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ABSTRACT: One of the main reasons behind our current
lack of understanding of iron cycling in the oceans is our
inability to characterize the ligands that control iron solubility,
photosensitivity, reactivity, and bioavailability. We currently
lack consensus about the nature and origin of these ligands.
Here, we present the ﬁrst ﬁeld application of a new
methodological development that allows the selective
quantiﬁcation of the fraction of Fe complexed to humic
substances (HS). In the HS-rich surface Arctic waters,
including the Fe-rich Transpolar Drift (TPD), we found
that HS iron binding groups were largely occupied by iron
(49%). The overall contribution of Fe−HS complexes to DFe
concentrations was substantial at 80% without signiﬁcant diﬀerences between TPD and non-TPD waters. Stabilization and
transport of large concentrations of DFe across the surface of the Arctic Ocean are due to the formation of high concentrations
of Fe−HS complexes. Competition of Arctic Fe−HS complexes with desferrioxamine and EDTA indicated that their stability
constants are considerably higher than the stability constants previously found for riverine HS in temperate estuaries and HS
standard material. This is the ﬁrst case of identiﬁcation of the ligand-dominating iron speciation over a speciﬁc region of the
global ocean.

■

INTRODUCTION
Iron is the most relevant micronutrient in ocean waters
because of its limiting role in primary productivity and CO2
uptake over vast areas of the global ocean. 1,2 Iron
concentrations are constrained by the extremely low solubility
(∼10−11 M) of the thermodynamically stable species Fe(III).3
Complexation with organic ligands naturally present in
seawater increases iron solubility by two to three orders of
magnitude up to the nanomolar level.4 The concentration and
chemical characteristics of these ligands also modulate other
processes such as bioavailability, aggregation, precipitation, and
changes in redox speciation.4
Because there is no analytical method available to measure
the concentration of iron bound to a speciﬁc ligand or type of
ligands in natural waters, the study of iron organic complexation is currently based on the independent determinations of
the concentrations of dissolved iron (DFe) and of its natural
ligands.
© 2019 American Chemical Society

The overall concentration of ligands ([L]T) is routinely
determined by competing ligand equilibrium against a
commercial-added ligand (AL) and detection of the ferric
complex formed (Fe−AL) by adsorptive cathodic stripping
voltammetry (CLE-AdCSV) at diﬀerent iron concentrations.5
In addition to [L]T, CLE-AdCSV provides the conditional
stability constant of FeL complexes (KFe′−L
′ ). KFe′−L
′
is
compared to the conditional stability constants of model iron
ligands obtained by CLE-AdCSV in dissolved organic matter
(DOM) free seawater.5 Because KFe′−L
′
is a weighted average of
the conditional stability constants of the iron complexes
formed with the diﬀerent individual ligands present in the
sample, this approach is clearly insuﬃcient for ligand
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correlations are not deﬁnitive proof of the natural formation
of Fe−HS complexes.
There has not been success in identifying the major
component of the ligand pool that control iron complexation
in any particular region of the global ocean. Furthermore, there
is a lack of consensus about the nature of these ligands.6,7,9
Shedding light on iron speciation requires a shift from the
current independent measurement of ligand and iron
concentrations, to the development of speciﬁc methods to
determine the concentration of iron complexed with a
particular ligand or type of ligands. In response, we have
recently extended the protocol of our voltammetric method
based on the reduction of Fe−HS complexes in the presence of
bromate (Fe/BrO3 method hereafter). Details can be found in
the methods section and elsewhere.29 With the extended Fe/
BrO3 method, we still determine the bulk concentration of HS
([HS], in mg SRFA L−1) and the iron binding capacity of HS
(BCHS, in nM). Additionally, we determine the percentage of
HS iron binding sites bound to iron in natural conditions (HS
saturation index, in %), the concentration of Fe−HS
complexes ([Fe−HS], in nM), and the percentage of DFe
present as Fe−HS complexes (humic iron index, in %). Both
indexes are conditional to the matrix composition (just as log
KFe′L
′ ).
For the ﬁrst application of the upgraded Fe/BrO3 method,
we selected the surface waters of the Arctic Ocean. This is an
oceanic region of paramount scientiﬁc interest because of the
dramatic changes that the sea-ice coverage suﬀered over the
past decade and the catastrophic projections for future
scenarios. Here, lignin phenol analysis has revealed that
terrigenous DOM is an important component of DOM.30 Prior
work in the Arctic Ocean found high correlations of [DFe]
with terrigenous DOM, [L]T and [HS].31−33 We determined
the concentration of Fe−HS complexes to explore their
contribution to DFe and [L]T. We also carried out ligand
exchange experiments to assess whether KFe′HS
′
of surface Arctic
HS were in agreement with values obtained by standard CLEAdCSV methods.28

