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Abbreviations
cFe- colloidal iron (10 kDa < cFe < 0.2 um)

CLE-ACSV- competitive ligand exchange adsorptivehodic stripping voltammetry
CFF- cross flow filtration

dFe- dissolved iron (< 042m)

Fe- iron

ID-ICP-MS- isotope dilution inductively-coupled glma mass spectrometry

sFe- soluble iron (< 10 kDa )



Abstract

The size partitioning of dissolved iron and orgamn-binding ligands into soluble and
colloidal phases was investigated in the upperri& two stations along the GA03 U.S.
GEOTRACES North Atlantic transect. The size frattiton was completed using cross-flow
filtration methods, followed by analysis by isotagiition inductively-coupled plasma mass
spectrometry (ID-ICP-MS) for iron and competitivgand exchange-adsorptive cathodic
stripping voltammetry (CLE-ACSYV) for iron-bindinggands. On average, 80% of the 0.1-0.65
nM dissolved iron (<0.2m) was partitioned into the colloidal iron (cFegesiraction (10 kDa <
cFe < 0.2 um), as expected for areas of the ocederlying a dust plume. The 1.3-2.0 nM
strong organic iron-binding ligands, however, ovesimingly (75-77%) fell into the soluble
size fraction (<10 kDa). As a result, modeling tigsolved iron size fractionation at equilibrium
using the observed ligand partitioning did not aately predict the iron partitioning into
colloidal and soluble pools. This suggests tha&ieeiti portion of colloidal ligands are missed by
current electrochemical methods because they vaticiron more slowly than the equilibration
time of our CLE-ACSV method, or part of the obseleelloidal iron is actually inorganic in
composition and thus cannot be predicted by ourenafdunbound iron-binding ligands. This
potentially contradicts the prevailing view thaégter than 99% of dissolved iron in the ocean is
organically complexed. Untangling the chemical farhiron in the upper ocean has important

implications for surface ocean biogeochemistry may affect iron uptake by phytoplankton.



1. Introduction

Since iron (Fe) is known to limit primary productio large portions of the global ocean
(Boyd et al., 2007; Martin et al., 1994; Moore kt 2002), much of the exploration of marine Fe
biogeochemistry is focused on the association ket fluxes in the surface ocean and
biological uptake of dissolved Fe by microorganisiirtse biological utilization of Fe during
photosynthesis, nitrogen fixation, and respirafidiorel et al., 2003; Sunda, 2012)
unequivocally links Fe biogeochemistry to the glataabon cycle and ultimately climate.
However the conversion efficiency of "new" dissalee from lithogenic source to cell-
assimilated form (Morel et al., 2008; Shaked et2605) is ultimately controlled by the many
elusive physicochemical forms that dissolved Femes. Processes such as
scavenging/precipitation, Fe exchange, and photoidtey are both sensitive to and responsible
for controlling the physicochemical speciation ef Bnd thus the chemical reactivity and fate of
dissolved Fe is changed at each step along itsftranation pathway.

Much has been learned about the physicochemical ébrdissolved Fe over the last
several decades. Dissolved Fe (dFe, here definel.2qum) has a broad size distribution
composed of both "truly dissolved" soluble Fe (sE8 kDa) and "very small particulate"
colloidal Fe (10 kDa < cFe < 0.2 um) size fractiomgh colloidal Fe contributing 0-90% of
total dFe across the global ocean (Bergquist e2@07; Chever et al., 2010; Fitzsimmons and
Boyle, 2014b; Fitzsimmons et al., in press; Nishiek al., 2001; Ussher et al., 2010; Wu et al.,
2001). Incubation studies have shown that whilengéd number of cFe forms are highly
bioavailable (such as exopolymeric saccharidessldast al., 2011b), sFe is typically preferred
and is taken into the cell much faster than cFee(Git al., 2003; Chen and Wang, 2001; Wang
and Dei, 2003). Crystalline inorganic cFe (suchasoparticulate Fe oxyhydroxide) is not
directly available to marine phytoplankton at &ig¢h and Morel, 1990; Wells et al., 1983),
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although freshly precipitated amorphous cFe narmbes have been found to be somewhat
bioavailable to coastal species (Kuma and Matsurgf#b). In addition to this physical
description of dFe speciation, studies using coitipetigand exchange electrochemical
measurements have suggested that >99% of marinentheling both soluble and colloidal
sized species, is complexed by organic ligands @hageBruland, 1995; van den Berg, 1995; Wu
and Luther, 1995). It is generally accepted thet this binding of marine Fe by organic
complexes that bolsters dFe concentrations ab@veQtl nM inorganic solubility limits of
organic-free seawater (Liu and Millero, 2002; Mile1998). While a few marine Fe-binding
organic ligands have been identified as hydroxarsidierophores (Mawiji et al., 2011; Velasquez
et al., 2011; Vraspir and Butler, 2009), structiyraharacterized ligands only comprise a small
percentage of the total dFe pool (<5%), and in gErke identity of marine Fe-binding ligands
is largely unknown (Gledhill and Buck, 2012).

However, the finding that nearly all marine dFeiganically bound is only an inference
that relies on the assumption of thermodynamicldujium between dFe and dissolved Fe-
binding ligands during electrochemical analysis emthe open ocean. Additionally,
electrochemical characterization of Fe-bindingridsiis somewhat limited, as only the Fe-
binding ligands that are kinetically labile oveetperiod of equilibrium with the added ligand
can be detected, causing any refractory forms eftdbe measured as a strong, Fe-bound
ligand. In fact, Town & van Leeuwen (2005) assettet kinetic limitation should prohibit
many of the Fe-complexes detected by electrochgnfreim being organic in composition,
which precipitated an active debate on what isalgtuimeasured in competitive ligand exchange
electrochemical measurements. Despite the shonasnuf electrochemical measurements, they

are currently the predominant source of informabarthe chemical speciation of marine dFe,



since almost no studies have conducted direct @ speciation measurements, largely
because of analytical hurdles. One analysis obital Fe composition by energy dispersive
spectroscopy showed that open ocean cFe is magiyally bound (Wells and Goldberg,
1992), while in contrast a recent study using syoithn technology demonstrated that a portion
of the surface colloidal Fe underlying dust plunmethe Southern Ocean is inorganic, composed
of tiny fragments of magnetite (von der Heydenlgt2®12). Thus, while the long-standing
assumption is that the overwhelming majority of td-bound by strong organic Fe-binding
ligands, there is a possibility that some dFe, @sfig in the colloidal phase, is inorganically
bound (nanoparticulate). This might be especiallg in regions where continental Fe sources
are significant, such as underlying dust plumesyrdiream of hydrothermal vents, near the
continental margin, in regions with abundant glacialtwater etc.(Fitzsimmons et al., in press).
The chemical composition of dFe affects produgtitiite most in the upper ocean where
phytoplankton are active, and simultaneously thiéasa ocean receives atmospheric dust
deposition of Fe, arguably the most significaniript to the ocean (Jickells et al., 2005;
Mahowald et al., 2005). The solubility of aeroselib variable and depends on a suite of factors
including aerosol composition, source (anthropogenicrustal), and size, as well as seawater
pH and Fe-binding ligand concentration (Baker anob@ 2010). Studies of the size partitioning
of dFe have consistently shown that in the surta@an underlying dust plumes, dFe is
predominantly colloidal in size (Bergquist et 2007; Fitzsimmons and Boyle, 2014b;
Fitzsimmons et al., in press; Ussher et al., 2010;et al., 2001), while in the surface ocean of
low-dust regions, the smaller soluble size fraciominates the dFe pool (Boye et al., 2010;

Chever et al., 2010; Nishioka et al., 2003; W&l¥)3). Colloidal Fe has also been shown to be



the dominant Fe size fraction yielded in seawatacles of natural dust (Aguilar-Islas and
Mehalek, 2013; Aguilar-Islas et al., 2010).

