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Soluble and Colloidal Iron in
the Oligotrophic North Atlantic
and North Pacific

Jingfeng Wu,'* Edward Boyle," William Sunda,? Liang-Saw Wen?

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
fixation (3) in the ocean are strongly influ-
enced by Fe availability, which in turn is
determined by the physicochemical specia-
tion of dissolved Fe (4). Electrochemical
measurements (5—7) have shown that more
than 99% of the operationally defined “dis-
solved” Fe (Fe that passes through a 0.4-pm
filter) is strongly bound by organic ligands. It
is widely assumed that these organic Fe che-
lates are of low molecular weight, are rela-
tively long-lived in deep ocean waters, and do
not readily adsorb on particle surfaces. Con-
sequently, the presence of Fe chelates should
retard the removal of Fe from seawater
through adsorption on settling particles (8, 9)
and facilitate Fe availability to marine phy-
toplankton (4). However, current estimates of
available Fe fluxes to the oceanic euphotic
zone (10, 11) are based on measurements of
operationally defined “dissolved” Fe, which
necessarily includes both small soluble Fe
species and larger colloidal Fe forms. The
occurrence of Fe in colloidal particles may
decrease Fe bioavailability (12, 13) and in-
crease Fe removal through colloid aggrega-
tion into larger particles, which then settle
from the water column (/4). Investigators
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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method (/5) to determine vertical profiles of
soluble Fe (with a molecular diameter of
<<0.02 pm) and colloidal Fe (0.02 to 0.4 pm)
in oligotrophic waters of the eastern and
western North Atlantic and central North
Pacific.

Soluble Fe and colloidal Fe exhibit dis-
tinct vertical distributions (Fig. 1). Soluble Fe
shows similar vertical profiles in all three
regions. It is depleted to a concentration of
~0.1 nM at the surface and increases to a
maximum of 0.3 to 0.4 nM at ~1000 m,
resembling profiles of classic nutrients such
as phosphate and nitrate (Fig. 1A). In con-
trast, colloidal Fe shows maximum concen-
trations in the surface and minimum concen-
trations in the upper nutricline (~120 to
500 m) (Fig. 1B). These data indicate that a
substantial portion of the Fe, which had pre-
viously been referred to as “dissolved Fe,” is
actually present in the colloidal size range (80
to 90% in near-surface waters and 30 to 70%
in deep waters, Fig. 1).

Soluble Fe concentrations (0.1 to 0.4 nM,
Fig. 1A) are above the solubility limit for
inorganic Fe(III) hydrolysis species in seawa-
ter (~0.08 = 0.03 nM) (/6) and are well
above concentrations of soluble Fe hydrolysis
species measured in ambient seawater by
electrochemical methods (<2 pM) (5). Thus,
the soluble Fe must exist as complexes with
organic ligands. These organic ligands would
not only have to be soluble themselves but
would also have to form sufficiently stable
chelates to prevent Fe hydroxide precipita-
tion. Using a new ultrafiltration method (17),
we determined concentrations of organic li-
gands that are capable of forming soluble
complexes (<0.02 pm) with added Fe(III) in
our seawater samples. In the eastern North
Atlantic and the North Pacific, these soluble

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 wm) 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 by 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 (K so1i/Kre-conr) (Fig. 2) can be
calculated from the equation

KFe—Sol,L _ ([SO].FC] ([COH.L]
[Coll.Fe) [Sol.L])

if a chemical equilibrium is assumed. On the
basis of this equation, we estimate the ratio of
Kre.soi.i./Kre.conr to be ~3 in deep waters of
the North Pacific (21). These calculations
suggest that soluble ligands have a higher
average stability constant for binding Fe than
do colloidal ligands. The formation of soluble
Fe-ligand complexes tends to hold Fe in so-
lution and decrease the rate of Fe loss from
seawater through association with settling
particles.

