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 701	  

 702	  

 703	  

Abstract 704	  

 705	  

In the Eastern North Atlantic Ocean iron (Fe) speciation was investigated in three 706	  

size fractions: the dissolvable from unfiltered samples, the dissolved fraction (<0.2 707	  

µm) and the fraction smaller than 1000 kDa (<1000 kDa). Fe concentrations were 708	  

measured by flow injection analysis and the organic Fe complexation by 709	  

voltammetry. In the research area the water column consisted of North Atlantic 710	  

Central Water (NACW), below which Mediterranean Overflow Water (MOW) 711	  

was found with the core between 800 and 1000 m depth. Below 2000 m depth the 712	  

North Atlantic Deep Water (NADW) proper was recognised. Dissolved Fe and Fe 713	  

in the <1000 kDa fraction showed a nutrient like profile, depleted at the surface, 714	  

increasing until 500-1000 m depth below which the concentration remained 715	  

constant. Fe in unfiltered samples clearly showed the MOW with high 716	  

concentrations (4 nM) compared to the overlying NACW and the underlying 717	  

NADW, with 0.9 nM and 2 nM Fe, respectively. By using Excess ligand (Excess 718	  

L) concentrations as parameter we show a potential to bind Fe. The surface mixed 719	  

layer had the highest excess ligand concentrations in all size fractions due to 720	  

phytoplankton uptake and possible ligand production. The ratio of Excess L over 721	  

Fe proved to be a complementary tool in revealing the relative saturation state of 722	  

the ligands with Fe. In the whole water column, the organic ligands in the larger 723	  

colloidal fraction (between 0.2 µm and 1000 kDa) were saturated with Fe, whereas 724	  

those in the smallest fraction (<1000 kDa) were not saturated with Fe, confirming 725	  

that this fraction was the most reactive one and regulates dissolution and colloid 726	  

aggregation and scavenging processes. This regulation was remarkably stable with 727	  

depth since the alpha factor (product of Excess L and K’), expressing the reactivity 728	  

of the ligands, did not vary and was 1013. Whereas, in the NACW and the MOW, 729	  

the ligands in the particulate (>0.2 µm) fraction were unsaturated with Fe with 730	  

respect to the dissolved fraction, thus these waters had a scavenging potential.  731	  
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1. Introduction 732	  

Dissolved iron (DFe) in seawater (<0.2 µm) consists of several size classes of 733	  

colloidal Fe next to an operationally defined soluble pool (<smallest size cut-off 734	  

ultra-filtration; Nishioka et al., 2005). Organic Fe(III)-complexes exist within both 735	  

the colloid pool(s) and the soluble pool (Boye et al., 2005) and are characterised 736	  

by a very high conditional binding strength (logK’ ≈ 20-23; Gledhill and Van Den 737	  

Berg, 1994). These organic ligands bind Fe(III) so strongly that more than 99% of 738	  

Fe in the oceans is in the organically complexed form (Rue and Bruland, 1997; 739	  

Boye and Van Den Berg, 2000; Croot et al., 2001; Gerringa et al., 2006). 740	  

Therefore ligands prevent Fe(III) from precipitating as oxyhydroxides and enable 741	  

Fe to remain dissolved above concentrations determined by the solubility product 742	  

(Kuma et al., 1996; Millero, 1998). In the ocean surface layer the speciation of Fe 743	  

regulates its availability to phytoplankton and other micro-organisms, which also 744	  

influence the Fe speciation: on the one hand Fe is consumed by these micro- 745	  

organisms, on the other hand they can produce organic ligands (Rue and Bruland, 746	  

1997; Boye and Van Den Berg, 2000; Croot et al., 2001; Gerringa et al., 2006). In 747	  

the deep ocean, organic complexation and the distribution over different size 748	  

fractions determines precipitation and adsorption on particles. The quasi- 749	  

equilibrium competition between dissolved organic complexation, colloid size 750	  

class particles and fine suspended particles is deemed to control the removal by 751	  

scavenging via settling of large particles and thus the deep ocean residence time of 752	  

Fe (Figure 1, made after De Baar and De Jong, 2001). According to Nishioka and 753	  

