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Abstract

Vivaspin6® ultrafiltration units with molecular weight “cut-off” membranes of 5, 10, 30, 50, and 100 kDa
were used together to examine the size distribution of newly formed iron (Fe) colloids in natural seawater sam-
ples and in the presence of several different Fe chelators with varying Fe binding strength. Artificial Fe chela-
tors, such as TAC, and 2 kDG, when added at equimolar levels to Fe, supported the formation of a continuum
of Fe-ligand colloids between 5 and 100 kDa. More than 90% of the added *Fe in these solutions occurred in
Fe aggregates/particles larger than 100 kDa. The strong siderophore DFO held the majority of the added 5’Fe in
the “truly” soluble fraction = 5 kDa, whereas 90% of *Fe added to UV-irradiated seawater was converted into Fe
colloids with a size between 50 to 100 kDa (5-6 nm). Membranes with = 10 kDa showed similar “cut-off” prop-
erties on natural seawater samples collected in the water column off the Peruvian coast. Fe solubility determined
with these membranes was approximately six times greater than Fe solubility determined with the 5 kDa mem-
brane and the 0.02 um syringe filters. This suggests that a seamless size continuum of organic chelators (<5
kDa-10 kDa) is present in these seawaters and that estimates of ligand production based on 0.02 ym Anotop
solubility experiments underestimates the abundance of soluble/colloidal ligands. Regarding these results, we
recommend the use of Vivaspin 5 kDa membranes to separate the “truly” soluble from the colloidal Fe fraction.

Most organic and inorganic substances in seawater occur in
different size fractions. To investigate these substances sepa-
rately, different filtration and isolation devices are necessary.
Depending on the membrane pore size chosen, filtration can
be generally subdivided into macro-, micro-, and ultrafiltra-
tion. Macro- (> 50 pym) and microfiltration (0.1-50 pum) are
characterized by their membrane pore size in micrometers,
whereas ultrafiltration membranes (>0.1 um) are also defined
by their molecular weight “cut-off” (MWCO) in Daltons (Da)
(Reitmeyer et al. 1996; Guo et al. 2001; Hassellov et al. 2007).
The molecular weight “cut-off” of ultrafiltration membranes
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ranges from several thousand Dalton to hundreds and thou-
sands of kilo Dalton (kDa).

Ultrafiltration is thus a powerful technique, which has
been used for a wide variety of marine biogeochemical studies,
such as investigating the proportion of soluble (<0.02 ym or <
5 kDa) and colloidal trace metal species (0.02-0.2 ym) within
the more routinely measured dissolved size fraction (<0.2 pm)
(Reitmeyer et al. 1996; Boye et al. 2010).

Up to 99% of the dissolved Fe in seawater is complexed by
organic chelators (Witter and Luther 1998; Croot and Johans-
son 2000). These organic chelators (a.k.a. organic ligands) are
part of the dissolved organic matter pool (Barbeau et al. 2003;
Owen and Butler 2011) and can be formed e.g., through cell
lysis (Gobler et al. 1997), zooplankton grazing (Sato et al.
2007), and excretion by bacteria under Fe limitation (Martinez
et al. 2000). Iron complexed by these ligands occurs in both
the colloidal and soluble size fractions (Boye et al. 2010; Owen
and Butler 2011).

Using cross-flow filtration, which is one specific type of
ultrafiltration technique (Hassellov et al. 2007), it has been
possible to observe the effect of artificial and natural organic
ligands on Fe solubility in seawater. Schlosser and Croot (2008)
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showed, by using a 10 kDa membrane for their ultrafiltration
set-up, that strong siderophores and organic ligands increase
the capacity of seawater for soluble Fe (henceforth in this man-
uscript referred to as Fe solubility, cFe,) by one or two orders of
magnitude compared to Fe solubility in UV-irradiated Antarc-
tic seawater (~0.15 nmol L) (Schlosser and Croot 2008) and
artificial seawater (< 0.01 nmol L) (Liu and Millero 1999).
Schlosser and Croot (2008) also showed that frequently used Fe
chelators like ethylenediaminetetraacetic acid (EDTA) and 2-(2-
thiazolylazo)-p-cresol (TAC) (used for biological assays and
voltammetric experiments, respectively) increase Fe solubility,
but also lead to the formation of colloidal Fe (10 kDa-0.2 um).
This occurred when chelators with a weaker Fe binding
strength than siderophores were not added in massive excess.

Despite these advances in understanding the Fe cycle, the
exact proportion of soluble and colloidal Fe in the dissolved
fraction are still unknown due to the limitations of current
analytical techniques. In most investigations of Fe solubility
and/or soluble and colloidal Fe, only one ultrafiltration mem-
brane has been used, and the exact type was differed between
studies (e.g., membrane “cut-off” sizes of 1 kDa [Hassellov et
al. 2007], 3 kDa [Waite et al. 1999], 10kDa [Schlosser and
Croot 2008], 200 kDa [Nishioka et al. 2001]). It is very likely
that if the organic chelators that control Fe solubility occur
across a continuum of sizes, Fe concentrations in the perme-
ate of a 1 kDa membrane will be different to that in the per-
meate of a 10 kDa (or even larger) membrane. The question
arises: “Which ‘cut-off’ size is needed to truly determine the
soluble Fe fraction?” and “In which size continuum does the
colloidal Fe fraction appear?”

The problems that arise with interpreting results from Fe
solubility experiments where only a single ultrafiltration mem-
brane was used can be avoided by the simple expedient of
using several ultrafiltration membranes with different MWCO
sizes. This type of approach has been used previously by com-
bining the radiotracer ®Cu with centrifugal ultrafilters with a
range of MWCO'’s 0.5-10 kDa, (Spectrum, Centri/Por) to exam-
ine Cu speciation in cultures of the cyanobacterium Syne-
chococcus (Croot et al. 2003). For the present study, we
employed a series of 6 mL Vivaspin® ultrafiltration units with
5, 10, 30, 50, and 100 kDa membranes. This allowed us to look
at differences in the Fe solubility measured in the permeate of
the different MWCO membranes, and to determine the frac-
tion of inorganic and organically complexed Fe in the colloidal
size range in unamended, natural seawater that contained var-
ious different artificial ligands. This is the first study where sev-
eral different MWCO membranes for ultrafiltration have been
simultaneously used for measurements of Fe solubility.

