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Abstract

The size partitioning of dissolved iron (dFe, <0.4 lm) into soluble (sFe, <0.02 lm) and colloidal (0.02 lm < cFe < 0.4 lm)
phases was investigated at seven stations in the tropical North Atlantic Ocean, and the results are compared to the dFe size
fractionation study of Bergquist et al. (2007) in the same region. Downwind of the North African dust plumes, cFe comprised
80 ± 7% of the surface dFe pool at six stations, supporting the hypothesis that atmospherically-derived Fe is maintained in the
colloidal size fraction. At the deep chlorophyll maximum, colloidal Fe had minimum concentrations or was completely
absent, suggesting that cFe was either preferentially taken up by microbes and/or scavenged/aggregated at these depths.
At remineralization depths, sFe was the dominant fraction both in the subtropical gyre-like stations (76% sFe;
[sFe] = 0.42 ± 0.03 nmol/kg) and in the oxygen minimum zone (56% sFe; [sFe] = 0.65 ± 0.03 nmol/kg). Only at reminerali-
zation depths of stations with intermediate oxygen concentrations (100–110 lmol/kg) did colloidal Fe dominate (contributing
58% of dFe) , indicating that cFe may be serving as a conduit of dFe loss during mixing of high-Fe OMZ and low-Fe gyre
waters. North Atlantic Deep Water (NADW) had a typical sFe concentration of 0.34 ± 0.05 nmol/kg. In the deepest samples
composed of a NADW/Antarctic Bottom Water mixture where the bottom water may have attained a �0.1 nmol/kg hydro-
thermal Fe input during transit past the Mid-Atlantic Ridge, sFe did not increase coincidentally with dFe, indicating that any
potential hydrothermal Fe contribution was colloidal. In general, the results of this study counter the previous hypothesis of
Bergquist et al. (2007) that the colloidal Fe fraction predominately controls dFe variability, instead suggesting that both sol-
uble and colloidal Fe are variable, and both contribute to the observed dFe variability throughout the North Atlantic. The
nearly 50–50% dFe partitioning into soluble and colloidal phases below the DCM suggest one of two partitioning mechanisms
persists: (1) soluble and colloidal Fe exchange rates reach a “steady state,” over which regional, uniquely-partitioned Fe
sources can be overlain, or (2) the partitioning of Fe-binding ligands between the two size fractions is variable in the open
ocean and directly controls dFe partitioning.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

For decades an understanding of the limitation of mar-
ine primary productivity by the micronutrient iron (Fe;
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Martin and Fitzwater, 1988; Morel et al., 2003) has been
hampered by the scant knowledge of its global distribution.
With the advent of the international GEOTRACES pro-
gram, however, global transects of dissolved Fe (dFe) are
being measured, and the new data will generate a much im-
proved understanding of the sources and sinks of this
important micronutrient. These developments will allow a
shift in the objectives of trace metal research from establish-
ing the distribution of trace metals to determining the pro-
cesses that control those distributions. One such process,
the transfer of metals from the dissolved pool into the
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sinking particulate pool (“scavenging”), is in particular
need of illumination. Several metal loss mechanisms are
encompassed by the term “scavenging,” including adsorp-
tion/surface complexation, precipitation, and aggregation
into successively larger particles, as well as microbiological
uptake.

Colloids, the focus of this study, are an understudied
physico-chemical group of compounds defined as particles
so small that they are operationally included in the dis-
solved size fraction, but they retain their status as particles
because they are physically distinct from the fluid via a sur-
face boundary. Because of their diminutive size, colloids re-
main suspended until they aggregate to a size experiencing
significant gravitational settling. Colloids thus serve the
important role of transporting material between the dis-
solved and sinking particulate phases, thereby coupling
two of the aforementioned “scavenging” processes: a rapid
initial adsorption of dissolved metal onto colloidal/particu-
late material in solution, followed by a slow aggregation of
the colloids into particulate material of filterable size (the
Brownian-pumping model, Honeyman and Santschi,
1989). Additionally, while suspended, colloidal material
can mediate chemical processes that further alter the bulk
seawater solution including sorption of solutes, ligand ex-
change, surface redox reactions, and photochemical
reactions.

For Fe, a hybrid-type element demonstrating both nutri-
ent-type profile shapes as well as scavenged-type surface
maxima and concentration loss along global thermohaline
circulation (Bruland and Lohan, 2003), scavenging plays
an important role in its marine biogeochemical cycle. Un-
der oxic conditions, Fe(III) has a very low inorganic solu-
bility in seawater (Millero, 1998). Instead, marine
dissolved Fe is complexed by natural organic ligands that
elevate dFe concentrations above the <0.1 nM solubility
observed in UV-irradiated seawater (Kuma et al., 1996;
Liu and Millero, 2002)., while excess Fe above these ligand
concentrations is rapidly precipitated. Of this marine dFe, a
large fraction, often 30–70% and as high as 90%, of the dis-
solved Fe in the ocean exists in the colloidal size fraction
(Wu et al., 2001), which is operationally defined in this
study as the dFe between 0.02 lm and 0.4 lm (cFe, “colloi-
dal Fe”, and “Fe colloids” will be used interchangeably in
this paper; soluble Fe, sFe, is the Fe passing through a
0.02 lm filter; sFe + cFe = dFe). Thus, although dissolved
Fe is classically envisioned as bound to soluble, sidero-
phore-like organic ligands in seawater, a large portion of
marine dFe is actually composed of tiny particles (colloids)
that may have a different chemical composition and behav-
ior than truly dissolved (soluble) Fe.