Takeda (2000) and Nishioka et al. (2005) the small colloidal fraction (in their 754	  

papers defined as between 200 kDa and 0.2 µm) is a very reactive fraction. 755	  

Moreover Bergquist et al. (2007) concluded that variations in dissolved Fe are due 756	  

to changes in the colloidal fraction (in their paper between 0.02 µm and 0.4 µm) in 757	  

the Atlantic Ocean. 758	  

Here we investigate the processes of solubilisation through complexation 759	  

versus scavenging and precipitation (Figure 1) to gain insight into the cycling of 760	  

Fe by sampling a deep profile at a station in the Eastern North Atlantic Ocean. 761	  

Therefore we focus on size fractionation within the Fe-pool to study the organic 762	  
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complexation of Fe in three size fractions: the unfiltered samples (UNF), the 763	  

dissolved fraction (< 0.2 µm), and the fraction smaller than 1000 kDa.  764	  

 765	  

 766	  

Figure 1: Schematic representation of the Fe chemistry in the ocean. In the 767	  

surface layer phytoplankton consume Fe and produce organic ligands. Photo- 768	  

reduction of Fe is indicated in grey since it is not considered in this paper. 769	  

Organic ligands in the dissolved fraction (<0.2 µm) and within the smaller 770	  

fraction (<1000 kDa) increase the residence time of Fe in the ocean by binding 771	  

Fe, thus keeping the concentration of inorganic Fe low, preventing from 772	  

precipitation as oxy-hydroxides, and restricting scavenging via adsorption onto 773	  

particles. Finally, colloid aggregation is a possible pathway for removing Fe from 774	  

the dissolved phase. 775	  

 776	  

2. Additional details on the materials and methods 777	  

Samples were collected aboard R.V. Pelagia between April 11 and April 26, 2007, 778	  

during the IPY-Geotraces (Geotraces Science Plan, 2006) cruise (64PE267) in the 779	  

Eastern North Atlantic Ocean off the coast of Portugal (Figure 2). Water samples 780	  

were collected from station 14 (39°44’N-14°10’W), where six hydrocasts were 781	  
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performed for trace metals and nutrients (casts 1, 4, 5, 7, 18 and 20, Middag et al., 782	  

personal communication). The first cast was sampled on April 19 for size 783	  

fractionation and the measurements of organic speciation of Fe. 784	  

Analyses of Fe and the ligand characteristics were done on samples in three 785	  

different size fractions as explained in Chapter 2: Unfiltered samples (UNF), the 786	  

dissolved fraction, defined as <0.2 µm and the fraction smaller than 1000 kDa 787	  

(<1000 kDa),  788	  

Iron analysis in unfiltered (TDFe) samples and samples <1000 kDa was done 789	  

from the same cast (Cast 1). Unfortunately, the results of DFe from this cast could 790	  

not be used due to a contamination of the FIA chemuluminescence system by the 791	  

buffer; therefore, the DFe concentrations from cast 18 (April 24) were used to 792	  

calculate the speciation (see next). 793	  

 794	  

 795	  

Figure 2: Chart showing station 14 (39°44’N-14°10’W). The displayed isobaths 796	  

are 1000, 2000, 3000, 4000 and 5000 m depth. 797	  

 798	  
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To overcome problems with the interpretation of the results due to variations 799	  

between casts in DFe over the period of sampling, speciation data was interpreted 800	  

as “Excess L” concentrations ([Excess L]fraction = [Lt]fraction - [Fe]fraction). Excess L 801	  

represents the empty binding sites for Fe (concentration of empty ligand sites for 802	  

Fe), thus a potential for binding Fe. The use of Excess L for interpretation of the 803	  

organic complexation of Fe was also used by others (Rijkenberg et al., 2008a and 804	  

Boye et al., 2001). 805	  

Nutrient, DFe, dissolved Mn and dissolved Al data showed very little variation 806	  

between the different casts (Middag et al., personal communication) indicating 807	  

that water masses did not change in time. Indeed, standard deviations in DFe 808	  

between casts 18 and 20 were very small (0.04 nM Fe on average). 809	  

Salinity (conductivity), temperature and depth (pressure) were measured with 810	  

the CTD (Seabird SBE 911+) mounted on the titanium frame (De Baar et al., 811	  

2008a). 812	  

 813	  

3. Results 814	  

Station 14 was located west of the coast of Portugal, north of the Strait of Gibraltar 815	  

(Figure 2). A surface mixed layer (SML) of about 50 m depth existed with 816	  

relatively constant salinity (36.05) and decreasing potential temperature (15.3 to 817	  

14.8º C, Figure 3). Below the SML both the potential temperature and salinity 818	  

decreased to a minimum of 11.5º C and 35.7, respectively, at about 550 m depth. 819	  