Materials and procedures

Sampling and pretreatment

Bulk surface seawater from the tropical Atlantic (FS Meteor,
MS80-3, Dec 2009-Jan 2010) was collected for artificial Fe lig-
and solubility experiments using a trace metal clean tow fish
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deployed over the side of the ship. Seawater was pumped on
board through Teflon-coated polyethylene (PE) tubing by a
Teflon diaphragm pump (Almatec A-15 TTT). The seawater
was passed through a 0.2 pm inline cartridge filter (Sarto-
bran®) into an acid-cleaned 25 L PE carboy and stored other-
wise untreated in the dark for several months before use.

During the FS Meteor expedition M77-3 that took place
between Dec and Jan 2008/09, seawater samples were col-
lected in the upper water column (20-800 m) off the Peruvian
coast using trace metal clean Go-Flo bottles. At 6 stations, sub-
surface seawater samples for dissolved Fe (Fe), Fe solubility
and CDOM fluorescence measurements were filtered through
a 0.2 pm membrane filter (Sartobran). Samples for Fe solubil-
ity and CDOM analysis were dispensed into acid-cleaned 125
mL low density polyethylene (LDPE) bottles (Nalgene), stored
immediately at -20°C, and shipped frozen to the GEOMAR,
Kiel for further analysis. Samples from station Go-Flo 10-11
were further filtered using Vivaspin and 0.02 pm Anotop
syringe filters back in the lab. At all stations, CDOM fluores-
cence was measured.

Filtered seawater samples for Fe, analysis were dispensed
into acid-cleaned 1 L LDPE bottles and immediately acidified
with quartz-distilled hydrochloric acid (Q-HCI) to pH 1.75 (~18
mmol H* L), stored in the dark at room temperature, and
measured a few months later under clean lab conditions by
graphite furnace-atomic absorption spectrometry (GF-AAS) at
the GEOMAR in Kiel, Germany. The trace metal analysis
method was previously outlined by Danielsson et al. (1978)
and Bruland et al. (1979) and described in detail by Grasshoff
et al. (1999). The accuracy of the analytical procedure was eval-
uated by measurement of the certified seawater standard NASS-
5 (National Research Council of Canada) and the SAFe inter-
comparison standard. Our values for NASS 5 agreed within the
stated values for NASS 5 and our SAFe data (SAFe S: 0.112 £
0.013 nmol L Fe; SAFe D2: 0.83 £ 0.13 nmol L! Fe) were close
to the average consensus values for Fe (NASS 5: 3.70 + 0.63
nmol L1; SAFe S: 0.090 + 0.007 nmol L!; SAFe D2: 0.90 + 0.02
nmol L). The precision for replicate analyses was between 3%
to 5% at the concentrations found in this study. The proce-
dural (analytical) blank was 0.041 + 0.024(c,,) nmol Fe L.

Nutrient samples were stored in a -20°C freezer and
shipped frozen to the GEOMAR, Kiel and analyzed via an
autoanalyzer using the method of Grasshoff et al. (1999). Oxy-
gen concentrations were obtained by an oxygen sensor
mounted on a stainless steel CTD. The CTD oxygen data were
corrected against oxygen data determined on discrete samples
using the Winkler method (Grasshoff et al. 1999).

Ligand solutions

To examine the impact of natural organic chelators on Fe
solubility, a broad variety of artificial Fe complexing agents dif-
fering in their strength (K, B,) for complexing Fe were cho-
sen. Organic ligand stock solutions were prepared in deionized
water (UV treated Milli-Q water; > 18 MQ cm™!) (desferrioxam-
ine B [DFO, log K, > 13 (Rue and Bruland 1995)]; ethylenedi-
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aminetetraacetic acid [EDTA, log K., = 7.8 (Hudson et al.
1992)]; and 2-keto-D-gluconic acid [2 kDG, log _, = 11.1 (Ess-
ington et al. 2005)]) or in HPLC grade methanol (TAC, log _, =
12.2 [Croot and Johansson 2000]). All organic ligand sub-
stances were obtained from Sigma-Aldrich. A small quantity of
the ligand stock solutions was added into UV-irradiated surface
seawater to give a ligand concentration of 100 nmol L-!. Natu-
ral seawater from M80-3 was irradiated for 75 min in 10 mL
acid-cleaned quartz glass vials in a Metrohm 705 UV Digester.
The seawater-ligand solutions, however, were allowed to equil-
ibrate for at least 24 h following the addition of *Fe.

Sample treatment: Fe solubility

Fe solubility measurements were performed using the
radioisotope 3Fe (Hartmann Analytics). The °Fe solution had
a specific activity of 96.23 MBq mg™! Fe, a total activity of 74
MBq, and was dissolved in 0.1 mol L' HCIL. Further dilutions
were prepared using deionized water and were acidified with
Q-HCI. The experimental setup for the measurement of Fe sol-
ubility by 47 membrane filtration (Millipore MF) was adapted
from Kuma et al. (1996) and Nakabayashi et al. (2002). For
examining the artificial ligand solutions, 100 nmol L of °Fe
was added at t; into each artificial ligand-seawater solution (L
=100 nmol L), whereas 20 nmol L' of 5°Fe was added into the
0.2 pm filtered natural seawater samples collected during M77-
3. As noted earlier, these natural seawater samples were stored
frozen and thawed just shortly before the >Fe treatment.
Anotop syringe filtration

After the addition of 5°Fe, and an equilibration time of 72
h, 10 mL of each sample was filtered through a 0.02 pm
Anotop syringe filter (Whatman®) that had been first flushed
and then filled with MQ water. The first 7.5 mL of the 10 mL
filtrate was rejected to avoid dead volume artifacts. The
remaining seawater, 1 to 2 mL, was directly injected into a
small, acid-cleaned Teflon bottle and acidified with 20 pL of
Q-HCI to a pH below 1.8. A small volume (400 pL) of filtered
sample was transferred into duplicate 6 mL scintillation
counting vials to which 4.5 mL counting cocktail (Lumagel
Plus®) were added.

