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Abstract The low availability of the essential micronutrient iron (Fe) in the ocean impacts the efﬁciency
of the biological carbon pump, and hence, it is vital to elucidate its sources, sinks, and internal cycling.
We present size‐fractionated dissolved Fe (dFe, <0.2 μm) measurements from 130 surface samples and 7
full‐depth proﬁles from the subtropical North Atlantic during summer 2017 and demonstrate the
pivotal role of colloidal (cFe, 0.02 to 0.2 μm) over soluble (sFe, <0.02 μm) Fe in controlling the dFe
distribution. In the surface (<5 m), a strong west‐to‐east decrease in dFe (1.53 to 0.26 nM) was driven by a
dust gradient, which retained dFe predominantly as cFe (61% to 85% of dFe), while sFe remained largely
constant at 0.19 ± 0.05 nM. In the euphotic zone, the attenuation of dFe resulted from the depletion of
cFe (0% to 30% of dFe), with scavenging as an important driver. In the mesopelagic, cFe was released
from sinking biogenic and lithogenic particles, creating a zone of elevated dFe (0.7 to 1.0 nM) between
400 to 1100 m depth. While the ocean interior, below the mesopelagic and above the seaﬂoor boundary,
exhibited a narrow range of cFe (40% to 60% of dFe), the abyssal cFe fraction varied in range from 26% to
76% due to interactions with seaﬂoor sediments and a hydrothermal source with almost 100% cFe.
Overall, our results produced an hourglass shape for the vertical cFe‐to‐dFe fraction and highlight the
primary control of cFe on the dFe distribution.

Plain Language Summary Phytoplankton require nutrients such as phosphorus, nitrogen, and
iron. Of these, iron is particularly interesting due to the paradox of its requirement for life‐supporting
mechanisms on the one hand and its low oceanic concentrations on the other. Iron is >1000‐fold lower
than the “traditional” nutrients. Hence, it is important to know how much iron is introduced to the
ocean (sources), how much is removed (sinks), and how it is processed during its residence in the water.
This study addressed these questions by measuring the iron concentrations in the subtropical North
Atlantic. Our samples were ﬁltered through two ﬁlter sizes to investigate the distributions of iron's
different size fractions, a popular tool to gain a detailed understanding of the overall iron cycle. We found
that the smallest size fraction, “soluble iron,” does not vary much throughout the water column, but the
slightly larger “colloidal iron” varies a lot, especially in the upper ocean and close to the seaﬂoor, where
dynamic supply and removal processes occur. The unequal behaviour of these fractions is an important
ﬁnding that will improve the accuracy of biogeochemical models for iron, which in turn can improve the
prediction of phytoplankton growth in the present and future ocean.

1. Introduction
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Iron (Fe) is an essential micronutrient for marine primary production due to its enzymatic requirement in
key metabolic functions such as photosynthesis, respiration, and the acquisition of macronutrients
(Falkowski, 1997; Morel, 2003). For example, diazotrophs require Fe to ﬁx dinitrogen (N2) into more
bioavailable forms, where surface nitrate concentrations are sufﬁciently low to limit biological activity
(<10 nM), such as in the oligotrophic North Atlantic gyre (Mahaffey et al., 2003; Moore et al., 2009).
However, due to the low solubility of Fe(III), the thermodynamically stable Fe species in seawater (Kuma
et al., 1996; Liu & Millero, 1999), chronically low surface water dissolved Fe (dFe) concentrations prevail
(<0.1 nM) that limit phytoplankton growth in large regions and result in a less efﬁcient biological carbon
pump (Moore et al., 2013). Concentrations exceeding the solubility limit can be maintained by organic
ligands (Gledhill & Buck, 2012), which form a crucial component in the regulation of Fe bioavailability in
the oceans (Tagliabue, Aumont, & Bopp, 2014).
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Table 1
The Different Size‐Fractionated Fe Species Used in This Study
Iron species
Soluble Fe
Colloidal Fe
Dissolved Fe
Apparent particulate Fe
Total dissolvable Fe

Abbreviation
sFe
cFe
dFe
pFeapp
TDFe

Filtration size

Measurement

<0.02 μm
0.2 μm <cFe < 0.02 μm
<0.2 μm
>0.2 μm
Unﬁltered

Direct measurement by FIA‐CL
Calculated using cFe = dFe‐sFe
Direct measurement by FIA‐CL
Calculated using pFeapp = TDFe‐dFe
Direct measurement by FIA‐CL

Note. FIA‐CL refers to ﬂow injection analysis with chemiluminescence detection (see methods).