Below this depth, both salinity and potential temperature increased again, but to 820	  

separate maxima around 1100 and 800 m depth, respectively, representing the 821	  

lower and upper cores of the Mediterranean Overflow Water (MOW, Ambar et al., 822	  

2008; Figure 3). The minimum of salinity and potential temperature at 550 m 823	  

depth separated the MOW and the NACW (van Aken et al., 2001). At about 2000 824	  

m depth the NADW proper was found and below 4000 m Low Deep Water was 825	  

recognised, with Antarctic Bottom Water (AABW) influence (for more details, see 826	  

Measures et al., 1995; Laës et al., 2003). 827	  

The fluorescence (given by the CTD sensor in relative arbitrary units) showed 828	  

maximum values of 0.8 at 38 m depth, and decreased to values <0.1 below 120 m 829	  
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depth (Figure 4). The fluorescence provides an indication of the abundance of 830	  

Chlorophyll a, i.e. the abundance of phytoplankton.  831	  

 832	  

 833	  
Figure 3: Vertical profile of mean 834	  

values of salinity and temperature 835	  

from six hydrocasts at station 14 (1, 836	  

4, 7, 15, 18 and 20). 837	  

 838	  
Figure 4: Fluorescence (arbitrary units, 839	  

a.u.) with depth (m) at station 14, cast 1.. 840	  

 841	  

Iron was measured in three size fractions (Tables 1A, 1B, 2B, Figure 5). The 842	  

Fe<1000 kDa concentrations (Table 1B) were very low; 0.02 nM in the SML 843	  

increasing gradually to 0.22 nM at 2000 m and to 0.143 nM at 4000 m depth 844	  

(bottom depth at station 14 was 5300 m). The concentrations of DFe showed a 845	  

typical Fe profile shape, with very low values (0.1 nM) in the SML The 846	  

concentrations of DFe increased to a maximum of 0.69 nM at 500 m. Slightly 847	  

lower concentrations were measured at mid-depth in the MOW (0.57 nM at 1000 848	  

to 2000 m depth) below which they increased again to concentrations of 0.65-0.7 849	  

nM at 3000-4000 m depth. Iron in the unfiltered (TDFe) samples was measured at 850	  

the lowest concentrations in the SML (0.95 nM). A broad maximum concentration 851	  

was found in the MOW (4.1 nM). Below the MOW the concentrations decreased 852	  

to values close to and lower than 2 nM. A small maximum of 2.77 nM (one data 853	  

point only) was also measured at 200 m depth. 854	  

The ligand characteristics are presented in tables 1 and 2, where the total ligand 855	  

concentration Lt is shown together with Excess L concentrations. The total ligand 856	  
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concentrations Lt more or less followed the Fe concentrations from the same 857	  

fraction. Showing Excess L (Figure 6) the data is made almost (see discussion) 858	  

independent of the used Fe concentration. In this study this was relevant for two 859	  

reasons: first because DFe concentration was measured, although at the same 860	  

station, in samples from a different cast (18) than the cast (1) in which the 861	  

speciation measurements were done; second because the measured TDFe 862	  

(dissolvable) was not necessarily the reversibly complexed Fe in those unfiltered 863	  

samples. It is to be expected that not all TDFe is bound reversibly to ligand and 864	  

adsorption sites. However, it is unknown which percentage is irreversibly bound. 865	  

For example inside mineral particles Fe is refractory (not dissolvable) at normal 866	  

ocean pH conditions (pH~8) but may (partly) have dissolved during the one year 867	  

acidification at the pH 1.8. In order to better understand the influence of an 868	  

unknown concentration of Fe (not participating in reversible adsorption and ligand 869	  

binding) on the results of the concentrations of ligand and Excess L and on K’, the 870	  

speciation data of the unfiltered fraction was calculated with the two extreme Fe 871	  

concentrations, the minimum being the DFe concentration and the maximum being 872	  