characterization purposes. Several types of natural ligands have
been selected by diﬀerent authors as candidates to represent
the bulk of iron ligands in ocean waters: siderophores and their
degradation products,6 humic substances (HS),7 cellular
organics released by exudation or cell lysis8 and polysaccharides.9 HS are the physical and chemical heterogeneous
mixtures of hydrophobic organics resulting from biological
and chemical transformations of dead plants and microbes and
are ubiquitous in natural waters. HS are operationally divided
in humic acids (HA) and fulvic acids (FA) depending on
whether they are soluble (FA) or not (HA) in acidic solution.
Characterization of natural ligands in seawater is a
challenging task due to their heterogeneity, low overall
concentrations (0.1−10 nM) and the diﬃculties associated
with their extraction from a complex matrix at high ionic
strength. Only recently have advances in separation science
and mass spectroscopy (MS) permitted the quantiﬁcation of
many siderophores and ligands with the heme group at natural
oceanic ligand concentrations by liquid chromatography−MS
(LC−MS). Siderophores found in diﬀerent oceanic areas were
in the range of zero to a few tens of pM, which accounts for
only a minor fraction of both DFe and [L]T.10−12 The authors
also reported the concentration of Fe bound to individual
ligands, although LC equipment is not free of risk of
contamination at the natural trace concentrations of iron.
Interestingly, LC−MS reanalysis of ocean waters after addition
of excess iron revealed that these siderophores were not fully
saturated with iron.10,13 This is the evidence that there are
ligands of diﬀerent natures that eﬀectively compete with
siderophores for iron sequestration.
The heterogeneous, complex, and multifunctional nature of
HS complicates their quantiﬁcation in water with chromatographic techniques14 and in a matrix such as seawater, other
analytical approaches are required. Bulk HS concentrations in
seawater are usually measured by direct ﬂuorescence or
voltammetry. Voltammetric methods are based on the
saturation of HS with a selected metal (Fe, Cu, and Mo),
the accumulation of the complex onto the electrode, and the
reduction of the metal during a cathodic potential scan.15−17
Signals are converted to mass of HS per volume units after
internal calibration with a commercial HS, usually Suwannee
River FA (SRFA), from the International HSs Society (IHSS).
The paradigm for decades was that HS were not a signiﬁcant
contributor to iron binding in ocean waters.18 Nearly all iron
bound to riverine HS would coprecipitate completely during
′
of iron complexes with
estuarine transition.19 Moreover, KFe′HS
SRFA and SRHA was found at about 1−2 orders of magnitude
lower than those of siderophores and porphyrins.7,20 However,
the body of evidence accumulated during the last decade
undermines this hypothesis.21 Time series experiments using
estuarine waters and ligand-free seawater spiked with
commercial HS (from IHSS) proved that iron and HS
coprecipitation stopped when Fe−HS concentrations decreased to the nanomolar range.7,22 Work in high latitude
transition waters have shown small DFe and DOM losses
during estuarine mixing,23 suggesting that there are diﬀerent Fe
and HS coprecipitation eﬃciencies as a function of the
physicochemical conditions. The correlation between DFe and
HS-like FDOM (ﬂuorescent DOM) is high in diﬀerent oceanic
and coastal waters.24,25 In the few voltammetric studies
available in estuarine, coastal, and open seawater, [DFe]
showed high correlation to [HS].7,26−28 However, high