Using transmission electron microscopy imaging and en-
ergy dispersive spectroscopy composition analyses, it was
concluded that colloidal Fe is organically bound in the
open ocean (Wells and Goldberg, 1991, 1992). This is con-
sistent with electrochemical measurements of Fe ligand
concentration and binding strength that indicate that
>99% of marine dFe, which contains the colloidal fraction,
is bound by organic Fe-binding ligands (Rue and Bruland,
1995; Gledhill and Buck, 2012). However, due to their dif-
ferences in size and chemical composition, soluble and col-
loidal Fe have unique behaviors that affect the Fe
biogeochemical cycle in two ways. First, because soluble
and colloidal Fe undergo different chemical transforma-
tions (sFe experiencing sorption and cFe experiencing
aggregation), the two phases may have inherently different
residence times. Thus, the measured size partitioning at
any site could influence, for instance, whether new dFe
sources escape abiotic scavenging long enough to be taken
up by microbes, and consequently modelers must under-
stand the size distribution of dFe in order to best predict
dFe concentrations down current.

Second, and even more important to studies of micronu-
trient limitation, soluble and colloidal Fe may not be
equally bioavailable. Laboratory experiments have conclu-
sively shown that inorganic Fe colloids (here called nano-
particles) as small as 6–50 Fe atoms per colloid are not
directly bioavailable to diatoms (Rich and Morel, 1990).
However, since most marine colloidal Fe is thought to be
organically bound, incubations using natural, organic-dom-
inated colloidal Fe assemblages were also executed to reflect
more realistic marine compounds, and the results indicated
that natural colloidal Fe is only indirectly bioavailable,
requiring first a dissociation from the colloid into the solu-
ble phase before being taken into the cell. The smaller sol-
uble Fe fraction, in contrast, was always taken up faster
and is thus thought to be preferred (Chen and Wang,
2001). An assessment of the bioavailability of natural col-
loidal Fe is essential in order to ensure that nutrient limita-
tion models do not underestimate the geographic extent of
Fe limitation simply because they parameterize the bio-
available Fe pool as dFe instead of sFe.

In their Atlantic Ocean size partitioning study of dFe,
Bergquist et al. (2007) concluded that much of the dFe var-
iability in the tropical and subtropical Atlantic Ocean was
due to a dynamic colloidal fraction, while the soluble Fe
concentration remained relatively constant with depth. This
highlighted the importance of studying dFe size partition-
ing, as it suggested that the cycling of the two size fractions
is distinct. In this study, we have measured dFe size parti-
tioning at several more stations across the tropical North
Atlantic, reaching further along the southwestern boundary
of the subtropical gyre and east into the heart of the oxygen
minimum zone (OMZ). We find that both soluble and col-
loidal fractions determine the dissolved Fe variability in this
broader region, instead of just the colloidal fraction as in
Bergquist et al.’s study. In this paper we will establish the
similarities and differences between the Bergquist et al.
study and the new data presented here, and we will attempt
to illuminate the major facets of dFe size partitioning and
its contribution to Fe biogeochemistry in the tropical North
Atlantic.

2. SAMPLING & ANALYSIS METHODOLOGY

In August 2008, trace metal clean seawater samples were
collected aboard the R/V Oceanus (cruise OC449-2 sailing
from Bridgetown, Barbados, to Mindelo, Cape Verde Is-
lands) in the tropical North Atlantic (see cruise track in
Fig. 1). A review of the sample collection and Fe analysis
protocols for this cruise can be found in Fitzsimmons



Fig. 1. OC449-2 cruise track with the seven stations sampled for dFe size partitioning indicated in bold. Color contours indicate the
distribution of dissolved oxygen at 500 m taken from the eWOCE dataset (small dots). Colors inside the station dots indicate the dissolved
oxygen concentrations at 500 m measured on OC449-2. The two triangles designate the subtropical gyre station (30�N, 45�W) and the OMZ
station (10�N, 35�W) from Bergquist et al. (2007). The dashed red line designates the cut-off used in this study between the assigned
“subtropical gyre stations” (3 & 6) and “OMZ stations” (9, 11, 13, 17, & 22). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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et al. (2013), which discusses the major processes control-
ling the dFe distribution along this transect. Briefly, the
Moored In situ Trace Element Serial Samplers (MITESS,
Bell et al., 2002) were used to collected profile seawater
samples in the “Vane” mode using deployment procedures
described in Fitzsimmons and Boyle (2012). Near-surface
samples (�5 m depth) were collected using the Automated
Trace Element (“ATE”) sampler, which is a single MITESS
unit deployed manually off the side of the ship using a plas-
tic-coated line. Seawater was vacuum-filtered (0.5 atm.)
through 0.4 lm Nucleporee filters on a Savillexe fluoro-
carbon filter rig directly into acid-cleaned 30 mL HDPE
sub-sampling bottles after two rinses. MITESS Vane sam-
ple collection produced dFe concentrations indistinguish-
able from those collected by the US GEOTRACES GO-
FLO carousel system (Fitzsimmons and Boyle, 2012).