After filtration and counting cocktail addition, the closed
vials were placed in a liquid scintillation counter (Packard, Tri-
Carb 2900TR) and counted for at least 30 min. Throughout all
this, the samples were handled at room temperature (~20°C)
and stored in the dark.

Vivaspin6 filtration

5 mL of each seawater solution was transferred into the 100
kDa, 50 kDa, 30 kDa, 10 kDa, and 5 kDa Vivaspin6 filter reser-
voirs that had been rinsed with MQ by centrifugation for 5
min. The Vivaspiné6 filters were then placed in an unheated
centrifuge (Eppendorf Centrifuge 5430 R) for 10 min at ~5000
rpm (1300 g). The permeate was acidified with 20 pL Q-HCI to
avoid any wall sorption artifacts. In duplicate, 400 pL of the
remaining retentate and 400 pL of the filtered permeate were
transferred each into 6 mL scintillation counting vials to
which 4.5 mL of the counting cocktail were added. The same
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counting procedure as used for the Anotop syringe samples
was applied to the Vivaspin6 samples.

After each filtration, the ultrafiltration housings and mem-
branes were cleaned with a diluted Q-HCI solution and MQ. 5
mL of a 0.05 M Q-HCI solution were transferred into the used
ultrafiltration unit, which then was spun in the centrifuge for
at least 10 min. 400 pL of the permeate was transferred into a
6 mL counting vial to which 4.5 mL counting cocktail were
added. The activity of Fe in the Q-HCl wash solution was
then used for mass balance calculations.

All Vivaspin and Anotop filtrations were performed in
duplicate (n = 2). The Fe concentration that passed the 0.02
pm Anotop filters and the Vivaspin6 membranes are the val-
ues reported in this manuscript for Fe solubility at 0.02 ym
(0.02 pm cFey), ‘truly’ soluble Fe at 5 kDa (5 kDa cFe), Fe sol-
ubility at 10 kDa (10 kDa cFey), Fe solubility at 30 kDa (30 kDa
cFey), Fe solubility at 50 kDa (50 kDa cFe,), and Fe solubility at
100 kDa (100 kDa cFey).

CDOM measurements

Subsamples from the thawed samples (M77-3) were imme-
diately measured for their colored dissolved organic matter
(CDOM) fluorescence using a Hitachi F-2700 FL Spectropho-
tometer with a 1 cm quartz glass cuvette. The analytical pro-

tocol for single excitation-emission CDOM,, .., mea-

surements was adapted from Hayase et al. (1988) Q3 and s
Hayase and ShinozukaQ4 (1995). The intensity of fluores- -

cence was expressed in terms of quinine sulfate content (1
QSU = 1 ppb quinine in 0.05 mol H,SO, at 320 nm excitation
and 420 nm emission), corrected for the MQ blank, and then
converted into the unified scale of Raman units (Lawaetz and
Stedmon 2009).

In addition to single wave length excitation-emission mea-
surements, excitation-emission matrices (EEM) (Yamashita et
al. 2010) were generated for all samples. The instrumental pro-
tocol was followed for this approach. The EEM matrixes were
generated by scanning fluorescence emissions between
240-800 nm caused by excitation between 220-600 nm in
steps of 10 nm wavelength. Sample fluorescence was normal-
ized to daily measurements of the fluorescence of quinine stan-
dards (QSU) (Mopper and Schultz 1993) or to the Raman-
induced fluorescence of water (excitation 350 nm) (Stedmon et
al. 2003). The normalized EEMs were analyzed by PARAFAC in
MATLAB using the DOMFluor toolbox (Stedmon and Bro
2008). In this work, using split half analysis, three components
were validated. No samples were removed from the dataset.

Assessment

Artificial ligand solutions

With the exception of DFO, all artificial ligand-seawater
solutions showed similar Fe solubilities of ~ 5 nmol L
(Table 1) when filtered through the 100 kDa membrane. This
roughly corresponded to 1/20 of the initial Fe concentration
(100 nmol L1). Fe solubility decreased stepwise when these
ligand-seawater solutions were filtered through the 50 kDa, 30
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Fig. 1. Fe solubility of DFO, TAC, EDTA, 2kDG, UV-irradiated, and untreated tropical Atlantic seawater solutions filtered in duplicates through a 0.02 um
Anotop syringe filter and through 5, 10, 30, 50, and 100 kDa ultrafiltration Vivaspin membranes. Please note the different Fe solubility scaling used for DFO
and UV-irradiated seawater solutions. Errors shown correspond to the total uncertainty associated with pipetting, decay counting, and filtration (n = 2).
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Fig. 2. (Left) Locations where seawater samples were collected off the
Peruvian coast during FS Meteor M77-3 in Dec 2008-Jan 2009 (white and
black stars). Of special interest for this study were the samples collected
from station Go-Flo 10-11 (black star at 12°S and 82°W). The cruise track
of M77-3 is shown by the dashed white line and the chlorophyll o (Chl o)
concentration recorded by the MODIS satellite is shown by the shades of
gray. Close to the shore, Chl a concentrations reached values of up to 30
mg m-3 (black areas).