These patterns raise two important questions: vghtae physicochemical speciation of
the abundant cFe in the surface ocean after relcstideposition, and how much of this dust-
derived cFe is bioavailable? It is possible for diust-derived surface cFe maximum to have any
of three possible chemical compositions: Fe boynddtioidal-sized organic ligands after
solubilization from dust, colloidal-sized fragmewfsdust that physically separated from aerosol
particles upon impact with the surface ocean (teguin an inorganic cFe composition of the
same composition as the dust), or Fe that wasliyigolubilized from dust in the surface ocean
but then re-precipitateith situ and aggregated to colloidal size (also resultmgn inorganic cFe
composition, presumably amorphous Fe oxyhydroxahesmixed organic/inorganic
precipitates). Each of these three Fe forms hascue chemical lability and thus would have a
different propensity for scavenging, aggregatioryiological uptake. Thus, the distinction
between these physicochemical forms is at the eftixe problem linking dust deposition to
biological uptake of dFe.

In this paper, we explore the physicochemical spen of dFe in the upper 150 m of the
high-dust North Atlantic Ocean where dFe falls pradhantly into the colloidal size fraction, as
is typical of dusty marine environments (Fitzsimra@t al., in press). Using an analysis of the
Fe-binding ligand concentration and strength ohlibe soluble and dissolved Fe pools, we aim
to consider whether there could be a natural ineogeomponent to the colloidal Fe pool of the
surface ocean of this dusty environment, which@gubvide an exception to the prevailing

view that >99.9% of dFe is believed to be bounaiganic ligands.



2. Methods
2.1 Sample collection

Seawater samples from the upper 150 m of the omeas collected from two stations on
the U.S. GEOTRACES GAO03 North Atlantic Zonal Tracts2011 cruise (Nov-Dec 2011):
Station 10 at 31.933°N, 64.733°W near the Bermutlianfic Time Series (BATS) site and
Station 23 at 18.39°N, 26.765°W near the Cape Visidads (Figure 1). Hydrographic
parameters defining these regions were measurad asseabir@®BES+ CTD and arSBE43
dissolved oxygen sensor, which was calibrated byl&r titrations (Langdon, 2010). Trace
metal clean seawater was collected using the UERYTRACES GO-FLO rosette by the
methods described in Cutter and Bruland (2012efBri GO-FLO bottles were carried
individually into an ISO 5-rated clean van, whdre seawater was filtered through pre-cleaned
0.2 um Pall Acropak-200™ Supor® capsule filtersemeD.4 atm of HEPA-filtered air. Surface
samples were collected using the GeoFish systenigiit et al., 2005), which employs all-
perfluoroalkoxy alkane (PFA) tubing attached tcaaerthat coasted at ~3 m depth suspended
from a boom off the starboard side of the shipryforward ship motion of up to 12 knots. An
all-PFA diaphragm pump drew clean seawater thrabghsystem at ~0.5 atm pressure, and
filtration was completed first through a 0.45 prm@sics (Teflon™, MSI) filter and then
through a 0.2 um polycarbonate track etched fittesh held in a polypropylene housing
(Nuclepore™). Filtrates were taken into acid clebdk low density polyethylene (LDPE)
bottles after three bottle rinses. Sub-samplekisf4L were taken into 30 mL high density
polyethylene (HDPE) bottles for Fe concentratioalgsis and into 500 mL fluorinated
polyethylene (FLPE) bottles for the dFe-bindingahg analysis. LDPE and HDPE bottles were

cleaned in 1 M reagent grade HCI, including an oigt heating to 60°C, after which they were



rinsed and filled with pH 2 ultrapure acid untileug-itzsimmons and Boyle, 2012). FLPE bottles
were cleaned in 3 M trace metal grade HCI for atimamd then were conditioned with ultra
clean Milli-Q water for more than a month priordample collection in order to remove all acid
residue (Buck et al., 2012).

To collect the sFe fraction (< 10 kDa), the remainaf the 4L filtrates were immediately
ultrafiltered through an all-Teflon cross-flow fdttion (CFF) system in static mode (CFF filter
cleaning and ultrafiltration protocol describedetail in Fitzsimmons and Boyle, 2014a).
Briefly, a Millipore Pellicon XL (PLCGC) 10 kDa regerated cellulose CFF membrane was
employed, and 300-350 mL of sample seawater wsisflirshed through the acid-cleaned
system to condition the membrane and CFF tubinghagBe sorption, after which the permeate
stream was collected as the sFe or sFe-ligand sawfiér 0.2 um filtration and 10 kDa
ultrafiltration, Fe-binding ligand samples werezen un-acidified until analysis, and all Fe
concentration samples were acidified to pH 2 usiNgeagent grade hydrochloric acid that had
been purified from reagent grade acid by four lgions in a Vycor still (Fe concentration ~ 0.1
nmol/kg).

Additional seawater for determination of the maakance of Fe-binding ligands through
the CFF system was collected from the surface ia@dean at 22.75°N, 158°W (Station
ALOHA) on 19 July 2013 on the HOE-PhoR-II cruis@parted by the Center for Microbial
Oceanography: Research and Education (C-MORE). &eawas pumped from 15 m depth
through an all-PFA diaphragm pump through acid+ebektubing into a 0.2 um Acropak-200
filter (Pall) and then into acid-cleaned 8 L LDP@&tkes. Subsamples were collected for dFe
(<0.2 um) and ultrafiltered for sFe (<10 kDa) camtcation and dFe-binding ligand analysis and

preserved as described above for the GAO3 cruise.
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2.2 Fe analyses

