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[i] The spéciation of iron was investigated in three shelf seas and three deep basins of the 
Arctic Ocean in 2007. The dissolved fraction (<0.2 /fin) and a fraction < 1000 kDa 
were considered here. In addition, unfiltered samples were analyzed. Between 74 and 
83% of dissolved iron was present in the fraction < 1000 kDa at all stations and depth, 
except at the chlorophyll maximum (42-64%). Distinct trends in iron concentrations and 
ligand characteristics were observed from the shelf seas toward the central deep basins, 
with a decrease of total dissolvable iron ([TDLe] > 3 nM on the shelves and [TDLe]
< 2 nM in the Makarov Basin). A relative enrichment of particulate Le toward the bottom 
was revealed at all stations, indicating Le export toward the deep ocean. In deep waters, 
dissolved ligands became less saturated with Le (increase of [Excess L]/[Le]) from the 
Nansen Basin via the Amundsen Basin toward the Makarov Basin. This trend was 
explained by the reactivity of the ligands, higher (log alpha > 13.5) in the Nansen and 
Amundsen basins than in the Makarov Basin (log alpha <13)  where the sources of Le and 
ligands were limited. The ligands became nearly saturated with depth in the Amundsen 
and Nansen Basins, favoring Le removal in the deep ocean, whereas in the deep Makarov 
Basin, they became unsaturated with depth. Still here scavenging occurred. Although 
scavenging of Le was attenuated by the presence of unsaturated organic ligands, their low 
reactivity in combination with a lack of sources of Le in the Makarov Basin might be 
the reason of a net export of Le to the sediment.
Citation: Thuróczy, C.-E., L. J. A. Gemnga, M. Klunder, P. Laan, M. Le Guitton, and H. J. W. de Baai' (2011), Distinct trends 
in the spéciation of iron between the shallow shelf seas and the deep basins of the Arctic Ocean, J. Geophys. Res., 116, C10009, 
doi: 10.1029/2010JC006835.

1. Introduction
[2] Iron (Fe) is the fourth most abundant element (5% in 

weight) in the earth’s crust [Turner et al., 2001]. However, it 
is found at very low concentrations in seawater. This was due 
to oxygenation of the ocean during the early life evolution 
when photosynthetic microalgae appeared [Turner et ah, 
2001; de Baar and de Jong, 2001], leading to massive pre­
cipitation of iron. Nowadays, Fe is such a scarce element, 
that it is limiting phytoplankton growth in 40% of the world 
ocean (High Nutrient, Low Chlorophyll (HNLC)) [de Baar 
et al., 1990; Martin et al., 1991; de Baar and de Jong, 2001].

[3] Despite its very low concentrations, Fe is essential for 
phytoplankton in euphotic zones of the surface ocean. It is 
used in enzymes and in vital processes in cells like photo­
synthesis [Sunda et al., 1991; Sunda, 2001; Timmermans
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et al., 2001, 2005]. Phytoplankton, which is the base of 
the food web in the ocean, is also responsible for fixation of 
dissolved carbon dioxide. Microbial communities such as 
bacteria and archaea also need Fe for their functioning 
[Tortell et. a l, 1999]. These organisms are, in contrast to 
phytoplankton, present throughout the whole water column; 
Reinthaler et. al. [2006] are responsible for degradation and 
remineralization of sinking organic matter.

[4] Dissolved Fe exists in seawater above concentrations 
determined by the solubility product of its oxy-(hydr)oxides 
[Kuma et ah, 1996; Millero, 1998] due to the presence of 
natural ligands. These ligands are mainly organics (Dis­
solved Organic Matter (DOM)) [Hirose, 2007] originated 
from living organisms, and bind up to 99.9% of Fe [Gledhill 
and van den Berg, 1994; Rue and Bruland, 1995; Wu and 
Luther, 1995; Nolting et al., 1998; Powell and Donat, 
2001; Gerringa et al., 2006, 2007].

[5] The distribution of Fe is controlled by the competition 
between stabilization and removal processes and by the 
presence of external soiuces of Fe to the ocean [de Baar and 
de Jong, 2001]. Stabilization of Fe in seawater is ensiued by 
organic complexation with natural ligands, which increases 
the residence time of Fe in seawater and hence enhances its
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potential bioavailability. Iron can be removed from the 
water column by precipitation as oxy-hydroxides and by 
adsorption and scavenging on settling particles (>0.2 /im). 
Fine colloids are known to be very reactive [Wells and 
Goldberg, 1993; Wells et al., 2000; Nishioka et al., 2001, 
2005] and can have a long residence time in seawater. These 
fine colloids can be the first step in the removal of Fe in 
the deep ocean by forming larger aggregates able to sink 
rapidly [Kepkay, 1994; Logan et al., 1995; Wu et al., 2001; 
Cullen et al., 2006]. The main Fe sources in the Arctic 
Ocean are predominantly inputs from the Eurasian and 
Canadian rivers, sediment re-suspension occurring on the 
shelves and continental slopes, sea ice melting, upwelling 
and hydrothermal vents [Measures, 1999; de Baar and de 
Jong, 2001; Moore and Brauchen, 2008; M. B. Klunder 
et al., Dissolved iron in the Arctic shelf seas and surface 
waters of the central Arctic Ocean: Impact of Arctic river 
water and ice-melt, submitted to Journal o f Geophysical 
Research, 2011a; M. B. Klunder et al., Dissolved Fe in 
the Arctic Ocean: Important role of hydrothermal sources, 
shelf input and scavenging removal submitted to Journal o f  
Geophysical Research, 2011b]. Aerosols deposition to the 
surface Arctic Ocean is not a major source of Fe [Moore and 
Brauchen, 2008] as also detailed by Klunder et al. (sub­
mitted manuscript, 2011a, 2011b).

[6] The Arctic Ocean is a relatively enclosed ocean, sur­
rounded by lands, and has restricted connections with the 
Atlantic and Pacific Oceans via the Fram Strait (approxi­
mately 2500 m deep) and the Bering Strait (approximately 
40 m deep), respectively. The Arctic Ocean plays a key role 
in the deep water formation, where cold and saline Arctic 
water sinks contributing to the thermo-haline circulation 
around the globe. The Arctic Ocean is threatened by quick 
climate change, with melting of sea ice due to global 
warming which directly affects its seasonal variations and 
life cycles, such as phytoplankton blooms. Therefore it is 
an interesting environment which needs to be investigated 
before and during major changes take place.

[7] The Eurasian shelf seas (Figure 1), mainly composed 
by the Barents Sea, the Kara Sea, the Laptev Sea, the East 
Siberian Sea and the Chukchi Sea, represent nearly 70% of 
the surface of the Arctic Ocean [Tomczak and Godfrey, 
1994]. These shallow areas (10-350 m depth) are strongly 
influenced by freshwater inputs from the Eurasian and 
Canadian rivers [Guay and Falkner, 1997]. Four major deep 
basins compose the deep Arctic Ocean: the Nansen Basin, 
the Amundsen Basin, the Makarov Basin and the Canadian 
Basin (Figure 1), all separated by ridges.

[s] This study aimed to investigate the spéciation of Fe 
at several locations of the Arctic Ocean, which are very 
different in terms of geographical situation, water depth and 
external influences. With this aim, seven stations were 
sampled during the ARK XXIE2 cruise on board ICV 
Polarstern in 2007 (Figure 1); three stations were taken in 
different seas of the Eurasian continental shelves (Barents 
Sea, Kara Sea and Laptev Sea), one was chosen on the 
continental slope of the Nansen Basin, and three were taken 
in deep basins (Nansen, Amundsen and Makarov basins, 
Figure 1). Three different size-fractions were considered 
in this study: (1) unfiltered samples (UNF, which contains 
the particulate fraction > 0.2 pm and the dissolved fraction 
< 0.2 /rm); (2) the dissolved fraction (consisting of a truly

dissolved fraction and of several colloidal pools [Nishioka 
et al., 2005, Thuróczy et al., 2010; Boye et al., 2010]); 
and (3) the fraction smaller than 1000 kDa which contains 
the fine colloids and the truly soluble phase. The knowledge 
of Fe concentrations and ligand characteristics in different 
sizes-fractions will provide valuable information to explain 
the processes controlling stabilization of Fe via organic 
complexation versus removal of Fe via precipitation and 
scavenging of Fe; and hence better understand the cycle 
of Fe in the oceans.

[9] This work was part of the GEOTRACES program 
[Scientific Committee on Oceanic Research, 2006]. The 
distribution of dissolved Fe (DFe) over the whole water 
column was investigated on the same cruise (Klunder et al., 
submitted manuscript, 2011a, 2011b). In addition to that, 
other trace elements were analyzed during this expedition 
like dissolved aluminum and manganese as tracers of Fe 
sources [Middag et a l, 2009].

2. Material and Methods
[10] Analyses of Fe, ligand concentrations and conditional 

stability constant K' were done in each of the three size- 
fractions: (1) the unfiltered samples (UNF), comprising the 
particulate fraction (>0.2 pm) and the dissolved fraction 
(<0.2 pm, note that from the particulate fraction, minerals 
and refractory material do not participate in the spéciation of 
Fe, and that Fe concentrations from UNF samples corre­
sponds to total dissolvable Fe (TDFe, for more details, see 
sections 2.3.2 and 4)), (2) the dissolved fraction (<0.2 pm), 
and (3) the fraction < 1000 kDa, comprising the truly sol­
uble and the small colloidal fractions. Note that the fraction 
comprised between 1000 kDa and 0.2 pm  is called larger 
colloidal fraction in the present study.

2.1. Cleaning Procedures
[11] All sample bottles (Nalgene, Low-Density Polyeth­

ylene, LDPE, 60 to 1000 mL) were treated following a 
3 steps cleaning procedure (detergent solution, 6 M HCl 
and 3 M nitric acid) in 60°C bath. Finally, the bottles were 
stored filled with 0.2 M 3 QD-HNO3 (3times quartz distilled 
from 65% reagent grade, J.T. Baker). Rinsings in between 
cleaning steps were done with MQ water (Millipore Milli-Q 
deionised water, R > 18.2 MU cm 1 ).

2.2. Sampling and Filtrations
[12] Samples for Fe and ligand characteristics were col­

lected in the Arctic Ocean during the ARK XXIE2 cruise 
(28 July-7 October 2007, Figure 1) on-board the German 
Research Vessel Polarstern. Three shelf sea stations were 
sampled: one in the Barents Sea (St. 239), one in the Kara 
Sea (St. 279), and one in the Laptev Sea (St. 407). More­
over, four deep stations were sampled: two in the Nansen 
Basin (St. 255 and 260), one in the Amundsen Basin (St. 
309) and one in the Makarov Basin (St. 352).