The presence of low concentrations (~0.1
nM) of soluble Fe in oligotrophic surface
waters (Fig. 1A) has important implications
for nitrogen fixation by oceanic cyanobacte-
ria, such as Trichodesmium. On the basis of

K Fe—Coll.L
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the high Fe requirement for nitrogen fixation
and low rates of eolian Fe input, it has been
suggested that Fe availability limits the rate
of nitrogen fixation in present-day oligotro-
phic oceans (3). It has been further suggested
that increased eolian Fe inputs to the glacial
ocean may have increased the rate of nitrogen
fixation and enhanced sequestration of atmo-
spheric CO, in the deep ocean by a stronger
biological CO, pump (22). However, the
“dissolved Fe” (<0.4 pm) concentration
maximum frequently observed in stratified
surface waters of oligotrophic ocean gyres
(23) (Fig. 1C). where most nitrogen fixation
occurs, would seem to argue against such
limitation. Our observation that only a small
fraction of this surface water “dissolved Fe”
exists as more bioavailable soluble Fe-organ-
ic complexes (whereas most occurs as much
less available colloidal Fe forms, Fig. 1) im-
plies that Fe is less available than previously
thought, arguing in favor of Fe limitation of
nitrogen fixation in the present-day ocean.
There is evidence that marine phytoplank-
ton can use low molecular weight organically
complexed Fe, either by direct uptake, as in the
case of Fe-siderophore complexes, or by reduc-
tive dissociation at the cell surface (4). Algal
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uptake models (24) indicate that the rate of Fe
uptake can be 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 ferric
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 Trichodesmium colonies, 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 Fe” (<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

B Colloidal Fe 4 970 4um ("M)

(g).O 0.2 0.4 0.6 0.8
g . PR U~ S
n ;

b . )gfox

IQO

1000
2000 X (m)

3000 ] o

Depth (m)

4000 ] X

5000

6000

Western North Atlantic near Bermuda
North Pacific near Hawaii

Eastern North Atlantic

Eastern North Atlantic

(<0.025 um Millipore filter)

+ X ®mO

Fig. 1. Vertical profiles of (A) soluble (<0.02 pm)
Fe, (B) colloidal (0.02 to 0.4 um) Fe, and (C)
dissolved (<0.4 pum) Fe in the eastern North
Atlantic (September 1999; 22.8°N, 36.8°W), in
the western North Atlantic (July 1998; 34.8°N,
57.8°W), and in the North Pacific near Hawaii
(April 2001; 22.8°N, 158.8°W ).

ocean by scavenging onto settling particles is a
root cause for Fe limitation of algal growth in
the present-day high-nutrient, low-chlorophyll
Southern Ocean, an important region for air/sea
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 macronutrients
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. 1B), 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
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 (/4, /8, 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 (/4, 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.
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Fig. 2. Vertical profiles of soluble (<0.02 um)
ligands in the eastern North Atlantic (Septem-
ber 1999; 22.8°N, 36.8°W) and in the North
Pacific near Hawaii (April 2001; 23.8°N,
158.8°W ). Crosses, eastern North Atlantic;
squares, North Pacific near Hawaii.
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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 fixation in
the ocean.
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. Sampling and analytical methods: Seawater samples

