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The characteristics of the dissolved iron (DFe) binding organic ligands were determined during 3 Dutch
GEOTRACES cruises covering the length of theWest Atlantic Ocean. Adsorptive Differential Pulse Cathodic Strip-
ping Voltammetry (AdDPCSV)with TAC as competing ligandwas used tomeasure Fe binding organic ligands. Al-
though the distribution of DFe is related to its sources, sinks and vertical processes, ultimately it is the solubility of
Fe in seawater that determines its concentrations in the oceans. The Fe binding organic ligands increase the sol-
ubility of Fe. The total ligand concentration and the excess ligand over Fe concentration showed a decreasing
trend from north to south in the surface ocean as well as in the North Atlantic Deep Water (NADW). This
trend could be extended further north to the Arctic Ocean, where ligand concentrations were even higher. The
Arctic might be a source of ligands to the northern West Atlantic Ocean. We calculated a residence time of 779
to 1039 years for dissolved organic ligands in the NADW. This is 2.5 to 4 times larger than the estimated residence
time of DFe in the NADW.
The highest concentrations of excess ligands were found in the surface where the dissolved Fe concentrations
were the lowest. This resulted in high ratios of [Lt]/DFe in the surface decreasing with depth to a value close to
2 below 500 m, where more ligands were saturated. Dissolved organic ligands were saturated with Fe in a
large part of the southernWest Atlantic at mid-depth, where DFe concentrations increased due to hydrothermal
activity.
The inorganic Fe concentrations, [Fe′], were surprisingly uniform for the western Atlantic Ocean. Values ranged
between 0.2 and 1 pM in the deep Atlantic as well as in the surface, where ligands were unsaturated with Fe.
However, in the hydrothermal influenced region, where ligands were (nearly) saturated, [Fe′] was high, possibly
larger than the solubility product of the Fe(oxy)hydroxides and thus suggesting either high concentrations of col-
loidal Fe or particulate Fe. Our results showed that the dissolved Fe concentrations were strictly regulated by a
steady state between complexation by ligands and adsorption/precipitation of particles, the extensive hydrother-
mal influenced area seemed to be an exception.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Iron (Fe) is a critical nutrient for primary productivity in the oceans.
It is an important element in many proteins, enzymes and pigments
(Wells et al., 1995). Due to its low solubility, Fe limits phytoplankton
growth in large parts of the oceans (de Baar et al., 1990; Martin et al.,
1990). Notwithstanding its low solubility, concentrations of dissolved
Fe (DFe, b0.2 μm) are higher than predicted by its solubility product
alone and vary widely over the water column and across the surface
ocean. This variation in DFe concentrations can be explained by i) the
chemistry of Fe in the dissolved phase, ii) transport and the proximity
of Fe sources, and iii) biological processes (e.g. high DFe at the oxygen
minimum) (de Baar and de Jong, 2001; Liu and Millero, 2002; Gledhill
and Buck, 2012; Rijkenberg et al., 2012, 2014).
.

The chemistry of Fe in the dissolved phase is strongly controlled by
the physical–chemical speciation in seawater, where colloids and Fe-
organic complexes are dominant factors (Gledhill and van den Berg,
1994; Rue and Bruland, 1997; Croot et al., 2001; Thuróczy et al.,
2011a,b). Although organic ligands forming Fe-organic complexes play
a major role in the solubility and therefore in the distribution and bio-
availability of Fe, their identity, sources and sinks are still largely un-
known (Gledhill and Buck, 2012 and references herein). Organic ligands
can bind 99% of dissolved Fe present in seawater (Gledhill and van den
Berg, 1994; Rue and Bruland, 1997) increasing the residence time of Fe
in seawater (Archer and Johnson, 2000; Ussher et al., 2004). These or-
ganic ligands are thought to be produced in the biological active photic
zone, where DFe is low, by bacteria as strong ligands (logK′ N 21.5)
called siderophores (a.o. Butler, 2005; Mawji et al., 2008), by grazing
(Sato et al., 2007), by viral lysis (Poorvin et al., 2011) and by degradation
and transformation of organic materials (Gerringa et al., 2006;
Boyd et al., 2010a,b; Gledhill and Buck, 2012). Relatively weak ligands
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(logK′ b 21.5) can consist for a part out of terrestrial humic materials
(Laglera and van den Berg, 2009) and also for a part out of marine poly-
saccharides (Hassler et al., 2011). Rivers and sediments are also known
to be a source for organic ligands (Croot and Johansson, 2000; Buck
et al., 2007; Gerringa et al., 2006). We define degradation and transfor-
mation of organicmaterials as a source of ligands,we definemineraliza-
tion of organic materials as a loss of ligands.

Most publications report one ligand group (defined by logK′ and [L])
but an increasing number of publications present results of two ligand
groups, depending on their binding strength (K′) with Fe. The strong li-
gand (L1) has a logK1′ between 21.1 and 23.9 (with respect to [Fe3+])
and the relatively weak ligand (L2) has a logK2′ between 19.8 and
22.0 (Rue and Bruland, 1997; Nolting et al., 1998; Cullen et al., 2006;
Buck et al., 2007). The overlap in logK′ of L1 and L2 might be because
they do belong to different groups but with similar logK′. Another rea-
son of the overlap can be the use of different analytical methods and
data treatments (Gerringa et al., 2014; Laglera et al., 2013). Although
the recognition of the existence of two ligand classes has allowed signif-
icant headway to be made in terms of biogeochemical models (Ye et al.,
2009; Tagliabue et al., 2009), firm experimental evidence for this sce-
nario is still lacking (Gerringa et al., 2014). The logK′ of the strong ligand
group coincideswith that of the siderophores thought to be produced in
the upper part of the oceans by bacteria in search for Fe. Concentrations
of identified siderophores are far smaller than themeasured concentra-
tions of strong ligands.Mawji et al. (2011) could only explain atmost 2%
of natural complexation from the amount of siderophores found,
despite their excellent limit of detection and the wide range of
siderophores they could identify. The analytical detection of specific or-
ganic complexes such as siderophores is still in its infancy (Gledhill
et al., 2004; Mawji et al., 2008, 2011; Velasquez et al., 2011). Strong li-
gands have also been measured at greater depths (Nolting et al., 1998;
Buck et al., in press) although it is not clear whether these are also
siderophores. This ambiguity is well illustrated by the lack of consent
of for example the logK′ of the siderophore DFOB (desferal), which is
relatively low (21.4) according to Witter et al. (2000a) and van den
Berg (2006), and relatively high (N23) according to Rue and Bruland
(1995) and Croot and Johansson (2000). The logK′ of the weaker ligand
group has not been directly linked to specific chemical components.
They could be among other humic substances and polysaccharides.
Most likely, terrestrial humic substances play especially in coastal
areas a role, although they have also been detected at large depth in
the oceans. Their presence showed a relationship with Fe solubility in
some studies (Tani et al., 2003; Nakayama et al, 2011) but not in others
(Heller et al., 2013).

