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Abstract 1725	  

 1726	  

The geographical trends in the complexation of Fe in the dissolved fraction found in 1727	  

the previous chapter were attributed to changes in the small colloidal fraction only 1728	  

(<1000 kDa). The larger colloidal ligands were found to be saturated with Fe and 1729	  

probably not acting as reversible ligands that participate in the stabilisation of Fe in 1730	  

seawater. Morever, in the upper waters, a large proportion of DFe (70 to 80%) was in 1731	  

fact in the smaller colloidal fraction, whereas in the deeper waters between 50 to 70% 1732	  

of DFe was in this smaller fraction, confirming the crucial role of the small colloidal 1733	  

ligands in solubilising Fe in seawater. No excess ligands were found in the particulate 1734	  

fraction when analyzing unfiltered samples. However, the increasing concentrations of 1735	  

TDFe towards the seafloor found everywhere confirmed that the particulate fraction 1736	  

only plays a role in scavenging and removal of Fe. 1737	  

1738	  



Chapter 5: Atlantic Sector of the Southern Ocean 2/2 

81 
 

1. Introduction 1738	  

The complexation of dissolved Fe in the Atlantic sector of the Southern Ocean is 1739	  

described in Chapter 4 (Thuróczy et al., 2011). Consistent trends in the saturation state 1740	  

of the organic ligands between depth and locations were discovered, along the Zero 1741	  

Meridian, in the Weddell Sea and in the Drake Passage. In surface waters the 1742	  

unsaturated ligands were found to have a high ratio [Lt]/[DFe] that was related to 1743	  

biota, especially in HNLC regions (Fe uptake and ligand production). On the other 1744	  

hand, the organic ligands were constantly and almost saturated with Fe towards the 1745	  

seafloor, revealing a balance between stabilisation and removal of Fe processes. 1746	  

Precipitation and scavenging must be in equilibrium with production and degradation 1747	  

of organic matter generated from the surface and exported to the deep waters. 1748	  

In the present chapter, in addition to the dissolved fraction (<0.2 µm), we 1749	  

investigated Fe and Fe binding ligands in the fraction <1000 kDa, which contains the 1750	  

truly soluble Fe and small colloidal Fe, and in unfiltered samples with Total 1751	  

Dissolvable Fe (TDFe), which contain the particulate fraction (>0.2 µm). Together 1752	  

with the work of Klunder et al. (2011 and in prep) on the distribution and cycling of 1753	  

dissolved Fe in the same area, the results bring here more information on the 1754	  

differences between these size fractions (dominance, reactivity and saturation state of 1755	  

the ligands) and on the processes involved like solubilisation via organic 1756	  

complexation, and scavenging via large particles in relation with the presence of Fe 1757	  

sources in the Southern Ocean. 1758	  

 1759	  

2. Description of additional parameters 1760	  

2.1. Sea-ice conditions 1761	  

As the expedition was conducted during austral summer, during the time of minimum 1762	  

sea-ice extent, the sea-ice coverage was rather small around Antarctica. On the Zero 1763	  

Meridian no significant sea-ice cover was encountered until the Antarctic coast. 1764	  

However, the sea-ice conditions in the Weddell Sea were particularly extreme. The 1765	  

evaluation of satellite data by the National Snow and Ice Data Center (NSIDC) clearly 1766	  

indicated that the Antarctic summer 2007/2008 was the one with the largest sea-ice 1767	  
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extent ever registered. This trend was particularly strong in the Atlantic sector of the 1768	  

Southern Ocean. 1769	  

 1770	  

2.2. Temperature and salinity 1771	  

Temperature and salinity (conductivity) were measured directly from 2 CTD systems 1772	  

(Sea Bird SBE 911+, regularly calibrated using salinity samples) on the sampling 1773	  

frames (a normal rosette from Alfred-Wegener-Institute and the titanium frame from 1774	  