Superimposed on its low concentration is the “hybrid” nature of Fe, where it displays a combined nutrient‐
type and scavenged‐type vertical distribution (Bruland & Lohan, 2004). Scavenging, an umbrella term for
adsorption, absorption, aggregation processes, and the eventual transfer to the particulate phase
(Honeyman & Santschi, 1989; Wells & Goldberg, 1992), reduces the residence time of Fe and exacerbates
the potential of Fe limitation.
Of the total Fe pool, only dissolved Fe (dFe), a continuum of exchangeable physicochemical species, is considered bioavailable (Tagliabue et al., 2017). Despite great progress in our understanding of the oceanic dFe
cycle, thanks to GEOTRACES (http://www.geotraces.org/) and similar studies, major unknowns persist.
These include its residence time with estimates ranging between 5 and 500 years (Tagliabue et al., 2016)
and its bioavailability with variations over three orders of magnitude depending on the Fe substrate (Lis
et al., 2015). To determine the complex mechanisms controlling the particle reactivity and bioavailability
of Fe, total Fe can be separated into different size classes using operationally deﬁned ﬁlter sizes (Table 1).
Size fractions of Fe can be deﬁned as soluble (sFe < 0.02 μm), colloidal (0.02 μm < cFe < 0.2 μm), dissolved
(dFe < 0.2 μm), apparent particulate (pFeapp > 0.2 μm), and total dissolvable (TDFe, unﬁltered) Fe.
Soluble Fe represents the “truly dissolved” Fe fraction, although only a small portion is present as free Fe,
while the majority is complexed by organic ligands such as high‐afﬁnity siderophores (Gledhill & Buck,
2012). Soluble Fe is highly bioavailable in both free and complexed forms and arguably the favourable species for biological uptake (Lis et al., 2015; Shaked et al., 2005). In contrast, cFe, present in suspended nanoparticles or bound to colloidal‐sized organic ligands, is rarely or less readily bioavailable (Chen & Wang,
2001; Wang & Dei, 2003) but can constitute almost 100% of dFe (Fitzsimmons et al., 2015).
Colloids serve as conduit for transferring Fe between the soluble and particulate phases in a two‐step scavenging process termed “Brownian pumping,” which involves the sorption of sFe onto the colloidal intermediate followed by the aggregation of colloids to larger particles (Honeyman & Santschi, 1989; Wells &
Goldberg, 1992). While scavenging and biological uptake result in the transfer from the dissolved to the particulate phase, particles simultaneously replenish the dFe inventory via dissolution or remineralization
(Milne et al., 2017).
Published data on size‐fractionated Fe revealed two opposing hypotheses concerning the role of sFe and cFe
in driving the Atlantic dFe distribution in particular. Largely invariable concentrations of sFe and variable
cFe concentrations led Bergquist et al. (2007) to conclude that a dynamic colloidal phase controls the dFe
distribution. In contrast, Fitzsimmons, Carrasco, et al. (2015) and Fitzsimmons and Boyle (2014) measured
variability in both cFe and sFe, and hence, attributed a joint control on dFe by both size fractions.
The North Atlantic is heavily impacted by Fe‐rich dust deposition from the Sahara and to lesser extent from
Europe and North America, receiving >40% of the global dust ﬂux to the ocean (Jickells et al., 2005).
Prevailing wind patterns further introduce seasonality to the dust deposition, with highest dust‐derived Fe
ﬂuxes in the summer (Sedwick et al., 2005), while the seasonal migration of the Intertropical
Convergence Zone controls wet deposition, which is efﬁcient for delivering Fe to the ocean (Schlosser
et al., 2014). Atmospheric deposition imprints elevated dFe concentrations in the surface waters (~0.5 to
1.0 nM) of the North Atlantic that are in excess of those observed in the less dusty South Atlantic (<0.5
nM) (Ussher et al., 2013). This strong external Fe source to the otherwise oligotrophic subtropical gyre creates a unique biogeochemical setting with a hotspot for N2 ﬁxation (Moore et al., 2009). Hence, the North
Atlantic is a key region for the understanding of the oceanic Fe cycle.
KUNDE ET AL.
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Figure 1. Map of the North Atlantic Ocean. Indicated are the stations of full‐depth sampling (black dots, red numbers)
and the cruise track along which surface samples were taken (black line). Cruise tracks of previous studies on size‐fractionated Fe in this region are also shown (gray lines, arrows pointing to associated publication).

Using the physical speciation of Fe from a 3,000 km‐long surface transect and 7 full‐depth proﬁles (Figure 1),
the present study addresses the questions: (1) What external and internal factors drive the distribution of Fe
in the subtropical North Atlantic? (2) How do sFe and cFe fractionally contribute to the dFe budget? (3) And
which fraction exerts the greater regulatory control?

2. Materials and Methods
2.1. Sample Collection
Seawater samples were collected during cruise JC150 (Figure 1) in the subtropical North Atlantic in summer
(26 June to 12 August 2017), sampling between Guadeloupe and Tenerife onboard the RRS James Cook.
Seven stations were occupied for vertical proﬁling, while underway surface sampling (<5 m) was conducted
along the transect at a resolution of ~0.23 ° longitude. Seawater samples were collected using a titanium
rosette ﬁtted with 24 × 10 L trace metal‐clean Teﬂon‐coated OTE (Ocean Test Equipment) bottles and a
CTD proﬁler (Sea‐Bird Scientiﬁc) deployed on a conducting Kevlar wire. Upon recovery, the OTE bottles
were transported into a class‐1000 clean air van and pressurized (0.7 bar) with compressed air ﬁltered in‐line
through a 0.2 μm PTFE ﬁlter capsule (Millex‐FG 50, Millipore). Subsamples for dFe were ﬁltered through 0.2
μm membrane cartridge ﬁlters (Sartobran 300, Sartorius) into trace metal‐clean 125 ml low‐density polyethylene bottles and acidiﬁed to pH 1.7 (0.024 M) by addition of 12 M ultrapure hydrochloric acid (HCl,
Romil, UpA) under a class‐100 laminar ﬂow hood (Lohan et al., 2006). Samples for sFe went through an
additional in‐line ﬁltration step inside a laminar ﬂow hood through 0.02 μm syringe ﬁlters (Anotop,
Whatman) before acidiﬁcation. The ﬁltration manifold consisted of PTFE manifold tubing and PVC peristaltic pump tubing, cleaned daily with weak 1 M HCl (SpA, Romil) and conditioned prior to use with low Fe
seawater (Wu et al., 2001; Ussher et al., 2010). A new ﬁlter was used for each sFe sample. Samples for
TDFe were collected unﬁltered and then acidiﬁed. For the underway samples, seawater was pumped into
the trace metal‐clean van using a Teﬂon diaphragm pump (A‐15, Almatec) connected by acid‐washed
PVC tubing to a towed “Fish” sampler. These samples were ﬁltered in‐line (<0.2 μm), and acidiﬁed, while
the ﬁltration step was omitted for TDFe, and no underway sFe samples were taken.
2.2. Iron Measurements
All sFe, dFe, and TDFe samples were analyzed in triplicate (three analytical peaks) using ﬂow injection analysis with chemiluminescence detection (Floor et al., 2015; Obata et al., 1997) inside a class‐1000 clean air
laboratory either onboard or at the National Oceanography Centre Southampton, UK. Brieﬂy, each sample
was spiked 1 hr prior to analysis with 0.013 M ultrapure H2O2 (Sigma‐Aldrich) to ensure the complete
KUNDE ET AL.