■

EXPERIMENTAL SECTION
Sampling and Non Voltammetric Analyses. Samples
were collected during the PS94 TransArcII cruise (summer
2015) onboard FS Polarstern (Figure 1) with an ultraclean
sampling system.34 The dissolved fraction was collected after
ﬁltration through a 0.2 μm ﬁlter cartridge (Sartoban P,
Sartorius). FDOM and DFe were analyzed onboard by
ﬂuorescence and chemiluminescence, respectively. Samples
for voltammetric measurements were immediately frozen at
−20 °C until analysis. The sampling protocol, equipment, and
the analytical methods used to determine DFe and FDOM
have been published elsewhere.28,35
Voltammetric Measurements. A detailed account of the
equipment and methodology used for the Fe/BrO3 method has
been published elsewhere.29 Brieﬂy, direct voltammetric
measurement of Fe−HS complexes was carried out by catalytic
CSV in the presence of 20 mM KBrO3 (catalytic reagent) and
5 mM POPSO buﬀer as in.29 The selectivity of the method
against iron complexes with siderophores, heme ligands,
polysaccharides, and iron oxyhydroxides was established
previously.16,29
The analysis is comprised of the following steps. After
careful equilibration of the cell at the sample matrix, we ran a
CSV scan to quantify Fe−HS complexes at the natural iron
13137
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transects, two across the TPD, a low salinity surface current
(upper 100 m) that ﬂows across the Artic central basins toward
the Greenland Sea via the Fram Strait35,36 (Sections 1 and 2),
and one N−S transect on the western end of the Barents Sea
(Section 3) (Figures 1 and 2). At three stations, we collected a
few samples below 200 m for an initial assessment of the
concentration of Fe−HS complexes in deep Arctic waters.
Water Mass Characterization. In the TPD, we sampled
salinities as low as 27 psu as a result of the combination of the
lateral input of estuarine waters from Siberian rivers and local
ice melting (Figure 2). Estuarine inputs can be traced by high
concentrations of FDOM. Variable sea ice melting inputs37
required us to use an operational deﬁnition of TPD waters not
based on salinities but on a threshold FDOM concentration.
Here, waters have been labeled as TPD if FDOM >0.5 in
arbitrary units.31 According to this threshold, we collected
TPD waters at all stations in Sections 1 and 2 except for station
117 that was bordering and stations 69 and 134 that were
clearly outside of the TPD inﬂuence (Figures 1 and 2). In the
upper 150 m of the water column, there was a transition from
TPD waters to the warmer and more saline Arctic Atlantic
water (Figure 2). Salinities at 200 m depth or below were
>34.3 at all stations. Across Section 3, there were no signals of
freshwater inputs (Figure 2).
The riverine origin of surface DOM in the area is
corroborated by the high negative correlation between salinity
and FDOM (r = 0.84, p < 0.001, Table 1). Ice melting is
behind the loss of linearity found at salinities <30 (Figure
S1A).
Iron and Humic Distributions. DFe concentrations were
in a ∼50 fold range (0.09−4.4 nM) with signiﬁcantly higher
concentrations in TPD waters (0.7−4.4 nM range versus 0.1−
1.8 nM range in non TPD waters) (Figure 3, box plot in Figure
S2 and values in Table S1). In TPD stations, DFe proﬁles
showed an exponential decrease down to 100−150 m and were
low and ﬂat in the remainder.31 The correlation of DFe with
salinity and FDOM was very high at r = −0.83 and 0.83,
respectively (p < 0.001). Here, there was no general loss of
linearity, indicating that both riverine and ice melt waters
supplied DFe (Figure S2B). The exception was a subsurface
high [DFe] of 3.2 nM at station 4/50 m (Barents Sea)
coincident with high trace metal concentrations (Mn, Zn, Pb,
and Cu, data not published). We concur with prior reports that
suggested that iron from the shelf of the nearby Svalbard Island
is resuspended.35
HS concentrations were in a ∼30-fold range from 16 to 446
μg SRFA L−1 (Figure 2) with higher values in TPD waters
(ranges 93−446 μg SRFA L−1 vs 16−170 μg SRFA L−1,
respectively; box plot in Figure S2). Correlations to salinity,
FDOM, and DFe were high (r = 0.80, 0.71, and 0.80,
respectively, all p < 0.001, Table 1), indicating that most HS
and DFe had a common origin.31
At station 4/50 m, we also found a remarkably high HS
concentration (Figure 2). This is in line with the oﬀ-shelf
spreading of HS-like FDOM observed in the Chukchi Sea.38
Iron and Humic Interaction. BCHS ranged from 0.24 to
6.5 nM and was on average three times higher in TPD waters.
However, HS had the capacity to bind DFe throughout our
area of study because BCHS was consistently higher than or
similar to DFe concentrations in nearly all samples (Figure 3).
HS saturation indexes are shown in Table S1. In two
samples, station 153/28 m and station 161/150 m, the index
could not be determined because there were no apparent

Figure 1. Map of the area studied during the PS 94 cruise. Stations
are indicated by blue dots. Red lines indicate Sections 1−3. The broad
arrow indicates the approximate ﬂow path of the TPD, with
boundaries based on the concentration of FDOM as in Slagter et
al. (2017). The main sources of HS in the region are indicated with
light blue arrows.