TDFe concentrations (dissolvable). 873	  

 874	  

 875	  

 876	  

 877	  

 878	  

 879	  

 880	  

 881	  

Table 1 (Next page): Results of Fe and Fe speciation measurements for two size 882	  

fractions: <0.2 µm (Table 1A) and <1000 kDa (Table 1B). 883	  

* Standard deviation and R2 of the fit of the parameters Lt, K’ and S using the 884	  

nonlinear Langmuir model. 885	  

** Mean value of upper and lower concentrations: 0.64 and 0.7 nM at 3000 and 886	  

4000 m, respectively. 887	  

888	  
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 889	  
Figure 5: Concentrations of Fe (in nM) with depth in the three size fractions: in 890	  

unfiltered samples, <0.2 µm and <1000 kDa. TDFe and Fe<1000 kDa concentrations 891	  

are from cast 1, DFe concentrations are from cast 18. The standard deviation of 892	  

the duplicate measurements (<0.2 µm fraction) or triplicate measurements (<1000 893	  

kDa and unfiltered fractions) is given.  894	  

 895	  

The Excess L concentrations of the dissolved and <1000 kDa fractions were 896	  

relatively high in the surface SML, 1.08 and 1.32 Eq of nM Fe, respectively 897	  

(Tables 1, 2 and Figure 6). Below the SML Excess L concentrations in both 898	  

fractions decreased steeply to 0.45 and 0.40 Eq of nM Fe, respectively. Excess L 899	  

in the <1000 kDa fraction had a small maximum at 500 m depth (near 1 Eq of nM 900	  

Fe). Both fractions (dissolved and <1000 kDa) showed an increase in Excess L 901	  

concentrations from the MOW to 2000 m depth from 0.2 to 1 and 0.5 to 0.7 Eq of 902	  

nM Fe, respectively, and remained more or less constant with depth below 2000 903	  

m. Excess L in the unfiltered samples have comparable concentrations for the 904	  

calculations using two different Fe concentrations (DFe and TDFe), thus proving 905	  

that the Excess L concentration as such is independent of the Fe concentration. 906	  

Compared to the two smaller size fractions Excess L concentrations were larger in 907	  
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the layer between 100 m and 2000 m. This layer comprised the MOW proper (800- 908	  

1000 m), and MOW mixed with NACW above it and with NADW below it. In the 909	  

deep waters of the NADW proper, Excess L concentrations in unfiltered samples 910	  

were comparable to the other two smaller size fractions. 911	  

 912	  

 913	  
Figure 6: Concentrations with depth of excess ligands ([Excess L]) in Equivalents 914	  

of nano-Molar iron (Eq of nM Fe) in the three size fractions: unfiltered samples, 915	  

<0.2 µm and <1000 kDa. The estimated parameters are given with standard 916	  

deviation of the fit of the model to the data. 917	  

 918	  

To determine the relation between the concentration of Excess L and Fe within 919	  

the same fraction, the ratio of the two concentrations ([Excess L]/[Fe]) was used 920	  

(Figure 7, Tables 1 and 2). The Excess L over Fe was evident in the surface layer 921	  

for all fractions (Thuróczy et al., 2011a and Chapter 4). Relatively more Excess L 922	  

sites were present in the smallest size fractions. 923	  
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The conditional stability constant K’ of the binding between the ligands and Fe 924	  

was more or less equal for the two finer fractions, average values being 1022.38 and 925	  

1022.22 for dissolved and <1000 kDa, respectively (Tables 1A, 1B). The K’ of the 926	  

unfiltered samples was comparable when DFe concentrations were used (average 927	  

K’ = 1022.39) but higher (average K’ = 1022.86) when the TDFe concentrations were 928	  

used (Tables 2A and 2B). 929	  

 930	  

 931	  
Figure 7: The ratio of Excess L and Fe concentrations ([Excess L]/[Fe]) per size 932	  

fraction with depth.  933	  

 934	  

4. Discussion 935	  

4.1. Iron 936	  

The concentrations of DFe measured here were comparable to Fe profiles more to 937	  

the south west of the Canary Islands reported by Sarthou et al. (2007), De Baar et 938	  

al. (2008a) and Rijkenberg et al. (2008a) in surface waters. The deep water 939	  

concentration of DFe was also consistent with those reported by Ussher et al. 940	  
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(2007) on a transect in the Eastern North Atlantic Ocean (46°N, 8°W to 52°N, 941	  

4°E), and values of DFe (<0.4 µm) in the upper 1000 m at a station (40oN, 20oW) 942	  

reported by Measures et al. (2008). The mean concentration of 0.7 nM for DFe 943	  

between 2000-4000 m depth in this study was very close to DFe (<0.4 µm) 944	  

concentrations measured by Wu et al. (2001; 0.6-0.7nM Fe) in the north Atlantic 945	  