1534

Global Biogeochemical Cycles

10.1029/2019GB006326

oxidation of Fe (II) to Fe (III) (Lohan et al., 2006). Each sample was buffered in‐line to pH 3.5 to 4.0 using a
0.15 M ammonium acetate (Romil, SpA) before Fe (III) was preconcentrated onto the cation exchange resin
Toyopearl‐AF‐Chelate 650 M (Tosohaas) typically for 60 s at a ﬂow rate of 1.5 ml min‐1. Following a rinse
step of a weak 0.013 M HCl (Romil, SpA), Fe was liberated from the resin using 0.24 M HCl (Romil, SpA)
and entered the reaction stream where it mixed with a precleaned 0.015 mM luminol solution containing
70 μl L‐1 triethylenetetramine (Sigma‐Aldrich), buffered to pH 9.4 to 9.6 using a 1 M ammonia solution
(Romil, SpA). Chemiluminescence occurred following the addition of 0.4 M H2O2, with the light signal
detected (425 nm) by a photomultiplier tube (H82259, Hamamatsu). Iron concentrations were quantiﬁed
using standard additions (TraceCERT, Fluka Analytical) to low Fe seawater. The limit of detection (three
times the standard deviation of the lowest addition) was 0.03 ± 0.02 nM (n = 59), while the precision of three
analytical peaks was 2.78 ± 2.02% (n = 1764). The procedural blank was assessed at the beginning of each
analytical run using ultrahigh purity water, treated in the same way as the samples, and averaged 0.05 ±
0.03 nM (n = 69). Accuracy was established by repeat quantiﬁcation of dFe in the SAFe reference samples
yielding 0.11 ± 0.02 nM (n = 6) and 0.94 ± 0.04 nM (n = 17) for SAFe S and SAFe D2, respectively, which
agree with the reported consensus values (S = 0.095 ± 0.008 nM; D2 = 0.96 ± 0.02 nM).
2.3. Auxiliary Parameters
Samples for chlorophyll‐a (Chl‐a) analysis from both the OTE bottles and the underway system were ﬁltered
through 0.7 μm glass microﬁber ﬁlters (Whatman GF/F) and extracted in 90% acetone overnight (Holm‐
Hansen et al., 1965). The Chl‐a extract was measured on a precalibrated (Spinach Chl‐a Standard, Sigma)
ﬂuorimeter (Turner Designs Trilogy) and used to calibrate the ﬂuorescence sensor on the CTD (Seabird
911+) daily. Salinity was calibrated onboard using an Autosal 8400B salinometer (Guildline). Dissolved oxygen (O2) was measured by a Seabird SBE43 sensor, calibrated onboard using a photometric‐automated
Winkler titration system (Carritt & Carpenter, 1966). Turbidity was monitored using a WETLabs BBRTD
light scattering sensor.
2.4. Calculations and Deﬁnitions
Mixed layers were calculated using a density change of 0.03 kg m‐3 (de Boyer Montégut et al., 2004). To integrate Fe budgets across the upper ocean (section 3.2.1), the 1026.5 kg m‐3 isopycnal was chosen as lower
boundary. We did not try to capture a speciﬁc water mass, instead the intention was to compare the total
Fe inventory in this layer across stations. This resulted in integration depths between 350 m at Station 1
and 220 m at Station 7. Shallower isopycnals would not have captured the full DCM at Station 7 (Figure
6). Similarly, for remineralization effects on dFe budgets in the mesopelagic (section 3.2.3), we chose the isopycnals 1026.30 and 1027.50 kg m‐3 as boundaries because they cover the oxycline from ~180 to 130 μmol kg‐
1
between 220 to 1000 m depth (details found in the supporting information in Figure S2). Apparent oxygen
utilization (AOU) was used to calculate dFe/C ratios (AOU:C = 1.6, Martin et al., 1989). For a global comparison of size‐fractionated dFe distributions in the mesopelagic (section 3.2.3), we included all cFe measurements from the referenced data sets that lie within 10% of the maximum AOU at each station. For
consistency, we used the AOU from the global annual 1 ° grid of the World Ocean Atlas 2018 (Garcia
et al., 2013). Extracted AOU values were in excellent agreement with those calculated from measured O2
concentrations during JC150. Stations reportedly inﬂuenced by sedimentary or hydrothermal input were
excluded. Annual dust ﬂuxes were extracted from Albani et al. (2016). Colloidal Fe data was binned by
annual dust ﬂux in 1 g m‐2 yr‐1 increments.

3. Results and Discussion
3.1. Large‐Scale Distribution of Dissolved Iron
Figure 2 displays the full water column distribution of dFe across the transect with four main features of
note: (1) an enrichment in the immediate surface layer, (2) a subsurface minimum between 50 to 200 m,
(3) an increase in dFe in the mesopelagic between 400 to 1100 m, and (4) a large point source in the deep
ocean at 45 °W (Figure 2). The most eye catching of these features was the midsection hotspot with up to
27 nM at 3300 m at Station 4, attributed to hydrothermal input from the Snakepit vent ﬁeld on the Mid‐
Atlantic Ridge. The surface enrichment was most pronounced west of 54 °W with ≥1 nM dFe at Stations
1 and 2 (Figure 3), likely as a result of Fe‐rich dust deposition from North Africa. In contrast, distinct dFe
KUNDE ET AL.
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Figure 2. Section plot of dFe concentrations against distance from west to east. The very high concentrations measured
over the Mid‐Atlantic Ridge at Station 4 reach up to 27 nM but are excluded from the colour bar. The plot was produced with Ocean Data View (Schlitzer, 2018), using weighted‐average gridding for interpolation with maximum scale
lengths of 35 and 33 ‰ for the x‐ and y‐axes, respectively.

minima were present in the subsurface at all stations across the gyre with concentrations as low as 0.09 nM
at 60 m in the east (Station 7). Concurrent with the location of the deep Chl‐a maxima (DCM), these dFe
minima probably result from the combination of scavenging and biological uptake. Below the DCM to a
depth of ~1100 m, dFe gradually increased to maxima of 0.7 to 1.0 nM, with highest concentrations in the
east. Mesopelagic dFe enrichments correlated with AOU (R2 = 0.58, n = 100) and probably derived from
the continued dissolution of sinking dust particles and from the remineralization of organic matter. Away
from external sources and from the inﬂuence of biological processes, the concentration of dFe in the ocean
interior below the low O2 waters and above the seaﬂoor water‐sediment interface was 0.67 ± 0.14 nM,
excluding the hydrothermal inﬂuence observed at Station 4.
Overall, we show that dust acted as the main driver of the surface Fe distribution with far‐reaching effects on
the underlying water column, while sediment resuspension and hydrothermalism were important in the
abyss. Scavenging was the major sink. Our main ﬁnding is that the cFe distribution results in an “hourglass”
pattern with depth. This is due to the decoupling of cFe and sFe, where the major sources and sinks of dFe