3-10 months after acidification, dFe and sFe saswiere analyzed in triplicate for their
Fe concentration at MIT by isotope dilution induety-coupled plasma mass spectrometry (ID-
ICP-MS) on a hexapole collision cell IsoProbe matilector ICP-MS (Lee et al., 2011). The
ID-ICP-MS method employs ¥Fe-spike and batch pre-concentration with nitriémtetate resin
(NTA, Qiagen). cFe was calculated as the differdreteveen dFe and sFe. Fe procedural blanks
were measured by many repeat analyses of 300 puioadi of a large volume seawater sample
taken from the surface ocean at the SAFe stat@htéis a known, low-Fe concentration (0.05
nmol/kg). The procedural blanks averaged 0.044 fugatith a typical standard deviation over
a single day's analysis of 0.009 nmol/kg; thus réperted detection limit is 0.027 nmol/kg.
Comprehensive lab analyses of the SAFe S seavaatdF€ during the period of these analyses
averaged 0.101+0.009 nmol/kg (Bottles 17 and 3%8),nwhich agrees well with the consensus
value of 0.093£0.008 nmol/kg. Similarly, SAFe Darsdard for dFe during the period of these
analyses averaged 0.911+0.018 nmol/kg (Bottle #26D, n=15), which also agree well with
the consensus value of 0.933+£0.032 nmol/kg. Consevelues cited here were updated in May

2013 (www.geotraces.org/science/intercalibration).

2.3 Fe-binding ligand analyses

Measurements of dFe and sFe-binding ligand coraigortis and binding strengths were
made by competitive ligand exchange-adsorptiveaththstripping voltammetry (CLE-ACSV)
on a BioAnalytical Systems (BABControlled Growth Mercury Electrode coupled tBASi

Epsilone2 voltammetric analyzer by the methods describeslick et al. (2007). Briefly,
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samples stored frozen for 4-12 months since cadieatere gently thawed af@ and then

shaken vigorously before analysis. Next, 10 mL damafpquots were buffered to pH 8.2 (NBS
scale) with a borate-ammonium buffer in PFA vi&a\(illex) that had been previously
conditioned to the anticipated Fe addition. TitatFe additions were made at concentrations
ranging from 0-7.5 nM and were allowed to equiltbreor 2 hours before the addition of the
added ligand, salicylaldoxime (SA), at concentrragiof 25 or 32.3 UMafg¢(s4),= 60 or 100).

After a 15 minute equilibration with SA, the Fe(SApmplex was adsorbed to the mercury drop
at 0 V for 2-5 minutes and then stripped at 0.08 Ming differential pulse mode to a final
potential of -0.85 V. Raw titration data were ipieated for their Fe-binding ligand concentration
([L]) and ligand conditional stability constants Z‘}ie,) using the van den Berg/Ra4{Ruzk,

1982; van den Berg, 1982) and the Scatchard (Mamid Riley, 1975; Scatchard, 1949)
linearization techniques, the results of which waareraged to obtain the reported values and
error estimates. Sensitivities were determinecdhibgrnal calibration at the end of the titration,
when all ligands are titrated. Aty,, of 10'° was assumed in the Fe speciation calculations Not
here that all K values listed in this paper areditional stability constants even when thé*K"

designation has been dropped for convenience.

2.4 Fe-ligand mass balance determination

The mass balance of Fe-binding ligands following-@Fas determined on the 15 m
Station ALOHA seawater in order to assess the pialdass of ligands during this
ultrafiltration, since ~25-30% loss of dFe has bekserved using the same system
(Fitzsimmons and Boyle, 2014a). Station ALOHA sagsgdbr Fe concentration and Fe-binding

ligand concentration and strength were collectetiaralyzed from the dissolved (< 0.2 um),
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CFF permeate (assumed to be sFe), and CFF retérmataining some sFe and some cFe)
streams. With the permeate and retentate flow catiisrated identically at 12.5 mL/min each,
the concentration factor (CF) in static mode wdsutated to be 2.0 using the following

equation:

_ initial sample volume__ permeate volume + retentate volume

CF

" final retentate volume retentate volume (1)

Under ideal permeation conditions where the menedoes not preferentially retain any
soluble compounds (permeation coefficient = 1, &ter and Croot, 2008), the permeate
solution should define the sFe and the sFe-binligagnd concentrations (<10 kDa). However, in
solutions containing cFe, the Fe and Fe ligand eotnations in the retentate solution must be
corrected for the presence of sFe and the degré&efconcentration in order to calculate the

true cFe and cFe-ligand concentrations, as follows:

[Fe]retemate_ [Fe]permeate (2)

cFe = oF

To determine mass balance, the sFe (permeate)r@an(Equation 2) concentrations were
compared to the dFe (< 0.2 um solution originadlg into the CFF system) concentration, and

the same was completed for the Fe-binding ligamatentrations.

3. Results

Large volume seawater samples containing the disddk0.2 um) and soluble (<10
kDa) Fe size fractions were collected in two regiohthe North Atlantic Ocean (Figure 1): the
region near the Cape Verde Islands (Station 23)t@mdubtropical gyre region near Bermuda
(Station 10). These locations were chosen for sasons. First, we aimed to sample variable
dust loading and composition in the surface oc8&ation 10 near Bermuda experienced ~2

ng/nT aerosol Fe loadings with a "marine/North Americaafosol source and an Fe solubility
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of 3.5% (in instantaneous water leachate), whi&i&@t 23 near Cape Verde experienced much
higher aerosol Fe loadings of ~3600 ngfmming from a "North African" source with a lower
Fe solubility of ~0.4% (HYSPLIT back trajectoriege@ahown in Figure S1 and were determined
using Draxler and Rolph, 2014; aerosol Fe loadmegsrted from Shelley et al., in review;
aerosol Fe solubility reported from Rachel She#lag William Landing, personal
communication). When aerosol Fe loading and satylale both considered, the aerosol inputs
of dFe to Station 10 should have been ~200 timesidwan to Station 23. However, we note
that even Station 10 receives significantly higtest Fe loadings (0.5-30 nmoffie, Sedwick

et al., 2007; Sholkovitz et al., 2009) than thelitranal “low-dust” regions of the global ocean
(e.g. the South Pacific at <0.01 ng/Re, Wagener et al., 2008), and thus dust likelyph

major role in controlling Fe cycling in near-surdawaters of both stations.

Second, we wanted to sample upper ocean regiohsvaiitable biological populations,
biogeochemistry, and water mass structure (proifiiésgure 2, temperature-salinity diagrams in
Figure S2). Station 10 receives influences fromGlé Stream southern recirculation in the
mixed layer (Talley et al., 2011), which extende®8 m depth (Figure 2a), and then from
Eighteen Degree Wated£18°C, salinity=36.5, €200 umol/kg; Worthington, 1959) extending
from the bottom of the mixed layer to below 200 epth. In contrast, station 23 is located where
the Canary Current transitions into the North Equat current (Talley et al., 2011), bringing
waters from the northeast to the southwest. Thimse current extended through the mixed
layer at 63m (Figure 2b), below which an influené¢he salty Subtropical Underwater (STUW:
0=25°C, salinity>37) dominated through 95 m deptélo/ ~100 m depth North Atlantic
Central Water (NACW) dominates all the way throu@®0 m depth. From Figure 2 it is clear

that station 10 was situated more in the subtrope with a depressed pycnocline to >350 m
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depth, while station 23 was situated south of §re,gvith a much shallower pycnocline starting
at ~100 m depth, and received influences of oxygemnmum zone (OMZ) waters below ~250
m depth.