lar (Fig. 3), even though the actual Fe solubilities determined
from the 5 kDa and 0.02 pm syringe filtration were approxi-
mately one-sixth of those determined from membranes = 10
kDa. Despite the differences in absolute values of solubility,
data obtained from all filtration devices showed a surface
minimum (=10 kDa: 2.65-3.65 nmol L), a strong subsurface
maximum between 150 m and 200 m (=10 kDa: 4.97-6.04
nmol L) that was significantly more strongly developed for
MWCO = 10 kDa, and almost constant values (=10 kDa:
2.09-3.59 nmol L) for Fe solubility at depths between 400
and 800 m.
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Fig. 3. (Left panel) Dissolved Fe concentrations (dashed black line) and Fe solubility determined using Vivaspiné ultrafiltration membranes and 0.02 pm
Anotop syringe filtration on samples collected at Go-Flo station 10-11. 20 nmol L' of *Fe was added to the 0.2 pym filtered seawater samples to deter-
mine Fe solubility. (Middle panel) Ratios of cFe/Fe, in the water column and the legend for the left and middle panels are shown here. (Right panel)
Phosphate (black), nitrite + nitrate (dark gray), and oxygen concentrations (bright gray) are shown for station Go-Flo 10-11.

Discussion

Ultrafiltration is a common way to separate and identify
soluble Fe species and characterize artificial and natural chela-
tors for their ability to complex Fe, and in this way, increase
Fe solubility. Fe chelators tested in this work have been
recently characterized in detail via cross-flow filtration with a
10 kDa membrane (Schlosser and Croot 2008), allowing a
short introduction to each substance to be given below.

Desferrioxamine B is a strong hydroxamate siderophore
(Schwarzenbach and Schwarzenbach 1963) that is produced
by terrestrial bacteria and forms strong Fe complexes (K, > 13
[Rue and Bruland 1995], K., > 16 [Croot and Johansson
2000]) under ambient seawater conditions (Hudson et al.
1992). Assuming an inorganic Fe solubility of 0.15 nmol L!
(Schlosser and Croot 2008) or 0.01 nmol L (Liu and Millero
1999) and that all organically complexed Fe species are “truly”
soluble (<5 kDa) the amount of soluble Fe ([Fe(III)L] + [Fe(IIl)’])
can be estimated by: K, = ([Fe(IIDL] / [Fe(Ill)’][L"]) = 10*3. For
DFO this yields a soluble Fe fraction of ~ 100 nmol L. Exper-
iments have shown that DFO is a very strong Fe complexing
agent (Cheah et al. 2003; Cheah et al. 2006; Kim et al. 2010),
and consequently DFO has been used extensively to limit Fe
availability to phytoplankton in incubation experiments
(Hutchins et al. 1999). At a 1:1 ratio between ligand and °Fe,

slightly more than 80% of the *Fe was organically complexed
by DFO and passed equally through all ultrafiltration mem-
branes and the 0.02 pym Anotop syringe filter. The remaining
20% of the initially added 5SFe was retained by the different fil-
tration devices, but were easily remobilized when the housing
and PES membrane filter was rinsed with a 0.05 mol L' Q-HCl
solution. Regarding the fact that the 5Fe concentration within
the LDPE reservoir decreased by 10 nmol L after 72 h (due to
wall sorption [Schlosser et al. 2011]), the remaining10% must
have been lost to scavenging onto surfaces of the Vivaspin PC
housing and/or the PES filter. This was also true for the other
ligand-seawater solutions.

Fe-EDTA complexes are also well described in the literature
(Gerringa et al. 2000; Sunda and Huntsman 2003) and indi-
cate that this substance forms three relatively weak Fe com-
plexes, Fe(OH)(EDTA)*, Fe(OH),(EDTA)*, and Fe(EDTA)-
(Kpenyr, = 107%). Solubility calculations as performed for DFO
yield Fe solubility ([Fe(III)L] + [Fe(IlI)’]) values of 1.1 nmol L!
and 0.07 nmol L, for 0.15 nmol L' and 0.01 nmol L' inor-
ganic Fe solubility, respectively. However, a small fraction of
the added %Fe (~ 5 nmol L) in the EDTA treatment was able
to pass through 5 kDa membrane, which is just slightly less
than what passed through the ultrafiltration membrane with
the largest “cut-off” size of 100 kDa (<7 nmol L!). The mea-
sured Fe-EDTA solubility values determined in this work and
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(3.73 nmol L versus 1.15 nmol L), and for the UV-irradiated
seawater (1.87 nmol L versus 0.15 nmol L1).

Both the Vivaspin6 10 kDa membrane and the Vivaflow50
10 kDa membrane are made of the identical polyethersulfone
(PES) material. Both membranes should thus have the same
physical and chemical properties and should behave similarly
in terms of the retention and permeation of truly dissolved
and colloidal materials that are suspended in seawater. How-
ever, the results of ultrafiltration experiments differ greatly
from earlier measurements made by Schlosser and Croot
(2008). It is not clear what causes the differences between the
filtration techniques. We suggest that the most likely explana-
tion is the difference in the volume to surface area between
the filters and/or a thermal effect from the centrifugation even
though when just performed for a short time (~10 min.).

Size continuum of artificial Fe chelators and inorganic Fe

Natural ligands increase the solubility and residence time
of Fe in seawater (Rue and Bruland 1997). This implies that
“truly” soluble Fe complexing agents in excess with respect to
artificially added Fe should permit the majority of the Fe to
pass through the 5 kDa filter membrane. Regarding the slight
but steady increase of 5Fe able to pass through the ultrafiltra-
tion membranes with increasing “cut-off” size, the Vivaspiné
filtration experiments showed that artificial Fe complexes, like
Fe-EDTA, Fe-TAC, and Fe-2kDG occur in a size continuum of
colloids between 5 kDa to 100 kDa (Table 1 and Fig. 1). How-
ever, the retention of the majority of the added *Fe (more
than 90%) in these ligand-seawater solutions, even when the
largest 100 kDa Vivaspin6é membrane was used, suggests that
even larger Fe-ligand colloids or particles = 100 kDa were
formed.