Figure 3. Surface concentrations of dFe (black), sFe (white), TDFe (blue), and salinity (cyan line) against longitude along
the cruise track. The calculated concentrations of cFe and pFeapp are indicated with arrows. The dFe and TDFe concentrations are from the underway samples (<5 m); the sFe concentrations are from the shallowest water column samples
(between 15 and 25 m) at each station. Error bars show one standard deviation of the mean concentration of three analytical replicates.
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Figure 4. Surface plot of the North Atlantic showing the difference of dFe concentration averaged over 0 to 50 m depth
minus the concentration averaged over 100 to 150 m depth in a 1° x 1° grid. Red values show higher concentrations in
surface than at depth, a typical dust‐driven behaviour. Blue values show lower concentrations in the surface than at depth,
a typical nutrient‐like behavior. Circles indicate JC150 stations. Data from Tagliabue et al. (2012) and augmented with
data from the GEOTRACES Intermediate Data Product 2017 (Schlitzer et al., 2018).

result in increases or decreases of the cFe budget, with large ranges in both the surface ocean and close to
the seaﬂoor.
The current understanding of the partitioning between cFe and sFe for regulating the dFe distribution stems
from the pioneering work done by Bergquist et al. (2007) and more recently by Fitzsimmons, Carrasco, et al.
(2015), the latter of which indicated an equal control between cFe and sFe, given the evidence for a more
dynamic soluble phase compared to Bergquist et al.'s (2007) conclusions that colloids alone accounted for
the observed partitioning. Based on our colloidal Fe data, we argue it is a balance of both of these mechanisms depending on the presence or absence of external drivers at different depths. Where dFe is supplied or
removed, the colloidal and soluble phases were strongly decoupled with cFe taking on a greater regulatory
control for the dFe distribution and shaping the wide top and bottom sections of the hourglass. In the interior ocean away from external sources or sinks, the dFe partitioning was balanced between cFe and sFe in a
steady‐state equilibrium, which formed the neck of the hourglass.
3.2. Distribution of Soluble and Colloidal Iron
3.2.1. The Dusty Surface Ocean
The JC150 transect underlies the northern extent of the Saharan dust plume that provides approximately 200
Tg yr‐1 of dust to the North Atlantic (Jickells et al., 2005). Dust deposition from Sahara‐inﬂuenced air masses
regulates the Fe budget in the surface North Atlantic via aerosol solubilization (Sedwick et al., 2005; Ussher
et al., 2013) and is overwhelmingly the largest ﬂux of Fe to this region (Ussher et al., 2013).
Our surface sampling revealed a longitudinal decrease of surface dFe concentrations from west to east, with
a maximum of 1.53 nM at 60 °W and a minimum of 0.26 nM at 31 °W (Figure 3). Concentrations >0.5 nM are
typical for the dust‐dominated North Atlantic (Fitzsimmons, Carrasco, et al., 2015; Hatta et al., 2015;
Measures et al., 2008; Sedwick et al., 2005), which contrast with concentrations of <0.25 nM for the dust‐
limited South Atlantic, Paciﬁc, and Southern Ocean (Buck et al., 2017; Chever et al., 2010; Fitzsimmons
et al., 2015; Nishioka et al., 2001). The west‐east gradient we observed appeared counterintuitive with regard
to the location of the Saharan source. However, it was consistent with a compilation of upper ocean dFe data
from the North Atlantic (Figure 4), where Fe proﬁles appeared more inﬂuenced by dust in the west compared to the east. This is because large amounts of dust are entrained into the warm Saharan Air Layer
(SAL), which is trapped at altitudes above the dust‐free northeasterly trade wind inversion and exported
KUNDE ET AL.
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Figure 5. The integrated upper ocean Fe inventories of (a) dFe (black), (b) sFe (white) and cFe (red), and (c) TDFe (blue) and pFeapp (yellow). Station 4 at 45 °W has
been excluded for sFe and cFe due to the lack of data points.

