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1. Major findings 3334	  

Despite the difficulty of measuring indirectly (titration of empty ligand sites with 3335	  

Fe additions) something that is hardly known (i.e. “ligand soup”), and on board a 3336	  

ship, the results obtained during this thesis project proved to be precious for 3337	  

bringing new arguments and hypothesis explaining mechanisms of the Fe cycle in 3338	  

the oceans. Thanks to elaborate equipment and procedures (sampling, filtration, 3339	  

conservation and analyses), the work could be performed in metal clean 3340	  

conditions, without contamination. 3341	  

 3342	  

1.1. In the Eastern-North Atlantic Ocean 3343	  

Our results collected during the first expedition (Chapter 3), at a station in the 3344	  

Eastern-North Atlantic Ocean off the coast of Portugal, revealed that unfiltered 3345	  

samples (TDFe concentrations) could be used to distinguish the Mediterranean 3346	  

overflow water (MOW) from other water masses. In addition, we used for the first 3347	  

time the ratio of [Excess L]/[Fe] as relative saturation state of the Fe-binding 3348	  

ligands per fraction. Concentration of Excess L shows a potential to bind Fe, a real 3349	  

amount of free ligand sites that is independent of Fe, whereas the reactivity of the 3350	  

ligands is expressed using the alpha factor ([Excess L] x K’). The ratio of [Excess 3351	  

L]/[Fe] is thus a complementary tool to describe the complexation of Fe in 3352	  

seawater. This parameter allows comparisons between stations, and ocean basins. 3353	  

Finally, the fraction <1000 kDa proved to be the most reactive, hence playing an 3354	  

important role in regulating dissolution, colloid aggregation and scavenging 3355	  

processes. 3356	  

 3357	  

1.2. In the Atlantic sector of the Southern Ocean 3358	  

In the Atlantic sector of the Southern Ocean (Chapters 4 and 5), high 3359	  

concentrations of unsaturated ligand were measured in upper waters as found at the 3360	  

station in the Easter-North Atlantic Ocean. This was related to biota with a 3361	  

combination of Fe uptake and ligand production via organic matter, and was 3362	  

especially distinct in HNLC regions. The ligands got more saturated with Fe with 3363	  

increasing depth and reached a constant saturation state at around 450 m depth 3364	  
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characterised by low and constant ratio [Lt]/[DFe] (below 4). This indicates a 3365	  

steady state between ligands and Fe and thus between stabilisation and removal of 3366	  

Fe (scavenging and co-precipitation) towards the seafloor. These dissolved organic 3367	  

ligands have a very strong buffering property, representing a step between sources 3368	  

and export removal of Fe, and their ubiquitous presence reveals the very resistant 3369	  

(refractory) nature of the ligands. Most of the ligands were actually found to exist 3370	  

in the smaller colloidal fraction (<1000 kDa). Along this expedition, we observed 3371	  

for the first time geographical (horizontal) trends in the organic complexation of 3372	  

Fe between different ocean basins by examining the ratio [Lt]/[DFe]. These trends 3373	  

in deep waters were attributed to an increasing distance from Fe sources and to 3374	  

scavenging of Fe. Analyses of the complexation of Fe in unfiltered samples 3375	  

confirmed that the particulate fraction (>0.2 µm) did not contain reversible 3376	  

adsorption sites (no Excess L), at least not within the measuring detection window 3377	  

established by the use of TAC. Therefore, the particulate fraction only has a role in 3378	  

scavenging and removal processes, as seen everywhere with the increasing 3379	  

concentrations of TDFe with depth. 3380	  

 3381	  

1.3. In the Arctic Ocean 3382	  

The conclusions on the speciation of Fe in the Arctic Ocean (Chapter 6) brought 3383	  

some rational explanations on the processes involved in the cycle of Fe. There 3384	  

also, distinct trends in Fe concentrations and ligand characteristics were observed 3385	  

vertically and horizontally, from the shelf seas towards the Makarov Basin in the 3386	  

central Arctic Ocean. The use of the ratio [TDFe]/[DFe] revealed a relative 3387	  

enrichment of particulate Fe towards the bottom at all stations, indicating 3388	  

ubiquitous scavenging and export of Fe towards the deep ocean. As expected and 3389	  

as found elsewhere, the organic ligands became nearly saturated with depth in the 3390	  