To collect sFe samples, a 0.02 lm Anodisc filter was
pre-cleaned on a Teflon filter rig first with >100 mL pH
1.5 HCl (distilled 4� in a Vycor still and tested for trace
metal purity), followed by >100 mL trace metal-clean dis-
tilled water, and finally �50 mL unfiltered seawater sam-
ple, after which unfiltered seawater was passed through
the clean Anodisc filter and collected as sFe into acid-
cleaned 30 mL HDPE sub-sampling bottles after one bot-
tle rinse. Samples were acidified at sea to pH 2, and at
least six months after acidification they were analyzed
in triplicate for their Fe content by isotope dilution
inductively-coupled plasma mass spectrometry (ID-ICP-
MS) on a hexapole collision cell IsoProbe multiple collec-
tor-ICP-MS. The ID-ICP-MS method employs an 54Fe-
spike and batch pre-concentration with nitrilotriacetate
resin (Lee et al., 2011). Analyses of SAFe D2 standard
for dFe during the period of the OC449-2 seawater anal-
yses averaged 0.95 ± 0.05 nmol/kg (Bottle 33, ±1SD,
n = 38) and 0.90 ± 0.02 nmol/kg (Bottle 446, ±1SD,
n = 10), which agree well with the current consensus va-
lue of 0.933 ± 0.032 nmol/kg (consensus as of May
2013; www.geotraces.org/science/intercalibration). SAFe
S was not analyzed during the period of the OC449-2
analyses but was measured using the same analytical
method within 6 months as 0.097 ± 0.006 nmol/kg (Bottle
16, ±1SD, n = 3), which is identical to the current con-
sensus value of 0.093 ± 0.008 nmol/kg.

3. RESULTS AND DISCUSSION

3.1. Surface distribution

The surface ocean distributions of dFe and sFe as a
function of longitude are shown in Fig. 2. As discussed in
Fitzsimmons et al. (2013), dFe concentrations in the tropi-
cal North Atlantic exhibited maxima at the surface, in
accordance with expectations of high aerosol Fe deposition
downwind of North Africa along 10–20�N (Mahowald
et al., 2005). dFe was highest in the west and lower in the

http://www.geotraces.org/science/intercalibration


542 J.N. Fitzsimmons, E.A. Boyle / Geochimica et Cosmochimica Acta 125 (2014) 539–550
east, despite closer proximity to the African dust source;
this likely reflects a combination of spatially variable fac-
tors including dust source/solubility, dust deposition pat-
terns (seasonal), biological uptake of metals in the surface
ocean, and mixed layer depth. NOAA HYSPLIT backward
trajectories calculated using the GDAS Meteorological
data (shown in the Supplementary material) indicate that
the air masses over all of the relevant stations in Fig. 2 orig-
inated in NW Africa or Europe, except for Stations 9 & 11
(37–41�W), which had South American sources. It is rea-
sonable to assume that over the 1.5–5 months residence
time of dFe in surface waters of the tropical North Atlantic
(Bergquist and Boyle, 2006), most of the dFe was derived
from North African or European sources.

What is most striking in Fig. 2, however, is that soluble
Fe concentrations remained low across the transect (at all
but one station) despite a factor-of-two variability in dFe,
with sFe 6 0.2 nmol/kg at most stations. Thus, most of
the elevated surface dFe was partitioned into the colloidal
Fe size fraction (%cFe averaged 80 ± 7%, with Station 6 re-
moved). This reinforces the hypothesis that atmospherically
derived Fe is preferentially maintained in the colloidal pool,
which was suggested by Wu et al. (2001) using data near Ber-
muda and Hawaii and corroborated by Bergquist et al.
(2007) in the tropical North Atlantic. It is possible that both
soluble and colloidal Fe are released by dust and then sFe is
preferentially taken up by microorganisms, resulting in the
observed majority of aerosol-derived dFe persisting in the
colloidal phase. However, the preferential release of dust-
derived Fe into the colloidal size fraction has been shown
experimentally via direct leaching of aerosols into filtered
seawater containing natural organic Fe-binding ligand
assemblages (Aguilar-Islas et al., 2010, although one can
be concerned whether excess Fe binding ligands are satu-
rated during these dust leaching experiments, which would
generate colloidal Fe oxyhydroxides and bias the resulting
size partitioning). Dust-derived Fe colloids could be com-
posed of organically bound Fe-ligand complexes that fall
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In contrast, at the northernmost station of our transect

(Station 6: 20�N, 45�W), sFe had a much higher concentra-
tion of 0.48 nmol/kg, which exceeded the cFe of 0.33 nmol/
kg (59% of the surface dFe was sFe). If dust is assumed to
partition into the colloidal fraction, then the decreased cFe
contribution at Station 6 could indicate that dust deposi-
tion at this northernmost station was reduced. This hypoth-
esis would be supported by a majority partitioning into the
soluble phase in the surface ocean of other low-dust regions
such as the South Atlantic (Bergquist et al., 2007), subarctic
North Pacific (Nishioka et al., 2003), and the Southern
Ocean (Boye et al., 2010; Chever et al., 2010). However,
the dFe concentration at Station 6 was relatively high
(0.8 nmol/kg) and thus requires a recent Fe input. While
we cannot exclude that the Station 6 sFe sample might have
been contaminated, we also know that dFe is stabilized by
organic ligands, and thus the size partitioning of surface Fe-
binding ligands at any individual location may be directly
controlling the observed partitioning of surface dFe. Only
one study has recorded the size partitioning of organic
Fe-binding ligands in the tropical North Atlantic (Cullen
et al., 2006), with surface water samples taken at one station
in the tropical North Atlantic (3.5�N, 44.5�W) and one sta-
tion in the North Atlantic subtropical gyre (36.1�N, 65�W).
At the tropical North Atlantic station, 50–62% of the dis-
solved ligands fell into the soluble fraction, while at the sub-
tropical gyre station, a higher 72–100% of the dissolved
ligands were soluble. Cullen’s study demonstrates that li-
gand partitioning is spatially variable and supports the pre-
mise that majority ligand partitioning into the soluble
fraction might be predicted in the subtropical gyre, like at
our Station 6 which lies closer to the gyre center (with a
high surface salinity >37.5 and depressed mixed layer, chlo-
rophyll max, and isopycnals) than any of the other stations
sampled on our cruise track. More studies of the size parti-
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tioning of Fe-binding ligands across the global ocean would
be useful for assessing the impact of the ligand size distribu-
tion on the solubility and size partitioning of dFe, especially
when comparing high- and low-dust regions. Nevertheless,
the predominance of surface colloidal Fe only in regions of
significant dust (inorganic Fe) input may also imply that
there is a contribution of inorganically bound Fe colloids
(nanoparticles) to this dust-derived cFe that is not present
in low-dust regions.

