c e n tra tio n  in  seawater. 

H o w e v e r, w hen the su rfa c ta n t s o d iu m  la u rv l sulfa te was added to  the d is tille d  

w a te r, the e n richm e n t d ro p p e d  b y  an  o rd e r o f  m a gn itud e . M a c In ty re  (1970) 
[H>inted o u t th a t lo r  th is  su rfa c ta n t the  surface  a c tive  m o ie ty  is the la u rv l su lfa te  

a n io n , w h ic h  sho u ld  a tt ra c t p o s it iv e  ions, ra th e r tha n  the negative  P 0 4 ion . T h u s  
P O j e n rich m e n t is s ig n if ic a n tly  decreased. W hen  a po s it ive  su rfac tan t, such as 

cet V11 r i m et h \  la m  m o n  i un i b ro m id e , was used in  d is t i l le d  w a te r, values lo r  I S, | I ' 0 4) 
w e re  ten o i g reate i M a c In ty re  ( l l ) 70) suggested tha t io n s  w ith  h igh  io n ic  p o te n tia l,
i.e la rg e  cha rge  and sm a ll s i/e , a re  p re fe rred  as c o u n te r io n s , o r  ions w ith  a cha rge 

o p p o s ite  to  tha t o l the su rfa c ta n t. T h u s , fo r exa m p le , ( 'a "  ’ and  M g ' ' a re  p re ferred

( t i t  M i i 'A I. t-K A f IIO N A T  IO N  20 5

o ve r N a ' .  M a c In ty re !  1970) suggested tha t th is  c o u n te r io n  m echan ism  p lays a m a jo r 

ro le  in  the a sso c ia tion  o f  su rface -ac tive  substances w ith  in o rg a n ic  ions, w h ich  in  tu rn  

c o u ld  re su lt m  the  e n rich m e n t o f  the  in o rg a n ic  ions  in  a tm o sp h e ric  sea sal! pa rtic les . 
K o ske  (1974) suggests th is  m echan ism  m ay be respons ib le  fo r  the b a r iu m  e n ric h ­
m e n t th a t he observed on  sea sa lt p a rtic le s  p ro d u ce d  by d is t i l la t io n  o f  seawater in  the 

la b o ra to ry .
S u rp r is in g ly , we have been a b le  to  f in d  no  d a ta  o n  phospha te  e n rich m e n t in  the 

a m b ie n t m a rin e  ae roso l. A lth o u g h  the re  is co n s id e ra b le  d a ta  on sod iu m  and such 

n u tr ie n ts  as phospha te , n itra te , e tc. in  ra in fa ll,  m ost o f  these s tud ies  w ere un d e rta ke n  
as p a rt o f  genera l eco lo g ica l a n d  b io lo g ic a l fie ld  p ro g ra m s  and  are n o t in  su ita b le  
lo c a t io n s  fo r  c o lle c tio n  o f  tru e  m a rin e  ra in fa ll.  P erhaps m ost re p rese n ta tive  o f  m a rin e  

a ir  is the ra in  da ta  o f  A lle n  et a l (1967) fro m  the  sm a ll is land  o f  S ignv, o i l  the  coast o f 

A n ta rc t ic a  in  the S ou th  O rk n e y  Is lands. A s p a rt o f  a n u tr ie n t ba lance s tud y , these 
a u th o rs  co n c lu d e d  th a t the p r im a ry  source o f  ph osp h a te  on  the is land  was p re c ip ita ­

t io n  and th a t the  phospha te  an d  o th e r n u tr ie n ts  in  the p re c ip ita tio n  cam e fro m  the 

sea. T h e  average va lue  fo r E N.,(I>0 4) in  the  S igny  Is la n d  p re c ip ita t io n  was 170. A lle n  
et a l (1968) u n d e rto o k  a s im ila r  s tu d y  in  E ng lan d . A t tw o  s ta tio n s  ra n g in g  fro m  

2 to  8 k m  fro m  the  soa, th e ir  d a ta  suggest P 0 4 H e n rich m e n ts  o f  o ve r 1000. H o w e ve r, 

the a ir  o ve r the h ig h ly  p o p u la te d , a g r ic u ltu ra l,  and in d u s tr ia liz e d  is land  o f  G re a t 
B r ita in  is c e r ta in ly  n o t re p re se n ta tive  o f  u n c o n ta m in a te d  m a rin e  a ir. T h e  genera l 
ge ochem ica l im p o rta n c e  o f  the  a tm o sp h e ric  tra n s p o rt o f  ph osp h a te  to  and fro m  

m a rin e  areas re m a in s  to  be de te rm in ed .

N it r o g e n  C o m p o u n d s

W ith  the  d e m o n s tra tio n  th a t phospha te  can be e ff ic ie n tly  tra n s p o rte d  fro m  the  sea to  
the  a tm o sp h e re  on  pa rtic les  fro m  b u rs tin g  bubb les , i t  is ra th e r s u rp r i/ in g  th a t so l i t t le  

research in  th is  c o n te x t has been c a rr ie d  o u t on  n itro g e n  c o n ta in in g  n u tr ie n ts . W e 
have fo u n d  no  d a ta  on  o rg a n ic  n itro g e n  in  m a rin e  aerosols. T w o  in ve s tig a tio n s  in 

N ew  Z e a la n d , how ever, suggest the  p o te n tia l im p o rta n c e  o f  the che m ica l 

fra c t io n a tio n  o f  o rg a n ic  n itro g e n  co m p o u n d s . W ils o n  (1959) inves tig a ted  the o rg a n ic  

n itro g e n  c o n te n t o fsn ovvsco llec tcd  1600 2600 m  ab o ve  sea leve l on  re m o te  m o u n ta in s  
lo ca te d  20 160 k m  fro m  the sea. Because the  sam ples w ere fre sh ly  co lle c te d  fro m  

re g ions  w here  no  p la n ts  o r  a n im a ls  ex is t, W ils o n  expected no  c o n ta m in a tio n  fro m  
these sources. I le  c o u ld  see no  in s o lu b le  in o rg a n ic  m a tte r in  the  sam ples w ith  the 

na ked  eye and be lieved th a t no  (o r  very l i t t le )  e rus tu i w e a th e rin g  p ro d u c ts  were 

present. H e fe lt s tro n g ly  th a t the  source  o f  the o rg a n ic  n itro g e n  in  these sam ples was 
th e  ocean.

T h e  o rg a n ic  m ii ogen (O N ) c o n c e n tra tio n  in  the snow ranged fro m  20 mg. l i te r  to 

2(H) m g lite r . A s ing le  coasta l ra in  sam ple c o n ta in e d  2(H) m g lite i o rg a n ic  n itro g e n , 
w hereas tv p ic tii seawater o f f  N ew  Z e a la n d  c o n ta in e d  8 / ig  lite r. Ihese  co n ce n tra tio n s , 
c o m b in e d  w ith  N a m easurem ents m ade on  the  same sam ples, result in  Ev ,(O N )  
va lues ra n g in g  fro m  4 \  I t ) ' t o  I \  10". These are extrem e ly h ig h  e n rich m e n ts  and, 

i l  c o i ie c t .  suggest th a t the  tra n s p o rt o f  o rg a n ic  n it io g e n  fro m  the  sea to  coa s ta l areas 
c o u h l be s ig n ifica n t in  the  n u tr ie n t ba lance  o f  som e reg ions. The h ig h  o rg a n ic
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n itro g e n  c o n c e n tra tio n  in  coa s ta l m a rin e  ra in  was c o n firm e d  b y  D ean (1063). w ho  

fo u n d  170 m y / lite r  in  ra in  a t la i la  in  co a s ta l N ew  Z ea land . O rg a n ic  n itro g e n  

co n c e n tra tio n s  o l -  23 m g  l i te r  were lo u m l by  W ill ia m s i 1067) i i i  ra in  o ve r the  ocean 

o f f  C a lifo rn ia  and near Sam oa. H ig h  e n rich m e n ts  re la tiv e  to  seawater were also 
fo u n d  lo r  N l  l 4 ' in  the ra in  and snow sam ples o f  W ils o n  11050). and  an en richm e n t 

fo r to ta l n itro g e n  o f  2 x  I 0J was fo u n d  in  a fo a m  sam ple  co llec te d  on a ro c k y  coast 
n o r th  o f  W e llin g to n , N ew  Z e a land .

A re  such h igh  e n rich m e n ts  in  the  a tm o sp h e re  possib le  fro m  a m a rin e  source? 
A s a c ru d e  a tte m p t lo  answ er th is  q u e s tio n , w e can  m ake the  fo llo w in g  c a lc u la tio n . 
A s s u m in g  the o rg a n ic  n itro g e n  in  the a tm o sp h e re  was present on sea sa lt p a rtic le s  

w hen the y  were p roduce d  at the soa surface, assum ing  the average va lue  o f  l : V l( ( )N )  
fo r  p a rtic le s  in  the a tm osph e re  near N ew  Z e a la n d  is 2 x  10s, and  assu m ing  the 

o rg a n ic  n itro g e n  c o n c e n tra tio n  in  the  m ixed  la ye r o f  the ocean near N e w  Z e a la n d  is 
-  S //g  l ite r ,  the c o n c e n tra tio n  o f  o rg a n ic  n itro g e n  in  the surface laye r s tr ip p e d  by  the 

b u rs tin g  bubb les , i.e. the  to p  0.05 0.5 / / in . m u s t be — 1.6 g lite r . (T h is  c o n c e n tra tio n  

c o u ld  be a tta in e d  in  th is  su rface  laye r b y  the  tra n s p o rt o f  a  q u a n t ity  o f  o rg a n ic  

n itro g e n  e q u iva le n t to  th a t p resent m  a p p ro x im a te ly  I 10 c m  o f  subsurface  w ate r. 
T h is  is pe rhap s  no t co m p le te ly  un reasonab le .) W ill ia m s  (1067) fo u n d  the  co n c e n tra ­

t io n  o f  b o th  d isso lved  and  p a rt ic u la te  o rg a n ic  n itro g e n  ranged fro m  100 //g  l i te r  to 

500 ,/ig l i te r  in  the to p  150 / / m o f  the ocean surface  o f f  P eru and o f f  C a lifo rn ia . W e 
assum e a n  ave rage c o n c e n tra t io n  o f  300 //g  l i te r  in  the  150 / /m  m ic ro la y e r . T h e  

m ic ro la y e r  co n c e n tra tio n s  observed  w ere  1.5 50 tim es c o n c e n tra tio n s  p resent a t 

d e p ths  o f  10 -30  meters. H o w e v e r, i f  th is  o rg a n ic  n itro g e n  in  the  150 m ii m ic ro la y c r 

is a c tu a lly  co n ce n tra te d  in  a m u ch  th in n e r la ye r fro m  0.05 //m  to  0.5 um  th ic k , w h ich  
th e  b u rs t in g  b u b b le  s tr ip s  in to  je t  d ro p le ts , th e  c o n c e n tra tio n  in  th is  th in n e r  laye r 

w o u ld  be - 0.1 I g l i te r  c lose en ough  to  the  re q u ire d  c o n c e n tra tio n  o f  1.6 g / l i tc r  
c a lcu la te d  ab ove  th a t we c a n n o t d ism iss  the  p o s s ib ility  th a t th is  m echan ism  is 
p o te n t ia lly  s ig n ifica n t in  the  e n v iro n m e n t. H o w e ve r, these c a lc u la tio n s  and any 

in te rp re ta t io n  o f  th is  tie ld  d a ta  in  te rm s  o f  ch e m ica l fra c t io n a tio n  m u s t be v iew ed 

c a u tio u s ly  because o u r  u n d e rs ta n d in g  o f  the  in te ra c tio n s  o f  sue li gaseous species as 
N O . N O ' an d  N i i  , w ith  ae roso ls  and  ra in  a n d  c lo u d  d ro p le ts  is l im ite d  a n d  because 
ch e m ica l re a c tio n s  o f  these in o rg a n ic  n itro g e n  species w ith  o rg a n ic  m a te ria l in  these 
p a rtic le s  a n d  d ro p le ts  a re  possib le .