Amundsen and Nansen Basins. However, an exception was found at the station in 3391	  

the Makarov Basin. Here the ligands got more unsaturated with Fe towards the 3392	  

bottom. This unexpected change in the saturation state of the ligands between the 3393	  

deep basins was explained by a lower reactivity of the ligands (expressed by alpha 3394	  

= [Excess L] x K’) and a lack of Fe sources in deep waters towards the central 3395	  
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Arctic. Despite the high potential of the organic ligands to buffer Fe in the deep 3396	  

Makarov Basin, the inputs of Fe from external sources may not be sufficient to 3397	  

counter balance the continuous scavenging of Fe, leading to a net export of Fe to 3398	  

the sediment. 3399	  

 3400	  

1.4. In the Amundsen Sea, Southern Ocean 3401	  

During the final expedition to the Southern Ocean in the Amundsen Sea (Chapter 3402	  

7), the organic complexation of dissolved Fe in the upper 300 m of the water 3403	  

column has proven to play a crucial role in enhancing the local stock of Fe for 3404	  

phytoplankton blooms that lasted 70 days in 2009. There, the natural fertilisation 3405	  

of Fe of the upper waters was carried out by the upwelling of Circumpolar Deep 3406	  

Water (CDW) beneath the coastal glaciers and by subsequent melting of its basal 3407	  

part and of the surrounding sea-ice. Additionally, sediment resuspension may also 3408	  

represent a source of ligands to the CDW upwelling since higher concentrations of 3409	  

ligands were observed at the upwelling stations near the ice shelves. Thanks to the 3410	  

large glacier source, the organic ligands at the upwelling stations were highly 3411	  

saturated with Fe, hence increased the solubility of Fe, and consequently enhanced 3412	  

the stock of dissolved Fe and its transport towards the coastal polynyas. However, 3413	  

in the coastal upwelling regions, much of the glacial Fe supply (up to 90%) must 3414	  

be lost via scavenging and precipitation due to low buffering capacity of the nearly 3415	  

saturated organic ligands in conjunction with the much higher concentration of 3416	  

particulate Fe. Away from the glacier and towards the coastal polynyas, the 3417	  

organic ligands got desaturated with Fe in surface waters due to the uptake of Fe 3418	  

by the phytoplankton blooms. These relatively unsaturated ligands will most likely 3419	  

complex Fe released after remineralisation and may also be able to dissolve Fe 3420	  

from the particulate phase. Additionally, these unsaturated ligands probably buffer 3421	  

Fe from the continuous glacier/upwelling source, thus keeping a sufficient and 3422	  

more bioavailable stock of Fe to the phytoplankton bloom. 3423	  

 3424	  

3425	  
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2. The organic complexation of Fe in the oceans: a summary 3425	  

2.1. The size fractionation 3426	  

Analyses of the complexation of Fe after ultra-filtration showed that most of the 3427	  

ligands present in the dissolved fraction appeared to be in fact in the smaller 3428	  

fraction (<1000 kDa) as shown by the concentrations of Excess L. Thus, changes 3429	  

of the organic ligands in the dissolved fraction were mainly due to changes of the 3430	  

small colloidal ligands. This smaller fraction was found to be most of the time less 3431	  

saturated with Fe but often slightly stronger ligands than the dissolved fraction, 3432	  

thus highlighting the dominance of small colloidal ligands (<1000 kDa) in 3433	  

controlling the distribution of Fe in seawater. Probably the smaller colloidal 3434	  

fraction was the main pool of ligands. 3435	  

However, looking at the percentage of dissolved Fe actually present in the 3436	  

fraction <1000 kDa, differences were observed between the oceans. In the station 3437	  

in the Eastern-North Atlantic Ocean, approximately 19% of DFe was present in the 3438	  

smaller fraction (truly dissolved and small colloidal Fe, <1000 kDa). Whereas in 3439	  

the Arctic Ocean, 42-64% of DFe was truly dissolved and small colloidal around 3440	  

the chlorophyll maximum, and up to 74-83% of DFe elsewhere in the water 3441	  

column. In the Atlantic sector of the Southern Ocean, similar percentages were 3442	  

found in the upper waters, with approximately 70-80% of DFe actually present as 3443	  

truly dissolved and small colloidal Fe, and between 50 to 70% of DFe in the 3444	  

deeper waters. Only the upper waters in the Drake Passage were found to be 3445	  

similar to the station in the Eastern-North Atlantic Ocean regarding this 3446	  

proportion, with only 17% of DFe as truly dissolved and small colloidal Fe.  3447	  