This paper will focus on results from size-fracated soluble and dissolved Fe and Fe-
binding ligand samples collected in the North AtianFor perspective on the Fe
biogeochemistry occurring in the North Atlantic ihgr the time of the GAO3 cruise, please see
Hatta et al. (in press) for general dFe biogeocktmiConway and John (Conway and John,
2014) for quantification of Fe sources, Fitzsimmenal. (in press) for a discussion of the dFe
size partitioning into soluble and colloidal phaseselley et al. (in review) for marine aerosol Fe
fluxes, and Buck et al. (in review) for the distrilton of dissolved organic Fe-binding ligand

concentrations and strengths.

3.1 Sze partitioning of dissolved Fe and Fe-binding ligands

We evaluated the size-partitioning of dissolvedaRé Fe-binding ligands in the upper
150 m of the North Atlantic Ocean in order to explthe physicochemical speciation of dust-
derived dFe phases. As shown in Figure 3, dFe corat®ns were elevated (<0.4 nM) in the
surface ocean of both stations, and dFe was ~808tiggagd into the colloidal size fraction (10
kDa < cFe < 0.2 um). This surface dominance oflgfFeolloidal-sized species was consistent
across the entire GA03 North Atlantic transectz$tinmons et al., in press), regardless of
relative dust Fe loading so long as dust was abur{d@animum Fe concentrations in aerosols of
1 ng/nt; Shelley et al. in review). This was used as awigethat aerosol-derived Fe is
preferentially maintained in the colloidal sizedtian, consistent with other studies

demonstrating that cFe dominates in dusty surfaearmregions (Bergquist et al., 2007,
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Fitzsimmons and Boyle, 2014b; Wu et al., 2001) oBelhe surface at the 70-90 m deep
chlorophyll maximum (DCM) cFe decreased to a mimmeoncentration, another feature
typical of North Atlantic dFe size partitioning {(Esimmons et al., in press).

Organic Fe-binding ligands, however, were overwiiegly partitioned into the soluble
size fraction (Figure 3, Tables 1 and 2). Two ldg@ools were detected at each of the depths
measured (Lis the stronger ligand class; is weaker, and+=L; + L), and Fe ligand
concentrations in the soluble and dissolved sizetifsns always exceeded their respective Fe
concentrations so that the dissolved and solubleg&ad concentrations reported are free
ligands not bound to Fe (excessdoncentrations were 1.2-2.0 nM soluble and 1.2aR15
dissolved at Station 10; 1.0-1.6 nM soluble and11&nM dissolved at Station 23). While
excess L ligand concentrations are typical of open ocearditmns (Buck et al., 2012; Gledhill
and Buck, 2012) and thus not surprising in thea®sl and soluble phases of this study,
colloidal L (calculated as dissolved E soluble L) had lower concentrations than cFe at many
depths, resulting in negative excess colloidatdncentrations (Figure 3). This reinforces the
major result that colloidal ligands were very lawconcentration and also suggests that the cFe
present was bound to weaker ligands than the sFe.

Electrochemical ligand detection is a functiontoé ainalytical window utilized, which is
established by the concentration and binding streofjthe competing ligand added during the
titration, defined in this study agesaz= Bro(sayz,rer * [SA]?. At the lower analytical window
used in this studyugesa2= 60, Table 1), both ligand classes were prefealiypartitioned into
the soluble size fraction: soluble ligands ranged from 1.0-2.1 nM and averaged 77+t #he
dissolved L ligands (1.65-2.65 nM) at station 10 and 75+13%hefdissolved {.(1.35-1.95

nM) at station 23, while total ¢kL,) soluble ligands ranged from 2.5-8.3 nM and avedag
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78x£7% of the total dissolved ligands at station(3.0-9.0 nM) and 86+5% of the total dissolved
ligands at station 23 (6.8-8.9 nM). At the highealgtical window ¢resa2= 100, Table 2)
where stronger ligands could be detected, therpatfeexcess soluble ligands was the same:
soluble L ligands comprised A12% and 93 7% of the total L ligands detected at stations 10
and 23, respectively. Only at the DCM of stationdid colloidal ligands comprise the greatest
portion of total dissolved ligands (Figure 3).

The K£2r4,, values for the two ligand classes had variable gartitioning patterns, both
within a single station and across the two stat{@igure 3). At station 10, loSo/'%., values
were not significantly different between the tweesfractions, except near the DCM where log
K1 was greater at ~13 for the soluble size fractiahragarer to ~12 for the total dissolved size
fraction, indicating that colloidal ligands were aker at this depth. At station 23, 1&g values
were identical between the two size fractions, &lolgK; values were slightly higher in the
colloidal fraction than in the soluble fractionmbst depths.

Using the size partitioned Fe-ligand binding sitbrand concentration data together, we
determined the capacity for the free Fe-bindingrigs in each size fraction to bind E&g,;,:

Arerr =1+ (fLa] * Ky) + ([L2] * K2) 3)
where the concentration of excess(leL,]) is the Ly not already bound to Fe:

[eLd] = [L4] - [Fe] 4)
This ap.;, Was calculated for each size fraction and is shiomiigure 3. The total dissolved
arer, Was greater than the solublg,;, at most depths of station 23, indicating that thiéoaal
ligands had at least some capacity to bind Fe. @nllye deepest (129 m) depth of station 23
was the dissolved,;, the same as the solulate,;,, indicating that the colloidal ligands had no

capacity to bind new Fe at this depth. At the DCiNtation 10, in contrast, the solulatg,;,
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was greater than the dissolvegl.;,, which was related to the greater K [‘}ie, values
calculated for the soluble ligands than the totséalved ligands at these depths (Table 3).
The primary objective of this study, however, waslétermine whether the size
partitioning of organic Fe-binding ligands in theper ocean would predict the observed size
partitioning of dFe. Thus, following Cullest al. (2006), we modeled the fraction of total dFe

expected to exist in the soluble phase at equilibnivith the observed size fractionated ligands:

Fésol — (aFeL)sol — [(Ky*[eL1D+(K2*[L2])]sol (5)
Fegiss (areL)diss [(K1*[eL1D+(K2*[L2]D]diss

If dFe is organically bound to ligands with the gaooncentration and strength as calculated
using thexg,;,value of the observed free ligands, then the madedetitioning should match the
observed dFe partitioning (in this case, the lefisthrand the right-most panels of Figure 3 should
match).