Ocean and Bergquist et al. (2007; 0.4-0.8 nM Fe) in the western North Atlantic 946	  

Ocean.  947	  

Wu et al. (2001), Cullen et al. (2006) and Bergquist et al. (2007) also measured 948	  

soluble Fe (their fraction was <0.02 µm). Below 2000 m depth we measured 0.13- 949	  

0.22 nM Fe which was slightly lower than those found by Wu et al. (2001, 0.2-0.3 950	  

nM Fe), Bergquist et al. (2007, 0.2-0.4 nM Fe), and the deep data from Cullen et 951	  

al. (2006, 0.22-0.28 nM Fe).  952	  

No distinction between MOW and the other water masses could be made in the 953	  

concentrations of DFe. However, there was a strong signal in Fe concentrations of 954	  

the unfiltered samples. The TDFe concentration was much higher in the MOW 955	  

than in the Atlantic water masses, which was not observed Sarthou et al. (2007) 956	  

because of a different sampling strategy. 957	  

The position of the MOW in the water column did not make possible the 958	  

interpretation of processes occurring as gradual trends with increasing depth, as 959	  

discussed by Wu et al. (2001). Apparently the high TDFe in the MOW was 960	  

transported mainly laterally. Our station was located relatively far away from the 961	  

Mediterranean outlet. The net horizontal velocity of lenses of MOW is of the order 962	  

of a few cm/s (after Ambar et al., 2008), although the velocity within the whirls is 963	  

much larger (up to 60 cm/s; Ambar et al., 2008). The MOW would have taken at 964	  

least a few months if not more than a year to reach our sampling location. The 965	  

vertical sinking velocity of diatoms is a relatively high (15-100 m per day for 966	  

Chaetoceros sp. according to Passow, 1991 and Van Haren et al., 1998). Within 50 967	  

days they would have sunk out of the MOW. Therefore, the particles containing Fe 968	  

remaining in the MOW must be of a colloidal nature. It must be noted that the 969	  

sparse sampling below the MOW did not permit further interpretation of these 970	  

processes. 971	  
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4.2. Fe-binding ligands 972	  

High concentrations of Fe-binding ligands in the surface layer have also been 973	  

observed by Gerringa et al. (2006) in the Atlantic Ocean west of the Canary 974	  

Islands and by Thuróczy et al. (2011a and Chapter 4) in the Atlantic sector of the 975	  

Southern Ocean, who found high concentrations but also large variations in the 976	  

dissolved organic ligand concentration above the chlorophyll maximum. A relation 977	  

between phytoplankton characteristics and ligand concentrations existed within 978	  

and below the chlorophyll maximum (Gerringa et al., 2006). In the present study, 979	  

although the sampling was not directed towards small scale differences in the 980	  

vertical upper layer of the ocean, the highest concentrations of ligands were found 981	  

at 50 m depth in the dissolved and <1000 kDa fractions, indicating that 982	  

phytoplankton could be the source of dissolved organic ligands, as observed by 983	  

others (Rue and Bruland, 1997; Boye et al., 2001; Croot et al., 2001). In the upper 984	  

100 m, the K’ values in the dissolved fraction of this research (1020.9-1021.7) fitted 985	  

the range of those found by Gerringa et al. in the upper 150 m (2006; 1019.8-1022.7) 986	  

in the same fraction. Also Boye et al. (2003) found relatively low K’ values in 987	  

surface waters at 41ºN (1020.6-1021). This indicated that the ligands presumably 988	  

coming from the phytoplankton are relatively weak, supporting the conclusion of 989	  

Rijkenberg et al. (2008b) that phytoplankton can modify ligand characteristics. 990	  

Others stated that ligands related to phytoplankton activity belong to the relatively 991	  

strong ligand group (Rue and Bruland, 1997; Cullen et al., 2006; Hunter and Boyd, 992	  

2007). 993	  

 994	  

 995	  

Table 2 (Next page): Results of Fe and Fe speciation measurements for the 996	  

unfiltered samples. 997	  

Table 2A shows the results of the speciation calculations using DFe 998	  

concentrations (<0.2 µm from cast 18). Table 2B shows the speciation results 999	  

using the TDFe concentrations. 1000	  

* Standard deviation and R2 of the fit of the parameters Lt, K’ and S using the 1001	  

nonlinear Langmuir model. 1002	  

** Mean value of upper and lower concentrations: 0.64 and 0.7 nM at 3000 and 1003	  

4000 m, respectively. 1004	  
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 1005	  