NIOZ).  1775	  

The temperature range (Figure 1) varied between locations and depths from more 1776	  

than 10ºC in the north and surface layer of the first station to the seawater freezing 1777	  

point (-1.85ºC) in the surface layer in the Weddell Sea or close to the ice edge. This 1778	  

southwards decrease in temperature of the upper waters went stepwise through the 1779	  

frontal zones (Whitworth and Nowlin, 1995; Pollard et al., 2002). At stations 101 and 1780	  

103 the vertical distributions of temperature had a surface maximum (12.4ºC and 8ºC, 1781	  

respectively) followed by a strong thermocline and a uniform temperature around 1782	  

0.7ºC in deep waters towards the bottom. The station 107 located south of the PF 1783	  

showed a transition between the warmer northern part and the colder southern part. 1784	  

Indeed a surface maximum (+3ºC until 100 m depth) and a sub-surface minimum 1785	  

(+1.1ºC at 180 m, corresponding to the AAIW) were seen on the profile (Figure 1). In 1786	  

the deep the temperature is more uniform from 1.8ºC to 0.4ºC. For stations located in 1787	  

the Weddell Gyre, a sub-surface minimum with negative temperatures (between 100- 1788	  

200 m) and an underlying maximum between 250 and 500 m, with temperatures 1789	  

above 0°C were found. Then the temperature decreased with depth to become more or 1790	  

less uniform around -0.2 to -0.8ºC. 1791	  

Salinity increased towards the bottom (from approximately 33.7-34.1 in the 1792	  

surface to 34.6-34.8 at the bottom) with a more or less strong halocline (Figure 1). 1793	  

This halocline was stronger in the upper water column (above 250 m) in the Weddell 1794	  

Gyre (St. 128, 131, 163, 193 and 210) where freshwater was abundant due to ice 1795	  

melting. At the other stations (101, 103, 107 and 244), this gradient was less 1796	  

pronounced. 1797	  

 1798	  
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 1799	  

Figure 1: Potential temperature (ºC, thin line, upper X-axis) and salinity (thick line, 1800	  

lower X-axis) versus depth for the 10 stations studied. Station numbers are in the left 1801	  

bottom corner of the graphs. Note the difference in the scale for the potential 1802	  

temperature at stations 101, 103, 107 and 244 (from -2 to 12ºC) with respect to the 1803	  

other stations. The vertical axes are extended until the bottom depth. 1804	  

 1805	  

2.3. Nutrients distributions 1806	  
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The inorganic dissolved nutrients nitrate + nitrite (NO3 + NO2), phosphate (PO4) and 1807	  

silicate (SiO4) were measured directly onboard according to the procedure detailed by 1808	  

Grashoff et al. (1983). The concentrations of nitrite (NO2) were very low or below 1809	  

detection limit, and from here on we will simply refer to only nitrate (NO3) for the 1810	  

sum of nitrate + nitrite. 1811	  

The distribution of nutrients (Figure 2) also showed a distinction between the 1812	  

basins in which the stations were situated north of the SB and those located in the 1813	  

Weddell Gyre. At stations 101, 103 107 and 244, the three nutrients (nitrate NO3, 1814	  

phosphate: PO4 and silicate: SiO4) were found at relatively low concentrations at the 1815	  

surface due to depletion by phytoplankton. Nutrient concentrations increased with 1816	  

depth to reach a maximum at 500-1000 m and decreased to become constant in the 1817	  

NADW (NO3 and PO4), or increased with depth (SiO4) in the NADW. Stations 1818	  

located in the Weddell Gyre showed uniform concentrations of NOx in the entire 1819	  

water column (around 33 µmol/kg) below a surface minimum (25-30 µmol/kg). At 1820	  

these stations the SiO4 concentration increased from ~70 µmol/kg in the surface water 1821	  

to ~124 µmol/kg at 1000 m depth in the WDW and remained constant within the 1822	  

WSDW and WSBW. The PO4 concentration showed a similar trend as SiO4, with a 1823	  

surface value of 1.8-2 µmol/kg and a maximum of 2.3 µmol/kg reached in the WDW 1824	  

for the same stations. The fact that nutrients were not depleted in the surface layer of 1825	  

the Weddell Gyre confirms that it is a High-Nutrient Low-Chlorophyll (HNLC) region 1826	  