We also compared the modeled and observed solebparfftioning fractions in Figure
4, and the observed sFe fractions all fell belosvrttodeled-observed 1:1 line, indicating that the
size partitioning of organic ligands as measungédlbctrochemistry does not predict the

observed dFe size partitioning in the upper ocdaritloer station.

3.2 Mass-balance of Fe-binding ligands using CFF

It is well known that Fe recovery during CFF canldw (Reitmeyer et al., 1996), and
using the same low-surface area, regenerated @asdlulross flow filtration system as in this
study, Fitzsimmons and Boyle (2014a) suffered 8@% dFe loss to the surface and/or pores of
the CFF filter. They used various lines of evidetapropose that it was only the colloidal

fraction that was lost/trapped in the filter menm@awhile sFe was fully recovered in the
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permeate solution. It was important to prove that was also true for the free and bound Fe-
binding ligand fractions in order to provide acdaraalculations in this study.

Thus, the mass balance of Fe-binding ligands duCiiRg was determined at 15 m depth
at Station ALOHA (22.75°N, 158°W) in the Pacific € (Table 4). Fe concentration and Fe-
binding ligand concentration and strength were messfor the permeate, retentate, and initial
CFF feed solutions. The soluble Fe and Fe-bindgantd concentrations were assumed to be
equal to that found in the permeate (ideal perrapatharacteristics of the CFF membrane were
assumed here, as they were determined for Fe cwwatens in Fitzsimmons and Boyle, 2014a),
and the initial CFF feed solution was set equdh&"dissolved” <0.2 um fraction. Colloidal Fe
and ligand concentrations derived from the CFFesysvere calculated using Equations 1-2.
Using the definitions of soluble and colloidal sizeoluble Fe (defined here as <10 kDa) plus
colloidal Fe (defined here as between 10 kDa aBquén) should equal dissolved Fe (defined as
< 0.2 um). Thus, the measured "soluble+colloidalicentration was compared to the measured

dissolved concentration in the CFF feed solutioddt®rmine the mass balance:

[Soluble]eas+[Colloidal]yeas

[Feed solution]yeas

% Recovery = *100% (6)

These calculations were completed for the Fe cdretéon, ligand concentration, and
excess ligand concentration (Table 4). The Fe rgoivom the CFF system was low at
54+27%, which is within error of the average 70-78f4ss balance for Fe concentration
recorded using the same system by Fitzsimmons agtkB2014a) across several sampling sites
in the Pacific and Atlantic Oceans. The large 27#6ras attributed to the extremely low
concentrations of sFe (0.039£0.008) measured &thtion. The total ligand recovery was quite
similar at 65£27%, and when only the excess ligarabnsidered, the recovery was 69+34%.

Since the recoveries were so similar between Fd.ammhcentrations, we can safely assume that
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the same mechanism that causes cFe loss to then€fbrane, which Fitzsimmons and Boyle
(2014a) attributed to either cFe accumulation @@kF membrane or cFe entrapment in the
pores of the CFF membrane, also causes free calllogaind losses to the CFF membrane. Free
soluble ligands, in contrast, likely permeate thesmbrane completely. While we cannot prove
this conclusively as Fitzsimmons and Boyle (201did)for deep Atlantic sFe, the fact that the
soluble ligand fraction accounted for the majoatythe dissolved ligand pool supports the
conclusion that the majority of soluble ligands eeeovered by CFF. This indicates that the size
partitioning conclusions drawn in this study usihg dissolved and soluble (permeate) ligand
measurements are valid; only retentate ligand nreasnts are affected by poor recovery and
should be avoided. Colloidal ligand concentratioas thus be calculated using the following
equation (instead of Equation 2):

[colloidal L] = [dissolved L] - [soluble L] (7)

4. Discussion

The results of this study demonstrate that while f#ls predominantly into the colloidal
size fraction in surface waters underlying the R&frican dust plume, the excess ligands in
these same waters are instead partitioned intedluble size fraction. This pattern was repeated
at the two stations studied in the North Atlantice@n, which both received significant dust
fluxes that varied two orders of magnitude in Fediog and also in aerosol source. Variable size
fractionation of Fe-binding ligands with depth dadation has also been observed in the upper
200m by Boyeet al. (2010) in the Southern Ocean (200 kDa filter uskby)Thuroczyet al.
(2010) in the Northeast Atlantic Ocean (1000 kDeffiused), and by Cullegt al. (2006) in the

North and South Atlantic Oceans (0.02 um filterd)se
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With these results, we aimed to explore the chdromaposition of the colloidal Fe
maximum found in surface ocean regions underlyungt glumes, particularly whether it is
organically or inorganically bound. We based oweripretation of these size fractionated ligand
results on the hypothesis that if the size partitig of free surface Fe-binding ligands into
soluble and colloidal fractions predicted the obedrsurface dFe size partitioning, then surface
dFe is likely bound by organic ligands. It is clé@m the results of Figures 3 and 4 that this was
not the case: observed free Fe-binding ligands wenearily soluble, while observed dFe was
mostly colloidal in size. This does not precludeoaganic composition of the colloidal Fe in the
dusty surface North Atlantic. However, it must méaat either (1) we are missing a fraction of
free colloidal ligands in our electrochemical measuwents, or (2) some portion of the cFe in the
surface ocean is inorganic in composition (not @led by equilibrium with a size-partitioned
set of free organic ligands, as our calculatiorssiae).

To evaluate these possibilities, we must consigeassumptions involved in the
electrochemical measurements of Fe binding ligamdisthex,.;, calculations (Equation 5,
Figure 4) used in this study. First, unbound ligandn only be detected using CLE-ACSV if
they are able to exchange with Fe on the timesdfalee analytical equilibrium (in this case, 2
hours with added Fe and 15 minutes with SA). Thny,kinetically-inhibited free ligands would
not be detected by this CLE-ACSV method, and oussueed ligand concentrations could be
underestimated. Other CLE-ACSV methods use longeitibration times (8-12 hours) with
both the metal additions (e.g., Croot and JohansX@060) and the added ligand (e.g., Gledhill
and van den Berg, 1994). The longer equilibratiores may allow for the detection of
additional ligands (likely weaker ligands) witluggish kinetics so long as the added ligand

concentrations are not too high to out-competenbaker ligands in the sample.
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We aimed to estimate what concentration of "kirslyeinhibited" colloidal-sized free
ligands would be required to predict the observied size partitioning. The majority of known
colloidal Fe-binding ligands in the marine envira@mhfall into the weaker @) ligand class,
such as polysaccharides (Hassler et al., 2011 ahamic-like substances (Laglera and van den
Berg, 2009). Thus, we calculated the colloik [‘}ie, values (Kon) for both Ly and L, using the
following equation:

[L] gisKdiss = [L]soKsol + [L] coKcorn (8)

The colloidal ligand concentrations (calculatechgdtquation 7) and binding strengths
(Equation 8) are tabulated in Table 5. In a fewesase were not able to calculatg,Kwithin the
errors of our measurements.