[13] Samples were collected using the ultra-clean Titan 
Mk.II sampling system [de Baar et al., 2008], which con­
sists of an all-titanium frame on which 24 internally Teflon 
coated PVC GO-FLO samplers (General Oceanics Inc., 
volume 12 L) were attached. The frame was lowered using a 
Kevlar hydro-wire in areas freed of sea ice (open cracks).
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Figure 1. Chart of the Arctic Ocean with the stations sampled during the ARK XXII/2 cruise. Black 
target dots represent the 7 stations sampled for this study: St. 239 in the Barents Sea (80°59.6'N-33° 
59'E); St. 255 on the slope of the Nansen Basin (82°30.2rN-33°57.1'E); St. 260 in the Nansen Basin 
(84°29.5rN-36°6.9'E); St. 279 in the Kara Sea (81012.3'N-81°12.3'E); St. 309 in the Amundsen Basin 
(87°1.9rN-104°56.7'E); St. 352 in the Makarov Basin (86°38.3'N-177°33.3'E) and St. 407 in the Laptev 
Sea (76°10.8'N-122°7.7'E). Blue dots are stations sampled with the titanium frame for trace element anal­
yses. The orange line corresponds to the sea ice extend on the 8 August and the red line to the sea ice 
extend on the 13 September 2007.

Once back on deck it was directly placed in a clean-air 
laboratory container designed for the titanium frame.

[14] Unfiltered samples were taken first (Figiue 2, step 1), 
the remaining seawater was directly filtered in-line (0.2 pm  
pore size filter, Sartorius Sartobran-300) using N2 over­
pressure (1.5 atm) (Figiue 2, step 2). All samples were 
collected in acid-cleaned LDPE bottles after fivefold rinsing 
of the bottles with the sample itself. Samples taken for 
analysis of Fe spéciation were stored at 4°C when their 
analysis could be performed within 2 days; otherwise 
they were immediately frozen at -20°C in the dark. Ultra- 
filtration of the 0.2 pm  filtered water (Figiue 2, step 3) was 
performed immediately after sampling in a clean laminary 
flow bench. The filters were hollow fiber filters (Sterapore, 
Mitsubishi-rayon Co., Ltd.) with a size cut-off of 1000 kDa 
[.Nishioka et al., 2001]. A 12-channels peristaltic pump 
(ISM 937, Ismatec, IPC-N) with Tygon® LFL (Long Flex 
Life) tubing was used for the ultra-filtration with a flow rate 
of 7 mL.min The polyethylene hollow fiber filters were

activated and cleaned in the home laboratory before use on 
board according to the protocol described by Thuróczy et al.
[2010] and adapted from Nishioka et al. [2001]. Mass 
balance verification for Fe as well as for the ligands was 
done successfully with samples from the Southern Ocean 
[Thuróczy et al., 2010].

2.3. Analytical Procedures
2.3.1. Iron Analyses

[15] Shipboard analysis of samples in the dissolved (DFe, 
<0.2 /u n )  and <1000 kDa (Fe<iooo kDa) fractions was done 
by an in-line Flow Injection Analysis system using chemi- 
himinescence as detection method [de Jong et a l, 1998; de 
Baar et al., 2008] and is described in detail by Klunder et. al.
[2011]. The UNF samples (for TDFe) were stored acidified 
(pH 1.8) for 1 year before being analyzed in the home 
laboratory using the same method and system as described 
above. Standard deviations of the duplicate measiuements 
(dissolved fraction) or triplicate measiuements (fraction
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Figure 2. Size-fractionation of seawater. (1) Unfiltered sampling. (2) Filtration of seawater sample over 
0.2 pm  pore size filter. (3) Ultra-filtration of the seawater sample over 1000 kDa pore size filter. Steps 1 
and 2 were done in the titanium-frame clean air container. Step 3 was performed in a laminary flow bench 
(class 0) in another clean room.

<1000 kDa and UNF samples) of one sample were less 
than 5%.
2.3.2. Iron Spéciation: Sample Treatment, 
Voltammetric Procedure, and Calculations

[íe] Organic complexation of Fe was determined by 
Competing Ligand Exchange - Adsorptive Stripping Vol- 
tammetry (CLE-AdSV) using 2-(2-Thiazolylazo)-p-cresol 
(TAC, 10 pM) as a competing ligand [Croot and Johanseni, 
2000]. Seawater was buffered to pH 8.05 by adding a mixed 
NH3/NH4OH borate buffer (final concentration 5 mM). The 
equipment, voltammetric procedures, samples and chemi­
cals preparations are described by Thuróczy et al. [2010].

[17] Total ligand (Lt) concentrations, conditional stability 
constants K' and their respective standard deviations were 
calculated using the Langmuir model [Gledhill and van den 
Berg, 1994] applying the nonlinear regression of the 
Langmuir isotherm [Gerringa et al., 1995]. By using the 
Langmuir model it is assumed that equilibrium between all 
Fe(III) species exists, all binding sites between Fe and the 
unknown ligand L are equal and that the binding is 
reversible. The equations for the calculation of Fe spéciation

are described by Thuróczy et al. [2010]. The ligand (L) 
characteristics were estimated assuming the presence of one 
ligand pool. Ligand concentrations [Lt] are in Equivalent of 
nano-molar Fe (Eq of nM Fe). The sensitivity S (in Amper, 
mol 1 ) of the method is influenced by ligand sites not yet 
satiuated with Fe as explained by Tnroczy and Sherwood 
[1997] and Hudson et al. [2003]. This is accounted for by 
an algebraic solution of the equilibrium equations including 
the Langmuir isotherm, in which S is determined together 
with Lt and K'. The parameters S, Lt, and K' are given with 
the standard deviation of the fit of the model to the data.

[is] Concentrations of ligands in the dissolved fraction 
(<0.2 pm) and in the fraction < 1000 kDa were calculated 
using the concentration of Fe from the same size-fractions. 
However, for the UNF samples, the concentrations of Lt and 
Excess L were estimated in two ways: an upper limit using 
[TDFe] and a lower limit using [DFe] in the calculations. 
The reason is that part of Fe in UNF samples is refractory 
(unknown percentage) and does not participate in the 
complexation with natural organic ligands. Under natural 
conditions (seawater pH ~8), part of Fe is irreversibly bound
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in colloids or into mineral particles which are refractory (not 
dissolvable); and, in UNF samples the presence of phyto­
plankton cells and microorganisms containing Fe, which is 
released in seawater after acidification, leads to an overes­
timation of the Fe concentration in the sample. The ligand 
concentration [Lt] and K' are variables which depend on the 
Fe concentration used in the calculations and are thus artifi­
cially increased when using [TDFe] concentrations (assumed 
to be exchangeable for the calculations). However, the con­
centrations of Excess L ([Lt] - [Fe]), are hardly influenced 
by the Fe concentration [Thuróczy et al., 2010].

[19] The first voltammetric analyses (St. 239 in the 
Barents Sea) showed interferences due to vibrations of the 
ship while breaking sea ice since the laboratory container, in 
which the analyses were performed, was placed in the bow 
of the ship. This resulted in large standard deviations of the 
ligand characteristics at this station. In order to avoid these 
disturbances further analyses were performed in the middle 
of the ship with a soft mattress placed under the mercury 
drop electrode.
2.3.3. Temperature, Salinity, Dissolved Oxygen, 
Fluorescence, and Light Transmission

[20] Temperature, conductivity (salinity), dissolved oxy­
gen (ml.l-1) and fluorescence (given in arbitrary units, a.u.) 
were measured from the CTD systems (Sea Bird SBE 911+) 
installed on the titanium frame. Light transmission (in per­
centage, %) was measured by the transmissiometer (SN 946) 
installed on the sampling system from the Alfred Wegener 
Institute (AWI) at the same stations studied here but at 
different casts.

[21] Vertical profiles of temperature, salinity and dis­
solved oxygen are shown in the auxiliary material.1

3. Results
3.1. Sea lee Conditions, Hydrography, Fluorescence, 
and Light Transmission

[22] In winter the Arctic Ocean is completely covered by 
sea ice, which partly melts during spring and summer. 
Between the end of July 2007 (start of the cruise) and the end 
of August 2007, the sea ice extent severely decreased in the 
south part of the Amundsen and Makarov basins and in the 
Kara Sea (Figiue 1). At the time of sampling, the stations in 
the Barents Sea and in Laptev Sea were ice-free (St. 239 and 
407, respectively). At St. 279 in the Kara Sea, approximately 
50% of the sea-surface was covered by sea ice. At the other 
stations (St. 255, 260, 309, and 352) the sea-surface was 
totally covered with a relatively thick layer of ice.

[23] Different water masses of the Arctic Ocean can be 
distinguished as shown in potential temperature versus 
salinity plots (0/S diagrams, Figure 3). The Surface Water 
(SW) from the surface to 100-150 m depth has negative 
temperatures (<0°C) and salinities below 34.5. It is influ­
enced by melted sea ice and river inputs. The distinction 
between sea ice melt and river input is explained by Klunder 
et al. (submitted manuscript, 2011a, 2011b) for the present 
study. Yamamoto-Kawai et al. [2005] could also distinguish 
the influence of sea ice and and river fresh water in the 
Arctic Ocean using ¿180 and alkalinity. The Atlantic Water

'A u x ilia ry  m ate ria ls  are av a ilab le  in th e  H TM L, d o i: 10 .1029/ 
2010JC006835.

(AW), flowing eastward along the slope of the Eurasian 
continental shelves at approximately 100-900 m depth, is 
characterized by positive temperatures (>0°C) and salinities 
between 34.5 and 35 (Figure 3). Below the AW, the Eur­
asian Basin Deep Water (EBDW) is found (below 800 m). 
The EBDW comprises the Arctic Intermediate Water (AIW) 
found at around 800-2000 m and the Cold Bottom Water 
(CBW) below 2000 m depth. The AIW and CBW have 
negative temperatures and salinities above 34.8 (Figure 3). 
The CBW with temperatures below -0.9°C is present in the 
Nansen and Amundsen basins (Figure 3). In the Makarov 
Basin, the deep water has different properties (temperatures 
between -0.6 and 0°C) and is called the Deep Makarov 
Basin Water (DMBW). The DMBW is influenced by water 
derived from the Pacific Ocean, which is characterized by 
concentrations of silicate higher than 10 pM [Anderson 
et al., 1994]. Details about the hydrography of the Arctic 
basins were described by Anderson et al. [1994] and Rudels 
et al. [2000].