Organic ligands have been measured over the whole water column
with concentrations below 500–1000 m remaining quite constant
with depth (a.o. Thuróczy et al., 2011a,b). This indicates a high
resistance to bacterial mineralisation or a steady state between
mineralisation and production. Photochemical oxidation in the surface
waters has been assumed to be a sink of organic ligands (Boye et al.,
2001; Croot et al., 2004) and is shown to occur in incubation experi-
ments by Powell andWilson-Finelli (2003) in the Gulf ofMexico. Photo-
reduction of Fe due to photo-oxidation of the ligands could not be
measured in estuarine waters of the Scheldt river (Rijkenberg et al.,
2006a) and in laboratory photochemical experiments results differed
greatly per model substance, some did not react at all (Rijkenberg
et al., 2006b).

The GEOTRACES West Atlantic project produced complete ocean
sections with 54 sampling stations of trace elements and several iso-
topes, transient tracers of global change, microbial biodiversity andme-
tabolism (Fig. 1) (De Corte et al., 2012; Rijkenberg et al., 2014; Bruland
et al., 2014; Casacuberta et al., 2014; Dulaquais et al., 2014; Deng et al.,
2014; Lamborg et al., in press; Middag et al., 2015). Participating in this
West Atlantic GEOTRACES (www.geotraces.org) project enabled us to
study the organic ligand characteristics of Fe over this large section at
22 out of the 54 stations and to combine our datawith other parameters
indicative of watermass, dust input, and hydrothermal input. It allowed
us to investigate processes that determine the distribution of dissolved
organic ligands and their role in the distribution and availability of DFe.

2. Materials and methods

2.1. Sampling

Seawater samples were collected during three GEOTRACES cruises
along the GEOTRACES GA02 section in the western Atlantic Ocean
(Fig. 1a). The first two cruises (64PE319, 64PE321) on the Dutch re-
search vessel RV Pelagia covered the whole Northern Hemisphere be-
tween 28 April and 8 July 2010. The third cruise on the British
research vessel RRS James Cook (74JC057) covered the Southern Hemi-
sphere between 2 March and 6 April 2011. Seawater was filtered inline
(0.2 μm, Sartobran 300 cartridges) from PVDF samplers mounted on an
ultraclean titaniumCTD (Rijkenberg et al., 2015–in this issue). At 22 out
of 54 stations, 12–14 depths were sampled representing the entire
water column, with the exception of sampling at station 37 in the
Amazon plume, where 4 depths were sampled in upper 75 m, see
Fig. 1a.

2.2. Organic speciation analysis

Samples from 64PE319 and 64PE321 were directly measured on
board, however, most samples from 74JC057 were frozen and analysed
later in the home laboratory. Complexing ligand titrations were used
to determine the natural ligand characteristics. In short, different con-
centrations of Fe were added to 14 subsamples (0, 0.2, 0.4, 0.6, 0.8, 1,
1.2, 1.5, 2, 2.5, 3, 4, 6, and 8 nM Fe) buffered at pH = 8.05 with a
5 mM NH3/NH4OH borate buffer. The competing ligand ‘TAC’ (2-(2-
Thiazolylazo)-p-cresol) with a final concentration of 10 μM was used
and the Fe(TAC)2 complex was measured after equilibration (N6 h)
by adsorptive cathodic stripping voltammetry (AdCSV) (Croot and
Johansson, 2000; Croot and Heller, 2012).

The voltammetric equipment consisted of a μAutolab potentiostat
(Type II and III, Ecochemie, The Netherlands), a mercury drop electrode
(model VA 663 from Metrohm) connected to a Metrohm-Applikon
(778) sample changer. To prevent signal noise caused by the motions
of the ship, the electrode stand with the mercury drop electrode was
mounted on a wooden board hanging with elastic bands in an alumini-
um frame. All equipmentwas protected against electrical noise by a cur-
rent filter (Fortress 750, Best Power).

2.3. Calculation of the ligand characteristics

The sensitivity (S) relates themeasured electrical current (nA) to the
concentration Fe(TAC)2. Using a straightforward and simple non-linear
fit of the Langmuir model in R (Gerringa et al., 2014), we calculated the
total ligand concentration ([Lt]) and thebinding strength (K′) of the nat-
ural Fe-binding ligands togetherwith S. The standard deviation of the fit
of the data from the Langmuir model is here given as SDlangmuir model.
Using [Lt] and K′, the concentration of DFe bound to a natural Fe-
binding ligand [FeL], the concentration of inorganic Fe [Fe′] and the con-
centration of natural unbound ligand [L′] were calculated using the as-
sumption of chemical equilibrium and the mass balance DFe = [Fe3+]
(1 + 1010 + K′ [L′]) and [Lt] = [FeL] + [L′], respectively by repeated
calculations using Newton's algorithm (Press et al., 1986). For the inor-
ganic complexation of Fe by hydroxides an inorganic side reaction coef-
ficient of 1010 was used (Hudson et al., 1992; Millero, 1998).

2.4. TAC correction

Surprisingly, the chemical TAC contained so much Fe that the work-
ing solution added an extra inadvertent addition of 0.5 nM Fe to the
sample. It is therefore important to measure the Fe content in new

http://www.geotraces.org


Fig. 1. a. The cruise track and stations during the cruises 64PE319 and 64PE321 on RV Pelagia and 74JC057 on the RRS James Cook covering the completeWest Atlantic Ocean GEOTRACES
GA02 transect. In black all the 54 full depth stations over 17,500 km, in colour the 22 stations sampled for the analysis of Fe binding organic ligands: in red stations from 64PE319, in green
stations from 64PE321 and in purple stations from 74JC057. The accolades indicate three geographical distinct regions dividing the stations into a north, an equatorial and a southwestern
Atlantic group. b. Full depth section plots along theWestern Atlantic GEOTRACES GA02 transect showing salinity overlain by isolines of conservative temperature theta (Θ). Watermasses
are indicated. AABW=AntArctic BottomWater; AAIW=AntArctic IntermediateWater; DSOW=Danmark Straite OverflowWater; LSW=Labrador SeaWater;NADW=North Atlantic
DeepWater; NEADW = North East Atlantic DeepWater; UCDW= Upper Circumpolar Deep Water.
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batches of known competing ligands such as TAC since the quality with
respect to Fe content is not constant. To analyse the titration data 0.5 nM
Fewas therefore added to each added Fe concentration. However, infor-
mation was lost since no true zero value could be measured and the
lowest addition was automatically 0.5 nM, whereas normally we start
with 0, 0.2 and 0.4 nM Fe additions. The consequence is that the stan-
dard deviation on the estimation of K′ is larger and the possibility to es-
timate the existence of two ligands is impossible with this data set.

