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A BSTRACT

H unter, K. A., 1980 . Processes affec ting  particu la te  trace m etals in the sea surface 
m icrolayer. Mar. Chem ., 9: 49—70.

C oncen tra tions o f  p articu la te  Fe, Mn, Ni, Cu, Zn, Cd and Pb have been m easured in 
surface m icrolayer and subsurface seaw ater sam ples collected  in the N o rth  Sea ad jacen t 
to  th e  E ast A nglian coast, in an a rea  sub jec t to  a considerable fluvial in p u t o f  clay 
m inerals. The resu lts  are in te rp re ted  by  estim ating  the m agn itudes o f  d iffe ren t processes 
affecting  pa rticu la te  m a tte r  in th e  micro.la.yer.: a tm ospheric  deposition , B row nian  diffusion, 
gravita tional settling , bu b b le  f lo ta tio n  and  m ixing. B oth  Fe and  Mn are strong ly  dep le ted  ^  
in the m icrolayer, ev iden tly  as a resu lt o f grav ita tional sett l in g o f  Fe- and M n-bearing 
m ineral particles o u t o f  th e  m icrolayer. These particles are m ixed in to  th e  surface region 
fro m  the w ater co lum n ben ea th . M icrolayer en richm en t o f  Cu, Zn and Pb was also 
observed and  p robab ly  re su lts  from  f lo ta tio n  o f  partic les a ttach ed  to  rising bubbles.. In 
one  se t o f  sam ples, how ever, th e  m arked  en rich m en t o f  these elem ents, as well as Ni, 
m ay resu lt instead from  d eposition  o f  partic les from  the a tm osphere d irec tly  o n to  the 
w ater surface.

IN TRO D U C TIO N

A n u m b e r  o f  r e c e n t review s (M acIn ty re , 1 9 7 4  a, b ; B lanchard , 1 9 7 5 ; Liss, 
1 9 7 5 ; H u n te r  an d  Liss, 1 9 7 7 , 1 9 7 9 ) sho w  an  increasing  aw areness o f  th e  
im p o rta n c e  o f  ex ch an g e  p ro cesses  in  th e  isea-su rfacë  m ic ro lav e r JT h is  lay e r is 
o p e ra tio n a lly  d e f in e d  as th e  u p p e r  few  h u n d re d  pm  o f  th e  w a te r  co lu m n  
(Liss, 1 9 7 5 ). T h e re  is h o w ev er a te n d e n c y  to  regard  its  behav io u r as re s tr ic te d  
to  th e  fo rm a tio n  o f  su rface  o rg an ic  m o n o lay e rs  b y  G ib b sian  a d so rp tio n  a t 
th e  a i i^ s e a  in te rfa c e . In  fa c t, th e  c h e m is try  o f  th e  m ic ro la y e r reg ion  is 
co n sid e rab ly  m o re  c o m p le x  th a n  th is , as is sh o w n  b y  th e  case o f  p a r tic u la te  
tra c e  m eta ls  (PTM s), w h ich  are f re q u e n tly  en rich ed  in  th e  m ic ro lay e r re la tive  
to  su b su rface  seaw a te r  (B ark er an d  Z e itlin , 1 9 7 2 ; D uce e t  a l., 1 9 72 ; 
P io tro w icz  e t  a l., 1 9 7 2 ; H o ffm a n  e t  a l., 1 9 7 4 ) a n d  w h o se  surface 
c o n c e n tra tio n s  are c o n tro lle d  b y  a  v a rie ty  o f  d is tin c t processes. A lth o u g h
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co n sid e rab le  a t te n tio n  has b een  d ire c te d  to w a rd s  d e te rm in in g  t h e  so u rces  o f 
PTM s fo u n d  in  th e  m ic ro la y e r (H o ffm a n  e t  a l., 1 9 7 4 ; W allace a n d  D uce, 
1 9 7 5 , 1 9 7 8  a, b ), th e  p rocesses w h ich  a f fe c t p a rtic u la te  species w ith in  th e  
m ic ro la y e r  itse lf  have received  li ttle  e x p lic it c o n s id e ra tio n .

A t least th re e  im p o r ta n t m ech an ism s capab le  o f  t ra n sp o r tin g  PT M s in to  
th e  m ic ro lay e r are recogn ised . In te rn a l w a te r  c ircu la tio n s, such  a s  th e  he lica l 
v o r te x  cells envisaged b y  L an g m u ir (1 9 3 8 ) , tra n s p o r t  su b su rface  p a r tic u la te s  
in to  su rface  convergences (B lan ch ard , 1 9 7 5 ). T hese  co n v erg en ces are 
f re q u e n tly  seen  as su rface  s treak s  a ligned  w ith  th e  w in d  d ire c tio n  
(B lan ch ard , 1 9 6 3 ), b u t  little  is k n o w n  o f  th e  im p o rta n c e  o f  th is  t r a n s p o r t  
m ech an ism  w h en  th e  c irc u la tio n  is n o t  read ily  seen  in  th is  w ay .

H o ffm an  e t  al. (1 9 7 4 ) co m p ared  th e  ra te s  o f  a tm o sp h e ric  d e p o s itio n  and  
su rface  m ic ro lay e r c o n c e n tra tio n s  o f  F e , M n an d  V in  ocean ic  re g io n s  o f f  
W est A frica  w ith in  th e  S ah aran  d u s t  p lu m e, and  co n c lu d ed  th a t  in  th is  area 
o f  u n u su a lly  h igh  d u s t c o n c e n tra tio n , th e  d ep o sitio n  ra te s  o f  th e s e  m e ta ls  are 
su ffic ie n tly  h igh  to  a c c o u n t fo r  th e  ob serv ed  e n r ic h m e n t in  th e  m ic ro la y e r . 
H ow ever, in  o th e r  areas o f  th e  N o r th  A tla n tic , aw ay  fro m  th e  d u s t  p lu m e , 
a tm o sp h e ric  d e p o s itio n  w as a p p a re n tly  in su ff ic ie n t to  a c c o u n t d ire c t ly  fo r 
th e  observed  m ic ro lay e r e n r ic h m e n t.

W allace an d  D uce (1 9 7 5 ) have e s tim a te d  th e  flu x  o f  various P T M s to  th e  
m ic ro la y e r  in  ocean ic  areas d u e  to  f lo ta tio n  o f  su b su rface  p a r tic u la te s  by  
rising  bubb les. T hese e s tim a tes  a re  p ro b a b ly  o n ly  a p p ro x im a te  f ig u res  a t  
b e s t, since th e y  are b ased  essen tia lly  o n  e x tra p o la tio n  to  th e  o c e a n ic  
s itu a tio n  o f  la b o ra to ry  m easu rem en ts  o f  p a r tic u la te  organ ic  c a rb o n  (POC) 
f lo ta t io n  in  co as ta l w a te r  an d  th e  PTM /PO C  co m p o sitio n  o f  o c e a n ic  m ic ro ­
p la n k to n  (W allace an d  D uce, 1 9 7 5 ). H ow ever, m o re  re c e n t f lo ta t io n  s tu d ies  
m a d e  d ire c tly  o n  o cean ic  seaw a te r  (W allace an d  D uce, 1 9 7 8 a) g ive  b ro a d ly  
sim ila r resu lts. B o th  s tu d ies  p lace  th e  b u b b le  f lo ta tio n  f lu x  to  th e  m ic ro ­
la y e r  close to  th e  ra te  o f  a tm o sp h e ric  d e p o s itio n  fo r a w ide  v a r ie ty  
o f  PTM s.

V iew ed  in  te rm s o f  th e  re s id en ce  tim e s  o f  p a rtic le s  w ith in  th e  m ic ro la y e r 
w h ich  are  necessary  to  ba lan ce  e i th e r  h y p o th e tic a l flu x  against th e  m ic ro ­
lay e r su rface  excess o f  PTM , th e se  o b se rv a tio n s  suggest re s id en ce  tim es 
w h ic h  seem  very  lo n g  in  co m p ariso n  to  th e  like ly  tim e  scales o f  p ro cesses  
m ix in g  m ic ro lay e r p a r tic u la te s  in to  th e  su b su rface  w a te r . F o r  e x a m p le , th e  
S ah a ran  d u s t p lum e d a ta  suggest m ix in g  tim es  o f  th e  o rd e r  o f  se c o n d s , w hile  
th e  POC flu x  fro m  b u b b le  f lo ta t io n  in  ocean ic  w a te rs  e s tim a te d  b y  W allace 
a n d  D uce (1 9 7 5 , 1 9 7 8 b ) req u ire s  a m ic ro la y e r  re s id en ce  tim e  o f  a b o u t 
10  m in  to  a c c o u n t fo r  observed  e n ric h m e n ts  o f  POC (W illiam s, 1 9 6 7 ; 
N ish izaw a, 1 9 7 1 ). T h is is n o t  n ecessa rily  a c o m p lica tio n , s ince p a rtic le s  
u n d e rg o in g  b u b b le  f lo ta tio n  a t ta c h  to  th e  b u b b le  su rface  as a re s u l t  o f  in te r ­
fac ia l ten s io n  fo rces  (A d am so n , 1 9 7 6 ) a n d  m ay  th e re fo re  be co n sid e rab ly  
s tab ilised  a t  th e  sea su rface  b y  th e  sam e m ech an ism . In  c o n tra s t ,  a lth o u g h  
PTM s ap p ea r to  e n te r  th e  m ic ro la y e r  b y  a tm o sp h e ric  d e p o s itio n  a t  s im ilar 
ra te s  to  b u b b le  f lo ta tio n , th e y  m a y  pass d ire c tly  in to  th e  su b su rface  w a te r  if
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th e  a tm o sp h e ric  partic les  c o n ta in  l i t t le  o r  n o  su rface-active  o rg an ic  m a tte r  
capab le  o f  p ro v id in g  s tab ilisa tio n  o n  th e  su rface .

T h e re fo re , n o t  o n ly  th e  fluxes o f  PTM s to  th e  m ic ro la y e r  fro m  d iffe re n t 
sou rces, b u t  also  th e  d e ta iled  p rocesses w ith in  th e  m ic ro la y e r reg io n  w h ich  
c o n tro l th e  re sid en ce  tim es o f  PTM s in  th e ir  d if fe re n t  p a r tic u la te  fo rm s m u s t 
be ex am in ed . A p a rt fro m  th e  a sso c ia tio n  o f  PTM s w ith  su rface-ac tive  organic 
m a tte r  an d  th e  su b se q u e n t s ta b ilisa tio n  o f  p a r tic u la te s  a t  th e  in te rfa c e , o th e r  
p rocesses m u s t be co n sid e red , such  as tu rb u le n t  m ix in g  o f  m ic ro la y e r and  
su b su rface  w a te rs , B row nian  d iffu s io n  o f  p a rtic le s , a n d  g rav ita tio n a l se ttlin g  
a n d  aggregation  w ith in  th e  v iscous su b -lay e r a d ja c e n t to  th e  a ir—sea  in te rface  
(W allace a n d  D uce, 1 9 7 8 a). C o n sid e ra tio n  o f  th ese  e ffe c ts  has been  p ro m p te d  
by  th e  re su lts  o f  th e  p re sen t w o rk , in  w h ich  th e  c o n c e n tra tio n s  o f  seven 
PTM s w ere  m easu red  in m icro layer an d  su b su rface  sam ples co llec ted  in 
co asta l w a te rs  o f  th e  N o rth  Sea. T h e  re su lts  p ro v id e  an  in te re s tin g  c o n tra s t  
w ith  p rev io u s  s tu d ie s  in  ocean ic  areas a n d  revea l, in p a r tic u la r , th e  im p o r ta n t  
ba lan ce  b e tw e e n  g rav ita tio n a l se ttlin g  a n d  su rfa c e  s tab ilisa tio n  o f  p artic les , 
w h ich  c o n tro ls  m ic ro la y e r residence  tim e .