(Martin et al., 1988). The Sub-Antarctic stations 101, 103, 107 and 244 were depleted 1827	  

in SiO4 at the surface but not in NO3 and PO4. The low concentrations of SiO4 found 1828	  

here at the surface are likely due to the intensive removal of SiO4 by blooms of large 1829	  

diatoms at the Polar Front. 1830	  

 1831	  

2.4. Fluorescence 1832	  

The fluorescence in the Southern Ocean during the ANT XXIV/3 expedition is 1833	  

described in chapter 4. 1834	  

 1835	  
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 1836	  

Figure 2: Concentrations [µmol/kg] versus depth (m) of nitrate (NO3, circles, upper 1837	  

X-axis), silicate (SiO4, triangles, upper X-axis) and phosphate (PO4, squares, lower X- 1838	  

axis) for each station sampled. Station numbers in the left bottom corner of the 1839	  

graphs. The vertical axes are extended until the bottom depth. 1840	  

 1841	  

1842	  
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3. Results 1842	  

3.1. The dissolved and <1000 kDa fractions 1843	  

The results concerning the dissolved fraction are described in the previous chapter 1844	  

(Chapter 4, Thuróczy et al., 2011). 1845	  

 1846	  

 1847	  

 1848	  

Table 1 (Below and next page): Concentrations in the fraction <1000 kDa of Fe and 1849	  

of the ligands and their characteristics. Concentrations of Fe<1000 kDa are in nM (± 1850	  

standard deviations). Concentrations of the ligand [L<1000 kDa] and the excess ligand 1851	  

[L’] are in Eq of nM Fe (± standard deviations). Conditional stability constants K’ 1852	  

are in mol-1 with standard deviations. 1853	  

*The standard deviation for Fe concentrations is missing when there was not enough 1854	  

sample volume to determine the concentration in triplicate. 1855	  

ND: Not determined. 1856	  

 1857	  

1858	  
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 1858	  

 1859	  

 1860	  

 1861	  

 1862	  

 1863	  

1864	  
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 1864	  

Figure 3: Concentrations of Fe (nM) in the dissolved fraction (grey triangles, 1865	  

upwards looking) and <1000 kDa fraction (white triangles, downwards looking) with 1866	  

depth (m) at all stations sampled. Standard deviation of duplicate or triplicate 1867	  

measurements are too small to be seen on the graph (<5%). 1868	  

 1869	  

The concentrations of Fe in the <1000 kDa fraction (Table 1) were, as expected, 1870	  

lower than the DFe concentrations, and followed more or less the same vertical 1871	  

distribution as seen in Figure 3. This underlines the overall integrity of the filtration 1872	  

methods in terms of valid size cut-off of the filters and avoidance of inadvertent Fe 1873	  

contamination. In the upper layer of the water column (upper 450 m), 68.2 to 81.3% 1874	  

(on average) of DFe was in fact in the <1000 kDa fraction (Table 2) except at St.131, 1875	  
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where the only value present in this layer was 97.4% (in the euphotic layer), and at St. 1876	  

244 in the Drake Passage were only 16.8% of DFe was present in the smaller fraction. 1877	  

In the euphotic layer where fluorescence was measured >0.1 a.u., no clear trend 1878	  

between the different locations was seen (Figure 3), neither in the layer below 1879	  

(intermediate layer, where fluorescence <0.1 a.u.). In the deeper ocean (below 450 m, 1880	  

Table 2), the percentages of DFe in the <1000 kDa fraction were lower (between 50 1881	  

and 70%), revealing an increase of large colloidal Fe (between 1000 kDa and 0.2 µm). 1882	  

The lowest percentages in deep waters were found at St. 101, St. 244 in the Drake 1883	  

Passage and St. 210 in the Weddell Sea. The highest value (78.3%) found in the 1884	  

Weddell Sea at St. 193 is only due to a lack of values for the concentrations of Fe<1000 1885	  

kDa, thus increasing the average percentage in the deeper layer.  1886	  

 1887	  

Table 2: Percentages of dissolved Fe present in the fraction <1000 kDa. Average 1888	  

values per layer at each stations, with standard deviation and number of sample (n). 1889	  

