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In the oligotrophic North Atlantic and North Pacific, ultrafiltration studies show 
that concentrations of soluble iron and soluble iron-binding organic ligands are 
much lower than previously presumed "dissolved" concentrations, which were 
operationally defined as that passing through a 0.4-micrometer pore filter. Our 
studies indicate that substantial portions of the previously presumed "dis- 
solved" iron (and probably also iron-binding ligands) are present in colloidal size 
range. The soluble iron and iron-binding organic ligands are depleted at the 
surface and enriched at depth, similar to distributions of major nutrients. By 
contrast, colloidal iron shows a maximum at the surface and a minimum in the 
upper nutricline. Our results suggest that "dissolved" iron may be less bio- 
available to phytoplankton than previously thought and that iron removal 
through colloid aggregation and settling should be considered in models of the 
oceanic iron cycle. 

Phytoplankton growth (I, 2) and nitrogen method (15) to determine vertical profiles of 
fixation (3) in the ocean are strongly influ- soluble Fe (with a molecular diameter of 
enced by Fe availability, which in turn is <0.02 pm) and colloidal Fe (0.02 to 0.4 pm) 
determined by the physicochemical specia- in oligotrophic waters of the eastern and 
tion of dissolved Fe (4). Electrochemical western North Atlantic and central North 
measurements (5-7) have shown that more Pacific. 
than 99% of the operationally defined "dis- Soluble Fe and colloidal Fe exhibit dis- 
solved" Fe (Fe that passes through a 0.4-pm tinct vertical distributions (Fig. 1). Soluble Fe 
filter) is strongly bound by organic ligands. It shows similar vertical profiles in all three 
is widely assumed that these organic Fe che- regions. It is depleted to a concentration of 
lates are of low molecular weight, are rela- -0.1 nM at the surface and increases to a 
tively long-lived in deep ocean waters, and do maximum of 0.3 to 0.4 nM at -1000 m, 
not readily adsorb on particle surfaces. Con- resembling profiles of classic nutrients such 
sequently, the presence of Fe chelates should as phosphate and nitrate (Fig. 1A). In con- 
retard the removal of Fe from seawater trast, colloidal Fe shows maximum concen- 
through adsorption on settling particles (8, 9) trations in the surface and minimum concen- 
and facilitate Fe availability to marine phy- trations in the upper nutricline (-120 to 
toplankton (4). However, current estimates of 500 m) (Fig. 1B). These data indicate that a 
available Fe fluxes to the oceanic euphotic substantial portion of the Fe, which had pre- 
zone (10, 11) are based on measurements of viously been referred to as "dissolved Fe," is 
operationally defined "dissolved" Fe, which actually present in the colloidal size range (80 
necessarily includes both small soluble Fe to 90% in near-surface waters and 30 to 70% 
species and larger colloidal Fe forms. The in deep waters, Fig. 1). 
occurrence of Fe in colloidal particles may Soluble Fe concentrations (0.1 to 0.4 nM, 
decrease Fe bioavailability (12, 13) and in- Fig. 1A) are above the solubility limit for 
crease Fe removal through colloid aggrega- inorganic Fe(II1) hydrolysis species in seawa- 
tion into larger particles, which then settle ter (-0.08 ? 0.03 nM) (16) and are well 

organic ligands are depleted within the sur- 
face mixed layer (-0.1 nM) and enriched at 
depth (0.7 to 0.8 nM for the eastern North 
Atlantic and 1.0 to 1.3 nM for the North 
Pacific). The shapes of these profiles are 
similar to those of soluble Fe and major 
nutrients nitrogen and phosphorus, suggest- 
ing that all of these constituents (including 
soluble ferric chelates) are released together 
from microbial degradation of settling bio- 
genic particles (e.g., fecal pellets) (Fig. 2) 
(18). These ligand concentrations are much 
lower than those of operationally defined 
"dissolved (<0.4 pm) Fe-binding ligands (1 
to 3 nM) reported for the western North 
Atlantic and central North Pacific (5, 7, 19), 
implying that a substantial portion of the 
organic ligands previously referred to as "dis- 
solved" ligands may be colloidal in nature 
(20). Therefore, the colloidal Fe we observed 
in our seawater samples may be bound to 
these colloidal ligands. 