[24] Fluorescence (Figure 4) corresponds to chlorophyll-a 
content and is an indicator of phytoplankton abundance 
[Kiefer, 1973; Babin et al., 1996]. At St. 407 in the Laptev 
Sea, the signal was saturated due to the presence of a great 
amount of suspended material; therefore the data is not 
shown here. In the Barents Sea (St. 239) and in the Kara Sea 
(St. 279) the fluorescence was high (1.5 and 0.8 a.u., 
respectively). The other stations had a lower fluorescence 
signal, below 0.5 a.u.

[25] Low light transmission (Figure 4) was found at the 
surface where fluorescence was high. In the Barents Sea (St. 
239) and in the Kara Sea (St. 279) lower light transmission 
was measured at the chlorophyll maximum (85% and 88%, 
respectively). In the deep basins, light transmission was 
relatively constant below 200 m depth, between 91 and 
92%. Near the seafloor, light transmission was often lower 
due to the influence of sediments re-suspension.

3.2. Iron Concentrations
[26] The concentrations of TDFe (Figure 5 and Table 2a) 

varied between 0.7 and 63 nM. The very high concentra­
tions were measured at shelf seas stations (up to 63 nM Fe at 
St. 239 and up to 11.9 nM Fe at St. 279) and above the slope 
of the Nansen Basin (St. 255) between 500 and 1200 m 
depth where [TDFe] was maximum (18 nM) 100 km away 
horizontally from the bottom slope. In surface waters (SW), 
average [TDFe] was 0.82 nM ± 0.18 (n = 2) in the Nansen 
Basin (St. 260), 2.42 nM ± 0.04 (n = 2) in the Amundsen Basin 
(St. 309), and 1.60 nM ± 0.02 (n = 2) in the Makarov Basin 
(St. 352). In the layer influenced by the AW, average [TDFe] 
were 1.74 nM ± 0.35 (n = 2), 1.88 nM ±0.11 (n = 2), and 
1.50 nM ± 0.56 (n = 2) in the same basins, respectively. 
Finally, below 800 m depth (AIW and CBW), average 
[TDFe] were 4.57 nM ± 0.67 (n = 4), 3.35 nM ± 0.63 (n = 5), 
and 1.57 nM ± 0.10 (n = 4) in the Nansen, Amundsen, and 
Makarov basins, respectively.

[27] The concentration of DFe (Figure 6a and Table 1) 
ranged from 0.17 to 1.52 nM. At the shelf sea stations [DFe] 
were relatively high and constant with depth; average [DFe] 
were 0.55 nM ± 0.29 (n = 5) in the Barents Sea (St. 239) and 
0.91 nM ± 0.26 (n = 6) in the Kara Sea (St. 279) with a 
respective maximum of 1.0 and 1.3 nM Fe below the 
chlorophyll maximum. In the Laptev Sea (St. 407), average
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Figure 4. Fluorescence (a.u., top axis, thick line) and light transmission (%, bottom axis, thin line) in the 
upper 200 m at 6 stations sampled. Note the different scales for the fluorescence and for the light trans­
mission between the shelf seas (left side: St. 239 in the Barents Sea and St. 279 in the Kara Sea) and the 
deep basins (St. 255 on the slope of the Nansen Basin; St. 260 in the Nansen Basin; St. 309 in the Amund­
sen Basin and St. 352 in the Makarov Basin).

[DFe] was 0.88 nM ± 0.21 (n = 3). In the Nansen Basin (St. 
255 and 260), [DFe] increased from 0.31 and 0.27 nM Fe 
respectively at the surface, to 1.30 and 0.95 nM Fe at 2100 
and 2500 m depth. In the deepest sample, [DFe] were lower, 
with 0.86 and 0.64 nM Fe, respectively. Conversely, in the 
Amundsen Basin (St. 309), [DFe] decreased steeply from 
1.44 at the siuface to 0.22-0.32 nM Fe at depth; and a same

trend was observed in the Makarov Basin (St. 352) with a 
decrease of [DFe] from 1.52 nM Fe at siuface to 0.17-0.22 
nM Fe at depth. The detailed distribution of DFe from the 
same cruise is presented by Klunder et al. (submitted 
manuscript, 2011a, 2011b).

[28] The concentration of Fe in the fraction < 1000 kDa 
([Fe<iooo kDa]- Figiue 6a and Table 1) accounted for

Figure 3. Potential temperature/Salinity diagram (0/S) for the 7 stations sampled. In the top left graph the corresponding 
water masses present at the 7 stations are indicated, with the deep waters in the enlarged box. SW: Siuface Water; AW: 
Atlantic Water; DW: Deep Water; AIW: Arctic Intermediate Water; CBW; Cold Bottom Water; DMBW: Deep Makarov 
Basin Water. The other graphs show the results of the separate stations with a gray line and large gray dots; the small black 
dots represent the 6 other stations for comparison. On the left side, the shelf sea stations (St. 239 in the Barents Sea; St. 279 
in the Kara Sea and St. 407 in the Laptev Sea); on the right side, the deep basins (St. 255 on the slope of the Nansen Basin; 
St. 260 in the Nansen Basin; St. 309 in the Amundsen Basin and St. 352 in the Makarov Basin). When deep waters are 
present, they are shown in enlarged boxes. The vertical distribution of temperature and salinity is available in the 
auxiliary material.
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Figure 5. TDFe concentrations (nM, ±standard deviation of triplicate measurements) from unfiltered 
samples (with depth at 6 stations sampled. Shelf sea stations are on the left side. The depth axes are 
extended until the bottom depth: St. 239 at 229 m (Barents Sea); St. 255 at 3078 m (Nansen Basin slope); 
St. 260 at 4109 m (Nansen Basin); St. 279 at 317 m (Kara Sea); St. 309 at 4449 m (Amundsen Basin); St. 
352 at 4005 m (Makarov Basin). Note the different scales for the concentrations at St. 239 (0-65 nM). 
Error bars are too small (<5%) to be seen on the graphs.

approximately 74 to 83% of the concentration of Fe in the 
dissolved fraction in the whole water column. Exceptions 
were the samples taken from the chlorophyll maximum, 
where 42 to 64% of DFe was present in the fraction 
< 1000 kDa.

3.3. Ligand Characteristics
[29] The ligands in the dissolved and <1000 kDa fractions 

were always found in excess with respect to the Fe con­
centrations (Tables 1, 2a, and 2b and Figiue 7). A t St. 239 in 
the Barents Sea, [Lt<0.2 ,,m I were higher (4.54 Eq of nM Fe ± 
0.14, n = 3) between 25 and 125 m depth compared to 
the siuface (5 m, 2.75 Eq of nM Fe) and deepest samples 
(175 m, 2.51 Eq of nM Fe). In the fraction < 1000 kDa the 
ligand concentrations were, as expected, lower than in the 
dissolved fraction and [L t<10oo kDa] was relatively constant 
with depth (2.80 Eq of nM Fe ± 0.37 n = 5). However, the 
Kara Sea (St. 279) was an exception since below 25 m depth 
the ligand concentrations <1000 kDa were higher than in 
the fraction <0.2 /un. No contamination was seen here 
(Table 1) and each sample was filtered with a different

filter to avoid cross contamination. The 5 samples where 
[Ltciooo kDa] > [Lt<0.2 appeared to be correct (see dis­
cussion). Filtration could cause disequilibrium in seawater 
by removal of constituents. One possible reason is that the 
smallest and most reactive fraction [.Nishioka et a l, 2001, 
2005; Cullen et a l, 2006] could have exchanged Fe during 
filtration and/or colloids or colloid aggregates might break 
and/or disperse during filtration, increasing the active siu­
face and leading to disequilibrium between Fe and ligands in 
the filtrate (here <1000 kDa). The results from the Laptev 
Sea (St. 407) are reported in Table 1 but not in Figiue 7, 
because of the limited number of samples. Here [Lt<0.2 ,,m I 
were above 2 Eq of nM Fe and [L t<10oo kDa] were below 
2 Eq of nM Fe. A maximum was measiued in both dissolved 
and <1000 kDa fractions (between 2.3 and 3.1 Eq of nM 
Fe). In the deep basins, distinct maxima in [Lt<0.2 ,,,111 and in 
[L t<10oo kDa] were measiued. At the slope of the Nansen 
Basin (St. 255) a maximum in the ligand concentration 
existed at 100-200 m depth with 5.2 Eq of nM Fe in the 
dissolved fraction. At St. 260 in the Nansen Basin and St. 
309 in the Amundsen Basin, a maximum was measiued in
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Figure 6a. Concentrations of Fe with depth at 6 stations sampled (same as in Figure 5) and for 2 size 
fractions: Dissolved fraction (<0.2 //m, gray triangles upwards looking) and fraction < 1000 kDa (white 
triangles downward looking). Fe concentrations are in nM (±standard deviation of duplicate or triplicate 
measiuements). Error bars for Fe concentrations are too small (<5%) to be seen on the graphs. Shelf sea 
stations are on the left side. The depth axes are extended until the bottom depth.

both dissolved and <1000 kDa fractions (between 2.6 and 
2 Eq of nM Fe and 3.5 and 2.1 Eq of nM Fe, respectively). 
In the Amundsen Basin (St. 309) a second maximum was 
observed in the dissolved fraction with 2.1 Eq of nM Fe at 
2750 m depth. The Makarov Basin (St. 352) also had 2 
maxima in the dissolved fraction but at different depths 
(Figiue 6b): one at the siuface (2.08 Eq of nM Fe) and one 
between 750 and 1500 m depth (2.16 Eq of nM Fe).

[30] Excess L expresses the binding potential of the ligands 
by showing the empty sites without relation to the param­
eter for which these sites are used. Trends with depth of 
Excess L were relatively similar to trends in total ligand 
concentrations (Figiue 7 and Table 1). Excess L in the UNF 
fraction followed Excess L in the smaller fractions (within 
the analytical uncertainty). At St. 255 and 260 in the Nansen 
Basin, much larger Excess L in the UNF fraction were 
observed at the siuface where they were minimal in the 
dissolved and <1000 kDa fractions. In the deep Makarov 
Basin (at 1500 and 2250 m depth) Excess L concentrations in

the UNF fraction were lower (0.3 Eq of nM Fe) than Excess 
L in the dissolved fraction.