The upper layer (above 450 m depth), which includes the Euphotic layer (where 1890	  

fluorescence was measured >0.1 a.u.) and the intermediate layer (where fluorescence 1891	  

was measured <0.1 a.u.), and the deeper layer (below 450 m depth). 1892	  

 1893	  

1894	  
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Excess L concentrations were relatively variable with depth and between locations 1894	  

on the Zero Meridian (St. 101 to 163, Figure 4), with an apparent decrease with depth 1895	  

at St. 107 and 128. At St. 103, below a subsurface maximum of 1.16 Eq of nM Fe in 1896	  

the dissolved fraction (73 m depth) and 0.75 nM Fe in the <1000 kDa fraction, a clear 1897	  

decrease of Excess L was measured and a minimum was reached in both size fractions 1898	  

(between 0.35 and 0.42 Eq of nM Fe) between 750 and 1250 m depth. The 1899	  

concentrations of Excess L were relatively constant with depth at St. 131, except at 1900	  

1250 m depth with a single maximum (between 0.79-0.88 Eq of nM Fe) in both 1901	  

fractions, where also the concentrations of Fe were slightly higher (Figure 4) than the 1902	  

depths taken above and below. At St. 163, Excess L concentrations were also 1903	  

relatively constant with depth as seen in Figure 4, with a minimum close to the bottom 1904	  

at 4500 m depth (0.61 and 0.29 Eq of nM Fe in the <1000 kDa and dissolved 1905	  

fractions, respectively). In the Weddell Sea, the Excess L concentrations in both 1906	  

fractions (Figure 4, Table 1) appeared to be relatively constant with depth below the 1907	  

euphotic layer. In the Drake Passage at St. 244, below the highest concentrations of 1908	  

Excess L in the dissolved fraction at the surface (up to 1.36 Eq of nM Fe), a constant 1909	  

decrease was measured towards the bottom, for example in the <1000 kDa fraction 1910	  

until 2500 m depth. At 3500 m depth, Excess L concentrations were very similar in 1911	  

both fraction (0.84 and 0.93 Eq of nM in the <1000 kDa and dissolved fractions, 1912	  

respectively). 1913	  

The binding strength (log K' values) and the reactivity of the ligands (expressed 1914	  

using log alpha values) were variable in the upper layer (above 450 m) and more 1915	  

constant below, in the deeper layer. On the other hand, the log K’ values were rather 1916	  

similar between the dissolved and the <1000 kDa fractions. As already discussed in 1917	  

Chapter 4, geographical trends were observed for the alpha values in the dissolved 1918	  

fraction, with an increase of the ligand reactivity towards the Antarctic continent on 1919	  

the Zero Meridian, and relatively high values measured in the Weddell Sea and in the 1920	  

Drake Passage. 1921	  

 1922	  
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 1923	  

Figure 4: Concentrations of excess ligands (Excess L, Eq of nM Fe) in the dissolved 1924	  

fraction (grey triangles, upwards looking) and <1000 kDa fraction (white triangles, 1925	  

downwards looking) with depth (m) at all stations sampled. Standard deviations are 1926	  

indicated. 1927	  

 1928	  

Results from the saturation of the ligands, expressed by the ratio [Excess L]/[Fe] 1929	  

per fraction (Table 1) show that the ligands in the smaller fraction (<1000 kDa) were 1930	  

less saturated with Fe than ligands in the dissolved fraction. That means that the large 1931	  

colloidal Fe (between 1000 kDa and 0.2 µm) must be almost saturated with Fe. 1932	  
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 1933	  