3.2. Water column profiles

Figs. 3–6 show all of the subsurface dFe and sFe sam-
ples collected on OC449-2. Despite the fact that these sam-
ples were collected in a relatively narrow 12� latitudinal
band, the stations situated farther north and west in the
subtropical gyre exhibited very different dFe profiles than
those stations farther south and east in the OMZ (Fitzsim-
mons et al., 2013). Bergquist et al. (2007) made a similar
designation of a subtropical gyre (30�N, 45�W) and an
OMZ (10�N, 45�W) station (Fig. 1), and the same nomen-
clature will be applied to the stations in this study’s cruise
track. Subtropical gyre (3 & 6) and OMZ (9–22) stations
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were distinguished using salinity profiles (Fig. 4), with sub-
tropical gyre sites having a deeper pycnocline than OMZ
stations (Fig. 1). Notably, the stations formed the same
groups when sorted by dFe distribution as by pycnocline
depth (Fig. 4 a&b), indicating that the biogeochemical sig-
nature of each water mass was a determining factor for dFe
size partitioning in the tropical North Atlantic.

Dissolved Fe generally displayed a nutrient-type profile
with a dust-derived surface maximum, a minimum near
the deep chlorophyll maximum (DCM), a maximum in
the OMZ, and typical North Atlantic deep water values
(Fitzsimmons et al., 2013). The different pools of dFe
(cFe and sFe), however, demonstrated unique features with
depth. Throughout the open ocean, dFe partitioning can be
interpreted as a function of two processes: unique Fe parti-
tioning resulting from individual Fe transformations, in-
puts, or outputs occurring at the location of interest, and/
or a unique Fe ligand partitioning (presumably regulated
by microorganisms) that directly regulates the observed
dFe partitioning. We will discuss the balance of these two
partitioning mechanisms throughout the transect starting
in the euphotic zone and extending down to the abyssal
ocean.
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3.2.1. Euphotic zone

In the euphotic zone, cFe and sFe demonstrated very
different profile structures (Fig. 3), suggesting that cFe
and sFe behave uniquely in the upper ocean. At all sta-
tions, the surface dFe maximum decreased with depth
to a minimum near the DCM (Fig. 3). In the subtropical
gyre stations, DCM dFe was split between soluble and
colloidal fractions (Fig. 3a: Station 6 had 56% cFe), while
at the OMZ stations, colloidal Fe disappeared completely
in the DCM (Fig. 3b & c). This lack of cFe in the DCM
was also observed by Bergquist et al. (2007) at their
OMZ station and by Ussher et al. (2010) near the Canary
Islands. Chever et al. (2010) also found a cFe minimum
in Southern Ocean Antarctic Circumpolar Current
(ACC) surface waters that persisted through the upper
100–200 m.

The disappearance of cFe in the DCM could be inter-
preted as occurring either because of a unique Fe-ligand
partitioning in the DCM that is different from that at other
depths or as a result of unique Fe transformations occur-
ring in the DCM. If size fractionation of Fe-binding ligands
were to explain the observed pattern, the DCM must have
had either higher soluble ligand concentrations than colloi-
dal ligands or substantially stronger soluble ligands that
outcompeted colloidal ligands for Fe in the DCM. Very
few studies have reported the size distribution of Fe-binding
ligands at the DCM, but one study in the Southern Ocean
ACC found that 92 ± 3% (n = 7) of Fe-binding ligands
were soluble in the upper 100 m of water (Boye et al.,
2010). This is in contrast to a study near Hawaii that de-
tected almost no soluble ligands in upper 100 m waters
(Wu et al., 2001). Regardless, it is generally believed that
organic Fe-binding ligands, especially in the upper ocean,
are biologically produced (Hunter and Boyd, 2007), and
several studies have shown that marine microbes produce
“siderophore-like” ligands that would fall into the soluble
size fraction (Wilhelm and Trick, 1994; Martinez et al.,
2001; Martinez et al., 2003). Thus, it might make sense that
strong, “siderophore-like” ligands in the soluble class might
be produced at the DCM that outcompete any colloidal li-
gands present for Fe.

However, without any data defining the Fe-ligand size
partitioning in the DCM, an Fe transformation explanation
for the observed pattern in Fig. 3 is equally or even more
likely. Since the DCM is an upper ocean depth experiencing
significant biological activity, it is possible that colloidal Fe
is preferentially taken up by microbes, despite observations
from incubation studies suggesting that phytoplankton pre-
fer sFe over cFe (Chen and Wang, 2001). Alternatively,
protozoan grazer ingestion of cFe could be depressing the
cFe concentration at the DCM (Barbeau et al., 1996; Bar-
beau and Moffett, 2000). Another possible explanation is
that because of the particulate maximum in the upper
ocean, colloidal Fe may be scavenged onto particles more
efficiently at the DCM, or cFe aggregation rates into large
particles may be greater at the DCM than at other euphotic
zone depths.