Using these estimates, we calculated the concemtrat "kinetically inhibited"
colloidal-sized ligands at the calculated colloialstrength (Equation 8) that would be required
to predict the observed dFe size partitioning (€&l The "missing colloidal ligand”
concentrations at station 23 ranged from 0.03-AM3while the concentrations at station 10
were incalculable or reached very high concentnatibat are not oceanographically consistent
(13-60 nM). Notably, the lowest concentrations missing colloidal ligands" were calculated to
occur at or immediately below the DCM, which is sstent with expectations, since it is at
these depths that more of the dFe was of solubée si

These missing ligands would need to be unbounaidall-sized ligands that bind dFe in
the ocean with kinetics more sluggish than the & leguilibration time of our CLE-ACSV
measurement. Our assumption that these ligandsehbialing strength of the measured
colloidal K; is the weakest assumption in our calculatiorhdf ¢olloidal ligands were

significantly stronger than assumed, our estimatessing colloidal [L] concentrations would be
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overestimated, which may explain the oceanograpiceonsistent values calculated for
station 10. Another possibility, however, is thdtigh concentration of relatively weak, inert
colloidal ligands is reflected in the electrocheahidata as a low concentration of a strong ligand
instead. This might be the case if the cFe isf{p@mid into a ligand pool with no effective “free”
ligand; in other words, the ligands binding the déenot have the capacity to take up any
additional added Fe. It might only be possiblexochange Fe with this relatively “inert” pool if
extremely long equilibration times are used ongher analytical windows are employed, which
would “outcompete” all other natural ligands in 8a@mple (Kogut and Voelker, 2001). It was
not clear from our use of slightly higher analytisendow whether this was the case (Figure 4).
An alternative explanation is that a portionlo# tFe is not in fact chelated by organic
ligands but is inorganic, nanoparticulate cFe. Riestved surface dFe tends to be colloidal
(Bergquist et al., 2007; Fitzsimmons and Boyle, Q) Fitzsimmons et al., in press), and while it
could be bound by organic ligands of colloidal sizeould also be composed of physically
eroded nanoparticulate fragments of dust and/oopeticulate Fe oxyhydroxides precipitated
or aggregateth situ after aerosol Fe dissolves. This inorganic cFelevaot be expected to
adsorb to the electrochemical mercury drop nor angh Fe with the added ligand, and thus
electrochemistry would interpret this cFe as orgalty bound by a strong ligand (L In this
paper we modeled the predicted size partitioningFa using the size partitioning of the
"excess" Fe-binding ligands; however, nanopartieuf@e would not have an "excess" or "free"
ligand pool that could represent it in these catahs. In other words, our Equation 5
calculations would not capture the "potential”@oni nanoparticulate cFe that an unbound

colloidal-sized ligand would. Thus, we would exp#wt if a significant portion of cFe was
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nanoparticulate, then we would see the exact esbkerved in Figure 3: ligand partitioning
enriched in soluble-sized free compounds, whiléeisd more of the dFe is colloidal.

However, we must consider the observation thatdlaive aerosol dFe input to the
eastern basin at Station 23 was higher than ab8ta0 in the western Atlantic, assuming the
measured aerosol Fe loading and solubility (Shedtesl. in review). As a result of this, if cFe
included a significant nanoparticulate componentmight have expected more cFe and an
additional “missing colloidal ligand” at Station 28the east than at Station 10 in the west.
However, the observed size partitioning of dissolFe and Fe-binding ligands at both stations
was the same, with no enhanced dust-derived eff¢¢ke dustier Station 23. One explanation
for this inconsistency is that the aerosol Fe sampbllected on this cruise were measured on 1-
3 day timescales that are much shorter than tHacgiocean residence time of dFe in the
tropical North Atlantic (0.2 - 5 months; Bergquastd Boyle, 2006; Croot et al., 2004); thus, any
dust deposition in the previous 5 months at Statimould still be evident in the dFe and Fe-
binding ligands of surface waters but not in thed-teme dust collection from the cruise. It is
worth noting that the surface dFe concentratidoo#t stations was elevated and similar in
concentration (0.45-0.55 nM), likely reflecting et aerosol Fe addition, and thus it might not
be unreasonable to expect similar dust-driven petten dFe and Fe-ligand size partitioning at
both stations. In fact, higher surface dissolvesr@hum concentrations near Station 10
compared to Station 23 further support that aesosighificantly influence surface seawater
chemistry at both stations (Measures et al., isgreAdditionally, the higher dust loadings near
the African continent serve not only to add dFerfrdust but also to scavenge dFe onto the
increased lithogenic particle loads falling throuls water column, potentially creating a

lower-than expected dFe addition when both dustceoand scavenging are considered. These
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differences in sampling timescale, residence tene, influence of circulation/scavenging all
may explain why dFe physicochemical speciation nngit be very different between the two
stations studied, despite the large apparent shori-differences in dust loading between
Stations 10 and 23 measured during the cruise.

Alternatively, a lack of difference in dFe and Hading ligand size partitioning between
the two stations may suggest that it is actuakyftct that the electrochemical methods that are
missing a portion of the colloidal ligand pool theto blame for the divergent size fractionation
of Fe and Fe-binding ligands in the surface ocaahan inorganic cFe phase. In fact, Cuklen
al. (2006) observed the same Fe and Fe-ligand paitity patterns (but to a lesser extent) in
surface waters of the tropical Atlantic, and thepaduded that electrochemical methods were
missing an "inert" pool of colloidal Fe ligands. abserved data deviates much more
substantially from the ligand-modeled data than&dt al. (2006) observed, but this may be
explained by the higher analytical window employgdCullenet al. (2006), which would be
better at capturing stronger ligands. A much higlmnpetition strength was used in that study
(pecrac),= 271) compared to those used herg.(s4),= 60, 100), and in fact the higher
analytical window in this study compares slighttter with the measured Fe partitioning (Table
3). This is an indication that at least some parbbthe colloidal ligand pool may be very strong
- either a very strong organic Fe-binding liganaolfoidal size or a relatively inert inorganic
cFe species.

In addition to a kinetic mechanism of poor chemlahility, a steric hindrance may also
prevent the cFe ligands from being detected. 194)19Mackey and Zirino presented the "onion
model” in which trace metals in the ocean are bduyndoncentric layers of organic compounds

held together by hydrogen and other coordinatiamdsoThus, Fe may become sterically
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"trapped" inside a colloidal-sized organic matsh{ch it does not have to bind particularly
strongly to) that passes through our 0.2 um filgerg so is detected as dFe but is physically
prevented from exchanging with the added ligandil&they might bind Fe in nature given time
and the physical mixing of the surface ocean, tlsagee "onion" organic compounds in their
unbound form in our samples might not bind Fe gipor quickly enough during the time of
electrochemical equilibration to reveal their tfbending potential” in nature.