Figure 5: Average and standard deviation per layer of [Fe] (nM), [Excess L] (Eq of 1934	  

nM Fe) and conditional stability constant (log K', mol-1) per station for the dissolved 1935	  

fraction (dark grey) and for the fraction <1000 kDa (light grey): 1936	  

A: euphotic layer, where fluorescence <0.1 a..u.; B: intermediate layer (below the 1937	  

euphotic layer and above 450 m depth); C: deeper layer (below 450 m). Where there 1938	  

is no standard deviation indicated, only one value was measured in the layer. Notice 1939	  

the average concentration of Fe<1000 kDa larger than DFe at St.193 in the deeper layer: 1940	  

this is due to the only 2 values used in the <1000 fraction against 5 in the dissolved 1941	  

fraction that are relatively low at the depth taken above (see Figure 3). 1942	  

 1943	  

Figure 5 summarizes trends in concentrations of Fe and Excess L and binding 1944	  

strength in the 3 layers at each stations sampled for both fractions. Between the two 1945	  

fractions, no distinct difference was seen for Excess L concentrations. Where the 1946	  

binding strength appears higher in the <1000 kDa fraction than in the dissolved 1947	  

fraction, only one value is taken into account in the average. As noted in Chapter 4, a 1948	  

decreasing trend in Fe concentrations was found in the deeper layer between stations 1949	  

north of the SB and those located in HNLC regions. In addition, Excess L 1950	  

concentrations showed an opposite trend, with lower concentrations at the stations 1951	  
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located north of the SB. The geographical changes in the 3 parameters presented in 1952	  

figure 5 are similar in both fractions, meaning that the fraction responsible of these 1953	  

changes is probably the smaller one. 1954	  

 1955	  

3.2. Unfiltered samples 1956	  

The concentrations of Total Dissolvable Fe (TDFe, Figure 6) increased with depth at 1957	  

all stations sampled, with maximum concentrations measured at the deepest samples 1958	  

taken. A maximum in TDFe concentration was measured at 500 m depth at St. 128 1959	  

(2.2 nM Fe) as also found in the smaller fractions at this depth corresponding to the 1960	  

temperature maximum in the Warm Deep Water (WDW). At the closest station, St. 1961	  

131, no sample was taken at 500 m depth in the same water mass; we cannot confirm 1962	  

here a specific signature of the WDW with TDFe concentration as found for the 1963	  

MOW in the Eastern-North Atlantic Ocean (Chapter 3). However, no clear 1964	  

explanation for the maximum in TDFe concentration at 400 m depth at St. 193 (2.8 1965	  

nM Fe) can be given since only 3 depths were sampled for unfiltered samples and no 1966	  

other station was taken in the neighbourhood. The concentrations of TDFe (Figure 6, 1967	  

Table 3) appeared to follow the same geographical trends although not as clear, as 1968	  

discussed in Chapter 4: a slight general decrease of TDFe concentrations southwards 1969	  

on the Zero Meridian and from East to West in the Weddell Sea (Figure 6). 1970	  

 1971	  
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 1972	  

Figure 6: Concentrations (nM) of Total Dissolvable Fe (TDFe) concentrations with 1973	  

depth at 8 stations sampled. Standard deviation of triplicate measurements are too 1974	  

small to be seen on the graph (<5%). 1975	  

 1976	  

The estimation of the concentrations of Excess L was done using the lower limit 1977	  

using DFe concentrations in the calculations (Table 3) as discussed in Chapter 2 and 1978	  

in Thuróczy et al. (2010b). Excess L concentrations in unfiltered samples using the 1979	  

lower limit were often lower than those in the dissolved fraction. Assuming that all the 1980	  

organic ligands are present in the total (unfiltered) sample, concentrations of Excess L 1981	  

should be higher than those in smaller fractions, or at least equal within analytical 1982	  

uncertainties. These discrepancies can be explained from two opposite views: one that 1983	  

filtrations probably causes extra complexation sites because colloids and particles may 1984	  

have disintegrated as also discussed in chapters 3 and 7. On the other hand, the 1985	  

particles might have hindered the voltammetric analysis by creating disturbances like 1986	  

aggregation, adsorption and sinking particles, or simply by the presence of living 1987	  

organisms. 1988	  

1989	  



Chapter 5: Atlantic Sector of the Southern Ocean 2/2 

95 
 

Table 3: Concentrations of TDFe and determination of the ligand characteristics in 1989	  

unfiltered samples using [DFe] in the calculations (lower limit, Chapter 2). 1990	  