The coexistence of Fe and organic ligands 
in both soluble and colloidal size ranges im- 
plies that vertical distributions of soluble and 
colloidal Fe may be controlled by a compe- 
tition between soluble ligands and colloidal 
ligands for binding labile Fe introduced into 
ambient water. In ocean surface waters, free 
soluble ligands are not detectable (Fig. 2), 
and any labile Fe introduced from eolian 
deposition, a major source of Fe input, would 
bind to colloidal ligands. The complexation 
of eolian Fe bv colloidal ligands in the ab- ., 
sence of soluble ligands in surface water 
could readily explain the surface water col- 
loidal Fe maximum and soluble Fe minimum 
(Fig. 1, A and B). In deep ocean waters, the 
Fe that is released to ambient water from 
microbial decomposition of sinking organic 
particles will be complexed by these two 
classes of ligands. The ratio of the average 
stability constants for Fe bound by soluble 
ligands to that of Fe bound by colloidal li- 
gands (KFe-s,,L~KF,-,,ll.L) (Fig. 2) can be 
calculated from the equation 

if a chemical equilibrium is assumed. On the 
basis of this equation, we estimate the ratio of 

from the water column (14). Investigators above concentrations of soluble Fe hydrolysis KF ,.,,,,, ,IK, to be -3 in deep waters of 
have been unable to distinguish between 
these two forms of Fe because of analytical 
difficulties. We used a new procedure com- 
bining microfiltration and a microanalytical 
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species measured in ambient seawater by the North Pacific (21). These calculations 
electrochemical methods (<2 pM) (5). Thus, suggest that soluble ligands have a higher 
the soluble Fe must exist as complexes with average stability constant for binding Fe than 
organic ligands. These organic ligands would do colloidal ligands. The formation of soluble 
not only have to be soluble themselves but Fe-ligand complexes tends to hold Fe in so- 
would also have to form sufficiently stable lution and decrease the rate of Fe loss from 
chelates to prevent Fe hydroxide precipita- seawater through association with settling 
tion. Using a new ultrafiltration method (1 7), particles. 
we determined concentrations of organic li- The presence of low concentrations (-0.1 
gands that are capable of forming soluble nM) of soluble Fe in oligotrophic surface 
complexes (<0.02 pm) with added Fe(II1) in waters (Fig. 1A) has important implications 
our seawater samples. In the eastern North for nitrogen fixation by oceanic cyanobacte- 
Atlantic and the North Pacific, these soluble ria, such as Trichodesmium. On the basis of 
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R E P O R T S  

!,ie Iugh t e iequlreinent for nltrogen fixat~on 
,ind low rates of eol~anFe Input, ~thas been 
>uggestcd that Fe ava~lab~lltyllin~tsthe ratc 
ot nltrogen fiwat~onIn present-day ol~gotro-
p h ~ ~oceans ( 3 )  It has been further suggested 
rhat Increased eol~anFc Inputs to the glac~al 
ocean ma\ hale mcreased the rate of n~trogen 
tixat~onand enhanced sequestrat~onof atmo-
y h e r ~ cCO, In the deep ocean by a stronger 
b~olog~calCO, pump (-72) However the 
d~ssol\ed Fe ' ( < 0  4 pm) concentrat~on 

nlaxlmum frequently o b s e ~ ~ e dIn strat~fied 
su~face\ratels of ol~gotroph~cocean gyres 
( 2i)(Fig 1C\ where most nltrogen fixat~on 
occurs would seem to argue agalnst such 
limitation Our obsenation that only a small 
tr,lction of t h ~ ssurface water "dissolved Fe" 
c\l\ts as more b~oava~lablesoluble Fe-organ-
I C  ~omplexes(whereas most occurs as much 
Ic\\ ava~lablccolloidal Fe forms. Fig 1)  lm-
piles that Fe IS less akallable than prev~ously 
thought argulng In falor of Fc l ~ m ~ t a t ~ o nof 
nitrogen fixat~onIn the present-day ocean 