[31] The conditional stability constant K' (Tables 1, 2a, 
and 2b) reflects the binding strength of the natiual ligands 
with Fe. The K' values in all fractions were relatively con­
stant or increased slightly with depth. Average of K' values 
in the fraction < 1000 kDa were IO21 96 ± 0.36 (n = 43) and in 
the dissolved fraction IO21 86 ± 0.35 (n = 45). The differences 
between the K' values in the fraction < 1000 kDa and those in 
the dissolved fraction were not significant even if they were 
often found slightly higher in the fraction < 1000 kDa.

[32] The ratio [Excess L]/[Fe] (Figiue 8 and Table 1) 
represents the relative saturation state of the ligands (cf. 
[Lt]/[Fe] ratio explained by Thuróczy et al. [2010, 2011]).

[33] The values of [Excess L]/[Fe] for each size fraction 
are shown in Figiue 8. They were relatively high (—5—6) in 
the Barents Sea (St. 239), with a maximum at 25 m depth 
(—15). At St. 279 in the Kara Sea, the ratio values were 
relatively low (<1) between 25 and 50 m depth in the UNF

9 of 21



C10009 THURÓCZY ET AL.: IRON SPECIATION IN THE ARCTIC OCEAN C10009

Lt (Eq of nM Fe)
0 1 2 3 4 5 6

Lt (Eq of nM Fe)
0 1 2 3 4 5 6

Lt (Eq of nM Fe)
0 1 2 3 4 5 6

I—

E 100

150

i—̂ —1

200

St. 239

0 1 2 3 64 5

1000

2000

3000

—i&i------ i.

pÿ iAi

St. 255

1000

2000

3000

4000

—i

St. 260

0 1 2 3 4 5 6 0 1 2 3 4 5 6

100

E
150

200

250

300 St. 279

1000

2000

3000

4000

St. 309

1000

2000

3000

4000

b  
' /

a
&
a

4
ƒ i

i i St. 352

Figure 6b. Concentrations of Lt with depth at 6 stations sampled (same as in Figure 5) and for 2 size 
fractions: Dissolved fraction (<0.2 //m, gray triangles upwards looking) and fraction < 1000 kDa (white 
triangles downward looking). Ligand concentrations are in Eq of nM Fe (±standard deviation of the fit of 
the data to the model). Shelf sea stations are on the left side. The depth axes are extended until the bottom 
depth.

samples and dissolved fractions, whereas higher ratio values 
were present in the fraction < 1000 kDa (~4). The ratio 
[Excess L]/[Fe] in the Nansen Basin (St. 255 and 260) was 
high (>6) in the SW, decreasing with depth and remained 
low and relatively constant (—2—3) in deeper waters. Very 
low siuface ratio values (<1) were seen in the Amundsen 
and Makarov basins (St. 309 and 352) where high Fe con­
centrations were measiued at 50 m below the sea ice. Below 
the siuface minimum in the Amundsen basin, high ratio 
values (>5) in the SW existed which decreased slightly with 
depth. In the fraction < 1000 kDa the ratio values were 
lower than in the dissolved fraction below 500 m depth. The 
Makarov Basin (St. 352) showed a reversed trend with 
depth, with a siuface minimum (-0-1.5) and an increase of 
[Excess L]/[Fe] with depth in all size-fractions. The ratio 
values in the fraction < 1000 kDa were higher than those in 
the dissolved fraction and in UNF samples.

[34] Alpha, expressed here in its logarithm form (logio a ) ,  
is the product of K' and Excess L. Alpha expresses the 
reactivity of the ligands. A high alpha favors Fe sohibilza- 
tion via organic complexation (large Excess L, or high K', or 
both). Reversely, a low alpha makes relatively easier the 
export and loss of Fe via precipitation and or scavenging. 
High alpha values were found on the slope of the Nansen 
Basin (St. 255, loga > 13.5). Lower alpha values were 
found toward the central Arctic (at St. 309 in the Amundsen 
Basin and at St. 352 in the Makarov Basin, loga < 13) 
(Table 1, 2a, and 2b and Figiue 9).

4. Discussion
4.1. Iron Over the Different Fractions

[35] Large freshwater inputs from the Eiuasian rivers 
bring organic matter, sediments and terrigenous materials
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Table 1. Fe Concentrations, ±SD of Duplicate or Triplicate Measurements, and Ligand Characteristics for Two Size Fractions, ±SD of 
the Fit of the Data to the Langmuir Model“

Station Fraction
Depth

(m)
[Fe]

(nM) SDb
Ligand [Lt] 

(Eq o f nM Fe) SD
logK' 

(mol ') SD
Sensitivity S 

(A .m oL1) SD
[Excess L] 

(Eq o f  nM Fe) log«
pFe
(M)

[Excess L]/ 
[Fe]

239, Barents Sea <0.2 ß m 5 0.408 0.036 2.75 0.54 21.94 0.29 0.98 0.09 2.34 13.31 22.70 5.7
25 0.308 0.025 4.70 1.21 21.39 0.21 0.51 0.06 4.39 13.04 22.55 14.2
75 1.051 0.002 4.49 0.41 21.81 0.08 1.02 0.07 3.44 13.35 22.33 3.3
125 0.502 0.005 4.44 0.51 21.61 0.07 1.37 0.11 3.94 13.21 22.50 7.8
175 0.486 0.017 2.51 0.24 21.69 0.09 1.63 0.06 2.03 12.99 22.31 4.2

<1000 kDa 5 0.354 2.53 0.42 21.96 0.25 0.95 0.07 2.18 13.30 22.75 6.1
25 0.241 • 2.84 1.01 21.49 0.20 0.89 0.15 2.60 12.91 22.53 10.8
75 0.469 0.002 2.64 0.28 22.09 0.19 0.72 0.04 2.17 13.42 22.75 4.6
125 0.391 0.011 3.42 0.25 22.47 0.21 0.79 0.04 3.03 13.96 23.36 7.7
175 0.441 0.005 2.56 0.66 21.90 0.42 2.11 0.21 2.12 13.22 22.58 4.8

255, Nansen Slope <0.2 ß m 19 0.308 0.010 2.67 0.19 22.45 0.23 0.56 0.02 2.37 13.83 23.34 7.7
37 0.430 0.030 4.26 0.50 21.93 0.13 0.39 0.04 3.83 13.51 22.88 8.9
98 0.526 0.010 4.13 0.19 22.28 0.08 1.30 0.06 3.61 13.84 23.12 6.9

200 0.556 0.020 ND ND ND ND ND ND ND ND ND ND
754 0.587 0.010 ND ND ND ND ND ND ND ND ND ND
1198 0.882 0.011 3.27 0.16 22.30 0.12 1.36 0.04 2.38 13.68 22.74 2.7
1796 0.855 0.020 3.22 0.28 22.37 0.24 0.66 0.04 2.36 13.75 22.81 2.8
2096 1.300 0.020 3.27 0.38 21.96 0.13 0.60 0.05 1.97 13.25 22.14 1.5
2944 0.860 0.030 2.33 0.18 22.15 0.16 1.24 0.04 1.47 13.31 22.38 1.7

<1000 kDa 19 0.230 0.000 1.48 0.18 22.18 0.28 1.39 0.04 1.25 13.27 22.91 5.5
37 0.190 0.000 ND ND ND ND ND ND ND ND ND ND
98 0.440 0.000 ND ND ND ND ND ND ND ND ND ND

200 0.490 0.010 1.41 0.22 22.49 0.31 0.66 0.04 0.92 13.45 22.76 1.9
754 0.493 0.023 2.30 0.14 22.18 0.13 0.73 0.02 1.80 13.43 22.74 3.7
1198 0.530 0.030 2.28 0.16 22.08 0.13 0.61 0.02 1.75 13.33 22.60 3.3
1796 0.757 0.078 2.74 0.13 22.36 0.12 1.43 0.04 1.99 13.65 22.78 2.6
2096 0.600 0.020 2.16 0.14 21.97 0.08 1.10 0.03 1.56 13.16 22.38 2.6
2944 0.640 0.010 1.92 0.14 22.36 0.23 0.79 0.02 1.28 13.47 22.66 2.0

260, Nansen Basin <0.2 ß m 50 0.274 0.027 2.44 0.29 21.64 0.11 1.02 0.04 2.17 12.98 22.54 7.9
100 0.277 0.035 2.66 0.82 21.15 0.15 1.39 0.11 2.39 12.53 22.09 8.6
300 0.512 0.007 2.36 0.16 22.27 0.17 0.81 0.03 1.84 13.53 22.82 3.6
698 0.514 0.006 1.62 0.16 21.84 0.12 2.04 0.05 1.11 12.88 22.17 2.1
1497 0.578 0.034 2.05 0.12 22.56 0.27 0.93 0.02 1.47 13.73 22.97 2.5
2494 0.946 0.010 2.05 0.19 22.08 0.15 1.54 0.05 1.11 13.13 22.15 1.2
2991 0.667 0.012 1.98 0.22 21.87 0.15 2.30 0.08 1.31 12.99 22.16 2.0
3926 0.640 - 1.44 0.09 22.17 0.13 2.07 0.03 0.80 13.07 22.26 1.2

<1000 kDa 50 0.138 0.006 1.55 0.16 22.23 0.25 0.68 0.02 1.41 13.38 23.24 10.2
100 0.275 0.036 2.00 0.14 22.04 0.13 0.87 0.02 1.72 13.27 22.83 6.3
300 0.346 0.002 1.82 0.19 22.10 0.21 0.92 0.03 1.47 13.26 22.72 4.2
698 0.433 0.022 0.90 0.13 21.77 0.16 2.13 0.04 0.47 12.44 21.81 1.1
1497 0.418 0.007 1.77 0.11 22.32 0.18 0.76 0.02 1.35 13.45 22.83 3.2
2494 0.648 0.017 1.98 0.16 22.24 0.15 0.78 0.03 1.33 13.36 22.55 2.1
2991 0.561 0.003 1.27 0.10 22.11 0.09 1.34 0.04 0.71 12.96 22.22 1.3
3926 0.550 - ND ND ND ND ND ND ND ND ND ND

279, Kara Sea <0.2 ß m 11 0.887 0.008 2.89 0.13 21.79 0.05 1.16 0.02 2.00 13.09 22.14 2.3
25 1.102 0.007 2.11 0.08 22.10 0.08 1.67 0.02 1.00 13.10 22.06 0.9
51 1.326 0.005 2.06 0.08 22.46 0.13 1.69 0.03 0.74 13.33 22.21 0.6
101 0.733 0.008 2.30 0.16 21.79 0.08 2.10 0.05 1.57 12.99 22.12 2.1
201 0.631 0.002 1.73 0.15 21.94 0.13 1.63 0.04 1.10 12.98 22.18 1.7
300 0.802 0.013 1.68 0.17 21.87 0.15 1.90 0.05 0.88 12.82 21.91 1.1