2.5. Data management

All data have been deposited to the GEOTRACES database at the Brit-
ish OceanData Centre (www.bodc.ac.uk). Results for logK′ and [Lt] with
a standard deviation larger than 0.4 M−1 and 0.4 nEq per M Fe, respec-
tively, were flagged as a questionablemeasurement, all other data were
flagged as acceptablemeasurements. For DFe, logK′ and [Lt] and derived
variables [Lt]/DFe ratio and the side reaction coefficient of the ligands
alphaL (=K′ ∗ [L′]) all 246 data points are presented. We further pre-
sented 237 data points for [L′] from the 237 acceptable measurements
of [Lt] and 146 data points for [Fe′] calculated from the 146 acceptable
estimations of logK′.

To compare the data from this researchwith the Arctic and Antarctic
data of Thuróczy et al. (2011a,b) the data of this research was
grouped in a northern group consisting of leg 1 (64PE319) and the
northern part of leg 2 (64PE321) (north of 8°N), an equatorial group
where [Fe′] was high and [L′] low; (between station 36 leg 2 at 8°N
and station 13 leg 3 at 17°S) and the remainder of leg 3 (74JC057
south of 13°S) (Fig. 1a). The equatorial group was chosen as a separate
group since here DFe was relatively high due to a hydrothermal input
with a maximum in the middle of the water column, resulting in high
[Fe′] and low [L′]. Furthermore, the data were averaged over the follow-
ing depth layers: 0–50 m representing the mixed layer, 50–150 m
representing the euphotic zone, and 150–1000 m representing the
remineralization maximum and oxygen minimum zone. As different

http://www.bodc.ac.uk
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deep water masses exist along the western Atlantic transect the water
column below 1000 m was divided with an interval of 1000 to
2000 m. For the calculation of the mean values of logK′, [Fe′] and [L′]
only acceptable values were used resulting in N = 146. When large
standard deviations of the fit of logK′ results from the near saturation
of the ligands, [Lt] can still be satisfactorily determined resulting in
237 data points for [Lt] (with SDLangmuir model b 0.4 nEq per M Fe).

In areas where Lt was saturated [Fe′] could not be calculated based
on the mass balance of Fe and the chemical equilibrium between Fe
and its ligands. Here [Fe′] was more or less arbitrarily chosen to be con-
stant at 0.015 nM to indicate that [Fe′] is high and cannot be accurately
calculated. We defined ligands to be saturated with Fe if [Lt] −
DFe b 0.4 nEq of M Fe. We chose 0.015 nM Fe′ as a constant as it repre-
sents a value measured in a seawater sample with a saturated ligand
pool obtained from the hydrothermal influenced area and measured
with low standard deviations of the estimated parameters. According
to Liu and Millero (2002) the solubility of Fe oxides and hydroxides at
pH = 8.05, S = 35 and Θ = 2.5 (centre of the NADW, Fig. 1b) is
0.3 nM, higher than our value. Perhaps weaker ligands outside the de-
tection window of our method played a role in the above sample.

For the construction of Fig. 5, significant differences at the 0.05 level
of significancewere investigatedwithin depth ranges between different
geographical groups using ANOVA with a post-hoc Tukey's HSD test.

2.6. Analysis of dissolved iron (DFe)

During cruise 64PE319 DFe was determined twice, once in samples
that were, as is common practice, acidified after sampling and also in
separate samples taken to measure the ligand characteristics. These
last samples were acidified at a later stage when they were taken
from unacidified samples when ligand analysis was executed. In the
unacidified bottles adsorption of Fe on the bottle wall and perhaps
even precipitation of Fe oxides and hydroxides could occur during stor-
age and thawing. In both other cruises DFe was only measured in the
samples specifically taken for DFe analysis. Gerringa et al. (2014) com-
pared results from the unacidified samples with those of immediately
acidified samples (Rijkenberg et al., 2014) and concluded that due to ad-
sorption on the bottle walls DFe in the unacidified samples was in aver-
age 13% lower than in the immediately acidified samples (Fe content, on
average 0.53 nM, is 86.8%± 17.6 SD of the DFemeasured in immediate-
ly acidified samples, n = 130). DFe concentrations were measured di-
rectly on board by automated Flow Injection Analysis (FIA) (Klunder
et al., 2011). Filtered (0.2 μm) and acidified (pH 1.8, 2 mL/L 12 M Base-
line grade Seastar HCl) seawater was concentrated on a column con-
taining aminodiacetid acid (IDA). After elution the sample was mixed
with luminol, peroxide and ammonium; the oxidation of luminol with
peroxide was catalysed by iron and a blue light was produced and de-
tected with a photon counter. The amount of iron was calculated
using a standard calibration line. Samples were analysed in triplicate
and averageDFe concentrations and standard deviation are given. A cer-
tified SAFe standard (Johnson et al., 2007) for the long-term consistency
and absolute accuracy was measured on a regular basis. More informa-
tion on this procedure and its precision and reproducibility is given in
Rijkenberg et al. (2014).

To keep the dataset consistent we used for all three cruises the DFe
values from the samples that were specifically taken for DFe analysis
to calculate the ligand characteristics.

3. Results

In Figs. 1b, 2, 3 and 4 cross sections of the salinity with the conserva-
tive temperature theta (Θ), DFe, [Lt], logK′, [Fe′], [L′] and the ratio of [Lt]
and DFe are presented.