concentration. The scan is repeated after addition of excess
iron to saturate the iron binding sites of HS and cell
precipitation of the uncomplexed iron. The signal ratio is a
direct measurement of the percentage of HS iron binding sites
occupied by iron in natural conditions (HS saturation index).
The bulk [HS] is quantiﬁed from the iron-saturated CSV
signal after calibration with iron-saturated SRFA (mg SRFA
L−1 units). The iron binding capacity of HS (BCHS, in nM) is
estimated according to
BCHS = [HS]·BCSRFA

(1)

where BCSRFA is the iron binding capacity of the SRFA
standard determined after titration with iron in DOM-free
seawater [14.6 ± 0.7 nmol Fe (mg SRFA)−1].29 The
implications of the use of a single conversion factor for the
whole area of study are discussed in the Supporting
Information ﬁle.
Fe−HS concentrations are estimated according to
[Fe−HS] = (BCHS) ·(HS saturation index)

(2)

The percentage of DFe present as Fe−HS complexes
(humic iron index) is determined from the [Fe−HS]/[DFe]
ratio.
In order to facilitate comparison among stations and
sections, we calculated DFe, Fe−HS, and BCHS standing
stocks down to 150 m deep. Humic iron indexes were also
integrated down to 150 m deep. All these vertical integrations
are shown in Table 2.

■

RESULTS AND DISCUSSION
Study Area. Seawater of the central basins of the Arctic
Ocean and the Barents Sea was collected from the upper 150−
200 m of the water column at 14 stations distributed in three
13138
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Figure 2. Vertical proﬁles of salinity, FDOM (in arbitrary units), and HS during the PS 94 cruise. Vertical red lines mark the TPD threshold of
FDOM ≥0.5 a.u. Proﬁles are separated in sections according to Figure 1.

Table 1. Pearson Product Moment Correlation Coeﬃcients for Salinity, FDOM, the Concentration of HSs (from CSV
Analysis), Dissolved Iron and Iron−HSs Complexes and the Percentage of Saturation with Iron of the HSs Binding Groups in
All Samples from the Upper 200 m Combinedb
Salinity
FDOM
[HS]
[DFe]
[Fe−HS]
HS sat. index

FDOM

[HS]

[DFe]

[Fe−HS]

HS saturation index

humic iron indexa

−0.832 (n = 77)

−0.796 (n = 94)
0.714 (n = 77)

−0.834 (n = 94)
0.776 (n = 77)
0.799 (n = 103)

−0.698 (n = 94)
0.706 (n = 77)
0.758 (n = 105)
0.828 (n = 103)

−0.206 (p = 0.049; n = 92)
0.186 (p = 0.105; n = 77)
0.148 (p = 0.137; n = 101)
0.383 (n = 101)
0.653 (n = 103)

0.099 (p = 0.350; n = 91)
−0.033 (p = 0.778; n = 77)
0.060 (p = 0.554; n = 100)
−0.130 (p = 0.199; n = 100)
0.308 (p = 0.002; n = 100)
0.518 (n = 100)

a

The value at station 154, 14 m deep is considered an outlier. bIf not stated, p < 0.001.

voltammetric peaks before iron saturation. Overall, the HS
saturation index was considerable at 49 ± 27%, with a small
although signiﬁcant (Figure 4A) higher saturation in TPD
waters (average 58 ± 25%) with respect to non-TPD waters
(average 44 ± 27%). The overall undersaturation of the humic

iron binding groups does not imply that approximately half of
the HS iron binding groups were free and completely available
to possible iron inputs. At a constant [HS], the HS saturation
index increases with the DFe concentration but decreases with
the salinity and the concentrations of other trace ele13139
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Figure 3. Vertical distribution of the concentrations of dissolved iron (from Slagter et al. 2017), iron−HSs complexes, and iron binding capacities
of HSs (BCHS) in the upper 200 m of the water column during the PS 94 cruise. Blue-shaded areas and TPD labels have been assigned to stations
where surface water fulﬁlled the criterium FDOM > 0.5 (as in Slagter et al. 2017). Note that the X-axis scale for TPD stations is 0−8 and 0−4 nM
for non-TPD stations.