W ill ia m s  ( 1667) d iscussed the  genera l im p lic a t io n s  o f  en riched  n itro g e n  tra n s p o rt 

in io ih e a lm o s p h e re o n  sea salt p a rtic le s  to  the  n itro g e n  cyc le  in the sea and  suggested 
th a t, i f  h ig h ly  en rich e d  n itro g e n  is a genera l ph enom eno n , th is  "c lose d  system  o f 

n itro g e n  re cyc lin g  w o u ld  g rea tly  reduce the  net in p u t o f  n itro g e n  in to  the  sea" fro m  

c o n tin e n ta l sources. The im p lic a t io n s  lo  the  o v e ra ll n itro g e n  cyc le  a re  p o te n tia lly  
s ig n if ic a n t, bu t th is  sub jec t a w a its  co n s id e ra b le  a d d it io n a l research.

lu a d i l le r e n t  aspect o f  the  n itro g e n  p io b le m . B loch  A  I uccke ( 1670) show ed in  the 

la b o ra to ry  th a t in o rg a n ic  N I I , '  is en riched  i i i  the p a rtic le s  p roduce d  by b o ilin g  
aí l i l ic ia l  sa lt so lu tio n s  o f  N l I , (  'I and c o lle c tin g  the  condensa te  a n d  spi ns p roduced .

I hey e x p la in e d  th a i th e ir  N I I , '  en rich m e n ts , w h ich  langed  u p  lo  -  101)0. w ere due 
to  iis v lro ly  sis o l N I I . , '  in the seaw ater, w ith  the  subsequent cm  ich m e n t o f  N l  l 4( ) l  I 
a t the  w a te r surface du e  lo  ( i ib b s  a d s o rp tio n . A s m e n tio n e d  abose, the  qu e s tio n
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o f  N H j *  in  a tm o sp h e ric  ae roso ls  is co m p lica te d  by the in te ra c tio n  o f  gas phase 

N I I ,  w ith  the  sa line d ro p le ts . W h ile  N l  l 4 is a p p a re n tly  en riched  in m a rin e  aerosols 

and  ra in  re la tiv e  to  seaw ater ( lu n g e  1657, W ils o n  1656. M e n /e l A: Spaeth 1662, 

W ill ia m s  1667, T su n o g a i 1671 ). the re  is no s tro n g  evidence to  suggest th a t lin s  M  l 4 ' 

o r ig in a te s  on the p a rtic le s  p roduce d  at the sea surface.

The lldlocjens
o u t o r iN i:  C h lo r in e  is the m a jo r mass co m p o n e n t o f  a tm o sp h e ric  sea sa lt and  is 

re la tiv e ly  easy to  analyze. O n e  m ig h t expect th is  e lem ent to  be the m o s t th o ro u g h ly  
un d e rs to o d  re la tiv e  to  chem ica l fra c tio n a tio n . H ow eve r, the re  is s till con s id e ra b le  
u n c e rta in ty  re g a rd in g  the  m a rin e  a tm o sp h e ric  ch e m is try  o f  c h lo r in e . A  C l gas phase 
ex is ts  in  m a rin e  a ir. and co n s id e ra tio n s  o f the C l. N a ra t io  and  C l e n rich m e n t d u r in g  

p a rtic le  p ro d u c t io n  a re  c o m p lica te d  by the  p o s s ib ility  o f  C l ga in  o r  loss fro m  the 
ae roso l a lte r  its  fo rm a tio n . M o s t o f  the d a ta  on  C l, N a ra tio s  are fro m  ra in , w ith  

re la tive ly  l i t t le  in fo rm a t io n  fo r  a tm o s p h e ric  p a rtic le s  in  op en  ocean areas. W ilk n is s  
A- Bressan (1672) m easured C l N a  ra tio s  on  a tm o sp h e ric  p a rtic le s  in  m ido cean  and 

ne a r-co n tin e n t m a rin e  a ir. T h e  mean va lue fo r EV ,(C I) fro m  th e ir  m idocean sam ples 
was -  0.07 ±  0.21. a lth o u g h  fo r  p a rtic les  > 2  //m  ra d iu s  F.v ,(C l)  was + 0 .0 4  +  0.19. 

A lo n g  the  east coast o f  the  U n ite d  States, th e y  fo u n d  E N j(C1) va lues ra n g in g  fro m  
0.66 to  -  0.31. T h e y  n o te  th a t these negative  e n rich m e n ts  a re  u n d o u b te d ly  due  to 

the s im u lta n e o u s  c o lle c tio n  o f  c o n tin e n ta l ae roso ls  w ith  re la t iv e ly  h ig h  N a co n ­
cen tra tio ns . C hcssele t et a l (1972a) fo u n d  the m ean va lue  o f  E V l(C l) to  be 

0.04 +  0.02 o n  p a rtic le s  fro m  several m ido cean  lo c a tio n s , w hereas P eirson c t a l 

(1674) fo u n d  an average va lue  o f  - 0.06 d u r in g  1972 and 1973 at L e rw ic k  in  the 
S he tland  Is lands. O n  a c ru ise  in  the m id -P a c ific , W ada  A  K o k u b u  (1673) fo u n d  a 
mean va lue  o f  0.03 ±  0.03 fo r  E N.,(C1). and the da ta  o f  B u a t-M c n a rd  et a l (1974) 

o ve r the  N o r th  A t la n t ic  in d ic a te  a m ean o f  --0 .1 2  ±  0.11.
Perhaps the  m ost va lua b le  da ta  to  da te  is th a t o f  M a rte n s  el a l (1973). w ho  

investiga ted  the  v a r ia t io n  o f  the C l N a  ra t io  w ith  p a rtic le  size in  P u e rto  R ico. O n  the
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/•7,/i/iy a l iu i i lu i i c n t  o f t  I as a fu n d  ¡oti o f partiele si/e for atm ospheric samples collected 
at coastal am i in land sites m Puerto Rico A lter M at tens et al (P* ’ .M
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basis o f  the C l N a ra t io  in  the  pa rtic les , co rrec te d  fo r a n y  N a c o n tr ib u t io n  fro m  

w ea the red  crus ta ! m a te ria l, they ca lcu la te d  a 7 25",, d e p le tio n  o l C l re la tiv e  to  the 

expected seawater c o m p o s it io n . T h e  average F V,(C I)  fo r  th e ir  b u lk  m a rin e  ae roso l 

was 0.12 +  0.06. M o s t im p o r ta n t ly ,  th e y  fo u n d  th is  C l d e p le tio n  was very  pa rtic le - 

s i/e  dependent, w ith  in c re as ing  d e p le tio n  o f  C l w ith  decreasing p a rtic le  s i/e . F ig u re  

6 presents a co m p o s ite  o f  I a ., (C l) vs p a rtic le  s i/e  fo r  th e ir  fo u r  sam ples a t co a s ta l and 

in la n d  P u e rto  R ico  sites. M a rte n s  ct a l ( 1973) ascribe  th is  m a rked  decrease o f  E S.,(C'I) 
on  the sm a ll pa rtic les  to  a loss o f  C l to  the gas phase. Based on  s im ila r  s tud ies  in  the 

San F ranc isco  Bay area, w here  N Q 2 was s im u lta n e o u s ly  m easured, these a u th o rs  

co n c lu d e  th a t I IC I is re leased fro m  the  p a rtic le s  a fte r u p ta k e  o f  gaseous H N 0 3 

(a nd  perhaps S O ;). A s s u m in g  tha t the  H N 0 3 and S 0 2 u p ta ke  is c o n tro lle d  by 
d iffu s io n  to the p a rtic le  surfaces, un d e r n o n e q u ilib r iu m  c o n d it io n s  the  sm a lle r 

p a rtic le s , w ith  th e ir  la rg e r su rface  arca to  v o lu m e  ra tio , w il l  be m ost a ffected b y  the 
a d d it io n  o f  these gases a n d  subsequent loss o f  I IC I. I f  ch e m ica l e q u il ib r iu m  is 

u lt im a te ly  reached betw een the  gases and the pa rtic les , the re  sh o u ld  be n o  d iffe rence  
in  the C l N a ra tio s  on  p a rtic le s  o f  d iffe re n t si/cs. T h e  existence o f  such a d iffe rence 
suggests th a t, i f  th is  m e chan ism  is v a lid , e q u il ib r iu m  is n o t a tta ined .

T h e  m ean EV ,(C1) fo r the  six m ido cean  s tud ies  above is -  0.08 +  0.04, e q u iva le n t 

to  an apparen t 8" „  loss o f  C l to  the gas phase, assum ing  no chem ica l fra c t io n a tio n  
o f  C l re la tiv e  to  N a  d u r in g  p a r t ic le  p ro d u c t io n . A  gaseous C l co m p o n e n t does exist 

in  the  m a rin e  a tm osph e re . A lth o u g h  its  ch e m ica l fo rm  is  s t i l l  un ce rta in , th e c o n c e n tra - 

t io n s  a re  g e ne ra lly  1 -5  / /g /n r1 near sea level, w ith  the  gaseous p a rtic u la te  C l ra tio  
ave ra g in g  a b o u t 0.5 (Junge 1957. D u c c  et a l 1965. Chcsselet et a l 1972a, R ah ti et al 

1976). T h u s , i f  th is  ganeous C l is  genera ted  fro m  the  a tm o sp h e ric  sea sa lt pa rtic le s , it 

m u s t have an a tm o sp h e ric  res idence t im e  a p p ro x im a te ly  six tim e s  th a t o f  p a rtic u la te  

C l. o r  - 2  -3 weeks. D e h tn y  et a l (1973, 1974) m easured the ve r tic a l p ro f ile  o f  C l/N a  
in  ae roso ls  o ve r c o n tin e n ta l a n d  m a rin e  areas u p  lo  9 km . O v e r the sea the  ra tio  

f lu c tu a te d  a ro u n d  the  seaw ater va lue , b u t o ve r c o n tin e n ta l areas the ra t io  g e ne ra lly  

increased w ith  he igh t, w h ich  D e la  ny  and co -w o rk e rs  be lieved w as caused b y  in te r­
a c tio n  between the c o n tin e n ta l ae roso l and  gaseous C l.