The variability in the percentage of Fe between the different colloidal pools 3448	  

reflects the different environments encountered, in terms of external Fe sources 3449	  

and of the different regimes regarding the primary productivity in surface waters. 3450	  

In the deeper ocean, this variable distribution of Fe over the size fractions is likely 3451	  

related to their residence time, which is influenced by the scavenging rates. In the 3452	  

Arctic Ocean, scavenging is relatively high as seen by the relative enrichment of 3453	  

particulate Fe with depth, and as confirmed by a loss of larger colloidal Fe. There, 3454	  

the larger colloidal Fe represented less than 25% of DFe. These large colloids 3455	  
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probably aggregated and can thus be an initiating step to scavenging. In 3456	  

comparison, scavenging appeared to occur at a lower rate in the Southern Ocean, 3457	  

where the percentage of larger colloidal Fe was higher, up to half of DFe, and even 3458	  

higher at the station in the Eastern-North Atlantic Ocean with up to 80% of DFe 3459	  

present as larger colloidal Fe. The circulation of the water masses might also play 3460	  

a role in these processes, and explain the influence of the missing dimension, the 3461	  

time. 3462	  

 3463	  

2.2. The processes involved 3464	  

Stabilisation of Fe in seawater is ensured by organic complexation with natural 3465	  

ligands, which increases the residence time of Fe in seawater, hence enhances its 3466	  

potential bioavailability. The reactivity (alpha value) and the saturation state of the 3467	  

ligands (ratio [Lt]/[Fe] or [Excess L]/[Fe]) proved to be excellent tools to explain 3468	  

the distribution and the fate of Fe in the different fractions when associated with 3469	  

the presence and strength of the sources of Fe like continental runoff, melting sea- 3470	  

ice and glaciers or upwelling of deep water. Where sources of Fe were present, the 3471	  

organic ligands got relatively saturated with Fe with increasing depth, whereas 3472	  

where sources of Fe were lacking, the ligands got desaturated with depth revealing 3473	  

a net loss of Fe. Thanks to unfiltered samples, removal processes could be 3474	  

explained. Concentrations of TDFe and the ratio [TDFe]/[DFe] revealed a relative 3475	  

enrichment of particulate Fe with depth and thus removal of Fe via scavenging. 3476	  

Scavenging was found to occur everywhere in all Arctic basins as well as in the 3477	  

Southern Ocean, probably by a permanent rain of particles towards the bottom. 3478	  

The particles with a high affinity to bind Fe will always compete with the 3479	  

dissolved ligands and remove Fe from the water column with the time, unless a 3480	  

source of Fe is present to keep the ligands relatively saturated with Fe. Therefore, 3481	  

the ligands represent a step between the inputs and export of Fe in the oceans. 3482	  

They act as a buffer that controls the solubility of Fe in seawater by their high 3483	  

affinity for Fe, but cannot prevent in the end from the loss via scavenging. 3484	  

Ligands, sources and scavenging are therefore the three main characters 3485	  

controlling the residence time of Fe in the water column. 3486	  
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3. Discussion on the methods and opened windows on futures 3487	  

investigations 3488	  

3.1. The organic complexation of Fe in seawater by voltammetry: What 3489	  

about two ligand groups? 3490	  

The characterisation of the Fe-binding ligands as organic compounds was 3491	  

determined with voltammetric approaches in the middle 90s (Gledhill and Van 3492	  

Den Berg, 1994; Van Den Berg, 1995; Rue and Bruland, 1995). Since then, the 3493	  

knowledge of complexation of Fe in seawater is still predominantly based on 3494	  

results obtained by voltammetry techniques for one ligand group. Nevertheless, the 3495	  

presence of two distinct ligands groups is now widely admitted, with the L1 3496	  

siderophore-like ligand attributed to bacterial/microbial activity in upper waters, 3497	  

and the L2 ligand originating from degradation of organic matter found in the 3498	  

whole water column. However, is the measuring method reliable enough to 3499	  

calculate the concentrations and stability constant of the two supposed ligand 3500	  

groups? 3501	  

The determination of ligand concentration and stability constant for one group 3502	  

is based on a system with one equation and two unknowns (L’ and K’, or three 3503	  

together with the sensitivity S). However, the calculations for two groups of 3504	  

ligands are based on a system with a single equation with four unknowns (L’1, K’1, 3505	  