ments7,39,40 and competing nonhumic ligands. HS saturation
indexes correlated poorly with salinity, [HS], and [DFe] (r
always <0.4, Table 1 and Figures S1C and S1D) and showed
no overall pattern related to depth (Figure S3). Lack of
correlation with other variables could be caused by ligands of a
nonhumic nature playing a role in modulating HS saturation
indexes.
The power of our analytical approach was demonstrated by
examining HS saturation index proﬁles over the area of study.
We observed that HS saturation index proﬁles were coherently
low down to 200 m at some speciﬁc locations: the Barents Sea
(stations 153 and 161 with the exception of station 4 were the
water column was possibly altered by resuspension of the shelf
material), in the southern end of Section 2 (station 69 in the
Nansen Basin), and at the eastern end of Section 1 (stations
125, 130, and 134). Meanwhile, in the rest of stations (western
half of Section 1, Section 2 with the exception of station 69,
and station 4), HS saturation index proﬁles were coherently
high (box plots in Figure 4B and depth trends in Figure S3).
This regionalization will be the key to interpret the spatial
distribution of the percentage of DFe found as Fe−HS
complexes.
Fe−HS concentrations (eq 2) ranged from below the LOD
to 3.7 nM (Table S1 and Figure 3) and were highly correlated
to salinity, FDOM and [HS] (r = −0.69, 0.71, and 0.76,
respectively, all p < 0.001, Table 1). As expected, TPD waters
showed signiﬁcantly (Figure S2) higher Fe−HS concentrations

(range 0.2−3.7 nM) than in the rest of samples (from <LOD
to 1.3 nM). The overall correlation of DFe and Fe−HS was
remarkable at r = 0.83 (p < 0.001) and remained high if the
data were split in sections (Figure S4). Depth proﬁles of [DFe]
and [Fe−HS] were spatially coherent; at most locations, both
proﬁles were close (example station 121, Figure 3) and in a
few, they were considerably separated (stations 69, 125, and
130, Figure 3). Furthermore, [DFe] and [Fe−HS] vertical
proﬁles showed the same main features at all stations (Figure
3).
The sample from station 4/50 m also showed a high Fe−HS
concentration (2.7 nM), suggesting that the DFe resuspension
from the Svalbard shelf was also in the form of Fe−HS
complexes as suggested for the Chukchi Plateau.32
Contribution of Fe−HS Complexes to DFe Speciation.
The humic iron index was overall high at 80 ± 51% although
spread in a very wide range (range 28−>100%) (n = 99)
(Table 2). The wide range and standard deviation is the result
of dividing many low and similar concentrations determined in
subsamples with two independent methods. In 28 cases out of
99, analytical uncertainties resulted in [Fe−HS] > [DFe] data
pairs (Table S1). Because the humic iron index is directly
related to the HS saturation index (eqs 1 and 2), its correlation
with salinity and DFe, HS, and Fe−HS concentrations was low
(Table 1). The humic iron index was statistically (Mann−
Whitney Rank Sum test, n = 35/69, U = 1171; P = 0.804) the
same in TPD waters at 79 ± 46% and non-TPD waters at 84 ±
13140
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Figure 4. (A,B): Box plots of the percentage of HS binding groups that are saturated at the natural iron concentration (HS saturation index) in all
samples collected in the upper 200 m of the water column. Stations are divided as a function of (A) whether are inside or outside the TPD and (B)
station location where samples from stations 125−161 are separated from the rest (exception station 69). Box design: the same as described in the
Supporting Information ﬁle. In both cases, Mann−Whitney Rank Sum Tests yielded statistically signiﬁcant diﬀerences: (A) n = 37/65, U = 820, P =
0.008; (B) n = 39/62, U = 221.5, P < 0.001; (C): the decrease in the normalized peak area of the Fe−HS signal as a function of the addition of
desferrioxamine for samples collected at stations 91 and 99 at a depth of 17 m. (D): The decrease in the normalized peak area of the Fe−HS signal
as a function of the addition of EDTA for solutions of 1 mg L−1 of SRFA and SRHA in UV digested seawater and the sample collected at station 99
depth 17 m.