T h e re  have been a n u m b e r o f  suggestions fo r  the re a c tio n s  th a t m ay release gaseous 
C l fro m  sea salt pa rtic les . T hese  in c lu d e  th e  u p ta k e  o f  S O ; (E rik s s o n  1959, 1960) o r 
H N O .i (R o b b in s  et al 1956) u> release H O ,  described  p re v io u s ly , the re a c tio n s  o f 

C l w ith  ( ) 3 to  p ro d u ce  C l 2 (C 'auer 1638), the u p ta ke  and re a c tio n  o f  N O ;  w ith  N a C l 
to p ro d u ce  N O C I (S c h ro e d e r i:  D ro n e  1674). and  p h o to ch e m ica l reac tions  in  e ith e r 

the  sea o r  a tm o sp h e ric  p a rtic le s  to  p ro d u ce  th e  p e rn itr ite  io n . w h ich  sub seque n tly  
reacts w ith  C l to  release Cl_> a n il o r  N O C I (P e lr ie o n i A: Pa pee 1672). V a lach  (1667) 

and L .a /rus  c t a l (1670) suggest (hat vo lcanoes are the m a jo r sou rce  fo r  m a rine  

a tm o s p h e ric  gaseous C l. / . a l i i  ¡ou (P>75) has suggested th a t s ig n ifica n t q u a n tit ie s  o f  

C U  ,C l max he genera ted in  seaw ater by the re ac tion  o f  C l 1,1 w ith  C l . Z a f ir io u  
[ v in ts  o u t tha t ( '11 ,C I s h o u ld  be q u ite  s tab le  in seaw ater and sh o u ld  exchange w ith  

the  a tm osphere , w ho i e ¡I w o u ld  be p h o to s ta b le  a n d  p ro b a b lx  have a re la tiv e ly  long  
residence lim e  C 11 ,C1 ( .n u i C (  ’I.,) is a m a jo r  c o m p o n e n t o f  the  l ig h t  c h lo ro e a rb o n s  
present in  the a tm o sp h e re  in  the  state o f  W a sh in g to n  ( ( ¡ru n .-ru d  A  Rasmussen 
16 '5 j m u ! it does no t ap pea r to  have an a n th ro p o g e n ic  soutce. In  a d d it io n , at a coasta l

B erm uda  site, R ahn ct a l (1676) have fo u n d  tha t o n ly  a b o u t 25",, o f  the gaseous C l is 

in o rg a n ic  (as m easured by c a p tu re  on  I . iO H  im p regn a ted  fille rs ), and 75",j is 

a p p a re n tly  o rg a n ic  (as m easured b y  c a p tu re  on a c tiva te d  ch a rco a l, w h ich  is q u ite  
e ffic ien t fo r C l I ,C l) .  D e te rm in a tio n  o f  the in o rg a n ic  and o rg a n ic  spé c ia tion  o f  
gaseous C l in  m a rin e  a ir  w il l  be c r it ic a l in  u n d e rs ta n d in g  the  in ic r  w tio n  between 

a tm o sp h e ric  sea salt p a rtic le s  and  these gaseous com pone n ts .
T h e re  have been a few la b o ra to ry  s tud ies  o l d  fra c tio n a tio n , (  hesselet c t a l (1972b) 

fou nd  no  d e v ia tio n  o f  the  C l N a ra t io  on b u b b le -p ro d u ce d  sea salt p a rtic les  in the 
la b o ra to ry  as com p a re d  to  seawater. W ilk n is s  A  Bressan (1672). in  a s im ila r  s tudy 

using a cascade im p a c to r. fo u n d  no  d e v ia tio n  fro m  the  seawater ra t io  on  the largest 

pa rtic les , b u t a s lig h t ne ga tive  e n r ic h m e n t o n  the  su b m ic ro n  p a rtic le s  p roduced . 
T h e re  appears to  be no  s tro n g  ev idence  to  suggest th a t the re  is a n y  s ig n ifica n t 

fra c tio n a tio n , e ith e r p o s it iv e  o r  nega tive , fo r C l d u r in g  p a rtic le  p ro d u c tio n .
T h e re  is extensive  d a ta  o n  the C l/N a  ra t io  in  ra in , fro m  b o th  coasta l and in la n d  

areas. T h e  e a r ly  d a ta  w as re v ie w ed  b y  Junge (1663). M o s t re su lts  show a nega tive  en­
rich m e n t fo r C l. w ith  an average E V l(C I) o f  a p p ro x im a te ly  -  0.05 to  -0 .1 0 . Recent 
stud ies o f  ra in  in  H a w a ii a t v a r io u s  a ltitu d e s , re po rted  by Soto et a l (1969), show  no 

s ig n ifica n t C l e n rich m e n t. In  s tud ies  o f  the  C l N a  ra t io  in  c lo u d  w a te r lOoO m above 
sea leve l in  P u e rto  R ico , L a /ru s  e t a l (1970) like w ise  fo u n d  n o  s ta tis tica l d iffe rence  

fro m  seawater. M a n y  past sam ples were co llec te d  in  areas w ith  p o te n tia l fo r  s ig n ifica n t 

c o n tr ib u t io n s  o f  c o n tin e n ta l m a te r ia l to  the ra in . O w in g  to  the presence o f  a gas 

phase, possib le  in c o rp o ra tio n  o f  c o n tin e n ta l a n d  b a ckg ro u n d  ae roso ls fro m  h igh e r 
a ltitu d e s , an d  the  fac t th a t ra in o u t  a n d  w a sh o u t effic iency is a  fu n c tio n  o f  b o th  

p a rtic le  size and p a rtic le  c o m p o s it io n , a n y  genera l a tte m p t to  u n de rs tand  the 

ch e m is try  o f  a tm o sp h e ric  p a rtic le s  th ro u g h  ra in  an a lys is  is fra u g h t xvith p ro b le m s ; 

th is  is especia lly  tru e  fo r  p a r t ic u la te  ch lo r in e .

h r  om in e  T h e re  is l i t t le  ev idence to  suggest th a t b ro m in e  is fra c tio n a te d  d u r in g  sea 
sa lt p a rtic le  p ro d u c t io n . H o w e ve r, gaseous b ro m in e  m ay be re leased fro m  sea salt 

p a rtic les  to  a g rea te r ex te n t tha n  C l a fte r the  p a rtic le s  e n te r the a tm osphere , re s u ltin g  
in a  B r ( ' I  ra t io  on  th e  p a rtic le s  th a t is  s lig h t ly  dep le ted  re la t ix e lo  seawater. D u c c c t  a l 
(1967) and M o ve rs  A: D u ce  (1972a) inves tig a ted  the  B r C l ra t io  as a fu n c tio n  o f  

p a rtic le  s i/e  fro m  20 m h igh  lo w e rs  d ire c t ly  on  the coast o f  (he is lands o f  H a w a ii and 
O ah u . F ig u re  7 presents the mean va lues fo r F c ¡(B r) fo r  12 cascade im p a c to r  sam ples 

fro m  O a h u . T o  fa c ilita te  g ra p h ic a l d isp la y  o f  th is  da ta , F  ra th e r tha n  E values are 
presented. V a lues fo r  l-n (B r) w ere  g e n e ra lly  less than  u n ity  fo r  a ll p a rtic le  si/es. 1'he 

m ean va lue  fo r Iv i ( B r )  fo r  the to ta l p a rtic le  p o p u la t io n  suggests th a t, re la tive  to  C l. 
40",. m o re  o f  the B r has a p p a re n tly  been lost to  the  gas phase. M o y e r-  A  D uce  ( 1672a) 

m easured the  gaseous B r c o n c e n tra tio n  i i i  H a w a ii, a n d  it averaged a p p ro x im a te ly  
50 ng n r ',  o r  4 10 tim e s  the p a rt ic u la te  b ro m in e  con cO n tta tion . H us  suggests th a t, i f  

the  gaseous b ro m in e  does resu lt fro m  sea salt p a rtic le  release, the  residence tim e  o f  the 
gaseous species is several lim e s  th a t o f  p a rtic u la te  Br. M a l leus ( 1673) has investiga ted  

l ' \ . , (B r ) a s  a fu n c tio n  o f  p a rtic le  s i/e  at b o th  coasta l and in la n d  s ta tio ns  in  P uerto  
R ico, l i i - 1 exu lts agree w ith  the  H a w a ii d a ta  presented in  1 ig u re  7 to r p a rtic le s  w ith  
ra d ii >  1 f im .  F o r  pa rtic les  betw een 0.5 /u n  a n d  I ,um. ho w e ver. FV l(B i ) ranged
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fro m  2 lo  I I  lo r  fo u r sam ples. M a rlo n s  (1973) no tes  th a i the h ig h  fra c t io n a tio n  values 

fo r  B r  o u  I he sm a lles t p a rtic le s  m ay he clue to  lo ca l c o n ta m in a tio n  by the  presence o f  

B r associa ted .v illi IM> fro m  the c o m b u s tio n  o l te lia c lh v llo a d  and e th y le n e  b ro m id e  
in  gaso line . M easured  B r / I ’ b  ra tio s  ou these sm a ll p a rtic les  in  P u e rto  R ico  su p p o rt 
th is  suggestion.

D u ce  et a l (1973) have m easured a tm o s p h e ric  b ro m in e  at the  g e o g ra p h ic  South 

P o le  ; i i  2X00 m  ab o ve  sea leve l, and  I < |(B r)  is g re a te r tha n  12 lo r  the to ta l aerosol 

p o p u la t io n  sam pled. G aseous b ro m in e  was fo u n d  lo  be a p p ro x im a te ly  20 lim e s  the 
p a r t ic u la te  B r c o n ce n tra tio n s . S im ila r  h igh  va lue  fo r I < ¡(B r) were fo u n d  b y  C ad le  
(1972) in  the  m id la t itu d e , n o r th e rn  h e m isphe re  s tra tosph ere , at an a lt itu d e  o f  
a p p ro x im a te ly  IO km . and  b y  D e la n y  e l a l ( 1973) a t a lt itu d e s  fro m  I k m  to  9 km  ove r 

m a rin e  and  c o n tin e n ta l areas. T h e  la tte r  g ro u p  suggested th a t the h ig h  f < |(B r) 

va lue s  a t h ig h e r a lt itu d e s  m a y  re su lt fro m  gas phase re a c tio n s  y ie ld in g  N H 4B r 

ae roso l. C ad le  suggested th a t the  h igh  s tra to s p h e ric  B r C l ra tio  m ig h t resu lt fro m  
increased B r f ro m  the  c o m b u s tio n  o f  e th y l f lu id  in  gaso line . A n o th e r  p o s s ib ility  is the 

u p ta k c o f  n a tu ra l gaseous B ro n  the b a c kg ro u n d  ae roso l. In  su m m a ry , it  appears  tha t 

the re  is no s tro n g  ev idence fo r b ro m in e  fra c t io n a tio n  a t the  a ir  sea in te rla ce  and tha t 

d e v ia tio n s  o f  the  B r  N a  o r  B r C l ra t io  fro m  seaw ater va lues a re  p ro b a b ly  caused b y  
the  exchange o f  a n a tu ra l gaseous b ro m in e  phase w ith  the  sea salt p a rtic le s  and
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I ’u inr,1 7 F ractionation o f I and Hr as a function o f particle s i/e  lo i samples collected from 
a 20 m lug il tower on w indw ard Oahu. H aw aii am i from a labo ra to r) model occan- 
atmospFiorc system. I ro n i M oyers &  Duce ( |972a.h) and Seto Oc Duce (1972).
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l  alile 2 Some representative values for iodine enrichment in m arine aerosols

Location Reference F.tll Reference

Sugashima Island. Japan. 200 in Cl 10 ino Komahayasi 11962)

Tokyo. Japan, near sea level Cl 2500 M iyake A: Tsunogai 
(1963)

New Zealand coast, sea level to  35 m Cl .35 500 Dean (1963)

H awaii Island, sea level to  2000 nl Cl 10 2(H) Duce et al (1965)

Harrow. Alaska coast. 10 m (w inter) Cl 55 IO.OoO Duce et al (1966)

Oahu. H aw aii coast, 20 m Cl 80 300 Moyers &  Duce (1972b)

M cM u rd o . A ntarctica  coast, 50 in Cl 750 28.000 Duce et al (1973)

Soudi Pole, Antarctica, 2800 in Cl £  12.000 Ducc et al (1973)

Puerto Rico. 20-450 m Na 220 Martens ( 1973)

b a c k g ro u n d  a e roso l o r  b y  the  a d d it io n  o f  B r-r ic h  p a rtic les  fro m  the c o m b u s tio n  o f 

e th y l Huid.

i o d i n e  Io d in e  is one e lem ent fo r w h ich  there is con s id e ra b le  evidence fo r chem ica l 

fra c t io n a tio n  at the a ir  sea in te rface . A n u m b e r o f  s tud ies have show n th a t iod in e  
e n ric h m e n t in  m a rin e  ae roso ls  ge nera lly  ranges fro m  100 to  1000. Som e representative 
va lues fo r io d in e  e n ric h m e n t are presented in  T a b le  2. T h e  sea is the  accepted source 

fo r  a tm o s p h e ric  io d in e  present in  m a rin e  aerosols, b u t the m echan ism  fo r  e n richm e n t 
re m a ins  u n ce rta in . It is l ik e ly  th a t c ith e r  (</) a gaseous fo rm  o f  io d in e , p ro b a b ly  
I > o r  C H .,I .  is re leased fro m  the  ocean surface and exchanges w ith  the pa rtic les , o r 

(/>) su rface -ac tive  o rg a n ic  m a te r ia l en riched  in  io d in e  in  the  sea is scavenged by- 
r is in g  b u bb les  and in jec ted  p re fe re n tia lly  in to  the  a tm osphere . E v idence sup ports  

b o th  m echan ism s and  indeed  b o th  a re  p ro b a b ly  im p o rta n t in  th e  e n v iro n m e n t.