westward with the strong circulation of the Azores‐Bermuda High during summer (Schepanski et al., 2009;
Tsamalis et al., 2013). As the SAL descends westward, the dust increasingly mixes into the marine boundary
layer where it seeds the surface ocean (Tsamalis et al., 2013), thereby imprinting the longitudinal gradient of
dust‐derived Fe that we observed. Previous investigations into atmospherically derived Fe at the Bermuda
Atlantic Time‐series Study conﬁrm a large Saharan dust source during summer (Fishwick et al., 2014;
Sedwick et al., 2005).
Accompanying measurements of TDFe displayed a similar trend to dFe, decreasing from >3 nM in the west
to <1 nM in the east, but with larger variability than dFe (Figure 3). The dFe/pFeapp ratio was 0.57 ± 0.25 for
the entire transect except for the most western sample at 60 °W. Here, the pFeapp concentration was only
0.53 nM, and the dFe concentration was 1.53 nM, resulting in a dFe/pFeapp ratio of 2.87 in stark contrast
to the remaining transect, and suggesting a lower inﬂuence of dust deposition at this location. The surface
samples west of 58 °W (Station 1) were collected at lower latitudes (17.5 to 21.6 °N) than the remaining transect (≥22 °N) (Figure 1), where the lower salinities (34 to 36) (Figure 3) indicate the northern boundary of the
seasonal Amazon and Orinoco River plumes (Fournier et al., 2015). Rijkenberg et al. (2014) showed a strong
linear inverse correlation between dFe and salinity during summer 2013. Hence, the elevated dFe concentrations in the surface samples approaching Station 1 possibly originated from the river plume which may have
lost pFeapp relative to dFe during the seaward transport and mixing with seawater.
The concentrations of sFe from the shallowest depth from the CTD averaged 0.19 ± 0.05 nM across the transect. Importantly, they displayed no west‐to‐east gradient, in contrast to the basin‐scale distributions of the
other Fe size fractions, and appeared to be independent of the magnitude of dFe and pFeapp inputs. The average excludes the slightly elevated sFe concentration of 0.33 nM at 58 °W (Station 1), which was possibly an
artifact of the Amazon and Orinoco River plumes.
What processes might be responsible for such small variation in the surface sFe concentrations? Potential
biogeochemical controls include Fe‐binding ligand distributions, a threshold for dust‐derived Fe dissolution
into the soluble phase or a dilution threshold beyond which sFe is unreactive. The two size‐fractionated
ligand studies available concluded that ligand distributions cannot account for size‐fractionated Fe distributions alone (Cullen et al., 2006; Fitzsimmons et al., 2015). Moreover, surface sFe concentrations higher
(Ussher et al., 2013) or lower (Chever et al., 2010) than our ~0.2 nM have been observed previously and render the threshold arguments unlikely. Alternatively, the resolution of our surface sFe data alongside the
small variations in the concentrations may prevent the identiﬁcation of a potential gradient for sFe and its
biogeochemical controls.
Regardless, the subtlety of the changes in the surface sFe concentrations implies that cFe was the driver of
the gradient in dFe concentrations in surface waters across the subtropical North Atlantic. The colloidal contributions to the dFe pool were highest where dFe and TDFe concentrations were elevated as a result of dust
KUNDE ET AL.
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input (and riverine input at Station 1), with values of 61% to 85% cFe for dFe concentrations of 0.53 to 1.25
nM between Stations 1 and 6. The maximum colloidal contribution of 85% cFe for a dFe concentration of
0.77 nM was observed at Station 3. In contrast, only 32% of dFe was in the colloidal form at Station 7 where
the dFe concentration was lowest (0.27 nM). While the high surface cFe fractions of >60% were consistent
with previous studies in the dust‐dominated North Atlantic (Fitzsimmons & Boyle, 2014; Fitzsimmons,
Carrasco, et al., 2015; Sedwick et al., 2005; Ussher et al., 2010), the absence of a surface colloidal maximum
at Station 7 is rather atypical of observations from the North Atlantic and resembled the dust‐limited surface
waters of the Paciﬁc (Fitzsimmons, Hayes, et al., 2015; Nishioka et al., 2001). The tight coupling of TDFe,
dFe, and cFe trends across the basin suggests that higher Fe in the particulate phase results in more dFe
via cFe, and hence particles have an important inﬂuence on the dFe size partitioning. These links were similarly evident in the size‐fractionated Fe data sets when plotting the top 50 m of the US‐GEOTRACES GA03
section, just north of our transect (Fitzsimmons, Carrasco, et al., 2015; Lam, 2018; Schlitzer et al., 2018;
Twining, 2014).
Seawater leaches of aerosol particles showed that dust‐derived dFe is predominantly retained as cFe in the
ocean, either as eroded fragments or due to the authigenic formation of colloidal‐sized Fe‐oxyhydroxides or
organic complexes (Fishwick et al., 2014), which explains the observed colloidal maxima in the high dFe‐
surface waters. Dust deposition is at its minimum in the eastern subtropical North Atlantic during summer
because of the high‐altitude transport of the SAL and the resulting deposition in the west. Hence, the unusually low colloidal fraction at Station 7 likely resulted from sampling this seasonal extreme. This is an
important insight because the North Atlantic is often characterized in bulk as a high dust and high Fe region
(Moore et al., 2009), but our results demonstrate the sensitivity of the Fe inventory to strong regional and
seasonal variability within the subtropical North Atlantic. This sensitivity resulted in two endmembers along
our section: A high dust endmember with a high colloidal contribution to dFe and a low dust endmember
with a low colloidal contribution to dFe.
While the instantaneous effect of dust deposition in the immediate surface is on cFe, a dust‐driven effect for
sFe is apparent when considering the entire upper water column (using integrated Fe inventories).
Increasing the sampling resolution enables us to detect impacts on the surface water column after the
dust‐derived Fe had the chance to undergo internal cycling. Dissolved Fe, cFe, and pFeapp inventories were
higher in the west than in the east, following a similar gradual longitudinal decrease as in the immediate surface (Figure 5), conﬁrming that dust affects the underlying layers too. Surprisingly, the sFe budget also
decreased clearly from west to east, a trend not apparent in the immediate surface (Figure 3). An important
caveat is that the shoaling of the isopycnals toward the west lowers the integrated budgets. However, depth‐
normalized integrated Fe budgets portray the same overall longitudinal trends for all size fractions. A possible mechanism driving the higher sFe in the upper ocean in the west versus the east is the indirect source
from dust, by which Fe is partially mobilized from the colloidal into the soluble phase via ligands as suggested by aerosol‐leaching experiments (Fishwick et al., 2014). This transformation could increase the bioavailable portion of dFe.
3.2.2. Iron Depletion Through the Euphotic Zone
Deep Chl‐a maxima are a widespread phenomenon in the subsurface of the (sub)tropical oceans and positioned across the nutriclines, where macronutrient supply from deeper waters sustains low light‐adapted
primary production (Cullen, 2015). The upper water column distributions of macronutrients and Fe are
decoupled due to greater remineralization length scales of Fe (Boyd et al., 2017). Consequently, the DCM
can become Fe limited (Sunda & Huntsman, 1997). At most of our stations, the dFe concentration gradually
decreased through the euphotic zone toward the DCM, often reaching minima between 60 and 200 m, where
Chl‐a peaked (Figures 6a–6g). Moreover, there was a gradual transition from the strongly dust‐driven dFe
proﬁles at Stations 1 and 2, where the difference between surface maxima and DCM minima was largest,
to the more nutrient‐like proﬁle at Station 7 (Figures 6a–6g). These two endmembers resulted from the
dust‐driven surface dFe distribution (Figure 3) and appear to be characteristic of the western and eastern
North Atlantic, respectively (Figure 4).
The attenuation of the dFe signal between the surface and the DCM was clearly controlled by the attenuation of cFe, which typically decreased to <30% of dFe in the DCM (Figures 6a–6g) or even disappeared completely, which was most pronounced at Station 5. Concentrations of sFe were less variable between surface
and DCM with slight increases observed in the center (Station 5) or on the slopes (Stations 2 and 4) of the
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Figure 6. (a–g) Proﬁles of dFe (black), sFe (white), and cFe (red) against density in the upper water column at each station. (h) Representative proﬁle of pFeapp
(yellow) against density at Station 2. Error bars show one standard deviation of the mean concentration of three analytical replicates. For the calculated cFe and
pFeapp concentrations, associated measurement errors were propagated. Traces of Chl‐a (green lines) and turbidity (gray lines, arbitrary units) are included.