The distribution of DFe in the West Atlantic Ocean is extensively
discussed by Rijkenberg et al. (2014), and therefore we will discuss its
distribution here only shortly. DFe is low in the surface, especially
north of 30°N and south of 15°S due to phytoplankton uptake, and in-
creases with depth to values close to 0.7 nM. South of the equator
where Antarctic BottomWater (AABW) can be recognised, DFe concen-
trations decrease to 0.5 nMand even lower to 0.4 nM in the deepwaters
below4000m (Rijkenberg et al., 2014). Enhanced concentrations of DFe
were found in several areas: i) near 50°N in the Labrador Sea Water
(LSW) and the upper North Atlantic Deep Water (NADWu) between
1000 and 2000 m depth due to lateral transport of the shelf, ii) as a re-
sult of the recycling of organic matter in the oxygen minimum zone
(OMZ) between 0° and 20°N at 70–1100m, iii) just south of the equator
near 2000 m depth as a result of hydrothermal input, either directly
(Rijkenberg et al., 2014) or perhaps as recently observed indirectly
from enriched sediments (Aquilina et al., 2014), and iv) at 300 m
depth at 30–40°S due to lateral transport from the shelf. Since 22 out
of 54 stations and half of the total depthswere sampled for the determi-
nation of dissolved Fe binding organic ligands, the ligand data are less
densely distributed than the DFe data presented by Rijkenberg et al.
(2014). Comparing the distribution of DFe in Fig. 2a with the DFe distri-
bution in Rijkenberg et al. (2014) shows that in Fig. 2a elevatedDFe con-
centrations at 300 m depth at 30–40°S are missed due to the lower
sampling density, these elevated concentrations are caused by the con-
fluence of the Brazil and Malvinas currents, forming the SubTropical
Shelf Front (STSF). Also the elevated concentrations caused by hydro-
thermal activity between 2000 and 3000 m depth between the equator
and 20°S can hardly be recognised in Fig. 2a, and is only indicated by
two data points south of the equator whereas we know that the area
with elevated DFe extends further south as well as further north. This
confirms the statement of Rijkenberg et al. (2014) that scarce and frag-
mentary sampling makes interpretation difficult and can give rise to
wrong conclusions.

The total ligand concentrations [Lt] varied between 0.3 and 3.3 nEq
of M Fe with a mean of 1.2 (SD = 0.48, N = 237 for samples with
SDLangmuir model b 0.4 nEq of M Fe out of a total of 246 analyses)
(Fig. 2b). North of the equator, concentrations of [Lt] are high through-
out the water column (always larger than 0.5 nEq of M Fe). Here, the
highest [Lt] concentrations exist near the surface whereas south of the
equator the highest concentrations are found at mid depth. Low [Lt] ex-
ists in the AABW south of the equator where DFe is also low. [Lt] is rel-
atively high in the hydrothermal influenced area at mid depth between
the equator and 30°S, where DFe is high. South of 30°S between 1000
and 4000 m, where the NADW cannot be distinguished anymore (van
Heuven, 2013; Rijkenberg et al., 2014; Middag et al., 2015), [Lt] is com-
parable to concentrations found in the Northern Hemisphere at the
same depths (between 1 and 2 nEq of M Fe).

The conditional binding strength expressed as logK′ is constant
over the whole transect and has a mean value of 22.5 ± 0.56 (N = 246,
all data included) and 22.3 ± 0.33 when only logK′ values with a
SDLangmuir model b 0.4 are included (N= 146). There are some exceptions
where the logK′ is higher such as at 47°N (1300–2200mdepth) and from
the equator to about 30°S above 1000 m or lower such as at 30°N below
800 m depth. A distinct trend is absent, however, and there is no hint
that the logK′ differs with distinct water masses (as described by van
Heuven, 2013; Rijkenberg et al., 2014; Middag et al., 2015) (Fig. 2c).

The ratio of [Lt]/DFe expresses the saturation state of the Fe binding
organic ligands with Fe, clearly showing that the ligands at depth are
more saturated by Fe than in the surface. Its average value is 12.5 in
the surface 50 m (SD = 14, N = 36) and decreases to 8.8 (SD = 7.4,
N = 18) between 50 and 100 m, to 3.1 between 100 and 1000 m
(SD = 2.2, N = 67) and to 1.9 below 1000 m (SD = 0.7, N = 116)
(Fig. 3a). [Lt]/DFe is high in the surface 50 m, especially near 40°N and
20°S, where Fe is depleted and nutrients are low (Rijkenberg et al.,
2014; Middag et al., 2015). At mid depth (1000–3000/4000 m) the
ratio [Lt]/DFe is close to two, and is close to one between 5°N and 30°S
at 2000 to 3000 m depth, and between 35 and 50°N at 1500 to
3000 m depth, respectively. When the ratio is close to one the ligands
are (almost) saturated.



Fig. 2. Full depth section plots along the western Atlantic GEOTRACES GA02 transect showing a.) the distribution of DFe (nM). Areas where sources of DFe were identified by Rijkenberg
et al. (2014) are indicatedwith rectangles. b.) the distribution of [Lt] in nEquivalents ofM Fe, and c.) the distribution of logK′ (M−1). DFe corresponds to [FeL] as calculated fromDFe and the
organic ligand characteristics K′ and [Lt]. The DFe data shown here are a subset of the complete section as published in Rijkenberg et al. (2014). Black dots represent the sample locations
(N= 246). LSW= Labrador Seawater, NADWu = upper North Atlantic DeepWater, OMZ = oxygen minimum zone, STSF = SubTropical Shelf Front.
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[Feʹ] shows distinct trends with depth and geographical position
(Fig. 3b). In the Northern Hemisphere, [Feʹ] is low at the surface
where nutrients and DFe are low and the ratio [Lt]/DFe is high. It in-
creases with depth until 4000m depth after which it decreases towards
the sediment. [Feʹ] concentrations are relatively low around 40°N at
1000 to 2000 m depth compared to values at the same depth further
north and south. This is the position where elevated DFe was measured
in the LSW and NADWu (Rijkenberg et al., 2014) most likely due to lat-
eral transport from the coastal areas or shelves of Greenland or North
America. Between the equator and 30°S, DFe is elevated due to hydro-
thermal activity and maximum [Feʹ] concentrations exist between
1000 and 3500 m depth. As the Fe binding ligands are saturated here
with Fe, [Feʹ] is not determined by its equilibriumwith the dissolved or-
ganic ligands. The exact position of the area with maximum [Feʹ] is dif-
ficult to establish because notmany data points are present here. [Feʹ] is
surprisingly constant outside the hydrothermal influenced area, ranging
between 0.2 and 1 pM. Surface [Feʹ] are 0.2 pM north of 30°N and south
of 30°S. [Feʹ] is 0.4 pM near the equator. [Feʹ] increases to 1 pM at mid
depth and decreases to 0.4 pM in the deep waters.