index at r = 0.52 (p < 0.001, Table 1) and followed the same
regionalization described above. At the stations characterized
by low HS saturation indexes (station 69 in the Nansen Basin,
stations 153 and 161 in the Barents Sea and the eastern end of
Section 1, stations 125 to 134), humic iron indexes were low in
the range of 31−65% (Figure 4B). At the rest of stations
characterized by high HS saturation indexes (station 4, border
station 117, and all the TPD stations not located at the eastern
end of Section 1), DFe was mostly, and in many cases entirely,
in the form of HS complexes. In that area, integrated humic
iron indexes were in the range of 62−106% (Table 2).
Deep Samples. In the seven samples collected below 200
m at stations 99, 134, and 161 (Table S1), DFe and HS
showed low concentrations (DFe from 0.12 to 0.34 nM and
HS from 18 to 123 μg SRFA L−1) and common features
(station 134 in Figure S5). In two samples, [Fe−HS] was
below LOD. At a LOD of 0.01 nM, HS saturation indexes in
these two samples were below 5%. In the other ﬁve samples,
we found low HS saturation indexes in a narrow range (15−
28%) and humic iron indexes in a wider range (16−79%).
Although the low number of deep samples does not allow us to
reach a deﬁnitive conclusion on the contribution of Fe−HS
complexes to DFe speciation in the deep Arctic, we suspect
that it is important but less than 50%.
Performance of the FeBrO3 Method. Our method to
determine Fe−HS complexes is direct (no separation steps),
speciﬁc to the rest of proposed natural iron ligands and works
at the representative pH and ionic strength of seawater
preserving the original organic speciation of iron. The LOD of
Fe−HS complexes at 0.10 nM is excellent and allows direct
analysis in seawater except for iron-depleted open ocean waters
(∼0.1 nM DFe). This is the ﬁrst study where it is identiﬁed by
the ligand controlling most of iron speciation in a speciﬁc
region of the global ocean. Analytical methods targeting bulk

Table 2. Standing Stocks of Dissolved Iron (DFe), Binding
Capacities of HSs (BCHS), and Iron−HSs Complexes (Fe−
HS)a
inventory (0−150 m)
(μmol m−2)
stations

DFe

BCHS

St
St
St
St
St

117
121
125
130
134

123
187
184
159
63

173
202
255
366
129

St
St
St
St
St
St

69
81
87
91
96
99

88
162
178
203
205
234

142
179
358
385
330
322

139
31
34

180
55
55

St 4
St 153
St 161

Fe−HS
Section 1
99
163
94
50
41
Section 2
28
101
182
228
175
214
Section 3
147
n.c.
11

inventory humic iron index
Fe−HS/DFe
81%
87%
51%
31%
65%
32%
62%
102%
112%
86%
92%
106%
n.c.
32%

a

Values were integrated for the upper 150 m of the water column.
The humic iron index is the fraction of DFe standing stocks found as
Fe−HS complexes. Stations located in the TPD are underlined.
Although all parameters were measured at station 153, the presence of
one < LOD and one possible outlier prevented the accurate
estimation of the Fe−HS standing stock (n.c.: not calculated).

60% conﬁrming that humic complexation regulates iron
solubility throughout our area of study. Accordingly, the
humic iron index correlated strongly with the HS saturation
13141