In  m a rin e  a ir . io d in e  is genera lly  fo u n d  on  sm a lle r p a rtic le s  tha n  is B r o r  C l. In  

s tud ies  fro m  2 0 -m c te r-h ig h  to w e rs  on  the  coasts o f  H a w a ii and  O a h u . D u ce  et al 

( 1967) a n d  M o y e rs  &  D u ce  ( 1972b) fo u n d  th a t th e  m a jo r m ass o f  io d in e  is ge nera lly  
o n  p a rtic le s  w ith  ra d ii o f  0 .5 -1 .0  /tm  w hereas the m a jo r mass o f  C l is present on 
p a rtic le s  w ith  ra d ii o f  I 5 /m i at 90",. re la tive  h u m id ity . T h is  resu lts  in  a general 

increase in  the  1 C l ra t io , o r  ! ',  i(D, w ith  decreasing  p a rtic le  s i/e . as i llu s tra te d  in 
F ig u re  7. D u ce  et a l ( 1967) p o in t o u t tha t, i f  the h igh  io d in e  e n rich m e n t is the resu lt o f  

gaseous u p ta ke  by the p a rtic le s , the o ve ra ll effect o f  the a d d it io n  o f  gaseous io d in e  to  

the p a rtic le  ch e m ica l c o m p o s it io n  w o u ld  be inversely p ro p o r t io n a l to  the  p a rtic le  
rad ius . U s ing  th e ir  e xp e rim e n ta l da ta . R obb ins  ( | 9 ?0 ) de ve lope d  a m a them a tica l 

d iffu s io n  m o d e l fo r the re a c tio n  o f  gaseous io d in e  w ith  p a rtic le  surfaces th a t cou ld  

e \p la i iu |u a n l i t a t i \ c ly  the  pa i t id e  s i/e  dependence o f  the I C l ra tio . H is  m ode l, h o w ­

ever. re i|u irc d  th a t a ll the  p a rtic le s  have the  same, ta i l ie r  s h o rt, residence tim e  o f  
a p p ro x im a te ly  15 m iii.  M o y e rs  «V: D uce ( 1972b) suggested th a t the e n rich m e n t v a r ia ­

t io n  w ith  p a r t ic le  s i/e  may be due l í '  a ra the r slow in te ra c tio n  o f  the gas phase w ith  
the  pa rtic le s , so th a t the  residence lim e  o f  the  p a rtic le s  becom es the  c o n tro l l in g  fa c to r 

in  the u p ta k e  o f  gaseous io d in e . I he sm a lle r pa rtic les , w ith  then  lo n g a  a tm osph eric  
res ilience  lim e s  tE s inen  A: C o in  1971. Junge 1972) w o u ld  t lu is  have h igher io d in e
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e n ric h m e n t. I f  the g a s -p a rtic le  in te ra c tio n s  a rc  in o rg a n ic  in  na tu re  and in v o lv e  sueli 

species as H , I , and IO ,  . M o ye rs  A' D u cc  ( ID72h) show ed th a t th e rm o d y n a m ic  
e q u il ib r iu m  w o u ld  p ro b a b ly  never be a tta in e d  and  the  p a rtic les  w o u ld  c o n tin u e  to  

act as a -»ink fo r  gaseous io d in e  as lo n g  as they re m a in  in  the a tm osphere .
A n  obv io u s ly  c r it ic a l fa c to r in  th is  d iscuss ion  is the presence o f  gaseous io d in e  ove r 

th e  ocean. D uce  et a l ( l% 5 )  and  M o y e rs  &  D u ce  (1972b) fo u n d  th a t the genera l level 
o f  gaseous io d in e  in  sut face a ir  near H a w a ii ranged  fro m  5 20 ng  ny ', w ith  the  gaseous 

species g e n e ra lly  tw o  to  lo u r  tim es p a r t ic u la te  io d in e . In  A n ta rc tic a , b o th  a t coasta l 
an d  in la n d  sites, the gaseous c o n c e n tra tio n  w as 2 3 ng m \  aga in  tw o  to  lo u r  tim es 
p a rt ic u la te  io d in e . T h e  che m ica l fo rm  o f  the gaseous io d in e  is s till q u ite  uncerta in . 

M iy a k e  &  T su n o g a i (1963) added ' " I  to  a m o d e l ocean system an d  fo u n d  D  
re leased w hen th e  system  was ir ra d ia te d  w ith  l ig h t  a t 300- 5 0 0 n m . I hey a tt r ib u te d  the 

12 release to  :

2 1 "  +  1/2 0  2 +  H 20 - ^ '  12 +  2 O H "  (4)

M a rte n s  &  H a rr is s  (1970) and  Soto &  D u ce  (1972) fou nd  s im ila r  re su lts  using 

1311"  tra ce r in  the  la b o ra to ry .
In  th e ir  m o de l oce an-a tm osp here  stud ies. Seto &  D u ce  (1972) a lso c u ltu re d  the 

d ia to m  species P haeodacty lum  tr ic o rn u tu m  in  the  presence o f  ‘ 31l . O rg a n ic  m a te ria l 

in c o rp o ra t in g  the  1311'  was e x tra c te d  fro m  the  d ia to m  c u ltu re  and added  to  the 
m o d e l ocean system : the  seaw ater w as b u b b le d  and the p a rtic les  p ro d u ce d  were 

co lle c te d  using a cascade im p a c to r. F r i ( I )  va lues fo r  these size-separated la b o ra to ry  

ae roso l sam ples are presented in  F ig u re  7. A d d it io n a l m o de l stud ies w ere pe rfo rm ed  
on  fresh seaw ater w ith  no ra d io a c tiv e  io d in e  added , w ith  the n a tu ra l io d in e  present 

an a lyzed  d ire c t ly  in  the  p a rtic le s  p ro d u ce d . These re su lts  are a lso presented in F ig u re  

7. I t  is seen th a t the  p a tte rn  o f  io d in e  e n r ic h m e n t on  the p a rtic les  fro m  b o th  m ode l 
s tud ies  is very  s im ila r  to  th a t in  the m a rin e  e n v iro n m e n t, th a t is. genera l increase in 
io d in e  e n r ic h m e n t, o r  f ra c t io n a tio n , w ith  decreas ing  p a rtic le  size, except fo r  the very 

la rgest pa rtic les . H o w e ve r, the m a g n itu d e  o f  the  e n rich m e n t is a b o u t 20 tim es greater 
in  the n a tu ra l e n v iro n m e n t. These re su lts  suggest s tro n g ly  th a t a t least p a rt o l the 

io d in e  e n ric h m e n t in a tm o s p h e ric  sea sa lt p a rtic le s  re su lts  d ire c t ly  tro m  chem ica l 
fra c t io n a tio n  at the  a ir  sea in te rla ce  d u r in g  p a r t ic le  p ro d u c tio n , p ro b a b ly  caused by 

a sso c ia tio n  o f  som e o f  the  io d in e  w ith  su rface -active  o rg a n ic  m a te ria l. These 

c o n c lu s io n s  agree w ith  tho se  o f  D ean  (1963), w h o  fo u n d  co n s id e ra b le  o rgan ic  
m a te r ia l (p r im a r i ly  algae an d  p la n k to n  d e b ris ) in  sea sp ray  i i i  N ew  Z e a la n d  and 

be lieved  the h ig h  io d in e  e n ric h m e n t he m easured  was due  to  io d in e  associa ted w ith  

the  o rg a n ic  m a te ria l.
In  th e ir  m o de l s tud ies  u s ing  n a tu ra l seaw a te r w ith  no added  ra d io a c tiv e  iod in e . 

S o lo  A: D u ce ( 1972) fo u n d  th a t, d u r in g  b u b b lin g , gaseous io d in e  co m p rise d  90",, o f  the 

to ta l io d in e  re leased (the  rest was p a rtic u la te ) w hen the  surface  o f  the m o de l ocean 

was ir ra d ia te d  w ith  u ltra v io le t lig h t an d  decreased to  7 5 " , w hen  the u ltra v io le t ligh t 
was absent. W hen  the  sam e e xp e rim e n ts  were ru n  w ith o u t b u b b lin g , the  abso lu te  

c o n c e n tra tio n  o f  gaseous io d in e  re leased decreased s ig n il ic n ii l lv ,  but was n o t /e ro  and 

w as a p p ro x im a te ly  the sam e w ith  and w ith o u l u lt ra v io le t  lig h t H u ix  a gaseous lo m i 
o f  io d in e  was released fro m  the  m o de l ocean surface, b u t its  release was a p p a re n tly
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no t e n tire ly  dependen t upon p h o to ch e m ica l re ac tions  and was enhanced b y  b u bb ling . 

F u rth e r la b o ra to ry  s tud ies  in  w h ich  th e  fo rm  o f  th is  gaseous io d in e  is d e te rm in ed  
w o u ld  be m ost va luab le .

M o ye rs  &  D u ce  (1972b) assum ed the  gaseous species was l 2 fo r th e ir th e rm o ­

d yn a m ic  e q u ilib r ia  c a lc u la tio n s , bu t Z a l ir io u  (1974) has p o in te d  o u t th a t the mean 

a tm o sp h e ric  life tim e  o f F  w o u ld  be o n ly  a few  seconds because o f  p h o to d isso c ia tio n  
d u r in g  d a y lig h t hours . I le  fe lt tha t m o lccu lc -a e ro so l reac tions  m ig h t be im p o r ta n t a t 

n igh t b u t th a t p h o to d is s o c ia tio n  fo llo w e d  by  a to m  re a c tio n s  (e.g. A' + ( ) ,  
- • A O  x  O 2) w o u ld  be p reva len t d u r in g  d a y lig h t. L o v e lo c k  et al ( 1973) fo u n d  m e thy l 
io d id e  o ve r the N o r th  A t la n t ic  at c o n c e n tra tio n s  o f  ~  7 ng I /m 3. T h e y  suggested that 
C H .,I p ro d u ce d  b io lo g ic a lly  in  the sea escapes in to  th e  a tm o sp h e re  and is destroyed 
p h o to ly t ic a lly  a fte r a residence t im e  o f  a few  days. Z a lir io u  (1975) has show n by 
re a c tio n  k in e t ic  c a lc u la tio n s  and  la b o ra to ry  stud ies th a t C H 31 in  seaw ater reacts w ith  

C l to  p roduce  C l I.,C l at a b o u t the  sam e ra te  th a t C H .,I  escapes in to  the a tm osphere. 
H e a lso  show ed th a t re ac tion  o f  C H .,I  w ith  C l " in  the sa lt p a rtic ic s  a fte r they reach 

the a tm osph e re  c o u ld  n o t a cco u n t fo r  the  h ig h  1 en rich m e n ts  ob served  in  the m a rine  

ae roso l. I f  C I i  31 is p h o to ly t ic a lly  d e s tro ye d  in  the a tm osphere , ho w e ver, as suggested 
by  L o v e lo c k  et a l (1973) and Z a f ir io u  (1975), the p ro d u c ts  o f  th is  p h o to ly s is  are 

p ro b a b ly  scavenged ra p id ly  b y  the m a rin e  ae roso l and m ay be the  cause o f  the  h igh 

io d in e  e n rich m e n ts  observed. C le a r ly , the chem ica l species o f  gaseous io d in e  present 
in  the  m a rin e  a tm osph e re  need to  be d e te rm in e d  and g a s /p a rtic le  io d in e  exchange 

m ust be s tud ied  to  fu l ly  e luc id a te  the m a rin e  a tm o sp h e ric  c h e m is try  o f  th is  c lem ent.