Fig. 3c shows the distribution of the calculated excess ligand concen-
tration [Lʹ]. In contrast to [Lt], [Lʹ] is not influenced by theDFe concentra-
tion (Rijkenberg et al, 2008; Gledhill and Buck, 2012). Again a
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Fig. 3. Full depth section plots along thewestern AtlanticGEOTRACESGA02 transect of a.) the ratio of [Lt] over dissolved Fe (N=246), b.) the Fe concentration not bound to organic ligands
[Feʹ] (N= 146), and c.) the excess ligand concentration [L−ʹ] (N= 237). [Feʹ] and [Lʹ] were calculated using the assumption of chemical equilibrium and the mass balance DFe= [Fe3+]
(1 + 1010 + K′ [L′]) by repeated calculations using Newton's algorithm (Press et al., 1986). Black dots represent the sample locations.
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distinction between north and south of the equator can bemade. North
of the equator concentrations are higher, and decrease with depth.
South of the equator concentrations are lower and the trend with
depth is different. Both [Feʹ] and [Lʹ] are relatively low in the surface
south of the equator. Here the lowest concentrations [L′] are present
at mid depth between 2000 and 3500 m where DFe is elevated due to
hydrothermal activity (Rijkenberg et al., 2014).

4. Discussion

To allow comparison of the data of all three cruises we used the DFe
measured in the immediately acidified samples, although this might
overestimate [Lt] up to 13% (Fe content is 86.8% ± 17.6 SD of the DFe
measured; n = 130 in Gerringa et al., 2014). How and when samples
for DFe were taken is often poorly described in the literature on Fe or-
ganic complexation. DFe concentrations referred to in the below litera-
ture were most probably measured in immediately acidified samples
(Witter and Luther, 1998; Boye et al., 2001; Gerringa et al., 2006;
Rijkenberg et al., 2008; Thuróczy et al., 2011a; Cullen et al., 2006).

4.1. Comparison with other work

The average logK′ of ourmeasurementswith a SDLangmuir modelb 0.4 is
22.3 ranging between 21.4 and 23.1. No trend with depth exists as was

Image of Fig. 3


Fig. 4. Full depth section plot along thewestern Atlantic GEOTRACES GA02 transect of the side reaction coefficient alpha of the organic ligands (Kʹ ∗ [L−ʹ]) (N= 237). Black dots represent
the sample locations.
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also observed by Buck et al. (in press). The average [Lt] of all measure-
ments with SDLangmuir model b 0.4 in the upper 50 m is 1.25 nEq of M Fe
decreasing with depth to an average of 1.02 nEq of M Fe. [Lt] range be-
tween 3.28 in the upper layer of the northern section and 0.37 nEq of
M Fe at 3000 to 4000 m depth in the southern section. Those data are
in agreement with those of other studies in the eastern Atlantic Ocean
(Witter and Luther, 1998; Boye et al., 2001; Gerringa et al., 2006;
Rijkenberg et al., 2008; Thuróczy et al., 2010) in which logK′ values
range between 20.4 and 23.0 and ligand concentrations between 0.3
and 3 nEq of M Fe. Until now only Cullen et al. (2006) and Buck et al.
(in press), published data from the western Atlantic Ocean. Both studies
took samples near or at the Bermuda station BATS corresponding to our
station 21 (leg 2). Both studies distinguished more than one ligand.
Cullen et al. (2006), using the same method as us, detected only in the
surface a strong ligand with a logK′ between 22.7 and 23.1. Using
AdCSV with salicylaldoxime (SA) as competing ligand, Buck et al. (in
press) measured both strong and weaker ligands over the whole water
column along the US GEOTRACES (GA02) section from 38°N and 9.7°W
to 17°N and 24.5°W. We only distinguished two ligand classes in one
sample at the BATS station with large standard deviations of the esti-
mates. Different analytical procedures, including the way of calculation,
might be the reason of these differences.

Our data density is lower in the Southern Hemisphere. Moreover,
since the total and excess ligand concentrations are lower in the South-
ern Hemisphere the standard deviations of the estimated values of logK′
of these Fe saturated ligands are higher. This results in even less [Fe′]
and [L′] data in the Southern Hemisphere as these were calculated
from [Lt] and logK′ data with a SDLangmuir model b 0.4. Although [Fe′]
can become extremely high when calculated for an Fe saturated ligand
pool, the fact that the ligands are near saturation resulting in high [Fe
′] still has environmental significance (Lane et al., 2008). Therefore we
assumed a constant [Fe′] of 0.015 nM for those samples with saturated
ligands, under the assumption that for those samples [Fe′] was regulat-
ed by a solubility product of an oxy(hydr)oxide of Fe.

It shows that quite a large part of the central Atlantic Ocean contains
ligands that are saturated. This means that high concentrations of inor-
ganic Fe are present as colloidal Fe or are bound by ligands that are
weaker than the detection window of our method or by ligands that
cannot be detected by our method (Laglera et al., 2011). Kondo et al.
(2012) also observed extensive regionswith saturated ligands in the Pa-
cific Ocean and ascribed this to different sink and sourcemechanisms in
the deep Pacific.

In the present study the saturation of the ligands is due to increased
hydrothermal Fe. Buck et al. (in press) and also observed that for all
their stations crossing the Atlantic Ocean from 39.7°N to 17°N the li-
gands were in excess of DFe except where they encountered the
Trans-Atlantic Geotraverse hydrothermal vent plume. Bennett et al.
(2008) and Hawkes et al. (2013a), however, found lower values of
logK′ in hydrothermal influenced areas, supporting the suggestion,
based on our results, of the presence of weaker ligands enabling the
presence of high dissolved Fe concentrations. In the Atlantic Ocean, at
5°S and 12°E, Bennett et al. (2008) found ligands stabilising Fe from hy-
drothermal vents with logK′ between 20.9 and 21.5 using the same
method as used in the present study. Also here the ligandswere saturat-
ed or nearly saturated making the estimation of logK′ difficult. Sander
and Koschinsky (2011) pointed out the importance of dissolved organic
ligands to keep hydrothermally emitted Fe in the dissolved phase. This
might be true for part of DFe since Hawkes et al. (2013a) found that
most dissolved Fe is colloidal and only 30% of the elevated DFe near hy-
drothermal sources was stabilised by organically labile complexes with
logK′=20.6, almost two order of magnitude lower than the ligands de-
tected here. Their method, using reverse titrations, was specifically suit-
ed to analyse samples with saturated ligands (Hawkes et al., 2013b). If
indeed logK′ is lower, [Fe′] in equilibrium with these ligands is higher
than when in equilibrium with the stronger ligands and this would re-
sult in a pronounced maximum in [Fe′]. We did calculate elevated [Fe
′] (0.015 nM; seeMaterials andmethods section) where Lt was saturat-
ed, the (arbitrary) value assumed here to be constant in areas where [Fe
′] could not be calculated because the ligandswere saturated. If colloidal
Fe is as important as concluded by Hawkes et al. (2013a) it influenced
the calculation of the ligand characteristics in the hydrothermal influ-
enced area and [Lt] as well as logK′ are overestimated (Thuróczy et al.,
2010; Gledhill and Buck, 2012; Gerringa et al., 2014).