DCM, where it accounted for up to 100% of dFe. These characteristics are in line with previous observations
from the DCM of the Atlantic (Fitzsimmons, Carrasco, et al., 2015) and Paciﬁc (Fitzsimmons, Hayes, et al.,
2015). In other words, cFe was removed over sFe in the euphotic zone despite the widespread understanding
that sFe is more bioavailable (Birchill et al., 2017). This leads to the question: Does the gradual depletion of
dFe via cFe through the euphotic zone mark a biological preference for cFe over sFe, or does scavenging
control the observed Fe distribution?
It is possible that the elevated Fe demands of the DCM community (Hogle et al., 2018; Sunda & Huntsman,
1997) force the utilization of the cFe pool, for example, via a ligand‐mediated transfer into the soluble phase
prior to uptake (Chen & Wang, 2001; Wang & Dei, 2003). If the uptake is time lagged from the transfer
between phases, cFe would be depleted, and (ligand bound) sFe would accumulate, which matches the
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observations in many of our depth proﬁles. However, the few size‐fractionated ligand studies concluded that
ligand distributions alone cannot account for the observed Fe distributions (Cullen et al., 2006; Fitzsimmons,
Bundy, et al., 2015), while Fitzsimmons, Bundy, et al. (2015) found no increase in soluble‐sized ligand production in the DCM. In addition, cFe and Chl‐a were not strongly negatively correlated (R2 = −0.27, surface
to 1026.5 kg m‐3), which would reﬂect biological uptake, and we did not observe an enrichment in pFeapp,
which would capture the cellular Fe pool.
Instead, we observed simultaneous minima of pFeapp and cFe in the DCM (Figure 6h and Figure S1) and a
stronger positive correlation of cFe with turbidity as an indicator of particle abundance (R2 = 0.48). This
strengthens the argument that cFe is not simply transferred from the dissolved to the particulate phase,
but both phases are removed together, leading us (and others: Ohnemus & Lam, 2015) to conclude that
dFe (in form of cFe) is shuttled out of euphotic zone via sinking particles and that this scavenging is a principal mechanism driving the distributions of cFe, dFe, and pFeapp here. Biological uptake appears to be a
minor contributor to the removal of dFe (cFe) but may be important in maintaining sFe levels via the replenishment from other Fe fractions.
Despite the likely co‐occurrence of these different processes, our size‐fractionated measurements identiﬁed
the preferential removal of cFe, not sFe, alongside pFeapp and, hence, the potential importance of particle
scavenging over biological uptake for the removal of Fe. The increasing resolution of size‐fractionated Fe
measurements repeatedly conﬁrm the cFe minima in the DCM as an intriguing phenomenon of the subtropical ocean which warrants further investigations, as highlighted in a recent review by Anderson (2020),
because the central implication of these minima is that despite large Fe‐rich dust depositions, the efﬁcient
removal of dFe leads to a potential Fe limitation in the DCM.
3.2.3. The Mesopelagic: Mirroring the Surface Ocean
It is a long‐standing paradigm that the distributions of major nutrients below the euphotic zone are shaped
by the balance between a preformed and a regenerated component, which are the result of physical transport
and the microbial degradation of organic matter (remineralization), respectively. Nutrients released by remineralization can sustain a major fraction of primary production when resupplied into the surface. Unlike the
macronutrients, Fe is subjected to additional processes, such as scavenging, that affect its subsurface inventory (Hatta et al., 2015; Tagliabue, Williams, et al., 2014; Twining et al., 2015). AOU provides a measure of
remineralization at depth, which is the result of local remineralization that acts on sinking biogenic particles
and of the transport of aging water masses. We observed a zone of lower O2 concentrations (120 to 150 μM)
and elevated dFe concentrations (0.7 to 1.0 nM) between 400 to 1100 m depth (Figure 2 and Figure S2). The
dFe/C ratio along the oxycline was 5.8 ± 0.50 μmol mol‐1 (R2 = 0.58, n = 100), which was within the range of
ratios previously reported for the North Atlantic (Fitzsimmons, Carrasco, et al., 2015; Hatta et al., 2015;
Milne et al., 2017) but lower than cellular ratios in phytoplankton of 33 to 57 μmol mol‐1 (Twining et al.,
2015), which demonstrates the impact of scavenging as a post‐remineralization sink. Microbial recycling
also occurs throughout the upper ocean, but O2 concentrations are in equilibrium with the atmosphere,
and hence AOU cannot function as a measure of remineralization.
In contrast to the biogenic‐dominated macronutrients, the majority of Fe‐bearing particles in our study
region is lithogenic. Boyd et al. (2010) showed that the dissolution of Fe from lithogenic particles dominates
over the release from biogenic material in the North Atlantic. Furthermore, Fe isotope measurements
revealed that the entire water column may be impacted by dust (Conway & John, 2014). If the mesopelagic
dFe inventory is driven by the release from lithogenic particles, it leads to the hypothesis that the dominance
of cFe over sFe may be observed at depth because dust‐derived Fe occurs predominantly as cFe. Within our
sample subset around the AOU maximum, the dFe size partitioning was 37 ± 16% cFe, but a global comparison of published size‐fractionated dFe data from the mesopelagic enables us to probe this theory (Figure 7).
Regions of high annual dust ﬂux (6.2 to 22.6 g m‐2 yr‐1) display higher mean cFe contributions of 60% to 48%
of dFe, respectively. In contrast, regions of lower dust ﬂux (1.0 to 5.1 g m‐2 yr‐1) exhibit lower mean cFe contributions of 39% to 42% of dFe. At dust ﬂuxes of <0.3 g m‐2 yr‐1, the cFe contributions are lowest with 35% of
dFe. This pattern of high colloidal fractions in the mesopelagic at high dust in contrast to low colloidal fractions at low dust is analogous to the surface ocean, where colloidal maxima are present in regions of high
dust (this study; Fitzsimmons, Carrasco, et al., 2015) and absent in dust‐limited regions (Nishioka et al.,
2001). The reason colloidal fractions from high dust regions are not as high in the mesopelagic compared
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Figure 7. Box plots of the partitioning of dFe into the colloidal fraction (red bars) at remineralization depths of different
oceanic regions, in order of increasing annual dust ﬂux (gray) from left to right. Boxes represent the interquartile
range; the middle line represents the median. Whiskers frame the 10th and 90th percentiles, while data points outside this
range are shown as dots. The cFe data used in this plot were compiled from the present study and from Nishioka et al.
(2001, 2013), Fitzsimmons, Carrasco, et al. (2015), Fitzsimmons, Hayes, et al. (2015), Bergquist et al. (2007), Ussher et al.
(2010), and Chever et al. (2010), and binned by dust ﬂux (see methods). Along the x‐axis, n indicates the number of
cFe measurements for each bin. For details on which data contributed to which bin, the reader is referred to Table S1.