1006	  
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The results in table 2 from the calculation of the ligand characteristics of 1006	  

unfiltered samples using two different Fe concentrations, DFe and TDFe, 1007	  

illustrated that Excess L concentration was hardly influenced by the Fe 1008	  

concentration. This is valid as long as the titration data fits well to the model of 1009	  

Langmuir. Indeed, the discrepancies in Excess L concentrations at 500 and 3000 m 1010	  

depth for unfiltered sample were caused by a relatively bad fit of the model. By 1011	  

adding TDFe to the Excess L concentration, the upper limit of the total ligand 1012	  

concentration was obtained (Table 2B), whereas the lower limit was obtained by 1013	  

the addition of the DFe (Table 2A). However, the K’ values were quite different 1014	  

between the two calculations (Table 2). Consequently, a 2.2 to 7.3 times higher 1015	  

[Fefraction] (Eq 2) resulted in a 1.24 to 7.16 higher K’ value leading to a difference 1016	  

in logK’ of 0.09 to 0.85. Therefore the calculation of K’ is sensitive to refractive 1017	  

Fe that is irreversibly bound in colloids or particles and can be artificially 1018	  

increased by a too high [Fefraction]. Part of Fe bound in the high molecular weight 1019	  

fraction (between 1000 kDa and 0.2 µm) may be not exchangeable, as already 1020	  

suggested by Cullen et al. (2006). Hitherto it was assumed that all Fe in the 1021	  

samples was reversibly bound by ligands. This assumption has consequences on 1022	  

parameters as the alpha factor which would be overestimated. Alpha (Tables 1 and 1023	  

2), the product of K’ and the Excess L, represents the reactivity of the ligands and 1024	  

reflects the equilibrium between Fe and ligands. A high alpha favours Fe 1025	  

solubilisation via organic complexation (large Excess L, or strong ligands, or 1026	  

both). Reversely, a low alpha favours Fe loss from solution via precipitation and or 1027	  

scavenging. 1028	  

 1029	  

4.3. Complexation versus scavenging in the water column 1030	  

Wu et al. (2001) showed that soluble Fe (defined as <10 kDa) and soluble ligands 1031	  

were depleted in surface waters, then increased to a maximum at 100 m depth, 1032	  

after which they both decreased most likely due to colloid aggregation and 1033	  

scavenging of Fe. They concluded that a competition exists between empty soluble 1034	  

ligand sites and adsorption sites on colloids and particles, and that colloid 1035	  

aggregation may cause a net export of Fe from the water column to the sediments 1036	  
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(Figure 1). Although we do not have the smallest size fraction of the truly soluble 1037	  

(<10 kDa), the two dissolved size fractions and the unfiltered samples allow us to 1038	  

see trends due to colloid aggregation or solubilisation with depth. The ratio of 1039	  

Excess L over Fe ([Excess L]/[Fe]) per size fraction indicates a relative 1040	  

competitive force (Thuróczy et al., 2011a and Chapter 4, using [Lt]/[Fe]) since it 1041	  

reflects the relative saturation of the natural ligands with Fe. A ratio near 0 means 1042	  

saturation of the Excess L that can lead to Fe precipitation if Fe is dissolved and 1043	  

scavenging if Fe is in the particulate fraction (>0.2 µm). Reversely, high ratios in 1044	  

the dissolved fractions mean Fe depletion and a high potential for Fe 1045	  

solubilisation. For the two smaller size fractions (<0.2 µm and <1000 kDa, Figure 1046	  

7, Table 1), [Excess L]/[Fe] was high in the surface followed by a steep decrease 1047	  

to reach low and more or less constant values with depth. Surface ratios of 11 and 1048	  

45 decreased to 2-0.4 and 3-10 (for <0.2 µm and <1000 kDa, respectively); thus a 1049	  

high potential for binding Fe inputs (by rain, dust or remineralisation) existed. 1050	  

Ligands were unsaturated because of Fe uptake by phytoplankton. 1051	  

According to Bergquist et al. (2007), the variability of DFe with depth is due to 1052	  

the variability of the colloidal Fe (between 0.02 and 0.4 µm; here colloidal Fe is 1053	  

assumed to be between 1000 kDa and 0.2 µm), illustrated by the linear relationship 1054	  