Most areas with elevated Fe from external sources coincided with
high [Fe′] (Figs. 2a and 3b). Consequently, we expect that scavenging
and precipitation of Fe will be high in these areas. The exception is the
lateral source of Fe between 50 and 30°N, where [Fe′] was not high.
Here high [Lt] prevented the (near) saturation of the ligandswith the el-
evated Fe concentrations.

AlphaL is the side reaction coefficient of the ligands and is some-
times called the reactivity of the natural ligands defined as the product
of K′ and [L′]. AlphaL is a better parameter to characterise the organic Fe
binding ligands than the K′ and [L′] separately because the Langmuir
equation does not treat K′ and [L′] independently from each other. If
an analytical error forces an underestimation of one, the other one is au-
tomatically overestimated (Hudson et al., 2003). AlphaL is lowwhen the
logK′ is low or when [L′] is low indicating saturated ligands (Fig. 4). For
example, alphaL was low (b1000) in the hydrothermal plume in the
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centre of the southernWest Atlantic where the ligands were saturated.
Due to relative low values in both logK′ and [L′] the alphaL was also low
at 30°N between 2500 and 4500 m depth. Here, [L′] decreases with
depth as ligands get more saturated with Fe with depth (Thuróczy
et al, 2011a,b).

Compared to other surface values, alphaL is low in the surface layer
at 20°N where Fe from Saharan dust decrease [L′]. High DFe in the STSF
decreasing [L′] causes relatively low values of alphaL compared to sur-
rounding surface waters. AlphaL is high where [L′] is high and the
ratio [Lt]/DFe is high in the surface waters north of 30°N and south of
the equator. Although logK′ varied little, relatively high values caused
high alphaL at 40–50°N at 2000 m depth (Fig. 2c).

The high [Fe′], indicating low [L′], in the oxygen minimum zone is
not reflected in a low alphaL (Fig. 4). Apparently [L′] was in combination
with a high logK′ high enough to result in moderate values.

4.2. The Western Atlantic connected with the Arctic Ocean and Southern
Ocean

Thuróczy et al. (2011a,b) observed a difference in [Lt] between the
Arctic and the Atlantic section of the Southern Ocean (for the Arctic av-
erage [Lt] = 2.23± 0.96, N= 32 of open ocean data, range 0.9–5.2 nEq
ofMFe; for theAntarctic average [Lt]=1.03±0.28N=74, range 0.52–
1.8 nEq of M Fe). Moreover, they observed a decrease in [Lt] and [L′]
together with a decrease in DFe going from the Eurasian side in the
direction of the American side of the Arctic (from Nansen basin
via Amundsen Basin into Makarov Basin). Since we observe a north–
south trend in [Lt] and [L′] (Figs. 2b and 3c) comparison with data
from Thuróczy et al. (2011a, b) from the Arctic and Atlantic
section of the Southern Ocean can reveal whether this trend can
be extended. They used the same analytical method as used here and
the data was recalculated with the same analysis model as used in the
present dataset (Gerringa et al., 2014) in which the sensitivity S
was fitted as well as the [Lt] and logK′ (Hudson et al., 2003). In
order to compare the West Atlantic (WA) data set with the Arctic and
Antarctic data we divided the Atlantic data over a northern group, an
equatorial group including the hydrothermal influenced area and a
southern group (Fig. 1) based on the geographical distribution of the
ratio [Lt]/DFe, [Fe′] and [L′] (Fig. 3a–c). A disadvantage of this geograph-
ical division is that the southern group contains less data than the other
groups. We also grouped all data in distinct depth layers (see method
section).

The average values of DFe, [Fe′], [Lt], [L′] and logK′ per depth layer
and per geographical group were calculated and compared (Fig. 5).
[Lt] and [L′] are highest in the Arctic and decrease southward over the
whole water column until the equatorial and/or southern group. The
Antarctic group has slightly higher concentrations than the southern
group. In almost all depth layers the difference between the Arctic
group and the others is significant. The southward decrease exists espe-
cially in theNADWin the 2000–4000mdepth layer, between the Arctic,
the northern group and the equatorial group. Only in the deepest layer
above the sediment are [Lt] and [L′] more or less equal in all geograph-
ical groups. [L′] decreases from the Arctic to the equatorial group,
whereas it also decreases from the Antarctic to the equatorial group,
thus decreasing from higher latitudes to the lower latitudes probably
due to saturation of the ligands due to the hydrothermal source of Fe.
However, then minimum [L′] should be expected only in the equatorial
group, since the maximum DFe is present there. The hydrothermal
source of DFe is thus one of more factors causing the low [L′]; we
must remember that the sample density is low in the southern group,
making interpretation sometimes difficult.

In the case of unsaturated ligands [L′] is the difference between
[Lt] and DFe. Since DFe does not show the southward decrease,
the observed distinct decrease in [L′] is thus not due to Fe, but is re-
ally the result of decreasing ligand concentrations. Depth profiles of
[L′] are also more distinct than [Lt], showing a decrease with depth
in the upper 1000 m, containing the remineralization and oxygen
minimum zone, and in the Arctic even to depths below 3000 m. In
contrast to the decrease from north to south the decrease of [L′]
with depth is for a large part due to the increasing saturation with
Fe.

Maximum [Lt] in the upper layer indicates that the main source of li-
gands may be in the surface waters, due to biological processes (van den
Berg, 1995; Rue and Bruland, 1997; Boye et al., 2001; Croot et al., 2004;
Gerringa et al., 2006, 2008; Buck and Bruland, 2007; Wagener et al.,
2008). Both ligand concentrations, [Lt] and [L′], remain low in the
southern west Atlantic group, but [L′] are higher in the Antarctic group
most probably because DFe is lower than in the southern west Atlantic
leaving any produced ligands less saturated. A direct comparison is how-
ever difficult as the data from the Southern Ocean are from the zero me-
ridian andnot from thewestern part of theAtlantic sector of the Southern
Ocean.