to the surface (61% to 85%) may be explained by the two‐step model of Fishwick et al. (2014), in which some
cFe is transferred into the soluble phase over time. Furthermore, a portion of the released cFe is likely rescavenged. The tug‐of‐war between these mechanisms is eventually manifested in the 37 ± 16% cFe that
we observed.
The main result of this global comparison is a strong coupling between the speciation of dFe in the mesopelagic and the surface dust deposition. The implication is that the spatial variability of subsurface dFe distributions is driven by regional dust ﬂux. This highlights the sensitivity of the Fe cycle to changes in
atmospheric supply, especially in the light of past and future changes. Therefore, constraining the mesopelagic Fe cycling as a major pathway for the resupply to the surface requires the investigation of cFe speciﬁcally rather than bulk dFe.
3.2.4. The Deep Iron Inventory: Hydrothermalism and Seaﬂoor‐Sediment Interactions
While atmospheric deposition provides the largest input of Fe to the surface North Atlantic, modeling efforts
showed that sedimentary release and hydrothermal venting prevail globally by at least one order of magnitude (Tagliabue et al., 2010; Tagliabue, Aumont, & Bopp, 2014). The JC150 transect captured the inﬂuence of
both of these sources on the deep Fe inventory.
Station 4 targeted the Snakepit hydrothermal vent ﬁeld located around 3500 m depth on the Mid‐Atlantic
ridge (Beaulieu, 2015). Anomalies in the turbidity conﬁrm that we sampled the neutrally buoyant hydrothermal plume with a dFe concentration maximum of 27 nM at 3300 m (Figure 8). Hydrothermally derived Fe
can overcome near‐ﬁeld precipitation and be transported over large distances (>1000 km) (Resing et al.,
2015; Saito et al., 2013) via its stabilisation either by organic complexes (Sander & Koschinsky, 2011) or in
colloidal‐sized nanoparticles (Revels et al., 2015; Yücel et al., 2011). Our plume dFe samples were composed
of 92 ± 3% (n = 4) cFe, similar to the 89% to 96% cFe in the plume of the nearby Trans‐Atlantic Geotraverse
vent ﬁeld (Fitzsimmons, Carrasco, et al., 2015).
Apart from its role as an important source of Fe, the Mid‐Atlantic ridge also acts as a physical barrier
between the eastern and western abysses. The physical speciation measurements of Fe revealed opposing
trends on either side of the ridge. In the west, we observed elevated pFeapp concentrations of 6.4 nM at
5400 m at Station 1 and 4.0 nM at 5900 m at Station 2, compared to ≤2.0 nM for all other stations (data
not shown). No equivalent increase in dFe concentrations was observed (Figure 2), and the two deepest
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samples collected at 50 and 20 m above the seaﬂoor decreased by
0.13 and 0.09 nM at Station 1 and 2, respectively. The cFe contributed only 26% and 29% to the dFe budget, lower than values from
the overlying water column. In the east, this pattern was reversed.
At Station 5, dFe concentrations reached 1.26 nM at 20 m above
the seaﬂoor with a cFe fraction of 76%, and at Station 7, 63% of
dFe was in the colloidal form although no simultaneous increase
in the dFe concentration was detected. Gardner et al. (2017)
showed that thick benthic nepheloid layers form in the western
North Atlantic, and Lam et al. (2015) and Revels et al. (2015)
reported higher lithogenic and Fe‐rich particle abundances in this
area, which is evident in our pFeapp measurements. The large surface area and high concentration of the resuspended particles hold
high scavenging potential, so that the scavenging of dFe in the
form of cFe onto sedimentary particles may dominate over dissolution and produce a cFe signature of <50% alongside decreased dFe
concentrations. In contrast, dissolution dominates over scavenging
in the east, which drives cFe contributions >50% and increase
the dFe inventory.
The background dFe concentration in the ocean interior (>1027.50
kg m‐3 and above ocean‐sediment interface) away from any external
or internal sources or sinks was 0.67 ± 0.14 nM, excluding the hydrothermal Station 4. Slightly higher dFe concentrations were observed
Figure 8. Full‐depth proﬁle of dFe (black), sFe (white), cFe (red), and pFeapp
in the interior of the western basin compared to the eastern basin
(yellow) concentrations against depth at Station 4, located over the Mid‐
Atlantic Ridge. The turbidity trace (gray line) indicates the presence of the
(Figure 2), which appears to be a persistent feature in the North
hydrothermal plume between 3300 m and 3500 m depth. Note the scale break for Atlantic (Fitzsimmons, Carrasco, et al., 2015; Hatta et al., 2015) and
concentrations >2.5 nM. Error bars show one standard deviation of the mean
may be the result of different water masses and currents on either
concentration of three analytical replicates. For the calculated cFe and pFeapp
side of the ridge. Our Station 6 crossed over with Station USGT11‐
concentrations, associated measurement errors were propagated.
20 of the US‐GEOTRACES section GA03 (Boyle et al., 2015), showing
close agreement (Figure S3) and demonstrating the relatively constant dFe distribution in the deep ocean.
Dissolved Fe in the ocean interior was partitioned into 49 ± 14% cFe, in agreement with the previously
reported 50:50% partitioning for this region (Fitzsimmons, Carrasco, et al., 2015). This balanced distribution
of cFe and sFe was proposed to result from a steady‐state equilibrium between cFe and sFe (Fitzsimmons,
Carrasco, et al., 2015), and our results are in line with this hypothesis.