By subtracting the amount of “truly” soluble *Fe that
passed the 5 kDa membrane from the amount of Fe that
passed the 10 kDa membrane, the amount of colloidal 5Fe
contained within the weight range between 5 and 10 kDa was
calculated (Table 3). The same were done for the other MWCO
membranes (Table 3). These calculations yield a size distribu-
tion of the different colloidal organically complexed SFe
species between < 5 kDa, 5 kDa and 10 kDa, 10 kDa and 30
kDa, 30 kDa and 50 kDa, 50 kDa and 100 kDa, = 100 kDa. Iron
in Fe-EDTA, Fe-TAC, and Fe-2KkDG solutions, and in natural
untreated seawater, appeared mostly (~94%) as large col-
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loids/particles = 100 kDa, although a small fraction of smaller
colloids were also formed in the ranges 5-10 kDa (~ 1.7%),
30-50 kDa (0.1%), and 50-100 kDa (0.3%). Only a small frac-
tion (2-6%) of Fe in these solutions remained in the “truly”
soluble range < 5 kDa (Table 3). In contrast, most of the Fe in
the Fe-DFO solution (~80%) passed with equal efficiency
through all of the ultrafiltration membranes used. These find-
ings support the idea that Fe-DFO complexes do not tend to
form large colloids and instead occur mostly as smaller MW
compounds in seawater (MW = 803, Batinic-Haberle et al.
1994; Iwade et al. 2006).

Most interesting were the Fe solubility results for the UV-
irradiated seawater. It is well accepted that strong UV radiation
removes somewhere between the majority and the entirety of
dissolved organic matter (DOM) in seawater (Achterberg et al.
2001; Ndung'u et al. 2003), allowing the behavior of inorganic
Fe species in DOM-free seawater to be examined. In this case,
just a small fraction of *Fe was found in the “truly” soluble
size fractions = 5 kDa (1.96%) or in the colloidal fractions
between 5-10 kDa (1.46%), 10-30 kDa (0%), and 30-50 kDa
(2.27%). However, up to 90% of the >°Fe added into UV-irradi-
ated seawater passed through the 100 kDa membrane, sug-
gesting that after 72 h colloidal inorganic Fe existed mostly
between 50 and 100 kDa in size. This finding supports results
of earlier studies, which examined the rapid formation of Fe
colloids (Nowostawska et al. 2008) that were unable to pass
through Millipore FM filters (25 nm) (Hove et al. 2007; Croot
et al. 2011).

Iron added to UV-irradiated seawater in the form of acidi-
fied Fe standard solutions undergoes rapid changes (Schlosser
et al. 2011). The strong shift in pH from that of the Fe stan-
dard solution (~pH 1) to that of seawater (~pH 8) causes solu-
ble Fe to be quickly transformed into Fe(Ill) oxyhydroxide col-
loids. Freshly precipitated Fe(IlI) oxyhydroxides are very fine
colloids and particles with large surface area and structural dis-
order. They have a very low thermodynamic stability and a
high Fe(Ill) solubility. These Fe(Ill) oxyhydroxides easily
undergo chemical changes with time (loss of water and
increased crystallization). These chemical changes are strongly
dependent on the water temperature, with lower values for
Fe(Ill) solubility associated with higher temperatures and
longer aging times (Kuma and Matsunaga 1995; Kuma et al.

Table 3. Table shows the size fractions of artificial FeL and inorganic Fe size in percentage. The last row (>100 kDa) illustrates the miss-

ing percentage of *Fe that was retained by the 100 kDa membrane.

Vivaspiné (kDa) 55Fe-DFO (%)

ssFe-EDTA (%)

35Fe-TAC (%) 55Fe-2 kDG (%) Inorg. 53Fe (%)

<5 87.79 6.16
5-10 0.00 1.34
10-30 0.56 0.00
30-50 1.82 0.28
50-100 0.00 0.00
> 100 9.83 92.22

2.07 2.56 1.96
1.90 1.99 1.46
0.20 0.00 0.00
0.68 0.39 2.27
0.41 0.42 89.85
94.73 94.64 4.46
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1996; Iwade et al. 2006; Yoshida et al. 2006). The inorganic Fe
colloid sizes found (50-100 kDa) must be therefore under-
stood as a snapshot of Fe colloid sizes after 72 hours.

The weight unit (Dalton) is not a SI unit and cannot be
converted into dimensions of length (e.g.,, nm). However,
making the following assumptions, an approximate size in
nanometer for inorganic Fe colloids can be computed. One
Dalton corresponds to the mass of 1/12 of the carbon isotope
12C, which is equal to one atomic mass unit (1 u) or = 1.66 x
10?7 kg. The maximum weight of a simplified spherical mole-
cule this could pass a 5000 Da membrane is then 8.30 x 10~
g. That corresponds to the mass of 416 carbon atoms 2C (or
56 atoms of *Fe) and is equal to a simplified sphere volume of
2.20 nm?, when an atomic radius of 0.108 pm for the carbon
atoms was applied (210 pm for Fe). The diameter of the sphere
volume can then be easily calculated. Assuming that the cubic
close packing filled 74% of the total sphere volume, 5 kDa (the
“truly” soluble cutoff) corresponds to a pore size of 2.18 nm.
This suggests that the inorganic Fe colloids that did not pass
50 kDa membrane, but passed the 100 kDa membrane, had an
effective diameter between 4.70 nm and 5.92 nm.