Thus, our size partitioning Fe ligand results sbdwhat in surface locations underlying
the North African dust plume, the labile organicbiteding ligands detected by CLE-ACSV
were overwhelmingly partitioned into the solubleesfraction and do not predict the colloidal Fe
composition of dFe observed. This suggests thatdineling potential” of a significant unbound
colloidal ligand fraction is missed by current étechemical techniques. We hypothesize that
this "missing cFe" is composed of either nanopaldie cFe (eroded dust fragmentsrositu
precipitated Fe oxyhydroxide aggregates) that lod®®rcess ligand"-like binding potential and
is thus missed by our equilibrium physicochemigedcgation model or a kinetically-slow or
sterically-hindered organic ligand of colloidaleizn short, attempting to unveil the
physicochemical speciation of an Fe atom upon newput (such as a dust event) is
challenging using electrochemical techniques bexthestrue "binding potential” of colloidal
ligands is not fully captured by the CLE-ACSV madhgsed in this study. Further assessment
and prediction of the composition and fate of diestved upper ocean dFe awaits new analytical
methods that can chemically evaluate the bindingrenment of marine dFe species across their

size spectrum.

5. Conclusions
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We evaluated the organic speciation of solublé® (k2a) and dissolved (<0.2 um) Fe at
a western and eastern station in the subtropiceghMdlantic Ocean. We found that while the
majority of the dFe was colloidal sized (10 kDa2 Am), most of the excess organic ligands
were soluble sized, indicating that the size partibg of labile organic Fe-binding ligands does
not directly predict the observed size partitionaigiFe. While our ultrafiltration methods did
lose 35+27% of the organic ligands to the crosw fitiration membrane, the soluble ligands
were inferred to permeate the membrane fully, &nd the filtration method was not the cause
of the ligand and Fe size divergence. Two pos&kf@danations were offered. First, our CLE-
ACSV method could be missing some of the free atdlicsized ligands if they are kinetically
limited to reaction times greater than the equalilam time of our method (2 hours). This could
be caused by true kinetic limitation or steric mamtte, and these ligands would have to be 1)
unbound in the sample (or CLE-ACSV would detectrthe?) have the potential to bind Fe in
nature (presumably composing a portion of the exgjstFe), but 3) bind Fe slower than the
timescale of CLE-ACSV equilibration (which is whyetly were not detected). Alternatively,
some of the cFe could be inorganically composedghwvyould not offer an "excess" ligand pool

that could model and predict the dFe size pariiigccurately, as attempted here.
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Table Captions

Table 1. Iron and ligand partitioning at stations 10 anda2&e lower analytical window
(aFe(SA)ZZ 60).

Table 2. Iron and ligand partitioning at stations 10 anca2&e higher analytical window
(aFe(SA)Zz 100).

Table 3. Modeled and measured iron and ligand partitionicgpeding to Equation 3 for stations
10 and 23.

Table 4. Fe and Fe-binding ligand mass balance using closasfiftration at 15 m depth at
Station ALOHA in the Pacific Ocean.

Table 5. Mass balance-calculated colloidal ligand charasties (atar.s4), = 60) and the

additional "kinetically-inhibited" colloidal £ concentrations required to explain the observed
dFe size partitioning at equilibrium.
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Figure Captions

Figure 1. Sampling locations along the US-GEOTRACES 2011seanfor iron and iron-
binding ligand partitioning studies.

Figure 2. Hydrography of the two North Atlantic study sitdtie CTD traces from relevant
sample depths are indicated in (a) for stationddr Bermuda and (b) for station 23 near Cape
Verde.

Figure 3: The partitioning of dFe and dissolved Fe-bindiggnds in the dissolved (<0.2 um,
solid circles, solid line) and soluble (<10 kDagagircles, dotted lines) at (a) station 10 (BATS)
and (b) station 23 (near Cape Verde). The grayisinke fluorescence trace, and the maximum
fluorescence is designated as the deep chloroptakimum (DCM). All error bars are +1
standard deviation.

Figure 4. Measured sFe/dFe vs. modeled sFe/dFe at statiimed0 Bermuda, filled circles) and
station 23 (near Cape Verde, crosse®)-gfs4),= 60 and 100 (A and B, respectively). Modeled

sFe/dFe was derived by dividing, pie/ Xdissoived-
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(a) Station 10 near Bermuda
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Table 1

Station Size Fraction Depth (m) [Fe]lnmolL® +/- [LinmolL® +/- logK; +/- [L]lnmoll* +/- logK, +/-
10 soluble 3 0.089 0.003 1.51 0.13 12.78 0.03 1.10 0.02 10.91 0.28
10 dissolved 3 0.541 0.010 1.72 0.26 12.87 0.16 1.22 0.04 11.59 0.26
10 soluble 46 0.105 0.036 2.07 0.15 12.41 0.05 3.45 0.27 10.93 0.73
10 dissolved 46 0.642 0.003 2.40 0.62 12.32 0.18 4.33 0.01 10.68 0.64
10 soluble 62 0.098 0.002 1.68 0.01  12.71 0.74 4.58 0.54 11.31 0.38
10 dissolved 62 0.559 0.004 2.03 0.20 12.84 0.25 6.54 0.61 11.03 0.95
10 soluble 77 0.068 0.016 1.33 0.32 13.04 0.03 5.08 1.03 10.83 0.62
10 dissolved 77 0.439 0.008 2.78 0.37 12.15 0.12 5.91 4.08 10.84 0.04
10 soluble 84 0.071 0.004 1.80 0.02 12.64 0.16 4.64 1.31 11.67 0.18
10 dissolved 84 0.222 0.058 2.64 0.00 12.12 0.45 6.28 0.73 10.89 0.38
10 soluble 111 0.046 0.015 1.51 0.00 12.04 0.06 1.03 0.00 10.91 0.05
10 dissolved 111 0.154 0.006 1.65 0.00 12.67 0.23 1.71 0.19 11.05 0.15
23 soluble 3 0.094 0.004 1.26 0.25 12.60 0.25 4.84 0.29 11.19 0.32
23 dissolved 3 0.441 0.005 1.87 0.58 12.88 0.36 5.12 0.70 11.26 0.00
23 soluble 51 0.032 0.007 1.65 0.34 12.12 0.03 5.29 0.57 10.85 0.49
23 dissolved 51 0.347 0.002 1.76 0.25 12.62 0.14 6.69 2.14 10.99 0.75
23 soluble 77 0.025 0.007 1.01 0.08 12,51 0.69 7.25 0.21 10.57 0.01
23 dissolved 77 0.122 0.005 1.34 0.03 13.13 0.19 7.55 0.51 10.59 0.34
23 soluble 129 0.065 0.002 1.26 0.21 12.80 0.08 4.37 0.07 10.84 0.13
23 dissolved 129 0.344 0.009 1.93 0.03 12.64 0.27 4.88 4.86 10.87 0.35
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Table 2