It is worth mentioning that at all of the stations where
Fe was measured in the DCM, sFe was a measurable
0.10–0.15 nmol/kg. While the tropical North Atlantic is
not thought to be Fe-limited, it is not unreasonable to as-
sume that microorganisms would use as much of the sFe
as possible, assuming it is more bioavailable. However,
we find a persistent 0.13 ± 0.01 nmol/kg sFe concentration
in the DCM at all stations examined. This pool of sFe may
be a relatively refractory Fe pool that is unavailable to mar-
ine microorganisms, explaining its persistence. Alterna-
tively, a photochemically-produced Fe(II) pool (Moffett,
2001), either in a pseudo-steady state because of its rapid
turnover (high lability) or stabilized by organic ligands
(Roy et al., 2008), may also comprise this nearly constant
soluble Fe background in the upper ocean.

3.2.2. Upper 1000 m

Below the euphotic zone, the distribution of the dFe size
classes was very different in the subtropical gyre than in the
OMZ (Fig. 4 a&b). At the subtropical gyre sites, sFe main-
tained low concentrations down to 250 m (0.14–0.22 nmol/
kg), while at the OMZ stations, in contrast, sFe had already
reached elevated concentrations of 0.4–0.5 nmol/kg by
250 m. This is consistent with a deeper peak in apparent
oxygen utilization (AOU) in the subtropical gyre than in
the OMZ. By 700 m, maximum dFe was observed at all sta-
tions, and dFe was equally partitioned into cFe and sFe,
50 ± 7%.

An intriguing pattern in dFe size partitioning was
observed at 500 m depth (Fig. 5), which is the depth
sampled at the core of the OMZ (also note that isopycnals
were very flat near 500 m depth across the tropical North
Atlantic, Fitzsimmons et al., 2013). In the end-member
subtropical gyre stations (squares in Fig. 5) and OMZ
stations (circles), dFe and sFe were relatively constant
across all of the stations sampled: subtropical gyre
stations had dFe = 0.57 ± 0.06 nmol/kg and sFe = 0.42 ±
0.03 nmol/kg (1SD, n = 2), whereas OMZ stations had
dFe = 1.16 ± 0.06 nmol/kg and sFe = 0.65 ± 0.03 (n = 4).
The nearly constant sFe concentrations across each of the
end-member regions imply a control on sFe in each region.
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Historically, the 0.02 lm filters that operationally define
the sFe-cFe cutoff in this study have been used to define
the Fe solubility of natural seawater (Kuma et al., 1996;
Liu and Millero, 2002). In these Fe solubility experiments,
excess Fe is added to a natural sample and equilibrated, after
which the sample is filtered through a 0.02 lm filter to mea-
sure the maximum “truly soluble” fraction of dissolved Fe.
This Fe solubility comprises both an inorganic dFe fraction
dominated by Fe(OH)x

3�x
(aq) complexes and an organic

fraction of “truly soluble” organic Fe-binding ligands. Given
the near constancy of the sFe concentrations in the OMZ and
subtropical gyre regions of this study, it is possible that the
sFe concentrations measured may equal the Fe solubility
in each end-member region: in this situation, all labile soluble
ligands are saturated with Fe. Remineralization may be pro-
viding uncomplexed Fe to these low-oxygen depths that sat-
urates any unbound soluble ligands. However, a
remineralization-derived input of Fe-ligands might also be
expected, and was in fact observed in the northeast Atlantic
Ocean (Thuróczy et al., 2010), that would oppose the
hypothesis that sFe is fully bound and equals Fe solubility,
assuming at least some of these new remineralization-derived
ligands are soluble. In the tropical North Atlantic, Fe solu-
bility measurements have only been made in the euphotic
zone (Schlosser and Croot, 2009), so the hypothesis that
sFe equals Fe solubility in this region cannot be confirmed,
and thus a cause for the near constancy of sFe is not clear.

Notably, however, only at intermediate oxygen
concentrations (triangles in Fig. 5), did colloidal Fe
dominate dFe at 500 m (cFe=55–60%, as opposed to
<50% in the subtropical gyre and OMZ stations). The
two “intermediate” samples were taken from OC449-2
station 9 and from the OMZ station (10�N, 45�W) of
Bergquist et al. (2007), where dissolved oxygen
concentrations were between 100–110 lmol/kg. At both
stations, sFe was depressed to “gyre-like” concentrations,
while dFe remained elevated to “OMZ” levels, producing
the apparent cFe maximum. What is driving this unique
dFe size partitioning as OMZ waters meet subtropical gyre
waters? We exclude a redox explanation despite its clear
link to oxygen concentrations, since at all stations of this
study dissolved oxygen (minimum of �50 lmol/kg) was
high enough to favor Fe(III) over Fe(II) thermodynami-
cally. Alternatively, remineralization and ligand-partition-
ing may actually be the cause for this change in dFe size
partitioning: if the population of microorganisms at inter-
mediate oxygen concentrations or in the surface waters
above these regions is unique, then the size partitioning of
new remineralization-produced Fe ligands may also be
changing as a function of the biological population, per-
haps driving the formation of enhanced organically-bound
dFe into the colloidal size fraction. On the other hand, this
pattern may be an abiotic function of the mixing of lower-
oxygen OMZ waters with higher-oxygen subtropical gyre
waters. It is clear that sFe concentrations remain depressed
to subtropical gyre levels at these intermediate stations, and
if sorption/aggregation rates transforming soluble Fe into
colloidal Fe were higher than desorption/disaggregation
to the soluble phase in this mixing zone, then cFe would
be favored. This could be motivated by an increase in
particle concentrations or a change in particle composition
at these mixing stations around the edge of the OMZ.
Regardless of the cause, colloids may be serving as a con-
duit of dFe loss during mixing of high dFe waters of the
OMZ with the low dFe waters of the gyre. If the colloidal
phase is actively aggregating, as suggested by the model
of Honeyman and Santschi (1989), the partitioning of the
remineralized fraction could affect the efficiency of Fe
recycling, since if cFe aggregated to the particulate phase
before being upwelled to the surface ocean, it would consti-
tute a “leak” in the Fe recycling system that might not be
present if the mixing zone was partitioned less into the
colloidal phase.