f l u o r in e  T h e re  have been ve ry  few  s tud ies  o f  f lu o r in e  in  the u n co n ta m in a te d  
m a rin e  a tm osphere . C a rp e n te r (1969) su m m a rize d  the resu lts  o f  ra in  analyses fo r  F  
and  p o in te d  o u t th a t En (F ) in  these ra in  sam ples, v ir tu a l ly  a ll o f  w h ich  were 

co llected  in  c o n tin e n ta l areas, ranged  fro m  10 to  !u )0 . C a rp e n te r (1 969 )a n d  S ugaw ara  

(1965) co n c lu d e d  th a t F  is p re fe re n tia lly  in je c te d  in to  the a tm osph e re  fro m  the ocean 
surface. W ilk n is s  ¿i Bressan (1971. 1972) have in ves tig a ted  the  ch e m is try  o f  F  and 
C l in  ra in  as w e ll as a tm o s p h e ric  p a rtic les  in  the fie ld  and  in  the  la b o ra to ry . A t  m id ­

ocean sites, fa r fro m  the in flu e n ce  o f  la n d , they fo u n d  a m ean va lue fo r  E V l(F ) o f 

-  0.62 +  0.07. in d ic a lin g n o  p o s it iv e  ch e m ica l fra c t io n a tio n  o f  l lu o r in c d u r in g  sea salt 

p a rtic le  p ro d u c t io n . T h is  was s u p p o rte d  b y  m o de l s tud ies  in  the la b o ra to ry . EV l(F ) 
values in  a tm o s p h e ric  p a rtic u la te  sam ples co llec te d  o ve r the ocean bu t near the east 

coast o f  the I  n ite d  S tates by  these a u th o rs  ranged fro m  2 to  25. W ilk n is s  &  Bressan 

no te  th a t these a p p a re n t h igh  e n rich m e n ts  a re  p ro b a b ly  caused bv in c o rp o ra tio n  
o f  c o n tin e n ta l m a te r ia l in to  the m a rin e a c ro s o l they w ere sam p ling . W ada  A: K o k u b u  

(1973) reached a s im ila r  c o n c lu s io n  to  e xp la in  th e ir  m ean F v ,( IT  va lue  o f  12 +  9 
in the  w estern P ac ific . A na lyses o f a e roso l sam ples co llec te d  a t va r io u s  a ltitu d e s  

above sea level in  H a w a ii s u p p o rt th is  c o n c lu s io n  (W ilk n is s  A: Bressan 1972). 

I 'v . l f  ) in  these sam ples was near zero u p  to  ab ou t 5(X) in , bu t increased con s id e r­
ab ly  at 3(HX> m. lh e  increase is p ro b a b ly  re la ted  lo  a re la tive ly  g rea te r mass o f  
c o n tin e n ta l o r  b a ckg ro u n d  ae roso l at the h ig h e r level. F v , ( I ) values in  ra in  in 

H a w a ii vve reo lten  as h ig h  as ten and  w ere  inversely p ro p o r t io n a l to  the  N a co n ce n tra ­
tio n  in  the ram . W ilk n is s  A: Bressan suggest th a t the h ig h  i l t io r in e  e n richm e n t
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va lues in  ra in  result fro m  I ho in c o rp o ra t io n  o f s ig n ifica n t q u a n li l ie s o f  the  b a ckg ro u n d  
a e ro so l in  the  p re c ip ita tio n . H o w e ve r, Hewers A; f la y s o m  (1971) present mass 

budge t c a lcu la tio n s  suggesting  tha t te rr ig e n o u s  dust can a cco un t lo r  o n ly  a lew 

pe rcent of the l lu o r in e  in  the a tm osph e re . I hey po s tu la te  th a t the excess I- in  the ra in 
m ay b c e n t- r in g  the  a tm o sp h e re  fro m  the  ocean as a gas. possib ly  I I I  , o r  o n  pa rtic les  

w ith  ra d ii less th a ii 0.1 //m . W ilk n is s  A: Hressan (1972) presented la b o ra to ry  evidence 

suggesting th a t gaseous I is re leased fro m  the a tm o sp h e ric  sea salt pa rtic les . 'I he 
re la tio n , i f  any , betw een gaseous F a n d  the  h igh  F V l( l ) values in  ra in  is n o t kno w n . 

A p p a re n t ly  n o  a tte m p t has been m a de  to  m easure gaseous I ',  except fo r  the  fre o n  s. in  
the  m a rin e  a tm osph e re , and  the g e ochem ica l im p o rta n c e  o f  the  sea o r  o f  sea salt 

p a rtic le s  as a sou rce  fo r  gaseous F has n o t been inves tig a ted . T h e re  is no  s trong  

ev ide nce  fo r  p o s it iv e  e n r ic h m e n t o f  l lu o r in e  d u r in g  a tm o sp h e ric  sea sa lt p a rtic le  
p ro d u c t io n , b u t a d d it io n a l w o rk  on  the  a tm o s p h e ric  l lu o r in e  cyc le  is c le a r ly  needed.

S u lfa te

A lth o u g h  severa l w o rk e rs  h a ve  re p o rte d  occa s io na l sam ples w here  th e  S 0 4 " /N a  
ra t io  in  m a rine  ae roso ls  a n d  ra in  is s im ila r  to  seawater (e.g. K o ya m a  &  Sugavvara 

1953. B ua t-.M enard  et al 1974). m ost s tud ies  have re p o rte d  F£N_,(S()4) values g rea te r 
th a n  /e ro  fo r m a rin e  ae roso ls  (Sugavvara et a l 1949. K o y a m a  A: Sugavvara 1953, 
Junge 6-i W e rb y  1958. Junge 1963. T s u n o g a i et al 1972. B u a t-M e n a rd  et a l 1974. 

C u o n g  et a l 1974). H o w e ve r, in  m ost cases the a p p a re n t e n rich m e n t has been 

a tt r ib u te d  to  S 0 4 ~ sources o th e r  tha n  sea sa lt. A s w ith  som e o th e r substances, the 
q u e s tio n  o f  p o ss ib le  S 0 4 = e n r ic h m e n t o n  a tm o s p h e ric  sea sa lt p a rtic le s  is 

c o m p lic a te d  by the  co n v e rs io n  o f  s u lfu r  gases o f  b o th  m a rin e  and  n o n m a r in e  

o r ig in ,  e.g. S O ;, H : S. a n d  pe rhaps o rg a n ic  su lfides, to  p a rtic u la te  S 0 4 “ .

A  v a r ie ty  o f  s u lla le -c o n ta in in g  p a rtic le s  n o t o r ig in a t in g  fro m  the ocean have been 
de tected  in  the  m a rin e  a tm o sp h e re . F o r  exam p le , the  m a jo r mass o f  the b a ckg ro u n d  

a e roso l is p ro b a b ly  su lfa te , p re su m a b ly  in  the  fo rm  o f ( N H 4 ) ;S 0 4 o r  M -S 0 4 (D in g e r 
et a l 1970). T h e  source  o f  the  su lfa te  in  th e  b a ckg ro u n d  ae roso l is be lieved to be the 

o x id a t io n  o f  S O : . A n th ro p o g e n ic  S 0 4 ~ (a lso  re s u lt in g  fro m  the  o x id a t io n  o f  S O ;)  
re leased by b u rn in g  o f  foss ii fuels has a lso  been show n to  be tra n sp o rte d  some 

d is ta n ce  o ve r the  ocean. K o id e A :  G o ld b e rg  ( 1971 ) and W eiss et a l (1975) fo u n d  that 
n o n  sea sa lt S 0 4 in a  G re e n la n d  g la c ie r  began to  increase in  the m id - tw e n tie th  
c e n tu ry . The S(>4 in  the snow s o f  1964 1965 a lso co rre la te d  w ith  the Pb in  these 

sam ples, w h ich  suggests a p o llu t io n  source  fo r a p o r t io n  o f  the excess sulfa te 
( M u r o /u m i e l a l 1969. K o id e  A: G o ld b e rg  |9 7 ¡). T h e  m a g n itu d e  o f  th is  a n th ro ­

p o g e n ic  effect m  g la c ie r ice  is  d is p u te d , how ever. S om e w o rke rs  |H a m il to n  &  

La n g w n y  1967. .lunge I9 6 0 ) fo u n d  no  increase w ith  age in  the S O , N a ra tio s  
o f  th e ir  ice sam ples fro m  G re e n la n d . H o w e ve r, m a rin e  sam ples taken do vvm v ind  o f  

la rg e  in d u s tr ia l and  u rb a n  sites w ill u n d o u b te d ly  c o n ta in  s ig n ifica n t q u a n tit ie s  o f  
excess a n th ro p o g e n ic  S( ) 4 (B rosse l «V A k e rs tro m  |4?2).

A n o th e r  so u ic o  o f  SO., in  p a rtic le s  o ve r the  ocean is c o n tin e n ta l w e a the rin g  
m a te r ia l o t m in e ra l dust. K o y a m a  A  Sugavvara (|9 > 3 ) fo u n d  tha t F ( | (S 0 4 ) i i i  

ae ro so ls  increased as sam p les w e re  co lle c te d  fu r th e r  in la n d . In  a d d it io n , B ua t- 
M e n a rd  et a l (1974) fo u n d  th a t SO., N a ra tio s  in  m ost o f  th e ir  sam ples fro m  o il  the
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coast o f  n o rth w e s t A fr ica  co rre la te d  w ith  ( 'a  N a  ra tio s . T h e y  a t t r ib u te  en richm e n t 
o f  b o th  substances in th e ir  sam ples to  gypsum  (( aSC '2 1 1 jO )  fro m  the desert areas 

o f  A fr ica . P a rtic le s  re s u ltin g  fro m  vo lca n ic  a c t iv ity  m ay a lso  c o n tr ib u te  s ig n ifica n t 
a m oun ts  o f  SO., to  the  a tm osphere , p a r t ic u la r ly  in  m a rin e  areas near volcanoes 

(Pucschel e l a l ¡973) a n d  in the s tra tosph e re  up  to  several years a fte r m a jo r 

e ru p tio n s  (C ad le  et a l 1971 ).
In  a d d it io n  tv) these n o n m a r in e  sources, the  sea may release gaseous su lfu r 

co m p o u n d s  in to  the  a tm osph e re . Release o f  h yd ro g e n  s i i l l id e  fro m  the ocean 

appeared necessary to  ba lance  ca lcu la ted  a tm o sp h e ric  s u lfu r budgets (e.g. 
F riksso n  1963. R ob in son  A: R obb ins  1968). K e llo g g  et al (1972). how ever, po in ted  

o u t th a t the  ra p id  o x id a tio n  o f  I I 2S in  surface seaw ater m eant th a t release o f  l l 2S 
fro m  the  soa w o u ld  o n ly  be s ig n ifica n t fro m  b io lo g ic a l processes in  coasta l areas, 

p a r t ic u la r ly  t id a l lla ts . H iJchcock  A  W echsler (1972) show ed th a t H>S can be 

lib e ra te d  fro m  w a te r th ro u g h  the re d u c tio n  o f S 0 4 = b y  a n a e ro b ic  bacte ria  fro m  
m uddy lake  b o tto m s , w et so ils  and  swam ps, coa s ta l wet land s  an d  estuaries, and  some 

a n o x ic  fio rds.
Because o l the  a n a e ro b ic  c o n d it io n s  necessary fo r  H .S  e v o lu t io n . L o v e lo c k  et al 

11972) re cen tly  suggested tha t o rg a n ic  sulfides. w h ich  can be p ro d u ce d  by bacteria  
under n o rm a l a e ro b ic  co n d it io n s , m ay be a m o re  s ig n ifica n t ocean ic  sou rce  o f  su lfu r 
to  the a tm osphere . T h e y  re p o rte d  the  presence o f  d im e lh y ls u if id e  in  seawater and in  

varie ties o f  the  m a rin e  a lg a  Lam U nm u. Rasm ussen (1974) fo u n d  th a t d im e th y l-  

d is u llid e  and  m e th y l m e rcap tan , as w e ll as d im e lh y ls u if id e , are p roduce d  by 

a q u a tic  bacte ria  and P a c ific  t id a l zone seaweeds. Even un d e r a n a e ro b ic  co n d itio n s , 
w hen ID S  was released, the  o rg a n ic  su lfides  w ere p ro d u ce d  in  co n ce n tra tio n s  100 

tim e s  g re a te r tha n  H 2S. Rasm ussen (1974) con c lu des  th a t, since o rg a n ic  su lfides are 

p roduced  d u r in g  b o th  a e ro b ic  and a n a e ro b ic  c o n d it io n s , the  o rg a n ic  su lfide  
p ro d u c tio n  by  the  oceans m ay be a m a jo r sou rce  o f  s u lfu r  in  the  a tm osphere. 