The logK′ is rather constant with the exception of the results from the
Arctic (Fig. 5). For the Arctic group the average logK′was 21.9 (SD=0.38,
N = 32, only open ocean data were used from Thuróczy et al. (2011b)),
whereas in the twonorthernwest Atlantic and theAntarctic geographical
groups the average logK′was 22.3 and varied very little (Fig. 5) (northern
group: average logK′of all data=22.4, SD=0.43, N=137, average logK′
of those data with SD b 0.4= 22.3, SD= 0.3, N= 111; equatorial group:
average logK′ of all data=22.5, SD=0.63, N=51, average logK′of those
data with SD b 0.4 = 22.2, SD= 0.3, N= 31; Antarctic: average logK′=
22.4, SD=03, N=74). Significant differences were detected twice, once
between the Arctic group and the Northern Atlantic group (150–1000m)
and once between the Arctic andAntarctic group (2000–4000m) (Fig. 5).
This constant logK′within the detectionwindow of ourmethod indicates
the existence of a distinct ligand classwith a restricted composition in the
West Atlantic. In the Arctic, the influence of the Russian rivers is relatively
large being a source of a.o. humic substances, resistant to mineralisation.
Humic substances form a part of the Fe binding dissolved organic ligands
with a relatively low logK′ compared to natural ligands of the open ocean
(Laglera and Van den Berg, 2009). Although our CLE-AdCSV method for
measuring ligands is not specifically suitable to detect humic substances
according to Laglera et al. (2011), these substances might be the cause
of the elevated ligand concentrations in the northern Atlantic and rela-
tively low logK′ in the Arctic. Indeed a significant positive linear relation-
ship between the two ligand concentrations, Lt and L′ (linear regression
in R, p b 0.001, R2 = 0.17 and 0.33, respectively), and latitude exists in
water identified as NADW including the North East Atlantic Deep Water
(NEADW) and Denmark Strait Overflow Water (DSOW) (Fig. 6). This
southward trend coincides with the decrease in DOC in the NADW,
which is explained by remineralisation and dilution (Hansell et al.,
2009). The southward flowing East Greenland current consists not only
of polar surface water but also of Arctic intermediate and deep water
masses (Rudels, 2009). According to Jones (2001) it even consists pre-
dominantly of Arctic deepwaters (3 Sv intermediate and deepwater ver-
sus 1 Sv of Polar surface water). This supports our suggestion that the
elevated ligand concentration in the North Atlantic may be influenced
by a source of ligands in the Arctic with concentrations decreasing with
dilution and/or mineralisation of the ligands during transport from their
source. A weak yet significant negative relationship with apparent oxy-
gen utilization (not shown) in theNADWshowed a net decreasing ligand
concentration [Lt] (p b 0.05, n = 69) and [L′] (p b 0.01, n = 69) during
transport. The southwards increase in [Fe′] in the NADW is partly
due to the input of Fe by hydrothermal sources and in the far south also
by lateral transport from the shelf of the Antarctic Peninsula (de Jong
et al., 2012), but for a part also due to the decrease in [Lt]. Although
Croot et al. (2004) estimated that atmospheric deposition and upwelling
are of the samemagnitude as sources of Fe, Klunder et al. (2011) conclud-
ed that themain source of Fe in the Atlantic part of the Southern Ocean is
upwelling. According to this study the upwelling of NADW in the South-
ern Ocean is enriched in DFe during the southwards transport. And with
transport this DFe becomes more labile due to the decrease in the



Fig. 5.Depth profiles of average concentrations of a.) DFe, b.) [Lt], c.) logK′, d.) [L′] and e.) [Fe′] per depth layer andgeographical group. Standard errors are indicated. A significant difference
within one depth range is indicated with a letter. These letters are only present as pairs to indicate per depth range a significant difference between 1 region and another. If there are no
letters connecting 2 regions than they are not significantly different from each other in that parameter.
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dissolved organic ligand concentration, making DFe probably more bio-
available than it was in the NADW north of the equator.

4.3. Sources and sinks of dissolved organic ligands

Dissolved organic ligands are thought to be produced mainly in
the photic zone (Hassler et al, 2012 and references herein) by
i) bacteria as siderophores (Macrellis et al., 2001; Butler, 2005; Mawji
et al., 2008), ii) by lysis of phytoplankton and bacteria (Poorvin et al.,
2011) possibly introducing hemes (Gledhill et al., 2013), iii) by grazing
of phytoplankton (Sato et al., 2007; Sarthou et al., 2008), and iv) by
excretion of polysaccharides (Hassler et al., 2011) and other organic
substances (Santana-Casiano et al., 2014) by phytoplankton and bacte-
ria. Below the photic zone, degradation and transformation of dissolved
organic matter (Schlosser and Croot, 2009; Boyd et al., 2010a,b) is an-
other source of dissolved organic matter and marine humics (Lønborg
et al., 2015) that may play an important role in the oxygen minimum
zones. External sources of ligands are terrestrial humic material by riv-
ers (Laglera et al., 2007) and maybe dust input (Wagener et al., 2008,
2010; Gerringa et al., 2006; Saydam and Senyuva, 2002). In the deep
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Fig. 6. a.) The total ligand concentration (n= 69) and b.) the excess ligand concentration
(n = 69) in the NADW including the NEADW and DSOW plotted against latitude.
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sea ligands may be released during sediment resuspension (Buck and
Bruland, 2007; Gerringa et al., 2008; Bundy et al., 2014).

The ligand concentrations are highest in the surface, especially in the
Northern Hemisphere north of 20°N (Fig. 7), where DFe is low. The ele-
vated [Lt] indicates sources due to biological productivity, confirmed by
low nutrients (0–40°N and 40–64°S in Rijkenberg et al., 2014; Middag
et al., 2015) and a high ratio [Lt]/DFe, but rivers may also form a source.
Since we did not observe any trend in logK′within the three west At-
lantic cruises, no information is present about possible influences of
strong ligands like siderophores, weaker ligand production due to
Fig. 7. A bubble plot of [Lt] (nEq of M Fe) plotted as a section plot of the GEOTRACES GA02 tran
with rectangles.
excretion of polysaccharides or deeper in the water column weaker
ligands due to degradation and transformation processes (Figs. 2b,c
and 3a).