were collected on cruises Endeavor 328 (September
1999; 22°N, 36°W ), Oceanus 326 (July 1998; 34°N,
57°W), and Wecoma MP2 (April 2001; 23°N,
158°W). High density Polyethylene (HDPE) bottles
(500 ml volume), acid leached with 1 M HCl, were
mounted on a MITESS sampler (33) suspended below
standard hydrowire. The sealed bottles were opened
at depth, allowing for the replacement of distilled
water by seawater, and then closed again before
returning to the surface. Filtration was performed on
board in class 100 high efficiency particle accumula-
tor filtered flow benches. Sample replicates were
processed with three different microfiltration meth-
ods: (i) HDPE syringes were used to pressure-filter
samples through 25-mm-diameter 0.02-pum pore size
Anotop Al-oxide filter discs, (ii) a 0.5-bar vacuum was
used to draw samples through 47-mm-diameter
0.025-pum pore size Millipore mixed cellulose ester
membranes mounted on 47-mm-diameter Teflon fil-
ter holders, and (iii) a 0.5-bar vacuum was used to
draw samples through 0.4-pm Nuclepore polycar-
bonate filters mounted on 47-mm-diameter Teflon
filter holders. The soluble Fe in seawater samples is
considered to be that passing through 0.02-pum Ano-
top alumina filters or 0.025-m Millipore filters. The
difference between the soluble Fe and the Fe passing
through 0.4-wm Nuclepore filters is considered to be
colloidal Fe. Before final collection of filtrates, the
filtering devices and sample bottles were cleaned by
rinsing with 0.1 M HC|, distilled water, and sample
water. Filtrates were acidified to pH 2.5 by the addi-
tion of quartz-distilled 6 M HCL Triplicate 1.5-ml
sample aliquots were analyzed with 57Fe isotope
dilution and Mg(OH), coprecipitation followed by
high-resolution inductively coupled plasma mass
spectrometry (ICP-MS) analysis (34). The precision of
the method is ~1 to 2% at the 1.0 nM level. The
typical procedural blank for Fe measurement on ICP-
MS is ~0.08 £ 0.01 nM. This blank largely results
from instrumental Fe contamination. There is no
detectable blank associated with sample filtration, as
determined by repeatedly filtering a low Fe sample
(~0.10 nM Fe). Ultrafiltration tests demonstrated no
difference in the amount of Fe passing through Ano-
top filters between samples left unfiltered before
ultrafiltration and samples prefiltered through a
Nuclepore 0.4-pm pore membrane under vacuum or
by gravity. There were also no changes in Fe concen-
trations for filtered samples that were refiltered
through Anotop and Millipore filters. We compared
these microfiltration methods with cross flow filtra-
tion (35). Seawater samples were collected from the
South China Sea gyre (March 2000; 18°N, 116°W)
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with a MITESS ATE/Vane sampler and processed on
board in a class-100 clean bench. The cross flow
filtration (CFF) system consists of an Ultracel Regen-
erated Cellulose 10-kD cutoff membrane (Millipore,
Pelican XL PLCGC), a peristaltic pump (IZMAC), a
LDPE reservoir, and Teflon tubing and connectors.
The CFF system was rigorously cleaned with succes-
sive rinses with acid and distilled water. Samples
were pumped from the reservoir into the membrane
cartridge; the permeate flow was diverted to a col-
lection line, and the flow that did not permeate the
membrane (the retentate) was recycled back to the
reservoir. Transmembrane pressure (~138 kPa) was
controlled by a valve on the retentate line and by the
pump speed. The concentration factor of 7 to 8 is
based on the decrease in CFF reservoir volume, from
an initial sample volume of ~200 ml to a final
retentate volume of ~25 ml. Colloidal Fe concentra-
tions based on the difference in Fe concentrations
between that in <0.4 and <0.025 pm filtrates
(0.12 = 0.03 nM at 20 m and 0.09 * 0.03 nM at
200 m) agreed with those calculated from Fe con-
centrations in the retentates of the cross flow filtra-
tion chambers (0.09 nM at 20 m and 0.10 nM at
200 m). These results indicate that the observed
concentrations of colloidal Fe are due to particle
retention, rather than Fe adsorption by the filter. In
addition, Fe concentrations in samples passing
through Anotop and Millipore filters generally agree
with each other (Fig. 1A), an improbable coincidence
if random contamination or Fe absorption by filter
materials were occurring.

To determine the solubility of freshly formed Fe(lll)
hydroxide in seawater free of organic ligands, we
mixed 20 nM Fe?* into UV-irradiated (1 kW, 24
hours) seawater. Similar results were observed with
the addition of Fe3*, but Fe2* addition was preferred
because it allows for complete mixing before ferrous
ion oxidation and ferric hydroxide precipitation. The
mixture was passed through a <0.02-wm pore Ano-
top syringe filter. The filtrate was acidified to pH 1,
followed by isotope dilution-ICPMS measurement
for Fe. The measured Fe solubility was independent
of time for periods of 2 min to 24 hours. Thermody-
namic models predict that in organic-free and oxy-
genated seawater, Fe should occur predominantly as
Fe(lll), which strongly hydrolyzes to form Fe(OH),

precipitates in seawater at pH 8.1. The solubility of -

the Fe(OH), in seawater depends on its age with
higher values for freshly formed amorphous Fe(OH),
(~0.08 nM as determined above as the Fe passing
through a 0.02-um filter) and lower values (0.01 nM)
(36, 37) for aged Fe(OH),. The solubility of 0.08 nM
for freshly formed amorphous Fe(OH), agrees with
the [Fe’] determined by cathodic stripping voltam-
metry methods (>0.05 nM) (5).