* The standard deviation for Fe concentrations is missing when there was not enough 1991	  

sample volume to determine the concentration in triplicate. 1992	  

** When the model could not fit the data. 1993	  

 1994	  

 1995	  

4. Discussion 1996	  

4.1. Size-fractionation 1997	  

Regarding unfiltered samples, Excess L concentrations calculated using the lower 1998	  

limit were often lower than those in the dissolved fraction confirming that within the 1999	  

measuring detection window established by the use of TAC, the particulate fraction 2000	  

(>0.2 µm) did not contain reversible adsorption sites (no Excess L). Therefore, the 2001	  

particulate fraction only has a role in scavenging and removal processes, as seen 2002	  

everywhere with the increasing concentrations of TDFe with depth. 2003	  

Additionally, the fraction <1000 kDa proved to be comparable to the whole 2004	  

dissolved fraction regarding the complexation of Fe at most of the locations sampled 2005	  
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(Except St. 244 in the Drake Passage). These similarities shows that the small 2006	  

colloidal fraction (<1000 kDa) is thus the main responsible of the complexation of Fe 2007	  

within the dissolved fraction, thus responsible of the fate of Fe in seawater. Moreover, 2008	  

this smaller fraction was less saturated with Fe than the whole dissolved fraction. 2009	  

Thus, the larger colloidal ligands saturated with Fe, did not appear to compete with the 2010	  

added ligand TAC while titrating compared to the smaller colloidal ligands. This 2011	  

reveals that larger colloids were probably not reversible ligands that participate in the 2012	  

stabilisation of Fe in seawater, hence confirming the major role of the smaller fraction 2013	  

in stabilising Fe via reversible complexation. However, at a station in the Eastern- 2014	  

North Atlantic Ocean (Chapter 3), a large portion of DFe was found to be larger 2015	  

colloidal Fe in the whole water column (up to 80% of DFe), as also found here at St. 2016	  

244 in the Drake Passage (50-80% of DFe). It is probably characteristic of places 2017	  

dominated by one water mass. Here, the Antarctic Circumpolar Current is composed 2018	  

of the upper and lower Circumpolar Deep Water (UCDW and LCDW), and in the 2019	  

Eastern-North Atlantic Ocean (Chapter 3), with the North Atlantic Central Water 2020	  

(NACW) and the North Atlantic Deep Water (NADW).  2021	  

In rare cases, concentrations of Excess L were measured higher in the smaller 2022	  

fraction than in the dissolved one considering the analytical uncertainties, like at St. 2023	  

128 below 1500 m depth. Here no contamination during filtration was seen (cf. Fe 2024	  

concentrations in both fractions). A plausible disequilibrium was generated in ultra- 2025	  

filtered samples, as already found and discussed at a station on the shelf sea of the 2026	  

Arctic Ocean (Chapter 6), and earlier (3.2.) when discussing about unfiltered samples. 2027	  

 2028	  

4.2. Upper layer of the ocean (0-450 m) 2029	  

In the upper waters (0-450 m), large differences were measured in the excess ligand 2030	  

concentrations and in the binding strength between depth and stations. These 2031	  

observations reflect a variable and changing environment as seen in the potential 2032	  

temperature, salinity and nutrient vertical distributions (Figures 1 and 2). Along the 2033	  

Zero Meridian, several water masses with very different properties meet, as explained 2034	  

in the chapter 4. Colder and fresher water is found south of the Southern Boundary 2035	  
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(SB), due to sea-ice when approaching the Antarctic continent. There, in HNLC 2036	  

regions, the nutrients abundance is higher. 2037	  

In surface waters, the primary productivity plays an important role in the chemistry 2038	  

of Fe. Blooms produce important amounts of organic matter like dead phytoplankton, 2039	  

and remineralised biogenic material (Eppley et al., 1979; Kepkay et al., 1994; Fisher 2040	  

et al., 2000) representing a potential large variety of Fe-binding ligands (variable 2041	  

ligand concentrations in the upper layer). Part of the organic matter produced can be 2042	  

trapped in sea-ice to be released again later in seawater together with Fe (Fisher et al., 2043	  

