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ABSTRACT 

Wells. M. L. and Goldberg, E. D., 1993. Colloid aggregation in seawater. Mar. Chem., 41: 353-358. 

Aggregation of small colloids ( < 0.2 #m) is common in ocean waters and leads to agglomerates that are several microns in 
size. These aggregates are the most abundant macropar ticles ( > 1.0 pro) in mid-depth and deep waters of the Atlantic and Pacific 
Oceans, with concentrations in the order of 10 s colloid aggregates ml i. The fractal structures of these aggregates are 
characteristic of both reaction-limited and diffusion-limited processes, indicating that colloidal dynamics vary widely in 
seawater. Aggregation can greatly enhance the involvement of marine colloidal matter in biological and sedimentation processes. 

Small colloids (5-200 nm) have recently been 
found to be the most abundant particles occur- 
ring in seawater, with concentrations reaching 
t0  9 particles per ml (Wells and Goldberg, 1991, 
1992, 1993). They are mainly organic though 
they also may contain some metals (Wells and 
Goldberg, 1991). It now becomes essential to 
distinguish whether substances in sub-micron 
filtered seawater occur in colloidal or soluble 
phases because each will have unique behaviors. 
Theoretical arguments combined with limited 
data from ~,aboratory experiments suggest that 
the aggregation of  marine colloidal matter is an 
important mechanism for transferring dissolved 
substances into the macroparticle ( > 1.0/~m) size 
range (Farley and Morel, 1986; Honeyman and 
Santschi, 1989, 1991). Such a process would alter 
our understanding of  the fundamental con- 
straints to the biogeochemical cycling of  carbon 
and metals, but so far there has been little 
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evidence that colloid aggregation is significant in 
the oceans. 

We report that small colloids are extremely 
abundant in the open ocean and agglomerations 
of  these colloids constitute a major component 
of  the macroparticulate fraction in coastal and 
oceanic waters of  the North Atlantic and North- 
west Pacific. Small colloid concentrations were 
near 109 particles per ml at three open ocean sites 
(the Sargasso Sea and equatorial Pacific--Wells 
and Goldberg, 1993), similar to those concentra- 
tions in shelf waters off California (Wells and 
Goldberg, 1991, 1992) and Nova Scotia (Wells 
and Goldberg, 1993). The size spectra of  small 
colloids in the open ocean show increases in 
colloid numbers with decreasing size, often 
nearly logarithmic in surface waters (Fig. I(A)). 
Colloids _<60nm appeared in transmission 
electron microscope images as spherical clusters 
of  heterogeneous 2-5 nm sized granules, some of  
which were darker than others (Fig. I(B)); larger 
colloids (60-200nm) typically were due to 
coalescence of these clusters. The size spectra 
and morphology of  small colloids were indistin- 
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Fig. 1. (A) Size distribution of small colloids at 20-m depth in the 
northwest Pacific 125 ° 00' N 165.00 ° 00' El. The colloids were 
collected by ultracentrifugation (Beckman L7 (Beckman Instru- 
ments, USA)) in a swing-bucket rotor (SW41 (Beckman Ins ru- 
ments, USA)t at 288,000 g ['or 4.1 h at 25°C. Colloids were 
sedimented directly onto 200-mesh Cu transmission electron 
microscope (TEM) specimen grids (coated with carbon- 
stabilized formvar -- Ted Pella ®, Reading, CA, USA) suppo:t 
ed in specially constructed holders in the bottom of 13-ml poi- 
yallomar centrifuge tubes. Details of the method are described 
elsewhere (Wells and Goldberg. 1992). Samp!es were poisoned 
t31tM HgCI,) and stored cold (5°C) until ultracentrifugation 
ashore. Independent tests showed that the addition of HgCi~ 
preserves lhe abundance, morphology and size distribution of 
small colloids. After rinsing, the specimen grids were examined 
in a Phillips (USA) CM30 transmission electron microscope 
operated at I00 kv and the size distributions measured by image 
analysis of digitized images. The increase in colloids numbers 
wi.th decreasing size is fikely to be considerably more pro- 
nounced than indicated here because very small colloids (5- 
3f,',im) are not sedimcnted quantitallvely with only 4 h of 
ultracentrifugalion. (D) TEM micrograph of small colloids from 
2000 m depth in the Sargasso Sea (36 N 63 ° 30' W). Small 
granules 2-5nm appear to make up these colloids which are 
nearly identical in appearance to those found in near-shore 
environments (Wells and Gotdberg. 1991, 1992). Scale bar is 
25 nm. 

gu i shab le  f rom those  in near - shore  wa te r s  (Wel ls  

and  Gotdbe rg ,  1991, 1992) which  are  m a i n l y  

organ ic  in na tu re  and  have  been found  to  fo rm in 

cu l tures  o f  p h y t o p l a n k t o n  and  bac te r ia  (Wel ls  

and  Go ldbe rg ,  1991). Thus ,  the b io logica l ly  
der ived,  smal l  co l lo id  phase  is d i s t r ibu ted  abun-  
dan t ly  in bo th  near - shore  and  offshore envi ron-  
ments .  