<1000 kDa 11 0.537 0.016 1.84 0.16 22.05 0.16 0.99 0.03 1.30 13.16 22.43 2.4
25 0.444 0.004 2.12 0.19 22.23 0.22 1.13 0.04 1.67 13.45 22.81 3.8
51 0.572 0.017 2.73 0.22 22.00 0.13 1.01 0.04 2.16 13.34 22.58 3.8
101 0.630 0.004 3.13 0.16 22.04 0.09 1.31 0.04 2.50 13.44 22.64 4.0
201 0.539 0.017 2.00 0.12 22.25 0.14 0.89 0.02 1.46 13.42 22.69 2.7
300 0.790 0.001 2.33 0.10 22.21 0.10 1.07 0.02 1.54 13.40 22.50 2.0

309, Amundsen Basin <0.2 ß m 50 1.444 0.030 1.87 0.14 22.57 0.33 0.82 0.03 0.43 13.21 22.05 0.3
101 0.448 0.004 2.45 0.48 21.45 0.11 1.94 0.14 2.00 12.75 22.10 4.5
201 0.407 0.006 2.74 0.39 21.60 0.09 2.76 0.14 2.33 12.97 22.36 5.7
501 0.403 0.010 2.22 0.36 21.35 0.10 2.26 0.09 1.82 12.61 22.01 4.5
1001 0.294 - 1.55 0.11 21.85 0.10 2.34 0.04 1.26 12.95 22.48 4.3
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T a b le  1. (con tinued )

Station Fraction
Depth

(m)
[Fe]

(nM) SDb
Ligand [Lt] 

(Eq o f nM Fe) SD
logK' 

(mol !) SD
Sensitivity S 

(A.mol-1) SD
[Excess L] 

(Eq o f  nM Fe) log«
pFe
(M)

[Excess L]/ 
[Fe]

2001 0.336 0.000 1.68 0.18 21.41 0.08 2.31 0.05 1.34 12.54 22.01 4.0
2750 0.559 0.019 2.14 0.26 21.76 0.14 2.65 0.10 1.59 12.96 22.21 2.8
3499 0.325 0.006 1.54 0.64 21.18 0.25 2.11 0.13 1.21 12.27 21.75 3.7
4251 0.223 0.012 0.92 0.09 22.01 0.16 2.17 0.03 0.69 12.85 22.51 3.1

<1000 kDa 50 0.927 0.026 1.76 0.35 22.04 0.36 1.64 0.12 0.83 12.96 21.99 0.9
101 0.272 0.039 2.21 1.12 21.03 0.24 2.03 0.19 1.94 12.32 21.88 7.1
201 0.239 0.003 2.09 0.54 21.16 0.11 2.34 0.12 1.85 12.43 22.05 7.7
501 0.316 0.000 0.99 0.33 21.29 0.24 2.32 0.08 0.68 12.12 21.62 2.1
1001 0.230 - 0.65 0.05 22.43 0.22 2.16 0.02 0.42 13.05 22.69 1.8
2001 0.287 0.020 1.24 0.09 22.26 0.19 2.24 0.04 0.96 13.24 22.79 3.3
2750 0.406 0.008 0.94 0.08 22.13 0.14 1.24 0.02 0.54 12.86 22.25 1.3
3499 0.283 0.025 0.89 0.16 21.90 0.23 1.75 0.05 0.61 12.69 22.23 2.1
4251 0.172 0.005 0.31 0.14 21.67 0.33 1.80 0.04 0.13 11.80 21.57 0.8

352, Makarov Basin <0.2 ß m 50 1.520 0.000 2.08 0.24 21.65 0.13 1.31 0.04 0.55 12.40 21.10 0.0
100 0.651 0.018 1.68 0.17 21.85 0.12 1.08 0.04 1.03 12.87 22.05 1.6
200 0.444 0.029 1.32 0.13 22.11 0.18 1.75 0.05 0.88 13.05 22.41 2.0
751 0.451 0.009 2.16 0.23 21.71 0.11 1.50 0.05 1.71 12.94 22.29 3.8
1500 0.330 0.006 1.87 0.32 21.47 0.13 1.95 0.05 1.54 12.66 22.14 4.7
2251 0.241 0.013 1.43 0.17 21.77 0.14 1.79 0.04 1.19 12.84 22.46 4.9
3001 0.167 0.002 1.01 0.23 21.69 0.28 1.90 0.06 0.85 12.62 22.40 5.1
3900 0.219 0.010 1.10 0.30 21.61 0.31 1.85 0.08 0.88 12.55 22.21 4.0

<1000 kDa 100 0.442 _ 1.08 0.15 21.98 0.23 1.61 0.04 0.64 12.79 22.14 1.4
200 0.310 0.011 0.78 0.15 21.76 0.25 1.64 0.04 0.47 12.43 21.94 1.5
751 0.345 0.002 1.26 0.12 21.91 0.13 1.85 0.03 0.91 12.87 22.33 2.6
1500 0.248 0.012 1.68 0.54 21.20 0.15 1.96 0.13 1.43 12.35 21.96 5.8
2251 0.172 0.009 1.38 0.08 22.10 0.10 1.77 0.03 1.21 13.18 22.94 7.1
3001 0.101 0.011 0.95 0.19 21.52 0.17 1.73 0.04 0.85 12.45 22.45 8.5
3900 0.204 0.004 0.51 0.09 21.99 0.24 1.77 0.03 0.30 12.47 22.16 1.5

407, Laptev Sea <0.2 ß m 10 0.819 0.012 ND ND ND ND ND ND ND ND ND ND
30 0.715 0.009 2.15 0.28 21.57 0.12 1.24 0.04 1.43 12.73 21.88 2.0
56 1.112 0.000 2.00 0.30 21.59 0.14 1.51 0.06 0.89 12.54 21.50 0.8

<1000 kDa 10 0.698 0.029 ND ND ND ND ND ND ND ND ND ND
30 0.563 0.011 1.66 0.41 21.32 0.16 0.67 0.03 1.10 12.36 21.61 2.0
56 1.004 0.027 1.96 0.25 21.58 0.10 0.75 0.02 0.96 12.56 21.56 1.0

aSD, standard deviation. Ligand characteristics are concentrations in Eq o f  nM  Fe. The two size fractions are <0.2 //m and <1000 kDa. Conditional 
stability constants K ' are in m ol-1. S is the sensitivity o f  the titration measurement (slope o f  the straight part o f  the titration curve, in Am p.m ol-1). 
[Excess L] = [Lt]-[Fe], Alpha = a OIg!iaic = [Excess L] • K'. pFe = -log i[I’eJ ( n llull,liinK; + « orgsmic)}. ND, not determined. 

bThe standard deviation for Fe concentrations is missing when there were not enough samples to determine the concentration in duplicate or triplicate.

containing Fe toward the central Arctic. Part of these 
materials is trapped in the forming sea ice (Klunder et al., 
submitted manuscript, 2011a, 2011b) and transported away 
from the lands. During summer, this stock of Fe trapped in 
sea ice is released in seawater later in time and farther in 
place when melting occurs, and is responsible for the ele­
vated concentrations of DFe (around 1.5 nM Fe, Figure 6a 
and Table 1) measiued at the surface in the Amundsen 
and Makarov basins (St. 309 and 352, respectively) as also 
shown by Klunder et al. (submitted manuscript, 2011a, 
2011b). This was also observed in the Southern Ocean by 
Lannuzel et al. [2007, 2008]. Measures [1999] also inves­
tigated the influence of sediments in sea ice on surface water 
Fe concentrations along a U.S.-Canadian section across the 
Arctic Ocean. He suggested that sediment trapped into sea ice 
may be of importance in transporting high Fe and AÍ con­
centrations to the surface waters of the central Arctic Ocean.

[36] Wu et al. [2001] showed that 30 to 70% of DFe in 
deep waters was present in colloidal form (between 0.02 and 
0.4 /rm). At all stations in our study, Fe concentrations in the 
fraction < 1000 kDa accounted for approximately 74 to 83%

of the concentration of Fe in the dissolved fraction in the 
whole water column, thus 26 to 17% of DFe were present 
in the larger colloidal fraction (between 1000 kDa and 
0.2 /im). Exception existed for the samples taken at the 
chlorophyll maximum where 42 to 64% of DFe was present 
in the fraction < 1000 kDa. These results showed that var­
iations of the Fe pool in waters with phytoplankton activity 
was either due to the decrease (consumption) of Fe con­
centration in the smaller fraction (here <1000 kDa) and/or 
due to presence or formation of larger Fe colloids. Boye 
et al. [2010] also found in the Southern Polar Frontal 
Zone (between 20 and 21°E and 47.7-49.3°S) a significant 
portion (37 to 51%) of colloidal Fe (between 200 kDa and 
0.2 /im) within the dissolved organic fraction.