[Fe<0.4 µm] = 1.18 [Fe0.02 -0.4 µm] + 0.29 (R2 = 0.85). A slope of 1.18 being near 1 1055	  

showed that the changes in concentrations were attributed to the colloidal Fe pool, 1056	  

and that the soluble Fe concentration remained 0.29 nM. We also found a similar 1057	  

relationship: [Fe<0.2 µm] = 1.16 [Fe1000 kDa-0.2 µm] + 0.03 (R2 = 0.93, n = 9). The 1058	  

slopes were identical; however the y-cut-off was ten times lower, nearly zero. 1059	  

Therefore we can conclude that colloidal Fe determines the changes in dissolved 1060	  

concentration, but then soluble Fe (here <1000 kDa) does not a play any role. 1061	  

Since the ligands are assumed to be organic, the presence of phytoplankton and 1062	  

co-existing organisms like bacteria is one of the possible sources (Rue and 1063	  

Bruland, 1997; Butler, 1998 and 2005; Boye and Van Den Berg, 2000; Croot et 1064	  

al., 2001; Barbeau et al., 2001; Maldonado et al., 2005; Gerringa et al., 2006). The 1065	  

trend of the [Excess L]/[Fe] with depth was the same for the different fractions, but 1066	  
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the absolute values heavily depend on the Fe concentration used in the calculation 1067	  

for the unfiltered sample (Tables 2A and 2B).  1068	  

The ratio of Excess L between the fractions <0.2 µm and <1000 kDa (Figure 8) 1069	  

was near 1 in the whole water column. It was even slightly below 1 in samples 1070	  

from the upper 1000 m, which is in theory not possible, as empty sites present in 1071	  

the smaller fraction should also be present in the total sample. Filtration might 1072	  

cause a disequilibrium in the samples, in which the smallest and most reactive 1073	  

fraction (Nishioka et al., 2001, 2005; Cullen et al., 2006) exchanges Fe during 1074	  

filtration. Thus empty ligand sites occur predominantly in the fraction <1000 kDa. 1075	  

The disequilibrium might be caused by colloidal formation as suggested by Kondo 1076	  

et al. (2008). Contamination is to be excluded since [Fe<0.2 µm] is always larger than 1077	  

[Fe<1000 kDa]. 1078	  

 1079	  

 1080	  
Figure 8: Ratios [Excess LUNF]/[Excess L<0.2 µm] 1081	  

and [Excess L<0.2 µm]/[Excess L<1000 kDa] with depth. 1082	  

 1083	  
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According to the temperature / salinity diagram presented by Middag et al. 1084	  

(personal communication), the NADW started at 1750-2000 m, which was also the 1085	  

boundary for the changes in iron parameters such as TDFe and the ratio of Excess 1086	  

L between the fractions [Excess LUNF]/[Excess L<0.2 µm] and [Excess L<0.2 1087	  

µm]/[Excess L<1000 kDa] (Figures 5 and 8). The ratio of Excess L between the 1088	  

fractions [Excess LUNF]/[Excess L<0.2 µm] and [Excess L<0.2 µm]/[Excess L<1000 kDa] 1089	  

informs us which size fraction has the highest potential to bind Fe. 1090	  

Theoretically these ratios should be equal or higher than 1. When the ratio is 1091	  

larger than one, the larger fraction has more empty ligand sites (i.e. Excess L) 1092	  

which are not present in the smaller fraction and has a potential to bind Fe. 1093	  

Between 50 m and 2000 m (comprising the NACW and the MOW) a significant 1094	  

amount of Excess L existed in the unfiltered water (Figure 8) and thus pointed to 1095	  

processes of reversible adsorption (complexation in the dissolved fraction). This 1096	  

was especially the case in the NACW, and to a lesser extent in the MOW (but the 1097	  

ratio was still 2). Thus the potential for scavenging was larger than for 1098	  

solubilisation between 50 and 2000 m.  1099	  

High scavenging potential above the MOW can be explained by a previous dust 1100	  

deposition but also by sinking phytoplankton. Although the station was not located 1101	  

in the centre of the Sahara dust plumes (Bowie et al., 2002; Croot et al., 2004a), 1102	  