DOI: 10.1021/acs.est.9b04240
Environ. Sci. Technol. 2019, 53, 13136−13145

Article

Environmental Science & Technology

in surface Arctic waters, there are Fe−HS complexes
characterized by K′Fe′−HS much higher than those reported
previously. Unfortunately, we do not have any knowledge on
the chemical characteristics of Arctic HS that would set them
apart from other HS. The markedly diﬀerent extent of iron
sequestration by DFO shown in diﬀerent samples (Figure 4C)
supports the hypothesis that KFe′−HS
′
could vary substantially
over the area of study. Spatial variations of the binding strength
of HS iron ligands could explain the wide spread of the humic
iron index referred above. Competing non-HS ligands must be
of biological origin of local and/or riverine origin. The ice
coverage in Sections 1 and 2 is permanent and chlorophyll
concentrations in the TPD and surrounding waters were very
low during the cruise.35 Higher chlorophyll concentrations and
cytometry counts in Section 335 were not coupled to a clear
decrease in the contribution of Fe−HS to DFe. The presence
of riverine humic and nonhumic ligands (sharing common
spread and dilution patterns) could explain the similarity of HS
saturation and humic iron indexes in TPD and non TPD
waters. We lack suﬃcient insights into regional biogeochemical
processes to be able to estimate their contribution to DFe
speciation.
Implications for CLE-AdCSV Studies. CLE-AdCSV
analysis of SRFA and SRHA standards in DOM-free seawater
seemed to indicate that KFe′HS
′
were too low to concede that
HS contributed to the pool of strong natural ligands found in
seawater with the exception of estuaries.4 We have provided
evidence that the natural HS iron ligands of the surface Arctic
Ocean, or at least a fraction of them, belong to the group of
strong ligands ubiquitous in surface ocean waters.
There are also analytical uncertainties to consider. CLEAdCSV of IHSS standards showed that at least two wellestablished methods, using as competing ligands TAC (2-(2thiazolylazo)-p-cresol) and DHN (dihydroxynaphthalene) in
the presence of bromate, do not detect most HS iron
complexation.45 On the contrary, the methods using DHN
(with no bromate) and SA (salicylaldoxime) as competing
ligands have successfully included the contribution of HS to
[L]T.42,45 In a previous work, we tried to shed light on this
method disparity using the TAC and SA methods in a number
of aliquots of the samples used here.28 According to the
previous ﬁndings, the SA method gave higher [L]T than [L]T
obtained by the TAC method in all samples. Often, TAC [L]T
was below BCHS and occasionally even below DFe. Despite the
high [L]T versus [HS] correlation obtained with both
methods, we determined that, according to the traditional
understanding of iron-HS complexation, log K′Fe′−L was high
enough (12.0 ± 0.4 and 11.8 ± 0.4 in TPD waters for TAC
and SA, respectively) to cast doubts about the humic nature of
the ligands found. Here, we prove that in surface Arctic waters,
most DFe is complexed by HS; [L]T is therefore mainly
constituted by HS and that K′Fe′−HS of at least a fraction of
Arctic HS is considerably higher than that of IHSS standards
and similar to those obtained by CLE-AdCSV in the area of
study.28 We also conﬁrm our prior hypothesis that the
contribution of a fraction of HS to [L]T is not accounted for
with the TAC method.
Oceanographic Importance. DFe concentrations in the
TPD are orders of magnitude over the solubility of iron in
seawater. Overall, these could only be justiﬁed by complexation with high concentrations of HS. High-surface DFe
concentrations in the Arctic are thus stabilized over several
years, the period in which the TPD completes its transition