1988; Pusceddu et al., 1999; Thomas et al., 2001; Lannuzel et al., 2008a and 2008b). 2044	  

Iron released from sea-ice is quickly used by phytoplankton living in the water 2045	  

beneath the ice and is therefore found at very low concentrations. Phytoplankton is a 2046	  

food resource for higher trophic levels, especially for the krill, which can play a role 2047	  

in the Fe biogeochemical cycle (Tovar-Sanchez et al., 2007) when releasing important 2048	  

amounts of Fe. 2049	  

Several other phenomena could explain the variability in the dissolved organic Fe- 2050	  

binding ligands at the surface. Few samples only were taken in the upper water 2051	  

column in our study. However, there, we did find lower amount of large colloidal Fe 2052	  

(between 1000 kDa and 0.2 µm), and slightly stronger ligands in the small fraction 2053	  

(<1000 kDa) than samples taken deeper, most likely due to the influence of biota. 2054	  

Phytoplankton, bacteria and viruses use Fe but only prokaryotes are known to release 2055	  

siderophores under Fe-limited conditions (Butler, 1998 and 2005; Barbeau et al., 2056	  

2001; Maldonado et al., 2005) facilitating the acquisition of Fe. Moreover viral lysis 2057	  

of plankton cells is known to release dissolved and particulate components containing 2058	  

Fe which can be easily assimilated by other micro-organisms (Poorvin et al., 2004). 2059	  

However, in our surface samples, the TDFe concentrations were not measured higher 2060	  

than deeper samples. Siderophores produced by bacteria may represent 0.2 to 4.6% of 2061	  

the dissolved Fe pool (Mawji et al., 2008), and can therefore play a little role in the 2062	  

speciation and the solubility of Fe in seawater (Tortell et al., 1999).  2063	  

Verdugo et al. (2004) suggested that fibrillar material like polysaccharides can 2064	  

form gels in seawater and can be an important step between truly dissolved and 2065	  

particulate phase. Those colloidal polysaccharides that can act as organic ligands were 2066	  
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found in relatively high concentrations but with relatively low binding constant as 2067	  

already seen by Hassler et al. (2011), Benner (2011) and in the Arctic sea-ice by 2068	  

Meiners et al. (2008) and Riedel et al. (2007). In our samples from the upper waters, 2069	  

the ligand concentrations were not clearly higher than in deeper samples, as for the 2070	  

binding strengths that were not lower, but even slightly higher. Obviously, there was 2071	  

no sign of presence of polysaccharides in our samples, or they were probably outside 2072	  

of our measuring detection window. 2073	  

 2074	  

4.3. Deeper layer (below 450 m depth) 2075	  

The ligand characteristics in the deep ocean reflect either a balance between 2076	  

production (remineralisation) and degradation of dissolved organic matter or a 2077	  

constant very refractory type/group of ligands. The constant and ubiquitous presence 2078	  

of organic ligands, in deep water must be due to a permanent input of organic matter 2079	  

from living organisms generated at the surface. Thus, the decomposition by the 2080	  

microbial activity of sinking organic matter may increase the pool of organic ligands, 2081	  

thus enhancing the solubility of Fe in the deep oceans. This hypothesis was confirmed 2082	  

by a good relationship between the solubility of Fe and the concentrations of major 2083	  

nutrients as discussed by Kuma (2002) and Tani et al. (2003). During the degradation 2084	  

of organic matter, regeneration of humic substances has also been observed (Hayase 2085	  

and Shinozuka, 1995; Hayase et al., 1988). In addition, humic substances are known 2086	  

to be very refractory (Laglera et al., 2007). Our results on the organic complexation of 2087	  