[37] Bergquist et al. [2007] suggested that the variability 
of DFe (in <0.4 /im) was predominantly due to variations 
in the colloidal Fe as illustrated by the linear regression: 
[Fe<o.4 ¿on] = 1-18 [Fe0.02 -0 .4  J  + 0.29 (R2 = 0.85). Similar 
results were found in the Eastern North Atlantic Ocean 
[Thuróczy et al., 2010] using the same size fractions as in the 
present study ([Fe<0.2 ^  = 1.16 [Fei000 kDa-0.2 ¿mJ + 0.03;
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Table 2a. Determination of the Ligand Characteristics in UNF Samples: Determination of an Upper Limit Using [TDFe]

Station
Depth

(m)
[TDFe]
(nM) SDa

[Lt]
(Eq o f nM Fe) SD

logK' 
(mol ') SD

Sensitivity S 
(A .m oL1) SD

[Excess L] 
(Eq o f  nM Fe)

[Excess L]/ 
[TDFe]

239, Barents Sea 5 3.01 0.03 4.96 0.41 22.06 0.15 0.90 0.06 1.95 0.7
25 3.61 0.01 7.23 0.22 22.26 0.06 1.14 0.05 3.62 1.0
75 8.47 0.26 12.25 0.45 22.51 0.11 0.99 0.10 3.78 0.5
125 54.79 0.54 56.93 0.11 23.66 0.08 1.06 0.03 2.14 0.0
175 63.08 1.22 65.06 0.29 23.57 0.18 0.29 0.02 1.97 0.0

255, Nansen Slope 19 0.75 0.05 3.73 0.44 21.69 0.10 1.77 0.12 2.98 4.0
37 1.16 0.06 ND ND ND ND ND ND ND ND
98 6.28 0.08 8.11 0.32 22.56 0.20 0.78 0.05 1.83 0.3

200 6.54 0.08 ND ND ND ND ND ND ND ND
754 17.35 0.13 ND ND ND ND ND ND ND ND
1198 12.72 0.31 ND ND ND ND ND ND ND ND
1796 7.78 0.10 ND ND ND ND ND ND ND ND
2096 10.41 - ND ND ND ND ND ND ND ND
2944 15.49 0.05 ND ND ND ND ND ND ND ND

260, Nansen Basin 50 0.69 0.03 4.36 0.22 22.45 0.13 1.27 0.07 3.66 5.3
100 0.95 0.01 3.01 0.23 22.27 0.19 1.27 0.05 2.05 2.2
300 2.42 0.03 4.04 0.25 23.14 0.43 1.52 0.07 1.62 0.7
698 2.91 0.06 4.33 0.17 22.66 0.23 0.93 0.03 1.42 0.5
1497 3.68 0.18 4.88 0.15 22.68 0.16 1.53 0.04 1.20 0.3
2494 5.26 0.04 6.64 0.09 22.92 0.11 2.06 0.04 1.38 0.3
2991 4.83 0.13 7.15 0.19 22.59 0.11 1.90 0.07 2.31 0.5
3926 4.52 0.24 5.12 0.20 23.41 0.39 0.71 0.03 0.60 0.1

279, Kara Sea 11 6.12 0.02 8.30 0.18 22.48 0.08 1.70 0.05 2.19 0.4
25 5.04 - 6.01 0.08 23.19 0.17 1.26 0.02 0.96 0.2
51 11.87 0.05 12.82 0.14 23.24 0.19 1.56 0.05 0.95 0.1
101 8.48 0.07 9.42 0.11 23.16 0.15 1.46 0.03 0.94 0.1
201 10.01 0.06 11.64 0.13 22.84 0.09 1.14 0.03 1.64 0.2
300 11.00 - 12.26 0.39 22.82 0.29 0.67 0.05 1.26 0.1

309, Amundsen Basin 50 2.44 0.08 3.17 0.07 22.65 0.12 1.04 0.02 0.72 0.3
101 2.39 0.01 4.81 0.48 21.68 0.08 1.82 0.12 2.42 1.0
201 1.95 0.04 4.51 0.31 22.08 0.11 1.57 0.10 2.55 1.3
501 1.80 0.05 3.27 0.21 21.93 0.10 1.71 0.06 1.47 0.8
1001 3.50 0.09 4.12 0.13 22.47 0.13 1.59 0.04 0.62 0.2
2001 2.83 0.05 4.73 0.38 21.83 0.10 1.83 0.10 1.90 0.7
2750 3.52 0.09 4.91 0.28 22.27 0.14 2.48 0.11 1.39 0.4
3499 4.25 0.08 5.86 0.34 22.56 0.28 1.98 0.12 1.61 0.4
4251 2.66 0.01 3.23 0.08 22.70 0.15 1.73 0.03 0.57 0.2

352, Makarov Basin 50 1.61 0.06 2.74 0.44 21.60 0.16 1.32 0.07 1.13 0.7
100 1.58 0.08 2.50 0.12 22.16 0.10 1.88 0.04 0.92 0.6
200 1.10 0.04 2.05 0.14 21.95 0.11 1.65 0.04 0.95 0.9
751 1.89 0.03 2.52 0.12 22.31 0.15 1.67 0.03 0.64 0.3
1500 1.51 0.06 2.17 0.16 22.23 0.19 1.95 0.05 0.66 0.4
2251 1.53 0.08 2.47 0.22 22.09 0.18 2.20 0.08 0.94 0.6
3001 1.72 0.07 2.44 0.05 22.37 0.06 1.98 0.02 0.72 0.4
3900 1.52 0.01 2.75 0.15 22.07 0.11 1.93 0.05 1.22 0.8

aThe standard deviation for Fe concentrations is missing when there were not enough samples to determine the concentration in duplicate or triplicate.

R2 = 0.93; n = 9). However, in the Arctic Ocean, 
no relationship was found between DFe and larger colloidal 
Fe, neither in the Atlantic sector of the Southern Ocean 
[Thuróczy, 2011]. Thus it appears that such a correlation is 
not applicable for all oceans. Further investigations are 
required here.

[38] Nishioka and Takeda [2000] have shown that col­
loidal Fe (between 200 kDa and 0.2 /im) was the most 
dynamic fraction during Chaetoceros sp. incubations and 
was consumed first, instead of soluble Fe (<200 kDa or 
<0.03 pm). Our results were consistent with their work; 
indeed, in the Barents Sea and Kara Sea, the concentration 
of Fe in the larger colloidal fraction (between 1000 kDa 
and 0.2 pm) was maximal at the fluorescence maximum (at 
about 40 m depth) and became smaller below this depth. 
Below 25 m in the Kara Sea (St. 279) and between 1000 
and 3000 m in the Makarov Basin (St. 352), ligands in the 
dissolved fraction were more saturated than those in the 
fraction < 1000 kDa, meaning that ligands in the larger

colloidal fraction (between 1000 kDa and 0.2 pm) were 
almost saturated. If colloids would aggregate, it would lead 
to a loss of Fe. Wu et al. [2001] showed that colloidal Fe 
(between 0.02 and 0.4 pm  in their study) was important in 
removal processes when forming aggregates.

[39] The TDFe has been shown to be a good chemical 
tracer of physical processes in the oceans [Takata et al., 
2008; Thuróczy et al., 2010]. By looking at Fe concentra­
tions in UNF samples (TDFe), Thuróczy et al. [2010] could 
distinguish the Mediterranean Overflow Water in the Eastern 
North Atlantic Ocean. In the Amundsen Sea of the Southern 
Ocean, TDFe concentrations were still high (>30 nM Fe) 
up to 100 km away from the glaciers source and where the 
ligands were highly unsaturated with Fe in the dissolved 
fraction (Ratio [Lt]/[DFe] > 15), indicating solubilzation of 
Fe processes (L. J. A. Gerringa et al., Fe from melting glacier 
fuels the algal bloom in Pine Island Bay (Amundsen Sea, 
Southern Ocean), submitted to Deep-Sea Research, Part II, 
2011; C.-E. Thuróczy et al., Key role of organic complex-
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T a b le  2 b . Determination of the Ligand Characteristics in UNF Samples: Determination of a Lower Limit Using [DFe]

Station
Depth

(m)
[DFe]
(nM) SDa

[Lt]b 
(Eq o f  nM  Fe) SDb

logK'h 
(mol ') SDb

Sensitivity Sb 
(A .m oL1) SDb

[Excess L]b 
(Eq of nM  Fe)

[Excess L]/ 
[DFe]b

239, Barents Sea 5 0.41 0.04 3.46 1.40 21.38 0.25 1.02 0.18 3.05 7.5
25 0.31 0.03 4.29 0.48 21.80 0.10 1.20 0.11 3.99 12.9
75 1.05 0.00 4.99 0.72 21.92 0.15 1.00 0.14 3.94 3.8
125 0.50 0.01 2.88 0.24 22.05 0.13 1.10 0.05 2.38 4.7
175 0.49 0.02 2.50 0.33 21.93 0.22 0.29 0.02 2.02 4.2

255, Nansen Slope 19 0.31 0.01 4.00 0.57 21.48 0.08 1.94 0.15 3.69 12.0
98 0.53 0.01 2.54 0.50 21.80 0.26 0.82 0.06 2.02 3.8

260, Nansen Basin 50 0.27 0.03 3.96 0.23 22.38 0.14 1.27 0.07 3.68 13.5
100 0.28 0.04 2.70 0.34 21.91 0.16 1.34 0.08 2.43

OOOO

300 0.51 0.01 2.99 0.48 22.17 0.30 1.92 0.18 2.48 4.8
698 0.51 0.01 1.99 0.24 22.17 0.29 0.94 0.04 1.48 2.9
1497 0.58 0.03 2.15 0.24 21.86 0.15 1.61 0.06 1.57 2.7
2494 0.95 0.01 2.43 0.11 22.28 0.11 2.09 0.04 1.49 1.6
2991 0.67 0.01 3.30 0.30 21.97 0.12 1.99 0.11 2.64 4.0
3926 0.64 - 1.24 0.22 22.74 0.44 0.71 0.03 0.60 0.9

279, Kara Sea 11 0.89 0.01 3.90 0.47 21.65 0.09 1.89 0.13 3.01 3.4
25 1.10 0.01 2.07 0.09 22.66 0.21 1.26 0.02 0.97 0.9
51 1.33 0.01 2.80 0.27 22.06 0.18 1.75 0.08 1.48 1.1
101 0.73 0.01 1.92 0.19 22.11 0.16 1.51 0.04 1.18 1.6
201 0.63 0.00 2.42 0.24 21.93 0.14 1.16 0.04 1.79 2.8
300 0.80 0.01 2.91 0.53 21.67 0.16 0.75 0.06 2.11 2.6

309, Amundsen Basin 50 1.44 0.03 2.16 0.07 22.48 0.13 1.04 0.02 0.72 0.5
101 0.45 0.00 - - - - - - - -

201 0.41 0.01 - - - - - - - -

501 0.40 0.01 2.52 0.60 21.39 0.16 1.87 0.14 2.12 5.3
1001 0.29 - 1.64 0.75 21.19 0.28 1.70 0.12 1.34 4.6
2001 0.34 0.00 - - - - - - - -

2750 0.56 0.02 1.17 0.16 21.93 0.18 1.99 0.06 0.62 1.1
3499 0.32 0.01 - - - - - - - -

4251 0.22 0.01 0.88 0.17 21.79 0.26 1.74 0.04 0.66 3.0
352, Makarov Basin 50 1.52 0.00 2.70 0.46 21.57 0.16 1.33 0.07 1.17 0.8

100 0.65 0.02 1.51 0.18 21.84 0.16 1.86 0.05 0.86 1.3
200 0.44 0.03 1.89 0.32 21.43 0.13 1.74 0.06 1.45 3.3
751 0.45 0.01 1.26 0.25 21.66 0.22 1.70 0.06 0.81 1.8
1500 0.33 0.01 0.66 0.17 21.90 0.41 1.75 0.06 0.33 1.0
2251 0.24 0.01 0.58 0.14 21.85 0.34 1.85 0.05 0.34 1.4
3001 0.17 0.00 1.18 0.14 21.50 0.10 2.04 0.03 1.01 6.1
3900 0.22 0.01 1.53 0.28 21.47 0.13 1.85 0.08 1.31 6.0

aThe standard deviation for Fe concentrations is missing when there were not enough samples to determine the concentration in duplicate or triplicate. 
bValues missing when the model could not fit the data using the lower limit.

ation of iron in sustaining phytoplankton blooms in the Pine 
Island and Amundsen Polynyas (Southern Ocean), submitted 
to Deep-Sea Research, Part II, 2011). In the present study, 
high concentrations of TDFe close to the sediment in the 
shelf seas resulted from the re-suspension of sediments. 
Similarly, the re-suspension of particles due to downslope 
processes were seen by elevated TDFe concentrations (St. 
255, at 750 m depth) about 100 km away from the conti­
nental shelf of the Nansen Basin. A distinct maximum in 
[TDFe]/[DFe] (ratio value of 30) was found at the same 
location likely due to slope processes with sediment re­
suspension and a relative enrichment of particulate Fe. These 
high TDFe concentrations at the Nansen Slope (St. 255) were 
matched with high concentrations of Mn [Middag et al., 
2009] and lower light transmission (Figure 4). These 3 
studies suggest a horizontal transport of particles as already 
demonstrated by Lam et al. [2006], Lam and Bishop [2008], 
and Raiswell et al. [2008] in other oceans.