E X PER IM EN TA L

S a m p le  c o l lec t io n  a n d  prepara tion

T h e  e x p e rim e n ta l m e th o d s  u sed  in  th is  w o rk  resem b le  in  all essen tia l 
re sp ec ts  th o se  u sed  b y  P io tro w icz  e t  al. (1 9 7 2 )  fo r  PTM s. Sea-surface m ic ro ­
lay e r sam ples w ere  co llec ted  b y  th e  G a rre t t  (1 9 6 5 )  sc reen  te c h n iq u e , u sin g  a 
55 cm -square  m esh  o f  w oven  n y lo n  f ilam en ts  (0 .2 4  m m  d ia m e te r)  h e ld  in  a 
fram e  o f  rig id  PV C. S am ples w ere  d ra in e d  in to  1 d m 3 a ll-p o ly th en e  sam pling  
b o tt le s  p rev io u sly  c lean ed  b y  b o ilin g  in  50%  su lp h u ric  acid  fo r 6 —8 h 
fo llo w ed  b y  rin s in g  w ith  d o u b le -d is tilled  w a te r  an d , in  th e  fie ld , excess 
seaw a te r. S u b su rface  seaw ate r sam ples w ere  co lle c te d  m id w ay  b e tw e e n  th e  
tak in g  o f  e a c h  screen  sam ple b y  o p en in g  a  sam p le  b o tt le  ~ 20  cm  below  th e  
w a te r  su rface . P lastic  gloves w ere  w o rn  th ro u g h o u t  th e  sam pling.

T h e  sc reen  d e liv e red , on  average, 55  ± 12  c m 3 o f  m ic ro la y e r sam p le  on 
each  d ip . T h is vo lu m e is eq u iv a len t to  an  e ffec tiv e  sam ple  th ick n ess  o f  30 0  
± 66  p m  sp re a d  o v er th e  void  a rea  o f  th e  m esh  (~ 60% ) w h ich  co llec ts  th e  
m ic ro la y e r  sam ple . A b o u t 20  successive d ip s  o f  th e  sc reen  y ie lded  1 d m 3 o f  
sam p le  in  a p p ro x im a te ly  30  m in . P rio r t o  each  sam pling  tr ip , th e  screen  was 
d ism a n tle d  in  th e  la b o ra to ry  fo r  c lean in g  in  D eco n  so lu tio n , d ilu te  HC1 and 
d o u b le -d is tille d  w a te r  an d  th e n  sea led  in  a  c lean  p o ly th e n e  bag fo r  tra n sp o r t. 
In  th e  fie ld  all sam pling  ap p a ra tu s  w as th o ro u g h ly  r in sed  w ith  seaw ate r 
b e fo re  u se  a n d  th e  f irs t few  d ips o f  th e  sc reen  fo r  each  w ere  re jec ted .

O n  a c c o u n t o f  th e  w ide  v ariab ility  o f te n  fo u n d  in m icro lay er c o m p o s itio n  
(B a rk e r a n d  Z e itlin , 1 9 7 2 ), i t  w as d ec id ed  th a t  “ re p lic a te ”  sam ples sh o u ld  be 
ta k e n  a t  a  re la tiv e ly  sm all n u m b e r  o f  sam p lin g  sites. T h ree  sets o f  five sam ple 
pa irs  (m ic ro lay e r + su b su rface ) w ere co lle c te d  in  th e  N o r th  Sea o n  2 3 /1 1 /7 6 ,
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6 /5 /7 7  an d  1 3 /5 /7 7  a t  d istances o f  8, 12  an d  5 km , re sp ec tiv e ly , so u th e a s t 
o f  G rea t Y a rm o u th . T ab le  I sum m arises in fo rm a tio n  a b o u t  th e s e  sam ple  
g roups, in  p a r tic u la r  th e  sea, w in d  a n d  su rface  s ta te s  a t  th e  t im e  o f  
c o llec tio n . A f te r  co llec tio n  th e  sam ples w ere  tr a n s p o r te d  to  th e  la b o ra to ry  
fo r  im m e d ia te  f i l tra tio n  using  o xo id  ce llu lose m e m b ra n e  f ilte rs  o f  0 .4 5  /im  
n o m in a l p o re  size. F il tra t io n  w as carried  o u t  in  th e  o rd e r  o f  sam ple 
co llec tio n , an d  c o m p le te d  in  all cases w ith in  6—7 h  o f  th e  sam p lin g  tim e .

T A B L E  I

M icrolayer sam ples collected

Sam ple D ate D istance Sea Surface
num bers co llec ted from  shore co n d itio n sta te

1 1 4 -1 1 8 2 3 /1 1 /7 6 8 km C alm  sea N o visible slicks
Clearing fog S tab le  bubbles especially

near end  o f  period
2 0 0 -2 0 4 6 /5 /7 7 12 km Wind N o visible slicks

Surface roughness N o bubb les
2 0 5 -2 0 9 1 3 /5 /7 7 5 km Calm surface N o visible slicks

O nshore w ind M any bubbles

F o r  th e  f irs t  series o f  sam ples (2 3 /1 1 /7 6 ) , th e  f ilte rs  w ere  fro zen  in clean 
p la s tic  d ishes to  aw a it analysis, w hile  th e  o th e r  tw o  se ts  w e re  ana lysed  
im m ed ia te ly .

T h e  f ilte rs  w ere  tra n s fe r re d  to  p re -c lean ed  1 0 0  cm 3 P y re x  flasks and  
d isso lved  b y  th e  a d d itio n  o f  5 c m 3 o f  BD H  ‘A ris ta r ’ n itr ic  ac id  an d  g en tle  
h e a tin g  fo r  5—10  m in  fo llo w ed  b y  a d d itio n  o f  5 c m 3 o f  B D H  ‘A ris ta r’ 
p e rc h lo ric  ac id . E ach  flask  w as th e n  h e a te d  to  ju s t  b e lo w  b o ilin g  p o in t  fo r 
3 0  m in , and  th e n  th e  acid  w as ev ap o ra ted  to  d ry n e ss  an d  th e  residue  
d isso lved  in  10  c m 3 o f  1 .0  m o l d m -3 B D H  ‘A ris ta r’ HCl.

S a m p le  analysis, b lanks  and  precis ion

A nalyses fo r  F e , Ni, Cu, Zn, M n, Cd an d  Pb in  th e  acid  e x tra c ts  w ere 
ca rried  o u t  b y  a to m ic  a b so rp tio n  s p e c tro p h o to m e try  (A A S) using  s ta n d a rd  
flam e co m p a riso n  m e th o d s  o n  a V arian  1 1 0 0  in s tru m e n t. P re lim in a ry  e x p e ri­
m e n ts  verified  t h a t  n o  su b s ta n tia l losses o f  th e se  tra c e  m e ta ls  to o k  p lace  
d u rin g  t r e a tm e n t  o f  th e  filte rs , so th a t  w o rk in g  s ta n d a rd s  p re p a re d  in th e  
HC1 m a tr ix  w ere  u sed  fo r  th e  a c tu a l AAS analyses. P ro c e d u ra l b lan k s  w ere  
p re p a re d  b y  f ilte r in g  d o u b le-d is tilled  w a te r  an d  o th e rw ise  tre a tin g  th e  filte rs  
in  th e  sam e w ay  as sam ples. T h e  c o n tr ib u tio n  to  th is  b la n k  fro m  th e  acids 
u sed  (HNO3 +HCIO4) was also d e te rm in e d  se p a ra te ly , an d  fo u n d  to  be 
genera lly  th e  m o s t im p o r ta n t. T h e  b la n k  levels are  lis ted  in T ab le  II  fo r  each  
PTM  s tu d ie d . T h e  p rec is io n  o f  th e  analyses d e te rm in e d  fro m  rep lica te  sea-
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TABLE II

Blank levels fo r 1 dm 3 sam ples

E lem ent B lank c o n tr ib u tio n  
H N O 3 +H CIO 4 , nm ol d m -3

T o ta l p rocedura l 
blank , nm ol d m -3

Fe 130 13Ó (0 .9 —2.7% )a
Mn 2 4.4  (1 -3 % )
Ni 4 11 (1 0 -2 0 % )
Cu 7 8 (2 0 -5 0 % )
Zn 22 22 (1 5 -4 0 % )
Cd 1 2.8 (2 5 -1 0 0 % )
Pb 1.7 1.7 (6 -2 0 % )

a Values in paren theses give typ ical percentages o f  sam ple co n cen tra tio n s fo r each b lank.

w ate r sam ples w as fo u n d  to  b e : F e  an d  M n, 5%, N i, 26% ; C u, 18% ; Zn, 16% ; 
Cd and  Pb, 14%  (all ± o  lim its). S im ilar p rec is io n  w as o b ta in e d  b y  P io tro w icz  
e t  al. (1 9 7 2 )  fo r p a r tic u la te  F e  (10% ), Cu (25% ), Ni (17% ) an d  Pb (21% ) 
using  eq u iv a len t a n a ly tic a l te ch n iq u es .

RESU LTS

T h e  c o m p le te  se t o f  re su lts  fo r  c o n c e n tra tio n s  o f  p a r tic u la te  Fe, M n, Ni, 
Cu, Zn, Cd an d  Pb in  th e  f if te e n  pairs o f  sc reen  m ic ro la y e r  sam ples (S ) and  
b u lk  o r  su b su rface  sam p les  (B ) is given in T ab le  III. A lso given is th e  m icro- 
lay e r e n r ic h m e n t f a c to r  E F . d e f in e d  as th e  ra tio  o f  m ic ro la y e r  an d  b u lk  
c o n c e n tra tio n s . T ab le  IV  show s th e  g eo m e tric  m e a n  o f  PTM  c o n c e n tra tio n s  
fo r each  sam ple  g ro u p  n o rm a lised  w ith  re sp e c t to  Fe^ W allace e t  al. (1 9 7 7 ) 
f in d  p a r tic u la te  F e /A l ra tio s  to  be fa irly  c o n s ta n t a t  values ty p ic a l o f  th e  
E a r th ’s c ru s t in co a s ta l and  m o s t ocean ic  w a te rs , in d ica tin g  th a t  in  th is  w o rk  
Fe can  be ta k e n  as an  in d ic a to r  o f  th e  m in era l c o n te n t  o f  th e  su sp en d ed  
m a tte r .