Our  results  suppo r t  the v iew tha t  two poo l s  o f  
o rgan ic  ca rbon  occur  in sub -mic ron  filtered 

ocean  waters :  t ru ly  d isso lved  and  co l lo ida l  
o rgan ic  c a r b o n  (Ko ike  e t a l . ,  1990). T h o u g h  sub- 
micron  filtered organ ic  ca rbon  typica l ly  is 

c lassed as  'd i sso lved  organ ic  c a r b o n '  ( D O C )  in 

the l i terature ,  this  t e rm is non - r i go rous  and  we 

do  not  use it here. We  ca lcu la te  tha t  in the 

Sargasso  Sea smal l  co l lo ids  a ccoun t  for 1 -45% 

o f  the sub -mic ron  f i l terable o rgan ic  ca rbon  con-  
cen t r a t i ons  m e a s u r e d  by  h i g h - t e m p e r a t u r e  ca ta-  

b t i c  ox ida t i on  ( K e p k a y  and  Wells,  1992) (based  

on  the e s t ima ted  to ta l  co l lo id  vo lume  and  an  

a s sumed  dens i ty  of  1.4 g cc ] for vacuum-d r i ed  

o rgan ic  m a t t e r  50% C by weight) .  (This a s sumed  
col lo id  densi ' ,y is h igher  than  the 1.1 g cc ~ used 

in Wells  a n d  Go~4bcrg,  1991 as we now believe 

tha t  d ryh lg  increases co l lo id  dens i ty  t h r o u g h  

c loser  p a c k i n g  o f  the o rgan ic  mat r ix . )  The  la rges t  

col lo ida l  c o m p o n e n t  occur red  in surface  waters ,  

pa r t i cu la r ly  near  the seasonal  thermocl ine .  These  

f indings have  pa r t i cu la r  s ignif icance wi th  respect  
to cur ren t  percept ions  o f  the mar ine  ca rbon  
cycle, as will  be discussed shor t ly .  

The  c o m m o n a l t i e s  in smal l  co l lo id  m o r p h o -  

logy, abund~,nce and  size d i s t r i bu t ions  in shelf  

and  open ocean wate rs  suggest  tha t  a genera l  

m e c h a n i s m  of  co l lo id  f o r m a t i o n  and  r emova l  

occurs  a m o n g  these diverse  ocean ic  regimes.  
Clear ly ,  these co l lo ids  have  a b iogenic  or ig in  bu t  

wha t  is the fate o f  this  co l lo id  f ract ion? Because 
col lo ids  do  not  s ink,  the i r  r emova l  f rom seawate r  

will depend  upon  e i ther  the i r  d i s so lu t ion  

( t h r o u g h  the rmochemica l ,  b io log ica l  or  pho to -  
chemica l  processes)  or  the i r  agg rega t i on  to fo rm 

larger  par t ic les  ( t hough  cap tu re  by suspens ion  

feeders a lso  m a y b e  i m p o r t a n t  in some  cases 
(F lood  e t a l . ,  1992)), However ,  a d i sso lu t ion-  
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Fig. 2. Profiles of  the concentrations of colloid aggregates > 500 nm in size al the three oceanic stations: (A) the Sargasso Sea (36 N 
63 ° 30' W). (B) the northwest Pacific (45 ° 00' N 165.00 ° 60' El, and (C) the sub-tropical Pacific (25 ° 0{)' N 165.00 ° 00" El. Stations (A) 
and (C) were in ofigotrophic regions while (B) was situated in a highly productive region of the Kuroshio current, the Pacific analog 
to tile North Atlantic Gul f  Stream. More than 90% of  these aggregates were I-5 #m in size. Aggregate concentrations were calculated 
from counts of  aggregates in low magnification T E M  micrographs. 

dominated colloid system is unlikely because dis- 
solution would result in fewer particle numbers 
with decreasing size (owing to higher surface 
area:volume raSos), which is exactly opposite to 
the trends found. The colloid size spectra instead 
are consistent with those in aggregation-domi- 
nated marine macroparticle suspensions 
(McCave, 1986), pointing to coalescence with 
other colloids as the principal mechanism 
removing small colloids. 