4. Synthesis: The Colloidal Hourglass
We quantiﬁed the partitioning of dFe into soluble and colloidal phases in the subtropical North Atlantic to
address the underlying questions regarding how sFe and cFe contribute to and regulate the dFe distribution.
We found that the cFe contribution to the dFe pool produced an hourglass shape against depth that arises
from the dominant variability of cFe over sFe (Figure 9). Our results show that cFe is the main source of
dFe to the water column via the dissolution of particles and also the main sink via scavenging. In other
words, whenever dFe is introduced or removed, it is the cFe that is driving these changes. This result reinforces the idea that cFe holds a pivotal role in the oceanic Fe cycle and that it may be a crucial component for
improving Fe models.
The dynamic upper ocean encompasses a range of sources and sinks that led to a large range of colloidal
fractions between the surface and ~1100 m (0% to 86% of dFe) (Figure 9). In the near surface, elevated
cFe contributions of 61% to 85% coincident with high dFe concentrations were the result of dust supply.
Throughout the euphotic zone, cFe decreased to 0% to 30% through its preferential scavenging onto sinking particles. Loss of cFe to the sFe phase and subsequent biological uptake further contributed to the
removal of cFe in the DCM. Our hourglass ﬁgure highlights that on a small vertical scale (from surface
to DCM), the change in dFe (cFe) is large, especially where the surface maximum is strong, and the
implication is that despite large surface inputs, Fe limitation in the DCM is possible. In the dust‐
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Figure 9. (a) The partitioning of dFe into the colloidal fraction against depth of the entire data set, forming an hourglass
shape. The coloured boxes distinguish between the highly variable upper water column (yellow) and seaﬂoor‐water
interface (blue, dotted blue line distinguishes between western and eastern basin), the narrow range of the deep ocean
interior (green), and the hydrothermal signature (red). (b) Conceptual model of the dominant processes throughout the
water column that drive the partitioning of the sFe and cFe away from the steady‐state exchange of the ocean interior.
Processes increasing and decreasing the colloidal fraction are highlighted in green and red, respectively.

loaded subtropical North Atlantic, the vast majority of the sinking particles is lithogenic and dominates
the release of Fe over biogenic particles even at depths of remineralization (Boyd et al., 2010). Here, we
observed a tug‐of‐war between the continued leaching of Fe from lithogenics that increases cFe and
competing mechanisms that act to remove cFe efﬁciently. This balance resulted in a colloidal
contribution of 37 ± 16% of dFe that we observed. These competing mechanisms include the
immediate rescavenging and aggregation of released cFe associated with particles (both lithogenic and
biogenic) and the disaggregation of cFe into sFe. A global comparison showed that the lithogenic
nature of dust particles determines the cFe fraction in the mesopelagic, with lower dust ﬂuxes
resulting in lower colloidal fractions and vice versa.
At the ocean‐seaﬂoor boundary, cFe ranged widely from 26% to 76% of dFe (Figure 9). We observed a west‐
to‐east difference with the lower cFe contributions in the west (26% to 47%) and the higher cFe contributions
in the east (52% to 76%), due to regional differences in benthic nepheloid layers.
The narrow range of colloidal fractions in the ocean interior formed the neck of the hourglass, where the
partitioning into sFe and cFe falls into a balanced distribution of 1:1 (49 ± 14% cFe of dFe), as the result
of a steady‐state exchange between the fractions. The near‐vent hydrothermal signal of almost 100% cFe is
a clear exception.
Our study indicates that cFe predominantly drives the overall surface‐to‐seaﬂoor dFe distribution in the subtropical North Atlantic. Colloidal Fe and dFe are reasonably well correlated (R2cFe:dFe = 0.61, n = 95), while
the correlation between sFe and dFe is weak (R2sFe:dFe = 0.14, n = 95), excluding hydrothermal samples. In
the ocean interior, our data is consistent with Fitzsimmons, Carrasco, et al.'s (2015) model where dFe partitions equally into sFe and cFe (~40% to 60%). An important caveat is that the resolution of our measurements
is lower than Fitzsimmons, Carrasco, et al.'s (2015) model and the concentrations of the different Fe fractions fall into a narrower range in our data set. Regardless, a similar “colloidal hourglass” shape is observed
with the larger data set by Fitzsimmons, Carrasco, et al. (2015) (Figure S4).
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5. Conclusions
Despite the dramatic increase of oceanic dFe measurements in the past decade, biogeochemical models
struggle to constrain fundamental parameters of the Fe cycle such as scavenging rates and residence
times. The physical speciation of Fe is less well resolved than the bulk dissolved phase, but it bears
the potential to illuminate some of these uncertainties. Our data set of size‐fractionated Fe from the
subtropical North Atlantic demonstrates the pivotal role of cFe, the larger‐sized species in the dFe continuum, for controlling the distribution of dFe. We found that cFe is the predominantly active species in
key supply and removal processes of dFe compared with the smaller sFe which showed a more constant
behavior. Moreover, a global compilation of colloidal data allowed us to detect a sensitive dust‐driven
linkage between surface and mesopelagic dFe inventories which would have been concealed by making
dissolved measurements only. Currently, the important role of cFe is not represented in models. Hence,
advancing our understanding of the oceanic Fe cycle demands the extension of size‐fractionated measurements at a global scale and the incorporation of an explicit cFe term in models.
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