B u lk  phase  P T M  co n cen tra t io n s

T h e  c o n c e n tra tio n s  o f  F e  an d  M n in  th e  b u lk  seaw a te r  sam ples are 
u n ifo rm ly  h ig h er th a n  th o se  o f  th e  o th e r  PTM s and  a re  s tro n g ly  c o rre la ted  
(c o rre la tio n  c o e ff ic ie n t p = 0 .9 4 2 ). Fe an d  Mn levels fo r  early  M arch  1 9 7 6  
are h igher b y  a  fa c to r  o f  a b o u t  th re e , p ro b a b ly  as a  re su lt o f  increased  
m ix ing  (H ead , 1 9 7 1 ). T h e  M n /F e  ra tio s  fo r  all th re e  sam ple  g roups vary  w ith  
a s ta n d a rd  d ev ia tio n  o f  o n ly  ~ 10%  an d  are q u ite  sim ilar to  the  average 
M n/F e  ra tio  fo r  th e  E a r th ’s c ru s t, ca lcu la ted  on  th e  basis o f  a m ix tu re  o f  
g ran ites an d  b asa lts  b y  T a y lo r  (1 9 6 4 ). T h ese  o b se rv a tio n s  p o in t to  a sim ple 
te rrig en o u s  so u rce  o f  p a r tic u la te  Fe and  M n in th e  su sp en d ed  m a tte r , w hich  
is n o t  su rp ris in g  c o n sid e rin g  th e  p ro x im ity  o f  th e  sam pling  sites to  th e  co as t
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TA B LE III

Screen  m icrolayer (S) and bulk  seaw ater (B ) PTM concen tra tions (nm ol d m -3 ) and m ic ro ­
layer en richm en t fa c to r E F  = S /B  (ra tio  o f  m icro layer and bulk  co n cen tra tio n s)

Sam ple Fe Mn Ni Cu Zn Cd Pb

S114 13800 230 126 84 202 8 .2 52
B114 18400 483 29 16 63 5 .6 18
E F 0.75 ±0.06 0.48 ±0.04 4.3  ±1.6 5.3 ±1.3 3.2  ±0.7 1.5 ±0 .3 2.9 ±0.5
S115 15300 370 614 45 92 5 .0 28
B115 15500 356 46 11 47 5.9 15
E F 0.99 ±0.08 1.04 ±0.08 13.3  ± 4 .9  4.1 ±1.0 2.0 ±0.5 0 .9  ±0 .2 1.9 ±0 .3
S116 13300 242 52 32 161 5.6 26
B116 15000 326 23 13 50 6 .8 19
E F 0.89 ±0.07 0 .74  ±0.06 2.3 ±0.8 2.5 ±0.6 3.2 ±0.7 0.8 ±0 .2 1.3 ±0 .2
S117 11500 211 46 20 69 4 .0 20
B117 15300 327 127 10 65 7.9 14
E F 0.75 ±0.06 0 .65  ±0.05 0.4  ±0.1 2.0 ±0.5 1.1 ±0.2 0 .5  ±0.1 1.4 ±0 .2
S118 12800 207 263 12 34 8.1 18
B118 15000 315 33 4 33 19 .6 15
E F 0.85 ±0.07 0 .66  ±0.05 8.0 ±2.9 3.0 ±0.8 1.0 ±0.2 0.4 ±0.1 1.2 ±0.2
S200 2930 78 23 23 68 1.4 17
B200 4610 110 20 12 42 < 0 .5 3
E F 0.64 ±0.05 0.71 ±0.05 1.2 ±0.4 1.9 ±0.5 1.6 ±0.4 > 1 2.1 ±0.4
S201 4410 112 17 16 130 7.9 8
B201 3530 93 20 17 132 1.1 5
E F 1.25 ±0.10 1.20 ±0.09 0.9  ±0.3 0.9 ±0.2 1 ±0.2 7 ± 1 .4 1.3 ±0 .2
S202 3340 87 16 42 58 1.1 12
B202 5220 115 13 16 36 1.1 6
E F 0.64 ±0.05 0 .76  ±0.06 1 .2  ±0.4 2.6 ±0.7 1.6 ±0.4 1 ± 0 .2 2 ±0.3
S203 5370 118 33 84 177 2.3 34
B203 5190 138 48 25 128 1.1 10
E F 1.03 ±0.08 0 .86  ±0.07 0.7  ±0.3 3.4 ±0.9 1.4 ±0.3 2 ± 0 .4 3.4 ±0.6
S204 2800 54 24 14 66 < 0 .5 15
B204 3360 89 19 14 45 1.1 10
E F 0.83 ±0.06 0.61 ±0.05 1.3 ±0.5 1.0 ±0.3 1.5 ±0.3 < 1 1.5 ±0.3
S205 4540 80 12 8 34 < 0 .5 13
B 205 5560 116 12 6 24 < 0 .5 5
E F 0 .82  ±0.06 0 .69  ±0.05 1 ±0.4 1.3 ±0.3 1.4 ±0.3 2.6 ±0.4
S206 4430 85 < 6 7 41 1.9 7
B206 7710 199 17 7 31 1.8 10
E F 0.57 ±0.04 0 .43  ±0.03 < 1 1.0 ±0.3 1.3 ±0.2 1.1 ±0.2 0.7 ±0.1
S207 4590 86 < 6 11 31 < 0 .5 8
B207 6770 160 < 6 4 29 < 0 .5 5
E F 0.68 ±0.05 0 .54  ±0.04 2.8 ±0.7 1.1 ±0.2 1.2 ±0.2
S208 7130 165 < 6 8 30 < 0 .5 7
B208 6840 155 12 4 29 < 0 .5 6
E F 1.04 ±0.08 1 .06  ±0.08 < 1 2.0 ±0.5 1.0 ±0.2 1.2 ±0.2
S209 5150 93 < 6 7 31 < 0 .5 9
B209 6170 134 < 6 6 53 < 0 .5 8
E F 0.83 ±0.06 0 .69  ±0.05 1 .2  ±0.3 0.6 ±0.1 1.1 ±0.2
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TA B L E  IV

G eom etrie  m ean  PTM concen tra tions no rm alised  w ith  re sp ec t to  iron ( IO 3 m ol/m ol)

Sam ple
group

M n/Fe N i/Fe C u /F e Z n /F e C d /F e P b /F e

Bulk sam ples
B 1 1 4 -1 1 8 22.6 2.65 0 .62 3.18 0.51 1.02
B 200—204 25.0 5.02 3.78 11.35 0 .2 2 1.81
B 2 0 5 -2 0 9 22.9 1.48 0 .80 4 .86 0 .1 0 1.00

Screen sam ples
S 1 1 4 -1 1 8 18.5 10.33 2.34 7.02 0.45 2.01
S 200—204 23.7 5.91 7.76 18.45 0.47 4.18
S 2 0 5 -2 0 9 19.3 1.4 1.59 6.53 0.14 1.68

Average cru s t 
(T ay lo r, 1964)

16.6 1.26 0.86 1.06 0 .0018 0.06

Average coastal
sed im en ts 
(C hester, 1965)

4.3 1.7 0.26

M icrop lank ton
(M artin  and 
K nauer, 1973)

8.0 6.0 29.3 398 0 .43 4 .49

and  th e  B rey d o n  W ater e s tu a ry . T h ese  tw o  PTM s p ro b a b ly  o ccu r as h y d ro u s  
o x id e s  in a sso c ia tio n  w ith  river-bo rne  te rr ig e n o u s  c lay  m inera ls. Zaim  (1 9 7 7 ) 
has  fo u n d  th a t  th e  su sp en d ed  m a tte r  in  th is  a re a  o f  th e  N o r th  S ea  is 
d o m in a te d  b y  clay  m inera ls  su ch  as m o n tm o rillo n ite , kao lin ite  and  illite , as 
w ell as v ariab le  a m o u n ts  o f  q u a rtz .

T h e  five o th e r  PTM s are  n o t  s ig n if ican tly  c o rre la te d  w ith  e i th e r  F e  o r  M n, 
a lth o u g h  Ni an d  Cu sho w  P T M /F e  ra tio s  w h ich  are  sim ilar to  o r  sligh tly  
h ig h e r th a n  values ty p ic a l o f  th e  average fo r  th e  E a r th ’s c ru s t o r  “ average” 
co as ta l sed im en ts  (T ab le  IV ). P T M /F e  ra tio s  fo r  Z n, Cd an d  Pb are 
ap p rec iab ly  h ig h er th a n  c ru s ta l values, suggesting  th a t  th e se  PTM s com e 
largely  fro m  a so u rce  o th e r  th a n  sim p le  c ru s ta l w ea th erin g . T h e  h ig h es t PTM / 
F e  ra tio s  fo r  all e lem en ts  e x c e p t Cd o c c u r  in th e  sam ple  se t (2 0 0 —204) 
w h ich  w as co lle c te d  fu r th e s t  fro m  sh o re . T h is m ay  in d ic a te  a decreasing  
in flu e n c e  o f  te rrig en o u s  m inera ls  as c a rr ie r  phases fo r  PTM s as d is ta n c e  fro m  
th e  co a s t increases.

M icro layer  P T M  co n cen tra t io n s

A clear a n d  u n u su a l fea tu re  o f  th e  m ic ro la y e r  re su lts  in T ab le  III  is th e  
d e p le tio n  o f  b o th  F e  an d  M n in  m o s t o f  th e  m ic ro la y e r  sam ples. O nly  
sam ples S I  15 , 2 0 3  an d  2 0 8  have th e  sam e c o n c e n tra tio n s  as th e ir  respective
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b u lk  seaw a te r  sam ples and  S 201 is th e  o n ly  one  w h ich  show s a s lig h t 
en r ic h m e n t. T h e  d e p le tio n  o f  Fe an d  M n in  th e  rem ain in g  m a jo r i ty  o f  
sam p les  is m a in ta in e d  in  sp ite  o f  th e  seasonal change in b u lk  PT M  levels an d  
th e  d iffe ren ces  in d is ta n c e  from  th e  co as t, suggesting  th a t  a t  le a s t  in  th is  
p a r t  o f  th e  N o r th  S ea, d ep le tio n  o f  F e  an d  M n (a n d  p re su m a b ly  th e  a lu m in o - 
s ilica te  m in era ls  w ith  w h ich  th e y  a p p e a r to  be asso c ia ted ) is a  g en e ra l and  
re la tiv e ly  c o n s ta n t  p h en o m en o n . T h e  M n /F e  ra tio s  (T able  IV ) in d ic a te  th a t  
th e  b eh av io u r o f  th e  tw o  e lem en ts is n o t  e n tire ly  sim ilar, a l th o u g h  m ic ro ­
lay e r c o n c e n tra tio n s  are  still s ig n ifican tly  c o rre la te d  (p = 0 .8 8 ). F o r  th e  tw o  
sites n ea re r  th e  co a s t (1 1 4 —1 1 8 , 2 0 5 —2 0 9 ), th e  M n /F e  ra tio s  a re  n ea re r to  
t h a t  fo r  average c ru s t th a n  to  th o se  fo r  th e  co rre sp o n d in g  b u lk  sam ples, 
w h ile  fo r  th e  m o re  d is ta n t  s ite  (2 0 0 —2 0 4 ) th e  M n /F e  ra tio s  in  th e  m ic ro la y e r  
and  b u lk  w a te r  a re  sim ilar.

O f th e  o th e r  5 PTM s, on ly  Cd show s any  ev idence  o f  th e  d e p le tio n  
ob se rv ed  so c o n s is te n tly  fo r  F e  an d  M n. F o r  th e  ea rly  w in te r  1 9 7 6  sam ples, 
tw o  o r  th re e  m ic ro  lay  er sam ples are a p p a re n tly  d e p le te d  in  Cd, w h ile  th e  Cd 
c o n c e n tra tio n s  in  th e  o th e r  tw o  sam ple  se ts  are to o  lo w  fo r  a n y  reliab le  
d e d u c tio n  to  be m ade. T he o th e r  PTM s, in  th e  1 9 7 6  m ic ro la y e r  sam ples, N i, 
Cu, Zn an d  Pb all seem  to  be genera lly  e n ric h e d , w ith  a few  e x cep tio n s .
T h is  sam ple  se t show s an  in te re s tin g  tre n d , b e s t i llu s tra te d  b y  th e  re su lts  fo r 
C u  an d  Pb, fo r  w h ich  m ic ro lay e r PTM  c o n c e n tra tio n s  s tead ily  d ec rease  w ith  
th e  o rd e r  o f  sam ple  co llec tion  fro m  1 1 4  to  1 1 8 . T h e  tre n d  is n o t  c o n s is te n t 
fo r N i an d  Z n, b u t  th e  c o n c e n tra tio n s  o f  th ese  tw o  PTM s in th e  ea rlie s t 
c o lle c te d  m ic ro la y e r sam ples te n d  to  be h ig h er th a n  in th o se  ta k e n  la ter.