4.2. Complexation of Fe
4.2.1. In Surface Waters

[40] In surface waters, the observed high ligand con­
centrations can be caused by input of organic matter from 
rivers as previously reported by Gerringa et al. [2007] in the

Scheldt estuary, and from the sea ice formed on the conti­
nental shelves. Sea ice is a potential source of ligands to the 
surface water because it contains organic matter from the 
rivers and from microorganisms. The accumulation of dis­
solved organic matter within sea ice was found to be several 
orders greater than in surface oceanic water as previously 
reported by Thomas et al. [2001], Carlson and Hansell 
[2004], and Riedel et al. [2008]. However, we cannot 
make any conclusions on the sea ice sources since we could 
not sample in the vicinity of sea ice; our first sample were 
taken at 20 m (St. 255 on the slope of the Nansen Basin) or 
at 50 m in the deep basins (St. 260, 309 and 352). On the 
shelf seas, the high ligands concentrations could be due to 
sediment re-suspension as suggested by Gerringa et al. 
[2008] for the Kerguelen Plateau with samples taken close 
to the bottom. At the surface and underneath sea ice, living 
organisms play a role in the chemistry of Fe. On the one 
hand, Fe is taken up by most of the living organisms 
(phytoplankton, bacteria and viruses); on the other hand, 
their presence generate organic matter (faeces, dead algae), 
which is degraded and remineralized into possible Fe- 
binding-ligands. The high DFe concentrations found in 
surface waters of the central Arctic (St. 309 in the 
Amundsen Basin and St. 352 in the Makarov Basin) might
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Figure 7. Excess L concentrations (Eq of nM Fe, ±standard deviation of the fit of the data to the model) 
with depth at 6 stations sampled (same as in Figure 5). Unfiltered samples using the lower limit (black 
dots), dissolved fraction (<0.2 //m; gray triangles upwards looking) and fraction < 1000 kDa; (white 
triangles downward looking). Shelf sea stations are on the left side. The depth axes are extended until the 
bottom depth.

have not been limiting for the phytoplankton [Timmermans 
et a l, 2005]. However, the thick layer of sea ice at the 
siuface, soiuce of Fe as discussed above, was most likely 
responsible for the lack of light leading to the low fluores­
cence recorded [Timmermans et a l, 2001, 2005]. Thus Fe 
uptake by biota should be small resulting in high DFe 
concentrations.

[41] In the siuface waters of the Barents Sea (St. 239) and 
in the upper layer at the slope of the Nansen Basin (St. 255), 
relatively high Excess L and slightly weaker ligands (K' 
value of IO2139 and 102L93, respectively, Table 1) were 
measiued around the fluorescence maximum (fluorescence 
> 0.3 a.u., Figiue 4). A possible explanation for relatively 
high Excess L concentrations and low conditional stability 
constant is the presence of exopolymer component like 
colloidal polysaccharide gels produced by organisms as 
found in Arctic sea ice by Meiners et al. [2008] and Riedel 
et a l [2007]. These colloidal polysaccharides present in 
relatively high concentration and with a relatively low 
binding constant [Hassler et a l, 2011; Benner, 2011] may 
behave as organic ligands thus having a pivotal role in the 
spéciation of Fe in siuface waters. Oiu results are also in line

with the results of Rijkenberg et a l [2008] who suggested 
that ligands originating from phytoplankton, or at least 
found at the chlorophyll maximum, were relatively weak in 
contrast to ligands measiued at larger depth. However, Rue 
and Bruland [1995] concluded that ligands originated from 
phytoplankton are stronger (relatively high K' value). 
Stronger ligands were measiued in the Nansen (St. 260) and 
Amundsen (St. 309) basins at the chlorophyll maximum; 
however, the fluorescence signal was lower here (<0.3 a.u.). 
Thus, there was no proof of a relation between phyto­
plankton and binding strength of ligands.
4.2.2. Saturation State of the Ligands and Scavenging 
of Fe

[42] The ratio [Excess L]/[Fe] (Figiue 8) expresses the 
relative satiuation of the ligands with Fe [Thuróczy et a l, 
2010, 2011]. A high ratio means a relatively large excess 
of ligands, so an extra input of Fe would be easily com- 
plexed by the ligands. In this case, ligands have a high 
buffering capacity. A decrease in Fe also increases the ratio, 
and thus with respect to biota, an increasing ratio indicates 
depletion/consumption of Fe. A low ratio, approaching 0, 
indicates that the ligands become saturated and shows that
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Figure 8. Ratio values [Excess L]/[Fe] for 6 stations sampled (same as in Figure 5) and for the 3 size 
fractions: Unfiltered samples using the lower limit (black dots), dissolved fraction (<0.2 //m; gray tri­
angles upwards looking) and fraction < 1000 kDa; white triangles downward looking). A ratio of 0 means 
saturation of the ligands with Fe. Shelf sea stations are on the left side. The depth axes are extended until 
the bottom depth.

possible extra Fe inputs will be preferably removed by 
precipitation and/or scavenging. The ratio [Excess L]/[Fe] in 
the dissolved and <1000 kDa fractions decreased with 
depth, below the siuface minimum in the Barents Sea and 
Amundsen Basin (St. 239 and 309, respectively), in all 
basins and seas with the exception of the Makarov basin. 
This decrease with depth was found in the Southern Ocean 
[Thuróczy et a l, 2011] and in the Eastern North Atlantic 
Ocean [Thuróczy et a l, 2010]. In both regions, below 450 m 
depth, low and constant values were found corresponding 
to relatively constant saturation state of the ligands. These 
results were supported by the work of Boye et al. [2010], 
who found an increasing portion of colloidal Fe (200 kDa- 
0.2 /im) as well as an increasing satiuation of the ligands 
from the siuface until 1000 m depth. In the deep waters 
(below 800 m) of the Nansen Basin (St. 260), the ratio 
[Excess L]/[Fe] was around 3, decreasing with depth. In the 
Amundsen Basin, the ratio was higher (3-5), showing 
that here the ligands were less satiuated with Fe. Only the 
Makarov Basin (St. 352) showed the exact opposite trend 
with depth in the dissolved and <1000 kDa fractions, not yet

found anywhere else [Thuróczy et a l, 2010, 2011]. The ratio 
values increased with depth (less satiuation of the ligands 
with depth) indicating higher potential for Fe sohibilzation. 
The increasing [Excess L]/[Fe] with depth in both dissolved 
and <1000 kDa fractions were caused by a larger decrease 
in Fe concentrations than Excess L concentrations. This 
revealed a possible loss of Fe and ligands toward the bottom 
as confirmed by increasing [TDFe]/[DFe] (Figiue 10) indi­
cating a the relative enrichment of particulate Fe and thus 
scavenging. Scavenging by settling particles is supported by 
the fact that the ligands are relatively weak and less reactive 
in the Makarov Basin compared to the Nansen and 
Amundsen basins (Figiue 9). The combination of scaveng­
ing and a lack of Fe soiuces probably accounted for the net 
loss of DFe. This net loss was reflected by the increase in 
both [Excess L]/[Fe] and [TDFe]/[DFe].
4.2.3. Complexation of Fe in Unfiltered Samples

[43] The complexation of Fe in UNF samples is poorly 
described [Nolting et a l, 1998; Thuróczy et a l, 2010], 
certainly due to the uncertainty of the Fe concentration that 
is exchangeable. Part of Fe is refractory and irreversibly
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Figure 9. Average values (±Standard deviation) of Fe concentrations and ligand characteristics, for the 
dissolved fraction (<0.2 //m, dark gray) and fraction < 1000 kDa (light gray), at all the stations sampled, 
in the shelf seas (St. 239 in the Barents Sea, St. 279 in the Kara Sea and St. 407 in the Laptev Sea) and in 
the deep basins (St. 255 and 260 in the Nansen Basin, St. 309 in the Amundsen Basin and St. 352 in the 
Makarov Basin): in the upper basins (0-800 m, SW and AW) and in the deeper basins (below 800 m).

bound to particles or colloids under natural seawater con­
ditions. The concentration of Fe used in the calculations 
influences the estimation of Lt and the strength K'. When 
TDFe is used, these parameters are overestimated; when 
DFe is used, they are possibly underestimated. However, 
Excess L is hardly changed when using different Fe con­
centrations in the calculation, therefore Excess L in UNF 
samples can be used as discussed by Thuróczy et al. [2010].

[44] Excess L concentrations in UNF samples were sim­
ilar (within the standard deviations) to those in the smaller 
fraction at most of the stations indicating a small influence 
of the particulate fraction on the organic complexation of 
Fe, except in SW. In siuface waters of the Nansen Basin 
(St. 255 and 260) and of the Kara Sea (St. 279), maximum 
Excess L in the UNF fraction (Tables 1, 2a, and 2b and 
Figiue 7) were measiued where Excess L was at minimum 
in the dissolved and <1000 kDa fractions. Thus, the largest 
excess of ligands must come from the particulate fraction 
(>0.2 /un) suggesting that particles could easily bind Fe 
(reactive) resulting in low excess L. These particles most 
likely originated from the rivers and sediments, as seen by

the low light transmission (Figiue 4). In the Makarov Basin, 
Excess L concentrations in the UNF samples were lower 
than in the dissolved and <1000 kDa fractions at 1500 and 
2250 m depth. This apparent artifact was found in the upper 
core of the deep waters, just below the limit between the 
AIW and the AW.