D im e lh y ls u if id e  has yet to  be de tected in  the m a rin e  a tm osph e re , how ever.
The p o s s ib ility  o f  a b io g e n ic  sou rce  fo r the  excess S 0 4 ~ m a y  be in d ire c tly  

co n firm e d  by the  d a ta  o f  B u a t-M e n a rd  et al (1974). w h o  fo u n d  s ig n ifica n t S 0 4 = 
e n richm e n t o ve r the  b io lo g ic a lly  p ro d u c tiv e  upw o il in g  w ate rs o i l  the G u l f  o f  G u inea. 
Because th is  area is sou th  o f  the in te r tro p ic a l convergence zone and thus n o t 

d o m in a te d  b y  Sahara d u s t, they a lt r i ln t le  these e n rich m e n ts  lo  c ith e r of two 
poss ib lem echan ism s : (,/) b io lo g ic a l p ro d u c t io n  o l s u lfu r gases w h ic h  are subsequently  
converted  to  SO., and  ID S O .,, o r  (/>) sea surface e n ric h m e n t o f su lla te  due  tv) the 

assoc ia tion  o f  s u lfu r c o n ta in in g  co m p o u n d s  w ith  surface  a c tive  o rg a n ic  m a teria l.
A lth o u g h  the  S O - S( ) 4 ra t io  ove r "u n p o llu te d "  la n d  areas varies fro m  1.3 lo  

fO iG c o ig i i  1970. K o d h c  1972). recent w o rk  by C u o n g  ot a l ( 1974) „h o w s  th a t the 

SO  - S(>4 ra t io  o ve r ocean ic  arcas is a p p io x im a le ly  I k i .  suggesting a ra p id  co n ­

version o l S O ; to S( ) 4 o r  ra p id  re m ova l o f  S O ; fro m  the a tm osphere . They state 
th a t in  som e arcas, such as the M e d ite rra n e a n  Sea. the ocean is a s ink lo t S O ;. 

! a h o ra to ry  s tud ies  by S p c J d in g  ( ¡972) .n u i B e ilke  A  l.a m b  (1974) a lso  suggest the 

ocean is a m a jo r  s ink fo r  S O ,.
A lew la h o ia lo ry  s im iles  have inves tig a ted  S( ) 4 fra c t io n a tio n  a t the  a ir  sea in te r­

lace. W ith  th is  p ro b le m  in  m in d . Russian in ve s tig a to rs  have un d e rta ke n  several
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s tud ies  th a t fou nd  p o s it iv e  e n rich m e n ts  fo r su lfa te  (B ru ye v ich  &  K u lik  l% 7 b . 

B ru ye v ich  &  K o r /h  1970). 'I  hese a u th o rs  be lieve  th a t the su lfa te  en richm e n t 
observed in  the  m a rin e  ae roso l and  ra in  resu lt fro m  fra c tio n a tio n  processes o ccu rrin g  
a t the  a ir/sea  in te rface . The ir e xp e rim e n ta l design d id  n o t a p p ro x im a te  e n v iro n ­
m e n ta l c o n d it io n s , ho w e ver, and e v a lu a tio n  o f  the resu lts  re la tive  to  processes 

o c c u rr in g  a t the  n a tu ra l a ir/sea  in te rface , is ra th e r d if f ic u lt ,  fu r th e r  la b o ra to ry  
s tud ies  o f  S O 4 fra c t io n a tio n  a re  needed.

In  co n c lu s io n , a lth o u g h  m ost w o rk e rs  concede th a t the re  is a su lfa te  excess in 
p a rtic le s  co llec te d  o ve r the  oceans, the  excess has g e ne ra lly  been a ttr ib u te d  to  S0 4 ' 

in p u t fro m  the b a c k g ro u n d  ae roso l, a n th ro p o g e n ic  sources, c o n tin e n ta l dust, 

v o lc a n ic  em iss ions, and p a rtic les  de rived  fro m  o x id a tio n  o f  su lfu r gases released by 

th e  ocean. T h e  s ig n ifica n ce  o f  su lfa te  fra c t io n a tio n  at the a ir  sea in te rface  has no t 

yet been a d e q u a te ly  eva lu a ted  because o f  the  c o m p lica te d  a tm o sp h e ric  s u lfu r cycle, 
w h ich  ham pers  s im p le  e n v iro n m e n ta l s tud ies, and because the  la b o ra to ry  da ta  is 

m eager, is o to p ic  s tud ies  o f  s u lfu r in  a tm o sp h e ric  su lfa te  p a rtic le s  can d is ting u ish  
sources in  u rb a n  areas (N ie lse n  1974). Perhaps, w ith  fu r th e r w o rk  on  is o to p ic  ra tios, 

the s ig n ifica nce  o f  these va r io u s  sources to  the to ta l c o m p o s itio n  o f  s u lfu r  in  the 
m a rin e  ae roso l w il l  be eva luated .

H e a v y  M e ta ls

In  the  past few years  in te res t in  the  heavy m e ta l co n te n t o f  m a rine  ae roso ls  has 

increased, la rg e ly  th ro u g h  con ce rn  th a t m an m ay be a ffec ting  the  he avy  m eta l 
c o m p o s it io n  o f  a tm o s p h e ric  ae roso ls o r i a g lo b a l basis, as w e il as th ro u g h  a general 

in te re s t in  the poss ib le  im p o rta n c e  o f  e o lia n  tra n s p o rt o f  trace m eta ls  to  m a rine  

se d im e n ta tio n . A  c o m p le te  d iscussion  o f  heavy m e ta ls  in  the  m a rine  a tm osph e re  is 
b e yond  the  scope o f  th is  rev iew , b u t a b r ie f ove rv ie w , co n s id e rin g  the possib le 

im p o rta n c e  o f  the ocean re la tive  to  a tm o s p h e ric  trace  m eta ls, is w o rth w h ile .
In  co n tra s t to  s tud ies  o f  a lk a li  and  a lk a lin e  e a rth  m eta ls, v ir tu a lly  a ll s tud ies o f  

he avy  m eta ls  in  m a rin e  a ir  have  assum ed th a t the m eta ls  have a c o n tin e n ta l source. 

T h u s  e n rich m e n t va lues such as those ca lcu la te d  fo r  o th e r  chem ica l substances (e.g. 
E V ,(.Y ). w here  X  — heavy m e ta l) have n o t g e ne ra lly  been de te rm in ed . C o m p a riso n  
<if the  a tm o sp h e ric  c o n c e n tra tio n  o f  the heavy m eta ls w ith  tha t expected on the basis 
o f  m e ta l N a ra tio s  in  b u lk  seaw ater re su lts  in  ve ry  la rge  e n richm e n ts  ( IO 2 to  IO4). 

W ith  crush'd w e a th e rin g  as the m a in  expected source fo r these elem ents, e n richm e n ts  

re la tiv e  to  average c ru s ta ! m a te ria l have usua lly  been ca lcu la ted , w here e n rich m e n t 

o f  a n y  e lem ent A', F:alM  ( A' ), is de fined  as fo llo w s

(A V A  !).„„,
f w i ( A ' )  =  / v \ aT T  '•  l -S)

w h e re  A /A l  is the mass ra t io  o f  A' to  a lu m in u m  in  the a tm osphere  o r  the  f  a ith  s 
c ru s t. A re p rese n ta tive  s a m p lin g  o f  the  c ru s ta l e n richm e n t facto rs, as de fined  in 

l iq u a t io n  5, observed lo r  som e selected trace  m eta ls in  m a rin e  aeroso ls co llec te d  on 

f i lte rs  is presented i i i  T a b le  T  T o  fa c il ita te  co m p a riso n s , a ll the 1 enoi ted en richm e nts  
in  th e  s ttid ie s  lis te d  m  l ab le  A have been re ca lcu la te d  us ing  A l as the reference elem ent 
a n d  u t i l iz in g  the average c ru s ta l abundances o f  T a y lo r ( l l ><>4). S ince A l was not
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d e te rm in e d  in  the G u l f o f  G u in e a  s tu d y  (C ro /a t  et a l 1973), Sc was used as a reference 
e lem ent and  en rich m e n ts  were ca lcu la ted  on the  basis o f  A l.  assum ing a va lue  o f 

I: , ,.|Se) o f  - 0.2. (A d d it io n a l va lua b le  in fo rm a t io n  on  th e  d is tr ib u t io n  o f  trace 
m eta ls  in  so il-s ized  p a rtic les  (ra d iu s  g rea te r tha n  -  4 /m i)  o ve r the w o r ld  ocean is 
g iven b y  C heste r X  S tone r (1974) and C hester et a l (1974) b u t is n o t inc lud ed  in

T a b le  3.)
Ju d g in g  fro m  the  da ta  in T a b le  3. a n u m b e r o f  the heavy m eta ls  have weathered 

c ru s ta l m a te r ia l as th e ir  source (e.g. Sc. A l.  l e. I h. M ii.  Ce. C o . and perhaps C r). O f 
cou rse , mean c ru s ta l ra tio s  can o n ly  be used lo  c ru d e ly  a p p ro x im a te  the re la tive  

c o m p o s it io n  o f  c ru s ta l m a te ria l aerosols, ow ing  to  d iffe re n t types o f  c ru s ta l m a te ria l 
and  so ils  in  va r io u s  source areas and  u n ce rta in tie s  c o n ce rn in g  che m ica l fra c tio n a tio n  

processes d u r in g  ro ck  w ea therin g . Thus v a r ia tio n s  o f  T clll. , ( A ') up  to  an o rd e r o f  

m a g n itu d e  m ay s t i l l  in d ic a te  a c ru s ta l sou rce  fo r  these elem ents. These and o th e r 
p ro b le m s  in  a sce rta in in g  the source  o f  trace  m eta ls  in  ae roso ls  u t i l iz in g  crusta l 
ra tio s  have been discussed in  som e d e ta il by  K ahn  (1975) an d  D uce  et a l (1975). 