T h is se t o f  sam ples w as co llec ted  d u rin g  c learin g  fog  w ith  s ta b le  b u b b le s  a t 
th e  w a te r  su rface  (T ab le  I). T hese c o n d itio n s  are  id ea l fo r  th e  fo rm a tio n  o f  
su rface  slicks b ecau se  o f  th e  ab sen ce  o f  w ind . U n d e r  n o rm a l c o n d itio n s , 
w in d  te n d s  to  sw eep  th e  w a te r  su rface  c lean , p ro d u c in g  foam  p a tc h e s  and  
s tab le  b u b b le s  (B aier, 1 9 7 2 ). N o co m p ressed  su rface  slicks w ere  p re se n t in  
th e  im m e d ia te  sam p lin g  area , b u t  n u m e ro u s  slick -covered  reg io n s  w ere 
o b serv ed  w hile  m o to rin g  in to  th e  a rea  b e fo re  sam p lin g  began . T h e  m ic ro la y e r 
e n r ic h m e n ts  o f  N i, Pb, Cu, and  Zn in  th is  se t o f  sam p les  m ay  re s u lt  from  
d e p o s itio n  o f  fog-scavenged p a rtic le s  fro m  th e  a tm o sp h e re , as d iscussed  la te r.

W ind speeds w ere  h ig h er d u rin g  c o lle c tio n  o f  th e  tw o  la te  sp rin g  1977  sets 
o f  sam ples. N o su rface  slicks w ere  seen , b u t  s ta b le  su rface  b u b b le s  w ere 
p re se n t d u rin g  c o lle c tio n  o f  th e  seco n d  se t (2 0 5 —2 0 9 ). T h e  c o n s is te n t 
d ec rease  in m ic ro la y e r  PTM  c o n c e n tra tio n s  w ith  th e  o rd e r  o f  sam p lin g  is also 
a b se n t. A lth o u g h  b u lk  seaw a te r levels o f  N i, C u a n d  Zn a re  sim ila r to ,  or 
s lig h tly  sm alle r th a n , th o se  seen  in  th e  ea rly  w in te r  1 9 7 6  se t, o n ly  Cu an d  Pb 
sh o w  a n y  c o n s is te n t ev idence fo r  e n r ic h m e n t in  th e  la te r  sam ples. T h e re  is 
n o  co n v in c in g  ev idence  fo r m ic ro la y e r e n r ic h m e n t o f  N i, in  c o n tra s t  to  th e  
ea rlie r  re su lts  w h e re  Ni is genera lly  th e  m o s t en rich ed . In  th e  f in a l g ro u p  
(2 0 5 —2 0 9 ), N i c o n c e n tra tio n s  in  b o th  b u lk  se a w a te r  a n d  th e  m ic ro la y e r are 
q u ite  low . F o r  C u, Pb an d , to  a lesser e x te n t ,  Z n, th e  p a tte rn  o f  e n ric h m e n t 
re su lts  seen  in  th e  earlie r sam ples is p reserved , b u t  e n r ic h m e n t fa c to rs  are
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co n sid e rab ly  red u ced .
T h e  P T M /F e  ra tio s  fo r  th e  m ic ro lay e r sam ples (T ab le  IV ), e sp ec ia lly  fo r 

th e  firs t tw o  sam p le  se ts , are u n ifo rm ly  h ig h er th a n  th e  c ru s ta l values fo r all 
PTM s o th e r  th a n  Mn and  possib ly  Cd. A  p u re  a lum in o silica te  so u rce  fo r  th e  
su sp en d ed  PTM  m a tte r  fo u n d  in  th e  m ic ro lay e r is, th e re fo re , u n lik e ly . T his 
suggests th a t  o th e r  p h ases su ch  as d e tr i ta l  o rgan ic  m a t te r  a n d /o r  o rganically - 
stab ilised  c o llo id a l aggregates exercise  an  im p o r ta n t  c o n tro l o v e r th e  levels o f  
N i, Cu, Zn an d  Pb in  m ic ro la y e r  p a r tic u la te  m a tte r  (W allace e t  a l., 1 9 7 7 ). 
T ab le  IV  sh o w s P T M /F e  ra tio s  fo r  m arine m ic ro p la n k to n  c a lc u la ted  fro m  th e  
d a ta  o f M artin  an d  K n au e r (1973). M ic ro p lan k to n  have been  assu m ed  to  
have a PTM  c o m p o s itio n  ty p ic a l o f  p a r tic u la te  o rgan ic  phases su b je c t to  
f lo ta tio n  b y  rising  b u b b le s  (W allace and  D uce, 1 9 7 5 ; W allace e t  a l., 1 9 7 7 ). 
T h ese  ra tio s  are sim ila r to ,  o r  g rea te r th a n , P T M /F e ra tio s  in  m ic ro la y e r  
sam ples fo r  Ni, Cu, Z n, Cd an d  Pb. S ince m o s t o f  th e  F e  in  th e se  sam ples is 
assoc ia ted  w ith  te rr ig e n o u s  m ateria ls , o rganic  d e tr i tu s  w ith  a PTM  
c o m p o s itio n  sim ila r to  t h a t  o f  m ic ro p la n k to n  w ill give lo w er P T M /F e  ra tio s  
w h en  d ilu te d  w ith  a  m a jo r F e-bearing  phase . T h u s th e  p re se n t d a ta  are a t 
least c o n s is te n t w ith  an  im p o r ta n t  o rgan ic-rich  p h ase  fo r  N i, C u, Z n , Cd and  
Pb, w h ich  a d d s  li ttle  to  th e  overall levels o f  Fe an d  M n. As a re su lt  o f  th is , 
th e  e n r ic h m e n t o f  tra c e  m eta ls  such  as C u, Z n  an d  Pb an d  th e  d e p le tio n  o f  
Fe and  M n m a y  be a re su lt  o f  e n r ic h m e n t in  th e  m ic ro la y e r  o f  su rface-active  
o rganic  p hases, re la tiv e  to  m in era ls  o f  essen tia lly  c ru s ta l c o m p o s itio n , w h ich  
a re  n o t  s tab ilised  a t  th e  su rface  to  th e  sam e e x te n t .

T h e  b e h a v io u r o f  th e  seven PTM s s tu d ie d  in co as ta l N o rth  Sea w aters  m ay  
be c o n v e n ie n tly  su m m arised  as fo llow s:

(a) B o th  F e  an d  M n are  c losely  re la te d  and  are c o n s is te n tly  d e p le te d  in  th e  
m ic ro lay e r. N ear to  th e  co a s t, M n ap p ears  m o re  d e p le te d  th a n  F e , b u t  12 km  
o ffsh o re  th e  d iffe ren ces  b e tw e e n  th e  tw o  e lem en ts  a re  sm all.

(b ) Cu, Z n  a n d  P b  a re  c o n s is te n tly  en rich ed  in  th e  m ic ro lay e r and  ap p ea r 
n o t  to  be c o n tro lle d  exclusively  b y  th e  Fe- an d  M n-bearing  phases, especially  
fu r th e r  f ro m  th e  coast.

(c) T h e re  is n o  co n v in c in g  ev idence fo r  Cd e n r ic h m e n t in  th e  m ic ro lay e r.
In  th e  ea rly  w in te r  1 9 7 6  sam ples w here  Cd c o n c e n tra tio n s  are h ig h es t, th is  
e lem en t ap p e a rs  to  fo llo w  th e  d eg le tip n ^o f F e  an d  M n. ! \

(d ) Ni w as n o t  n o rm a lly  en rich ed  in  th e  m ic ro la y e r in  la te  sp ring  1 9 7 7 , 
b u t  w as h ig h ly  e n ric h e d  in th e  u n u su a l s e t  o f  sam ples co llec ted  in  early  
w in te r  1 9 7 6  d u rin g  c learin g  fog.

T h e  d if fe re n t  b eh av io u rs  o f  th e  seven PTM s can be su b stan tia lly  
co n firm ed  b y  p rin c ip a l c o m p o n e n ts  analysis o f  th e  la te  spring 1 9 7 7  d a ta  
( th e  se t 1 1 4 —11 8  w as o m itte d  because o f  th e  u n u su a l b eh av io u r o f  Ni).
T h ree  e ig en v ec to rs  w ere  o b ta in e d  w h ich  to g e th e r  a c c o u n te d  fo r 95 .7%  o f  th e  
sam ple v arian ce , as fo llow s:
0 .49N Í + 0 .49C U  + 0 .5 1 Z n  + 0 .5 1 P b  52.5%  o f  sam ple  variance
0 .6 8 F e  + 0 .6 9 M n  28 .0%  o f  sam p le  variance
0 .9 5 C d  15 .2%  o f  sam p le  variance
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(e igenvec to r co e ffic ien ts  less th a n  0 .17  have been  o m itte d  f o r  th e  sake  o f  
c la rity ).

DISCUSSION

T he c o n s is te n t d e p le tio n  o f  F e  and  Mn observed  in  th e  N o r th  Sea 
c o n tra s ts  w ith  th e  re su lts  o f  ea rlie r w orkers. P io tro w ic z  e t  al. (1 9 7 2 )  fo u n d  
p a rticu la te  F e  to  be m ark ed ly  en rich ed  in screen  sam ples c o lle c te d  in 
N a rran g an se tt B ay (R h o d e  Island ), w ith  a geo m etric  m ean  E F  o f  2 .6  fo r  8 
sam ples. In  N ew  Y o rk  B ight, Fe w as also clearly  en rich ed  (E F  ~ 1 .8  fo r  5 
sam ples), w hile  p a r tic u la te  M n show ed  no s tro n g  ev id en ce  fo r  e n r ic h m e n t 
(E F  ~ 0 . 9  ± 0 .4). In  ocean ic  w a te rs , H o ffm an  e t  al. (1 9 7 4 )  fo u n d  c o n s is te n t 
ev idence  fo r  e n r ic h m e n t o f  F e , M n and  V in th e  m ic ro la y e r , even fa r  fro m  
th e  in flu en ce  o f  th e  S ah aran  d u s t p lum e w ith in  w h ich  a tm o sp h e r ic  
d ep o sitio n  is th e  p rin c ip a l cause o f  m ic ro la y e r e n r ic h m e n t.

D ep le tio n  o f  p a r tic u la te  species has n o t  f re q u e n tly  b e e n  o b se rv ed  in  
m ic ro lay e r sam p les , m o s t p u b lish ed  d a ta  b e in g  re s tr ic te d  t o  b io log ical 
species. In d e e d , e n r ic h m e n t o f  d isso lved  an d  p a r tic u la te  m a te r ia ls  is so 
c o m m o n ly  ob serv ed  th a t  i t  has a lm o st b eco m e  a  sine  q u a  n o n  o f  m ic ro la y e r  
research  (see, h o w ev er, C h ap m an  and  Liss, 1 9 7 9 ). H a rv e y ’s (1 9 6 6 ) re su lts  fo r 
d ia to m s in  m ic ro la y e r  sam p les  co llec ted  b y  a  ro ta t in g  c e ra m ic  d ru m  device 
sho w  fre q u e n t su rface  d e p le tio n . S ie b u rth  e t  al. (1 9 7 6 ) fo u n d  d e p le tio n  o f 
cu ltivab le  b a c te r ia  a n d  am o eb ae  in  o n e  m ic ro la y e r sam p le  in  th e  N o rth  
A tla n tic  caused , a p p a re n tly , b y  g ro w th  in h ib itio n  as a  re s u l t  o f  su b stan ces  
re leased  to  th e  m ic ro la y e r  b y  a  b lo o m  o f  N itzsch ia .