3.2.3. Deep ocean

We determined the deep water size partitioning of dFe at
one station in the deepest part of the eastern tropical North
Atlantic basin (Station 13: 12.8�N, 33.0�W, Fig. 6a). As de-
scribed in Fitzsimmons et al. (2013), Antarctic Intermediate
Water (AAIW) was the main water mass near 1000 m,
North Atlantic Deep Water (NADW) dominated from
1500–4000 m, and Antarctic Bottom Water (AABW) was
mixed with NADW below 4000 m. In the deepest samples
from 4000–5000 m, Fitzsimmons et al. (2013) observed a
0.1 nmol/kg increase in dFe compared to the shallower
NADW-only depths, which they suggested might have been
acquired during deep water transit through the Vema Frac-
ture Zone, since hydrothermally-influenced water, poten-
tially with higher Fe concentrations, has been detected
near the Vema Fracture Zone (Klinkhammer et al., 1985).
As can be seen in Fig. 6a, sFe concentrations at these
AABW-influenced depths were not significantly different
from those at the shallower, NADW-only depths, and thus
the AABW increase in dFe was contributed only by the col-
loidal Fe phase (composing 65 ± 2% of the dFe in the deep-
est samples, n = 2). If this 0.1 nmol/kg excess dFe is
hydrothermally-derived, it is unknown whether it is com-
posed of organically-bound colloidal Fe, as would tradi-
tionally be assumed in deep ocean waters, or whether an
inorganic Fe colloidal phase precipitated during venting
also contributes. Regardless, this cFe would have had to es-
cape scavenging over the > 1200 km transit from the Vema
Fracture Zone to Station 13 in order for it to explain the
observed increase in cFe concentrations.

In the mid-depth NADW at this site, sFe constituted
48 ± 11% of the dFe pool, and sFe concentrations were
0.34 ± 0.05 nmol/kg (n = 2), which compares well with the
0.35 ± 0.05 nmol/kg values reported by Bergquist et al.
(2007) in the North (Fig. 6b) and South Atlantic as well as
the �0.32 nmol/kg values reported by Wu et al. (2001) near
Bermuda. Even in the Atlantic sector of the Southern Ocean,
at depths where NADW is detected by enhanced salinity, the
same sFe values of 0.35 ± 0.02 nmol/kg were observed
(Chever et al., 2010). This is in contrast to measurements in
the northeast Atlantic off Portugal where sFe was only mea-
sured to be 0.16–0.21 nmol/kg in NADW (Thuróczy et al.,
2010). These samples, however, were collected using a differ-
ent operational definition of the sFe size fraction, a 1000 kDa
membrane in a cross-flow filtration apparatus, and thus can-
not be directly compared to the sFe concentrations in this
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study, which were collected using 0.02 lm Anopore filtration
(Fitzsimmons and Boyle, in review).

3.3. Controls on dissolved Fe size partitioning in the tropical

North Atlantic

In their study on dFe size partitioning in the Atlantic
Ocean, Bergquist et al. (2007) suggested that it is changes
in colloidal Fe concentration that determines dFe variabil-
ity in the open ocean, while soluble Fe remains invariant
with depth. This pattern is clear in their data, which is
reproduced in Fig. 6b: sFe is relatively constant at 0.3–
0.4 nmol/kg below the euphotic zone, while dFe is at high
and variable concentrations, with most of the variability
contributed by changes in the colloidal phase. In contrast,
however, the full-depth profile data from Station 13 of this
study (Fig. 6a) shows that where dissolved Fe is enhanced
in the OMZ, soluble Fe is also enhanced, and as a result
both soluble and colloidal fractions contribute to the vari-
ability in the dFe profile. In fact, the sFe concentrations
from all stations of OC449-2 were generally more variable
than in the two stations measured by Bergquist et al.
(2007; Fig. 4c–d), and at no stations in OC449-2 could
sFe be considered to remain constant with depth. At the
subtropical gyre site of Bergquist et al. (2007), sFe concen-
trations were nearly constant through the upper 1000 m,
averaging 0.34 ± 0.04 nmol/kg (1SD, n = 12) over all
depths sampled, while OC449-2 subtropical gyre stations
reached lower sFe minima in the upper ocean (0.12–
0.22 nmol/kg) and higher maxima in the deeper waters
(0.4–0.5 nmol/kg; Fig. 4c). The same is true of the OMZ
stations where OC449-2 stations reached a lower sFe near
the chlorophyll maximum (0.1–0.15 nmol/kg) and higher
sFe maxima in OMZ waters (0.6–0.7 nmol/kg) than the
nearly constant 0.40 ± 0.06 nmol/kg (n = 9) measured by
Bergquist et al. (2007) at their OMZ site (Fig. 4d).