A colloid with the size of ~ 5 nm should have easily passed
the 0.02 pm Anotop syringe filter membrane. This was obvi-
ously not the case (Fig. 1). However, the Fe solubility deter-
mined with the 0.02 ym syringe filters corresponded roughly
with the permeability of the “truly” soluble “cut-off” 5 kDa
membrane filters. In accordance with the earlier described
pore size calculations, 5 kDa membranes should have a pore
size of ~ 2 nm. Chen et al. (2004) reported that Anotop filters
were considerably different from their rated pore size of 0.02
pm. Using fluorescein-tagged macromolecular compounds,
they noted that the Anotop filters had an actual “cut-oft” of ~
3 kDa. Our results agree with the findings of Chen et al.
(2004). This discrepancy, however, is troubling given the fre-
quency with which these 0.02 pym aluminum oxide filters
from Whatman® have been used and interpreted as having a
larger MWCO.

Size continuum of natural Fe chelators in natural seawater

Natural seawater samples were collected up to 300 nautical
miles offshore from the Peruvian coast in the latitudinal core
of the tropical East Pacific oxygen minimum zone (Fig. 2).
This part of the ocean is influenced by strong upwelling and is
characterized by elevated primary production in the euphotic
and oxygen-containing zone (Fig. 2). Below the mixed layer
(10-25 m) oxygen (O,) was depleted down to hypoxic and
anoxic conditions and macronutrient concentrations (phos-
phate [PO ], nitrite + nitrate [NO_]) were elevated (Fig. 3, Table
2). These oxygen-depleted zones are the result of elevated bac-
terial degradation of organic matter, which consumed the
majority of dissolved oxygen and strong vertical stratification
reduced the ventilation of the deeper waters.

The O, content of seawater plays a key role in the specia-
tion of Fe and other redox sensitive metals. Under hypoxic
and anoxic conditions, for instance, Fe(Ill) can be quickly
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reduced to the more soluble and more bioavailable Fe(Il)
species (Hong and Kester 1986). This would result in overall
enhanced dissolved Fe concentrations and probably also
higher soluble iron concentrations in oxygen minimum zone
waters (Lohan and Bruland 2008). In agreement with previ-
ously published data from Hong and Kester (1986), we deter-
mined elevated dissolved Fe concentrations (Fe,: ~ 2 nmol L™)
in the low oxygen containing waters between 70 m and 400 m
depth (Fig. 3). Unpublished Fe(Il) data from the same station
(pers. comm. A. Dammshaeuser, GEOMAR and P. L. Croot)
suggest that these elevated dissolved Fe concentrations were
most likely related to high concentrations of the reduced iron
species Fe(II).

As pointed out in the introduction, dissolved Fe in oxy-
genated seawater consists of a soluble and colloidal fraction
(Wu et al. 2001; Boye et al. 2010), where 99% of the dissolved
Fe is complexed by soluble and colloidal organic chelators
(Boye et al. 2010). Assuming that differences in water temper-
ature and oxygen content were eliminated by sampling and
sample storage (bottle head space, etc) differences in Fe solu-
bility in the water samples were strictly related to the amount
of organic chelators present in the samples.

Natural and artificially added >°Fe in the seawater samples
are in equilibrium after 72 hours (Schlosser et al. 2011). Due
to this, the amount of soluble and colloidal Fe in the dissolved
Fe fraction can be calculated by subtracting the “true” Fe sol-
ubility determined using the 5 kDa membranes from the dis-
solved Fe concentration. The “true” Fe solubility exceeded the
dissolved Fe concentration at 20 m water depth (Fig. 3).
Assuming an inorganic Fe solubility of 0.15 nmol L-!
(Schlosser and Croot 2008) “truly” soluble natural ligands
were in excess (~0.16 nmol L) with respect to dissolved Fe.
Because Fe,, concentrations exceeded the “true” Fe solubility
in samples from below the surface layer, the dissolved Fe pool
consisted of both a soluble and colloidal fraction. Above 75 m
and below 400 m, outside the anoxic core zone, soluble Fe
accounts for ~45% of the dissolved Fe pool. Although the
overall concentration of the soluble Fe pool slightly increased
in the anoxic core region between 75 m and 400 m, soluble Fe
was a smaller proportion of the dissolved Fe pool (~33%).
Results of colloidal Fe measurements published by Boye et al.
(2010) were slightly lower (colloidal Fe: 37-51%) than the
contribution of colloidal Fe in the dissolved Fe pool deter-
mined for this study (colloidal Fe 50-75%). Both studies
showed that more soluble Fe contributes to the dissolved Fe
pool in the surface layer. However, our approach did not con-
sider that inorganic Fe solubility might change greatly under
anoxic conditions due to the contribution of more soluble
Fe(Il) species. Due to this, our approach probably overesti-
mates the amount of colloidal organic Fe in the anoxic core
region of the oxygen minimum zone.

Vivaspin membranes = 10 kDa showed generally higher Fe
solubilities throughout the water column (= 2 nmol L) (Fig.
3). As already shown for the 5 kDa membranes, highest solu-
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bilities for Vivaspin membranes = 10 kDa were achieved in
samples from the core region of the oxygen minimum zone
(~6 nmol L). This finding was quite unexpected, since Fe,
concentration from this particular depths were already ele-
vated (1.1-2.0 nmol L1!). It seems that natural organic Fe
chelators in different sizes clusters (<5 kDa [“truly” soluble]
and 5-10 kDa |[colloidal]) or in a seamless size continuum
between <5 kDa-10 kDa were responsible for elevated Fe solu-
bilities found for water samples collected in the core of the
oxygen minimum zone. This does not rule out the presence of
inorganic Fe colloids. However, it is likely that the continuous
but slow aging process of inorganic colloids, converting them
from Fe(OH), to amorphous FeOOH, was sufficiently affected
by the presence of DOM and organic ligands (Liu and Millero
2002) in the seawater samples.

Organic Fe chelators are released in various ways; one is
through the bacterial decomposition of organic matter, where
macronutrients and organic chelators are excreted simultane-
ously. Supporting this is the linear relationship of apparent
oxygen use (AOU), phosphate concentration, and pH (release
of CO,) with Fe solubility shown by Schlosser and Croot
(2009) and Tani et al. (2003). However, a linear dependence
between Fe solubility and phosphate concentrations was not
observed for the samples in this study (Fig. 3). The lack of rela-
tionship between Fe solubility and phosphate may be due to
the strong phosphate gradient and that only one sample was
collected in the uppermost 70 m of the water column for the
measurement of cFe,.