The c o n tra s t  in  b e h a v io u r b e tw e e n  Fe a n d  M n, b o th  o f  w h ich  are 
c o n s is ten tly  d e p le te d  in  th e  m ic ro lay e r, an d  th e  o th e r  PT M s th a t  sho w  
fre q u e n t e n r ic h m e n t, in d ica te s  t h a t  th e re  are  a t  leas t tw o  im p o r ta n t  phases 
c o n ta in in g  trace  m e ta ls  in  th e  p a r tic u la te  m a tte r ,, e a c h  o f  w h ic h  behaves 
d iffe re n tly  in  th e  m ic ro la y e r. T h e  f irs t  ph ase , w h ich  b ea rs  m o s t o f  th e  F e  
an d  M n, p ro b a b ly  co n sists  o f  river-derived  te rr ig e n o u s  m in e ra ls  and  
aggregates o f  re la tiv e ly  large p a rtic le  size. T h e  d e p le tio n  o f  th is  p h ase  an d  its 
assoc ia ted  tra c e  m e ta ls  in  th e  m ic ro la y e r is th o u g h t to  arise  fro m  rap id  
se d im e n ta tio n  o f  th e se  large p a rtic le s  o u t  o f  th e  m ic ro la y e r  reg ion . In  
c o n tra s t , th e  o th e r  PTM s are  largely  ca rried  b y  a seco n d  ty p e  o f  p h ase  o r 
phases, w h ich  give rise  to  f r e q u e n t e n r ic h m e n t in  th e  m ic ro la y e r , an d  are 
believed to  co n s is t o f  o rg an ica lly -b o u n d  aggregates o f  c o llo id a l m in era ls  a n d / 
o r  o rganic  d e tr i tu s , b o th  o f  re la tiv e ly  sm all p a rtic le  size. T h e  e n r ic h m e n t o f  
th ese  phases an d  th e ir  a sso c ia ted  trace  m e ta ls  is m o re  c o m p le x  an d  can  arise 
fro m  a c o m b in a tio n  o f  b u b b le  f lo ta tio n , a tm o sp h e ric  d e p o s itio n  and  
se d im e n ta tio n  o u t  o f  th e  m ic ro lay e r. F o r  th is  g ro u p , s ta b le  a t ta c h m e n t o f  
p a rtic le s  a t  th e  a ir—sea in te rfa c e  b y  m ean s  o f  in te rfa c ia l fo rc e s  is o f  cen tra l 
im p o rta n c e  an d  w ill b e  sh o w n  to  b e  asso c ia ted  w ith  th e  p resen ce  o f  organ ic  
m a tte r  in  th e  p a r tic u la te  m a te ria l.



T he seco n d  g ro u p  o f  PTM s (N i, Cu, Zn, Cd, Pb) is p re se n t in  m icrolay e r 
p a r tic u la te  m a te r ia l a t  levels w h ich  are su b s ta n tia lly  h igher th a n  th e  ty p ica l 
c ru s ta l a b u n d a n ce. T h u s  th e  m ic ro la y e r  d e p le tio n  o f  th e ir  te rr ig e n o u s  
c o m p o n e n t, w h ich  m u s t o c c u r  a lo n g  w ith  th a t  o f  F e  and  M n, sh o u ld  be 
m in o r  in  co m p ariso n  w ith  th e  e ffe c ts  p ro d u c e d  b y  th e  m o re  im p o r ta n t  
phases co n tro llin g  th e se  e lem en ts . C onverse ly , th e  e n ric h m e n t o f  th a t  
c o m p o n e n t o f  p a rtic u la te  F e  an d  M n ca rried  b y  th e  m ic ro lay e r-en rich ed  
phases is sm all re la tive  to  th e  d e p le tio n  o f  th e  m a jo r, te rr ig e n o u s  phase .

T he re m a in d e r  o f  th is  p a p e r  is c o n c e rn e d  w ith  a d e ta iled  e x p la n a tio n  o f  
th e  p re se n t resu lts  in  te rm s  o f  th e  d if fe re n t p rocesses o c c u rr in g  in  th e  m ic ro ­
lay e r, w h ich  ac t as sou rces o f  PTM s an d  c o n tro l th e ir  re s id en ce  tim es th e re . 
S ince  n o  e x p lic it c o n s id e ra tio n  o f  th is  im p o r ta n t  su b je c t has a p p e a re d  in  th e  
lite ra tu re , an  o p p o r tu n ity  is ta k e n  h e re  to  d esc rib e  b r ie fly  th e  p rin c ip les  
u n d e rlin in g  p a rtic u la te  ex ch an g e  in  th e  m ic ro la y e r an d  to  rev iew  th e  resu lts  
o f  p rev ious stud ies.

Processes a f fe c t in g  partic les  in the  surface  m icro layer

T h e  p rin c ip a l p rocesses w h ich  in flu e n c e  PTM  c o n c e n tra tio n s  in  th e  m ic ro ­
la y e r  reg ion  are  illu s tra te d  sch em a tica lly  in  F ig .l .  D ep o sitio n  o f  a tm o sp h e ric  
p a rtic le s  o n to  th e  sea su rface  and  f lo ta t io n  o f  surface-active p a r tic u la te s  by  
r is ing  b u b b le s  b o th  a c t  as d ire c t so u rces  o f  m ic ro la y e r p a rtic le s  w h ich  can 
cause  su rface  e n rich m en t. U n d e r  specia l c ircu m stan ces , reg u lar in te rn a l w a te r

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

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

1 ( D  i n t e r f a c i a l
b o u n d a r y  - 5 0  p m  

O  l a y e r ___
B r o w n i a n  d i f f u s i o n

m i x i n g  p r o c e s s e s

O  b u b b l e  
f l o t a t i o n

i n t e r n a l  c i r c u l a t i o n s

S c r e e n  m i c r o l a y e r  s a m p l e  - 3 0 0  p m

F ig .l .  T ran sp o rt processes fo r p a rticu la te  m a tte r  in th e  m icro layer. T he screen m icro layer 
sam ple (~ 3 0 0  p m ) is divided in to  an  u p p er hyd ro d y n am ic  b o u n d ary  layer (~ 5 0  pm ) 
w ith in  w hich tu rb u len ce  is d am ped , and  a low er region w hich behaves like subsurface 
w ate r and is well m ixed by eddy  d iffusion . D iagram  n o t en tire ly  to  scale — actual oceanic 
bubb les have a sim ilar size to  th e  w hole m icro layer region and  m ust in troduce  substan tia l 
m ixing as th ey  break  th rough  th e  b o u n d a ry  layer. T his is in co rp o ra ted  in “ m ixing 
processes”
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c irc u la tio n  as envisaged by  L an g m u ir (1 9 3 8 ) can also tra n s p o r t  p a r tic u la te  
m a t te r  in to  su rface  convergences o r  w in d ro w s (B lan ch ard , 1 9 7 5 ) .

A t le a s t th re e  d is tin c t p rocesses c o n tr ib u te  to  th e  rem oval o f  p a rtic le s  
fro m  th e  m ic ro lay e r reg ion . G rav ita tio n a l se ttlin g  w ith in  th e  m ic ro la y e r  is 
e x p e c te d  to  be especially  im p o r ta n t  fo r  re la tiv e ly  la rge , dense  p a r t ic u la te  
m a tte r . T ra n s it tim es d u rin g  se ttlin g  w ill d e p e n d  b o th  o n  s e t t l in g  v elocities 
a n d , fo r  p a rtic le s  a tta c h e d  to  th e  a ir—sea in te rfa c e , on th e  s ta b ilis in g  fo rces 
p ro v id e d  by in te rfac ia l ten s io n s . B ro w n ian  d iffu s io n , w h ich  is m o s t  rap id  fo r 
very  sm all p a rtic le s , will te n d  to  m o v e  p a rtic le s  a long  th e  c o n c e n tra tio n  
g ra d ie n t estab lish ed  by  o th e r  p rocesses, th u s  ac tin g  as a rem o v a l m echan ism  
fo r  en rich ed  m icro lay ers  an d  vice versa . T h e  “ u ’’-shaped  d e p e n d e n c e  o f 
rem o v al ra te  on  p a rtic le  size fo r  b o th  B ro w n ian  d iffu s io n  and  g ra v ita tio n a l 
se ttlin g  is analogous to  tn a t  w h ich  o ccu rs  in d ry  d e p o s itio n  p ro c e sse s  in  th e  
a tm o sp h e re  (H u n te r  and  Liss, 1 9 7 7 ; S lin n  e t  a l., 1 9 7 8 ). F in a lly , reg io n s o r 
pa rce ls  o f  w a te r  a t  th e  su rface  will be rep laced  b y  su b su rface  w a te r  as a 
re su lt  o f  tu rb u le n t  m ix ing  p rocesses re su ltin g  fro m  w ave b re a k in g , b u b b le  
b u rs tin g  and  in te rn a l c ircu la tio n  w aves.

V ertica l ed d y  d iffu s io n , w hich  m a in ta in s  essen tia lly  c o m p le te  m ix in g  in  
th e  w a te r  co lu m n  im m ed ia te ly  b e n e a th  th e  m ic ro la y e r, will be c o n s id e ra b ly  
d a m p e d  in th e  in te rfac ia l b o u n d a ry  la y e r  fo r  tu rb u le n c e  a d ja c e n t  to  th e  a ir— 
sea in te rfa c e . K anw isher (1 9 6 3 ) has re m a rk e d  o n  th e  s ta b ility  o f  p a rtic le s  in 
th is  la y e r  w h en  th e  su rface  is su b je c t to  h o r iz o n ta l sh ear d u e  to  w ave ac tio n . 
F o r  th e  exch an g e  o f  dissolved gases across th e  a ir—se a  in te r fa c e , th e  
th ic k n e ss  o f  th e  in te rfac ia l b o u n d a ry  la y e r  is a b o u t  50  ¿un, d e p e n d in g  on 
su rface  w ind  v e lo c ity  and  tu rb u le n t  e ffec ts  (Peng  e t  a l., 1 9 7 9 ), i .e . a b o u t a 
f a c to r  o f  six  sm aller th a n  th e  th ic k n e ss  o f  th e  sc reen  m ic ro la y e r  sam pled  in 
th is  w o rk .

(a) S e d im e n ta t io n
T he d a ta  o f  H o ffm an  e t  al. (1 9 7 4 )  in areas w ith in  th e  S ah aran  d u s t p lu m e  

in d ic a te  th a t  fo r  w ind  velocities in th e  ran g e  5—1 0  m s-1, th e  re s id e n c e  tim e  
o f  p a r tic u la te  F e , M n and  V d e p o s ite d  fro m  th e  a tm o sp h e re  in a  3 0 0  ¿im- 
th ic k  su rface  m ic ro lay er is o f  th e  o rd e r  o f  2 s. In  th e  absence  o f  m ix in g  by  
B ro w n ian  d iffu s io n , and  o f  tu rb u le n t  re p la c e m e n t o f  th e  su rface  film  reg ion , 
p a rtic le s  w h ich  se d im e n t in  th e  w a te r  c o lu m n  a t  ve lo c ities  b e lo w  th a t  o f  d ry  
d e p o s itio n  fro m  th e  a tm o sp h e re  (1 —6 cm  s -1 fo r  th e  S aharan  ae ro so l 
(S ehm el a n d  S u tte r , 1 9 7 4 ), ta k e n  as 3 cm s-J b y  H o ffm an  e t  al. (1 9 7 4 )) 
w o u ld  ac c u m u la te  in th e  su rface  b o u n d a ry  lay e r. D a ta  given b y  Ju n g e  (1 9 7 2 )  
su g g est th a t  th e  m a jo r m ass o f  p a rtic le s  in th e  S ah aran  d u s t is in  th e  range 
4—8 /¿m d ia m e te r , eq u iv a len t to  a sp h e rica l-p a rtic le  S to k es se tt l in g  ve lo c ity  
in th e  ran g e  12—48 /im s-1 . P artic les se ttlin g  w ith in  th is  v e lo c ity  range in th e  
w a te r  co lu m n  w o u ld  traverse  a 50 ¿¿m-thick b o u n d a ry  layer fo r ed d y  
d iffu s io n  in side  th e  m ic ro la y e r in  ju s t  a few  seco n d s a t  m o st. T h is  tim e  is 
c o m p a ra b le  to  th e  a p p a re n t re sid en ce  tim e  ca lc u la ted  fro m  th e  a tm o sp h e ric  
d e p o s itio n  ra te . T hus th e  m a jo r rem o v a l m ech an ism  o f  soil-sized d u s t
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p artic le s  ap p ea rs  to  be g rav ita tio n a l se d im e n ta tio n . P artic les o f  co llo id a l size, 
on  th e  o th e r  h a n d  (e .g ., 0 .2 —0 .4  p m  d ia m e te r)  w ill have resid en ce  tim es  o f 
th e  o rd e r  o f  10  m in  w ith  re sp e c t to  rem o v al b y  th is  m ech an ism .