H o w e ve r, a n u m b e r o f  e lem ents are h igh ly  e n rich e d  re la tiv e  to  b o th  the  c ru s t and 
seawater : Z n , C u . C d . I Ig . Sb. As. Pb, and Sc. a m o n g  o the rs . Z o lle r  et a l ( 1974) po in ted  

o u t th a t these h ig h ly  en riched e lem ents were ra th e r v o la t ile  a n d  suggested th a t h igh 
te m p e ra tu re  processes, e ith e r n a tu ra l o r  a n th ro p o g e n ic , m ig h t be respons ib le  fo r the 

h igh  c o n c e n tra tio n s  o f  the  e lem ents observed. Indeed, B e r lin e  &  G o ld b e rg  (1971) 
and  N a tu sch  e l al (1974) no ted  m a ny  v o la t ile  m eta ls, in c lu d in g  As. Sb, C d. Pb, and 
Se, th a t are p ro b a b ly  vo la t iliz e d  d u r in g  coa l b u rn in g , sub se q u e n tly  ad so rb in g  o r 
con dens in g  p r im a r i ly  on  the sm a llest pa rtic les . D u ce  et al (1975), how ever, suggested 

th a t the s im ila r  e n rich m e n t fac to rs  fo u n d  fo r sam ples co lle c te d  us ing  id e n tica l 

tech n ique s  o ve r the N o r th  A t la n t ic  an d  at the  S ou th  Pole, co u p le d  w ith  the  sho rt 
residence tim es o f  a tm o sp h e ric  p a rtic le s  (on  the o rd e r o f  one  week o r  so), lo n g  

tro p o s p h e ric  m ix in g  tim e  be i ween n o rth e rn  and so u the rn  hem isphe re  (6 -1 2  m onths), 

and  p re d o m in a n t source o f  a n th ro p o g e n ic  p a rtic le s  in  the  n o r th e rn  hem isphere 

( -  90",,), in d ica te s  th a t the source  o f  the  h igh  e n rich m e n ts  fo r  these elem ents m ay be 
n a tu ra l. P o ss ib ilit ie s  in c lu d e  vo le a n ism  and  b io lo g ic a l m o b iliz a t io n . Some o f  these 

e lem ents m ay be b io lo g ic a lly  m e th y la te d  in  e ith e r the  te r re s tr ia l o r  m a rin e  b iosphere. 
W o o d  ( 1974) no tes th a t m e th y la te d  fo rm s o f  As, H g , S. and  Sc have been io u n d  in  the 

m a rin e  e n v iro n m e n t. H e p re d ic te d  n ie i ¡ty la  ted fo rm s  o i l  Ig and A s in  (he atmosphere,
and these have been de lected  b y  Johnson  &  B ram an  (1974 ; a lso u n p u b lish e d  data). 
C le a r ly , the im p o rta n c e  o f the  b iosphere , and  in  p a r t ic u la r  the m a rin e  biosphere, 

a sa  sou rce  fo r  these e lem ents in  the a tm o sp h e re  m ust be in ve s tig a te d  in  m o re  de ta il.
O f  p a r t ic u la r  in te rest to  th is  re v ie w  is the p o s s ib ility  th a t som e o f  these elem ents 

m a y  a c tu a lly  u n de rg o  chem ica l f i . ic l io n a lio n  d u r in g  a tm o sp h e ric  sea salt p a rtic le  
p ro d u c t io n  at the  sea surface. W e have a lready seen th a t m any heavy m eta ls  are 

co n ce n tra te d  in  the  surface m ic ro la y c r. and  P io lro w ic z  c l a l ( 1972) suggested th a t th is  
s h o u ld  re su lt in  e n rich m e n t o f  these trace  m eta ls  on  the sea salt p a rtic les  p roduced  
b y  b u rs t in g  bubbles. These a u th o rs  a lso p o in t o u t. how ever, tha t the effects o f  any 

tra c t io n a tu m  o l trace  m eta ls d u r in g  the b u b b le -b u rs tin g  p ioccss  may bo ove rw he lm ed  
by the  presence o l these m eta ls  in  a tm o sp h e ric  p a rtic les  h a v in g  a n o n m u rin e  source. 
R e la tive ly  l i t t le  in fo rm a t io n  ou  the  n a tu re  o f  the ch e m ica l assoc ia tions o f  these
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hcíi V > m eta ls  in  thesea surface m ic ro la y e r is a v a ila b le . 'Í he p o ss ib ilit ie s  are num erous, 

ra n g in g  fro m  phys ica l a d s o rp t io n  o r  c h e m is o rp tio n  o f trace  m eta ls  on b io lo g ica l 
and in o rg a n ic  p a rtic u la te  m a tte r to  d isso lved  m e ta llo -o re a m c  C (>ordination co m ­

plexes w ith  such a to m s  as N , ( ) ,  etc. I here have been num ero us  papers pub lished  on 
trace m eta ls  in  seawater, b u t, except lo r  som e recent resu lts  on  p a rtic u la te  trace 
m etals, m uch o f  the d a ta  are ra th e r u n re lia b le : it  is d if f ic u lt  to  co lle c t un- 

co n ta m m a te d  sam ples and to  p reven t subsequent c o n ta m in a tio n  d u r in g  s torage and 
analysis. S ince m ost l ite ra tu re  on  d isso lved  trace m eta ls  is som ew hat qu estionab le , 
data on  the spec ia l ion  o fth e s e e le m c n ls in  seawater, p a r tic u la r ly  w ith  regard  to o rgan ic  
com plexes, is even less re lia b le . O n e  possib le e xce p tion  is several papers in d ica tin g  
th a t a s ig n ifica n t fra c tio n  o f  the  co p p e r in  nearshore, coasta l w ate rs m ay be 

associa ted w ith  o rg a n ic  m a te r ia l (S low ey et al 1967, A le xa n d e r &  C o rc o ra n  1967, 

W ill ia m s  1969. F o s te r tV M o r r is  1971). Suffice it to  say th a t th is  w il l  be an 
in te re s tin g  a n d  im p o rta n t, as w e ll as d if f ic u lt ,  area fo r fu tu re  research, bo th  

re la tive  to  che m ica l fra c tio n  c o n s id e ra tio n s  and  m a rin e  ch e m is try  in  general.

A  few la b o ra to ry  s tud ies w ere designed to  inves tig a te  ce rta in  aspects o f  chem ica l 
fra c t io n a tio n  o f  heavy m eta ls. V an  G rie ke n  ct al ( 1974) added ca rr ie r- fre e  q u a n titie s  

o f  in o rg a n ic  <0 Z n , "'"’Sc. and  ’ ’ N a  to  u n fiite rc d  coasta l seaw ater a n d  co llec te d  the 

p a rtic le s  p ro d u ce d  b y  b u rs tin g  b u b b le s  o f  a ir  generated be low  the  w a te r surface. B oth 

'S e  and " 'Z n  show ed e n r ic h m e n t in  the  b u lk  ae roso l re la tiv e  to  the seawater, w ith  

" 'Z n  g e n e ra lly  h a v in g  the  g re a te r e n rich m e n t. H ig h e r e n rich m e n ts  w ere o ften 
observed w hen the b u b b le  pa th  leng th  be fo re  b u rs tin g  was increased fro m  1 cm  to  
It) cm . " 'Z n  e n rich m e n ts  w ere  g e n e ra lly  less than  ten a n d  'S e less tha n  three.

W a lla ce  &  D uce  (1975) in ves tig a ted  the tra n s p o rt o f  p a rtic u la te  o rg a n ic  ca rbon  

(P C X ') and  p a rt ic u la te  tra ce  m e ta ls  (P T M )  to  the sea surface by r is in g  b u bb les  in  
sam ples o f  surface  w a te r fro m  N a rraga nse tt Bay us ing  an a d s o rp tiv e  bubb le  

se p a ra tio n  techn ique . N itro g e n  b u bb les  o f  -- 1 m m  d ia m e te r w ere a llo w e d  to  rise 
th ro u g h  the sam p le  c o n ta in e d  in  an a ll-g lass c o lu m n  70 m m  in  o u ts id e  d iam ete r 
and 2.4 m h igh . T h e  fro th  o r  foa m  th a t accu m u la te d  a t the surface  was ana lyzed  fo r 

p a r t ic u la te  m a te ria ls , as was the  o r ig in a l sam ple and  the b u b b le -s tr ip p e d  residue. 

R ecoveries o f  P C X ' in  the  foa m  ranged fro m  30",, to  59",,. whereas those o f 

p a rtic u la te  A I. M n . Fe, V . C u . Z n , N i. Pb. C r. and  C d were g e n e ra lly  g re a te r tha ii 

X )",,. V\ a llace  <V D uce  ( 1975) e x tra p o la te d  th e ir la b o ra to ry  resu lts  to  o b ta in  a crude 
o rd e r o f m a g n itu d e  e s tim a te  o f  the  b u b b le  trans|H>rt o f  P O C  and P T M  to  the  ocean 

surface under op en  ocean c o n d it io n s  and  suggested th a t th is  may be the p r im a rv  

m echan ism  by w h ich  the sea surface m ic ro la y e r is en riched  in  p a rtic u la te  trace* 
m e ta ls  I he ir s tu d y  and  th a t o f  Van G rie ke n  el t il (P r 4) i llu s tra te  the po te n tia l 

im p o rta n c e  o f  b u b b le  tra n s p o rt o f  ce rta in  fo rm s  o f  son ic  licav y m e ta ls  to  the  a ir  sea 
in te rla ce  a n d  suggest th a t fu r th e r  w o rk  is necessary before ru lin g  o u t chem ica l 

fra c t io n a tio n  at the  a ir  sea in te rfa ce  as a cause fo r the ap p a re n tly  an om a lo us  
a tm o sp h e ric  c o n c e n tra tio n s  o l a n u m b e r o f  these metals.

B o l i >1!

T h e re  has been ic la tiv e ly  l i t t le  in te rest in  the  a tm o sp h e ric  che m is try  o f  bo ron , 
a lth o u g h  seve ia l Japene.se w o rk e rs  have re p o rte d  ! \  | iB ) values in  ra m  th a t vary fro m
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50 to  several h u nd re d  in  m a rin e  areas (Sugavvara 19-18, M u lo  1052, 1053, 1056). 

A tte m p tin g  to  exp la in  these resu lts . G ast ck T h o m p s o n  (1050) d is t i l le d  seawater 

co n ta in in g  b o r ic  ac id  in  the la b o ra to ry  and fo u n d  co n s id e ra b le  b o r ic  ac id  bo ron  

bu t no de tec tab le  c h lo r id e  in  th e ir  d is tilla te . T h e y  p ropose d  th a t b o r ic  a c id  v a p o n /c x  
fro m  the  sea surface in to  the  a tm osph e re  and is sub seque n tly  scavenged by ra in . T o  

su p jK irt th is  suggestion , they passed a ir  o ve r the surface  o f  d ilu te  s o lu t io n s  o f  boric- 

ac id  in  d is tille d  w a te r a t 25 32 (.' and co llec te d  the  condensa te  fro m  the  subsequent 

e va p o ra tio n . T h e  condensa te  c o n ta in e d  co n s id e ra b le  q u a n tit ie s  o f  b o r ic  acid, 

e q u iv a le n t to  ~ 6() / ig B /h ie r. G a s l Sc T h o m p s o n  p o in t o u t th a t the e v a p o ra tio n  o f 
b o r ic  ac id  fro m  a seawater surface  w o u ld  be a fu n c tio n  o f  b o th  the  b o r ic  acid 
c o n c e n tra tio n  in  seawater and  the w a te r te m p e ra tu re  and suggest th a t th is  

te m p e ra tu re  effect m ig h t have caused the e n v iro n m e n ta l d iffe rences observed by the 
Japanese inves tig a to rs . C rca c 'h  &  P o in t (1066) m easured b o r ic  ac id  in  the  gas phase 

in  surface a ir  on  the  coast o f  F rance and fo u n d  a mean c o n c e n tra tio n  o f 
56 ±  22 /<g B /n r \  w h ich  is e x tre m e ly  h igh . T h e y  be lieved  the source  o f  the  H jB O j  

was the  ocean.
N is h im u ra  &  T a n a ka  (1072) repeated the  e v a p o ra tio n  e xp e rim e n ts  o f  G ast &  

T h o m p s o n  (1050) u s ing  seaw ater c o n ta in in g  2 0 -6 0  tim es as m u ch  b o r ic  ac id  - 
b o ro n  as n o rm a l seawater. A s s u m in g  th a t the  v a p o r pressure o f  b o r ic  a c id  varied  

lin e a r ly  w ith  c o n c e n tra tio n , th e y  e x tra p o la te d  th e ir  resu lts  to  seaw ater c o n ta in in g  

n o rm a l b o ro n  c o n ce n tra tio n s , c o n c lu d in g  th a t at e q u il ib r iu m  the  e v a p o ra tio n  

condensa te  sh o u ld  c o n ta in  <{1.1 f ig  B, l i te r  a t 2 5 ’ C , c o n s id e ra b ly  less tha n  th a t fo u n d  
by  G ast &  T h o m p so n  (1059). T h e  condensa te  c o n c e n tra tio n  o f  <{1.1 f ig  B T ite r is less 

tha n  the excess B (i.e. the  q u a n t ity  o f  b o ro n  ab o ve  w h a t is expected on  the  basis o f  the 

B N a  ra t io  in  seawater) fo u n d  in  p re c ip ita t io n  o v e r th e  ocean, 4.7 ±  1.1 f ig  B lite r. 
N is h im u ra  Sc T a n a ka  (1072) th e re fo re  co n c lu d e d  th a t the  ocean is  n o t a sou rce  o f 

b o ro n  b u t a s ink.
B o th  in ve s tig a tio n s  con s id e re d  o n ly  e v a p o ra tio n  o f  b o ro n  to  the a tm o sp h e re  and 

n o t che m ica l fra c t io n a tio n  o f  b o ro n  on  p a rtic le s  p ro d u ce d  d u r in g  b u b b le  bu rs tin g . 