Middag et al. (personal communication) detected the influence of dust input on 1103	  

dissolved Al, Mn and Fe concentrations. According to Bergquist and Boyle (2006) 1104	  

the residence time of TDFe due to dust input is 1 to 5 months, thus dust input 1105	  

could explain the high concentrations of TDFe. A contribution of sinking 1106	  

phytoplankton may partly explain the TDFe maximum at a depth of 200 m. Mixing 1107	  

with more Fe-saturated particles (ratio 2-2.5 compared to 4, Figure 8) coupled with 1108	  

remineralisation might have resulted in solubilisation of Fe, explaining the small 1109	  

maximum in DFe at 500 m depth. 1110	  

Scavenging only occurs if the adsorption sites on colloids or larger particles 1111	  

bind stronger than the dissolved organic ligands. This control can be expressed by 1112	  

the alpha factor of the organic ligands. Below 800 m depth, alpha of the ligands in 1113	  

the <1000 kDa fraction was remarkably constant at 1013 (Table 1). These ligands 1114	  



Chapter 3: Eastern North Atlantic Ocean 

52 
 

were unsaturated in the whole water column (Figure 7) and thus 1013 as alpha 1115	  

factor seems to be an equilibrium value controlling scavenging and precipitation of 1116	  

Fe below 800-1000 m depth (Figure 8). Colloid aggregation can occur in the 1117	  

fraction between 1000 kDa and 0.2 µm which was saturated with Fe over the 1118	  

whole water column.  1119	  

Together with the conclusion from Wu et al. (2001), that Fe uptake by 1120	  

phytoplankton is preferably done from the soluble fraction, that part of the 1121	  

colloidal fraction is inert, and that the same organic ligands are present in both 1122	  

fractions, we come to a different conclusion than Bergquist et al. (2007) who 1123	  

suggested that the colloidal fraction is the one that changes, whereas the soluble 1124	  

one does not. The saturation of the ligands in both size fractions regulates the 1125	  

formation of inorganic Fe-colloids and particles, in which Fe is irreversibly bound. 1126	  

From our research we show that the ligands in the colloidal fraction were 1127	  

saturated, whereas in the whole water column the ligands in the soluble fraction 1128	  

were not saturated (here <1000 kDa). Thus the Excess L in the soluble fraction 1129	  

regulates dissolution and colloid aggregation with a remarkably stable alpha factor 1130	  

of 1013. Is thus the solubility product or better the colloid aggregation product of 1131	  

Fe 1013? 1132	  

 1133	  

5. Conclusions 1134	  

The concentrations of DFe and Fe<1000 kDa followed a nutrient-type profile with 1135	  

depth: depleted at the surface by phytoplankton uptake, a modest increase until 1136	  

500-1000 m, and more or less constant concentrations below. The Excess L 1137	  

concentrations of the dissolved and <1000 kDa fractions were relatively high in 1138	  

the SML, 1.08 and 1.32 Eq of nM Fe, respectively. These high Excess L 1139	  

concentrations can be explained by Fe uptake increasing the empty ligand sites but 1140	  

also by ligand production by phytoplankton and bacteria.  1141	  

The MOW was recognised by TDFe concentrations twice higher than in the 1142	  

overlying and underlying Atlantic Water masses. Here the ligands were not 1143	  

completely saturated, thus equilibrium between adsorption and complexation 1144	  

existed.  1145	  
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Excess L proved to be a very useful parameter since it is independent of the Fe 1146	  

concentration, which is not the case for total ligand concentration, alpha factor and 1147	  

conditional stability constant. Excess L gives information on the binding potential 1148	  

of the ligands, especially when expressed in the ratio [Excess L]/[Fe] which 1149	  

reflects the relative saturation of the ligands. 1150	  

The smallest size fraction which was less saturated with Fe had relatively more 1151	  

Excess L (<1000 kDa fraction >> dissolved fraction >> unfiltered sample), and 1152	  

consequently had the largest capacity to bind more Fe, confirming that this is the 1153	  

most reactive fraction. The ratio ExcessLUNF/ExcessL<0.2µm being larger than 1154	  

1clearly showed that above 1000-2000 m unsaturated ligands existed in the 1155	  

unfiltered fraction, suggesting the removal of Fe from the dissolved phase by 1156	  

processes of reversible adsorption; whereas below 2000 m depth precipitation 1157	  

would be the major process of Fe removal. In the whole water column, the organic 1158	  

ligands in the larger colloidal fraction (between 1000 kDa and 0.2 µm) were 1159	  

saturated with Fe. The controlling alpha factor of the ligands ([Excess L] * K’) of 1160	  

the <1000 kDa fraction was relatively constant at 1013 in the NADW and in the 1161	  

MOW, and might reflect the equilibrium between dissolved and particulate in 1162	  

these water masses. 1163	  
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