Concentrations of Fe-binding ligands in seawater vary from
region to region. Coastal seawater has significantly higher lig-
and concentrations (7 to 70 nmol L, Croot and Johansson
2000) than open ocean seawaters (0.5 to 6 nmol L, Powell
and Donat 2001; Croot et al. 2004a; Croot et al. 2004b),
related to its overall higher biological activity. The 0.02 pm
Anotop syringe filtration experiments and voltammetric lig-
and measurements in the past, led to the conclusion that just
a small amount of organic ligands were present in the soluble
size fraction (Schlosser and Croot 2009). Stolpe and Hassell-
hov (2010) used flow field fraction (FFF) for their colloidal
research (1 kDa-0.45 pm) in seawater samples and showed
that colloidal organic Fe mostly exists in sizes between 0.5-3
nm and 7-40 nm. However, it appears that the colloidal ligand
pool within the dissolved fraction is partly captured when the
10 kDa Vivaspin ultrafiltration membranes are used for 5Fe
solubility experiments. Thus it is very likely that there is
another size fraction of organic ligands between 100 kDa and
0.2 pm that was not monitored, but that could be captured in
the future though the use of larger MWCO membranes (1000
kDa or larger). However, Fe solubilities measured for the frac-
tion > 5 kDa are close to concentrations of dissolved organic
Fe ligands determined in seawater by voltammetry (Boye et al.
2001; Croot et al. 2001; Powell and Donat 2001).

Fig. 3b shows the ratio of Fe solubility determined by the
different MCWO Vivaspin membranes and Fe_ in the water
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column. This ratio appears useful to quantify the maximum
capacity of seawater for soluble and colloidal organically com-
plexed Fe. Conspicuously, all cFey/Fe ratios showed highest
values near the surface (20 m), whereas significantly lower
ratios were calculated for the subsurface samples. This implies
that up to ten times more Fe in the colloidal size fraction
between > 5 kDa and 10 kDa could be held in the near surface
waters. In the “truly” soluble size fraction < 5 kDa, twice as
much Fe than present in the dissolved Fe pool could be held
in these surface waters. This result has strong implications for
the biogeochemical Fe cycle in this oceanic environment. The
surface waters measured are not fully Fe saturated and may
hold more Fe by organic complexation in the dissolved pool.
Turbulent and diffusive mixing may be strong enough to
transfer a reasonable quantity of Fe(II) and Fe(III) through the
oxycline (~60 m) into the biological active oxygenated
euphotic zone (Fig. 3). Regenerated Fe(Ill) formed below the
mixed layer could be stabilized in the upper 70 m of the water
column by the large amount of freely available organic chela-
tors in the soluble and colloidal size fractions.

The ultrafiltration experiments performed here suggest that
significantly more Fe in seawater can be held in the fraction
between > 5-10 kDa than in the “truly” soluble fraction =< 5
kDa. This implies that ultrafiltration membranes = 10 kDa are
insufficient for separating the “truly” soluble from the col-
loidal fraction of organically complexed Fe. Consequently, Fe
solubility determinations using 0.02 pm Anotop syringe filtra-
tion or 5 kDa membrane filtration experiments probably
strongly underestimate the amount of organic chelators pro-
duced by remineralization (Schlosser and Croot 2009). These
findings have strong implications for Fe models using the lin-
ear relationship between 0.02 pm Fe solubility and phosphate
as key parameters for the production of organic chelators (Ye
et al. 2009) by remineralization processes.

Fe solubility’s and CDOM content

Investigations of Fe solubility and CDOM abundance dur-
ing several expeditions in the Pacific Ocean showed a strong
linear relationship between these two parameters (Tani et al.
2003; Kitayama et al. 2009; Yamashita et al. 2010). This rela-
tionship was attributed to the microbial decomposition of
organic matter and the simultaneous release of humic-like
substances and organic Fe chelators (Chen et al. 2004). It was
also discussed that humic-like substances have several func-
tional groups that could act directly as Fe chelators (Kuma and
Isoda 2003; Tani et al. 2003; Chen et al. 2004; Kitayama et al.
2009; Laglera and Van Den Berg 2009).

Emission-excitation matrixes (EEM) were generated to
identify different fluorescent substances via PARAFAC model-
ing (Table S1). Using the EEM-PARAFAC approach, two humic
compounds (humicl and humic2, Yamashita et al. 2010) and
one protein compound were found in the samples in this
study (Table 2). Humic compounds identified by PARAFAC
and by the discrete single excitation-emission humic fluores-
cence data showed a weak but significant linear relationship
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Table $1. Results for dissolved Fe (Fe,), Fe solubility (0.02 ym Anotop syringe filtration), CDOM
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3200420 fluorescence in Raman units for

all other stations during M77-3 (white stars in Fig. 2). In addition, Humic1, Humic2, and Protein1 in Raman units computed by the
PARAFAC algorithm using the entire EEM dataset of samples collected during M77-3.