Station Size Fraction Depth (m) [Felnmoll® +/- [LilnmolL™ +/- logK,; +/- [L]lnmolLl® +/- logK, +/-
10 soluble 3 0.089 0.003 1.14 0.03 12.74 0.04 0.91 0.14 1186 0.01
10 dissolved 3 0.541 0.010 1.47 0.05 13.44 0.18 5.60 0.16 11.27 0.02
10 soluble 46 0.105 0.036 2.27 0.04 13.08 0.03 1.09 0.22 11.82 0.26
10 dissolved 46 0.642 0.003 2.81 0.20 12.59 0.17 4.13 0.19 11.13 0.02
10 soluble 62 0.098 0.002 1.56 0.01 12.31 0.30 4.92 0.01 11.24 0.02
10 dissolved 62 0.559 0.004 2.34 0.02 12.29 0.00 6.38 0.09 11.29 0.00
10 soluble 77 0.068 0.016 1.59 0.04 12.75 0.05 4.89 0.02 11.21 0.23
10 dissolved 77 0.439 0.008 2.24 0.18 12.44 0.21 5.25 0.40 1098 0.43
10 soluble 84 0.071 0.004 2.04 0.03 12.14 0.17 3.22 0.70 11.48 0.03
10 dissolved 84 0.222 0.058 3.04 0.16 12.08 0.17 4.61 0.21 11.28 0.03
10 soluble 111 0.046 0.015 1.98 0.01 12.49 0.16 1.52 0.14 11.49 0.06
10 dissolved 111 0.154 0.006 2.01 0.13 12.54 0.11 3.70 0.50 11.32 0.27
23 soluble 3 0.094 0.004 1.96 0.05 12.18 0.03 1.57 048 1136 0.14
23 dissolved 3 0.441 0.005 2.00 0.05 12.83 0.04 3.02 0.03 1156 0.02
23 soluble 51 0.032 0.007 1.10 0.10 12.70 0.10 5.52 0.20 10.81 0.09
23 dissolved 51 0.347 0.002 1.16 0.77 13.04 1.03 5.73 0.40 11.52 0.26
23 soluble 77 0.025 0.007 1.65 0.23 12.11 0.00 2.26 0.07 11.10 0.01
23 dissolved 77 0.122 0.005 1.96 0.08 13.21 0.20 2.52 0.05 11.80 0.09
23 soluble 129 0.065 0.002 2.89 0.05 12.18 0.01 3.46 0.30 1093 0.42
23 dissolved 129 0.344 0.009 2.92 0.16 12.20 0.05 3.90 0.97 1091 0.19
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Table 3

Station Size Fraction Depth [Fe] r_11mol Sresmz  108Gset Modeled Measured a  loga Modeled Measured
L Oor/Otgiss  Fesoi/ Fegiss Oor/Otgiss  Fesol/ Fegiss
10 soluble 3 0.089 60 13.94 0.95 0.16 100 13.81 0.24 0.16
10 dissolved 3 0.541 60 13.96 100 14.43
10 soluble 46 0.105 60 13.72 1.36 0.16 100 14.43 2.95 0.16
10 dissolved 46 0.642 60 13.59 100 13.96
10 soluble 62 0.098 60 13.95 0.83 0.18 100 13.58 0.81 0.18
10 dissolved 62 0.559 60 14.03 100 13.67
10 soluble 77 0.068 60 14.15 3.84 0.16 100 13.97 1.71 0.16
10 dissolved 77 0.439 60 13.56 100 13.74
10 soluble 84 0.071 60 13.98 2.64 0.32 100 13.57 0.86 0.32
10 dissolved 84 0.222 60 13.56 100 13.63
10 soluble 111 0.046 60 13.22 0.23 0.30 100 13.81 0.93 0.30
10 dissolved 111 0.154 60 13.85 100 13.84
23 soluble 3 0.094 60 13.73 0.46 0.21 100 13.51 0.28 0.21
23 dissolved 3 0.441 60 14.07 100 14.06
23 soluble 51 0.032 60 13.40 0.38 0.09 100 13.76 0.53 0.09
23 dissolved 51 0.347 60 13.82 100 14.03
23 soluble 77 0.025 60 13.54 0.21 0.20 100 13.38 0.10 0.20
23 dissolved 77 0.122 60 14.22 100 14.39
23 soluble 129 0.065 60 13.89 1.08 0.19 100 13.66 1.04 0.19
23 dissolved 129 0.344 60 13.86 100 13.64
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Table 4. Fe and Fe-binding ligand mass balance using clossfiftration at 15 m depth at

Station ALOHA in the Pacific Ocean.

Sample [Fe] nM +/- [L]T nM +/- [eL] nM +/-
Measured permeats
0.039 0.008 0.300 0.008 0.262 0.011
("soluble™), <10 kDa
Measured retentate 0.153 0.002 0.55p 0.072 0.399 0720.
Measured CFFfeed ) ¢ 0.014 0.654 0.032 0.478 0.035
("dissolved), <0.2 pm
Calculated colloidal | 0.008 0.126 0.072 0.068 0.073
(Equations 1 and 2)
Calculated 0.096 0.012 0.426 0.072 0.330 0.073
soluble+colloidal
% Recovery 54.5% 27% | 65.1% 27% | 69.1% 34%
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Table 5. Mass balance-calculated colloidal ligand charasties (atar.s4), = 60) and the

additional "kinetically-inhibited" colloidal £ concentrations required to explain the observed
dFe size partitioning at equilibrium.

Sta. Depth | [cFe] 4 [Call Lq] - Coll | [Coll Ly - Coll Additional
(m) nM nM logK 4 nM logK, | [Coll L;] nM
10 3 0.452| 0.010 0.21 0.29 13.22 0.12 0.05 12{50 .8113
10 46 0.537| 0.036 0.33 0.63 -- 0.88 0.27 = -
10 62 0.461| 0.005 0.35 0.20 13.19 1.96 0.81 -+ -
10 77 0.371| 0.018 1.46 0.49 -- 0.83 4.21 10,89 59.5
10 84 0.152| 0.058 0.84 0.02 - 1.65 1.50 - -
10 111 0.108, 0.01¢ 0.14 0.00 13.63 0.69 0.19 11.20 -0.33
23 3 0.347| 0.006 0.61 0.63 13.17 0.28 0.76 11{83 63 1.
23 51 0.316| 0.007 0.11 0.42 13.67 1.40 2.22 11131 724
23 77 0.097| 0.009 0.33 0.09 13.65 0.30 0.55 1096 .03 0
23 129 0.279, 0.004 0.67 0.21 11.85 0.51 4.86 11,07 7.63

43



Highlights
* Aerosol-derived surface dissolved Fe is mostlyadél! (10 kDa - 0.2 pm)

* Fe ligands in same waters, in contrast, are masliyble sized (<10 kDa)
* This suggests colloidal Fe is inorganic or collbigdgands are undetected
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