To estimate the concentration of soluble organic
ligands, we measured the amount of Fe that was
solubilized through the formation of low molecular
weight Fe-chelates after the addition of excess Fe (20
nM) to seawater. In this procedure, 20 nM Fe3* was
added to unfiltered samples in 30 ml HDPE bottles.
The seawater was incubated in the dark at room
temperature for 24 hours and then passed through
0.02-um Anotop filters. The concentrations of solu-
ble Fe passing through the filter should equal the
concentration of solubilizing organic ligands, after
subtracting the equilibrium concentration (0.08 nM)
of dissolved inorganic ferric hydrolysis species (76).
Our calculations assume a 1:1 stoichometry for Fe-
ligand chelates.

Although the concentrations of soluble ligands in
deep waters of the North Pacific are higher than
those in the North Atlantic (Fig. 2), soluble Fe con-
centrations are similar in the deep waters of the two
oceans (Fig. 1A). The presence of soluble organic
ligands that strongly chelate iron maintains Fe in
solution after Fe regeneration from settling biogenic
particles and helps to explain the close correlation
between soluble Fe and major nutrients observed
within the nutricline (Fig. 1A). However, if soluble Fe
is not removed from the water, Fe input from micro-
bial degradation of sinking organic particles should
increase soluble Fe concentrations along the deep
water flow path. The similar deep water soluble Fe
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concentrations observed in both oceans suggests that
soluble Fe must be removed from deep ocean. This
can occur when Fe dissociates from soluble Fe-organ-
ic complexes and is rebound by ligand sites on set-
tling particles or on colloids, which then aggregate
and settle. The depletion of soluble organic ligands in
surface waters may be due to photochemical decom-
position.

A. Witter, G. W. Luther, Mar. Chem. 62, 241 (1998).
Our “solubilization” procedure (77) measures the
concentration of ligands that form soluble complexes
with Fe at the concentration of dissolved inorganic Fe
hydrolysis species ([Fe’]) in seawater equilibrated
with freshly precipitated Fe(OH),. This [Fe'lis 0.08
nM based on Fe(OH), solubility in organic free sea-
water (76). To accurately compare our data with
total ligand concentrations determined by ligand
competition and cathodic stripping voltammetry
(CSV)(5-7), we need to know what fraction of the
ligands detected by that method is bound to Fe at
[Fe'] of 0.08 nM. This can be readily computed from
the equilibrium mass action expression for these
complexes: [FeL]/([Fe']) = K., where [FeL] and [L]
are concentrations of the Fe-ligand complex and the
free ligand, respectively. Rearranging this equation,
we obtain [FeL]/[L]) = [Fe'] K;,.,. CSV measurements
indicate that Fe is bound by both a strong and a weak
class of ligands in the subtropical North Pacific (5).
The strong class (average K., = 1.2 X 10'> M™")
occurred at concentrations of 0.4 to 0.6 nM in the
upper 300 m. This class would be 99.9% bound to Fe
at [Fe'] = 0.08 nM and, thus, should be fully detected
by our method, provided the ligands are soluble. The
weaker ligand class was detected at all depths at
concentrations of 1.3 to 2.8 nM. On the basis of the
average stability constant for this ligand class (K,
= 3.4 X 10" M), these ligands would be 96%
chelated to Fe at [Fe’] = 0.08 nM and, thus, should be
substantially detected by our method, again, provid-
ed the ligands are soluble. The concentrations for
soluble Fe-binding ligands that we measured in the
subtropical North Pacific range from 0.1 nM in near-
surface waters to 1.0 = 0.2 nM at depths = 1000 m.
By contrast, total ligand concentrations measured by
CSV in the same region (5) are 1.9 nM in the upper
100 m and 2.6 *+ 0.2 at depths of 500 to 2000 m. The
higher concentrations determined by CSV analysis
suggest that a substantial fraction of the ligands
detected by this method may be colloidal and, thus,
would not be detected by our method.
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