Latitude Longitude  Depth Fe, cFe CDOM, 120 Humic1 Humic2  Protein

Station °S) °w) (m) (nmol L) (nmol L) (R.U.) (R.U)) (R.U) (R.U))
1 10 78.38 20 3.46 0.57 0.114 0.016 0.016 0.035
30/12/08 40 1.77 0.37 0.083 0.013 0.011 0.027
08:04 60 10.91 0.42 0.062 0.009 0.007 0.021
3 10 78.38 5 2.72 0.58 0.084 0.076 0.013 0.021
30/12/08 40 2.02 0.69 0.112 0.018 0.017 0.021
20:03 60 4.55 0.55 0.082 0.014 0.013 0.018

80 13.07 0.74 0.122 0.020 0.018 0.026
4 10 78.38 5 6.36 0.67 0.114 0.021 0.017 0.033
30/12/08 40 217 0.43 0.056 0.010 0.008 0.032
23:45 60 2.45 0.71 0.108 0.018 0.016 0.023

80 18.93 0.034 0.008 0.006 0.023
6-7 10 79.47 20 0.56 0.30 0.046 0.008 0.011 0.058
01/01/09 75 0.43 0.41 0.063 0.009 0.012 0.054
13:40 140 0.34 0.37 0.049 0.007 0.009 0.048

190 1.06 0.64 0.088 0.014 0.014 0.050

300 1.31 0.47 0.068 0.012 0.009 0.029

400 0.98 0.43 0.061 0.011 0.008 0.031

600 1.84 0.40 0.074 0.012 0.010 0.034

800 1.97 0.32 0.070 0.012 0.008 0.025
8-9 10 84 40 0.48 0.24 0.062 0.008 0.009 0.023
04/01/09 110 0.68 0.77 0.137 0.018 0.017 0.020
13:00 150 0.86 0.54 0.139 0.020 0.015 0.018

200 1.27 0.81 0.124 0.019 0.015 0.021

300 1.00 0.34 0.096 0.015 0.012 0.037

400 0.43 0.52 0.130 0.021 0.015 0.029

600 1.15 0.54 0.123 0.021 0.013 0.031

800 1.50 0.36 0.101 0.013 0.012 0.025
12 12.03 78 10 2.88 0.46 0.136 0.020 0.021 0.048
08/01/09 75 4.15 0.63 0.139 0.011 0.013 0.028
00:55 150 6.45 0.43 0.077 0.020 0.015 0.016

200 0.84 0.102
18 18 73.42 25 0.81 0.51 0.065 0.009 0.012 0.027
17/01/09 50 0.98 0.37 0.091 0.012 0.012 0.023
15:16 100 2.78 0.60 0.140 0.018 0.017 0.021

200 2.79 0.55 0.113 0.016 0.013 0.020

with Fe solubility determined using the 0.02 pm syringe filter
and the 5 kDa membrane (Fig. 4a, 4b, 4c). This was not true
with Fe solubility results from the 10 kDa membrane or even
larger MWCO ultrafiltration membranes (Fig. 4a), with the
resulting correlation being not statistically significant.

At present there is insufficient data to deduce if colloidal
organic chelators are formed by the same processes as humic
substances, or if humic substances in the colloidal size fraction
are able to complex Fe. Future work needs to examine these
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aspects of iron biogeochemistry in seawater in more detail to
elucidate more fully the role of remineralization in the genera-
tion of iron binding ligands and its influence on iron solubility.

Comments and recommendations

Vivaspiné ultrafiltration devices for trace metal and trace
metal speciation analysis are faster and probably also more
reliable than conventional ultrafiltration devices, such as
Vivaflow 50 cartridges or 0.02 um Anotop syringe filters. By
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Fig. 4. (A) Linear regressions of Fe solubility and CDOM,,,,, fluores-
cence in Raman units. Black squares correspond to Fe solubility deter-
mined using 0.02 um Anotop syringe filtration (Table S1). The remaining
symbols refer to results from GoFlo station 10-11. Gray stars indicate Fe
solubility determined using 0.02 um Anotop syringe filtration. Fe solubil-
ity determined using 5 kDa membrane are illustrated by gray triangles,
whereas cFe determined using 10, 30, 50, and 100 kDa membranes are
shown by open squares. The linear regression for Anotop syringe filtration
samples (CDOM,, .., = 0.122 x cFe  + 0.03, R? = 0.46 [Student t test, t(P
= 0.001) = 3.551 < 3.702]) has a different slope than for the = 10 kDa
ultrafiltration membranes (CDOM,,, .., = 0.011 x cFe; + 0.054, R* = 0.41
[Student ¢ test, t(P = 0.8) = 0.256 > 0.019]). (B and C) Show the linear
correlation of Fe solubility determined by 0.02 pm Anotop syringe filtra-
tion with the concentration of humic substances (fluo. humic1 [Humicl =
0.020 x cFe; + 0.05, R? = 0.46] and fluo. humic2 [Humic2 = 0.016 x cFe,
+ 0.04, R? = 0.61]) that were identified by the PARAFAC algorithm.
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using one of these devices equipped with a SkDa MWCO poly-
ethersulfone membrane, the “truly” soluble and colloidal frac-
tions of trace metals and their complexing agents in natural
seawater samples can be separated and analyzed. For example,
the growth of inorganic Fe colloids could be investigated in Fe
solubility incubations by monitoring several successive sub-
samples instead of just the one at the end of the incubation.
Later on, combined with natural or artificial organic chelators,
these experiments could help us to understand the processes
of natural dust dissolution, particle formation, and Fe
removal. The relatively small sample volume that can be
passed through the Vivaspin6 ultrafiltration membrane repre-
sents the largest disadvantage of this method (5-6 times the
reservoir volume; or ~ 36 mL for the Vivaspin 6; personal com-
munication with Sartorius). When larger volumes must be
processed, we recommend the Vivaspinl$5, Vivaspin20, or the
conventional Vivaflow50 device. We are certain that brief
temperature changes during sample centrifugation did not
influence the Fe solubility equilibrium established after several
days. However, if larger sample volumes are to be filtered for
long periods of time we recommend using a temperature-con-
trolled centrifuge to prevent possible treatment artifacts. As
ultrafiltration is a commonly used technique with the poten-
tial to become a frequently used procedure in the current
GEOTRACES sampling program, “intercalibration” mea-
surements using ultrafiltration membranes (PES, polyacrylic,
etc.) and devices (Vivaspin, Vivaflow, hollow fiber filters, etc.)
are urgently needed to eliminate possible analytical artifacts
from the collective results.
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