N o  s tud ies  have eva lu a ted  th is  poss ib le  m echan ism  fo r b o ro n  e n rich m e n t. H ow eve r. 
G ast N  T h o m p s o n  ( 1050) n o te  th a t a tm o s p h e ric  b o ro n  has been a tt r ib u te d  to  sources 
o th e r  th a n  the  sea. in c lu d in g  d u s t, vo lc a n ic  a c t iv ity , p o llu t io n , and  e v a p o ra tio n  o f 
b o ro n  co m p o u n d s  fro m  p lan ts . O u r  u n d e rs ta n d in g  o f  b o ro n  in  the m a rine  
a tm o sp h e re  is m in im a l a t best.

C O N C L U S I O N S

[v a lu a t io n  o f  the o ccu rre n ce  a n d  e x te n t o f  ch e m ica l fra c t io n a tio n  o f  va rious 

substances d u r in g  the p ro d u c t io n  o f  a tm o s p h e ric  sea sa lt p a rtic le s  bv b u rs tin g  

bubb le .' is d if f ic u lt  indeed I w o  fac to rs  em e rg in g  fro m  o u r  d iscussion  o f  the  a va ila b le  

data a ie  perhaps m ost respons ib le  fo r  th is  d i f f ic u lt y :

1 A tm o s p h e r ic  p a n ic le s  th a t a rc  n o t p ro d u ce d  b y  the ocean b u t m ay c o n tr ib u te  
s ig n if ic a n tly  to  the c o n c e n tra tio n  o f  a n u m b e r o f  tra ce  substances in  the  m a rine  
a e iO 'o l a re  present th ro u g h o u t the a tm o sp h e re  o ve r the w o i Id ocean These pa rtic les  

in c lu d e  th e  so-ca lled  b a c k g ro u n d  ae roso l and  m in e ra l d u s t, a m o n g  others, (  are m
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the selection o f  sa m p lin g  sites and the c o lle c tio n  o f  sam ples m ay g rea tly  
m in im i/e  the  effects o f  non  sea sa il ae roso ls , b u t these p a rtic le s  are co n s is te n tly  

present th ro u g h o u t the m a rin e  a tm osphere .
2. G aseous fo rm s  o f  m a ny  o f  the  trace  substances o f  in te res t in  the pa rtic les  

coexist i i i  the  m a rin e  a tm osphere , and extens ive  g a s -p a it ic le  exchange is lik e ly . T h is  

m ay be m ost im p o r ta n t fo r  the ha logens, su lfa te , n itro g e n  co m p o u n d s , b o ro n , and 

even o rg a n ic  c a rb o n  and  som e tra ce  m eta ls  such as Se. H g , As. etc.

C e rta in ly , the  w e ll-d o cu m e n te d  e n rich m e n t in  the ocean surface m ic ro la y e r o f  

m any o f  the substances we have d iscussed suggests th a t they sh o u ld  be en rich e d  on 
the pa rtic les  p ro d u ce d  w hen b u bb les  bu rs t th ro u g h  th is  layer. H ow eve r, in  m any 
cases e n rich m e n ts  are l ik e ly  to be sw am p ed  b y  the  h igh  co n ce n tra tio n s  o f  these sub­

stances a lre a d y  present in  the a tm o sp h e re  fro m  o th e r  sources. Based on  the a va ila b le  

da ta , the o n ly  substances h a v in g  p o s it iv e  e n rich m e n ts  o f  m o re  tha n  a few percent in 
the a tm osph e re  th a t can be c le a r ly  ascribed  to  che m ica l fra c tio n a tio n  o c c u rr in g  
d u r in g  sea sa lt p a r t ic le  p ro d u c t io n  a rc  I. P ( )4 \  p ro b a b ly  o rg a n ic  n itro g e n  and 
o rg a n ic  c a rb o n , a n d  p o ss ib ly  som e heavy m eta ls  and K  in  b io lo g ic a lly  p ro d u c tive  
w a te rs  T h e  ev idence  suggests th a t the o th e r  substances discussed e ith e r sho w  no 

e n rich m e n t in  the  e n v iro n m e n t, o r  i fa n  e n r ic h m e n t is observed, it  is a p p a re n tly  due to 

the  presence i f f  p a rtic le s  w ith  a n o n n ia r in e  source  o r  to  gas. p a rtic le  in te rac tion s .

F u rth e r research in  a n u m b e r o f  arcas s h o u ld  s ig n if ic a n tly  enhance un de rs ta n d in g  
o f  chem ica l fra c t io n a tio n  processes. F o r  exa m p le , we know  v ir tu a lly  n o th in g  a b o u t 

the  chem ica l c o m p o s it io n  o f  p a rtic le s  less tha n  a b o u t 0.5 ,mn ra d iu s  o ve r the ocean. 

A lth o u g h  m a n y  o f  these p a rtic le s  are k n o w n  to  have a n o n m a r in e  o r ig in , the size o f  

I the  sm allest p a rtic le s  th a t can be p ro d u ce d  b y  the  ocean rem a ins  u n kn o w n . 
In v e s tig a tio n  o f  th e  che m ica l c o m p o s it io n  o f  these very  sm a ll p a rtic le s  is also c r it ic a l 

in  e v a lu a tin g  the  im p o rta n c e  o f  gas ’p a rtic le  in te ra c tio n s  as a sou rce  fo r  the ap pa re n t 
e n rich m e n t observed fo r  som e substances. O b v io u s ly  s im u lta n e o u s  m easurem ents 
o f  the  gas an d  p a rtic u la te  phase o f  these substances are re q u ire d  in  the fie ld.

S u rface -active  o rg a n ic  m a te ria l in  th e  surface  layers  o f  the ocean p lays a m a jo r  ro le  

in  the  tra n s p o rt o f  ce rta in  tra ce  substances fro m  the  ocean to  the a tm osphere . 
H ow eve r, o u r  kn o w le d g e  o f  the  che m ica l fo rm  and q u a n tity  o f  th is  surface-active  
m a te r ia l in  ocean surface w a te r is fra g m e n ta ry . W e know  even less a b o u t the 

c o n c e n tra tio n  a n d  c o m p o s it io n  o f  o rg a n ic  m a te ria l in  the  a tm osph e re  and the 
che m ica l and  ph ys ica l n a tu re  o f  its  asso c ia tio n s  w ith  o th e r  trace  substances. F u rth e r  
w o rk  is u rg e n tly  needed in  th is  area.

F in a lly , c o n tin u e d  la b o ra to ry  s tud ies  o f  a ir  sea exchange o f  m a tte r in  bo th  

d ire c tio n s  are c e r ta in ly  necessary, and  che m ica l fra c t io n a tio n  e xp e rim e n ts  sh o u ld  be 
c o n tin u e d  as w e ll. A  w o rd  o f  w a rn in g  is c ru c ia l here, how ever. M a c In ty re  (D 'M b )  

has recen tly  p o in te d  o u i the m any dangers  and p it fa lls  th a t can arise in  la b o ra to ry  

s tud ies, p a r t ic u la r ly  w ith  regard  lo  c o n ta m in a tio n  o f  the  m ode! w a te r svstem  w ith  

surface ac tive  o rg a n ic  m a te ria l e sp ec ia lly  o rg a n ic  m a te ria l w ith  p ro p e rtie s  u n lik e  
those o l su rfac tan ts  a c tu a lly  lo u n d  in  the  sea. M a c In ty re  ( 1974b) p o in ts  o u t th a t o n ly  
once in  a decade has he been ab le  l í '  p ro d u ce  "a  s o lu t io n  surface w h ich  was n o t 

de lec tab ly  d ir ty  by b u b b le -e xp e rim e n t c r ite r ia ."  H is  d e s c rip tio n  o f  how th is  was 
a cco m p lishe d  o n ly  once sh o u ld  im press the  p ro b le m s  o f  la b o ra to ry  s im u la tio n  o f
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air-sea  exchange processes in d e lib ly  on (he m in d s  o f  a ll in ve s tig a to rs  w o rk in g  in  th is  
fie ld

A s in  a ll areas o f  n a tu ra l science, s tud ies  o f  chem ica l fra c tio n a tio n  a t the  a ir'sea  
in te rfa c e  re q u ire  c a re fu lly  p lan ned  fie ld  and la b o ra to ry  program s. M a n y  o f  the 
p ro b le m s  tha t result l im n  im p ro p e r s a m p lin g  sites, p o o r c o lle c tio n  techn iques, 

in a d e q u a te  a n a ly tic a l p rocedu res, an d  c o n ta m in a tio n  in  a ll phases o f  fie ld  and 

la b o ra to ry  w o rk  a rc  n o w  w e ll do cum en ted . New  p ro b le m s  w ill c e r ta in ly  arise, bu t 

the m a rk e d  increase in  o v e ra ll q u a lity  o f  s tud ies  in  th is  fie ld  o ve r the past live  years 
suggests th a t the  next five  to  ten years s h o u ld  re su lt in  some d e fin it iv e  answers to  

m a n y  o f  the m ost im p o r ta n t q u es tions  c o n c e rn in g  che m ica l fra c tio n a tio n  a t the 

a ir  sea in te rface .

A c k n o w l e d g m e n t s

T h e  a u th o rs  have been e x tre m e ly  fo r tu n a te  in  be in g  ab le  to  w o rk  w ith  A . H . W o o d ­

c o ck . J. W . W incheste r. I) . C. B la n ch a rd , I '.  M a c In ty re , and  R. Chesselet a t va r io u s  

tim es o v e r the past decade. T h e ir  in s ig h t and  encouragem ent re la tive  to  the p rob lem s 
and  p o te n tia ls  o f  che m ica l fra c t io n a tio n  a t the a ir  sea in te rface  has been m ost 
s t im u la t in g . W e w o u ld  a lso  lik e  lo  a c k n o w le d g e  the  O llic e  o f  N a va l Research 

(c o n tra c t N O N R  3748(04)) and  the  N a t io n a l Science F o u n d a tio n  (G ra n ts  G A  

20000. G A  20010. G X  28340. G A  31918, G V  33335. G X  33777. and G A  36513) fo r 
th e ir  ge ne ro us  s u p p o rt o f  research in  th is  area in  o u r  la b o ra to ry .
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