Themost distinct trend in [Lt] is the decrease from north to south in
the NADW indicating a source in the north, possibly the rivers in the
Arctic. Although it is difficult to relate a natural ligand group to a specific
logK′ value, the logK′ in the Arctic samples was lower and might be in-
dicative of terrestrial humic substances (Thuróczy et al., 2011b; Laglera
and van den Berg, 2009), logK′ valueswere close to 22.3 in the northern
stations of this study as observed over the whole cruise transect. The
few exceptions where logK′ is higher coincides with the elevated DFe
due to lateral transport from the coast or shelves of Greenland or north-
ern America and also here a lower logK′would be expected if the influ-
ence of terrestrial humic substances was expected. On the contrary,
both logK′ and DFe are elevated, whereas [Fe′] is lower and [Lt] does
not deviate, compared to surrounding waters. The decrease of [Lt] and
[L′] from north to south in the NADW may be due to mineralization
processes.

Using the decreasing trend in [Lt] and [L′] in the NADWwe can esti-
mate a residence time for these ligands. Using corrected radiocarbon
data, Gebbie and Huybers (2012) estimated that the NADW at 2500 m
is 300–400 years old when it reaches 30°S from 65°N. The calculated
residence time of [Lt] ranged between 779 and 1039 years (Table 1).
No other estimates of residence times of organic Fe-binding ligands
have been published before. Rue and Bruland (1995) assumed that
the residence time of their relative weak ligand (logK′ = 21.7) must
be high because of its conservative distribution. Hansell et al. (2012) es-
timated residence times of DOC in the water masses that form the
NADW, such as LSW, Iceland Scotland Overflow Water, and DSOW as
208–216 years and considered this semi refractory. However, the resi-
dence time of the refractory DOC in the Lower Circumpolar Deep
Water was estimated to be 9000 years. The fact that the organic ligands,
which we assume to be formed predominantly in the upper ocean, are
rather refractory is supported by their presence in the deep ocean at al-
most equal concentrations (this research, Thuróczy et al., 2011a,b; Buck
et al., in press; Croot et al., 2004; Gledhill and Buck, 2012; Kondo et al.,
2012). Consequently, the dilution of NADW with other water masses
along its flow pathwith similar [Lt] will have aminimal effect on our es-
timated residence time for [Lt]. Although we cannot exactly quantify it,
[Lt] may either slightly increase or decrease when NADW is diluted
along its flow path. Production of ligands in the NADW must be very
sect. Areas where sources of DFe were identified by Rijkenberg et al. (2014) are indicated

Image of Fig. 6
Image of Fig. 7


Table 1
Calculation of the degradation rate, the residence time and half live of [Lt] between 65°N
and 30°S in the NADW.
The NADW flow rate was calculated dividing the residence time of NADW of 300–400 y
from Gebbie and Huybers (2012) by 95° latitude. The degradation rate was calculated
by dividing the slope (0.006) of the linear regression line in Fig. 6 by the NADW flow rate.
The residence time was obtained dividing [Lt] = 1.48 at 65°N (Fig. 6a) with the degrada-
tion rate, finally the half life is ln2 (0.693) times the residence time.

[Lt] [Lt] units

Slope 0.006 0.006 nEq of M Fe Lat−1

Residence time NADW 300 400 years
NADW flow rate 3.16 4.21 years Lat−1

Degradation rate 1.90E−03 1.43E−03 nEq of M Fe year−1

Degradation rate 6.02E−11 4.52E−11 nEq M Fe s−1

Residence time 779 1039 years
Half life 540 720 years
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low. Knowing that the degradation of organic matter at these depths is
slow (Hansell et al., 2012), the production of [Lt] must be slower as the
net [Lt] in the NADW decreases over latitude. Bergquist and Boyle
(2006) calculated the deep water residence time for DFe in the NADW
along the flow path from 30 N to 24.5 S. This residence time for DFe
was 270 ± 140 years based on decreasing DFe taking scavenging into
account as sink for Fe. The residence time of the ligands appears to be
2.5 to 4 times longer, suggesting that particles can scavenge Fe from
the ligands.

The oxygen minimum zone between 20°N and 20°S is not corre-
sponding with any increase or decrease in ligand concentrations. How-
ever, the oxygen minimum zone, although less pronounced extends to
30°N and between 15 and 30°N at 300 to 1300 m depth the maximum
in [Lt] may be related to the formation of ligands from the degradation
and transformation of organic material (Witter et al., 2000b; Gerringa
et al., 2006; Hopkinson and Barbeau, 2007; Boyd et al., 2010a,b).

The highest concentrations of surface DFe derived from dust can be
found between 20 and 30°N (Rijkenberg et al., 2014), however, this
DFe maximum does not coincide with elevated [Lt] and [L′]. Further-
more, there is no clear indication that sediment resuspension is a source
of ligands, apart from the fact that [Lt] hardly decreases with depth be-
tween 100m and the bottom evenwhen DFe does decrease. The AABW
apparently is not only low in DFe but also low in [Lt].
5. Conclusions

Ligand characteristics could not be related towatermasses. The con-
ditional stability constant was constant at logK′ = 22.3 in the entire
West Atlantic Ocean. The total ligand concentration in the western At-
lantic Ocean is high in the north and decreases from the Arctic Ocean
to the south. Generally, [Lt] decreases from 50m to 100mdepth and re-
mains constant with increasing depth.Within theNADW, [Lt] decreases
linearly with distance from north to south coincidingwith a decrease in
DOC (Hansell et al., 2009) and therefore probably due tomineralisation
of the organic ligands. This linear decrease in [Lt] allowed us to calculate
a residence time of 779 to 1039 years for the NADW ligand pool. Al-
though it is a rough estimate, we conclude that the ligands are very re-
sistant to degradation and their residence time is 2.5 to 4 times longer
than the residence time of DFe in the NADW (Bergquist and Boyle,
2006). The Arctic might be a source of ligands to the northernWest At-
lantic Ocean.

In the Southern Hemisphere between the equator and 30°S at a
depth of 1000 to 3000 m, ligands were (nearly) saturated with Fe
resulting from hydrothermal activity as also observed by Buck et al.
(in press), near the Mid Atlantic Ridge in the North Atlantic Ocean. Ap-
parently, DFe is kept elevated by the binding with dissolved organic li-
gands over large distances as suggested already by Sander and
Koschinsky (2011), although part of the DFe exists as inorganic colloids
as suggested by Hawkes et al. (2013a).
Apart from the distinct Fe sources as the hydrothermal source and
remineralization in the oxygen minimum zone, calculated [Fe′] is very
uniformbetween 0.2 and 1 pMconfirming that a strong competition ex-
ists between ligands and scavenging particles.

Our study shows that the concentration of labile DFe in the NADW
increases during southward transport, because more iron is added
than ligands. This may be important for the bio-availability of DFe that
wells up with the NADW in the Southern Ocean.
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