(b )  B ro w n ia n  d i f fu s io n
S im ple c a lcu la tio n s  in d ic a te  th a t  B row nian  m o tio n  o f  p a rtic le s  is re la tive ly  

u n im p o r ta n t  in  d e te rm in in g  m ic ro lay e r re s id en ce  tim e . T h e  ex ch an g e  flux  
d u e  to  th is  p ro cess  in  th e  in te rfac ia l b o u n d a ry  la y e r  o f  th ick n ess  5 - 5 0  p m  is 
given by

F b = - D ( d C/ d x )  “  -  (D/ d  ) (CM -  C , )

w h e re  Cß and  Cb are  m ic ro la y e r and  su b su rface  PTM  c o n c e n tra tio n s  
re sp ec tiv e ly . T h e  e ffec tiv e  d iffu s io n  c o e ff ic ien t D  f o r  a sp h erica l p artic le  
o f  rad iu s  r  is (E in ste in , 1 9 2 6 )

D  = R T / 6 tt N a  r¡r

w h ere  r¡ is th e  flu id  v iscosity , N A is th e  A vog ad ro  n u m b e r  and  R , T  have 
th e ir  usual m ean ings. T h e  f lu x  due  to  B ro w n ian  m o tio n  (E B ) w ill rep lace  
th e  su rface  excess o f  PTM  in  th e  m ic ro lay e r (Cß -  Cb )d, w here  d  is th e  
m ic ro la y e r th ick n ess  o f  30 0  p m , on  a  tim e  scale  eq u a l to

= (CM "  c b ) d ¡F  = N a « n d 2 • r / ( RT)

w h ere  d  ~  6S. S u b s titu tio n  o f  th e  a p p ro p ria te  value fo r  N A , an d  w ith  
R T  ~  2 .4  X IO 3 a t  20°C , d  ~  300  pm  an d  r¡ = 1 .0 8  x IO - 3 kg r r f 1 s_I fo r  
seaw a te r  (R iley  and  S k irrow , 1975), lead s  to  th e  n u m erica l re su lt

( t B /s) = 7 .5  x  IO 10 (r / m )

T h u s, even p a rtic le s  as sm all as 1 n m  rad iu s  sh o u ld  have exchange tim es  fo r 
B ro w n ian  d iffu s io n  o f  th e  o rd e r  o f  several m in u te s , w h ile  partic les  in  th e  
S ah aran  d u s t  ae ro so l (2 —4 p m  rad ius; Ju n g e , 1 9 7 2 ) w ill exchange by  th is  
m ech an ism  a lo n e  w ith in  tim e  scales o f  th e  o rd e r  o f  2 —4 days.

(c)  M ix in g  processes
T he fa c t  th a t  su b s ta n tia l m ic ro la y e r e n r ic h m e n t o f  p a rtic u la te  F e , M n and  

V is observed  w ith in  th e  area  o f  th e  S ah aran  d u s t  p lu m e  ind ica tes th a t  
p rocesses m ix in g  su b su rface  w a te r  in to  th e  su rface  b o u n d a ry  lay e r w ith  
w inds o f  5—10  m s -1 a re  in trin sica lly  s lo w er th a n  th e  v ertica l tra n s fe r  by  
grav ity  o f  p a rtic le s  in to  and  o u t  o f  th is  reg io n  (H o ffm an  e t al., 1 9 7 4 ) . T he 
p re se n t s i tu a tio n  in th e  co asta l N o rth  Sea d iffe rs  fro m  th a t  in the  S aharan  
d u s t p lu m e  in  o n e  su b tle  re sp e c t: th e  so u rce  o f  re la tiv e ly  large partic les  
c o n ta in in g  Fe and  M n is th e  w a te r c o lu m n  b e n e a th  th e  m icro layer, so  th a t  
Fe- an d  M n-bearing  p a r tic u la te s  are b ro u g h t in to  th e  m icro lay er by  
tu rb u le n t  m ix in g  o f  su b su rface  w a te r  w ith  th e  su rface  b o u n d a ry  lay e r, 
an d  are  th e n  rem o v ed  b y  g rav ita tio n a l se ttlin g . T h u s , since m ix ing  o f  su b ­
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su rface  w a te r  in to  th e  m ic ro la y e r is in trin sica lly  s lo w er th a n  s e d im e n ta tio n  
o f  re la tive ly  large soil-sized  p a rtic le s , th e  h y d ro d y n a m ic  su rfa c e  b o u n d a ry  
la y e r  m u s t b eco m e d e p le te d  in p a r tic u la te  m a te ria l. T h is  a c c o u n ts  fo r  th e  
d e p le tio n  o f  F e  an d  M n observed  in  th e  N o rth  Sea.

By m ak in g  th e  (u n su p p o rte d )  assu m p tio n  th a t  th e  m ix in g  p rocesses are 
ro u g h ly  neglig ib le in  co m p ariso n  to  se d im e n ta tio n  tim es , i .e . th a t  th e  su rface  
b o u n d a ry  la y e r  w ith in  th e  m ic ro la y e r is c o m p le te ly  d evo id  o f  p a r tic u la te  F e  
an d  M n, an  e s tim a te  can  be m ad e  o f  th e  th ick n ess  (5 ) o f  th is  b o u n d a ry  lay e r. 
T he m ic ro la y e r c o n c e n tra tio n  CM is n o w  given by

CM =  \{d — 8) / d]  Cb

giving

E F  = C J C h = {d — 8) / d

T aking  d = 3 0 0  p m  fo r  th e  m ic ro lay er th ick n ess , as b e fo re , a n d  a ty p ic a l E F  
va lue  o f  0 .7 6  (g eo m e tric  m ean  o f  resu lts  in T ab le  III )  gives § as 72 p m , 
w h ich  co m p are s  c losely  w ith  b o u n d a ry  lay e r th ick n esses  f o r  th e  ex ch an g e  o f 
gases (~  5 0 p m , Peng  e t  a l., 1 9 7 9 ).

M a th em atica lly , th e  b a lance  b e tw e e n  tu rb u le n t  m ix in g  p rocesses and  
se d im e n ta tio n  m ay  be describ ed  b y  a sim ple b o x  m o d e l w h e re  th e  ra te  o f  
change o f  m ic ro la y e r c o n c e n tra tio n  CM is given by

d C J d t  = k l C b - k l C ^ ~ ( v / 8 ) C fl

H ere , k x is th e  ra te  c o n s ta n t fo r  m ix ing  and  v  is th e  s e d im e n ta tio n  
v e lo c ity  o f  p a rtic le s . A t s tead y  s ta te

k xCh = k l Cfl + { p / 8 )  CM

hence

E F  = Cß / C h = k l / [ k l +(i>/8)]

T h u s w hen  th e  se d im e n ta tio n  ra te  ( p / 8 )  exceeds k x , th e  ra te  o f  m ix in g  (as in 
th e  case o f  F e  an d  M n in  th e  p re se n t w o rk ), th e  m ic ro la y e r is d e p le te d  in  
p a r tic u la te  F e  an d  M n re la tive  to  su b su rface  w a te r . C o nverse ly , if th e  m ix in g  
ra te  exceeds s e d im e n ta tio n  th e n  E F  ~ 1. T his is lik e ly  to  be th e  case fo r  th e  
o th e r  PTM s s tu d ie d , s ince if  th e y  are  assoc ia ted  w ith  re la tiv e ly  sm all 
p a rtic u la te s , th e ir  re s id en ce  tim es  w ith  re sp e c t to  se d im e n ta tio n  will be 
re la tive ly  long . T o  a c c o u n t fo r  th e  observed  e n ric h m e n ts  o f  th ese  PTM s, i t  is 
th e re fo re  necessary  to  co n sid e r b o th  a  m echan ism  fo r  re te n tio n  o f  p a rtic le s  
a t  th e  in te rfa c e  (su rface  s ta b ilisa tio n ), and  also flu x es w h ich  d ire c t p a rtic le s  
to  th is  reg io n  (b u b b le  f lo ta tio n , a tm o sp h eric  d e p o s itio n ) .

(d)  Su r fa ce  s tab ilisa tion  o f  partic les  b y  in terfacial forces  
S im ple ca lcu la tio n s  (e .g ., A d am so n , 19 7 6 ) suggest th a t  th is  s tab ilisa tio n  

can  be co n sid e rab le  in  fav o u rab le  c ircu m stan ces . F ig .2 d e p ic ts  sch em atica lly  
th e  a t ta c h m e n t o f  a sp h erica l so lid  p a rtic le  o f  rad iu s  r to  th e  sea su rface
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s o l i d

e o s  G = 1 -  U

F ig .2. E quilibrium  a tta c h m e n t o f  a spherical solid particle to  th e  air—w ater interface.

(assum ed  to  be f la t  fo r  th e  sak e  o f  s im p lic ity ). F o r  a change d /i in th e  h e ig h t 
o f  th e  p a rtic le  cap  above th e  sea su rface , th e  changes in th e  areas o f  th e  a ir / 
so lid  (A as), w a te r/so lid  ( A ws ) an d  th e  a ir /w a te r  (i4aw ) in te rfa c es  are given 
b y , re sp ec tiv e ly , d A as = ~ d A ws = 2-nrh and  cL4aw = — 27r(r — h )  d h. T he  
acco m p an y in g  changes in  th e  G ibbs free  energy  o f  th e  sy s tem  are  th e n  given 
by

dG  = - y as27Trdh + y ws2 n rd h  + 7 aw 27r(r — h) dh

w h ere  7 as, 7 WS an d  7 aw are  th e  in te rfa c ia l ten s io n s  o f  th e  a ir /so lid , w a te r /  
so lid  and  a ir /w a te r  in te rfa c es  re sp ec tiv e ly . S e ttin g  dG  = 0 fo r  th e  eq u ilib riu m  
s ta te  an d  sim p lify ing , w e o b ta in  th e  exp ression

Tas = Tws + 7 aw eos 0

w h ich  has th e  sam e fo rm  as Y o u n g ’s e q u a tio n  fo r  th e  w e tta b ility  o f  solid  
su rfaces by  liq u id s  (Z ism an , 1 9 6 4 ) . In sp e c tio n  o f  F ig .2 show s th a t  0 is th e  
c o n ta c t  angle b e tw een  th e  so lid  an d  liq u id  phases in  th e  p resen ce  o f  a ir. I t  
fo llow s th a t  if th e  solid  su rfa c e  is n o t  w e tte d  by  seaw ate r (0 <  0 <  n),  th e  
th e rm o d y n a m ic a lly  s ta b le  p o s it io n  o f  th e  so lid  p a rtic le  is in th e  air—seaw ate r 
in te rfa c e , w hereas if th e  so lid  is se aw a te r-w e tted , 0 = 0 an d  th e  p a r tic le  is 
m o re  stab le  in th e  aq u eo u s  ph ase . T h e  im p o r ta n t  p o in t in  th is  re sp e c t is th a t  
m o s t m in era l su rfaces like ly  to  be e n c o u n te red  in seaw ate r, e.g. c lays, m e ta l 
o x id es  an d  c a rb o n a te s , hav e  re la tiv e ly  h igh  values o f  su rface  energy  y as -  y ws 
an d  a re , th e re fo re , re a d ily  w e tta b le .