Fe in the dissolved and <1000 kDa fractions match these explanations. Indeed, in the 2088	  

deeper layer of the water column, the concentration, strength, saturation and reactivity 2089	  

of the ligands in the dissolved and <1000 kDa were pretty stable and constant with 2090	  

depth. Differences were observed between the stations sampled that may be a 2091	  

consequence of the primary production in the surface waters in relation with their 2092	  

respective environments, and the consequent export of organic matter towards deeper 2093	  

waters.  2094	  

Adsorption sites on sinking particles compete with empty ligand sites in the 2095	  

dissolved fraction for Fe (Thuróczy et al., 2010b and Chapter 3). This adsorption on 2096	  

suspended particles (scavenging) is responsible for export of Fe in deeper waters. In 2097	  
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our study, decrease of TDFe concentrations (Figure 6) following the same 2098	  

geographical trends, as discussed in Chapter 4 for DFe and organic ligands, were 2099	  

found. Despite the limited number of unfiltered samples measured, a decrease of 2100	  

TDFe concentrations southwards on the Zero Meridian and from East to West in the 2101	  

Weddell Sea was observed. In addition, along the same geographical trends, the 2102	  

saturation of the ligands decreased in the deeper waters (Table 1). This observation 2103	  

support the results found in the Arctic Ocean (Chapter 6, Thuróczy et al., 2011b) 2104	  

where the saturation of the ligands and the concentrations of TDFe decreased toward 2105	  

the central Arctic (Makarov Basin). These results were attributed to a lack of Fe 2106	  

sources and a continuous export of Fe via scavenging by large particles. Sources of Fe 2107	  

in the Southern Ocean are known to be relatively modest (De Baar and De Jong, 2001; 2108	  

Klunder et al., 2011) and confirm our observations. The high concentrations of TDFe 2109	  

measured close to the bottom were probably caused by sediment resuspension due to 2110	  

deep water formation in the Weddell Sea and close to the Antarctic continent as seen 2111	  

also for the dissolved Fe distribution by Klunder et al. (2011), the dissolved Mn and 2112	  

dissolved Al distributions by Middag et al. (2011a and 2011b). 2113	  

 2114	  

5. Conclusions 2115	  

The geographical trends in the complexation of Fe in the dissolved fraction found in 2116	  

the previous chapter (Chapter 4 and Thuróczy et al., 2011) appeared to be mainly due 2117	  

to changes in the small colloidal fraction (<1000 kDa). Moreover, these larger 2118	  

colloidal ligands are saturated with Fe and appeared not to compete with the added 2119	  

ligand TAC while titrating compared to the smaller colloidal ligands. This reveals that 2120	  

larger colloids were probably not reversible ligands that participate in the stabilisation 2121	  

of Fe in seawater. Morever, approximately 70-80% of DFe was present as truly 2122	  

dissolved and small colloidal Fe in the upper waters, and between 50 to 70% of DFe 2123	  

in the deeper waters, confirming the crucial role of the small colloidal ligands in 2124	  

solubilising and maintaining a certain stock of Fe in seawater. Only the upper waters 2125	  

of the Drake Passage were found to be very different, with only 17% of DFe as truly 2126	  

dissolved and small colloidal Fe. 2127	  
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In unfiltered samples, the particulate fraction appeared to react in the same way as 2128	  

the larger colloidal ligands, with no excess ligands found in the particulate fraction. In 2129	  

addition, the increasing concentrations of TDFe towards the seafloor confirmed that 2130	  

the particulate fraction only plays a role in scavenging of Fe.  2131	  

The geographical trends in the saturation state of the dissolved organic ligands was 2132	  

due to the different regimes in terms of primary production in the upper waters and to 2133	  

a continuous export of Fe via scavenging, as explained by the TDFe concentrations, 2134	  

associated to a lack of sources of Fe close to the Antarctic continent in deeper waters. 2135	  

However, a time dimension is missing here to explain the apparent higher scavenging 2136	  

influence far from the sources of Fe. Indeed, the organic ligands are less saturated 2137	  

with Fe in deep waters far from the Fe sources, because of a permanent scavenging 2138	  

that keep emptying the ligands sites, and because of the long time needed for Fe to be 2139	  

transported far from the sources. 2140	  
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