Relatively invariant sFe below the euphotic zone was a
major finding of the Bergquist et al. (2007) study that, com-
bined with the dominance of cFe in the upper waters under-
lying dust deposition, led them to conclude that colloidal Fe
dominates dFe variability throughout the ocean (Fig. 7a).
The tropical North Atlantic OC449-2 stations, however,
show a reliance of dFe variability on both sFe and cFe con-
centrations (Fig. 7b). Why do these two studies show differ-
ent patterns in dFe size partitioning? One possibility is that
Station 13 is farther into the OMZ than Bergquist et al.’s
OMZ station and thus might receive more of a “uniquely
partitioned” OMZ Fe input that is enriched in more soluble
Fe than colloidal Fe. Fitzsimmons et al. (2013) used several
proxies to apportion the Fe sources to the OMZ and con-
cluded that the most likely mechanism for the enriched
Fe in the broad tropical North Atlantic OMZ was
enhanced remineralization of high Fe:C organic material
formed in the dust-laden surface waters above, rather than
advection/mixing out from an African margin Fe source. If
this is true, then for a remineralization-derived “source
partitioning signature” to explain the difference between
dFe partitioning in the Fig. 6 profiles, there must be a dif-
ference in the microbial communities between Station 13
and Bergquist et al.’s OMZ station that would cause a
change in the partitioning of remineralized Fe in the
OMZ. Alternatively, the partitioning of free ligands that
bind this newly remineralized material in the OMZ could
be different between the two sites, favoring more soluble
ligands along OC449-2 stations and more colloidal ligands
at Bergquist et al.’s study site.
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However, as shown in Fig. 7b, the dFe dependence on
both sFe and cFe phases in OC449-2 is not isolated only to
the OMZ stations: both soluble and colloidal size fractions
are variable across the entire tropical North Atlantic Ocean,
including the subtropical gyre stations. The data of Berg-
quist et al. (2007) shows a narrower range in sFe concentra-
tions despite a wide range in dFe concentrations, and thus
only a dFe–cFe relationship can be deduced from their data
(Fig. 7a). Across the wider OC449-2 span of oceanographic
conditions in the tropical North Atlantic (Fig. 7b), however,
sFe too was correlated with dFe variability.

We believe that the dFe partitioning pattern where both
sFe and cFe contributions to dFe variability is more repre-
sentative of the general tropical North Atlantic Ocean,
given the wider range of sampling locations in OC449-2.
We hypothesize that this more equivalent sFe-cFe parti-
tioning is attributed to one of two mechanisms: (1) the
near-equal partitioning of Fe-binding ligands in the two
size fractions controls dFe size distributions directly (an
“equilibrium” control of dFe size partitioning), or (2)
following remineralization the exchange rates between
soluble and colloidal Fe (aggregation/disaggregation or
ligand exchange) set a “steady state” dFe partitioning that
is nearly equivalent between the two size fractions (a kinetic
control of dFe size partitioning). We suggest that the
>0.8 nmol/kg dFe data of Bergquist et al. data in Fig. 7a
fall off the linear dFe-sFe trend because they do not reach
a steady state between aggregation/disaggregation due to
their location in waters of “intermediate” oxygen concen-
tration after mixing of OMZ and gyre waters (as discussed
in Section 3.2.2).
We emphasize that a statistically significant linear slope
between dFe–sFe (Fig. 7b, left panel) was observed in this
OC449-2 dataset, while no previous study in the Atlantic
Ocean (Bergquist et al., 2007), Northeast Atlantic (Thuróczy
et al., 2010), or the Southern Ocean (Chever et al., 2010) re-
corded a statistically significant dFe-sFe regression. This
reinforces the conclusion that soluble Fe is playing a greater
role in dFe variability in the tropical North Atlantic than pre-
viously suggested. We also note that the slopes for the dFe–
sFe (1.235 ± 0.140, ±1SE) and dFe–cFe (1.261 ± 0.156)
relationships in Fig. 7 are identical, indicating that within
the scatter of the regressions, soluble and colloidal Fe con-
tribute equally (50–50%) to dissolved Fe variability. This
can also be seen in the sFe–cFe plot in the right panel of
Fig. 7b, where most of the points below the DCM fall on
or near the 1:1 line, indicating that sFe and cFe concentra-
tions on average contribute 50–50% of dFe variability. We
note here that serial correlation (resulting from a calculation
of cFe as dFe–sFe) would cause any random error in sFe to
result in a random relationship between sFe and cFe, while
our results show a slightly positive sFe–cFe relationship near
the 1:1 sFe–cFe line for all data below the DCM. Further-
more, any systematic positive error in sFe would result in
an underestimation of cFe by autocorrelation; however, we
find a positive dFe–cFe correlation (Fig. 7b, middle panel)
and thus discount systematic errors causing biased dFe–
cFe relationships via serial correlation. The dFe–cFe slope
calculated for the OC449-2 data (1.261 ± 0.156) is not signif-
icantly different from the dFe-cFe slopes cited by Bergquist
et al. (2007) for their Atlantic Ocean data (1.18) or Thuróczy
et al., 2010 for their Northeast Atlantic data (1.16).
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The near-equal slopes between dFe–sFe and dFe–cFe and
the sFe–cFe relationship near the 1:1 line below the DCM
both suggest that the average partitioning of marine dFe is
50–50% to the soluble and colloidal pools (when using a
0.02 lm filter), driven either by direct control of the dFe size
distribution by equally partitioned Fe-binding ligands or by
a steady-state exchange rate between soluble-colloidal Fe
pools. However, regional Fe inputs or processes may impart
additional Fe sources to one of the phases on top of this con-
stant partitioning, while scavenging/output processes may
detract from it, to produce the observed variable partition-
ing. An example of this is the upper ocean (DCM and above),
where uniquely partitioned Fe sources (dust) and/or biolog-
ical Fe processing has prevented the dFe from reaching the
nearly 50–50% size partitioning observed at steady state in
the rest of the water column (Fig. 7b, right panel, open cir-
cles). Additionally we believe that the data of Bergquist
et al. (2007) has not reached a sFe–cFe steady state exchange
because of unique processes/kinetics occurring in the OMZ-
gyre mixing zone (Section 3.2.2). Whether it is abiotic rates of
scavenging/aggregation or the partitioning of organic li-
gands that controls the observed constant dFe partitioning,
and if so which Fe-ligands are most important and where
do they come from, remains to be determined. The constant
partitioning model is supported globally by near equal con-
tributions of soluble and colloidal Fe to deep ocean dFe par-
titioning in the Atlantic, Pacific, and Southern Oceans (Wu
et al., 2001; Bergquist et al., 2007; Boye et al., 2010; Chever
et al., 2010).