H ow ever, m any  h igh-en e rgy su rfaces p laced  in seaw ate r adsorb  n a tu ra l 
o rg an ic  su rfa c ta n ts  f ro m  s o lu tio n  (N e ih o f  an d  L o eb , 1 9 7 2 ,1 9 7 4 ;  L o e b  and  
N e ih o f, 1 9 7 5 ; H u n te r , 1 9 7 7 , 1 9 7 9 ) , giving rise to  h ig h ly  o x y g en a ted  o rganic 
film s w ith  lo w e r su rfa c e  en erg ies . In  m in e ra l f lo ta tio n , su rface  coverages by  
o rgan ic  su rfa c ta n ts  as lo w  as 5% can  give rise to  c o n ta c t  angles o f  5 0 —70° 
an d  successfu l b u b b le  f lo ta t io n  o f  p a rtic le s  m u ch  larger th a n  th o se  n o rm a lly  
e n c o u n te re d  in seaw a te r  (D avies an d  R id ea l, 1 9 6 3 ). T h e  resto ring  fo rce
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resisting  d isp lacem en t o f  a p a rtic le  a tta c h e d  to  th e  su rface as in  F ig .l  c an  be 
v e ry  su b s tan tia l, d ep en d in g  on  th e  value o f  6,  i.e . th e  su rface  f re e  energy  G 
w here

G  =  w / 2 T aw =  7r r 2 s i n 2 0 7 aw

F o r a h igh ly  o x y g en a ted  o rgan ic  su rface  o f  ty p ica l free  energy  
30 X IO -3 N m ~l (Z ism an , 1 9 6 4 ), F T is th e  o rd e r  7 .5  x 1 0 " 5 N  f o r  a  4-pm  
p a rtic le , i.e. a t  least 1 0 s tim es its  lik e ly  w eigh t. F o r  su rface  en e rg ie s  
n e a re r  th e  a i r - w a te r  in te rfac ia l te n s io n  (5 0 —70  x 10  3 N m  *, d e p e n d in g  
on  th e  p resence  o f  su rface  film s), d beco m es very  sm all and  a t ta c h m e n t  is 
m u c h  less stab le .

T h e  e ffe c t o f  th is  stab ilis ing  in flu en ce  on  partic les  resting  in  th e  in te rfa c e  
in  th e  p resence  o f tu rb u le n t  d is ru p tiv e  fo rces  is d iff ic u lt to  q u a n t i fy ,  b u t  i t  is 
c lear th a t  o rganic-rich  p a rtic le s  o f  low  su rface  energy  shou ld  h a v e  th e ir  
re s id en ce  tim es  in th e  m ic ro lay e r ap p rec iab ly  en h an ced  b y  th is  m ech an ism .

(e) A tm o s p h e r ic  d ep o s i t io n
C am b ray  e t  al. (1 9 7 5 )  have m easu red  th e  ra te s  o f  a tm o sp h e r ic  d e p o s itio n  

o f  a large n u m b e r o f  PTM s in to  tw o  co as ta l reg ions o f  th e  N o r th  Sea 
a d ja c e n t to  th e  sam pling  area : G resham  (N o rfo lk ) and  L e is to n  (S u ffo lk ).
T h e  m ean  d ep o sitio n  ra te  fo r  th ese  tw o  sites, ta k e n  fro m  th e i r  d a ta , is given 
in  T ab le  V fo r  all o f  th e  PTM s s tu d ie d  (e x c e p t C d). F o r  th e  l a t t e r  e lem en t,

TA B L E  V

PTM flux calculations fo r coastal N o rth  Sea su rface m icrolayer

Q u an tity  Fe Mn Ni Cu Zn Cd Pb

G eom etric  m ean
bu lk  co ncen tra tion  5320 127 15 8.9 46 0.9 6.2
1977 , nm ol d m -3 
A tm ospheric
d eposition  ra te 3, 55 1.2 1.7 < 2 3.9 0.003 1.3
10 12 m ol m~2s _1
R esidence tim e
i atm fo r EF= 2, m in 484 529 44 > 2 2 59 1500 24
B ubble f lo ta tio n  ra teb, 
1 0 _12m ol m -2s -1 470 3.8 2.7 14 180 0.2 2.1
R esidence tim e
^flot f ° r  £ F = 2 , m in  57 167 28 3.2 1.3 23 15

a A tm ospheric  deposition  ra tes are m eans o f  da ta  given by  C am bray e t al. (1 9 7 5 ) for 
G resham  in  N orfolk  and  L eiston  in Suffolk. V alue fo r Cd taken  from  W allace and Duce 
(1 9 7 5 ) fo r Berm uda.

b 100  tim es bubble  f lo ta tio n  flux  ca lcu la ted  b y  W allace and D uce (1 9 7 5 ) fo r oceanic 
w ater.
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th e  d e p o s itio n  ra te  a t  B erm uda  given b y  W allace and  D uce (1 9 7 5 )  is used, 
s ince  n o  Cd d a ta  w ere  given by  C am bray  e t  al. (1 9 7 5 ) . A lso given are th e  
g eo m e tric  m ean  PTM  c o n c e n tra tio n s  fo u n d  in  th e  1 9 7 7  su b su rface  w a te r  
sam ples ta k e n  fro m  T ab le  III.

T h e  resid en ce  t im e  necessary  to  give rise  to  a  m ic ro la y e r  e n r ic h m e n t 
E F  = 2, as a re su lt  o f  th e  a tm o sp h e ric  d e p o s itio n  a lo n e , w as ca lcu la ted  fo r 
each  PTM  as

^ a t m  =  _  ) ^jFa t m

T h e  re su lts  o b ta in e d  are  also given in  T ab le  V. T h e  values fo u n d  fo r  F e  and  
M n (o f  th e  o rd e r  o f  5 0 0  m in ) a re  to o  lo n g , re la tiv e  to  th e  re s id en ce  tim es 
asso c ia ted  w ith  g rav ita tio n a l se ttlin g  fo r  th e  m a jo r ity  o f  m in e ra l p a rtic le s , to  
have an y  adverse  e f fe c t on  th e  m ic ro la y e r d e p le tio n , even if th e  partic les  
d e p o s itin g  on  th e  su rface  c o n ta in  su ffic ie n t su rface-ac tive  m a te ria l to  
s tab ilise  th e m  a t  th e  in te rface . A co m p ariso n  o f  ob serv ed  m ic ro lay e r en rich ­
m e n ts  o f  PO C w ith  th e  b u b b le -in d u ced  flu x  o f  POC to  th e  o cean  su rface  
(e s tim a te d  b y  W allace and  D uce, 1 9 7 5 ) suggests th a t  th e  likely  resid en ce  
t im e  o f  p a rtic le s  s tab ilised  a t  th e  sea su rface  b y  th is  m ech an ism  is an  o rd e r o f  
m ag n itu d e  lo w e r. T he in d ic a te d  re s id en ce  tim e  fo r  Cd is also very  long , 
a lth o u g h  th is  m ay  have arisen  becau se  o f  th e  u se  o f  th e  B erm u d a  d e p o s itio n  
figu re  w h ich  m ay  b e  to o  low  fo r  th e  co a s ta l N o r th  S ea. N evertheless, Cd is 
th e  PTM  w h ich  m o s t closely  resem b les  F e  an d  M n in  its  m ic ro lay e r 
b eh av io u r.

R esid en ce  tim es  fo r  N i, C u, Zn and  Pb a re  ap p re c ia b ly  lo w er th a n  tho se  
fo r  F e , M n an d  Cd a n d , co n sid e rin g  th e  lik e ly  m arg in  o f  u n c e r ta in ty  in 
p re d ic tin g  th e  t ru e  b eh av io u r o f  th e  m ic ro la y e r, a re  rea so n ab ly  c lose to  th e  
10  m in  value a d o p te d  above. T h is suggests th a t  a tm o sp h e ric  d e p o s itio n  m ay  
be an  im p o r ta n t  so u rce  o f  m ic ro lay e r PTM s, i f  d e p o s itin g  p a rtic le s  c o n ta in  
su ff ic ie n t o rg an ic  m a te ria l fo r  s ta b ilisa tio n  a t  th e  in te rfa c e .

( f)  B u b b le  f lo ta t io n
F ro m  f lo ta t io n  ra te s  fo r POC in  N a rra n g a n se tt B ay  w a te r  in a la b o ra to ry  

fo am  to w e r , W allace an d  D uce (1 9 7 5 )  e s tim a te d  a  va lue  o f  4 .4  pg m ~2 s -1 
fo r  th e  b u b b le  f lo ta t io n  flu x  o f  PO C in co a s ta l w a te rs  (PO C  ~ 300  ng  d m -3 ).

F o r  th is  w o rk , e s tim a tes  o f  th e  b u b b le  f lo ta t io n  ra te s  o f  d iffe re n t PTM s in 
c o as ta l w a te rs  o f  th e  N o rth  S ea  w ere  o b ta in e d  fro m  th is  f lu x  o f PO C, by  
assum ing  th e  PT M /PO C  ra tio s  o f  m arin e  m ic ro p la n k to n  (M artin  an d  K n au er, 
1 9 7 3 )  to  b e  ty p ic a l o f  o rganic  d e tr i ta l  m a t te r  cap ab le  o f  b u b b le  f lo ta tio n  
(W allace and  D u ce , 1 9 7 5 ). T h e  b u b b le  f lo ta t io n  flu x es fo r coastal w a te r  
o b ta in e d  in  th is  w ay  are  given in  T ab le  V to g e th e r  w ith  i flot, th e  m ic ro lay er 
re s id en ce  tim e  n ee d e d  to  a c c o u n t fo r  a m ic ro la y e r  e n r ic h m e n t o f E F  = 2 by  
m ean s  o f  th e  b u b b le  flu x  a lone.