4.3. Distinct Trends in Fe and Ligands Characteristics
[45] General trends in Fe concentrations and ligand 

characteristics were observed (Figiue 9). By averaging each 
parameter per environment and per layer: the shelf seas (St. 
239, 279 and 407), the upper layer (0-800 m, layer com­
posed of SW and AW) and the deeper layer (<800 m, layer 
composed of the deep waters, AIW, CBW and DMBW) of 
the basins (St. 255, 260, 309 and 352), trends could be 
distinguished.

[46] The concentrations of DFe and Fe<i0oo kDa became 
slightly lower in the deeper ocean toward the central Arctic 
in the Makarov Basin (Figiues 6a, 6b, and 9), as also shown 
by Klunder et al. (submitted manuscript, 2011a, 2011b). 
They showed that less Fe soiuces are present in the Makarov

17 of 21



C10009 THURÓCZY ET AL.: IRON SPECIATION IN THE ARCTIC OCEAN C10009

Ratio [TDFe|/|DFe| Ratio [TDFe]/[DFe]
0 10 20 30 0 50 100 150

100

150

200

250

— Ba r e n t s  S e a  
—Ô -  K ara S e a300

1000

£ 2000

3000

#  S lo p e  N a n s e n  b a s in  
—O — N a n se n  b a s in  
—Q — A m u n d s e n  b a s in  

A  M akarov  b a s in

4000

Figure 10. Ratio [TDFe]/[DFe] with depth. Graphs on the left are the deep basin stations (St. 255, 
260, 309 and 352) and graphs at the right are the shelf sea stations (St. 239 and 279). Note the different 
scales for the ratio values and for the depths. The station in the Kara Sea is also enlarged (axis of the 
ratio until 20).

Basin compared to Amundsen Basin and Nansen Basins. 
The TDFe showed the same geographical trend as DFe 
(Figure 5): toward the central Arctic, TDFe decreased, from 
3 to 6 nM Fe in the Nansen Basin, to 3 nM Fe in the 
Amundsen Basin and to 2 nM Fe in the Makarov Basin. 
This decrease of the particulate fraction toward the central 
Arctic is related to increasing distance from the shelf 
and slope soiuces and thus increasing time for removal 
processes (export of Fe) such as scavenging. The Deep 
Makarov Basin Water (DMBW) had different water prop­
erties (seen with Û/S diagrams, Figiue 3) influenced by 
water from the Pacific Ocean which most likely explained 
the different ligand characteristics in deep waters of the 
Nansen and Amundsen basins (AW, AIW and CBW) and 
of the Makarov Basin (AW, AIW, CBW and DMBW).

[47 ] Rue and Bruland [1995] and Buck and Bruland 
[2007] investigated Fe and ligands in the Central North 
Pacific Ocean and in the Bering Sea, respectively, and could 
distinguish two classes of ligands using a different method 
as the one used in oiu study. They measiued high Excess L 
concentrations (up to 1.8 Eq of nM Fe) in the siuface 
samples increasing with depth to 2 Eq of nM Fe at 2000 m 
[Rue and Bruland, 1995], together with lower binding 
strength at depth. Excess L in oiu dissolved and <1000 kDa 
fractions were similar to their values, decreasing from 1.54 
and 1.43 Eq of nM Fe, respectively, at 1500 m depth in the 
DMBW to 0.88 and 0.30 Eq of nM Fe at 3900 m depth, 
respectively. The ligands were also weaker in the DMBW 
than in the the upper waters. Overall this suggests the Pacific 
origin of the ligands in the DMBW.

[48] In the Amundsen and Makarov Basins, Excess L con­
centrations were lower than in the Nansen Basin (Figiue 9). 
Trends in the binding strength were not obvious; slightly 
lower values were measiued in the Amundsen and Makarov

basins compared to the Nansen Basin (Table 1 and Figiue 9). 
However, considering the stations in the basins, a distinct 
geographic trend existed in the alpha values (K'*Excess L), 
which expresses the reactivity of the ligands. Alpha clearly 
decreased from the continental slope (Figiue 9, St. 255, 
loga > 13.5) toward the central Arctic Ocean (St. 352, 
loga < 13). This decrease in the reactivity of the ligands 
toward the central Arctic means higher potential for Fe 
export toward the seafloor in the Makarov Basin. But does 
alpha alone control the fate of Fe?

[49] The decrease of alpha in deep waters (below 800 m) 
toward the central Arctic Ocean fitted the increasing trends 
of the ligands satiuation state (ratio [Excess L]/[Fe]) in the 
dissolved and <1000 kDa fractions. Ligands were more 
saturated with Fe (ratio [Excess L]/[Fe] < 3) where they 
were more reactive (higher alpha value) in the Nansen Basin 
(St. 260). In the Amundsen Basin, they were less saturated 
(ratio between 3 and 5) where they were less reactive. In the 
Makarov Basin, the ligands became unsaturated toward 
the bottom (ratio between 4 and 8) together with a decrease 
of their reactivity. As mentioned earlier, the decrease of 
the particulate fraction toward the central Arctic is related 
to increasing distance from the shelf and slope soiuces. 
Ligands can buffer Fe inputs but can also give away Fe 
when scavenging via sinking particles occius. In the Nansen 
Basin where the ligands are reactive, the permanent Fe 
inputs, which lead to saturate the ligands with Fe, is larger 
than scavenging and removal processes. Conversely, in the 
deep Makarov Basin where the ligands are less reactive and 
where the soiuces of Fe are limited (Klunder et al., sub­
mitted manuscript, 2011a, 2011b), scavenging of Fe lead to 
the desatiuation of the ligands and to a net export of Fe 
toward the seafloor because the flux of particles is appar­
ently much larger than the flux of DFe. This highlights the
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combination of little source of Fe and increasing time for 
scavenging toward the Makarov Basin.

[50] Trends existed between the seas, with decreasing 
alpha, decreasing Fe and increasing ratio [Excess L]/[Fe] 
from the Barents Sea (St. 239), Kara Sea (St. 279) toward 
the Laptev Sea (St. 407). This Eastward trend could be due 
to a dilution of the AW inflow on the shelves, and higher 
influence from the rivers.

5. Summary and Conclusions
[51] Oiu study presented the first data set on the com­

plexation and size fractionation of Fe in the Arctic Ocean.
[52] Dissolved Fe (DFe) was for 74 to 83% present in the 

fraction < 1000 kDa, except at the chlorophyll maximum 
depth. Here, only 42 to 64% of DFe was present in the 
fraction < 1000 kDa, thus a somewhat larger portion of Fe 
in the larger colloidal fraction (between 1000 kDa and 
0.2 /rm). Distinct geographical trends in Fe and in ligands 
characteristics were seen from the shelf seas (Barents Sea) 
toward the central Arctic Ocean (Makarov Basin). In the 
surface waters and Atlantic waters (above 800 m depth), 
the concentrations of DFe and Fe<iooo kDa were lower in 
the Nansen Basin (average [DFe] = 0.39 nM ± 0.14, n = 4; 
and average [Fe<iooo kDa] = 0-30 nM ± 0.12, n = 4) than in 
the Amundsen Basin (average [DFe] = 0.68 nM ± 0.51, n = 
4; and average [F e< i0oo kDa] = 0-44 nM ± 0.33, n = 4) and in 
the Makarov Basin (average [DFe] = 0.77 nM ± 0.51, n = 4; 
and average [Fe<iooo kDa] = 0.37 nM ± 0.07, n = 3) as 
summarized in Figure 9. Below 800 m depth, higher con­
centrations of Fe were found in the Nansen Basin (average 
[DFe] = 0.71 nM ± 0.16, n = 4; and average [F e< i0oo kDa] = 
0.54 nM ± 0.09, n = 4) compared to the Amundsen Basin 
(average [DFe] = 0.35 nM ± 0.13, n = 5; and average 
[Fe<iooo kDa] = 0.28 nM ± 0.09, n = 5) and in the Makarov 
Basin (average [DFe] = 0.24 nM ± 0.07, n — 4; and average 
[Fe<iooo kDa] = 0.18 nM ± 0.06, n = 4). A general decrease in 
excess of ligands (from approximately 3.5 to 1 Eq ofnM  Fe 
for the dissolved fraction, and from approximately 1.5 to 
0.5 Eq of nM Fe for the fraction < 1000 kDa), and in the 
binding strength (logK' mainly >22 in the Nansen Basin, 
and logK' < 22 in the Amundsen and Makarov basins) 
resulted in a decrease in alpha. This corresponds to the 
ligand reactivity (average log a > 13.5 in the Nansen Basin, 
and <13 in the Amundsen and Makarov basins, Figure 9). 
Total dissolvable iron (TDFe) also decreased from the 
Nansen Basin where [TDFe] were above 3 nM Fe in the AW 
and EBDW, toward the Makarov basins where [TDFe] were 
lower than 2 nM Fe in the AW and DMBW. In addition, a 
relative enrichment of particulate Fe with depth at all sta­
tions was found looking at the ratio [TDFe]/[DFe], revealing 
removal of Fe via scavenging in the deep basins. Further­
more, in the Nansen and Amundsen basins, ligands in the 
dissolved and <1000 kDa fractions were more saturated with 
Fe with increasing depth (ratio [Excess L]/[Fe] decreasing 
from 13 at the surface to 1 at depth), which was related to 
more sources of Fe and to more reactive dissolved ligands 
(alpha > 13.5). Thus, Fe removal might be important here. 
Conversely, in the Makarov Basin, the dissolved ligands 
became desaturated with depth (ratio [Excess L]/[Fe] 
increasing from 0.4 at the surface to 8.5 at depth) as con­
firmed by their lower reactivity (alpha <13). The Makarov

Basin is far from large sources of Fe and ligands, thus 
increasing the time for scavenging and export of Fe. There, 
the flux of particles removing Fe is probably larger than the 
flux of DFe input leading to the desaturation of the ligands.

[53] To conclude, the reactivity (alpha value) and the 
saturation state (ratio [Excess L]/[Fe]) of the ligands proved 
to be excellent tools to explain the distribution and the fate 
of Fe in the different fractions when combining sources of 
Fe and ligands and removal processes like scavenging.
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