It is clear from this and similar studies that the partition-
ing of dFe between soluble and colloidal phases is variable,
even within the tropical North Atlantic alone, yet this par-
titioning has a major impact on Fe biogeochemical cycling,
potentially affecting dFe bioavailability, solubility, and res-
idence times. Unfortunately, we know very little about the
chemical composition of dFe in the ocean, but it is clear
from this and other size fractionation studies that soluble
and colloidal Fe species cycle independently to some extent
(especially in the upper ocean) and warrant further study,
both in exploration of their distribution as well as in exper-
imental constraint of their bioavailability, exchange kinet-
ics, and scavenging potential. We rely on the assumption
that the partitioning of organic Fe-binding ligands influ-
ences the observed dFe partitioning, yet of the three pub-
lished studies that have measured the size fractionation of
ligands using electrochemical techniques (Cullen et al.,
2006; Boye et al., 2010; Thuróczy et al., 2010), none have
found that ligand partitioning actually predicts the ob-
served dFe partitioning. This either indicates that electro-
chemical measurements are missing a fraction of Fe-
binding ligands that are active in the open ocean, or that
there is a missing link between our kinetically-limited mea-
surements of Fe-binding ligand concentration/binding
strength and our thermodynamic understanding of organic
ligand-binding of Fe in the open ocean. We still have much
to learn about the chemical environment of dFe in the open
ocean that will help us predict how Fe is solubilized and
made available to marine microbes yet also is eventually
scavenged to the particulate phase.
4. CONCLUSIONS

In this study, we investigated the partitioning of dFe be-
tween soluble and colloidal size fractions in the tropical
North Atlantic and compared the distributions to the study
of dFe size partitioning completed previously in the western
portion of this region (Bergquist et al., 2007). We found
that in the surface ocean underlying the Saharan dust
plume that dFe was composed predominately of colloidal
Fe, supporting the hypothesis that dust-derived Fe may
be preferentially retained in the colloidal size fraction
(Wu et al., 2001; Aguilar-Islas et al., 2010). At the chloro-
phyll maximum, colloidal Fe was minimized or disappeared
completely, which is likely due to a combination of biolog-
ical uptake of colloidal Fe and/or the scavenging/aggrega-
tion of cFe at this depth. At remineralization depths,
colloidal Fe only dominated at intermediate oxygen con-
centrations of 100–110 lmol/kg, suggesting that colloidal
Fe may serve as a conduit of Fe loss during mixing of
OMZ and oxygenated gyre waters. In the deep ocean,
dFe size partitioning averaged 50–50% between the soluble
and colloidal phases. Typical NADW sFe concentrations
were observed, and in deeper waters including an AABW
component that appear to have acquired Fe from hydro-
thermal activity or some other source during passage
through the Vema Fracture Zone (Fitzsimmons et al.,
2013), soluble Fe did not increase coincidently, indicating
that any Fe addition was contributed by the colloidal phase
alone.

Most significantly, the results of this study oppose the
premise that colloidal Fe alone controls the dissolved Fe
variability in the open ocean. We instead propose that both
soluble and colloidal Fe control dFe concentration variabil-
ity and that the near-constancy of sFe with depth observed
in previous studies represents either a constant open ocean
dFe partitioning pattern over which regional Fe sources
with unique dFe partitioning are overlain to explain the ob-
served partitioning, or that Fe-binding ligand partitioning
between the two size fractions is variable in the open ocean
and directly controls dFe partitioning. This distinction war-
rants future exploration in studies where the size fraction-
ation of both the Fe-binding ligands and dFe are
measured together throughout the water column. In gen-
eral, this study confirms that soluble and colloidal Fe have
unique patterns of cycling in different ocean regions and
depths, and the two size classes cycle independently to some
extent, especially in the upper ocean. These global dFe par-
titioning distributions influence both the bioavailability and
scavenging residence time of dFe in the open ocean.
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