HS concentrations, and speciﬁcally voltammetric methods,
present speciﬁc sources of uncertainty that have been discussed
before at length.29,41 The relevance for the determination of
Fe−HS complexes is detailed in the Supporting Information
ﬁle.
Because of its performance, we strongly recommend the use
of the extended Fe/BrO3 method to complement iron
speciation studies by CLE-AdCSV and/or LC−MS.
Competing Ligand Equilibrium against Desferrioxamine and EDTA. The stability of Fe−HS complexes can be
studied from the decrease in the Fe−HS voltammetric peak as
a response to additions of a competing iron ligand as in ref 7.
We selected for this purpose two TPD samples, station 91/17
m deep and station 99/17 m deep, characterized by DFe
concentrations above and below BCHS. Ligand exchange was
forced by the addition of two ligands described in previous
works as much stronger (desferroxamine, DFO) and weaker
ethylenediaminetetraacetic acid (EDTA) than HS if used at
similar concentrations.4 The addition to sample 91/17 m (420
μg SRFA L−1 and 3.8 nM DFe of which 97% nM were Fe−HS
complexes) of 6 nM DFO, a concentration approximately
equal to BCHS (6.1 nM, approximately double that of DFe),
decreased the Fe−HS signal considerably to 54% of its initial
value (Figure 4C). However, a further increase in the DFO
concentration to 20 nM barely dissociated more Fe−HS
complexes (52% of the initial value). This can be interpreted as
approximately half of HS having a considerably lower K′Fe′−HS
(the complexes that were easily dissociated by the initial DFO
spike) than the other half (not dissociated by a DFO
concentration 3-fold BCHS). In the case of sample 99/17 m
(177 μg SRFA L−1 and 3.7 nM DFe of which 57% were Fe−
HS complexes), the addition of 4 nM DFO (BCHS of 2.6 nM,
70% of DFe) decreased the Fe−HS signal substantially to 23%
of its initial value. In this case, a DFO concentration of 20 nM
reduced [Fe−HS] further to 8% of its initial value. It is
remarkable that, in both cases, DFO/BCHS ratios up to 7.7
provoked only a partial dissociation of Fe−HS complexes.
We also equilibrated sample 99/17 m with increasing
concentrations of EDTA. The concentration of EDTA that
reduced the initial Fe−HS signal in half was 0.32 mM (Figure
4D). This is substantially more than the concentration
previously shown to halve the voltammetric signals of 1000
μg L−1 of Fe-SRFA and Fe-SRHA complexes in DOM-free
seawater.7 Although EDTA competition with non-HS ligands
′
, it is
interferes with the accurate determination of KFe′−HS
possible to obtain a close estimate using KFe′−EDTA
′
as in ref 7.
The log K′Fe′−HS of a ligand at a concentration of 2.6 nM that
matches the complexing strength of 0.32 mM EDTA is 12.8.
′
is about 1−2 log units higher than the log
This log KFe′−HS
′
reported for IHSS standards by CLE-AdCSV in
KFe′−SRHS
DOM-free seawater (∼10.6 for SRFA and ∼11.1−11.6 for
SRHA)7,42 and log K′Fe′−HS found in estuarine waters from
temperate latitudes (10.6−12.4).7,43,44 Therefore, the natural
HS iron ligands of the surface Arctic Ocean, or at least a
fraction of them, belong to the group of strong ligands
ubiquitous in surface ocean waters.4
HS saturation and humic iron indexes below 100% may be
the consequence of the presence of nonhumic iron ligands
sequestering a minor fraction of DFe. The ability of HS to
outcompete other ligands is modulated by a variable aﬃnity of
HS binding groups to iron (heterogeneity of K′Fe′−HS) and/or
by the concentration and stability constants of competing
nonhumic iron ligands. Our experiments proved that, at least
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from the Eurasian coast to the Fram Strait.46 Our method
revealed a regionalization of the humic inﬂuence on iron
speciation. With our limited knowledge of Arctic biogeochemistry, it is diﬃcult to hypothesize the processes that could lead
to this regionalization. The eastern end of Section 1 is farther
from the inﬂuence of Siberian Rivers and closer to the
Canadian Basins. The cross-section inventories of DFe, HS,
and Fe−HS obtained across Section 2 were higher than those
obtained across Section 1 (Table 2), suggesting additional
lateral inputs of humic iron from the Siberian coast as the
southbound TPD moved toward the Fram Strait and therefore
reducing any inﬂuence from the other side of the Arctic Ocean.
Prior work found iron limitation in the Nansen Basin and
potentially in the Barents Sea.35 Selective biological consumption of the humic fraction of iron47 may have decreased
the saturation of HS and their contribution to iron speciation.
Arctic terrigenous DOM (mostly HS) is an important
component of the DOM found in the prolongation of the TPD
beyond the Fram Strait, the East Greenland Current. As a
result, 4.4−6.6 Tg of terrigenous NOM are exported annually
to the North Atlantic.30 If Arctic iron completes its transit
through the Greenland Sea into the Iceland Basin by remaining
bound to HS, it could contribute substantially to sustain the
annual North Atlantic spring bloom48 that brings North
Atlantic surface waters into iron limitation.49
Arctic NOM was also found deep in sites of formation of
North Atlantic Deep Water (NADW), the major driver of the
global ocean conveyor belt.30 We hypothesize here that nonsaturated Arctic HS may explain the stabilization of a fraction
of hydrothermal DFe observed at 60° N in deep North Atlantic
waters.50 Moreover, a substantial export of refractory Arctic
Fe−HS complexes via the NADW current during the
formation of the conveyor belt could contribute signiﬁcantly
to the high deep DFe concentrations found at depth in all
oceanic basins.
Relevance in the Context of a Warming Arctic. Our
data corroborate the recent hypothesis that in many high
latitude estuaries, HS and DFe coprecipitation is less
eﬀective, 51 and the export of Fe−HS complexes is
substantial.21,52 Understanding iron complexation and estuarine transition in Arctic waters is important in the context of a
warming planet. Permafrost thawing will bring a substantial
change in the geochemistry of the Eurasian rivers’ watershed
soils,53 increasing estuarine discharge54 and thus the export of
HS and iron into Arctic waters. This could lead to local
increments of primary productivity, for example, the ironlimited Nansen basin,35 to an increase in the DFe (as Fe−HS)
transport into the Fram Strait and the stabilization of a fraction
of the increasing iron ﬂux from Greenland meltwater. Possible
implications include the alleviation of the iron limitation
observed after postspring blooms in the Iceland Basin.49 In the
near future, the ice sheet may not cover portions of Sections 1
and 2 during summer increasing the biological requirement of
iron and exposing Fe−HS complexes to photoreactions.

■

■

relevant data split between TPD and non TPD waters;
depth proﬁles of all data combined split according to the
magnitude of the HS saturation index; all Fe−HS versus
DFe data pairs separated in sections and DFe, Fe−HS,
and BCHS proﬁles down to 3000 m deep at station 134,
and a section discussing the sources of uncertainty of the
method (PDF)
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