There 1s evldence that manne phytoplank-
ton can use low molecular ue~ghtorgan~cally 
complexed Fe, e~therby dlrect uptake. as In the 
case of Fe-s~derophorecomplexes, or by reduc-
tne dlssoclat~onat the cell surface (4)  Algal 

uptake models (24) indicate that the rate of Fe 
uptake can bc limited by the rate of diffusion of 
Fe complexes to the surface of individual algal 
cells or colonies. Because the diffusion rate of 
Fe species to the surface of a phytoplankton cell 
is inversely related to the molecular radius of 
the diffusing Fe complex species (Stokes-Ein-
stein equation). the diffusion rate of a fenic 
chelate of -1 to 2 nm size (for a typical Fe-
siderophore complex) (25) should be one to two 
orders of magnitude greater than that of the 
colloidal Fe species we measured, which have 
diameters of 20 to 400 nm. On this basis, 
colloidal Fe should be much less available than 
soluble Fe for algal uptake, provided the uptake 
is limited by Fe diffusion. Because diffusion 
limitation increases markedly with increasing 
size of algal cells or colonial cell aggregates, 
diffusion limitation may be particularly severe 
for Tr-ichorlesrniumcolonies. which have diam-
eters of 1 to 3 mm. two to three orders of 
magnitude higher than most unicellular algae in 
oceanic waters. 

The presence of a substantial portion of 
deep water "dissolved Few (<0.4 pm) in the 
colloidal size range (Fig. 1B) has important 
implications for Fe removal from the deep sea. 
The removal of "dissolved Fe from the deep 

ocean by scavenging onto settling particles is a 
root cause for Fe limitation of algal growth m 
the present-day high-nutrient, low-chlorophyll 
Southern Ocean, an important region for airlsea 
exchange of CO, on glacial/interglacial time 
scales (2, 11, 26). Fe supply to productive 
surface waters comes from both eolian deposi-
tion and the upwelling of subsurface waters 
enriched in available Fe and macronutnents 
phosphorus and nitrogen. Because eolian dep-
osition supplies Fe to the euphotic zone but 
supplies little phosphorus and nitrogen (27). it 
can only relieve but not cause Fe limitation. 
Therefore, Fe limitation must result from a 
depletion of Fe relative to macronutrients (ni-
trate and phosphate) in subsurface waters. Un-
like macronutrients, regenerated Fe is lost from 
deep seawater by scavenging onto sinking par-
ticles (28), a process that is controlled by Fe 
speciation. The complexation of "dissolved" Fe 
by organic ligands in the deep sea (5, 6. 7, 19) 
is thought to restrict Fe adsorption onto settling 
particles and thereby minimize its loss from the 
water (8). 

Our observation that a substantial portion of 
the "dissolved Fe occurs in the colloidal size 
range (Fig. IB), however, provides a new 
mechanism for "dissolved" Fe removal from 
the deep sea. The colloidal Fe species are too 
small to have appreciable settling rates, but they

Colloidal Fe 0.02.0.4um (nM) can aggregate and settle out from the deep 
water. This process may be a part of the overall 
aggregation of marine colloidal organic matter 
into large sinking particles (14, 18,29). Colloi-
dal aggregation has been considered to be re-
sponsible for removing "dissolved Fe" in low-
salinity estuarine environments (30) and carbon 
and radionuclides (e.g., thorium) from oceanic 
surface waters (14, 31, 32). Our colloidal Fe 
observations suggest that Fe removal through 
colloid aggregation needs to be considered in 
any future models of Fe cycling in the ocean. 

Soluble L~gand<,,,,, (nM) 

00 02 04 06 08 10 12  14
o* -

X 

1000 
X x  X0 Western North Atlant~cnear Bermuda 

C "D~ssolved'~Fe <o 4 ,,, (nM) North Pac~frcnear Hawall 

U L  o 2 04 o 6 o 8 i o X Eastern North Atlant~c 
0 - 0 v'"=̂ ;~- " 

oOc 
+ Eastern North Atlant~c 

' B4isx (<0.025 K r n  Mlll~porefllter) 
000 

X 0 
Fig. 1.Vert~calprof~lesof (A) soluble (<0 02 pm) 

2000 x (.) Fe, (B) colloidal (002 to 0.4 pm) Fe, and (C) 
x o dissolved (<0 4 pm) Fe in the eastern North 
0- o Atlant~c(September 1999, 22.a0N, 368"W), ~n 

E 3000 o- 1 the western North Atlantic (July 1998; 34.a0N, 
r 0 
i-

57.8"W), and In the North Pac~ficnear Hawa~i 

@ 4000 X 
(Apr~l2001, 22 8ON, 158.8"W). 
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The observations presented here provide an 
initial step in assessing the role of colloid co- 
agulation in controlling Fe removal from sea- 
water and therefore its role in controlling Fe 
budgets and Fe limitation of carbon futation in 
the ocean. 
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