L’2, K’2, or five unknowns together with S). For the same number of measuring 3506	  

points via the titration, the degrees of freedom are lower in the second case, 3507	  

causing higher uncertainties on the determination of the 5 unknowns. 3508	  

During our project, the titrations were initially done with 11 Fe additions 3509	  

ranging from 0.33 to 8 nM Fe. Later on, 14 Fe additions ranging from 0.2 to 10 3510	  

nM Fe were used, with more additions in the low range of Fe additions. This 3511	  

simple change improved considerably the fit of the model and reduced the standard 3512	  

error on the estimated parameters for one ligand group due to an increase of the 3513	  

degrees of freedom. Unfortunately, no improvement was seen for the estimation of 3514	  

two ligand groups, with a very weak or even no fit of the two-ligand-model to the 3515	  

data. Another analytical way of determining two groups should be used, with an 3516	  
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increase of the Fe additions in the titration, a much higher sensitivity of the 3517	  

voltammeter in the low range of Fe addition (higher detection limit) and a wider 3518	  

detection window. The use of larger mercury electrode and other added ligand like 3519	  

salicylaldoxime (SA) proved to be useful to further investigate the two supposed 3520	  

ligand groups (Rue and Bruland, 1995; Buck et al., 2007; Buck and Bruland, 3521	  

2007). 3522	  

 3523	  

3.2. Filtration, ultra-filtration, unfiltered samples? 3524	  

So far, filtration and ultra-filtration were used to separate different operationally 3525	  

defined size fractions like the dissolved fraction as <0.2 µm, the colloidal fraction 3526	  

(between 10-200 kDa and 0.2 µm) and soluble fraction (<10-200 kDa). Those 3527	  

fractions are operationally defined by the size cut-off of the filters used. In our 3528	  

study, the size cut-off of 1000 kDa allowed distinguishing the larger colloidal 3529	  

fraction (between 0.2 µm and 1000 kDa) and the fraction <1000 kDa containing 3530	  

small colloidal Fe and the soluble fraction. However, does it reflect the reality? Do 3531	  

we exactly know the effect of filtration? We know that filtration is affected by 3532	  

clogging effects due to aggregation of components on the filter that may be smaller 3533	  

than the size cut-off. Filtration apparently causes disequilibrium in seawater, as 3534	  

found at the station sampled in the Kara Sea of the Arctic Ocean (St. 279) or in 3535	  

deeper waters of the Southern Ocean (St. 128): How to give a rational explanation 3536	  

on the fact that filtration could increase the free ligand sites at these locations other 3537	  

than by concluding that new sites were created by breaking and/or dissociation of 3538	  

ligands, colloids and/or particles during filtration. In order to avoid disturbances 3539	  

generated by filtration and ultra-filtration on the equilibrium in seawater, would it 3540	  

not be needed to develop new separation procedures to study the properties of the 3541	  

ligands in non-disturbed fractions? 3542	  

Unfiltered samples did bring promising results for concentrations of total 3543	  

dissolvable Fe, and also information that no contribution was given to reversible 3544	  

complexation/adsorption of Fe by the particulate fraction when comparing the 3545	  

concentrations of free ligand sites in both dissolved and unfiltered samples. 3546	  

Unfiltered samples, untouched and close to in situ conditions, should be 3547	  
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investigated with more care. The proportion of the different phases in unfiltered 3548	  

samples, like the organic phase, the biota and the mineral phase (refractory), 3549	  

should be estimated for each seawater sample in order evaluate their influence on 3550	  

the real (i.e. in situ) equilibrium of Fe between the different species.  3551	  

 3552	  

3.3. Inter-comparison and future perspective 3553	  

The determination of Fe complexation could benefit more from some 3554	  

improvements of the method, calculations and inter-comparison between countries 3555	  

and laboratories. The GEOTRACES program successfully initiated inter- 3556	  

comparison work. This common effort should be continued with collaborations, 3557	  

sharing of the knowledge and development of new research topics and techniques.  3558	  

 3559	  

Finally, will the organic ligands be affected by a more acidic ocean? What will 3560	  

be then the fate of Fe in the ocean and the impact on the primary productivity? 3561	  

New techniques should be developed to study with care the complexation of 3562	  

essential trace metals in phytoplankton cultures at variable pH in order to predict 3563	  

future impact of the rapid changing climate. 3564	  
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