Large ( > 1.0 #m) cluster-cluster aggregates of 
small colloids occur in shelf waters and at all 
three open ocean sites. Aggregate concentrations 
in the open ocean were on the order of 105 aggre- 
gates per ml (Figs. 2(A), (B), (C)) and similar 
concentrations occurred in near-shore waters. 
Colloid aggregates dominated the macroparticle 
size range in deep waters ( > 500 m) of the North 

Atlantic and northwest Pacific. They accounted 
for 89_+9.1% of l-5/~m sized macroparticles at 
the Sargasso station (11 s;'mples from 500-5000 
m) while in the northwest Pacific values were 
97 + 8.2 % (eight depths from 500-5000 m) and 
96_+4.7 % (six depths from 500-5000 m) at 45 N 
and 25 N, respectively. These aggregates were 
not artifacts created during ultracentrifugation; 
suspensions of colloidal latex (89nm, Seradym 
Indianapolis, IN, USA) and silica (22nm, 
Ludox ®, Dupont, Wilmington, DE, USA) show 
ins:.gnificant aggregation when added to 
seawater at similar concentrations and ultra- 
centrifuged. (Both natural and synthetic surfaces 
rapidly acquire org:mic coatings when added to 
seawater (Neihof and Loeb, 1972; Newton and 
Liss, 1989) and thus synthetic colloids would 
exhibit the surface characteristics of natural 
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particles.) Further, the number of colloid aggre- 
gates in the samples was not related to the con- 
centration of small colloids. 

Colloid aggregates occurred principally 
within and below the main thermocline (500- 
1000 m) at the Sargasso station (Fig. 2(A)) while 
in the Pacific, colloid aggregates were distributed 
erratically throughout the water column, includ- 
ing near-surface waters (Figs. 2(B), (C)). The two 
Pacific profiles display remarkably similar 
features in spite of being separated by 1200 kin, 
suggesting the presence of extensive aggregate 
"horizons" in both surface and deep-ocean 
waters, Even so, aggregate concentr:,*ions were 
higher in deep waters underlying the highly pro- 
ducti,~e Kuroshio current (Fig. 2(B)) than at the 
two oligotrophic sites (Figs. 2(A), (C)), indicat- 
ing that the intensity of colloidal processes can 
differ within these "horizons'. Clearly, the non- 
homogeneous distribution of colloid aggregates 
with depth indicates that they are quite reactive, 
with residence times considerably less than 
oceanic mixing times of millennia. The systema- 
tics of colloid aggregate distribution needs to be 
explored. 

Two broad aggregate morph ~ogies were 
found that are characteristic of the two limiting 
regimes of colloid aggregation (Figs. 3(A), (B)). 
These regimes are general for all colloid suspen- 
sions, regardless of composition, and are des- 
cribed by fractal mechanisms. Diffusion-limited 
colloid aggregation (DLCA) comes about when 
the rate of aggregate formation is limited solely 
by colloid encounter rates ( L i n e t  al., 1989, 
1990b) a very rapid process that forms open, 
tenuous structures (Fig. 3(A)). By co~!ra,-~ reac- 
tion-limited colloid aggregation (~ LCA) occurs 
when a significant repulsive force between 
colloids must be overcome b) thermal activation 
in order for adhesion to occur (Linet  al_, 1989. 
1990a) RLCA aggregates lbrm slowly arid have 
more condensed structures (Fig. 3tB)). Most 
marine colloid aggregates were of the RLCA- 
type. though DLCA-type aggregates were 
sometimes observed in near-surface waters, The 
presence of both DLCA and RLCA t)pe colloid 

Fig. 3. Cluster-cluster aggregations of small colloids collected 
from near-shore and offshore environments. Scale bars are: (A) 
21ma. (B) and (C) 0.51tm and (D) 0.1/tm. CA) From 80-m depth 
in Santa Monica basin. California, in September i990. (B) From 
I25-m depth in San Clememe basin, California, in February 
1991. IC) From 2500-m depth in the western Sargasso Sea (36 ° 
00' N 63 ° 30' W) in April 1991. ID) Enlarged view of the 
aggregate i~ (C) sbow~ng a mucus-like ~aterial intcrbrJdging the 
component colloids. The aggregate in (A) displays an open, 
tenuous structure tha! is characteristic of DLCA while more 
compact colloid aggregates as in (B) and IC) are typical of 
RLCA regimes. The aggregates e'~hibit fractal dimensions of 1.3 
[A) and ~ 1.5 lB. C) as determined by Richardson plot of the 
structured walk technique IKaye et al,, 1987). These fractal 
dimensions are smaller than calculated for DLCA and RLCA 
aggregation b) other methods (Lin et at., 1990a, 1990b), though 
the differences between types are similar in ~agnitude (Lin et al.. 
1989L 

aggregates indicates that colloid dynamics vary 
greatly in seawater. Close examination of many 
deep-water aggregates shows that the com- 
ponent colloids are interbridged by mucus-like 
materials (Fig. 3(D)), indicating that biopo!y- 
mers are involved i7 their formation. 

Several implications arise from colloid aggre- 
gation in seawater: in addition to involving col- 
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incorporated into this aggregation stream, which 
would greatly facilitate their removal from 
seawater. Our findings of  high abundances of 
small colloids and of their agglomerations 
provide only "snap-shots ~ of  what presumably is 
a highly dynamic process. Clearly, the next 
critical step will be to determine the time-scales 
of formation and destruction of these agglo- 
merates in surface and deep-ocean waters. 
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