I t  m u s t b e  s tre ssed  th a t  such  a c a lc u la tio n  is o n ly  a  c ru d e  ap p ro x im a tio n  
o f  th e  tru e  b u b b le -in d u ced  flu x  o f  PTM  to  th e  m ic ro la y e r, w hich m u s t vary  
co n s id e ra b ly  w ith  su rface  c o n d itio n s  (w in d , w ave a c tio n  an d  bubb le
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TABLE VI

R equired  m icro layer residence tim es fo r E F  = 2 from  bubb le  f lo ta tio n  (m inu tes)

PTM N o rth  Sea (p resen t w ork) N arrangansett Bay3 N ew  Y ork  B ig h t3 N o rth  A tlan tic

Fe 57—168 2.0 8.7 18b
Mn 1 6 7 -4 7 0 — 61 15b
Ni 2 8 - 7 8 18 — —
Cu 3 .2 -3 .6 1.1 1.1 12°
Pb 15—38 4.2 3.9 26°
Zn

t H1c
o

rH — — —
Cd 2 0 - 2 3 — — —

aN arragansett Bay and  New Y ork B ight da ta  from  P io trow icz  e t al. (1 9 7 2 ). b N orth  
A tlan tic  d a ta  from  H offm an  e t al. (1 9 7 4 ) — original ocean ic  bubble f lo ta tio n  flux  o f 
W allace and  D uce (1975 ) used. cD ata from  P io trow icz e t al. (1972 ).

c o n c e n tra tio n s ) . L itt le  can  th e re fo re  b e  said  o f  th e  a b so lu te  m a g n itu d e  o f  
th e  re sid en ce  tim e s  o b ta in e d . H ow ever, PO C flu x es  c a lc u la ted  by  th e  sam e 
m e th o d  in d ic a te  th a t  m ic ro lay er re s id en ce  tim e s  o f  th e  o rd e r  o f  10 m in  w ill 
a c c o u n t fo r  th e  observed  resu lts  (W allace an d  D u ce , 1 9 7 5 , 1 9 7 8 b ) . S ince  th e  
re sid en ce  tim es  ca lcu la ted  fo r  F e  and  M n are co n s id e ra b ly  in  excess o f  th is  
value, i t  seem s fa ir  to  co n c lu d e  th a t  th e  f lu x es  o f  F e  and  M n in tro d u c e d  to  
th e  m ic ro la y e r  b y  f lo ta tio n  are to o  lo w  to  have a m e a su ra b le  e ffe c t o n  
su rface  c o n c e n tra tio n s  in  th e  N o r th  S ea  (in p a r tic u la r , th e  d e p le tio n  caused  
by  se d im e n ta tio n ) . In  c o n tra s t , th e  re sid en ce  tim e s  fo r  th e  o th e r  PTM s are 
all o f  th e  sam e o rd e r  as th a t  assum ed  fo r  PO C , suggesting  th a t  th ese  e lem en ts  
o u g h t to  b e  en rich ed  in  th e  m ic ro lay er, as w as f re q u e n tly  fo u n d . In d eed , th e  
th re e  e le m e n ts  w h ich  sho w  th e  m o s t c o n s is te n t e n r ic h m e n t in  th e  1 9 7 7  se t 
o f  sam ples, Cu, Zn and  Pb, have th e  lo w est re s id en ce  tim es p re d ic te d  b y  th e  
m o d el. T a b le  VI gives th e  values o f  f flot fo r  th e  1 9 7 6  and  1 9 7 7  se ts  o f  
sam ples, to g e th e r  w ith  sim ilar values c a lc u la ted  (using  th e  sam e PTM  fluxes) 
fo r  N a rra n g a n se tt B ay  and  N ew  Y o rk  B igh t. F o r  th e  la t te r ,  b u lk  PTM 
c o n c e n tra tio n s  w ere  ta k e n  fro m  P io tro w icz  e t  al. (1 9 7 2 ) . In  a d d itio n , 
ocean ic  values w ere  ca lcu la ted  using  th e  o rig ina l PTM  flu x es o f  W allace 
an d  D uce (1 9 7 5 ) an d  b u lk  PTM d a ta  fo r  F e  a n d  M n fro m  H o ffm a n  e t  al. 
(1 9 7 4 ) an d  fo r  Cu and  Pb fro m  P io tro w icz  e t  al. (1 9 7 2 ) . M ost o f  th ese  
re sid en ce  tim es  are in th e  range fo u n d  fo r  th e  N o r th  Sea PTM s o th e r  th a n  
F e  and  M n, again  c o n s is te n t w ith  th e  o b se rv a tio n  o f  m ic ro la y e r e n r ic h m e n t 
in  th e  s tu d ie s  c ited . O ne n o ta b le  e x c e p tio n  is M n in  N ew  Y ork  B igh t, w hich  
has an ap p rec iab le  p re d ic te d  resid en ce  tim e  (6 1  m in ) , c o n s is te n t w ith  th e  lack  
o f  M n e n r ic h m e n t fo u n d  by P io tro w icz  e t  al. (1 9 7 2 )  in  th is  a rea .

A n  im p o r ta n t  d iffe re n c e  b e tw e e n  th e  N o rth  Sea re su lts  an d  th o se  o f  
earlie r w o rk  em erges fro m  th ese  ca lcu la tio n s . T h e  resid en ce  tim es  fo r  F e  in 
th e  th re e  o th e r  areas o f  s tu d y , and  fo r  M n in  th e  N o r th  A tla n tic , are low  
en o u g h  to  b e  c o n s is te n t w ith  th e  en ric h m e n ts  ob serv ed  in  each  case. T h e
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m u ch  h ig h er re s id en ce  tim e s  o f  F e  and  M n in  th e  p re se n t s tu d y  arise fro m  
th e  sam e m odel c a lc u la tio n s  as a re su lt o f  th e  co n sid e rab ly  h ig h e r  b u lk  
c o n c e n tra tio n s  o f  th e se  e lem en ts . In  o th e r  w ords, th e  a p p a re n tly  non -su rface- 
ac tive  Fe- and  M n-bearing  phases are re la tive ly  less a b u n d a n t in  th e  earlie r 
s tu d ies , so th a t  th e  e n r ic h m e n t o f  F e  and  M n phases as a re s u l t  o f  th e  
c o m p o n e n t su b je c t to  b u b b le  f lo ta tio n  is n o t  sw am p ed  b y  d e p le tio n , as i t  is 
in th e  area o f  th e  p re s e n t w o rk .

C om parison  o f  b u b b le  f lo ta t io n  and  a tm ospher ic  d e p o s i t io n  f o r  the N o r th  
Sea

E stim a tes  o f  b u b b le  f lo ta tio n  PTM  flux  to  th e  m ic ro la y e r axe co n sis ten tly  
h ig h er th a n  m easu red  ra te s  o f  a tm o sp h e ric  PTM  d e p o s itio n  fo r  F e , C u , Zn 
and  C d, and  are v e ry  sim ila r fo r  M n, Ni and  P b . T h is d iffe rs  fro m  th e  
s itu a tio n  p re d ic te d  fo r  ocean ic  areas (W allace and  D u ce , 1 9 7 5 , 1 9 7 8 a), 
w h ere  th e  tw o  ra te s  a re  co m p a ra b le  fo r m o s t e lem en ts . U n d e r c o n d itio n s  o f  
ca lm  sea and  low  w in d , a tm o sp h e ric  d e p o s itio n  in  ocean ic  areas is e x p e c te d  
to  co m p e te  e ffec tiv e ly  w ith  b u b b le  f lo ta tio n  as a so u rce  o f  m ic ro la y e r  PTM  
(W allace and  D u ce , 1 9 7 8 a ). T h e  c o rre sp o n d in g  s itu a tio n  in  co as ta l N o r th  Sea 
w aters sh o u ld  b e , acco rd in g  to  th e  flu x  d a ta  in T ab le  V , an  increasing  
c o n tr ib u tio n  o f  N i an d  Pb (w h ich  have th e  lo w est value o f  fatm ) to  m ic ro ­
lay e r PTM c o n te n t ,  re la tiv e  to  C u an d  Z n , w h ich  have th e  lo w e s t values o f  
£flot and  m ay  th e re fo re  re su lt  largely  fro m  b u b b le  f lo ta tio n .

I t  can  be seen fro m  T ab le  I I I  th a t  th e  1 9 7 6  sam ples co lle c te d  u n d e r  calm  
c o n d itio n s  d u rin g  c learin g  fog  c o n fo rm  essen tia lly  to  th is  p ic tu re . T h e  
e n r ic h m e n t o f  N i is th e  h ig h e s t o f  th is  g ro u p  a lth o u g h  th is  e le m e n t is n o t  
s ig n ifican tly  en rich ed  in  th e  1 9 7 7  sam ples. T his o b se rv a tio n , co u p led  w ith  
th e  u n u su a l d ec lin e  in  m ic ro la y e r PTM  c o n c e n tra tio n s  w ith  tim e  as th e  fog 
c leared , suggests th a t  a tm o sp h e ric  d e p o s itio n  m ay  be a m a jo r so u rce  o f  
m ic ro lay e r PTM s. In d e e d , a tm o sp h e ric  d ep o sitio n  in th is  case m ay  have 
been  ap p rec iab ly  a c c e le ra te d  b y  fo g  scavenging o f su sp en d ed  partic les .

CONCLUSIONS

T his w o rk  illu s tra te s  th e  v a rie ty  o f  p rocesses w h ich  c o n tro l th e  
c o n c e n tra tio n  o f  p a r tic u la te  species in th e  m ic ro lay e r, A  n u m b e r  o f  fu r th e r  
investig a tio n s w ill be n ecessary  in o rd e r to  u n d e rs ta n d  th e se  p rocesses and  
th e ir  re la tive  im p o r ta n c e  in  d if fe re n t en v iro n m en ts  m o re  fu lly . F o r  th e  
co asta l N o rth  Sea and  o th e r  areas su b je c t to  a  m ajo r in p u t  o f  te rrig en o u s  
m inera l m a te ria l, i t  w o u ld  b e  o f  in te re s t  to  investiga te  m ic ro lay e r e n r ic h m e n t 
o f  p a r tic u la te  F e  a n d  M n, as w ell as AÍ, Si an d  o th e r  m in era l in d ic a to rs , as a 
fu n c tio n  o f  in creasin g  d is ta n c e  fro m  th e  coast. As th e  te rrig en o u s in p u t  o f  
rap id ly -se ttlin g  p a rtic le s  d ecreases  in  re la tio n  to  PTM s b o u n d  u p  b y  su rface- 
ac tive  phases su ch  as o rgan ic  d e tr i tu s , th e  d e p le tio n  observed  in  th e  p re se n t 
s tu d y  sh o u ld  re v e rt to  e n r ic h m e n t. O th e r  re fin e m e n ts  such  as m o re  re liab le
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estim a tes  o f  b u b b le  f lo ta t io n  flu x es o f  PTM , m easu rem en t o f  th e  se ttlin g  
ra te  o f  Fe- an d  M n-bearing  p a r tic u la te  m a tte r  and  th e  p a r t i t io n  o f  th e se  
e lem en ts  in to  su rface  o x id e  co a tin g s, m a tr ix  Fe and  M n, o rg a n ic  F e  a n d  M n, 
e tc ., w ould  be o f  in te re s t.

A m a jo r u n k n o w n  in th is  a rea  o f  m ic ro lay er ch em is try  re m a in s , h o w ev er, 
th e  residence  tim e  a p p ro p r ia te  to  d ry  o r  w e tta b le  p a rtic le s , a n d  to  p a rtic le s  
m ad e  stab le  a t  th e  in te rfa c e  b y  su rface  te nsion . T h e  re su lts  a n d  d iscussion  
giverThave in d ica ted  th a t  th e  b e s t e s tim a tes  we can  m ake a t  th e  p re se n t tim e  
are fres ~ 2 s fo r  w e tta b le  m a te r ia l o f  e ith e r  a tm o sp h eric  o r  te r r ig e n o u s  
orig in , an d  £res ~ 1 —30 m in  fo r  su rface-stab ilised  p a rtic le s . T h e s e  values are 
co n s is ten t w ith  all o f  th e  availab le fie ld  ev idence and  il lu s tra te , if  n o th in g  
else, th e  m ag n itu d e  o f  th e  s ta b ilisa tio n  a ffo rd ed  to  p a rtic le s  re s tin g  a t  th e  
in te rface  b y  in te rfa c ia l fo rces . T h is s tab ilisa tio n , a m o u n tin g  to  an  increase  o f  
b e tw e e n  30  and  9 0 0  tim es  in  re s id en ce  tim e  does n o t  seem  su rp ris in g , in  
view  o f  th e  m ag n itu d e  (suggested  by  s im p le  ca lcu la tio n ) o f  t h e  fo rces 
re s tra in in g  p a rtic le s  in  th e  su rface .
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